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ABSTRACT  

Alzheimer’s disease (AD) is a neurodegenerative disorder with profound chronic 

neuroinflammation. Our previous studies have identified poly(ADP-ribose) polymerase-1 (PARP-

1) as a key driver of microglial pro-inflammatory functions. Here we tested a hypothesis that 

microglial PARP-1-mediated pro-inflammatory activation can affect AD disease progression (in 

vivo) and directly disrupt blood-brain barrier integrity (in vitro).  

The cognitive functions in AD and WT mice were assessed by behavioral test. The brain tissue 

was analyzed by immunocytochemistry and cultured endothelial cells were analyzed for tight 

junction proteins expression and permeability assays.  

Microglial constitutive PARP-1 activation induced cognitive impairments in WT and AD mice, 

changed microglial morphology, increased their number and intensity and induced astrogliosis. 

NO and TNFα that released by Aβ-induced microglia reduced the expression of tight junction 

proteins and increased paracellular permeability in endothelial cells.  

In Conclusion, our data demonstrate that microglial continuous PARP-1 activation can directly 

drive AD pathology and progression. 
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1: INTRODUCTION 

Neurodegenerative disorders are characterized by a progressive loss of structure or function 

of neurons which affect different areas in the brain. Alzheimer’s disease (AD) is the most 

common form of dementia (Desai, Sudol et al. 2009). More than 35 million people worldwide 

have AD that leads to death within 3 to 9 years after diagnosis (Kumar, Singh et al. 2015). Beside 

other pathological aspects (further elaborated in chapter 1.1.2), there is a profound chronic 

neuroinflammation and BBB dysfunctions (further elaborated in chapter 1.14) in AD. Microglia, 

the brain immune cells, have been suggested to play a key role in neuroinflammation acting as the 

drivers. Microglial proinflammatory activation is associated with increased cytokine/chemokine 

expression, oxidative stress, and followed by activation of astrocytes (astrogliosis) and infiltration 

of circulating immune cells (M.Weitz and Town 2012). On the other hand, impaired microglial 

phagocytosis of amyloid plaques (Aβ) and release of trophic factors have harmful effect in AD 

(D'Andrea, Cole et al. 2004). But the exact role of microglia in AD is not clear because there has 

not been ways to specifically inhibit or induce microglial functions in vivo.  

Accordingly, this thesis was designed to use microglia-targeting molecular tools to test the 

hypothesis that chronic microglial pro-inflammatory responses can directly affect BBB integrity 

and accelerate AD progression.  
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1.1. CNS/Nervous system 

Nervous system include central nervous system (CNS) that consist of brain and spinal cord and 

peripheral nervous system (PNS) that include peripheral nerves and ganglia.  Here, the focus is on 

the brain. About 2% of total body mass is brain and it consumes 20% and 25% of body’s oxygen 

and glucose respectively (Zlokovic 2011). Two classes of cells exist in the CNS; Neurons, or nerve 

cells and neuroglial cells or glia cells including astrocytes, microglia (the resident immune cells) 

and oligodendrocytes (Fig 2). Here, the focus is on the microglia and astrocytes. CNS is also 

separated from the peripheral environment by blood-brain barrier (BBB). 

 

1.1.1: Neurons 

Neurons are responsible for the main functional aspects of nervous system and specialized for 

exchanging signals with other neurons (Kiernan 2009). Neurons use synapses as means by which 

they can send signals (excitatory or inhibitory) to other neurons. At a synapse, the plasma 

membrane of the signal-passing neuron (the presynaptic neuron) comes into close apposition with 

the membrane of the target (postsynaptic) cell (Lodish H 2000). In many synapses, the presynaptic 

part is located on an axon and the postsynaptic part is located on a dendrite or soma. Synaptic 

transmission is essential process for communication between neurons and is mediated by 

neurotransmitters. Neurotransmitters are signaling molecules that are stored in synaptic vesicles 

and released by neuron (the presynaptic neuron). The action potential depolarize membrane in 

presynaptic neuron and open ion channels (voltage-gated Ca2+ channels) that lead to the influx of 

Ca2+ and finally neurotransmitter release. Neurotransmitters bind to the receptors in the 

postsynaptic neuron (Fig 1) (Lodish H 2000). The binding of neurotransmitters to receptors and 

following responses provide the synaptic connections between neurons. Synaptic connections can 

https://en.wikipedia.org/wiki/Oligodendrocyte
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be modified; it means that they can be formed, strengthened, or weakened. Synaptic plasticity is 

the ability of synapses to strengthen or weaken over time, in response to increases or decreases in 

their activity. Synaptic plasticity is the underlying  mechanism of memory and learning (Lodish H 

2000). 

 

 

Figure 1: The synapse: the neurotransmitters are stored in synaptic vesicles and they are released 

when voltage-sensitive calcium channels are opened, allowing an influx of calcium. The increase 

of intracellular calcium causes fusion of vesicles with the surface membrane and release of 

neurotransmitter into the synaptic cleft (modified photo from David Heeger; 

http://www.cns.nyu.edu). 

 



4 
 

 
 

 

Figure 2: Microglia and astrocyte as two types of glial cells  

 

1.1.2: Astrocytes 

Astrocytes are the most abundant glial cells in the human brain (40% of the of the total glial cell 

population) (Lee and Suk 2017).  

Astrocytes have different roles in the CNS that are essential for normal brain functions. Glutamate 

uptake is one of the most important function of astrocytes that eliminate extracellular glutamate 

and prevent excitotoxicity. Astrocytes uptake glutamate by their Na+-dependent localized 

transporters (Swanson, Ying et al. 2004). In addition, astrocytes regulate the concentration of 

neurotransmitters such as GABA (inhibitory neurotransmitter) and glycine. Astrocytes express the 

GABA transporters and they can release and uptake glycine through the glycine transporters. 

Glycine as modulator of NMDA receptors can influence glutamate excitotoxicity (Swanson, Ying 

et al. 2004).  K+ and H+ buffering is another function of astrocytes. They uptake extracellular K+ 

by the activity of Na+/ K+ ATPase and by this way they prevent glutamate release and cell swelling 

(Swanson, Ying et al. 2004). Moreover, astrocytes have metabolic and trophic support because 

they are the main storage of glycogen in the CNS and during the neuronal activity, the glycogen 

is degraded and used by neurons (Sofroniew and Vinters 2010). Astrocytes produce different 

trophic factors such as nerve growth factor (NGF), transforming growth factor beta (TGFβ), brain-

derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF). These trophic 

Microglia 
Astrocyte 
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factors are important for neuronal growth and survival, plasticity and angiogenesis (Swanson, Ying 

et al. 2004).   

Astrocyte end-feet are the component of BBB. Their end-feet surround the endothelium and 

basement membrane of BBB. Astrocytes can influence the physical barrier of BBB by increasing 

the tight junction’s integrity. Also, they affect the transport barrier of BBB by enhancing the 

expression of BBB transporters (Erickson and Banks 2013) (Zenaro, Piacentino et al. 2016).  

Astrocytes communicate with synapses. They are connected physically with synapses and provide 

the structural support for chemical signaling (Halassa and Haydon 2010).  Astrocytes are involved 

in the formation of neuronal synapses and influencing their development (synaptogenesis) not only 

during development but also after CNS injury (Morales, Guzman-Martinez et al. 2014). Astrocytes 

express thrombospondin proteins which mediate synapse formation in presynaptic and 

postsynaptic areas (Morales, Guzman-Martinez et al. 2014). Astrocytes provide neurotrophic 

support for synapses (Myles R. Minter, Juliet M. Taylor et al. 2016). Astrocytes modulate synaptic 

transmission and plasticity by producing the ATP or its product adenosine and trophic factors 

(Halassa and Haydon 2010). Astrocytes can also influence the synaptic plasticity by releasing and 

taking up glutamate and D-serine that are essential for the activity of NMDA receptors (Singh and 

Abraham 2017).  
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1.1.3: Microglia:  

Microglia are the resident monocytes that are widely distributed in the brain and they account for 

10–15% of all cells found within the brain. They act as the first and main form of active immune 

defense in the CNS (Kettenmann, Hanisch et al. 2011). Microglia are branched and motile and 

they constantly extend and retract their processes and surveying the brain environment (Theriault, 

ElAli et al. 2015).  

Although, microglia are called macrophages of the brain, they are different from macrophages. 

The origin of microglia progenitors come from the yolk-sac during early development whereas 

macrophage progenitors are derived from bone-marrow haematopoietic stem cells that are 

established later in development (London, Cohen et al. 2013) (Kriegstein and Alvarez-Buylla 

2009). 

Microglia are flexible cells and have different morphology and phenotype based on their location, 

conditions or signals.  In terms of morphology, they have branched or ramified morphology in the 

mature brain (also termed as the resting microglia), hypertrophic and amoeboid morphology. 

Microglial morphology can give indication of their activation status (Kettenmann, Hanisch et al. 

2011). 

In terms of phenotype, microglia have different phenotypes; “M1”pro-inflammatory activation, 

“M2” anti-inflammatory activation and “M0”resting. These phenotypes determine microglial 

functions and thus their impact on other brain cells but is not necessity associated with microglial 

morphology. When CNS is exposed to any injury or pathogens, M1 or pro-inflammatory 

phenotype respond and protect the cells in the brain and their morphology transform from ramified 

to amoeboid (Kettenmann, Hanisch et al. 2011). They produce pro-inflammatory cytokine (IL-1β, 

TNFα), chemokines and increase iNOS expression and NO production (Colton 2009) (Table 1). 
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“M2” phenotype has tissue repair and immunosuppression effects. They produce anti-

inflammatory cytokines (IL-4, IL10), growth factors (TGFβ, IGF-1, BDNF, NGF), and promote 

anti-apoptotic pathways (Table 1) (Colton 2009, Kettenmann, Hanisch et al. 2011).  

 

Table 1: Different Phenotypes of Microglia and their functions (Colton 2009) 

Phenotype Specific 

induction 

agent 

Functions Markers 

M0 

“Resting” state 

TGF-β Immune surveillance 

 

 No specific markers 

M1 

Classical Activation 

IFN-γ Immune response 

against pathogens, 

Inflammatory cytokines 

TNFα, IL-1β, IL-6 

Nitric oxide 

production 

M2a 

Alternative activation 

 

IL-4, IL-13 Anti-inflammatory 

cytokines, 

Tissue repair and 

reconstruction 

no NOS2, AG1 

FIZZ1, DC-SIGN 

M2b 

Acquired 

deactivation 

 

TGF-β, IL- 

10, apoptotic 

cells 

Suppress immune 

response, 

Uptake of apoptotic cells, 

 and promoting anti-

apoptotic pathways  

IL-4Rα, IL-10, 

SOCS3 
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Microglia have various functions. They are able to proliferate, migrate, secrete and phagocytose 

(Kettenmann, Hanisch et al. 2011). These microglial functions have significant impacts on general 

brain health and functions.  Microglia can increase their numbers by proliferation that help them 

to provide more cells for the defense against invading pathogens and keeping the tissue 

homeostasis and protection (Kettenmann, Hanisch et al. 2011). It has been suggested microglial 

cells are able to move within the brain during physiological and pathophysiological conditions e.g. 

into site of injury (Kettenmann, Hanisch et al. 2011). However, there is a controversy in a filed 

whether microglia migrate long distances or whether they stay in one spot and the accumulation 

of microglia in injury site is actually new proliferating microglia rather than microglia that 

migrated from far. Furthermore, microglia can secrete various mediators and by these mediators 

they can influence other cells in the brain such as neurons, astrocytes and endothelial cells. They 

are able to secrete pro-inflammatory cytokines (such as TNFα, IL1β, IL-12, IL6), NO, proteases 

and anti-inflammatory cytokines (such as IL-4, IL-10, IL-13) (Colton 2009). In addition, these 

cells are able to produce chemokines and the chemoattractive profile of these cells can recruit 

peripheral leukocytes (monocytes and lymphocytes) (London, Cohen et al. 2013).  Microglia are 

also able to secrete neurotrophic factors, e.g., VEGF, NGF, BDNF and TGFβ. These trophic 

factors have protective role, growth-enhancing (London, Cohen et al. 2013) and other beneficial 

effects in the brain and AD (Kalaria, Cohen et al. 1998, al 2009). 

Microglia have an ability to phagocytose of cellular debris but how microglia contribute to 

phagocytosis especially in synapses is another aspect of microglial research (Hong, Beja-Glasser 

et al. 2016). During development excess amounts of synapses are formed (Stevens et al., 2007), 

beside the microglial ability to remove damaged cells, they are able to eliminate synapses, a 

process called ‘‘synaptic pruning.’ They can prune synapses by phagocytosis mediated with 
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classical complement cascades (eat me signals), fractalkine receptors and “trigger receptors 

expressed on myeloid cells” (TREM) family of receptors (find me signals) (Chung et al., 2015) 

(Bilimoria and Stevens 2015).   

The complement cascade, is a part of the innate immune response to remove pathogens, also they 

play a role in synaptic refinement by the removal of inappropriate/weak synapses (Shi, Colodner 

et al. 2015). In the healthy developing brain, classical complement cascade proteins, C1q (the 

initiating protein of the classical complement cascade) and C3 are widely expressed. They localize 

to immature synapses, and mediate synapse elimination. Interestingly, C1q is highly upregulated 

and deposits on synapses with normal aging in human and mouse brains, particularly in the 

hippocampus (one of the brain regions most vulnerable to synapse loss in AD). The evidence 

showed that C3 contributes to synapse loss and dysfunction in the mouse hippocampus during 

normal aging (Hong, Dissing-Olesen et al. 2016).  

