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           ABSTRACT 

Phillip Fotios Giannopoulos 

Doctor of Philosophy 

Temple University, 2015 

Doctoral Advisory Committee Chair, Domenico Pratico, MD 

 

  5-Lipoxygenase (5LO) is a lipid-peroxidizing enzyme which inserts 

molecular oxygen into fatty acids leading to the biosynthesis of leukotrienes. This 

protein is widely expressed in the brain including the cortex and hippocampus 

regions, where its levels and activity increase in an age-dependent manner. 

Previous work has shown that 5LO modulates both amyloid beta (A) and tau 

pathology in Alzheimer's disease (AD) models. However, whether the effect of 

5LO on tau is direct or indirect still remains unclear. Tau is a microtubule-

associated protein usually found in the axons of neurons where it promotes 

assembly and stabilization of microtubules.  In post-mortem brains of AD 

patients, tau is hyperphosphorylated and altered conformationally, followed by 

the formation of intracellular aggregates known as neurofibrillary tangles (NFTs), 

which are also the major pathological hallmark of another group of 

neurodegenerative diseases collectively referred to as tauopathies such as Pick's 

Disease, Progressive Supranuclear Palsy (PSP), Frontotemporal Dementia 

(FTD) and Parkinsonism linked to chromosome 17. The central hypothesis of the 
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thesis is that 5LO directly influences tau metabolism, the development of related 

neuropathology and behavioral phenotype. To prove this hypothesis, a 

comprehensive genetic and pharmacologic experimental approach, combining 

both in vivo and in vitro experiments, was implemented.  

 We initially showed that human brains from patients with a confirmed 

diagnosis of PSP, had significantly higher levels of 5LO when compared with 

brains form healthy controls. Next, we assayed the levels of 5LO in brains from 

htau (transgenic tau mice) mice at 4 different age time-points and two regions 

(cortex and cerebellum). Interestingly, compared with wild type controls, cortices 

from htau mice had a non-significant increase in 5LO protein levels as early as 6 

months of age, which became significant by 10 months of age in the cortex only. 

Taken together, the age-dependent and region-specificity of the 5LO up-

regulation supports the hypothesis that this pathway may have a functional role 

in the development of the tauopathy phenotype. To prove it, we treated tau mice 

with a selective 5LO inhibitor, zileuton, and explored the effect on learning and 

memory. Treatment of the htau mice with zileuton restored their short term 

working memory and spatial memory deficits. Shortly after completion of the 

behavioral tests, mice were euthanized and brains harvested for biochemistry 

and immunohistochemistry analyses. In association with the changes in 

behavior, we observed that pharmacologic inhibition of 5LO had an influence on 

tau metabolism, more specifically a significant decrease in tau phosphorylation. 

In search for the molecular mechanism involved in this biological effect, we 
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assayed different kinases and phosphatase which have been implicated in tau 

metabolism and showed the specific involvement of the cdk5 pathway. This 

observation was further confirmed by in vitro studies, in which by using primary 

neuronal cells we showed that zileuton decreased tau phosphorylation via a cdk-

5-dependent mechanism.  

Since the development of tau pathology results in biochemical and functional 

manifestation of synaptic deficits, next we assessed levels of pre- and post-

synaptic protein markers. Compared with wild type, htau mice had significant 

reduction in the levels of three distinct markers of synaptic integrity (that is 

synaptophysin, post-synaptic density protein-95 and microtubule associated 

protein-2). By contrast, the decrease was completely restored to wild type levels 

by zileuton treatment.   

To further support the involvement of this pathway in the improvement of the 

behavioral and cognitive deficits, we explored the effects of its pharmacological 

blockade on synaptic function by performing electrophysiological studies. As 

reported previously, there was a significant difference in Long Term Potentiation 

(LTP) between the wild type and htau mice, with the latter showing significant 

deficits.  However, pharmacologic blockade of 5LO in the htau mice was 

adequate to restore the LTP responses to a level comparable to those measured 

in the wild type mice.  

In the genetic portion of the study, WT and htau pups were intracranially injected 

with both AAV2/1 control vector and AAV2/1 5LO vector. Compared with the htau 
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control group, the htau mice injected with AAV2/1 5LO displayed a significant 

deficits in cognition and memory associated with a decline in their synaptic 

integrity. Also, genetic upregulation of 5LO yielded significant increases in tau 

phosphorylation associated with an increase in cdk-5 kinase activation both in 

vivo and in vitro. 

Taken together these results describe a pluripotent role for 5LO in the context of 

tauopathy by representing its direct functional role in modulating behavior along 

with tau phosphorylation, neuroinflammation and synaptic function in a relevant 

mouse model of the human disease. 

The demonstration of the pleiotropic role 5LO in tauopathy pathogenesis makes 

it not only a valid pharmacological target, as 5LO inhibitors are already FDA 

approved but, more importantly represents a unique therapeutic opportunity with 

true disease modifying potential for the treatment of these dementing disorders 

for which there is no cure.  
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CHAPTER 1                                                     
INTRODUCTION 

1.1 Lipoxygenases 

Lipoxygenases (LOs) are enzymes catalyzing the conversion of polyunsaturated 

fatty acids into conjugated hydroxyperoxides and are known to be key regulators 

of chronic inflammation and oxidative stress. LO isozymes are named based on 

their ability to insert an oxygen molecule at carbons 5, 12 or 15 of the arachidonic 

acid (AA) therefore referred to as 5-lipoxygenase (5LO), 12-lipoxygenase (12LO) 

or 15-lipoxyganse (15LO) The ALOX5 gene, which encodes for 5LO, is on 

chromosome 10, while the other LO genes are clustered on chromosome 17.  

1.2 The 5-Lipoxygenase (5LO) Pathway 

The 5-lipoxygenase (5LO) enzyme was discovered in the 1970s by Borgeat and 

Samuelsson (Borgeat & Samuelsson, 1979; Funk, 2001). It  has two important 

catalytic functions: one being the insertion of molecular oxygen by the 

dioxygenase activity; and two being the epoxide formation by leukotriene 

(LT)A4 synthase activity. The common intermediate 5-HPETE is formed by 

cleavage of AA and oxygen insertion at carbon-5 (Radmark, 2002). The 

LTA4 synthase activity of 5LO results in the formation of the unstable epoxide 

LTA4 with a conjugated triene system (Figure 1). The ratio of LTA4 versus 5(S)-

HPETE depends on the presence of modulating cofactors in the cell, and assay  
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Figure 1.1 Arachidonic Acid Cascade.  Arachidonic acid  released from 

diacyglycerol or membrane phospholipids by PhospholipaseA2.  Freed 

arachidonic acid  oxidized by 5-lipoxygenase (5-LO), which has been activated 

by the Five-Lipoxygenase-Activating-Protein (FLAP), at carbon 5 forming the 

unstable 5-hydroxy-peroxy-eicosatetraenoic acid (5HPETE), thereby metabolized 

into the more stable 5-hydroxy-eicosatetraneoic acid (5HETE). 5HETE converted 

into leukotriene A4 (LTA4), seerving as an intracellular intermediate in the 

synthesis of LTB4 and LTC4, or released extracellularly and subsequently be 

taken up by adjacent cells devoid of 5-LO activity but expressing LTA4-hydrolase 

and/or LTC4 synthase. (Radmark & Samuelsson, 2010). 
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conditions in vitro. LTA4 formation is promoted when 5LO binds to membranes, 

specifically in the presence of 5-lipoxygenase activating protein (FLAP) which 

functions as an AA transfer protein (Abramovitz et al., 1993; Rakonjac et al., 

2006). 

1.2.1 5LO Structure 
Mammalian 5LOs contain 672 or 673 amino acids with estimated molecular 

weights between 72 and 80 kDa.  Its structure consist of two domains which is 

similar to plant 5LOs (Gillmor, Villasenor, Fletterick, Sigal, & Browner, 1997). An 

N-terminal regulatory C2-like domain (residues 1–112 in 5LO) mainly consists of 

β-sheets, and a C-terminal catalytic domain (residues 126–673 in 5LO) is mainly 

helical in structure and contains iron.  

1.2.2 The 5-lipoxygenase Activating Protein (FLAP) 
The first committed step in the synthesis of leukotrienes is the oxidation of AA by 

5LO, and the integral membrane protein FLAP is a vital partner of 5LO in this 

process. FLAP is thought to function as an AA transfer protein, and is critical for 

the conversion of endogenous substrate by 5LO. Most of the FLAP is associated 

with the nuclear membrane, but also with endoplasmatic reticulum.   

1.2.3 Activity of 5LO 
The synthesis of 5LO products in the cell is a tightly regulated process with 

various modulating influences. External stimuli capable of inducing signaling 

kinase pathways and second messengers (e.g. Ca2 + and diacylglycerols) are 
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required for activation (Werz & Steinhilber, 2005). Significantly, such activation 

and signaling events regulate not only 5LO but also calcium-dependent 

phospholipase A2 (cPLA2) allowing for coordinate provision of AA as substrate for 

5LO (Leslie, 2004). In resting cells, 5LO and cPLA2 are soluble enzymes. Cell 

stimulation leads to translocation of both 5LO and cPLA2 to the perinuclear 

region, in close proximity to nuclear membrane-associated FLAP. After 

membrane attachment, cPLA2 liberates AA from arachidonyl-PC, which is then 

thought to be transferred via FLAP to membrane-associated 5LO for metabolism 

(Figure 1.2).  

LTs are potent pro-inflammatory molecules, among them the Cysteinyl 

leukotrienes (CysLTs), including Leukotriene C4,D4 and E4 (Kumar, Prakash, 

Pahwa, & Mishra, 2012; Singh, Gupta, Dastidar, & Ray, 2010) (Figure 1.1) have 

been implicated in numerous diseases which include but are not limited to: 

cerebral ischemia (Ciceri, Rabuffetti, Monopoli, & Nicosia, 2001), brain trauma 

(Dhillon, Dose, & Prasad, 1996), brain tumors (Black, Hoff, McGillicuddy, & 

Gebarski, 1986) and epilepsy (Simmet & Tippler, 1990). On the other hand, the 

CysLT inhibitor Montelukast and other members of the same class of drugs have 

been well established for their neuroprotective effects against ischemic brain 

injuries and other neurodegenerative disorders (Fang et al., 2006; Kalonia, 

Kumar, Kumar, & Nehru, 2010; G. L. Yu, Wei, Wang, et al., 2005; G. L. Yu, Wei, 

Zhang, et al., 2005).    
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Figure 1.2. 5LO Activation. 5LO resides as soluble protein in the nucleoplasm 

or the cytosol, depending on the cell type and/or the phosphorylation status at 

Ser-271 or Ser-523. Upon cell stimulation soluble 5LO binds Ca2 + and may 

become phosphorylated, and then translocates to the nuclear envelope where it 

binds to the outer or inner nuclear membrane via Ca2 + close to membrane-

integrated FLAP. AA liberated by cPLA2 may be transferred via FLAP to 5LO 

producing LTA4 that is converted by LTC4S (cytosolic side) or LTA4H 

(intranuclear) to LTC4 or LTB4, respectively.  (Radmark, Werz, Steinhilber, & 

Samuelsson, 2014) 
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1.3 Zileuton 

Zileuton is the first orally available inhibitor of 5LO activity to undergo extensive 

clinical testing for the treatment of asthma (Fels et al., 1982). Zileuton has the 

chemical name (±)-1-(1-Benzo[b]thien-2-ylethyl)-1-hydroxyurea. 

1.3.1 Pharmacokinetics of Zileuton 
In humans, zileuton is rapidly absorbed after oral administration with a time to 

maximal concentration (Tmax) of 1.7 ± 0.9 h (mean ± SD) and a mean zileuton 

peak level (Cmax) of 5.0 ± 2.0 μg/ml for the 600-mg q.i.d. dose (Berger, De 

Chandt, & Cairns, 2007). The mean area under the curve (AUC) following 

600 mg zileuton administration is 19.2 ± 5.6 μg·h/ml (Liu, Dube, & Lancaster, 

1996). Plasma concentrations of zileuton are proportional to dose, and steady-

state levels are predictable from single-dose data, indicating no unusual 

accumulation of the drug following four times a day dosing. Zileuton is 93% 

bound to plasma proteins with albumin as the primary plasma binding protein 

(88% bound) and α1-acid glycoprotein as a more minor binding protein (34% 

bound) (Awni et al., 1995). Administration of zileuton with food resulted in a 

small, but statistically significant, increase (27%) in zileuton Cmax without 

significant changes in AUC or Tmax. Therefore, zileuton can be administered with 

or without food (Berger, et al., 2007). 

Elimination of zileuton via the kidneys is predominantly by metabolism with a 

mean terminal half-life of 2.5 h (Berger, et al., 2007). The activity of zileuton is 
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primarily because of the parent drug. Studies with radio-labelled drug in healthy 

volunteers have demonstrated that 94.5% and 2.2% of the radio-labelled dose is 

recovered in urine and faeces respectively (Israel et al., 1993). The major urinary 

metabolites in humans (approximately 80–90% of the dose) are the zileuton 

glucuronides (Berger, et al., 2007). The pharmacokinetics of zileuton are 

essentially the same in healthy elderly subjects (> 65 years) (Awni, Granneman, 

Locke, Brandwein, & Dube, 1995; Braeckman et al., 1995), paediatric subjects 

(8–12 years)  as in healthy younger adults and in males compared with females, 

after adjustments for body weight or body surface area. The pharmacokinetic of 

zileuton is also similar between healthy volunteers and in patients with either 

mild-to-moderate asthma or rheumatoid arthritis or subjects with mild, moderate 

and severe renal insufficiency.  

Many studies of the effect of zileuton on suppression of 5LO product formation, 

including LTB4 and the cysteinyl leukotrienes have been performed. Zileuton 

selectively inhibits the 5LO enzyme, since multiple studies have demonstrated 

that zileuton produces little or no inhibition of related enzymes, such as 12LO, 

15LO and cyclooxygenase, at concentrations of up to 100 μM (Bell et al., 1992). 

The drug is currently approved by the Food and Drug Administration (FDA) for 

the prophylaxis and chronic treatment of asthma in adults and children 12 years 

of age and older (DuBuske, Grossman, Dube, Swanson, & Lancaster, 1997).  