In the AD brain, Aβ binds to synapses and regulate the expression and localization of complement 

mediators. The complement proteins, in particular, C1q, C3 and C4 have been shown gather 

around Aβ plaques (Hong, Beja-Glasser et al. 2016). The studies provide evidence that these 

complement mediators tag the weaker synapses for elimination by microglia through a CR3-C3-

mediated phagocytosis (CR3 is the microglial complement receptor). The inhibition of C1q, C3 or 

CR3, have been shown reduce the number of phagocytic microglia as well as the extent of early 

synapse loss (Hong, Beja-Glasser et al. 2016). 

Microglial phagocytosis and synaptic pruning is dependent on their CX3CR1 receptors. The ligand 

for CX3CR1 receptors is the neuronal CX3CL1 (fractalkine). Studies have shown that CX3CR1 

knockout mice have an excess of dendritic spines, immature synapses and impaired social behavior 
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(Spangenberg and Green 2017) but the mechanism of microglia phagocytosis of synapses by 

fractalkine signaling are unknown (Chung, Welsh et al. 2015).  

Another receptor that is involved in microglial phagocytosis is “trigger receptors expressed on 

myeloid cells (TREM) family of receptors (TREM1, TREM2) (a type-1 transmembrane 

glycoprotein and named because they are detected exclusively on myeloid cells). TREM1 triggers 

pro-inflammatory signals, while TREM2 upregulates anti-inflammatory signals and is involved in 

the phagocytic activity (Kawabori, Kacimi et al. 2015). The loss of TREM2 or its mutation is 

linked to AD and other neurodegenerative diseases that cause cognitive deficits suggests that 

microglial TREM2 may have an important role in synaptic health (Myles R. Minter, Juliet M. 

Taylor et al. 2016). In AD mouse model, TREM2 deficiency hasten the Aβ accumulation and 

neuronal loss (Colonna and Wang 2016, Labzin, Heneka et al. 2017). 

The ligands for TREM2 are ionic molecules on bacteria and yeast. There is also a report that 

nucleic acids may be a potential TREM2 ligand in mouse brain ischemia model (Kawabori, Kacimi 

et al. 2015). In addition, the studies showed that microglia by expressing the high levels of 

opsonins (Pros1, Gas6) can increase synaptic phagocytosis by astrocytes (Bennett, Bennett et al. 

2016). 
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1.1.4. The blood brain barrier (BBB): 

BBB is a highly selective membrane barrier that separates the circulating blood from the brain 

extracellular fluid and regulates the CNS entry of most molecules. BBB exist along all capillaries 

and is formed by endothelial cells, astrocytes, basal lamina and pericytes (Fig 3). Endothelial cells 

play various roles in the BBB. They act as a barrier, transporting substances and they are an 

interface for communication between the CNS and periphery. Endothelial cells are connected with 

each other by tight junctions. Tight junctions are composed of smaller subunits, that are 

transmembrane proteins such as Occludin, Claudins, ZO-1, junctional adhesion molecule (JAM) 

and associated proteins. The integrity of these tight junctions proteins (TJP) is critical in regulating 

paracellular permeability, which is important in controlling passing substances through the 

intercellular space between the endothelial cells (Barreto, White et al. 2011). Endothelial cells also 

express specific ion and peptide transporters, which form a transcellular barrier. The transcellular 

pathway has been defined as the receptor-mediated transport through the cell  and occurs by means 

of transcytosis, an energy-dependent trafficking of vesicles across the endothelium (Abbott, 

Ronnback et al. 2006) 

Astrocyte end-feet surround the endothelial cells of the BBB and as elaborated earlier in chapter 

1.2.2, they provide physical, biochemical and metabolic support to those cells. Astrocytes can 

influence on BBB properties by secreting various mediators such as cytokines, chemokines, TGFβ 

and bFGF. 

The basal lamina is an extracellular matrix layer that is produced by the basal cell membrane and 

helps to cellular interactions (Abbott, Ronnback et al. 2006). Pericytes have various role in BBB 

such as preserving the structure of BBB. They are also involved in TJP formation and blood flow 

regulation (Zenaro, Piacentino et al. 2016).  

https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/Extracellular_fluid
https://en.wikipedia.org/wiki/Capillary
https://en.wikipedia.org/wiki/Endothelium
https://en.wikipedia.org/wiki/Astrocyte
https://en.wikipedia.org/wiki/Endothelium
https://en.wikipedia.org/wiki/Tight_junction
https://en.wikipedia.org/wiki/Tight_junction
https://en.wikipedia.org/wiki/Occludin
https://en.wikipedia.org/wiki/Claudins
https://en.wikipedia.org/wiki/Tight_junction_protein_1
https://en.wikipedia.org/wiki/Junctional_adhesion_molecule
https://en.wikipedia.org/wiki/Tight_junction
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As innate immune cells, microglia interact with BBB by different ways. In one hand, microglia 

express some genes during development such as Pdgfb that mediate microvascular development 

by pericytes and endothelial cells (Bennett, Bennett et al. 2016). In addition, microglia have the 

ability to release trophic factors, such as VEGF and TGFβ, which are important for angiogenesis 

and the support of vascular structures (da Fonseca, Matias et al. 2014, Zhao, Nelson et al. 2015).  

On the other hand, studies suggest that reactive microglia probably produce reactive oxygen 

species (ROS), through NADPH oxidase that impair BBB function (da Fonseca, Matias et al. 

2014). Matrix metalloproteinases (MMPs), particularly MMP-2 and 9, produced mainly by 

microglia, disrupt the basal lamina proteins and degrade the tight junction complexes resulting in 

BBB breakdown (da Fonseca, Matias et al. 2014). Moreover, microglial pro-inflammatory 

responses such as releasing TNFα, IL-1β and IL-6 can affect the endothelial cells, astrocytes and 

pericytes that lead to alteration in BBB permeability and infiltration of peripheral immune cells to 

the brain (da Fonseca, Matias et al. 2014). BBB dysfunctions have been shown in some disease 

e.g stroke and multiple sclerosis, but disrupted BBB in AD has been more controversial (Erickson 

and Banks 2013). 

 

Figure 3: The structure of BBB. BBB formed by endothelial cells which connected together by 

tight junction proteins (TJP) astrocyte end-feet, pericytes and basal lamina.  
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1.2. Alzheimer’ disease (AD)  

AD is the most common form of dementia (Desai, Sudol et al. 2009). More than 35 million people 

worldwide have AD that leads to death within 3 to 9 years after diagnosis. In 2050, one new case 

of AD is predicted to develop every 33 seconds and nearly a million new cases per year (Kumar, 

Singh et al. 2015).  In most people (about 90%), AD symptoms first appear in their mid-60s (Hicks 

2016). As the population worldwide continues to age, the number of individuals at risk will also 

increase, particularly among the old societies. The incidence of AD doubles every 5 years after 65 

years of age (Querfurth and LaFerla 2010). There are evidence that AD is more prevalent in 

women due to the reduction of estrogen in postmenopausal women and the influence of the 

apolipoprotein E ε4 allele (further elaborated in chapter 1.1.2) (Laws, Irvine et al. 2016).  

 

1.2.1 Pathophysiological aspects of AD:  

AD is characterized by accumulation of senile plaques (Aβ), neurofibrillary tangles (NFT) 

composed of filamentous aggregates of hyper-phosphorylated tau protein, neuronal death, synaptic 

loss, neurovascular damages and inflammatory responses in the brain (Murphy and III 2010).  

These pathology features have been seen in hippocampus cortex amygdala and cholinergic basal 

nucleus, areas (that are involved in memory and cognitive functions (Burns 2009). The soluble Aβ 

are the most neurotoxic forms which accumulate as senile plaques (Zhao et al., 2015). Aβ 

deposition causes neuronal loss leading to clinical symptoms of AD. It seems that the synapses are 

the primary targets and their impaired function correlates with cognitive impairment (Siskova and 

Tremblay 2013). 

The Aβ production: Aβ peptides consist of 36 to 43 amino acids. Aβ is produced from APP 

(amyloid precursor protein) by β-secretase (BACE1 or β-site APP cleaving enzyme1) and γ-

secretase enzymes (amyloidogenic processing). γ-secretase is a protein complex including four 
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proteins. Presenilin (PSEN1 or PS1) is one of proteins at catalytic core of this enzyme that plays 

an important role in generation of Aβ from APP (Zhao et al., 2015). The most common soluble 

monomeric isoforms of Aβ are Aβ1–40 (<80%), Aβ1–38 (<20%) and Aβ1–42 (10%). Aβ1–42 is 

more hydrophobic because it has two additional amino acids, thus, it is capable of forming 

insoluble aggregates (Zhao et al., 2015). 

Different forms of Alzheimer’disease: AD is divided into two forms: familial and sporadic. The 

familial-type (early-onset autosomal-dominant) of AD happens to people who are younger than 

age 65. Often, they’re in their 40s or 50s when they’re diagnosed with the disease, up to 5% of all 

people with Alzheimer's have early-onset (Hicks 2016). The familial-type caused by mutation in 

one of three genes: APP, PS1 (PSEN1) or PS2 (PSEN2, presenilin 2) (Sadigh-Eteghad, 

Sabermarouf et al. 2015).  

Another form termed sporadic AD (late-onset; most cases) is the most common form of the disease, 

which happens to people at age 65 and older (Stern 2012). This type is caused by a combination 

of risk factors, but among those, cerebrovascular disease such as hypertension, dyslipidemia, large 

cortical infarcts, cerebral hemorrhage and vasculopathies are the most consistently reported. Other 

risk factors such as diabetes, smoking, obesity, and traumatic brain injury have all been found to 

increase risk (Stern 2012). For example, there are an increasing number of links between diabetes 

and AD (Burns 2009, Kumar, Singh et al. 2015).  

Different hypothesis for AD: The cholinergic hypothesis is the first and most studied approach 

that describes AD pathophysiology (Sanabria-Castro, Alvarado-Echeverria et al. 2017). 

Cholinergic system (acetylcholine and receptors) mediate excitatory responses (cholinergic 

excitation cause to the rapid depolarization and influx of Na+ ions into the cells) that are involved 

in memory and cognitive function (Contestabile 2011). Based on this hypothesis, the activity of 

https://www.ncbi.nlm.nih.gov/books/n/mcb/A7315/def-item/A7445/
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cholinergic neurons decreases in the hippocampus, frontal cortex, amygdala and nucleus basalis; 

regions that play important functional roles in awareness, attention, learning, memory and other 

processes (Sanabria-Castro, Alvarado-Echeverria et al. 2017). 

Another pathophysiological aspect of AD is excitotoxicity by which neurons are killed or damaged 

by high stimulation with glutamate (as major excitatory neurotransmitter). Glutamate binds to 

NMDA receptor (N-methyl-D-aspartate) and increases the Ca2+ influx into cells, the process is 

important for cell signaling, as well as learning and memory. But continuous and chronic activation 

of NMDA receptors and Ca2+ overload lead to synaptic dysfunction and finally cell death which 

correlates with memory impairments and learning disability in AD patients (Parsons 2012, Fan, 

Dawson et al. 2017).  

Amyloid cascade hypothesis states that amyloid plaques formed by aggregates of Aβ peptide are 

central to AD pathology (Hardy and Selkoe 2002). Aβ accumulation in brain has toxic effects and 

induce neuronal death and synaptic dysfunctions by different ways (Myles R. Minter, Juliet M. 

Taylor et al. 2016). Aβ induce oxidative stress with generation of intracellular superoxide radicals 

and nitrosative stress. It also affects glutaminergic pathways and disrupts the calcium homeostasis 

that lead to excitotoxicity. The chronic activation of glutaminergic system and the formation of 

cation channels by Aβ increase calcium uptake and disturb calcium balance eventually leading to 

neuronal damages (Querfurth and LaFerla 2010).  

Furthermore, Aβ induces inflammatory responses. For example, Aβ can bind to toll-like receptors 

(TLRs) on microglia and other receptors such as advanced glycated end-products (RAGE) in 

central nervous system cells that activate MAPK/Erk and NF-kB mediated signal cascades leading 

to pro-inflammatory cytokine production (Querfurth and LaFerla 2010, Myles R. Minter, Juliet M. 

Taylor et al. 2016). 

https://en.wikipedia.org/wiki/Cholinergic
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Moreover, Aβ affects synapses and it interferes with neurotransmission by binding at synapses and 

disturbing the connection between neurons. It reduces the excitatory transmission, prevent synaptic 

plasticity and numbers of dendritic spines (Querfurth and LaFerla 2010). However, the new studies 

have shown that Aβ alone is not sufficient for AD pathology and tau formation and 

neuroinflammation are needed too (Vijaya Kumar and Moir 2017). Furthermore, new findings 

demonstrated that maybe Aβ have a protective role against infection in the brain (Vijaya Kumar 

and Moir 2017).    

Tau hypothesis suggests that excessive or abnormal phosphorylation of tau protein disturbs its 

regulating role in axonal transport and causes neurofibrillary tangles accumulation that is involved 

in AD pathology (Iqbal and Grundke-Iqbal 2008, LaFerla 2008).  This hypothesis emphasizes that 

taupathy contributes to axonal transport defects, synaptic dysfunction, neurodegeneration and AD 

progression (Ballatore, Lee et al. 2007).  

The neurovascular hypothesis of AD proposes that vascular risk factors (hypertension, stroke) lead 

to the reduction of cerebral blood flow and BBB dysfunction that precedes dementia. Vascular 

injury also reduces Aβ clearance at the BBB and causes Aβ accumulation in brain (Zlokovic 2011).  

Inflammatory hypothesis states that neuroinflammation is a prominent feature in Alzheimer's 

pathology and a potential target for treatment and prevention of disease. Microglia, astrocytes, 

neurons, the classic and alternate pathways of the complement system, as well as cytokines and 

chemokines are involved in the inflammatory process in AD (Moore and O'Banion 2002, Tuppo 

and Arias 2005). The chronic pro-inflammatory responses of microglia and astrocyte impair their 

beneficial functions and lead to neuronal degeneration and synaptic dysfunctions (Morales, 

Guzman-Martinez et al. 2014).  
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1.2.2. Clinical symptoms and treatments 

AD, as the most common form of dementia, has various symptoms including memory loss, 

cognitive dysfunctions, difficulty solving problems and disorientation in time and space (Sanabria-

Castro, Alvarado-Echeverria et al. 2017). In the advanced stages, central sensory systems 

including the visual system gets affected too. Altogether, AD-associated impairments decrease 

patient’s life expectancy and quality of life (Sadigh-Eteghad, Sabermarouf et al. 2015). 

Current treatments for AD primarily focus on elevation of cholinergic transmission (Sanabria-

Castro, Alvarado-Echeverria et al. 2017). Acetylcholinesterase inhibitors such as tacrine, 

rivastigmine, galantamine and donepezil are used to reduce the acetylcholine (ACh) breakdown, 

resulting in increased concentration of ACh in the brain.  

Memantine is another drug that is used as an NMDA receptor antagonist. Memantine by blocking 

the NMDA receptor prevents the pathological influx of Ca2+ and excitotoxicity (Parsons 2012). 

However, these treatments are symptomatic and currently, there is no disease-modifying drug 

available for AD patients (Venigalla, Sonego et al. 2016). Nowadays, AD-related 

neuroinflammation has been suggested as a novel and promising treatment targets in AD 

(Venigalla, Sonego et al. 2016). For example, some epidemiological studies have shown that anti-

inflammatory drug usage reduced the incidence of AD (Cote, Carmichael et al. 2012) and the 

neurodegenerative process (Weggen, Eriksen et al. 2003). 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Tacrine
https://en.wikipedia.org/wiki/Rivastigmine
https://en.wikipedia.org/wiki/Galantamine
https://en.wikipedia.org/wiki/Donepezil
https://en.wikipedia.org/wiki/NMDA_receptor_antagonist
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1.3: Neuroinflammation in AD:  

Neuroinflammation plays a key role in AD. The term neuroinflammation is used to describe the 

inflammatory response in the CNS, that is characterized by microglial proinflammatory activation 

(acting as driver), increased cytokine/chemokine expression, oxidative stress, and followed by 

activation of astrocytes (astrogliosis) and infiltration of circulating immune cells into the brain 

(Weitz and Town, 2012). 

 

1.3.1: Microglia and Neuroinflammation in AD: 

In AD brain, microglia are distributed in parallel with plaques throughout different brain regions 

where there are neuronal damages. These areas include hippocampus, temporal lobe, frontal and 

occipital lobes (E.Mrak 2012). However, the exact role of microglia in AD is unknown.  

in vitro and in vivo evidence shows that microglia has various roles in AD (Malm, Jay et al. 2015). 

In one hand, microglial pro-inflammatory responses have detrimental effects. For example they 

release pro-inflammatory cytokines & chemokines e.g. IL1β, IL6, and TNFα (Malm, Jay et al. 

2015). They also release NO (by upregulating the expression of inducible nitric oxide synthase 

(iNOS), super oxide, proteases such as MMPs and they increase oxidative stress (M.Weitz and 

Town 2012).  

In addition, the pro-inflammatory responses of microglia induce A1 astrocyte phenotype (further 

detailed in chapter 1.3.2). All together these events can contribute to neurodegenerative processes 

in AD and weakening of BBB integrity (M.Weitz and Town 2012).  

For example, in vivo evidence suggested that microglial release of NO can increase Aβ oligomers 

deposition by disturbing the function of Aβ degrading enzyme in the brain (Kumar, Singh et al. 

2015). The studies also showed that NOS inhibitors prevent against NMDA excitotoxicity in mice 
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and brain cultures (Fan, Dawson et al. 2017). However, studies showed that microglial ablation 

(Simard, Soulet et al. 2006) or inhibition of their receptors/ligands (Montgomery, Mastrangelo et 

al. 2011) had detrimental effects because microglia also has beneficial and neuroprotective 

functions such as Aβ phagocytose and release of trophic factors (TGF- β and VEGF) (Kreutzberg 

1996, D'Andrea, Cole et al. 2004, Hickman, Allison et al. 2008). For example, results of an in vivo 

study in transgenic AD mice (APP/PS1), showed that microglial depletion increased the size of 

Aβ plaques and damaged the dendritic spines and neurons (Zhao, Hu et al. 2017). In another study, 

microglial depletion accelerates the Aβ accumulation in organotypic hippocampal slice cultures 

from 5xfAD mouse (Hellwig, Masuch et al. 2015). Moreover, genetic ablation of microglia in mice 

disturbed their performance on novel object recognition and cue-based fear condition tests 

(Parkhurst, Yang et al. 2013). Specific depletion of microglia in hippocampus also altered spatial 

learning and social behavior in mice (Han, Harris et al. 2017). Therefore, instead of microglial 

depletion/inhibition, approaches that modulate microglial responses towards beneficial and 

neuroprotective functions would help in attenuating AD symptoms.  

 

1.3.2: Astrocytes and Neuroinflammation in AD: 

Inflammatory responses of astrocytes are histopathological feature of neurodegenerative diseases 

such as AD. In AD, astrocytes can influence to plaque pathogenesis by direct interaction with them 

(Pekny, Wilhelmsson et al. 2014). Studies showed that in AD mice compared to normal, astrocyte 

have lower density of their processes (less efficient physical barrier) around the plaque (Pekny, 

Wilhelmsson et al. 2014). In the post mortem brains of AD patients astrocytes showed 

hypertrophy, increased expression of their structural proteins and predominantly accumulate in 

area with amyloid plaque (Shadfar, Hwang et al. 2015). 
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It remains unclear how astrocytes are involved in neuroinflammation in AD. In normal conditions, 

astrocytes protect neurons by different ways such as controlling the ions homeostasis and recycling 

neurotransmitters such as glutamate (Pekny, Wilhelmsson et al. 2014). The evidence showed that 

astrocytes (in analogy to the M1/M2 macrophage) have A1 and A2 phenotypes. A1 astrocytes have 

pro-inflammatory responses that characterized by the proliferation and hypertrophy of astrocytes, 

increased the expression of their structural proteins such as GFAP, glial fibrillary acidic protein is 

an intermediate filament proteins and it is used as astrocyte activation marker, the release of several 

pro-inflammatory molecules such as TNFα, interleukins (IL-1, IL-6, IL-8,), IFN, and MMPs, also, 

they produce NO (via upregulation of iNOS) (Barreto, White et al. 2011) (Zhang, Hu et al. 2010) 

(Swanson, Ying et al. 2004). In vitro and in vivo studies have shown that Aβ-stimulated astrocytes 

promote the secretion of pro-inflammatory agents (e.g. TNFα and IFNγ) by other cells such as 

microglia and these pro-inflammatory agents increase BACE1 and APP in astrocytes inducing 

astrocytic Aβ production and secretion (Zhao, O'Connor et al. 2011). A1 astrocytes also have other 

harmful effects for example, they upregulate classical complement cascade genes such as C3 that 

have been shown to be detrimental to synapses. In addition, A1 astrocytes lose many main 

properties and functions such as their ability to promote neuronal survival and growth, synapse 

formation and function and to phagocytose synapses and myelin debris. The in vitro and in vivo 

findings indicate that pro-inflammatory responses of microglia can induce A1 astrocytes by 

secretion of IL-1α, TNFα and C1q (Liddelow, Guttenplan et al. 2017). On the other hand, A2 

astrocytes are protective and they produce many neurotrophic factors (NGF, bFGF, BDNF, TGFβ) 

that have beneficial effects (promote neuronal survival and tissue repair). A2 astrocytes also do 

not express complement cascade genes (C3) (Liddelow, Guttenplan et al. 2017).  
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A1 astrocytes make up a huge (60%) proportion of astrocytes in the CNS regions of AD patients 

suggest that A1 astrocytes may have important role in disease initiation and progression 

(Liddelow, Guttenplan et al. 2017). Moreover, analysis of astrocytes in brains of elderly patients 

(with and without AD) has shown a correlation between the cognitive dysfunctions and the level 

of astrogliosis (Morales, Guzman-Martinez et al. 2014). 

 

1.4.1: BBB dysfunction in AD  

BBB dysfunction in AD has several pathological aspects, including the leakage of circulating 

substances and peripheral cells from the plasma into the CNS and the dysfunction of transporters 

that lead to the accumulation of Aβ in the CNS. All these events can promote inflammation, 

oxidative stress and neuronal damage (Erickson and Banks 2013).  

The reduced expression of TJP is reported in AD (Barreto, White et al. 2011) that can cause BBB 

leakage. BBB leakage in AD causes to the uncontrolled entry of blood proteins and other molecules 

into the brain (Erickson and Banks 2013). Accumulations of blood-derived proteins (e.g., 

immunoglobulins, albumin, fibrinogen, and thrombin) were observed in post-mortem brains of 

AD patients indicating BBB damage. These proteins have harmful effects in brain for example 

studies showed that fibrinogen activates microglia, promotes neuroinflammation and 

demyelination (Zhao, Nelson et al. 2015).  

Moreover, the accumulation of blood-derived iron was shown in the brains (especially in 

hippocampus) of AD patients with preclinical and clinical symptoms. Iron accumulation leading 

to the production of ROS and oxidative stress to neurons (Zhao, Nelson et al. 2015). 

Beside the infiltration of blood proteins, peripheral immune cells can enter into the brain. The 

evidence showed that monocytes (the most studied circulating immune system cells in AD) and 
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lymphocytes migrate through the BBB into the AD brain and suggest that they maybe help to clear 

Aβ, however, their role in AD is not clear (Zenaro, Piacentino et al. 2016, Baufeld, O'Loughlin et 

al. 2017). The infiltration of T-cells was recognized in the brains of AD mice model and also in 

AD patients (around the Aβ accumulation) and the study showed that the infiltration of these cells 

into the brain was dependent on microglial-mediated TNFα release (Shadfar, Hwang et al. 2015). 

The infiltrated T-cells in AD brains increased microglial activation, Aβ accumulation and 

cognitive dysfunctions (Shadfar, Hwang et al. 2015).  

Beside the BBB disruptions and its leakage, the dysfunction of transporters also leads to Aβ 

accumulation. Aβ can be removed from the brain by several ways including proteolytic 

degradation by the proteases such as neprilysin and insulin degrading enzyme (IDE), phagocytosis 

by astrocytes and microglia and BBB transporters. In AD, BBB dysfunction increase blood-to-

brain influx and decrease brain-to-blood efflux across the BBB could result in excessive Aβ 

accumulation and further disease progression (Zhao et al., 2015). 

BBB efflux clearance is mediated by compartments such as the low-density lipoprotein receptor 

related protein 1 (LRP1) and ATP-binding cassette transporters (ABC transporters).  ABCB1 (also 

known as P-glycoprotein 1 or MDR1) is the main ABC transporter for Aβ efflux, this transporter 

exports Aβ into the blood circulation directly (Tarasoff-Conway, Carare et al. 2015) (Fig 4). The 

circulating Aβ that are generated outside of CNS (Roher, Esh et al. 2009) can enter the brain via 

RAGE (advanced glycosylation end product-specific receptor) as a free plasma peptide (Tarasoff-

Conway, Carare et al. 2015) (Fig 4). 
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Figure 4: Aβ clearance and degradation. Aβ can enter the brain via RAGE. Aβ is cleared from 

the brain enzymatically, by glial phagosytosis or by transportation through the BBB mediate by 

LRP. Abbreviations: Aβ, amyloid-β; BBB, blood–brain barrier; LRP, LDL receptor-related 

protein; RAGE, advanced glycosylation end product. 

 

There are many factors that affect amyloid-β clearance in AD. The studies showed that the 

expression of neprilysin (the enzymatic degradation of Aβ) is decreased in AD, especially in 

regions with high Aβ loads such as the hippocampus  (Kumar, Singh et al. 2015)(Zhao 2015) 

(Erickson and Banks 2013). The expression of efflux transporters; LRP and ABCB is also 

decreased, whereas expression of influx transporter RAGE is upregulated (Kumar, Singh et al. 

2015)(Zhao 2015). In addition, oxidative changes in AD can cause changes in LRP that reduce its 

affinity for Aβ and may facilitate Aβ influx into the brain by RAGE (Tarasoff-Conway, Carare et 

al. 2015). The studies have shown that NO which increased in AD can decrease IDE enzymatic 

function, resulting in increase in Aβ deposition in the brain (Kumar, Singh et al. 2015).  
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Inflammation, a common feature of AD, can affect BBB and Aβ clearance (Tarasoff-Conway, 

Carare et al. 2015). Microglia as driver of inflammation have interaction with BBB and by 

cytokine/chemokine production they can affect the infiltration of peripheral cells (da Fonseca, 

Matias et al. 2014). For example the evidence showed that in AD the migration of T cells into the 

brain depends on the TNFα expressed by microglia (Yang et al., 2013) (Da fa 2014). 

 The end-feet of astrocytes are the component of BBB and any change in astrocyte functions can 

influence their physical and metabolic support of BBB (as elaborated in chapter 1.1.2). Microglia 

can induce pro-inflammatory responses of astrocytes, which may be disturb physiological 

functions of astrocytes within BBB (Abbott, Ronnback et al. 2006).  