1.4 Tau 
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Tau is a member of the heat-stable microtubule-associated proteins (MAPs), 

which consist of MAP2 and MAP4 (Dehmelt & Halpain, 2005). It was discovered 

in 1975 due to its role in the in vitro assembly of microtubules added to tubulin 

(Murphy & Borisy, 1975; Weingarten, Lockwood, Hwo, & Kirschner, 1975). The 

tau protein sequence determined from murine cDNA was initially reported for a 

microtubule-associated protein, (G. Lee, Cowan, & Kirschner, 1988)  followed by 

a critical role in axonal development (Caceres, Potrebic, & Kosik, 1991). 

Numerous findings in tau knockout mouse models suggested that mice lacking 

tau appeared to develop normally. However, neurons cultured from a tau 

knockout mouse displayed slower axonal maturation (Dawson et al., 2001; 

Harada et al., 1994) In further support on the in vitro findings, deficiencies in 

neuronal development displayed by a MAP1B knockout mouse worsened in the 

absence of tau (Takei, Teng, Harada, & Hirokawa, 2000).    

1.4.1 Tau Gene/Isoforms 
Tau is a natively unfolded microtubule-associated protein which binds to and has 

a critical role in the assembly and stabilization of microtubules (Goedert & 

Spillantini, 2006). In neurons, tau is concentrated in axons, (Binder, Frankfurter, 

& Rebhun, 1985) and more recently a physiological role for this protein in 

dendrites has also been shown (Ittner et al., 2010). Six tau isoforms are 

expressed in the adult human brain, and are formed by alternative mRNA 

splicing of the MAPT gene on chromosome 17q21.3   
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Figure 1.3. MAPT and Six Tau Isoforms Expressed in an Adult Human 

Brain. MAPT consists of 16 exons (E). Alternative mRNA splicing of E2 (red), E3 

(light green), and E10 (orange) gives rise to the six tau isoforms (aminoacids 

352–441). The constitutively spliced exons (E1, E4, E5, E7, E9, E11, E12, and 

E13) are shown in blue. E0, which is part of the promoter, and E14 are non-

coding (white). E6 and E8 (violet) are not transcribed in human brain. E4a (dark 

green) is expressed only in the peripheral nervous system. The repeats of tau 

(R1–R4) are shown, with three isoforms having four repeats each (4 repeat) and 

three isoforms having three repeats each (3 repeat). Each repeat is 31 or 32 

aminoacids in length (Spillantini & Goedert, 2013) 
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(Andreadis, Brown, & Kosik, 1992; Goedert, Spillantini, Jakes, Rutherford, & 

Crowther, 1989; Neve, Harris, Kosik, Kurnit, & Donlon, 1986). The tau isoforms 

differ from each other by the existence or lack of a 29-amino acid or 58-amino 

acid insert in the amino-terminal portion  and by the inclusion or not of a 31-

amino acid repeat encoded by exon 10 of MAPT in the carboxy-terminal part of 

the protein. For these reasons, the range in size of tau protein is from 352 to 441 

amino acids. The inclusion of exon 10 results in the production of three isoforms 

with four repeats (4R) each, and its exclusion results in the production of a 

further three isoforms with three repeats (3R) each (Figure 1.3). In contrast to 

fetal tau which contains only 3R isoforms, human adult tau has about equal 

representation of 3R and 4R tau isoforms with 1N3R and 1N4R being the most 

abundant. (Goedert & Jakes, 1990; Hong et al., 1998). Alternative splicing of 

human tau differs from that of rodent tau, as adult rodent tau is predominantly 4R 

tau. 

1.4.2 Post-translational Alterations: Phosphorylation 
Physiologically, tau promotes microtubule assembly and stabilizes microtubules 

by laterally binding to the surface of microtubules (Mandelkow, Song, Schweers, 

Marx, & Mandelkow, 1995; Matus, 1994). These activities are regulated by 

phosphorylation in the microtubule-binding repeat by a number of protein kinases 

(Avila, Gomez de Barreda, Engel, Lucas, & Hernandez, 2010; Gong & Iqbal, 

2008; Imahori & Uchida, 1997; Johnson & Stoothoff, 2004). Hence, the 
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physiological function of tau is regulated by tau phosphorylation. In all diseases 

where tau filaments are implicated, tau is hyperphosphorylated and therefore 

unable to interact with microtubules (Bramblett et al., 1993; Yoshida & Ihara, 

1993). A healthy human brain has roughly 1·9 moles of phosphate per mole of 

tau, while tau from the abnormal filaments of patients with AD carries about 6–8 

moles of phosphate per mole of tau. (Ksiezak-Reding, Liu, & Yen, 1992). Even 

though certain tau sites are more phosphorylated in the diseased compared to 

the healthy brain, other sites are only phosphorylated in the diseased brain. Tau 

hyperphosphorylation is thought to occur prior to filament assembly, but whether 

this process is necessary or sufficient for filament assembly still remains unclear.  

The tau protein presents a large number of phosphorylation site, which 

predominately contain Serine (45), Threonine (35), and Tyrosine (5) residues. In 

addition, phosphorylation at some sites facilitates the subsequent 

phosphorylation of other sites. The effect of phosphorylation depends on the 

location of the site modified. Both kinases and phosphatases have been 

implicated in the appearance of abnormally phosphorylated tau and, despite 

differences in the morphology of tau lesions among tauopathies, abnormal tau 

phosphorylation is a common denominator. Due to the prevalence of abnormal 

tau phosphorylation during neurodegeneration, reducing tau phosphorylation as 

a therapeutic strategy has been thoroughly investigated (Brunden, Trojanowski, 

& Lee, 2009; Gong & Iqbal, 2008). 
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When Tau is phosphorylated at proline-rich regions, it is distributed in 

somatodendritic compartments. When this region is dephosphorylated or when 

Tau is phosphorylated at its carboxy-terminal region, it is located in the distal part 

of axons (Avila, Lucas, Perez, & Hernandez, 2004; Mandell & Banker, 1996; 

Tashiro, Hasegawa, Ihara, & Iwatsubo, 1997). The tau phosphorylation sites are 

divided into two types: those that can be modified by serine/threonine proline-

directed kinases such as cyclin-dependent kinase (cDK)5, glycogen-synthase 

kinase (GSK)-3, mitogen-activated protein kinase (MAPK) and c-Jun N-terminal 

kinase (JNK), and non-proline-directed kinases such as MT affinity-regulating 

kinase (MARK), protein kinase A (PKA), protein kinase C (PKC), and 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) (Avila, et al., 2004; C. H. 

Reynolds, Betts, Blackstock, Nebreda, & Anderton, 2000; Trinczek, Biernat, 

Baumann, Mandelkow, & Mandelkow, 1995; J. Z. Wang, Grundke-Iqbal, & Iqbal, 

2007; Y. Yu et al., 2009). 

1.5 Cyclin-Dependent Kinase (Cdk)-5 Pathway 

In the nervous system, cdk5 involvement has been described in neurite 

outgrowth, axonal guidance, neuronal migration, secretion, cytoskeletal 

dynamics, dopaminergic signaling, neuronal differentiation, synaptic 

transmission, neuronal survival, apoptosis and other functions that are still under 

study (Castro-Alvarez, Uribe-Arias, Mejia-Raigosa, & Cardona-Gomez, 2014; 

Cheung, Gong, & Ip, 2008; Lin, Wang, Ye, Ip, & Lin, 2008). Cdk5, in contrast to 
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other members of the cyclin-dependent kinase family, is not activated by cyclins 

but instead is activated by complexing with neuron-specific activator molecules 

(p35, p39, and p67) (Castro-Alvarez, et al., 2014). with the most effective 

activator of in vitro and in vivo being p35. Cdk5 phosphorylates p35 and induces 

its ubiquitination and subsequent degradation. Kinase activity is mainly 

determined by the amount of p35 available and subcellular location; reversible 

association to plasma membrane inhibits activity (Ko et al., 2001).  

Cdk5 has attracted attention for phosphorylating tau at sites that are 

hyperphosphorylated in AD brains (Imahori & Uchida, 1997). Importantly, there is 

an accumulation of p25 in AD brains with higher phosphorylation ability of Cdk5-

p25 for tau compared Cdk5 activated by p35 (Patrick et al., 1999), which 

highlights the importance of Cdk5-p25 in abnormal tau phosphorylation (Figure 

1. 4).  Previous findings demonstrated that silencing of Cdk5 reduced the  
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Figure 1.4. Role of Kinases in AD. Two major kinases involved in 

hyperphosphorylation of tau in AD are Cdk5 and GSK3b resulting in 

accumulation of PHFs followed by NFTs and neuronal death (Solero et al 2012) 
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phosphorylation of tau in primary neuronal cultures and brains of wild-type 

C57BL/6 mice. In addition, knockdown of Cdk5 significantly decreased the 

number of neurofibrillary tangles in the hippocampus region of 3×Tg-AD mice 

(Piedrahita et al., 2010). 

1.6 Dephosphorylation of Tau 

Tau proteins from brain tissue or neuroblastoma cells are rapidly 

dephosphorylated by endogenous phosphatases (Buee-Scherrer et al., 1996; 

Garver et al., 1994; Matsuo et al., 1994; Soulie, Lepagnol, Delacourte, & Caillet-

Boudin, 1996). Ser/Thr phosphatase proteins 1, 2A, 2B (calcineurin) and 2C are 

present in the brain (P. Cohen & Cohen, 1989; Ingebritsen & Cohen, 1983), and 

are developmentally regulated (Dudek & Johnson, 1995; Pope et al., 1993). Like 

kinases, phosphatases have many direct or indirect physiological effects, and 

counterbalance the action of kinases. They are associated directly or indirectly 

with microtubules (Dudek & Johnson, 1995; Liao, Li, Brautigan, & Gundersen, 

1998; E. Sontag, Nunbhakdi-Craig, Bloom, & Mumby, 1995; E. Sontag et al., 

1999). 

Tau hyperphosphorylation or phosphorylation is accountable for a set of 

modifications  such as axonal transport and mitochondrial and lysosomal 

dysfunction, that can result in neuronal degeneration (Avila, et al., 2004; Iqbal, 

Liu, Gong, Alonso Adel, & Grundke-Iqbal, 2009). In the diseased state, there is 

aberrant action of kinases and phosphatases, whereby hyperphosphorylated tau  
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Figure 1.5. Phosphorylation of Tau.  I) Microtubules composed of - and -

tubulin providing structural support to neurons. Tau consisting of 18 amino-acid 

residues arrayed in 3 or 4 tandem repeats separated by flexible linkers of 13 

variable residues. II) Phosphorylation at a number of serine/threonine sites 

flanking the microtubule-binding repeats by certain affinity-regulating kinases, 

including GSK3 , CDK5 and ERK2, as well asother kinases. III) Abnormally 

phosphorylated tau protein dissociated from neuronal microtubules accumulates 

into paired helical filaments (PHFs). IV) Proteolytic processing leads to the 

formation of tau oligomers and insoluble aggregates called neurofibrillary tangles 

(NFTs). (Mazanetz & Fischer, 2007) 
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dissociates from MTs and accumulates in the cytosol in packages of the 

abnormal paired helical filaments (PHFs), which in turn aggregate to form NFTs 

(Anderton et al., 1995; Grundke-Iqbal et al., 1986; Mandelkow, von Bergen, 

Biernat, & Mandelkow, 2007).  

1.7 Other Post-translational Alterations  

Although phosphorylation of serine and threonine is a major early characteristic 

of tau aggregation, other post-translational modifications have been described:  

tau acetylation (T. J. Cohen et al., 2011; Irwin et al., 2012; J. M. Sontag & 

Sontag, 2014), glycation (Ledesma, Bonay, Colaco, & Avila, 1994; Smith et al., 

1994), (Figure 1.5) glycosylation with O-linked N-acetylglucosamine (O-

GlcNAcylation), which is added to the hydroxyl groups of serines and threonines 

(Arnold et al., 1996), nitration (M. R. Reynolds et al., 2006),   ubiquitination 

(Cripps et al., 2006; Mori, Kondo, & Ihara, 1987),  sumoylation (Dorval & Fraser, 

2006),  prolylisomerisation (Lu, Wulf, Zhou, Davies, & Lu, 1999; Nakamura et al., 

2012), and truncation (Gamblin et al., 2003).   Acetylation impairs the ability of 

tau to bind to microtubules and increases its propensity to assemble into 

filaments; acetylation seems to occur after phosphorylation. 

1.8 Tau in CNS Diseases 

The pathway leading from soluble and monomeric to hyperphosphorylated, 

insoluble and filamentous tau protein is at the forefront of many human  
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Figure 1.6. MAPT Mutations in Frontotemporal Dementia. Adult human brain 

4R tau isoform mutations in MAPT in cases of frontotemporal dementia and 

parkinsonism linked to chromosome 17 (FTDP-17T). There are 42 coding-region 

mutations in MAPT  spanning exons 1,9,10,11,12 and 13. In addition, there are 

nine intronic mutations flanking E10  (Spillantini & Goedert, 2013). 
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neurodegenerative diseases, collectively referred to as tauopathies. Furthermore, 

mutations in the tau gene result in autosomal tauopathies such as frontotemporal 

dementia (FTD) with Parkinsonism linked to chromosome 17 (Hutton et al., 1998; 

Poorkaj et al., 1998; Spillantini et al., 1998),  and transgenic mouse models 

expressing mutant tau show evidence of neuronal loss (Denk & Wade-Martins, 

2009; Frank, Clavaguera, & Tolnay, 2008; Gotz & Ittner, 2008; V. M. Lee, 

Kenyon, & Trojanowski, 2005) (Figure 1.6).  The diseases categorized as 

Frontotemporal dementias are described below.. 