Moreover, the microglial ability to release trophic factors (VEGF & TGFβ) is reduced when they 

are stimulated by Aβ (Kauppinen et al., 2011). These trophic factors are important for the vascular 

structures and they have beneficial effects in AD (Kalaria, Cohen et al. 1998). But, the direct 

effects of microglial responses on BBB needs to be studied and it requires the ways to specifically 

target or activate microglia in vivo. Furthermore, microglial modulation towards beneficial effects 

can help the BBB integrity in AD (Mehrabadi, Korolainen et al. 2017).  
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1.5: Poly(ADP-ribose) polymerases; PARP-1: 

Poly (ADP-ribose) polymerases (PARPs) include a superfamily of 18 enzymes that share 

homologous domains and some of them has catalytic activities (Kamboj, Lu et al. 2013). PARP-1 

is a nuclear enzymes and accounts for the majority of cellular PARP activity (Ba and Garg 2011). 

Another nuclear PARP is PARP-2 that is the closest paralog of PARP-1 and it is responsible for 

most of remaining PARP activity (Luo and Kraus 2012). PARP-1 in Mammalians is a 116-kDa 

protein which is involved in important functions in the cell such as DNA repair, cell death 

pathways (necrosis and parthanatos) and inflammation (Luo and Kraus 2012) (Fig 5). 

 

1.5.1. PARP-1 activation 

PARP-1 activation causes production of poly ADP ribose (PAR), which is a negatively charged 

polymer and capable to change the biochemical properties of proteins, modulate their structure, 

function and localization (Luo and Kraus 2012). PAR has a short half-life in the cell with dynamic 

process in the cell. Poly (ADP-ribose) glycohydrolase (PARG) degrades PAR polymers and 

remove ADP-ribose units from PARP-1 to provide ADP-ribose units for cell (Luo and Kraus 

2012). PARP-1 can be activated by different ways; classically by DNA damages, or independent-

mechanism of DNA damages such as changing the level of metabolites (ADP-ribose, 

nicotinamide) or ions (Ca2+, Mg2+ ) and post-translational modifications such as ADP-ribosylation, 

phosphorylation and acetylation (Luo and Kraus 2012).  

PARP-1 is able to sense DNA damages and initiate DNA repairs. Enzymatic activity of PARP-1 

and production of PAR polymers cause PARylation of PARP-1 and other proteins including 

histones and DNA repair proteins that lead to recruitment of these proteins to DNA damage sites 

(Rosado, Bennici et al. 2013, Swindall, Stanley et al. 2013). In addition, PARP-1 can be activated 
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by the mechanisms independent of DNA damages.  ERK1/2 (extracellular signal–regulated kinase) 

phosphorylate PARP-1 at specific sites (Ser 372 and Thr 373), and by these phosphorylations, 

PARP-1 can be activated. ERK1/2 are activated when phosphorylated by the upstream 

MAPK/ERK kinases 1 and 2 (MEK1/2) (Kauppinen, Chan et al. 2006). For example, the recent 

study has shown that TNFα (by binding to its receptor; TNFR1) induces Ca2+ influx and activates 

phosphatidyl choline-specific phospholipase C (PC-PLC) that produces diacyl glycerol (DAG). 

These events activate MEK1/2-ERK1/2 and ERK2-mediated phosphorylation of PARP-1 that lead 

to the PARP-1 activation (Vuong, Hogan-Cann et al. 2015). According to the previous study a lack 

of phosphorylation at Ser372 and Thr373 impaired PARP-1 activation, whereas replacing these 

sites with glutamate (S372E and T373E) mimics constitutive phosphorylation and increased 

PARP-1 activity and eliminated the effect of ERK1/2 inhibitors on PARP-1 activation (Kauppinen, 

Chan et al. 2006) (Ba and Garg 2011).  

Studies have shown that PARP-1 inhibitors have different therapeutics effects in 

neurodegeneration due to their neuroprotective and anti-inflammatory effects (Luo and Kraus 

2012). For example, evidence showed that excessive PARP-1 activation after stroke could develop 

neuronal cell death by different mechanisms such as energy failure due to NAD and ATP depletion 

(Kim, Kim et al. 2017), opening of a transient receptor potential channel (TRPM2) mediated by 

PAR that lead to excessive influx of Ca2+ (Fonfria, Marshall et al. 2004), increase the expression 

of MMP that cause to elevated BBB permeability and brain oedema (F Moroni 2012). Studies also 

showed that numerous PARP-1 inhibitors such as JPI- 289, PJ34 and minocycline have 

neuroprotective effects on ischaemic stroke (Kim, Kim et al. 2017) (F Moroni 2012). Moreover, 

evidence showed that PARP-1 has important role in bioenergetics system of neuronal cells and 

PARP-1 activation involved in oxygen consumption rate and bioenergetics deficits (Martire, Fuso 
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et al. 2016). In addition, in in vivo study, PARP-1 inhibitors were able to restitute 

mitochondrial impairment and to save cellular energetic metabolism (Martire, Fuso et al. 2016).  

 

  

 

 

 

Figure 5: Different Functions of PARP-1. PARP-1 involved in DNA repair, cell death and 

inflammation (Swindall, Stanley et al. 2013). 

 

1.5.2: PARP-1 as a regulator of inflammation in Microglia:  

PARP-1 is involved in inflammatory processes in the cells. PARP-1 due to its interaction with NF-

kB (nuclear factor κ-light-chain-enhancer of activated B cells) is recognized as a regulator of 

microglial responses (Kauppinen, Suh et al. 2011). NF-κB is a transcription factor that is involved 

in pro-inflammatory responses of microglia. NF-κB regulates the expression of about 500 different 

genes, e.g. enzymes [e.g.,cyclooxygenase (COX)-2,5 and iNOS], cytokines [such as interleukins 

(IL-1, IL-6, chemokines, and TNFα], reactive oxygen species, adhesion molecules and angiogenic 
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factors (Kaltschmidt and Kaltschmidt 2009). The NF-κB family includes five members, p65 c-Rel, 

RelB, p105/p50 and p100/p52 (Ba and Garg 2011). The regulation of NF-κB activity is complex 

and includes of different steps. The first step is translocation to the nucleus by the release of 

p65/p50 dimers in the cytosol. In the canonical NF-κB signaling pathway, The IκB kinase (IKK) 

complex phosphorylates the IκB subunit of NF-κB in cytosol, that cause to the release of p65/p50 

dimers and translocation of NF-κB dimers (Ghosh and Hayden 2008) (Basak and Hoffmann 2008) 

(Fig 6). However, the evidence showed that PARP-1 inhibitors permitted NF-κB translocation to 

the nucleus (Vuong, Hogan-Cann et al. 2015). NF-κB dimers bind to promoter regions (in κB sites) 

of target genes. For inducing the gene transcription just the nuclear translocation and DNA binding 

by NF-κB is not enough. So, the second step is to form of active transcription complex and PARP-

1 is involved in this process (Hassa and Hottiger 2002, Erdelyi, Bakondi et al. 2005). PARP-1 

forms PAR polymers on PARP-1 itself (PARP-1 automodification) and other transcription factors 

including NF-κB (Chang and Alvarez-Gonzalez , Nakajima, Nagaso et al. 2004), AP-1 (Cho, Lee 

et al. 2005), SP-1 and Stat-1 (Ha, Hester et al. 2002). PARP-1 automodification influences NF-κβ 

activity and their interactions. PARP-1 automodification limits physical association between 

PARP-1 and NF-κβ and enhances the transcriptional activity of NF-κβ.  PARP-1 also has immune 

modulation ability by inhibiting NF-κB-dependent pro-inflammatory cytokines, but not anti-

inflammatory cytokines (Vuong, Hogan-Cann et al. 2015). 
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Figure 6: Relationships between PARP-1, NF-κβ and inflammation 

 

1.5.3: PARP-1 in AD:  

Evidence showed that there is a relationship between PARP-1 and neurodegeneration and PARP-

1 activation was shown in the entorhinal cortex and hippocampus of various transgenic mice model 

of AD such as AD Swedish and Indiana double mutation mice (Martire, Mosca et al. 2015) (Fan, 

Dawson et al. 2017). PARP-1 activation and PAR accumulation was also shown in human AD 

brains (Love, Barber et al. 1999) (Martire, Mosca et al. 2015). PARP inhibitors or genetic deletion 

of PARP-1 have protective functions in excitotoxicity mediated by NMDA (Yu, Wang et al. 2002), 

NO toxicity (Zhang, Dawson et al. 1994) and in the experiment models of AD (Kauppinen, Suh et 

al. 2011) (Fan, Dawson et al. 2017). Cell culture studies in human neuroblastoma cell line showed 

that Aβ induced PARP-1 activity and using PARP-1 inhibitor blocked this effect (Martire, Fuso et 

al. 2013). Moreover, in in vivo study in rat brains, the injection of Aβ enhanced PARP-1 expression 
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and using nicotinamide as endogenous PARP-1 inhibitor reduced PARP-1 activity and oxidative 

stress that were induced by Aβ (Turunc Bayrakdar, Uyanikgil et al. 2014). 

PARP-1 activation and PAR accumulation have been shown in microglia and astrocytes that 

treated with Aβ or with human APP (Kauppinen, Suh et al. 2011, Martire, Fuso et al. 2013, Martire, 

Mosca et al. 2015, Fan, Dawson et al. 2017). PARP-1 is able to modulate microglial responses due 

to its interaction with NF-kB (Ha, Hester et al. 2002, Kauppinen, Suh et al. 2011, Vuong, Hogan-

Cann et al. 2015). The previous cell culture studies have shown that Aβ induces PARP-1 activation 

in microglia and PARP-1 activity required for Aβ-induced NF-ĸB activation, microglial 

morphological transformation, NO release, TNFα release and neurotoxicity. Moreover, PARP-1 

depletion reduces neurotoxic aspects of microglial responses (release of NO, pro-inflammatory 

cytokines), but preserves their ability to release trophic factors (TGFβ, VEGF) and anti-

inflammatory cytokines and did not impair microglial phagocytosis of Aβ (controlled 

phagocytosis) (Kauppinen, Suh et al. 2011). According to in vivo study with hAPPJ20 mice (mouse 

model for AD), PARP-1 depletion (PARP-1 KO mice crossed with hAPPJ20) reduced microglial 

activation throughout the brain, preserved calbindin expression in hippocampus, increased their 

ability to release trophic factors and Aβ phagocytosis and improved mice performance in novel 

object recognition test (Kauppinen, Suh et al. 2011). This was the first study showing the 

therapeutic potential of targeting PARP-1 in animal models of AD. However, in that study PARP-

1 expression was abolished in every cell type. So, in order to prove PARP-1 as an optimal target 

for microglial modulation, approaches that exclusively target microglial PARP-1 expression 

/activity in vivo are required.  
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1.6: RATIONAL, HYPOTHESIS, RESEARCH AIMS 

1.6.1: RATIONALE OF THE STUDY  

Microglia are the resident immune cells of the brain and are essential for brain defense (Squire et 

al., 2013). The role of microglial cells in the AD remains unclear. Microglial pro-inflammatory 

responses contribute to neurodegenerative processes in AD (M.Weitz and Town 2012, Malm, Jay 

et al. 2015). However, microglial actions, such as Aβ phagocytosis and release of trophic factors 

can be beneficial (Kreutzberg 1996, D'Andrea, Cole et al. 2004, Hickman, Allison et al. 2008). So, 

the approaches to modulate microglial responses in vivo are required. Based on previous studies 

PARP-1 is a potential target for microglial modulation toward beneficial effects.  

The previous microglial culture studies have shown that Aβ induces PARP-1 activation in 

microglia and PARP-1 activity in microglia promotes microglial morphological transformation, 

production of pro-inflammatory cytokines, NO release, oxidative stress and increases uncontrolled 

phagocytosis (attacking viable neurons) (Kauppinen, Higashi et al. 2008, Kauppinen, Suh et al. 

2011, Vuong, Hogan-Cann et al. 2015). These cell culture studies have also shown that PARP-1 

depletion reduces neurotoxic aspects of microglial responses (release of NO, pro-inflammatory 

cytokines such as TNFα), but preserves their ability to release trophic factors, anti-inflammatory 

cytokines and provide controlled Aβ phagocytosis (able to uptake Aβ, without attacking viable 

neurons) (Kauppinen and Swanson 2005, Kauppinen, Suh et al. 2011).  

In previous study in in vivo model of AD, the evidence showed that global PARP-1 depletion 

reduced microglial pro-inflammatory responses, protected synaptic integrity in hippocampus and 

improved novel object recognition task in mice (Kauppinen, Suh et al. 2011). However, in that 

study PARP-1 expression was abolished in every cell type and the role of microglia in AD couldn’t 

be assessed, as neuronal PARP-1 depletion can be directly neuroprotective (Kauppinen, Suh et al. 
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2011) (Kim, Kim et al. 2017). Therefore, in my project, we aimed to assess whether microglial 

PARP-1-mediated pro-inflammatory functions can directly disrupt BBB integrity (in vitro) and 

promote other pathological events accelerating disease progression in AD mice model (in vivo).  

 

1.6.2: Hypothesis:  

This research proposal tested the hypothesis that microglial PARP-1 activation defines 

microglial effects on neuroinflammation/reactive gliosis status, endothelial cells, BBB integrity 

and cognitive abilities, thus promoting disease progression in AD. 

 

1.6.3: Aims: 

Aim 1: Establish the effects of continuous microglial PARP-1 activation on reactive gliosis 

(microglia/astrocytes), BBB integrity, cognitive abilities and disease progression in Alzheimer’s 

disease mouse model.   