1.9 Frontotemporal Dementias 

1.9.1 	Frontotemporal Dementia (FTD) 

FTD which is also called frontal lobar degeneration (FTLD), has a slow, insidious 

onset marked in the early stages by personality changes, then progressive loss 

of speech (fluent or nonfluent aphasia), apathy, and finally mutism. Changes can 

include impulsive behaviors and disinhibition, poor insight into consquences of 

behavior, repetitive behaviors, loss of personal hygiene, and loss of social graces 

(Sleegers, Cruts, & Van Broeckhoven, 2010). The mean age of onset is in the 6th 

decade. About 95% of cases are sporadic and the rest familial. The gross 

pathologic finding is a marked atrophy in the frontal lobe and sometimes 

temporal lobe. 
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Microscopically, there is a spongy vacuolization of layer 2 of the frontal and 

temporal cortex, along with loss of neurons and gliosis, and no increase in 

neuritic plaques.  Inclusions, both straight filaments and neurofibrillary tangles 

with paired helical filaments, of mutant tau protein are present. The more 

common variations of FTLD are given below (Arvanitakis, 2010; Bigio, 2013). 

1.9.2 	Pick's Disease  

Pick’s disease is a distinctive form of frontotemporal dementia. It is an 

uncommon cause for dementia, but it appears similar to AD. The cerebral 

atrophy with Pick's disease is lobar and typically involves the frontal and temporal 

lobes. This atrophy is so striking that it is "knife-like" in appearance. This atrophy 

may be asymmetrical. Microscopically, there is marked loss of cortical neurons 

with gliosis. Pick bodies, cytoplasmic inclusions that are highlighted by silver 

stain, are seen in the cortex (L. N. Wang, Zhu, Feng, & Wang, 2006). 

Mutations in the tau gene which codes for tau, can be found in Pick’s disease. 

The abnormal tau may be present in the microscopically apparent Pick bodies, 

which have partially degraded (called ubiquitinated, since they are positive with 

immunohistochemical staining for ubiquitin) tau fibrils (Bigio, 2013; Perl, 2000). 

1.9.3  Corticobasal Degeneration (CBD)  

 CBD is classified as an akinetic rigid movement disorder classically consisting of 

progessive asymmetric rigidity and apraxia with late development of cognitive 
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decline. However, a wider clinical spectrum, including dementia as an early 

finding, is possible. Postmortem gross features include asymmetrical cortical 

atrophy of the posterior frontal, parietal, and the peri-Rolandic cortex 

contralateral to the limbs most severly affected in life (Mahapatra, Edwards, 

Schott, & Bhatia, 2004). Histologic findings include focal/asymmetric neocortical 

atrophy, which predominantly involves the frontoparietal region in most cases, 

and ballooned achromatic neurons. The etiology is unknown but molecular 

studies indicate glial and neuronal accumulation of the tau protein as threadlike 

inclusions in affected areas (Mahapatra, et al., 2004). There is substantial 

pathological and clinical overlap with other neurodegenerative disorders such as 

Creutzfeld-Jakob disease, PSP, AD, and Pick's disease. This can make 

unequivocal diagnosis difficult (Bigio, 2013; Boeve, 2007).(Boeve, 2007) 

1.9.4 	Progressive Supranuclear Palsy (PSP)  

PSP Is classically marked by a supranuclear gaze palsy along with rigidity. 

Clinical features include a gradually progressive onset at 40 years of age or later 

along with vertical supranuclear palsy and prominent postural instability with falls 

in the first year of disease onset, and no evidence of other diseases that could 

explain the foregoing features, as indicated by mandatory exclusion criteria. The 

pathologic diagnosis is made by the microscopic findings of globose 

neurofibrillary tangles similar in composition to those seen in CBD and variable 

neuron loss with gliosis of the globus pallidus, subthalamic nucleus, 
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periaqueductal grey matter of pons, and substantia nigra (Bigio, 2013; Boeve, 

2007).  

1.10 Murine Models Presenting Tau Pathology 

In the field of the tauopathies, several models of transgenic mice expressing 

either the 4R tau or the 3R tau have been described (Brion, Tremp, & Octave, 

1999; Gotz et al., 1995; Ishihara et al., 1999; Spittaels et al., 1999). Transgenic 

animals expressing mutant tau cDNAs exhibit tau pathology which increases with 

age. While these models have shown a variety of traits, perhaps owing to the 

variety of mutations and gene promoters employed, a striking feature has been 

neuronal loss and behavioral deficits (Denk & Wade-Martins, 2009; Gotz et al., 

2007; Gotz & Ittner, 2008). Below are some of the most investigated transgenic 

tau mouse models. 

1.10.1 rTg4510 
The rTg4510 mouse is a versatile tauopathy model providing researchers with 

temporal control over mutant tau transgene expression. These mice express a 

repressible form of human tau containing the P301L mutation that has 

been linked with familial frontotemporal dementia. The transgene is downstream 

of a tetracycline operon–responsive element, and expression is driven by a 

second transgene containing a tetracycline-controlled transactivator under 

control of a promoter such as CaMKII-α. Tau is constitutively expressed until 

inactivated by the tetracycline analog doxycycline, which turns off expression 



23 

 

(Santacruz et al., 2005). Pretangles are present as early as 2.5 months. There 

are argyrophilic tangle-like inclusions in cortex by 4 months and in hippocampus 

by 5.5 months. There is a significant decrease (~60%) in CA1 hippocampal 

neurons by 5.5 months with significant loss in brain weight. Progressive loss of 

neurons and brain weight in 7 and 8.5 month mice with ~23% of CA1 pyramidal 

cells remaining at 8.5 months is also observed. Retention of spatial memory 

examined by Morris Water Maze is impaired between 2.5 to 4 months of age in 

these mice. No significant motor impairments up to 6 months. Spatial memory 

improved when transgene suppressed by dox (Santacruz, et al., 2005). 

1.10.2 P301S (PS19 Line) 
PS19 transgenic mice express mutant human MAPT, driven by the mouse prion 

protein promoter. The transgene encodes the disease-associated P301S 

mutation and includes four microtubule-binding domains and one N-terminal 

insert (4R/1N). Expression of the mutant human tau is five fold higher than that of 

the endogenous mouse protein (Yoshiyama et al., 2007). These mice develop 

neuronal loss and brain atrophy by eight months, principally in the hippocampus 

but spreading to other brain regions, including the neocortex and entorhinal 

cortex. Around 6 months, they develop widespread neurofibrillary tangle-like 

inclusions in the neocortex, amygdala, hippocampus, brain stem, and spinal 

cord. Tangle pathology is accompanied by microgliosis and astrocytosis. 

Neuronal loss in the hippocampus and entorhinal cortex occurs by 9-12 months, 
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as well as in the amygdala and neocortex becoming more severe by 12 months. 

Microgliosis is eminent at three months, especially in the white matter of the brain 

and spinal cord and increased  by six months in white and gray matter of the 

hippocampus, amygdala, entorhinal cortex and spinal cord. Synaptophysin 

immunoreactivity decreases progressively from 3-6 months in the CA3 region of 

the hippocampus, with impaired synaptic function and reduced LTP in the CA1 

region of the hippocampus at 6 months. Finally, they manifest impairments in 

spatial learning and memory ability by 6 months of age (Takeuchi et al., 2011). 

1.10.3 JNPL3(P301L) 
These mice carry a transgene encoding human tau with four microtubule-binding 

repeat domains and no N-terminal inserts (4R/0N). The transgene contains the 

P301L mutation and expression is driven by the mouse prion promoter (Lewis et 

al., 2000). Neurofibrillary tangles develop in an age and gene-dose dependent 

manner; as early as 4.5 months in homozygotes and 6.5 months in 

heterozygotes. Tangles and Pick-body-like neuronal inclusions are present in the 

amygdala, septal nuclei, preoptic nuclei, hypothalamus, midbrain, pons, medulla, 

deep cerebellar nuclei and spinal cord.  Neuronal loss, especially in the spinal 

cord, most prominent in the anterior horn. Astrogliosis (as measured by GFAP 

reactivity) in brainstem, diencephalon, and basal telencephalon by 10 months 

(Lewis, et al., 2000). Congnitive impairment in these mice however has not yet 

been reported.  
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1.10.4 Htau Mice 
This mouse model was designed to express only human tau isoforms. It was 

made by mating two existing lines of tau mice, 8c (Duff et al., 2000) and tau 

knock-out (Tucker, Meyer, & Barde, 2001) mice. 8c mice express a tau 

transgene via a PAC cloning vector driven by the tau promoter and produce all 

human tau isoforms, including 3R and 4R isoforms. Tau knock-out mice were 

generated by targeted disruption, in which cDNA for enhanced green fluorescent 

protein (EGFP) was inserted into exon one of MAPT. Htau mice express six 

isoforms of human tau, but do not express mouse tau.  These mice develop age-

associated tau pathology, including redistribution of tau to cell bodies and 

dendrites, phosphorylated tau, accumulation of aggregated paired helical 

filaments, and ultimately, thioflavin-S-positive neurofibrillary tangles at 9-15 

months. Tau pathology is most severe in the neocortex and hippocampus.		Mice 

had normal object recognition memory and spatial learning/memory as assessed 

by the MWM at four months, but are impaired at twelve months. Abnormal spatial 

learning is noted in 6 month-old mice compared to control mice. In addition, by 

contrast with other tau mouse models, htau mice do not carry any mutant tau 

isoforms developing forebrain tau pathology in the absence of brainstem and 

spinal cord tau inclusions, which in the other models lead to progressive motor 

disturbances, thereby avoiding possible limitations in behavioral and functional 

studies. 
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1.11  Tau and Synaptic Function 

Changes in tau phosphorylation are known to induce loss of function by 

preventing interaction with microtubules. Accumulating evidence suggests 

additional roles for tau (Pooler & Hanger, 2010), including regulation of synaptic 

function and neuronal signaling (C. H. Reynolds et al., 2008; Souter & Lee, 2010; 

Usardi et al., 2011). There are several potential mechanisms by which tau could 

affect synaptic function and neuronal excitability. Tau may directly influence 

synaptic function since it has been shown to be localized within both pre- and 

post-synaptic compartments. Tau binds to a post-synaptic protein complex which 

includes PSD-95, the scaffold for synaptic NMDA receptors (Kornau, Schenker, 

Kennedy, & Seeburg, 1995) and a critical regulator of synaptic plasticity (El-

Husseini, Schnell, Chetkovich, Nicoll, & Bredt, 2000).  Tau is found in both 

mouse (Ittner, et al., 2010) and rat (Pooler, Noble, & Hanger, 2014) dendrites 

and in the postsynapse, where it interacts with the PSD-95/NMDA 

receptor complex (G. Lee, Newman, Gard, Band, & Panchamoorthy, 1998). It is 

postulated that tau interacts with this complex by direct binding to the 

tyrosine kinase fyn (Ittner, et al., 2010; C. H. Reynolds, et al., 2008). The 

interaction of tau with fyn appears to be crucial for targeting fyn to the 

postsynapse, where it can regulate the function of the NMDA receptor by 

phosphorylating one of its subunits (Trepanier, Jackson, & MacDonald, 2012) 

(Figure 1.7). Phosphorylation-mediated interactions between fyn and tau may 
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therefore be disrupted in disease, when tau phosphorylation is altered (Bhaskar, 

Yen, & Lee, 2005).  

1.12 Tau and Neuroinflammaton 

Neuroinflammation  may be initiated in response to a variety of cues, including 

infection, traumatic brain injury, toxic metabolites, or autoimmunity. In the CNS, 

including the brain and spinal cord, microglia are the resident innate immune 

cells that are activated in response to these cues. Increasing evidence suggests 

that neuroinflammation is a common feature of tauopathies. Activated microglia 

are found in the postmortem brain tissues of various human tauopathies 

including AD, FTD, PSP and CBD (Gebicke-Haerter, 2001; Gerhard et al., 2006; 

Ishizawa & Dickson, 2001). Systemic inflammation induction via administration of 

the Toll-like receptor 4 (TLR4) ligand, lipopolysaccharide (LPS) triggered MAPT  

hyperphosphorylation in the 3xTg  AD mouse model (Kitazawa, Oddo, Yamasaki, 

Green, & LaFerla, 2005). The immunosuppressant drug FK506 mitigated 

microglial activation and extended the life span of P301S transgenic mouse 

model of FTD (Yoshiyama, et al., 2007). Lastly, numerous studies have 

suggested that proinflammatory cytokines, such as interleukin-1 (IL-1; Figure 8) 

interleukin-6, and nitric oxide released from astrocytes can accelerate MAPT 

pathology and formation of neurofibrillary tangles (NFTs) in vitro (Li, Liu, Barger, 

& Griffin, 2003; Quintanilla, Orellana, Gonzalez-Billault, & Maccioni, 2004; Saez, 

Pehar, Vargas, Barbeito, & Maccioni, 2004). 
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Figure 1. 7. Role of Tau in Synaptic Function. Tau has a dendritic function in 

postsynaptic targeting of the Src kinase Fyn, a substrate of which is the NMDA 

receptor (NR). Missorting of tau and absence of tau disrupt postsynaptic 

targeting of Fyn mitigating Aβ toxicity. Deficits fully rescued with uncoupling the 

Fyn-mediated interaction of NR and PSD-95. (Ittner, et al., 2010) 
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Figure 1.8. CX3CR1  Modulates Tau Phosphorylation. c) Transgenic mice 

expressing human tau (hTau) with intact CX3CR1 signaling accumulate 

hyperphosphorylated tau (red lines) in neuronal somata and dendrites, along with 

modest microglial activation (blue). MAPT, microtubule-associated protein tau. 

The straight red lines represent the physiological form of tau, whereas the 

tangles indicate pathological aggregates of tau. Both are composed of MAPT. d) 

CX3CR1-deficient hTau mice show highly activated microglia (green), which 

produce large amounts of IL-1, leading to a neuronal response via the IL-1 type 1 

receptor, culminating in activated p38 MAP kinase (MAPK) and in tau aggregates 

(red) (Prinz, Priller, Sisodia, & Ransohoff, 2011). 
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1.13   5LO in Human and Mouse AD 

The 5LO enzyme is widely expressed in the CNS, where it localizes mainly in 

neuronal cells (Lindgren, Hokfelt, Dahlen, Patrono, & Samuelsson, 1984; 

Miyamoto, Lindgren, Hokfelt, & Samuelsson, 1987; Pergola & Werz, 2010). In 

human and mouse brains, 5LO is widely expressed in the hippocampus and 

cerebral cortex, with its levels and activity increasing in an age-dependent 

manner (Chinnici, Yao, & Pratico, 2007). Our group was the first to show that 

steady-state protein levels  of 5LO were significantly increased in the brains of 

patients with sporadic AD compared to age-matched controls (Firuzi, Zhuo, 

Chinnici, Wisniewski, & Pratico, 2008). These findings were confirmed by 

immunohistochemical analyses (Ikonomovic, Abrahamson, Uz, Manev, & 

Dekosky, 2008). Interestingly, a recent finding demonstrated a significant up-

regulation in 5LO gene expression and enzyme activation, as measured by levels 

of leukotriene B4 (LTB4) in peripheral blood mononuclear cells of AD subjects 

compared to healthy controls (Di Francesco et al., 2013). 