 

Aim 2: Establish the PARP-1 mediated effects of microglial inflammation responses on expression 

of tight junction proteins (TJP) and permeability changes in endothelial cells.  
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2. MATERIALS AND METHODS 

2.1: In vitro experiments 

2.1.1: Cell culture  

Immortalized mouse brain endothelial cell line, bEnd.3 cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin-

streptomycin and 1% non-essential amino acids. Cells were grown in a humidified environment of 

37°C with 5% CO2 with media replacement every other day. For western blotting experiments, 

bEnd.3 cells were trypsinized and seeded on 6-well culture plates at a density of 2.5×105/cm2. For 

permeability experiments, bEnd.3 cells were trypsinized and seeded on Transwell inserts at a 

density of 2×105/cm2. 

 

2.1.2: Treatments  

Experiments were performed when bEnd.3 reached 100% confluency within passage 2 to 8. 

bEnd.3 cells were treated with 30 and 50 ng/ml recombinant mouse TNFα (Invitrogen, USA) and 

20 and 40 µM Sodium Nitroprusside dihydrate (SNP) (Sigma-Aldrich) as Nitric Oxide (NO) donor 

for 24 hour. Both of these compounds were dissolved in DMEM. The control groups were only 

treated with DMEM. The NO production was confirmed by using Griess Reagent as described in 

2.1.3.  

 

2.1.3: Nitric oxide assay 

The nitric oxide was assessed by modified Griess reagent test based on the detection of nitrites 

compound in solution (Bratton 1939) (Tsikas 2007). The Griess test has many benefits such as 



34 
 

 
 

higher sensitivity to nitrite and the rapid transformation of nitric oxide to nitrite (Ridnour, Sim et 

al. 2000) (Ford, Wink et al. 1993). 

Griess reagent containing 60 mM sulphanilamide, 4 mM N-(1-Napthyl)ethylenediamine and 

1.95% phosphoric acid in double distilled water was prepared freshly for assay. It was protected 

from light by using aluminum foil. NaNO2 standards were prepared in DMEM with 

concentrations: 250, 125, 62.5, 31.25, 15.6, 7.8, 3.9, 1.95, 0.98, 0 μM and plated 50 μL/well in 96-

well plate as triplicate. The media from each well of experiments was plated on the 96-well plate 

(50 μL/well) and the Griess reagent was added at equal volumes (50 μL/well) and incubated at 

room temperature for 10 minutes. The absorbance was read at 540 nm. By using of Microsoft 

Excel standard curve was plotted, then the concentrations of each sample were calculated.  

 

2.1.4: Protein assay 

For the protein assay, at first bovine serum albumin (BSA) standards with concentrations: 2.5, 1, 

0.75, 0.5, 0.25, 0.1, 0.05, 0.025, 0.01, 0 μg/μL were prepared in Radioimmunoprecipitation assay 

buffer (RIPA buffer: 50 mM Tris base, 150 mM sodium choloride, 0.25% sodium deoxycholate, 

1 mM EDTA) that contains 1mM sodium fluoride (NaF), 1mM sodium vanadate (NaVO4) and 

protease inhibitors (protect proteins from proteolytic degradation by inhibition of serine-proteases, 

cysteine-proteases and aminopeptidases). By scraping in RIPA buffer, the cells were lysed on ice. 

5 μL of BSA standards and protein extracts plated into a 96-well plate in triplicate, and protein 

concentrations were measured by using of a Bio-Rad DC protein assay kit based on Lowry assay 

(absorbance at 750 nm). By using of Microsoft Excel standard curve was plotted and protein 

concentrations were calculated. Nitric oxide concentrations for each well were then divided by 

their respective protein concentrations to determine amount of nitric oxide released relative to 

amount of protein present. All experimental groups were normalized to the control. 
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2.1.5: Immunoblotting for Tight Junction Proteins (TJP): 

TNFα and SNP-treated bEnd.3 cells after 24 h were lysed with ice cold RIPA buffer and protein 

concentrations were measured. Samples were prepared for SDS-page by adding 4x Laemmli 

sample buffer (contain glycerol 80%, 0.5 M Tris-HCL PH 6.8, SDS, bromophenol blue, beta-

merchaptoethanol 5%) to each sample and samples were boiled 10 min at 90-100c. For western 

blotting, protein samples (30–50 μg) were separated by electrophoresis on 8–12% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at 100 V for 90-120 min. Proteins were 

transferred to polyvinylidene fluoride (PVDF) membranes at 100 V for 90 min. Membranes were 

incubated with primary antibodies; rabbit anti-ZO-1 (1: 1000; Invitrogen, U.S.A.), mouse anti-

occludin (1:1000; Life technology, U.S.A), mouse anti-beta-actin (1:10000; Sigma, U.S.A) in 

0.5% skim milk overnight at 4 °C, followed by goat anti-mouse immunoglobulin G (IgG) 

antibody-horse-radish peroxidase (HRP) conjugate (1: 5000, Jackson Immuno Research lab), or  

goat anti-rabbit IgG antibody-HRP conjugate (1:5000, Jackson Immuno Research lab) for 1 h at 

room temperature. The quantification of band density performed using ImageJ software and results 

were normalized to actin staining and trichloroethanol (TCE; to visualize the protein bands on the 

gel) on the same blots.  

 

2.1.6: Transendothelial electrical resistance (TEER) and permeability assays in b.End3 

cells: 

For TEER and permeability experiments, a total of 2×105/cm2 b.End.3 cells were seeded on poly 

carbonate coated Transwell inserts in a 6-well plate (Corning Costar, Corning, NY, USA), and 

were cultured for 10-14 days at 370 C and 5 % CO2.  

TEER was measured by using electrodes of Epithelial Volt-Ohm Meters (EVOM, World Precision 

Instruments, Sarasota, FL, USA) and TEER values were calculated after subtracting the TEER of 
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inserts without cells and standardized to the membrane surface area (Ω cm2)(D. Hue 2012). The 

permeability studies were started when the monolayers displayed TEER values above 100 Ω cm2. 

After 20 h treatment of bEnd.3 cells with TNFα (50 ng/ml) and SNP (40 µM) permeability assays 

was started.  

Paracellular solute permeability studies were performed using fluorescein-labeled dextran (FDX; 

10,000 MW; 1 µM) and IRDye 800 PEG (25-60 kDa, 0.1 µM) to determine paracellular diffusion 

(affected by TJP degradation) across confluent bEnd3 monolayers. Briefly, 1.5 ml of Assay buffer 

(sodium chloride 122 mM, potassium chloride 3 mM, sodium bicarbonate 25 mM, HEPES) 

containing two dye (FDX, IRDy) were added to the donor side (donor). Immediately (t=0) 20 µl 

of donor contents and 100 µl of receiver contents were collected. Then, 100 µl of receiver contents 

were drawn at t=15, 30, 60, 90 and 120 minutes interval and collected in 96 well-plate (Fig 7) 

(Dalvi, Nguyen et al. 2015). After two hours, the contents in the donor and receiver chambers were 

carefully removed and the cells were washed three times with PBS and after cell lysis with RIPA 

buffer keep in -80 for further analysis.   

The contents of donor and receiver compartment samples were analyzed using a Biotech 

Spectrofluorometer (FDX 485 nm) and Odyssey (IRDye at 800 nm) to determine the amount of 

fluorescent marker passing across the b.End3 monolayers. The b.End3 monolayers permeability 

in these studies was expressed as percent transfer of the fluorescent marker, and was determined 

by dividing the cumulative concentration in the receiver compartment by the concentration in the 

donor compartment at time zero and then multiplying by 100. 
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                   Figure 7: Permeability assessment in b.End3 by using FDX and IRDye.  

 

2-2: In vivo experiments.  

2.2.1: Triple-transgenic model of AD (3xTg-AD) 

We used the 3xTg-AD as mouse model for AD (male and female). These mice harbor three 

disease-relevant genetic alterations: a human Presenilin M146V knock-in mutation (PS1M146V), 

human amyloid precursor protein Swedish mutation (APPswe), and the human tauP301L 

mutation. They develop plaques and tangles similar to pathological hallmarks observed in the 

brains of AD-afflicted individuals (Oddo, Caccamo et al. 2003). These mice develop intracellular 

amyloid aggregates (starting at 3-4months of age), neurofibrillary tangles (starting at 6 month), 

show synaptic dysfunction (by 6 months), cognitive deficits (by 4-5 months) and early 

inflammatory responses that precede the onset of AD-symptoms (Fig 8) (Oddo, Caccamo et al. 

2003, Billings, Oddo et al. 2005).  

 

2.2.2. Molecular approach to induce microglial PARP-1 activation  

The abilities of PARP-1 to enhance the pro-inflammatory responses have been utilized in our 

molecular approaches to modulate microglial functions. To induce PARP-1 activation, our lab 

generated a microglia-targeting (via Iba1 promoter) lentiviral reporter construct; the mutant PARP-

1 (LV-Iba1-mPARP-1-RFP; LV-mPARP-1). The mutant (mPARP-1) has glutamate substitution 

IRDye 

b.End3 cells 

FDX  

Donor compartment 

Receiver compartment 
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at S372E that mimics phosphorylation at this residue and induces expression of constitutively 

active PARP-1 (Kauppinen, Chan et al. 2006). The constitutively activated PARP-1 expression in 

microglia induces chronic microglial pro-inflammatory activation (Vuong, Hogan-Cann et al. 

2015). LV-Iba1-RFP; LV-ctrl used as a control that induces only red fluorescence protein (RFP) 

expression in microglia. This molecular approach allowed us to assess the impact of microglial 

pro-inflammatory responses on other brain cells and on AD progression in authentic in vivo 

conditions. 

 

2.2.3: Stereotaxic surgery 

The male and female mice were transduced with lentivirus vector at age of 50 days, the pre-

symptomatic age (Desai, Sudol et al. 2009) in which the mice are considered adults. The lentiviral 

construct was delivered into brain via stereotactic bilateral injections targeting hippocampus (ap 

2.0, ml 1.5, and dv 2.0 mm), the brain area with a central role in cognitive functions and high 

abundance of amyloid plague formation. Highly concentrated vector in 2μl volume was injected 

at a rate of 0.5μl/min with a 33-gauge needle on a 5μl Hamilton syringe. The injection itself did 

not induce tissue damage and based on previous work the inflammatory responses are limited to a 

small region of tissue and resolve within 18-24 hr (Nakajima, Nagaso et al. 2004, Kauppinen and 

Swanson 2005). The transduction efficacy and duration was assessed in live animals by in vivo 

Spectrum bioluminescence/fluorescence imaging system (IVIS) (Cordeau and Kriz 2012) (Fig 8). 

Mice were placed in induction chamber and anesthetized by Isoflurane and the fur was shaved 

from top of head to expose the skin (to prevent the autofluorescences). Then, mice transferred to 

the imaging box in the IVIS machine and placed faces down in nose cones. The images were 

acquired by selecting the excitation and emission filters (RFP: 535-580 nm) and PARP-1 (588-
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633 nm). The final images were analyzed by using of IVIS Acquisition Software and subtracting 

tissue autofluorescence. 

The experimental groups were; 1) 3xTg-AD +LV- mPARP-1, 2) 3xTg-AD +LV-ctrl, 3) Wt +LV-

mPARP-1, and 4) Wt + LV-ctrl (Fig 7.). The cognitive ability of mice assessed by behavioral tests 

at 4, 5 month old mice and mice were sacrificed after 5 month for tissue analysis. 

 

 

                                 

                                   

Figure 8: Time line of disease progression in 3xTg AD mice model. Lentivirus (LV) injected 

into brain of experimental groups at age of 50 days. The transduction efficacy and duration was 

assessed in live animals by IVIS imaging and the cognitive ability of mice assessed by behavioral 

tests at 4, 5 month old mice. 

 

2.2.4: Open Field Test 

The open field test is a behavioral test to assess the general locomotor activity, exploratory 

tendency and anxiety in rodents (Hall 1932, Gould 2009). The mice were placed in transparent 

plastic chamber (75 × 75 × 75 cm) with covered walls under the normal light. The floor of the 

chamber includes the cells that able the tracking software to measure the amount of time each mice 
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spent in each cell. For open field test, the mice were allowed to explore the chamber for 10 minutes. 

Total path, percent time spent moving, percent cells they used and the number of rearing, urinations 

and defecations were recorded. The rearing was determined when the mice stood only on its hind 

paws and raised its body at an angle greater than 45°. Each mice had one trial of open field test 

and after that NOR was started. The chamber was sprayed with 70% ethanol and cleaned between 

each mouse.  

 

2.2.5: Novel Object Recognition  

The Novel Object Recognition test (NOR) is a test to measure recognition/working  memory (Biala 

2012). This test it does not need to external motivation, reward (such as food), or punishment 

(Ennaceur and Delacour 1988). This is a two-day test. Training day of NOR test was performed 

immediately after the open field test to ensure familiarity of the chamber and focus on the objects. 

During the training day two identical objects were placed inside the chamber with equal distance 

(Fig 9). The objects were consisted of different shapes, textures and either transparent or opaque. 

The mice were placed into the chamber with the identical objects and allowed to explore and 

familiarize them for 15 minutes. On testing day, one of the familiar objects was replaced by a new 

novel object which had a different shape, texture and opacity from the familiar object. Object 

locations were same during training and testing sessions for any mouse. The mouse was allowed 

to explore the objects in the chamber for 10 minutes. In normal conditions, when mice are exposed 

to a familiar and a novel object, they spend more time to explore the novel compared familiar 

object (Biala 2012). Animal performance was tracked with the HVS Image 2100 Plus Tracking 

System software (HVS Image Ltd., Twickenham, Middlesex, UK) and then was analyzed with the 

focus on the percent time spent observing each object. 
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Figure 9: Novel object recognition test. The novel object recognition test is two-day behavioral 

test; Training day (15 min) exposed mice with two similar objects to familiarize with them. Testing 

day (10 min) exposed mice to familiar object and a new object with different shape, texture and 

opacity. The percent time spent with each object was analyzed by the HVS tracking software 

(Modified photo from http://ccsummerresearch.blogs.wm.edu/2015. Alexander Williams). 