1.14  5LO Pathway and Aβ 

1.14.1  Amyloid Precursor Protein  
 
The formation of Aβ peptides is a result of sequential cleavages by the Aβ 

precursor protein (APP) by β-site secretase-1 (BACE-1), ensued by the γ-  
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Figure 1.9. Representation of APP processing by α-, β-, and γ-secretases. 

APP processing by secretase activities is divided into the non-amyloidogenic 

pathway on the left and the amyloidogenic pathway on the right. α- and β-

secretase activities cleave APP in its extracellular domain to release respectively 

a soluble fragment sAPPα or sAPPβ in the extracellular space and generate 

carboxy-terminal fragments CTFα or CTFβ. These CTFs can subsequently be 

processed by γ-secretase complex to generate AICD and Aβ. The γ-secretase 

complex is composed of presenilin, nicastrin (NCT), γ-secretase activating 

protein (GSAP), pen-2, and aph-1. (Vingtdeux, Sergeant, & Buee, 2012) 
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secretase complex, containing at least four different intramembrane proteins: 

presenilin 1 (PS1), presenilin-enhancer 2 (PEN2), anterior pharynx-defective 1 

(APH1) and nicastrin (NCT), in an equal ratio (Kimberly et al., 2003).  After 

formation (Figure 1.9), Aβ peptides are capable of oligomerizing, eventually 

forming amyloid fibrils, resulting in the formation of the amyloid plaques  (Mucke 

& Selkoe, 2012). 

1.14.2  5LO and A in AD mice  
Since an age-dependent increase of 5LO expression is linked to regions of the 

brain in which Aβ plaques are also found, the Pratico group inquired as to 

whether inhibition of the 5LO pathway would alter amyloid plaque burden in vivo. 

To tackle this question, Tg2576 mice, a transgenic mouse model that expresses 

the K670N/M671L APP mutation found in a Swedish family with early-onset AD, 

which develop age-dependent brain amyloidosis similar to that seen in humans 

were used (Hsiao et al., 1996). These mice were crossed with mice genetically 

deficient for 5LO (i.e., homozygous knockout of 5LO) and compared them with 

regular Tg2576 animals to see how brain amyloidosis was affected when 5LO 

was genetically unavailable. Firuzi and colleagues saw that both Aβ peptides 

were significantly reduced in the brains of Tg2576 animals lacking 5LO, with the 

decrease more evident as the animals aged. Immunohistochemical analyses 

demonstrated a reduction in Aβ peptides translating to fewer amyloid β plaques 

and decreased total amyloid burden (Firuzi, et al., 2008). Interestingly, the 
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reduction in Aβ caused by genetic knockout of 5LO did not seem to alter steady 

state levels of APP or elevate several proteins thought to participate in Aβ 

clearance in the brain. In confirmation of these knockout findings, Chu and 

colleagues also conducted studies of pharmacological inhibition of 5LO. As a 

result, Tg2576 animals were fed rodent chow supplemented with the 5LO 

inhibitor zileuton, from early adulthood, and found in accordance with the 

knockout studies, that this pharmacologic inhibition of this pathway reduced brain 

Aβ peptide levels via the γ-secretase complex along with amyloid plaque burden 

(Chu & Pratico, 2011b, 2012).   

1.14.3  5LO Modulation of A via -Secretase 
Since genetic and pharmacologic knockdown of the 5LO pathway did not alter 

BACE-1 expression and activity, Chu and colleagues investigated the four 

proteins of the γ-secretase complex: PS1, PSEN2, APH1 and NCT. Both 

pharmacologic and genetic down-regulation of 5LO resulted in a significant 

reduction of steady state levels of the γ-secretase in murine brain (Chu & Pratico, 

2011b; Firuzi, et al., 2008). Genetic up-regulation of 5LO resulted  in higher 

levels of A and a significant increase in steady state levels of -secretase in the 

N2A cells. (Figure 1.10)                

1.14.4  5LO and CREB 
The findings above suggested that 5LO modulated γ-secretase. In addition, 

previous studies showed that HETEs activate the cAMP-response element  



34 

 

 

 

 

 
Figure 1.10. 5-LO modulates Aβ formation via γ-secretase. N2A-APPswe 

cells transiently transfected with human 5-LO cDNA and supernatant and cells 

lysates were collected after 48hr Left:  Aβ 1-40 levels in the supernatant. Right: 

Representative immunoblots for 5-LO, APP, BACE-1, ADAM-10, PS1, nicastrin, 

APH-1 and Pen-2 from cell lysates. (Chu & Pratico, 2011a, 2011b)  
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binding protein (CREB), a transcriptional factor, that translocates into the nucleus 

regulates gene expression (Dronadula, Rizvi, Blaskova, Li, & Rao, 2006; Sands 

& Palmer, 2008). Inphosphorylated form at Ser133 (Chu & Pratico, 2011a). In  

N2a cells, it was determined that stimulation with a downstream metabolite of 

5LO, 5HETE, resulted in elevation of γ-secretase protein and mRNA levels, 

along with activation and nuclear translocation of CREB. When activation of 

CREB was inhibited via pharmacological blockade or dominant negative vectors, 

5HETE failed to increase γ-secretase mRNA, protein or Aβ levels, signifying that 

5LO acted on CREB to increase γ-secretase at the transcriptional levels. These 

findings were confirmed in brains of Tg2576 mice (Chu & Pratico, 2011a, 2011b). 

1.14.5  5LO Pathway Affects Tau in AD Mice 
Initially, Chu and colleagues assessed brains of Tg2576 mice previously 

administered with the 5LO inhibitor zileuton for endogenous mouse tau levels 

and its phosphorylated isoforms. Inhibition of 5LO resulted in reduced levels of 

tau phosphorylation (Chu, Lauretti, Di Meco, & Pratico, 2013; Chu & Pratico, 

2011b) via the cdk5 pathway (Chu & Pratico, 2013). Overexpression of 5LO in 

Tg2576 mice yielded the opposite results of zileuton treatment (Chu, Li, 

Ceballos-Diaz, Golde, & Pratico, 2013), suggesting that 5LO plays a functional 

role in tau phosphorylation whereby modulating the activity of the cdk5 kinase 

pathway. 
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Regardless of the above findings, Tg2576, animals are not capable of developing 

full blown neurofibrillary tangles  in line with the ones in human AD brains. For 

this reason, the triple transgenic mouse model of AD, 3xTg, were used in the 

5LO pathway investigation. The 3xTg animals not only contain the Swedish APP 

transgene found in Tg2576 animals, but also PS1 and a human mutant tau 

transgene, thereby developing both high levels of Aβ and amyloid plaques, along 

with intracellular neurofibrillary tangles making it an suitable model for exploring 

the role of 5LO in advanced AD tau neuropathology (Oddo, Caccamo, Kitazawa, 

Tseng, & LaFerla, 2003). 

 
Using the 3xTg model, the Pratico group employed 5LO inhibition, knockdown 

and overexpression studies as with the Tg2576 model. In accordance with the 

earlier findings,  genetic absence or pharmacological inhibition of 5LO 

significantly reduced Aβ formation and deposition, while high expression levels of 

5LO resulted in elevated Aβ levels and plaque formation, both of which occurred 

through CREB-mediated transcriptional modulation of the γ-secretase complex. 

In addition, these mice displayed a significant elevation or reduction in the 

phosphorylation levels of tau at specific epitopes Ser 202, Ser 396 and 

Ser396/S404 depending on the high levels or absence of 5LO, which was 

associated with the activation or downregulation of the cdk5 pathway. Thereby, 

the cdk5 inhibitor, Roscovotine inhibited the 5LO-mediated effects on tau 

phosphorylation further supporting the role of the cdk5 pathway (Figure 1.11).  
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Figure 1.11.  5LO modulates tau levels and metabolism via the cdk5 kinase. 

Left:  Representative western blots of total tau (Tau-1), phosphorylated tau at 

residues S396 (PHF13), and S396/S404 (PHF-1), cdk5, p35, p25 and 5-LO in 

lysates from cells transfected with 5LO (5-LO) or vector control (control) in the 

presence or absence of zileuton (25μM) and assayed by western blot analyses.  

Right:. Representative western blots of total tau (Tau-1), phosphorylated tau at 

residues S396 (PHF13), and S396/S404 (PHF-1), cdk5, p35 and p25 in lysates 

from cells transfected with 5LO (5-LO) or vector control (control) in the presence 

or increasing concentration of roscovitine and assayed by western blot 

analyses. (Chu, et al., 2012) 
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(Chu, Giannopoulos, Ceballos-Diaz, Golde, & Pratico, 2012; Chu, Li, & Pratico, 

2013; Giannopoulos et al., 2014). 

1.15 5LO Pathway on Synaptic Function and Cognitive Deficits 

1.15.1  5LO on Synaptic Integrity  
There is a strong association with synaptic density and cogntive decline in 

tauopathies, since analyses of post-mortem brains revealed that the extensive 

synapse loss that occurs in these diseases (Masliah, Terry, DeTeresa, & 

Hansen, 1989) strongly correlates with cognitive impairment (DeKosky & Scheff, 

1990; Serrano-Pozo, Frosch, Masliah, & Hyman, 2011; Terry et al., 1991). 

Findings from transgenic mouse models have strongly suggested that Aβ and tau 

neuropathologies compromise synaptic function, with this impairment happening 

well before apparent symptoms of the  

disease (Shankar et al., 2008). Synaptic dysfunction is characterized by 

alteration in markers of presynaptic integrity, such as synaptophysin, as well as 

markers of post-synaptic integrity, such as post-synaptic density protein 95 

(PSD-95), ultimately resulting in long-term potentiation (LTP) deficitis. It would 

seem, if the 5LO pathway modulates Aβ and tau pathology, it could possibly 

affect synaptic integrity and LTP in AD animals. Thereafter, Pratico's group 

continued the exploration of 5LO in the same AD animal models, focusing on 

these important aspects of the neurobiology of AD.  
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Figure 1.12. Improvement of synaptic integrity by zileuton. 

Top: Representative western blot analysis for synaptophysin, post-synaptic 

density protein -95 (PSD-95) and dendritic protein microtubule-associated protein 

2 (MAP-2) in brain cortex homogenates of Tg2576 mice treated with zileuton or 

placebo (control). Bottom: Representative sections of brains from Tg2576 mice 

receiving zileuton  or placebo (control) immunostained for synaptophysisn, PSD-

95 and MAP-2 (x40 magnification).  (Chu, Lauretti, et al., 2013) 
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1.15.1 5LO on Synaptic Function 
Genetic up-regulation of 5LO resulted in reduced synaptophysin and PSD-95 

(Chu, et al., 2012; Chu, Li, Ceballos-Diaz, et al., 2013), whereas inhibition and 

knockout of 5LO increased levels of these proteins in the brains of Tg2576 and 

3xTg animals (Figure 1.12) (Chu, Lauretti, et al., 2013; Giannopoulos et al., 

2013; Giannopoulos, et al., 2014). More recently, in collaboration with Margaret 

Sperow, an electrophysiological approach was employed to determine whether 

the 5LO pathway affected hippocampal LTP. Previous reports showing that 3xTg 

animals have significant impairment in LTP when compared to wild-type control 

mice were confirmed (Oddo, et al., 2003), thereby, both genetic absence and  

pharmacological blockade of 5LO with zileuton rescued synaptic dysfunction in 

3xTg mice, while restoring LTP to the same levels of their wild-type  

littermates (Giannopoulos, et al., 2013, 2014) (Figure 1.13). Administration of a 

5LO inhibitor MK-886, resulted in AMPA receptor-mediated EPSC amplitude 

increase suggesting an important  role of 5LO in the postsynaptic modulation of 

neurotransmission (St-Gelais, Menard, Congar, Trudeau, & Massicotte, 2004). 

The 5LO pathway may influence AMPA receptor availability or conformation 

through control of their interaction with the actin cytoskeleton. This is in line with 

the findings that AMPA receptor stabilization within synaptic membranes is 

affected by the actin cytoskeleton and that 5LO metabolites are important in 

regulating actin networks in numerous cell types (Allison, Gelfand, Spector, & 

Craig, 1998; Dingledine, Borges, Bowie, & Traynelis, 1999; Provost et al., 2001)   
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Figure 1.13. Inhibition of 5LO Rescues Synaptic Dysfunction Left:  fEPSP 

slopes were recorded for 3 h and expressed as the percentage of pretetanus 

baseline in the same mice. Middle: LTP magnitudes expressed as the 

percentages of baseline for 0–10 min post-tetanus (274.6%±8.5% for WT (n=23 

slices); 159.9%±13.8% (n=19 slices) for 3 × Tg; 272.7%±9.6% (n=20 slices) for 3 

× Tg/5LOKO; 268.5%±14.3% (n=5 slices) for 3 × Tg+zileuton)). Right:  For the 

same groups of mice, LTP magnitudes expressed as the percentages of baseline 

for 170–180 min post-tetanus (202.6%±6.5% for WT; 121.0%±3.4% for 3 × Tg; 

197.1%±11.5% for 3 × Tg/5LOKO; 156.9%±6.9%; 199.5%±7.4% for 3 × 

Tg+zileuton) (*P<0.0001). Values represent mean±s.e.m. (Giannopoulos, et al., 

2014) 
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1.16 5LO on Cognition in AD  

1.16.1 5LO on Behavior 
For a molecular target to be useful in AD, it must not only rescue biochemical 

insults but behavioral as well. In humans, memory impairments typically declare  

themselves initially as disruption of episodic memory and consolidation of new 

memories, eventually progressing to global cognitive decline (Nowrangi & 

Rosenberg, 2015). Methods to assess memory in rodent models are numerous, 

but to assess whether the 5LO pathway rescues the altered behavioral 

phenotype in AD transgenic mouse models, the Pratico group selected Y-maze 

exploratory behavior, and 24-h fear-conditioned memory recall. Aberration in Y-

maze exploratory behavior represents impairment in short-term working memory 

while fear-conditioned memory impairment assesses hippocampal-dependent 

and hippocampal-independent memory building processes (Olton, 1979). 

Inhibition of the 5LO pathway via genetic and/or pharmacologic knockdown led to 

improved cognition in AD transgenice mice (Chu, Lauretti, et al., 2013; Chu, Li, & 

Pratico, 2013; Chu & Pratico, 2011b; Joshi et al., 2014) Also, in line with the 

findings on 

synaptic integrity and LTP, 5LO inhibition and knockout restored learning and 

memory impairments in the transgenic mice as assessed by these paradigms to 

a level indistinguishable from their wild-type controls (Di Meco, Lauretti, 

Vagnozzi, & Pratico, 2014; Giannopoulos, et al., 2013, 2014). Hence, the above 
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findings have established that the 5LO pathway plays a role in improving the 

behavioral phenotype of AD animal models. 

1.17  The Amyloid Cascade 

Several lines of evidence suggest that the formation of amyloid β can drive tau 

pathology, (Price & Morris, 1999). When mice transgenic for human mutant APP, 

which produce only amyloid pathology, were crossed with mice transgenic for 

human mutant tau, tau pathology, but not amyloid β pathology, was exacerbated 

in the cerebral cortex (Lewis et al., 2001). The intracerebral injection of synthetic 

amyloid β aggregates into mice transgenic for human mutant tau increased the 

number of tau inclusions (Bolmont et al., 2007).  

Administration of anti-Aβ antibodies into the hippocampus of the 3xTg-AD mice 

(Wilcock et al., 2003; Wilcock et al., 2004)  reduced early tau pathology (Oddo, 

Billings, Kesslak, Cribbs, & LaFerla, 2004). In extension of these findings, 

administration of an Aβ oligomeric-specific antibody is also able to reduce the tau 

pathology in these mice (Oddo et al., 2006)  demonstrating that Aβ-based 

interventions successfully clear the tau pathology in these 3xTg-AD and mice 

providing robust evidence in support of the hypothesis that A drives tau 

(amyloid cascade hypothesis).  However, in recent years emerging new data are 

supporting also an alternative  
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Figure 1.14. Amyloid beta cascade. The pathway underlines the roles of both 

Aβ and tau oligomeric aggregates as soluble neurotoxic candidates that lead to 

formation of amyloid plaques and NFTs, respectively. The still controversial role 

of Aβ as a trigger of tau toxicity leading to the formation of PHFs, and ultimately 

neuronal loss, remains an open question. In recognition of the fact that tau 

pathology can occur independently of Aβ, a direct pathway to tau aggregation via 

tau hyperphosphorylation is depicted. Abbreviations: Aβ, amyloid-β; Aβ42, 42-

amino-acid form of Aβ; APP, amyloid precursor protein; FAD, familial Alzheimer 

disease; NFT, neurofibrillary tangle; PHF, paired helical filament. 
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hypothesis in which A and tau act independently from each other (figure 16). In 

line with this new concept is the thesis described below. 

1.18 Thesis Goal/ Aims 

The major goals of this proposal are to determine the functional role of 5LO 

pathway in the development of tau pathology independently of A and to 

characterize 5LO as a potential novel therapeutic target for tauopathies. 

The central hypothesis is: up-regulation of 5LO directly dysregulates tau 

metabolism with subsequent altered phosphorylation levels, synaptic dysfunction 

and tau pathology which is then responsible for the development of cognitive 

impairments.  

To reach this goal, a multifaceted experimental approach combining both in vivo 

(Aim 1 and 3) and in vitro experiments (Aim 2) was implemented.  

The first Aim is a proof of principle directly investigating the effects of 

pharmacological blockade of 5LO in a relevant mouse model of tauopathy (htau 

mice). 

 The second Aim consists of a series of in vitro studies with the goal of 

investigating the molecular mechanisms underlying the observed in vivo 

biological effect.  
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Figure 1.15. The dual pathway model of AD pathogenesis. The 5-

lipoxygenase enzymatic pathway influences both Aβ processing and tau 

metabolism independently from each other. Aberration of Aβ production and tau 

phosphorylation result in synaptic dysfunction and altered integrity (synaptic 

pathology), which underlines the development of learning and memory deficits, 

and ultimately culminate in cell loss. 
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Figure 1.16. Specific Aim 1. We hypothesize that up-regulation of 5LO results in 

an increased tau phosphorylation, neuronal dysfunction, development of tau 

pathology and ultimately in behavioral deficits. The major goal of this Aim is to 

characterize the 5-LO-dependent development of the phenotype of a mouse 

model of tauopathy by studying the effect of its pharmacological inhibition on: 1) 

tau phosphorylation; 2) neuroinflammation; 3) synaptic integrity; and 4) 

behavioral deficits.                 

  Specific Aim 2: We hypothesize that 5LO by modulating specific 

kinases/phosphatases regulates tau metabolism which results in altered 

phosphorylation and subsequent intracellular accumulation of NFTs. The major 

goal of this Aim is to establish the mechanism responsible for this biological 

effect. To address this aim we will use primary neurons to investigate: 1) the 

effect of 5LO over-expression or absence on tau phosphorylation on specific 
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epitopes; 2) the involvement of a translational or post-translational mechanism in 

this biological effect.                                          

  Specific Aim 3. The major goal of this Aim is to build a definitive 

support for our central hypothesis: 5LO regulates signaling pathway responsible 

for the development of tau pathology. To this end, we will assess the effect of: 

genetic over-expression of 5LO on tau phosphorylation, development of tau 

pathology and behavioral deficits in a mouse model of tauopathy. 
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The major goal of Aim 3 is to build definitive in vivo support for our central 

hypothesis seeking confirmation of  Aim 1 and 2 by using a genetic approach and 

over-expressing the 5LO enzyme. 

The successful accomplishment of our research plan could reveal a new aspect 

in the neurobiology of 5LO in the context of tauopathy by representing its 

functional role in modulating behavior and cognition along with tau metabolism, 

neuroinflammation and synaptic function. The development of selective and 

specific 5LO blockers could lead to new and much needed therapy to prevent or 

halt these diseases 

 

 

 

 .  
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2 CHAPTER 2                                                    
SPECIFIC AIM 1-  ASSESS THE 5LO CONTRIBUTION 
TO THE DEVELOPMENT OF TAU PATHOLOGY AND 

BEHAVIORAL DEFICITS IN A MOUSE MODEL OF 
TAUOPATHY 

 

2.1 Rationale 

We hypothesize that up-regulation of 5LO results in an increased tau 

phosphorylation, neuronal dysfunction, development of tau pathology and 

ultimately in behavioral deficits. The major goal of this Aim is to characterize the 

5-LO-dependent development of the phenotype of a mouse model of tauopathy 

by studying the effect of its pharmacological inhibition on: 1) tau phosphorylation; 

2) neuroinflammation; 3) synaptic integrity; and 4) behavioral deficits.            

2.2 Methods 

Experimental Design: Mice expressing non mutant human tau in the absence of 

mouse tau (htau mice) (Andorfer et al., 2003) and their wild type littermates were  

used. These mice were generated by crossing mice that express a tau transgene 

derived from a human PAC, H1 haplotype, known as 8c mice, with the knockout 

(KO) mice that have a targeted disruption of tau exon 1 (Duff, et al., 2000; 

Tucker, et al., 2001). The F1 generation of mice that contain the human tau gene 

were backcrossed to the KO mice to obtain a population of mice that were 

homozygous for the tau disruption, but that also carried the human tau 
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transgene. The wildtype (WT) mice are aged-matched C57BL6/SJL controls. The 

animals were kept in a pathogen-free environment on a 12 hour light/dark cycle 

and fed a normal chow and water ad libitum. Starting at 2-3 months of age, both 

male and female WT and htau mice randomly received zileuton (200mg/L) or 

vehicle in their water for 7-8 months. Administration of zileuton to htau mice at 

this dosage is able to cross the brain-blood-barrier and reach the brain where it 

inhibits 5-LO activity by 80-85% (Chu & Pratico, 2011b).  All animal procedures 

are approved by the Institutional Animal Care and Usage Committee, in 

accordance with the U.S. National Institute of Health guidelines. 

2.2.1 Behavioral Tests  
All the animals were handled for at least 3-4 days prior to testing. They were 

tested in random order and the experimenter conducting the tests was unaware 

of the genotype or treatment.  

2.2.1.1 Y-maze Spontaneous Alternation Test  
Y Maze Spontaneous Alternation is a behavioral test for measuring the 

willingness of rodents to explore new environments (Olton, 1979). Rodents 

typically prefer to investigate a new arm of the maze rather than returning to one 

that was previously visited. Many parts of the brain including the hippocampus, 

septum, basal forebrain, and prefrontal cortex are involved in this task (Harker & 

Whishaw, 2004). Testing occured in a Y-shaped maze with three white, opaque 

plastic arms at a 120° angle from each other. After introduction to the center of 
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the maze, the animal was allowed to freely explore the three arms for five 

minutes. Over the course of multiple arm entries, the subject should show a 

tendency to enter a less recently visited arm. The number of arm entries and the 

number of triads were recorded in order to calculate the percentage of 

alternation. An entry occured when all four limbs are within the arm. An 

alternation was defined as three consecutive entries in three different arms (1,2,3 

or 2,3,1, etc.). This test was used to quantify willingness to explore new 

environements in transgenic strains of mice in evaluating novel chemical entities 

for their effects on working memory. Testing was always performed in the same 

room and at the same time to ensure environmental consistency.  

2.2.1.2  Delay Fear Conditioning 
Delay Fear Conditioning is used to assess Pavlovian learning and memory in 

rodent models of CNS disorders (Pearce & Hall, 1980). Subjects learn to 

associate a neutral Conditional Stimulus (tone) with an aversive Unconditional 

Stimulus (mild electrical foot shock) and exhibit a Conditional Response 

(freezing). On day 1 for 5.5 minutes, animals were placed into the conditioning 

chamber for 2 min before the onset of a sound (100 dB), which in its last 2 s was 

paired with a foot shock (0.5 mA). Mice were removed from the chamber 1 min 

after the shock, and on day 2 tested for contextual (5 min) and cued fear 

conditioning (6 min). Conditioning was measured by recording the freezing 

behavior as the complete absence of movement both during training as well as 
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testing. The percentage time during which the mouse froze was calculated for 

analysis of contexual and cued fear memory assessments. Tests were 

conducted in a conditioning chamber equipped with black methacrylate walls, a 

transparent front door, a speaker and grid floor during the training and contextual 

recall (Start Fear System; Harvard Apparatus, Holliston, MA, USA). During the 

cued recall, the color of the walls were white with a vanilla extract scent. The 

subjects learn to associate the tone with the footshock. This 24-h memory 

retention test targets the amygadala (cued recall) and hippocampus (contextual 

recall) regions of the brains (Pearce & Hall, 1980).  

2.2.1.3  Morris Water Maze  
The Morris water maze (MWM) is one of the most widely used tasks 

in behavioral neuroscience for studying the psychological processes and neural 

mechanisms of spatial learning and memory (Morris, Garrud, Rawlins, & 

O'Keefe, 1982). It can be a very accurate study of learning, memory, and spatial 

working and can also assess damage to cortical regions of the brain (D'Hooge & 

De Deyn, 2001). It can also measure the effect of neurocognitive disorders on 

spatial learning and possible neural treatments, to test the effect of lesions to the 

brain in areas focused on memory, and to study how age influences cognitive 

function and spatial learning. The task is also used as a tool to study drug-abuse, 

neural systems, neurotransmitters, and brain development (Sharma, Rakoczy, & 

Brown-Borg, 2010).  
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The basic task is very simple,  the mice were placed in a large circular pool of 

water and required to escape from water onto a hidden platform whose location 

can normally be identified only using spatial memory. Spatial reference memory 

protocols are widely used in which the platform is in a fixed location relative to 

the room cues across days. The animals were placed into the water facing the 

sidewalls of the pool, at different start positions across all four trials and they 

quickly learned to swim to the correct location with decreasing escape latencies 

and more direct swim paths. The tracking system measured the gradually 

declining escape latency across trials, and parameters such as path-length, 

swim-speed, and directionality in relation to platform location. When the mice 

were unable to find the platform within the 60 sec time limit, they were guided to 

the platform and remained for 15 sec. After 30 sec of rest, the mice were to 

perform the next trial until all four trials were complete.  

When all the groups reached the threshold of finding the platform within 20 sec, 

the experimenter conducted a probe trial in which the escape platform is 

removed from the pool and the animal allowed to swim for 60 sec. Typically, a 

well-trained mouse will swim to the target quadrant of the pool and repeatedly 

across the former location of the platform until starting to search elsewhere. This 

spatial bias, measured in various ways, constitutes evidence for spatial memory. 

After completion of the probe trial, the mice were assessed based on how many 

times they crossed the platform, how much time they spent in the platform zone, 
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how long it took for initial platform entry and the distance required to reach the 

platform. 

2.2.2 Immunoblotting Analyses 
The cortex brain regions were extracted in Radioimmunoprecipitation assay 

(RIPA)  buffer from human and mouse brain homogenates. Samples were 

centrifuged for 45 min @ 45000 rpm and the supernatant was collected and used 

for western blot analyses. Samples were electrophoresed on 10% Bis–Tris gels 

or 3–8% Tris–acetate gel (Bio-Rad, Richmond, CA), according to the molecular 

weight of the target molecule, transferred onto nitrocellulose membranes (Bio-

Rad, Richmond, CA), and then incubated with appropriate primary antibodies 

(HT7,5LO,AT8,AT180,AT270,PHF-1,PHF-13, 

cdk5,p35/25,GSK3,pGSK,SAPK/JNK,pSAPK/JNK,PP2A,  

SYP,PSD95,MAP2,GFAP,CD45) listed in table 1. After three washings with T-

TBS, membranes are incubated with IRDye 800CW or IRDye 680CW-labeled 

secondary antibodies (LI-COR Bioscience, Lincoln, NE) at 22°C for 1 h. Signals 

were developed with Odyssey Infrared Imaging Systems (LI-COR Bioscience, 

Lincoln, NE). Beta-actin is always used as internal loading control. 