 

2.2.6: Tissue Preparation and Cardiac perfusion 

After the behavioral tests, 5 month old mice were sacrificed by cardiac perfusion method. At first, 

mice were placed in the anesthesia chamber and they were deeply anesthetized (i.e. One breath/sec) 

with Isoflurane Toe pinch was performed to see if the pedal reflex was present. If absent, mice 

were placed on their back on a wire rack and placed a 15 ml conical tube containing gauze that 

was soaked with Isoflurane.  Forceps were used to pinch the skin of the animal directly below the 

ribs, then used scissors to cut into the abdomen. Along either side of the rib cage cut (ensuring to 

http://ccsummerresearch.blogs.wm.edu/2015
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carefully cut the diaphragm in the process) to expose the chest cavity. A butterfly syringe at the 

base of the left ventricle was carefully inserted into heart (0.5 cm into the ventricle) then it was 

inserted to aorta and secured in place using lab tape. Next, scissors was used to cut the right 

ventricle and pre-chilled saline started the perfusion and saline being pushed out along with the 

blood. When the perfusion was going well with saline, the liver was lighter in color from deep red 

to light brown. Finally, the mice were transferred from the rack. The brains were removed from 

skull and cut in half, the left half brains were placed in Bijou tubes containing 5 ml ice cold 4% 

PFA. After 24 hours, these half brains were transferred to 30% sucrose for 48 hours, then they 

dried and store to -80oc. Another half brains were snap frozen in dry ice and store in -80oc.  

2.2.7: Brain slicing 

The PFA-fixed left half brains were embedded in Leica optimal cutting temperature (OCT) 

compound and frozen in the cryostat at -23°C. The brains were then mounted on Cryostat 

Specimen Object Disc and sliced into 30 μm thick coronal sections and hippocampal slices from 

each brain were placed into 8 wells so that each well had a representative slices the hippocampus. 

Slices were stored in the 24-well plate containing PBS and 0.02% sodium azide at 4°C until used 

for immunohistochemistry.  

 

2.2.8: Immunohistochemistry 

The brain slices were washed with washing buffer containing 0.3% Triton X-100 in 1x phosphate 

buffered saline (PBS) three times at 10 min. Then, brain slices were blocked with blocking buffer 

containing 0.5% Triton X-100, 3% goat serum, 1% BSA in 1x PBS for 1 hour at room temperature 

on a rocker. Primary antibodies (GFAP rabbit polyclonal, 1:1000, EMD Millipore and Iba1 rabbit 

polyclonal; 1:500, Wako) solution was prepared in antibody buffer (containing 0.3% Triton X-
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100, 3% BSA in 1x PBS). Brain slices were incubated in primary antibody overnight at 4°C. Next 

day, at first, the slices were washed with wash buffer three times at 10 minutes on a rocker. The 

secondary antibody solution (1:1000 dilution of anti-rabbit Dylight 488 for GFAP and 594 

conjugated antibody for Iba1) was prepared in antibody buffer. The plates that contain slices were 

covered with aluminum foil to protect them from light and incubated for 2 hours with secondary 

antibody at room temperature on a rocker. The slices were washed with wash buffer 3 times at 10 

minutes on a rocker and mounted onto slides. Mounting media contains DAPI (4',6-diamidino-2-

phenylindole, dihydrochloride) was added to slices to stain nuclei and then coverslip them. The 

slices were imaged with a fluorescent microscope and GFAP intensity were analyzed using the 

imaging processing ZEN software and ImageJ was used for Iba1. Multiple slices (4-10 per mice) 

were analyzed for Iba1 and GFAP expression. The microglial number, their morphology and Iba1 

intensity were assessed in CA1 of hippocampus area. Microglial morphology was classified as 

ramified (small cell body with numerous thin processes), hypertrophic (enlarged cell body and 

thick processes), or amoeboid (enlarged amoeboid cell body with no processes) (Fig 10) 

(Kauppinen, Suh et al. 2011).   
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Figure 10: Representative morphology of ramified, hypertrophic, and amoeboid microglia 

in CA1 region of hippocampus. Microglia from each experimental group were classified as ramified 

(small cell body with thin processes), hypertrophic (enlarged cell body), or amoeboid (round, with no 

processes). 

 

2.2.9: Statistical analysis.  

Data were analyzed using GraphPad Prism 6 with p<0.05 considered statistically significant. In 

vivo results are presented as Mean ± Standard error and the n-value denotes number of mice.  

In vitro results are presented as Mean ± Standard error and the n-value denotes number of 

independent experiments. 

Datasets from behavioural tests and immunohistochemistry were analyzed by two-way ANOVA 

test and followed by a Bonferroni post-hoc analysis to detect statistically differences between all 

the experimental groups. Cell culture results were evaluated by one-way ANOVA followed by the 

Student-Newman-Keuls multiple comparison test.  
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3. RESULTS  

3.1: Microglia was successfully transfected by lentivirus injection  

The lentiviral constructs (LV-Ctrl and LV-mPARP-1 which induces constitutive PARP-1 

activation in microglia) were delivered into hippocampus of WT and AD mice at 50 days old via 

stereotactic bilateral injections. The transduction efficacy and duration were assessed in live 

animals by IVIS imaging based on the RFP-reporter expression and confirmed by double 

immunostaining. RFP reporter was detected in live mice brain by IVIS after lentivirus injection at 

7, 14, 25, 50 days (Fig 11 A, B). The RFP was highly expressed during the first two weeks and it 

was detectable up to 50 days after lentivirus injection. The IHC of post-mortem brains showed that 

RFP was expressed in the Iba1 positive microglia (Fig 11 C, D), which suggest that the lentivirus 

injection efficiently and specifically transduced microglia in hippocampus.  

 

 

D 
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Figure 11: Microglia-specific RFP expression in murine hippocampus  

RFP reporter was detected in live mice brain by IVIS at  7, 14, 25, 50 days after lentivirus injection  

(A,B) and post-mortem brains by double staining with anti-RFP and Iba1 (C, D). C) A merged z-

stack image demonstrates that RFP was expressed in the Iba1 positive microglia at 10 days post 

injection. Yellow represents co-localization of red RFP and green Iba1. D) A higher magnification 

(63x) z-stack confocal image demonstrates that RFP truly co-localizes in microglia (Iba-1-

immunopositive cell). 

 

3.2: Microglial constitutive PARP-1 activation causes cognitive deficits in WT mice and it 

induces early cognitive impairments in 3xTg-AD mice. 

The NOR test was performed to assess if wild type and 3xTg-AD mice injected with mPARP-1 

lentivirus had any cognitive deficits compared to control lentivirus at 4 and 5 months of age. Before 

NOR test, we checked the general locomotor activity in WT and AD mice by the open field test 

(Buchman and Bennett 2011). The open field results showed that rearing behavior (Fig 12 A), 

distance traveled (Fig 12 B) and % time spent moving (Fig 12 C) in AD mice (both LV-control 

and LV-mPARP-1) were significantly reduced compared to WT LV-Control at 4 and 5 months of 

age. It was also noticed that microglial constitutive PARP-1 activation in WT and 3xTg-AD mice 

compared to LV-control groups had no effect on rearing behavior (Fig 12 A), distance traveled 

(Fig 12 B) and % time spent moving (Fig 12 C) at 4 and 5 months of age.  

The NOR test was two day test. During the training day, mice were allowed to explore two 

identical objects and familiarize with them. As shown in figure 13 A, all mice spent an equal 

amount time with both objects. On the day of testing, one of the familiar objects was replaced with 

novel object with different shape, texture and opacity. WT and 3xTg-AD mice (both male and 
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female) injected with LV-control spent significantly more time observing the novel object than the 

familiar, while WT and 3xTg-AD mice (both male and female) injected with LV-mPARP-1 did 

not spend more time exploring  novel object than the familial one at 4 months of age (Fig 13). This 

suggests that continuous microglial PARP-1 activation induces cognitive impairment in WT mice 

and it causes early cognitive dysfunctions in 3xTg-AD mice. 

The NOR test was repeated at 5 months of age to check whether continuous microglial PARP-1 

activation was still able to affect cognitive functions of WT and AD mice. Our results in WT mice 

was consistent with our 4 months data which showed that WT mice injected with LV-mPARP-1 

had cognitive dysfunctions compared to group injected with LV-control (Fig 14) which suggest 

that continuous microglial PARP-1 activation was able to induce cognitive impairment in WT 

mice even at 5 months of age. Our results also showed that all 3xTg-AD mice (both male and 

female) had memory deficits at 5 months of age (Fig 14) which indicates that cognitive deficits 

started in 3xTg-AD mice at this age.  
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Figure 12: The open field results indicates that microglial constitutive PARP-1 activation 

had no effect on general motor activity in WT and AD mice at 4 and 5 months of age. 

Quantification of results showed that there were no significant differences between WT-LV-

control vs WT-LV-mPARP-1 and AD-LV-Control Vs AD-LV-PARP-1. However, the rearing 

behavior (A), average total distance travelled (B) and average percent time spent moving (C) 

significantly reduced in AD mice (both groups) compared to WT LV-control mice. *p<0.05 

compared to WT-LV-Control using a multiple comparisons two-way ANOVA with a Bonferroni 

post hoc test. n=6 (WT-LV-Control & WT-LV-mPARP), n=7 (AD-LV-Control & AD-LV-

mPARP-1).  
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Figure 13. Microglial continuous PARP-1 activation resulted in cognitive deficits in WT 

and 3xTg-AD mice at 4 months old. 

At 4 months of age, A) training results and B) testing results showed that LV-mPARP-1 injection 

induced cognitive deficits in WT and 3xTg-AD mice (both male and female) compared to control 

mice. *p<0.05 by Student‘s t-test comparing percent time exploring familiar vs. novel within each 

testing group. 
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Figure 14. At 5 months of age, LV-mPARP-1 injection impairs novel object recognition 

ability in WT mice and all 3xTg-AD mice show cognitive deficits  

At 5 months of age, A) both objects (Novel 1 and Novel 2) were explored by mice during the 

training session. B) During testing day, WT mice injected with LV-mPARP-1 spend the same time 

with objects compared to injected mice with LV-control, also, all 3xTg-AD mice could not 

differentiate between novel object and familiar objects. *p<0.05 by Student‘s t-test comparing 

percent time exploring familiar vs. novel within each testing group. 

 

3.3: Constitutively activated PARP-1 in microglia induces reactive gliosis  

Microglia are the first line of defense in the CNS against any pathological stimulus and they change 

their morphology, number and Iba1 expressionbased on their environment (Kettenmann, Hanisch 

et al. 2011). 

After behavioral tests at 5 months of age, mice were sacrificed and WT and 3xTg-AD (Male) 

brains were assessed to see whether microglial constitutive PARP-1 activation can affect 

microglial number, their morphology and Iba-1 expression intensity. The microglial intensity and 

morphology was assessed by Iba1 (ionized calcium-binding adapter molecule 1) immunostaining 

of brain sections. Microglial morphology was classified as ramified (small cell body with thin 

processes), hypertrophic (enlarged cell body), or amoeboid (round, with no processes). The 

number of microglia was counted in CA1 region of hippocampus. 

Microglia in the CA1 region of hippocampus displayed hypertrophic and amoeboid morphology 

in WT-LV-mPARP-1 (40 ± 11%) and 3xTg-AD-LV-mPARP-1 mice (65 ± 7%) whereas majority 

of microglia were ramified in WT-LV-Control (73 ± 8%) and 3xTg-AD-LV-Control (48 ± 12%) 

(Figure 15 A and B). 



54 
 

 
 

 The number of microglia in the CA1 region of hippocampus increased in WT-LV-mPARP, AD-

LV-control and AD-LV-mPARP mice 14 ± 10, 22 ± 18 and 36 ± 23% respectively compared to 

WT-LV-Control (Fig 15 C). The microglial Iba1 intensity significantly increased in WT and 3xTg-

AD mice which injected with LV-mPARP-1 compared to WT-LV-Control (Fig 15 D).  

Reactive astrogliosis is another key feature of neuroinflammation in the brain and it can be 

characterized by increased GFAP expression (Barreto, White et al. 2011). In the next step, we 

assessed the effects of microglial constitutive PARP-1 activation on astrocytes based on GFAP 

expression. The brain sections of WT and 3xTg-AD male mice were immunostained for GFAP 

and its intensity was analyzed in hippocampus. We observed an increase of 14 ± 2% of GFAP 

expression in WT-LV-mPARP compared to WT-LV-control and an increase of 17 ± 10% of GFAP 

expression in 3xTg-AD-LV-mPARP compared to 3xTg-AD-LV-Control (Fig 16). These data 

indicate that microglial constitutive PARP-1 activation induces astrogliosis. 
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Figure 15: The effects of constitutively activated PARP-1 on microglial morphology, their 

number and intensity.  

Microglia from the hippocampus (CA1) of 5 month-old male mice were immunostained for Iba1 

in 30 μm slices. (A) WT and AD mice injected with LV-mPARP-1 had increased levels of Iba1 

expression, number and morphologically activated. Arrows indicate differing morphology: 

ramified (Arrowheads), hypertrophic (yellow arrow), and amoeboid (Red arrow). B) 

Quantification of microglial morphology and (C) their number in the hippocampus of different 

groups (D) Quantification of microglial intensity between different groups. * P-value indicates 

significant (< 0.05) differences in comparison to WT-LV-Control using a multiple comparisons 

two-way ANOVA followed by a Bonferroni post hoc test. # P < 0.05 between indicated groups 

using multiple comparisons two-way ANOVA followed by a Bonferroni post hoc test. n=4 (WT 

and 3xTg-AD).  
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Figure 16. In vivo constitutively activated PARP-1 in microglia induces astrogliosis. 