2.2.3 Sarkosyl-Insoluble Tau 
From the above soluble extractions, the pellet was collected in 1% sarkosyl 

buffer and shaken at room temperatue for 90 minutes.  Then, the samples were 

centifuged @ 20000 rpm for 30 minutes to obtain the insoluble (aggregates) 
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fractions of tau from mice brain homogenates. The insoluble fractions are 

immunoblotted as described above using an antibody that recognizes total 

human tau, HT-7. Standard immunohistochemistry analyses were also 

implemented in the same animals to further support a possible effect on 

pathological tau conformational changes and its advanced pathology 

(Giannopoulos, et al., 2013, 2014). 

2.2.4 Immunohistochemistry 
Serial coronal sections were mounted on 3-aminopropyl triethoxysilane (APES)-

coated slides. Every eighth section from the habenular to the posterior 

commissure (8–10 sections per animal) was examined using unbiased 

stereological principles (Chu, Li, Ceballos-Diaz, et al., 2013). The sections used 

for detecting total and phosphorylated tau, synaptic integrity and 

neuroinflammation were deparaffinized, hydrated and subsequently with 3% 

H2O2 in methanol, and then antigen retrieved with citrate (10 mM) or IHC-Tek 

Epitope Retrieval Solution (IHC world). Sections are blocked in 2% fetal bovine 

serum before incubation with primary antibody overnight at 4°C (Wako 

Chemicals, Richmond, VA). After washing, sections are incubated with 

biotinylated anti-mouse IgG (Vector Lab, Burlingame, CA) and then developed by 

using the avidin-biotin complex method (Vector Lab, Burlingame, CA) with 3,3′-

diaminobenzidine (DAB) as a chromogen.  
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2.2.5 Cdk5 Activity Assay 
RIPA brain homogenates described above  were rinsed with PBS once and lysed 

in buffer A (50 mmol/L Tris-HCl [pH 8.0], 150 mmol/L sodium chloride, 1% NP-

40, .5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 0.02% sodium azide 

and freshly added protease inhibitors [100 μg/mL phenylmethysulfonyl fluoride 

and 1 μg/mL aprotinin]). After incubation on ice for 30 min, samples were 

centrifuged at 12,000 g at 4°C for 20 min, and the supernatants collected, and 

incubated with anti-cdk5 antibody (Santa Cruz Biotechnology, Santa Cruz, 

California) at 4°C for 2 hours. Protein A agarose beads (50 μL) were then added 

and incubated for another hour. The immunoprecipitates were washed with lysis 

buffer  and once with HEPES buffer (Chu, et al., 2012). The kinase activity of the 

immunoprecipitated cdk5 is determined by using histone H1 (Santa Cruz 

Biotechnology). Beads were incubated with 5 μg of histone H1 (Santa Cruz 

Biotechnology) in HEPES-buffered saline containing 15 mmol/L MgCl2, 50 μM 

adenosine triphosphate, 1 mmol/L dithiothreitol, and 1 μCi of [32P] adenosine 

triphosphate. After 30 min of incubation at 30°C, the reaction products were 

determined by a liquid scintillation counter. 

2.2.6 Electrophysiology/Long Term Potentiation 

Long-term potentiation (LTP) a persistent strengthening of synapses based on 

recent patterns of activity (Cooke & Bliss, 2006). These are patterns of synaptic 

activity that produce a long-lasting increase in signal transmission between 
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two neurons. The opposite of LTP is long-term depression which produce long-

lasting decrease in synaptic strength. 

LTP is one of several phenomena underlying synaptic plasticity, the ability 

of chemical synapses to change their strength. As memories are thought to be 

encoded by modification of synaptic strength, LTP is widely considered one of 

the major cellular mechanisms that underlies learning and memory (Lomo, 2003). 

Ten-month-old  transgenic htau wild type mice were used for the 

electrophysiology studies  Hippocampal slices were transferred to a recording 

chamber. We will record a field excitatory postsynaptic potentials (fEPSPs) from 

the CA1 stratum radiatum. Baseline is recorded for 20 minutes before 

tetanization with pulses every 30 s. LTP at CA3–CA1 synapses are induced by 

four trains of tetanus stimulation. Recordings are made every 30s for 2h following 

tetanization. where LTP is recorded. All the electrophysiology tests were 

performed by an experimenter who was unaware of the different genotypes and 

treatment. 

2.2.7 Statistical Considerations 
Data was expressed as mean ± SEM. Statistical comparisons will be made by 

one-way analysis of variance (ANOVA), unpaired Student's t-test (two-way), and 

Bonferroni multiple comparison tests using GraphPad Prism 5.0 All data are 

presented as mean ± standard error of the mean. Significance is set at P < 0.05. 
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2.3 Results 

2.3.1 5LO elevated in human and mouse tau brains 
 To see whether 5LO is significantly increased in human tauopathy, we 

measured its levels in brain samples from patients with a confirmed diagnosis of 

Progressive Supranuclear Palsy (PSP) (n=5, age: 70±12) and healthy controls 

(n=6, age: 82±5). As shown in Figure 2.1A-B, we found that steady state levels 

of 5LO were significantly higher in the brain frontal cortices of PSP patients than 

in controls. Next, we assayed 5LO levels in brains from htau mice at different 

ages (2, 6, 10 and 16 months). Compared with wild type mice, brain cortices from 

htau mice showed an age-dependent increase in their levels of 5LO, which 

became statistically significant by 10 months of age (10 months:p<.001;16 

months: p<.0001) (Figure 2.1C-D). By contrast, no significant differences were 

observed between wild type and htau mice at any of the same time points when 

the cerebellum was assayed suggesting a region-specific increase of 5LO in this 

mouse model (Figure 2.1E-F).      

2.3.2 Inhibition of 5LO Ameliorates Cognition 
                      

To evaluate the behavioral effect of 5LO pharmacologic blockade, we 

administered zileuton, a selective and orally available inhibitor of the enzyme to 

the htau mice starting at 3 months of age for 7 months. At this time point, 10 

months of age, mice were initially tested in the Y-maze. No differences were 

observed between the four groups (wild type, wild type-zileuton, htau, htau-
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zileuton) of mice in regards to their general motor activity  (p<0.61) which was 

assessed by the total number of arm entries (Figure 2.2A). However, when we 

counted the number of alternations in the same paradigm, we observed that htau 

mice on placebo had a less number of alternations resulting in a significantly 

lower percentage compared to the wild type mice (p<.0001). In contrast, the htau 

mice receiving zileuton had a higher number of alternations, which were 

comparable to the wild type group, suggesting an improvement of their working 

memory (p<0.96) (Figure 2.2B). Thereafter, mice were tested for reference 

spatial memory function by using the Morris water maze. In these studies, we 

performed visible platform training followed by hidden platform testing with four 

probe trials per day. All mice in each group were similarly proficient swimmers 

and able to locate the visible platform (p<1). However, as previously described, 

(Polydoro, Acker, Duff, Castillo, & Davies, 2009) htau mice performed 

significantly worse than the wild type for the first three days of training (Figure 

2.2C). Treatment of the htau mice with zileuton eliminated this deficit as this 

group performed similarly to the wild type control mice (p<0.93) (Figure 2.2C). In 

the probe trial htau mice showed significant increase in the latency to first entry 

to the platform (p<0.001) (Figure 2.2D), along with a significant decrease in the 

number of entries to the target platform (p<.001) (Figure 2.2E), and also spent 

less time in the target zone (p<.001) (Figure 2.2F) when compared with wild type 

mice. However, the htau mice treated with zileuton were comparable to the wild 

type in all the above parameters, performing significantly better than the htau 
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group on placebo (p<.01) (Figure 2.2C-F). Zileuton in the wild type group did not 

result in any significant changes in behavior responses (p<0.96) (Figure 2.2A-F).  

Next, mice underwent fear conditioning testing. When the four groups of mice 

were subjected to contextual fear conditioning the htau mice performed 

significantly worse than the WT groups (p<.001). However the zileuton treated 

tau mice showed improvement and performed comparable to the WT groups did 

not manifest any significant differences (p<0.91) (Figure 2.3 Left). In the cued 

phase of the conditioning we observed that WT and WT-zileuton mice exhibited 

similar levels of freezing (p<0.89). On the other hand, htau mice had significant 

lower freezing percentages which were normalized in the htau-zileuton mice 

(p<.0001) (Figure 2.3 Right).  

2.3.3 5LO Modulation on Tau Phosphorylation 
 A week after completion of the behavioral tests, mice were euthanized and 

brains harvested for biochemistry and immunohistochemistry analyses. No 

significant differences were observed between the vehicle control group and 

mice receiving zileuton when steady state levels of brain 5LO were assayed 

(p<0.84) (Figure 2.4A-B). By contrast, we found that compared with controls, 

brains from mice receiving zileuton had a significant reduction in LTB4 levels 

(p<.0001), a major metabolic product of 5LO activation (Figure 2.4C). Next, we 

embarked in a series of studies aimed at investigating the effect of 5LO 

pharmacological inhibition on tau levels and metabolism.  As shown in Figure 
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2.4D, although we did not observe any changes in the levels of total soluble tau 

among the groups (p<0.92), compared with the htau mice, the zileuton-treated 

htau mice showed a significant decrease in its phosphorylated forms at epitopes 

S202/T205 (p<.01) (as recognized by the antibody AT8), T231/T235 (p<.001) (as 

recognized by the antibody AT180), S396/S404 (p<.01) (as recognized by the 

antibody PHF-1) and S396 (p<.0001) (as recognized by the antibody PHF-13), 

but not at epitope T181 (p<0.67) (as recognized by AT270). Those changes were 

reflected in the significant reduction in the ratios of p-tau with total tau for each of 

the epitopes: (AT8/tau =0.54; AT180/tau=0.69; AT270/tau=0.96; PHF-1/tau=0.45; 

PHF-13/tau=0.49) (Figure 2.4D-E).  

In accordance with the western blot results, immunohistochemical staining 

showed decreased somatodendritic accumulations of the phosphorylated 

epitopes recognized by the antibodies AT8, AT180, PHF-1 and PHF-13 in the 

htau-zileuton mice when compared with controls (p<.001) (Figure 2.4F). 

 Additionally, we explored the effect of 5LO pharmacologic blockade on levels of 

insoluble tau. Compared to the htau control mice, the zileuton treated transgenic 

mice showed a significant decrease in the insoluble fraction of phosphorylated  

tau-HT7 (p<.0001) (Figure 2.5A-B). Because we observed a decrease in the 

insoluble fraction of tau, next we assessed whether the same animals had a 

change in its conformation status by using the antibody MC1, which recognizes 

N-terminal amino acids 7-9 and C-terminal amino acids 312-322 (Weaver, 
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Espinoza, Kress, & Davies, 2000). As shown in Figure 2.5C we found a 

significant decrease in MC1 immunoreactivity in the brains of zileuton-treated 

mice when compared with controls (p<.001) .    

To explore the molecular mechanism responsible for the change in tau 

phosphorylation, we assayed some of the kinases which are considered key 

regulators of its post-translational modification. In comparing the two groups of 

mice (htau and htau-zileuton), we did not observe any significant differences in 

the levels of total and phosphorylated glycogen synthase kinase 3- (GSK3-) 

and GSK3, total and phosphorylated stress-activated protein kinase 

(SAPK/JNK) along with no significant changes in the steady-state levels of 

protein phosphatase 2A (PP2A) (p<0.86) (Figure 2.5D-E) . By contrast, we found 

that compared with the htau mice controls, the zileuton-treated group had a 

significant decrease (p35: p<.001; p25: p<.01) in the co-activators of the cdk5 

kinase (p35 and p25), suggesting a reduction in the activity of this kinase.  In 

support of this observation, we found that compared with controls, ex vivo activity 

for cdk-5 was significantly decreased in brains of htau treated with zileuton when 

compared with controls (p<.001) (Figure 2.5F).  

2.3.4  Inhibition of 5LO Increases Synaptic Integrity 
  

 Changes in tau phosphorylation state and solubility have been associated 

with modifications of synaptic integrity, therefore we examined this aspect of the 
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htau mouse phenotype. Compared with the htau group control, zileuton-treated 

mice displayed a significant increase in the steady state levels of two key 

synaptic proteins: synaptophysin and post-synaptic density protein-95 (PSD-95) 

(p<.01) (Figure 2.6A-B), and the dendritic protein MAP2 (p<.001) (Figure 2.6A-

B). These results were further confirmed in brain sections of the same mice when 

assessed by immunohistochemistry (Figure 2.6C).  No significant changes in 

these proteins were observed between wild type mice receiving vehicle and the 

ones receiving zileuton (p<0.79) (Figure 2.7A-C). 

2.3.5 Inhibition of 5LO Reduces Neuroinflammation  
Next, we assessed whether a pharmacological blockade of 5LO 

influenced neuroinflammation in these mice. As shown in figure 5D-E, we 

observed a significant reduction in glial fibrillary protein (GFAP) (p<.0001) and 

cluster of differentiation 45 (CD45) (p<.01), markers of astrocytes and microglial 

cell activation respectively, in the brains of the htau mice treated with zileuton 

when compared with control mice (Figure 2.6D-E). These results were further 

confirmed in the brain sections of the same mice when assessed by 

immunohistochemistry analyses (Figure 2.6F). No significant effects on these 

parameters were observed in wild type mice receiving zileuton (Figure 2.8A-C). 