A) Astrocytes in the hippocampus of 30 μm slices were immunostained for GFAP and with 

fluorescent secondary antibody. GFAP staining shows elevated astroglial activation (GFAP 

expression) in mice injected with LV-mPARP-1 lentivirus compared to the once injected with LV-

Ctrl. B) quantification of the GFAP intensity. *P-value indicates significant (< 0.05) differences 

in comparison to WT-LV-Control using multiple comparisons two-way ANOVA followed by a 

Bonferroni post hoc test. n=4 (WT and 3xTg-AD).  
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3.4: 3xTg-AD mice display BBB leakages  

Microglia closely interact with BBB (da Fonseca, Matias et al. 2014, Zhao, Nelson et al. 2015) 

and as a driver of neuroinflammation microglia can disturb the physiological functions of cells 

within BBB (Abbott, Ronnback et al. 2006). In physiological condition, BBB prevents the influx 

of serum proteins such as IgG into the brain and these proteins are rigidly restricted in blood vessels 

but in pathological conditions, their leakage can occur across BBB (Zea-Aragon, Terada et al. 

2004). In the next step, we assessed the effects of microglial constituitive PARP-1 activation on 

BBB leakages. We assessed the presence of IgG (as indicative of BBB leakiness) in the brain 

parenchyma by IgG immunostaining.  

The results showed that IgG immunoreactivity in the brain parenchyma of 3×Tg-AD mice 

compared to WT mice (Fig 17) which suggest that BBB leakages in 3×Tg-AD mice. However, 

LV-mPARP-1 had no effects on IgG immunoreactivity in both WT and AD mice.   
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Figure 17. 3xTg-AD mice display BBB leakages  

The assessment of BBB leakages by IgG immunostaining. A) Representative images and B) 

quantification of the presence of IgG in the brain parenchyma indicating BBB leakage. # p < 0.05 

as indicated using multiple comparisons two-way ANOVA followed by a Bonferroni post hoc test, 

n=4 (WT male). n=6 (3×Tg-AD male).  

 

3.5. NO and TNFα reduced endothelial TJP expression  

In vitro studies in our lab demonstrated that Aβ-stimulated microglia reduced the expression of 

TJP; ZO-1 and occludin in endothelial cells (Mehrabadi, Korolainen et al. 2017). Aβ stimulation 

also induces microglial release of NO and TNFα in a PARP-1-dependent manner (Kauppinen, Suh 

et al. 2011). Therefore, we assessed whether NO and TNFα as microglial pro-inflammatory factors 

could mediate endothelial TJP degradation.  

Exposure to NO donor, sodium nitroprusside (SNP, 20 and 40 μM), reduced endothelial occludin 

expression dose-dependently by 33.8 ± 22.1 and 56.3 ± 10.1%, but did not affect ZO-1 expression. 

Whereas TNFα (30 and 50 ng/ml) exposure reduced endothelial ZO-1 expression dose-

dependently by 33.9 ± 20.6 and 39.2 ± 9.2%, without affecting occludin expression. Suggesting 

that NO and TNFα released by microglia could even individually degrade TJPs in endothelial cells 

(Fig 18) (Mehrabadi, Korolainen et al. 2017). 
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Figure 18: NO and TNF-α reduced expression of TJPs (ZO-1 and Occludin) in endothelial 

cells 

 A) The representative ZO-1 and occludin immunoblots of endothelial cells incubated with NO 

donor, sodium nitroprusside (SNP, 20-40 μM) or TNFα (30-50 ng/ml) for 24 hours. B) 

Quantification of ZO-1 and occludin immunoblots. The results were normalized to actin staining 

and trichloroethanol (TCE) on the same blots. # P < 0.05 vs. control, using one-way ANOVA 

followed by the Student-Newman-Keuls multiple comparison test. n = 5. (Mehrabadi, Korolainen 

et al. 2017). 
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3.6. NO and TNFα increased paracellular permeability in endothelial cells 

Next we determined to what extent the changes in tight junction protein expression was associated 

with alterations in endothelial paracellular permeability. Our results showed that SNP significantly 

increased paracellular permeability by 29.7 ± 1.68% and 51.4 ± 10.2% as detected via FDX and 

IRDye passage, respectively, through endothelial monolayer. TNFα also increased paracellular 

permeability of FDX by 21.7 ± 3.9% and IRDye by 32.1 ±6.3% (Fig 19). This data confirms that 

TJP degradation translates into increased cellular permeability, and NO and TNFα (the markers of 

microglial pro-inflammatory responses which released by Aβ-stimulated microglia) can directly 

increase paracellular permeability in endothelial cells.  

 

  

 

 

 

 

 

 

 

Figure 19: NO and TNFα increase paracellular permeability in endothelial cells 

The paracellular permeability of endothelial cell assessed by A) FDX and B) IRDye after 20 hour 

stimulation with SNP (40 μM) and TNFα (50 ng/ml). Data is presented as a percentage of flux (% 

flux) during 2 hour interval. * P < 0.05 vs. control, one-way ANOVA followed by the Student-

Newman-Keuls multiple comparison test. n = 6. (Mehrabadi, Korolainen et al. 2017). 
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4. DISCUSSION:  

The results presented in this thesis characterize the important role of PARP-1-mediated microglial 

pro-inflammatory responses in AD. For the first time, we used microglia-targeted lentivirus which 

able us to exclusively study the role of microglial pro-inflammatory responses on AD.  

Our results showed that constitutively PARP-1 activation in microglia impaired cognitive 

functions in WT mice. It also induced early cognitive dysfunctions in 3×Tg-AD mice. 

Constitutively PARP-1 activation in microglia transformed microglial morphology to activated 

forms, amoeboid and hypertrophic, increased microglial number and intensity and enhanced 

astrogliosis.  

The previous in vitro studies in our lab demonstrated that Aβ-stimulated microglia reduced the 

expression of ZO-1 and occludin as TJP in endothelial cells (Mehrabadi, Korolainen et al. 2017). 

Aβ stimulation also induces microglial release of NO and TNFα in a PARP-1-dependent manner 

(Kauppinen, Suh et al. 2011). NO is a transient product of nitric oxide synthase enzyme (NOS) 

(Thiel and Audus 2001). Inducible NOS (iNOS) in microglia produces NO through the activation 

of transcription factors, such as NF-kB (Aktan 2004). Inflammatory responses can activate iNOS, 

for example cytokines (IL-1β, IL-6) induce iNOS that lead to NO production (Thiel and Audus 

2001). The excessive amount of NO has detrimental effects on BBB and neurons. The results from 

in situ rat perfusion study showed that NO disrupted BBB and increased BBB permeability (Boje 

and Lakhman 2000). Different mechanism is suggested for NO toxicity such as impaired 

mitochondrial electron transport chain and production of peroxynitrite as a powerful oxidant (Thiel 

and Audus 2001). 

Our in vitro data demonstrated that TNFα and NO reduced TJP expression in endothelial cells and 

increased paracellular permeability. Therefore, we showed that these microglial pro-inflammatory 
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factors could directly mediate endothelial TJP degradation and increase paracellular permeability 

in endothelial cells. NO can affect protein synthesis, based on previous study NO was able to 

inhibit protein synthesis by stimulating the phosphorylation of eIF-2 alpha (Eukaryotic Initiation 

Factor 2)(Kim, Son et al. 1998). These events leading to the infiltration of peripheral immune cells 

and pathologic substance such as blood proteins that exacerbate neuroinflammation.  

Neuroinflammation is a pathological feature of AD and microglia have been suggested to play a 

key role in neuroinflammation acting as  drivers (Malm, Jay et al. 2015). Microglial pro-

inflammatory responses such as releasing  TNFα and NO (Malm, Jay et al. 2015) (Kumar, Singh 

et al. 2015) and on the other hand, impaired release of trophic factors, phagocytoses and synaptic 

pruning have been suggested to have detrimental effects on AD and BBB integrity (Kreutzberg 

1996, D'Andrea, Cole et al. 2004, Hickman, Allison et al. 2008). Therefore, modulation of 

microglial responses towards beneficial and neuroprotective functions such as Aβ phagocytosis, 

releasing of trophic factors and reduction of pro-inflammatory responses would help us to develop 

new therapeutic approach. 

PARP-1 activation has been linked to the development and progression of neurodegeneration in 

AD and the accumulation of PAR was reported in the brain of AD patients (Martire, Mosca et al. 

2015). Based on previous findings, PARP-1 is able to modulate microglial functions. The previous 

cell culture studies have shown that PARP-1 activity in microglia promotes pro-inflammatory 

responses in microglia such as production of pro-inflammatory cytokines (Kauppinen, Higashi et 

al. 2008, Kauppinen, Suh et al. 2011, Vuong, Hogan-Cann et al. 2015), and promotes neurotoxicity 

in neuron-microglia co-cultures (Kauppinen and Swanson 2005). PARP-1 depletion reduces 

neurotoxic aspects of microglial responses (release of NO, pro-inflammatory cytokines), but 

preserves their ability to release trophic factors, anti-inflammatory cytokines and Aβ phagocytosis 
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(Kauppinen, Suh et al. 2011). PARP-1 deficient microglia also fail to respond to TNFα compared 

to wildtype microglia (Kauppinen and Swanson 2005). This ability of PARP-1 was related to its 

interaction with NF-ĸB as transcription factor for immune responses within the brain (Kauppinen 

and Swanson 2005, Kauppinen, Suh et al. 2011, Vuong, Hogan-Cann et al. 2015). NF-ĸB drives 

transcription of genes encoding iNOS and several pro-inflammatory cytokines such as (TNFα) 

(Chiarugi and Moskowitz 2003). TNFα binds to its receptors and directly involved in neuronal 

death (Vuong, Hogan-Cann et al. 2015). 

The direct in vivo evidence of microglial functions in AD was missing due to a lack of ways to 

specifically target microglia. Therefore, for the first time in this study we used microglia-targeted 

lentivirus which directly and exclusively targeted microglia in in vivo model of AD and we could 

verified the role of microglial functions in AD.  

Hippocampus has important role in cognitive function, learning and memory which are impaired 

in AD (Mu and Gage 2011). We injected the microglial-targeted lentivirus in this area, then we 

assessed microglial morphology, their number and intensity. Our results showed that the injection 

of LV-mPARP-1 changed microglial morphology from ramified to hypertrophic and amoeboid 

morphology. The previous cell culture studies showed that Aβ stimulation of primary microglia 

cultures triggers transformation to amoeboid morphology and pro-inflammatory activation such as 

release of NO and TNFα in a PARP-1 dependent manner (Kauppinen, Suh et al. 2011) (Mehrabadi, 

Korolainen et al. 2017). Microglia can change morphology and morphological changes can 

indicate their activation, although amoeboid microglia is not guaranteed to have M1 expression 

profile. PARP-1 inhibition or ablation has been shown to promote immune resolution by reducing 

microglial pro-inflammatory “M1” responses and changing their phenotype to anti-inflammatory 

“M2” and resting “M0” (Kauppinen, Suh et al. 2011, Vuong, Hogan-Cann et al. 2015). 
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4.1: Microglial constitutive PARP-1 activation impairs cognitive function 

Cognitive impairment is one of the important features of AD and synapse loss is significantly 

correlated with cognitive decline in AD (Hong, Dissing-Olesen et al. 2016). 

We assessed cognitive functions in WT and 3×Tg-AD by NOR test. Our results showed that 

microglia constitutive PARP-1 activation caused memory deficits in AD-mice already at 4 months 

of age, whereas the AD-Control mice showed signs of memory deficits only after 5 months of age. 

Constitutive PARP-1 activation in WT mice also caused cognitive dysfunctions after 4 and 5 

months of age. Our findings suggest that microglial constitutive PARP-1 activation affects 

cognitive functions, learning and memory abilities of WT and 3×Tg-AD mice. Kauppinen et al. 

study in in hAPPJ20 mice showed that PARP-1 depletion reduced microglial pro-inflammatory 

responses throughout the brain, protected calbindin expression in hippocampus and improved 

performance in novel object recognition test. For the first time they suggest therapeutic potential 

of targeting PARP-1 in animal models of AD (Kauppinen, Suh et al. 2011). However, in their 

study the PARP-1 was abolished in every cell type not just in microglia compared to our study that 

we exclusively targeted microglial PARP-1 activity in vivo and we demonstrate its effects on 

cognitive functions in AD. 

The previous evidence demonstrated the microglial involvement in synaptic health and cognitive 

dysfunction in AD (Hong, Dissing-Olesen et al. 2016). In physiological conditions, microglial 

processes constitutively survey synapses, but it has been suggested that alterations in microglia–

synapse interactions can cause synapse loss and finally cognitive impairment in AD (Hong, 

Dissing-Olesen et al. 2016). For example, impaired microglial synaptic pruning (Hong, Dissing-

Olesen et al. 2016) and dysfunctional synaptic scaling, which is mediated by TNFα (Stellwagen 

and Malenka 2006) lead to synapse loss in AD. Moreover, based on previous study, Aβ-stimulation 
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reduces microglial ability to release trophic factors, such as VEGF and TGFβ, and PARP-1 

inhibition and depletion also increased microglial release of VEGF and TGFβ which have 

beneficial effects in AD (Kauppinen et al., 2011) (further elaborated in 4.2).  

 

4.2: BBB dysfunctions in AD  

BBB dysfunctions is another key pathological features of AD. Based on the neurovascular 

hypothesis of AD (elaborated in chapter 1.2.1, page 29) vascular risk factors (hypertension, stroke) 

lead to the reduction of cerebral blood flow and BBB dysfunction that precedes dementia. Also, 

disturbed Aβ clearance through the BBB cause to Aβ accumulation in brain (Zlokovic 2011). Aβ 

accumulation can stimulate microglia (Malm et al., 2015) and the evidence showed that microglia 

accumulated around damaged BBB (da Fonseca, Matias et al. 2014). The balance between 

pro/anti-inflammatory cytokines can influence directly on vascular endothelial cells and BBB 

integrity (Camire, Beaulac et al. 2015). Microglial proinflammatory responses such as increased 

cytokine/chemokine expression, oxidative stress and on the other hand activation of astrocytes 

(Weitz and Town, 2012) can directly and indirectly damage the brain cells and structures of BBB 

(da Fonseca et al., 2014; Zhao et al., 2015). A study showed that, IL-1β, a pro-inflammatory 

cytokine released from microglia, increases BBB permeability and reduce the ability of astrocytes 

to keep BBB integrity (Koizumi, Wang et al. 2016). 

Based on previous study, Aβ-stimulation reduces microglial ability to release trophic factors, such 

as VEGF and TGFβ (Kauppinen et al., 2011). VEGF is important for the support of vascular 

structures and angiogenesis (London, Cohen et al. 2013) (Kalaria, Cohen et al. 1998, al 2009). 

TGFβ has important role in inflammatory resolution (London, Cohen et al. 2013) (Kalaria, Cohen 

et al. 1998, al 2009), and TGFβ signaling pathway is also suggested to be involved in the regulation 
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of BBB functional integrity and TJP expression during inflammation, and may reduce the 

endothelial permeability (Yang, Salayandia et al. 2015). To evaluate the BBB integrity in WT and 

3×Tg-AD mice, we assessed the presence of IgG in the brain parenchyma by IgG immunostaining. 

Our results showed that the BBB leaks in 3×Tg-AD mice. 

Based on previous cell culture studies, Aβ stimulation of microglia increased the release of NO 

and TNFα (as markers of M1 phenotype) (Kauppinen, Suh et al. 2011) (Mehrabadi, Korolainen et 

al. 2017). Microglial release of NO and TNFα were also blocked by the inhibition of PARP-1 and 

NF-kB inhibitor (Kauppinen, Suh et al. 2011). In in vitro study, we showed that NO donor (SNP) 

and TNFα reduced the expression of occludin and ZO-1 in endothelial cells. Suggesting that NO 

and TNFα released by microglia could even individually degrade TJPs in endothelial cells 

(Mehrabadi, Korolainen et al. 2017). These data are similar to previous study in which bEnd.3 

cells treated with TNFα for 24 hours caused the reduction of claudin 5 expression (Camire, Beaulac 

et al. 2015). In co-culture study with microglia and rat brain endothelial cells, LPS-activated 

microglia degraded ZO-1, occludin, claudin-5 and increased the permeability in endothelial cells 

(Sumi, Nishioku et al. 2010). In our in vitro permeability study, SNP and TNFα significantly 

increased paracellular permeability through endothelial monolayer. This data confirms that 

microglial release of NO and TNFα can directly increase paracellular permeability in endothelial 

cells (Mehrabadi, Korolainen et al. 2017).   

Other evidence showed that PARP-1 activity, beside its role in microglia has important role in 

endothelial cells. For example, cell culture studies showed that NO can react with superoxide in 

endothelial cells and form peroxynitrite radicals, which induce DNA damage, and in turn, activates 

PARP (Koizumi, Wang et al. 2016). The results of another in vitro study showed that PARP-1 

inhibition maintains the expression of occludin and claudin-5 and promoted integrity in TNFα 
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treated BMVEC cells (primary human brain microvascular endothelial cells) (Rom, Zuluaga-

Ramirez et al. 2015). In in vivo study, treatment of ischemic rats with minocycline, an antibiotic 

with various effects such as PARP-1 inhibition, increased the expression of claudin-5, occludin, 

ZO-1 and BBB integrity. Therefore, they proposed that minocycline is able to reduce BBB 

damages and protect the vessels (Yang, Salayandia et al. 2015).  

Astrocytes are important cells of the BBB. They can influence BBB properties by different ways 

(Erickson and Banks 2013) (Zenaro, Piacentino et al. 2016). Our in vivo results showed that 

microglial constitutive PARP-1 activation increased GFAP expression in WT and 3×Tg-AD mice. 

Based on in vitro study, Aβ stimulated microglia co-culture with astrocytes increased the GFAP 

expression and microglial PARP-1 ablation prevents microglial ability to trigger astroglial 

activation (Mehrabadi, Korolainen et al. 2017). The new findings also showed that pro-

inflammatory responses of microglia such as releasing IL-1α and TNFα induce pro-inflammatory 

activation of astrocytes (A1 phenotype). A1 astrocytes are correlated with neuronal death and they 

are not able to do phagocytosis and synaptogenesis (Liddelow, Guttenplan et al. 2017). 

Furthermore, based on previous study, TNFα was able to stimulate pro-inflammatory responses in 

astroglia through PARP-1 activation and NF-κB dependent pathway (Vuong, Hogan-Cann et al. 

2015). Thus, these studies suggest that microglial PARP-1 mediates pro-inflammatory responses 

can directly regulate both endothelial and astroglial cells, and therefore can jeopardize BBB 

integrity. 

Beside the important role of microglia in BBB functions, systemic inflammation can contribute to 

BBB disruption (Takeda, Sato et al. 2014). During brain inflammation microglial release of 

chemokines and cytokines enhance continuous migration of lymphocyte and monocytes through 
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the BBB. Also, IL-1β released by microglia has been shown to enhance neutrophil transmigration 

through BBB (Koizumi, Wang et al. 2016).  

  

4.3: Microglial neuroinflammation as a therapeutic target 

Epidemiological studies demonstrated a lower incidence of AD in patients who used anti-

inflammatory drugs (Morales, Guzman-Martinez et al. 2014).  

The studies showed that anti-inflammatory drugs such as NSAIDS and COX inhibitors have 

beneficial effects in preclinical animal models of AD (Weggen, Eriksen et al. 2003, Shadfar, 

Hwang et al. 2015). The suggested mechanisms for NSAIDs include COX inhibition, modulation 

of secretase enzyme activity and reduced amyloid burden,  activation of peroxisome proliferator-

activated receptor (PPAR) and inhibition of microglial activation (Myles R. Minter, Juliet M. 

Taylor et al. 2016) (Shadfar, Hwang et al. 2015). Ibuprofen, most commonly used NSAID which 

inhibits COX-1 and COX-2, reduced Aβ load by modulating secretase activity, diminished tau 

phosphorylation and improved cognitive function in 3xTg AD mice (McKee, Carreras et al. 2008).  

Oral treatment with ibuprofen notably also decreased microglial functions in 10-month-old 

APPV717I mice (Heneka, Sastre et al. 2005).  

SC-560, a COX-1 inhibitor, decreased the number of reactive microglia 3 times in the 3xTg-AD 

brain and significantly improved memory deficits and amyloid accumulation in the hippocampus. 

The COX-1 inhibitor treatment of these mice with also decreased the expression of pro-

inflammatory factors (Morales, Guzman-Martinez et al. 2014). In another in vivo studies, the 

blockade of the COX-1 improved the symptoms of Tg2576 AD mice model (McGeer and McGeer 

2007). However, clinical trials with NSAIDs in patients who had confirmed dementia did not 

reduce the progression of dementia remarkably (Shadfar, Hwang et al. 2015).  
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Further evidence suggest that timing in anti-inflammatory therapeutic approach is important and 

if started before onset of clinical symptoms, they can be protective but after the development of 

cognitive impairments they are not effective (Myles R. Minter, Juliet M. Taylor et al. 2016).  

Recent findings suggest that targeting TNFα activity is able to modulate microglial responses 

during AD and it enhances amyloid clearance (Myles R. Minter, Juliet M. Taylor et al. 2016).  

The inhibition of TNFα showed beneficial effects. The inhibition of TNFα attenuated the 

pathology and cognitive dysfunctions in AD animal models. For example, Thalidomide and 

infliximab notably reduced neuroinflammation, Aβ accumulation, tau phosphorylation and 

enhanced memory functions in transgenic mice (Shi, Shen et al. 2011) (Shadfar, Hwang et al. 

2015). Also, etanercept; an inhibitor of TNFα receptors which is used for rheumatoid arthritis 

showed beneficial and promising results in phase 2 clinical trial of AD (Masgrau, Guaza et al. 

2017).  

The inhibition of NF-kB activity is another therapeutic approach because NF-κB as a transcription 

factor regulates the expression of different genes involved in pro-inflammatory responses. Many 

polyphenols compounds derived from plants such as curcumin, apigenin and resveratrol have 

capability to inhibit NFkB activity and reduce the production of pro-inflammatory cytokines 

including interleukins and TNFα. The evidence showed preclinical beneficial effects of these 

compounds as potential AD therapies (Myles R. Minter, Juliet M. Taylor et al. 2016).  

Pioglitazone, an antidiabetic drug able to block NF-Kβ, was recently used in AD clinical trials but 

the results were not promising (Masgrau, Guaza et al. 2017). Although, in in vivo study in 10-

month-old APPV717I mice, oral treatment with pioglitazone remarkably decreased 

neuroinflammatory markers and reactive microglia (Heneka, Sastre et al. 2005).  
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The last but not least, Minocycline,an antibiotic, with multiple anti-inflammatory effects and 

ability to inhibit PARP-1, reduced the levels of TNFα and IL-1β, increased TGF-β and IL-10, and 

increased TJP expression in BBB of ischemic rat model (Yang, Salayandia et al. 2015). In another 

in vivo study, minocycline improves the spatial memory in male BALB/c mice and reduced the 

pro-inflammatory cytokines in hippocampus of this animal model of AD (Budni, Garcez et al. 

2016). In third study using AD mice model, minocycline reduced the inflammation and improved 

behavioral performance, learning and memory (Fan, Xu et al. 2007) (Choi, Kim et al. 2007).  

PARP-1 depletion in hAPPJ20, mouse model for AD, also reduced microglial pro-inflammatory 

responses, protected synaptic integrity in hippocampus and improved novel object recognition task 

in mice (Kauppinen, Suh et al. 2011). 

In combined previous reports and our findings support the idea that PARP-1 is able to modulate 

microglia responses. PARP-1 inhibition reduces microglial pro-inflammatory responses but 

preserve its beneficial effects and it can provide a therapeutic strategies in order to prevent/treat 

AD. 
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Figure 20. Hypothetical mechanisms of microglial PARP-1 mediated pro-inflammatory 

effects in AD. (A) Under normal conditions, microglia plays a variety of beneficial roles such as 

trophic support, controlled phagocytosis, synaptic pruning and helps to BBB integrity which lead 

to the normal neuronal synaptic and cognitive functions. (B) Microglial constitutive PARP-1 

activation lead to the microglial pro-inflammatory responses which induce release TNFα and NO 

and trigger reactive astrogliosis (increased GFAP). TNFα and NO degrade TJP (occludin & ZO-

1) and increase permeability in endothelial cells that in turn increase the infiltration of peripheral 

substances into brain, reduce neuronal synaptic activity and impair cognitive functions. The 

combined findings support the hypothesis that microglial PARP-1 mediated pro-inflammatory 

responses leading to BBB leakage and AD progression (The red items showed our findings in this 

study and others hypothesized). 

 

 

4.4. CONCLUSIONS AND SIGNIFICANCE OF THE STUDY  

The role of microglia in AD needs to be clarified but the inability to specifically modulate 

microglia in vivo was the main limitation of previous studies. For the first time, in this study we 

used a microglial-targeted molecular tools that specifically target microglia in vivo which enable 

us to study the role of microglial responses in AD. 

In vitro and in vivo data of this study demonstrate that microglial constitutive PARP-1 activation 

can directly drive AD pathology and progression. Our data demonstrates that microglial 

constitutive PARP-1 activation can change microglial morphology, increase their number and 

intensity, promote astrogliosis, impair cognitive functions in WT mice and induce early cognitive 
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dysfunctions in3xTg-AD mice. Furthermore, our in vitro data shows that microglial NO and TNFα 

release caused TJP damage and increased endothelial cell permeability.  

Our novel findings in this study provide evidence about an important role of microglia in AD and 

microglial modulation by PARP-1 can be a potential therapeutic target in AD.  

 

4.5: FUTURE DIRECTIONS 

The results of this study have provided evidence that microglial constitutive PARP-1 activation 

causes cognitive impairments even in WT mice and microglia can directly influence the BBB 

integrity.  

Microglia has been shown to be able to do synaptic pruning and the microglia-synapse interactions 

changed during AD. Therefore, the assessment of both pre-and post-synaptic proteins such as 

synaptophysin and PSD95, respectively, will allow us to evaluate the effects of microglial 

constitutive PARP-1 activation on synaptic structure and functions.  

We know that microglia have pro-inflammatory responses and they drive the neuroinflammation 

everywhere in the brain, thus, it will be interesting to study the cytokine profile (pro-inflammatory 

cytokines, chemokines and anti-inflammatory cytokines). Pro-inflammatory activated microglia 

also lose its ability to release trophic factors, so we can assess the trophic factors (VEGF, TGFβ, 

BDNF, IGF) in the future. Since, our in vivo data demonstrated the BBB leakages, it is possible to 

evaluate the infiltration of circulating immune cells e.g. by staining neutrophils (myeloperoxidase; 

MPO), the extent of damage can be assess in vivo by using of different markers with different sizes 

such as Evan’s Blue (EB; a large molecule) and 3H-mannitol (small molecule). 

The last but not least, using microglial PARP-1 depletion in AD mice model will allow us to know 

more about the role of microglia in AD.  
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