2.3.6 5LO Inhibition Rescues Synaptic Deficits  
As the pharmacologic blockade of 5LO in htau mice yielded an 

improvement in memory and hippocampal synaptic integrity, we then examined 
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the effect of this therapeutic approach on synaptic function. First, we investigated 

basal synaptic transmission by generating input/output (I/O) curves and 

measuring field excitatory postsynaptic potentials (fEPSPs) elicited in CA1 by 

stimulation of the Schaffer collaterals at increasing strength of stimulus 

intensities. As shown in Figure 2.9A, there were no differences observed in I/O 

curves between any of the groups considered (wild type, htau and htau-zileuton) 

(p<0.74). Next, we measured short-term plasticity by examining PPF, 

demonstrating an activity-dependent presynaptic modulation of transmitter 

release (Zucker & Regehr, 2002). In accordance with the I/O curves, there were 

no differences in PPF among the different groups (p<0.63) (Figure 2.9B). Finally, 

we investigated long-term potentiation (LTP) in the CA1 region of the 

hippocampus, which is a measure of neuronal plasticity and in vitro 

representation of memory and cognition (Bliss & Collingridge, 1993). In this test, 

we found that compared to the wild type group, the htau mice had a significant 

reduction in fEPSP slope (p<.0001). By contrast, the pharmacologic blockade of 

5LO in the htau mice completely restored the fEPSP slope, showing an LTP 

response comparable to the wild type mice (p<0.93) (Figures 2.9C-E).  

2.4 Discussion 

The results from the current aim provide experimental support that 5LO directly 

plays a functional role in tau phosphorylation, synaptic function and plasticity and 

memory in a mouse model of tauopathy, which well reproduces some of the 
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features of human FTD. FTD consists of a spectrum of clinical syndromes 

associated with different underlying prevalent neuropathological signatures which 

can be summarized in 3 major groups: FTD-tau, FTD-TDP-43 and other FTD. 

Having chosen a mouse model which develops only tau pathology, next we were 

interested in investigating the 5LO pathway in PSP, which is probably  the best 

representative form of the FTD-tau sub-group. 

In the current aim, first we showed that human brains from patients with a 

confirmed diagnosis of PSP had significantly higher levels of 5LO when 

compared with brains form healthy controls. This results were confirmed in the 

htau mice confirming an age-dependent and region-specificity of the 5LO up-

regulation thereby supporting the hypothesis that this pathway has a functional 

role in the development of the tauopathy phenotype. 

In the behavioral portion of the study htau mice receiving zileuton displayed a 

significant improvement in their memory performance in multiple behavioral 

paradigms measuring  working memory, contextual and cued recall and spatial 

memory.In association with the changes in behavior, we observed that 

pharmacologic inhibition of 5LO had an influence on tau phosphorylation with the 

involvement of the cdk5 pathway.  

By pharmacologically blocking 5LO, a source of pro-inflammatory mediators, we 

also observed a significant reduction in neuroinflammation as demonstrated by a 

decrease in GFAP and CD45 levels which are markers of astrocytes and 
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microglia cell activation respectively. Treatment with zileuton was able to 

completely restore synaptic integrity in htau mice comparable to wild type levels 

suggesting an improvement of this important functional for memory and learning 

secondary to 5LO pharmacological blockade. 

To further support the involvement of this pathway in the improvement of the 

behavioral and cognitive deficits, we determined that pharmacological blockade 

was adequate to restore synaptic function as LTP responses were increased 

significantly compared to the vehicle htau mice.  

Taken together these results unveiled a new aspect in the neurobiology of 5LO in 

the context of tauopathy by demonstrating its functional and direct role in 

modulating memory and cognition, synaptic integrity, synaptic function and tau 

phosphorylation. These new findings, by demonstrating the pleiotropic role of this 

protein in tauopathy pathogenesis makes it not only a valid pharmacological 

target, as 5LO inhibitors are already FDA approved but, more importantly, 

represents a unique therapeutic opportunity with true disease modifying potential 

for the treatment of tauopathies.  
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Table 2.1. Antibodies Used in the Study. 

Antibody Immunogen Host Application Source 

5LO Human 5-LO aa 442-590 Mouse WB BD 
Transduct 

HT7 aa 159-163 of human tau Mouse WB,IHC Pierce 

AT-8 Peptide containing phospho-
S202/T205 

Mouse WB,IHC Pierce 

AT-180 Peptide containing phospho-
T231/S235 

Mouse WB,IHC Pierce 

AT-270 Peptide containing phospho-
T181 

Mouse WB,IHC Pierce 

PHF-13 Peptide containing phospho-
Ser396 

Mouse WB,IHC Cell 
Signaling 

PHF-1 Peptide containing phospho-
Ser396/S404 

Mouse WB,IHC Dr. P. Davies 

MC-1 Detecting conformational 
abnormality of tau 

Mouse IHC Dr. P. Davies 

GFAP aa spinal chord homogenate of 
bovine origin 

Mouse WB,IHC Santa Cruz 

CD45 Mouse thymus or spleen Rat WB,IHC BD 
Pharmingen 

SYP (H-8) aa 221-313 of SYP of human 
origin  

Mouse WB,IHC Santa Cruz 

PSD95 
(7E3-1B8) 

Purified recombinant rat PSD-95 Rabbit WB,IHC Thermo 
Scientific 

P38 Peptide corresponding to human 
p38 MAPK sequence 

Rabbit WB Cell 
Signaling 

pP38 residues surrounding 
Thr180/Tyr182 of human p38 
MAPK. 

Rabbit WB Cell 
Signaling 

MAP2 Bovine brain microtubule protein Rabbit WB,IHC Millipore 
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PP1 aa 95-109 of human protein PP1 Mouse WB Millipore 

GSK3α/β aa 1-420 full length GSK-3β of 
Xenopus origin 

Mouse WB Millipore 

p-GSK3α/ β aa around Ser21 of  human 
GSK-3a. 

Rabbit WB Cell 
Signaling 

JNK2 aa of human JNK2 Rabbit WB Cell 
Signaling 

SAPK/JNK aa of recombinant human JNK2 
fusion protein 

Rabbit WB Cell 
Signaling 

p-
SAPK/JNK 

p46 and p54 SAPK/JNK dually 
phosphorylated at threonine 183 
and tyrosine 185 

Rabbit WB Cell 
Signaling 

Cdk5 aa C-terminus of Cdk5 of human 
origin 

Rabbit WB Santa Cruz 

P35/25 aa C-terminus of p35 /25 of 
human origin 

Rabbit WB Santa Cruz 

PP2a aa 295-309 of catalytic subunit 
of human protein phosphotase 
2A. Clone 1D6. 

Mouse WB Millipore 

Actin aa C-terminus of Actin of human 
origin 

Goat WB Santa Cruz  

 

 

 

 

 

 

 

 

  Table 2.1 Continued… 
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Figure 2.1. 5LO Elevated in Brains From Human and Mouse Tauopathy. (A) 

Representative Western blot analyses for 5LO in brain cortex homogenate from 

Control (n=6) and Progressive Supranuclear Palsy (PSP) patients (n=6). (B) 

Densitometric analyses of the immunoreactivity to the antibodies in panel A 

(*p<.001) (C) Representative Western blot analyses for 5LO in brain cortex 

(CTX) homogenates from wild type (WT) and htau mice at 2,6,10 and 16 months 

of age. (D) Densitometric analyses of the immunoreactivity to the antibody in 

panel C (*p<.001; **p<.0001)  (E) Representative Western blot analyses for 5LO 

in brain cerebellum (CB) homogenates from WT and htau mice at 2,6,10 and 16 

months of age. (F) Densitometric analyses of the immunoreactivity to the 

antibodies in Panel E. Results are mean ± sem. 
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Figure 2.2. Inhibition of 5LO Ameliorates Behavioral Deficits in Tau Mice. 

(A) Total number entries for wild type (WT), WT-zileuton, htau and htau-

zileuton mice at 10 months of age. (B) Percentage of alterations between 

the same groups of mice (***p<.0001) (C) MWM training phase: latency to 

initial platform crossing for wild type (WT) (n=11); WT-zileuton (n=13); htau 

(n=13) and htau-zileuton (n=14) mice at 10 months of age (*p<.01). (D)  

Number of entries to the target platform zone for the same groups of mice 

(**p<.001). (E). Time spent in the target platform zone for WT, WT-

zileuton, htau and htau-zileuton mice (**p<.001). (F) Probe Trial: Latency 

to initial platform crossing for wild type (WT) (n=12); WT-zileuton (n=11); 

htau (n=13) and htau-zileuton (n=14) mice at 10 months of age (**p<.001).  
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Figure 2.3. Zileuton Improves Contextual and Cued Recall in Tau Mice. 

(Left) Contextual fear memory response in WT, WT-zileuton, htau and htau-

zileuton mice at 10 months of age (*p<.001). (Right) Cued recall fear memory 

response in the same groups of mice (n=12 for WT, n=11 for WT-zileuton, n=12 

for htau, n=14 for htau-zileuton)  (*p<0.0001). Values represent mean +/- 

standard error of the mean. 
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Figure 2.4. 5LO modulates Tau Phosphorylation in Brains of Htau Mice. (A) 

Representative Western blot analyses for 5LO in brain cortex homogenate from 

htau and htau-zileuton mice at 10 months of age. (B) Densitometric analyses of 

the immunoreactivity to the antibodies in panel A. (C) Measurement of LTB4 

levels in brain homogenates from htau and htau-zileuton mice (**** p<.0001) (D) 

Representative Western blot analyses for total tau (HT7) and phosphorylated tau 

at residues S202/T205 (AT8), T231/T235 (AT180), T181 (AT270), S396/S404 

(PHF-1) and S396 (PHF-13) in brain cortex homogenates from htau mice and 

htau-zileuton mice at 10 months. (E) Densitometric analyses expressed as ratios 

of p-tau versus total tau of the immunoreactivities to the antibodies shown in 

panel D (*p<.05; **p<.01; ***p<.001 ****p<.0001). (F) Representative images of 

immunohistochemical stainings in the CA1 region of htau and htau-zileuton mice 

for HT7, AT8, AT180, PHF-1 and PHF-13 antibodies.   
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Figure 2.5. 5LO Modulates Tau Metabolism in the Brains of Htau Mice. (A) 

Representative Western blot analyses for insoluble phospho tau fraction (AT8) in 

brain homogenates from htau and htau-zileuton mice. (B) Densitometric analyses 

of the immunoreactivities to the antibodies shown in panel A (*p<.01; **p<.001; 

***p<.0001). (C)  Representative images of immunohistochemical staining of the 

brain hippocampal region for MC1 antibody.  (D) Representative Western blot 

analyses for cyclin-dependent kinase (cdk)5,p35,p25, glycogen synthase kinase 

(GSK3, GSK3, p-GSK3,p-GSK3), stress activated protein kinase/jun amino 

terminal kinase (SAPK/JNK1, SAPK/JNK2, p-SAPK/JNK1,p-SAPK/JNK2) and 

phosphotase protein-2 (PP2)A protein levels in brain homogenates from htau and 

htau-zileuton mice. (E) Densitometric analyses of the immunoreactivities to the 

antibodies from previous panel (*p<.01;**p<.001). (F) Cdk5 kinase activity in 

lysates from brain homogenates for htau and htau-zil mice (***p < .001). Values 

represent mean ± sem. 
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Figure 2.6.	Zileuton Improves Synaptic Integrity and Neuroinflammation. (A) 

Representative Western blot analyses for synaptophysin (SYP), postsynaptic 

density protein 95 (PSD95) and microtubule associated protein-2 (MAP-2) in 

brain homogenates from htau and htau-zileuton mice. (B) Densitometric analyses 

of the immunoreactivities shown in the previous panel (**p<.001). (C) 

Representative images of immunohistochemical staining in the hippocampus for 

SYP, PSD95 and MAP2 in htau and htau-zileuton mice. (D) Representative 

Western blot analyses for glial fibrillary acidic protein (GFAP) and cluster domain 

(CD)45 in brain homogenates from htau and htau-zileuton mice. (E) 

Densitometric analyses of the immunoreactivities to the antibodies from the 

previous panel (*p<.01;**p<.001). (F) Representative immunohistochemical 

stainings for GFAP and CD45 reactivity in brains from htau and htau-zileuton 

mice.  
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Figure 2.7.  Zileuton Does Not Alter Synaptic Integrity in WT mice.  (A) 

Representative Western blot analyses for synaptophysin (SYP), postsynaptic 

density protein 95 (PSD95) and microtubule associated protein-2 (MAP-2) in 

brain homogenates from WT and WT-zileuton mice. (B) Densitometric analyses 

of the immunoreactivities shown in the previous panel. (C) Representative 

images of immunohistochemical staining in the hippocampus for SYP, PSD95 

and MAP2 in htau and htau-zileuton mice.  
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Figure 2.8. ZIleuton Does Not Alter Synaptic Integrity in WT mice. (A) 

Representative Western blot analyses for glial fibrillary acidic protein (GFAP) and 

cluster domain (CD)45 in brain homogenates from WT and hWT-zileuton mice. 

(B) Densitometric analyses of the immunoreactivities to the antibodies from the 

previous panel. (C) Representative immunohistochemical stainings for GFAP and 

CD45 reactivity in brains from WT and WT-zileuton mice. 
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Figure 2.9.  Zileuton Rescues Synaptic Dysfunction in Tau Transgenic Mice. 

(A) Input/Output (I/O) curves and representative field excitatory postsynaptic 

potentials (fEPSPs) at increasing stimulus strengths (0-300 A) are shown for WT, 

htau and htau-zileuton mice at 10 months. (B) Mean fEPSP slopes: interpulse 

interval between the first and second fEPSPs evoked at CA3-CA1 synapses at 

20, 50, 100, 200 and 1000 milliseconds. (C) fEPSP slopes recorded for 2 hrs: 

percentage of pretetanus baseline in same groups of animals. (D) LTP 

magnitudes: percentages of baseline for 0-10 minutes post-tetanus (221.6% +/- 

1.9% for WT, n=15 slices; 170.4% +/- 1.6% for htau, n=14 slices; 223.2% +/- 

2.4% for htau-zileuton, n=13 slices). (E) LTP magnitudes: percentages of 

baseline for 110-120 minutes post-tetanus (184.6% +/- 2.7% for WT, n=15 slices; 

141.3% +/- 1.7% for htau, n=14 slices; 182.2% +/- 2.3% for htau-zileuton, n=13 

slices; *p<.0001). The experiment was performed by Margaret Sperow. 



79 

 

3 CHAPTER 3                                                     
SPECIFIC AIM 2- INVESTIGATE THE MECHANISM BY 

WHICH 5LO REGULATES TAU METABOLISM 
 

3.1 Rationale  

We hypothesize that 5LO by modulating specific kinases/phosphatases regulates 

tau metabolism which results in altered phosphorylation and subsequent 

intracellular accumulation of NFTs. The major goal of this Aim is to establish the 

mechanism responsible for this biological effect. To address this aim we will use 

primary neurons to investigate: 1) the effect of 5LO over-expression or absence 

on tau phosphorylation on specific epitopes; 2) the involvement of a translational 

or post-translational mechanism in this biological effect. 

3.2 Methods            

3.2.1 Primary Neurons 
Cortices from htau mouse pups (P0) were isolated and plated twenty-four hours 

later, medium was removed and replaced with special medium promoting 

neuronal survival and inhibiting growth of non-neuronal cells. Neurons were used 

for experimentation seven days after plating and treated with zileuton, or 

transfected with empty vector pcDNA3.1 or human 5LO pcDNA3.1 for 24 hours. 

After treatment, supernatants were collected, and cells were harvested in lytic 

buffer for biochemical analyses. 
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The same primary antibodies used against total tau and its different 

phosphorylated isoforms will be used in this study. Results will always be 

expressed as the ratio of phospho-tau versus total tau.  

Thereby, total levels of the kinases and phosphotases used in vivo were be 

assayed for. Separate batches of control and 5LO cells are treated with either  

cdk5 siRNA or  Roscovitine. Roscovitine is a cell permeable reversible selective 

inhibitor of cyclin-dependent kinases Cdk1, Cdk2 and Cdk5 (Meijer et al., 1997). 

A purine analog, this drug competes for the binding site of ATP in the catalytic 

cleft (Whittaker et al., 2007).   After 24 hours of transfection, supernatants are 

collected, and cells harvested in lytic buffer for biochemistry analyses as above 

described. 

3.2.2 Statistical Considerations 
Data was expressed as mean ± SEM. Statistical comparisons will be made by 

one-way analysis of variance (ANOVA), unpaired Student's t-test (two-way), and 

Bonferroni multiple comparison tests using GraphPad Prism 5.0 All data are 

presented as mean ± standard error of the mean. Significance is set at P < 0.05. 

3.3 RESULTS 

3.3.1 5LO Regulates Tau Phosphorylation via cdk5 

To further investigate the molecular mechanism responsible for the in vivo 

effect of 5LO pharmacological blockade on tau metabolism, we used primary 

neuronal cells stably expressing the same human tau transgene as the mice 
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used in the study above described. Cells were incubated overnight in the 

absence (control) or presence of zileuton (25ug), and supernatants and cell 

lysates collected. Compared with controls, we observed that the zileuton-treated 

cells did not show any changes in total tau (HT7) levels (p<0.95), however there 

was a significant decrease in its phosphorylated forms at epitopes S202/T205 

(p<.001) (as recognized by the antibody AT8), epitopes T231/T235 (p<.0001) (as 

recognized by the antibody AT180), S396/S404 (p<.01) (as recognized by the 

antibody PHF-1). Similarly to what we have observed in the htau mice brains, no 

change in the tau phosphorylation at epitope T181 (p<0.79) (recognized by the 

antibody AT270), was observed between the two groups (Figure 3.1A-B). 

Under the same conditions, we observed that while the steady-state levels of 

cdk5 kinase were not changed, the levels of its two main co-activators, p35 and 

p25, were significantly decreased in the zileuton-treated cells when compared 

with controls (p35: p<..001; p25: p<.0001) (Figure 3.1C-D).   By contrast, no 

differences were found between the two conditions for the levels of total and 

phosphorylated forms of GSK-3α, GSK-3β (Figure 3.1C-D). 

3.3.2 5LO Regulates Tau Phosphorylation in vitro 
 To further investigate the molecular mechanism responsible for the in vivo 

effect of 5LO overexpression on tau phosphorylation, we used primary neuronal 

cells stably expressing the human tau transgene, in the following experiments. 

Cells were transfected with 5LO cDNA or empty vector, and supernatants and 
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cell lysates were collected. Transfection efficacy was confirmed by the 

significantly higher levels of 5LO protein (Figure 3.2A-B). Compared with 

controls, we observed that the same cells did not yield an increase in total tau 

(HT7) (p<0.83), however there was a significant increase in  its phosphorylated 

forms at epitopes S202/T205 as recognized by the phospho-tau antibody (AT8) 

(p<.01) and S396/S404 (PHF-1) (p<.001). Conversely, no change in the tau 

phosphoepitope T181 (AT270) (p<0.74), was observed between the two groups 

as was the case in vivo (Figure 3.2A-B).  

3.3.3 5LO Modulates cdk5 Activity 
 It is well established that tau protein is regulated by an assortment of post-

translational modifications, which includes phosphorylation changes regulated by 

various kinases. To investigate which was directly influenced by 5LO, 

immunoblot analyses for these kinases were performed in the same samples. 

We found no differences between the two cell treatments (Control and 5LO) in 

the levels of total or phosphorylated forms of GSK-3α, GSK-3β (p<0.82) (Figure 

3.2C-D). On the other hand, although we observed that the steady-state levels of 

Cdk5 kinase were not changed, the levels of its main coactivator, p25, were 

significantly increased in 5LO-overexpressing cells (p<.001), suggesting an 

increase in the activity of this kinase (Figure 3.2C-D).  
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3.3.4 cdk5  Inhibition Blocks Tau Phosphorylation 
Increase   

 To further support the direct involvement of cdk5 in this biological effect on 

tau, next we used a genetic and pharmacologic approach to down-regulate this 

kinase. Initially, overexpression of 5LO (Figure 3.3A-B) did not result in total tau 

elevation (p<0.79) (Figure 3.3A and 3.3C) but led to an increase in (AT8 

(p<.001): Figure 3.3A and 3.3D; PHF-1 (p<.01): Figure 3.3A and 28E)) via 

cdk5 as indicated by increase of p35 (p<.001) and p25 (p<.0001) (Figure 3.3F-I). 

Thereafter both Control and 5LO overexpressed cells were treated with cdk5 

siRNA (genetic inhibition) and Roscovitine (pharmacologic inhibition) where tau 

levels and its phosphorylation state were assessed. As shown in (Figure 3.3A-

E), we found that genetic and pharmacologic blockade of cdk5 activation 

prevented the increase in AT8 and PHF-1 immunoreactivities. Under the same 

conditions, we also observed that the elevation of the cdk5 kinase activators p35 

and p25 was also prevented do to genetic and pharmacologic inhibition of the 

kinase  (Figure 3.3F-H). 

3.4 Discussion 

To further substantiate the role of 5LO in tau metabolism from AIM 1, we 

performed a series of in vitro experiments. Primary neuronal cells with zileuton 

treatment showed a decrease in tau phosphorylation whereas  cells over-

expressing 5LO displayed an elevation in tau phosphorylation levels specifically 
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at epitopes S202/T205 (recognized by antibody AT8), and S396/404 (recognized 

by the antibody PHF-1) as demonstrated by immunoblot analyses. Confirming 

the in vivo data, we observed that the majority of the kinases involved in 

phosphorylation of tau remained unchanged between controls, zileuton treated 

cells and cells over-expressing 5LO, the cdk5 kinase pathway was involved as 

shown by selective decrease with 5LO inhibition and increase of its coactivators 

p35 and p25 as well with 5LO up-regulation. Thereafter, we showed that direct 

inhibition of cdk-5 activation resulted in prevention of the 5-LO dependent 

increase in tau phoshphorylation. 

As a whole, these results unravel a new facet in the neurobiology of 5LO in the 

context of tau pathology by signifying its translational roles for the 5LO-

dependent effects via the cdk5 pathway.  
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Figure 3.1  5LO Modulates Tau Metabolism via the Cdk5 Kinase Pathway. 

(A) Representative Western blots of total tau (HT7), and phosphorylated tau at 

residues S202/T205 (AT8), T231/T235 (AT180), T181 (AT270) and S396/S404 

(PHF-1) in primary neuronal cells for Control and zileuton treatment. (B) 

Densitometric analyses of the immunoreactivities to the antibodies shown in the 

previous panel (*p < 0.01). (C) Representative Western blot analyses for cyclin-

dependent  kinase (cdk)-5,p35, p25, GSK3, GSK3, p-GSK3  and p-GSK3. 

(D) Densitometric analyses of the immunoreactivities to the antibodies shown in 

the previous panel (*p < 0.01;**p<0.001). Values represent mean ± sem. 
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Figure 3.2. 5LO Modulates Tau Levels and Metabolism via the Cdk5 Kinase. 

(A) Representative Western blots of 5LO, total tau (HT7), and phosphorylated 

tau at residues  residues residues S202/T205 (AT8), T181 (AT270) and 

S396/S404 (PHF-1). (B) Densitometric analyses of the immunoreactivities to the 

antibodies shown in the previous panel (*p<.01;**p < .0001). (C) Representative 

Western blot analyses for cdk5,p35 and p25 (D) Densitometric analyses of the 

immunoreactivities to the antibodies shown in the previous panel (*p < .01; 

**p <.001)  
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Figure 3.3 5LO Modulates Tau Phosphorylation via Cdk5 Pathway. (A) 

Representative Western blots of HT7,AT8,AT270,PHF-1 cell lysates transfected 

with 5LO or vector control,  roscovitine and cdk5 siRNA. (B) Densitometry of 

immunoreactivity to 5LO (*p < 0.0001: Control vs 5LO; Rosc vs 5LO+Ros; cdk5 

siRNA vs 5LO+cdk5 siRNA). (C) Densitometry of  immunoreactivity to HT7 

antibody (D) Densitometric analyses of the immunoreactivity to AT8 (*p < 0.01: 

Control vs 5LO). (E)  Densitometry of immunoreactivity to PHF-1 (*p < 0.001: 

Control vs 5LO). (F) Representative Western blots of Cdk5, p35 and p25 in 

lysates from cells transfected with 5LO or vector control, in the presence  of 

roscovitine and cdk5 siRNA. (G) Densitometry of immunoreactivities to the cdk5 

(**p < .0001: Control vs cdk5 siRNA and Control vs 5LO+cdk5-siRNA). (H) 

Densitometry of immunoreactivity to p35 (*p <.001: Control vs 5LO). (I) 

Densitometry of immunoreactivity to p25 (*p <.001: Control vs 5LO).  
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4 CHAPTER 4                                                     
SPECIFIC AIM 3- ESTABLISH THE FUNCTIONAL 
ROLE OF 5LO IN THE DEVELOPMENT OF TAU 

PATHOLOGY AND COGNITIVE IMPAIRMENTS IN A 
MOUSE MODEL OF TAUOPATHY 

 

4.1 Rationale 

The major goal of this Aim is to build a definitive support for our central 

hypothesis: 5LO regulates signaling pathway responsible for the development of 

tau pathology. To this end, we will assess the effect of: genetic over-expression 

of 5LO on tau phosphorylation, development of tau pathology and behavioral 

deficits in a mouse model of tauopathy. 

4.2 Methods 

Experimental Design: Mice expressing non mutant human tau in the absence of 

mouse tau (htau mice) (Andorfer, et al., 2003) and their wild type littermates were  

used. These mice were generated by crossing mice that express a tau transgene 

derived from a human PAC, H1 haplotype, known as 8c mice, with the knockout 

(KO) mice that have a targeted disruption of tau exon 1 (Duff, et al., 2000; 

Tucker, et al., 2001). The F1 generation of mice that contain the human tau gene 

were backcrossed to the KO mice to obtain a population of mice that were 

homozygous for the tau disruption, but that also carried the human tau 
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transgene. The wildtype (WT) mice are aged-matched C57BL6/SJL controls. The 

animals were kept in a pathogen-free environment on a 12 hour light/dark cycle 

and fed a normal chow and water ad libitum. All animal procedures are approved 

by the Institutional Animal Care and Usage Committee, in accordance with the 

U.S. National Institute of Health guidelines. 

4.2.1 Injection of AAV2/1 to Neonatal Mice 
Postnatal day 2 (P2) pups are bilaterally injected (2ul) into the cerebral ventricle 

with AAV2/1-5LO vector. In the control groups, age matched pups were injected 

(2ul) into the cerebral ventricle with AAV2/1 empty vector. Animals then 

underwent behavioral testing when the reached 12 months of age. Two weeks 

after the behavioral testing, mice are sacrificed and used for biochemical 

analyses. All animal procedures are approved by the Institutional Animal Care 

and Usage Committee, in accordance with the U.S. National Institute of Health 

guidelines. 

4.2.2 Behavioral Tests  
All the animals were handled for at least 3-4 days prior to testing. They were 

tested in random order and the experimenter conducting the tests was unaware 

of the genotype or treatment.  

4.2.2.1  Y-maze Spontaneous Alternation Test  
Testing occured in a Y-shaped maze with three white, opaque plastic arms at a 

120° angle from each other. After introduction to the center of the maze, the 
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animals (WT,WT-5LO,htau,htau-5LO) were allowed to freely explore the three 

arms for five minutes. The number of arm entries and the number of triads were 

recorded in order to calculate the percentage of alternation. An entry occured 

when all four limbs are within the arm. An alternation was defined as three 

consecutive entries in three different arms (1,2,3 or 2,3,1, etc.). Testing was 

always performed in the same room and at the same time to ensure 

environmental consistency.  

4.2.2.2  Morris Water Maze  
The mice (WT,WT-5LO,htau,htau-5LO) were placed in a large circular pool of 

water and required to escape from water onto a hidden platform whose location 

can normally be identified only using spatial memory. The animals were placed 

into the water facing the sidewalls of the pool, at different start positions across 

all four trials and they quickly learned to swim to the correct location with 

decreasing escape latencies and more direct swim paths. The tracking system 

measured the gradually declining escape latency across trials, and parameters 

such as path-length, swim-speed, and directionality in relation to platform 

location. When the mice were unable to find the platform within the 60 sec time 

limit, they were guided to the platform and remained for 15 sec. After 30 sec of 

rest, the mice were to perform the next trial until all four trials were complete.  

When all the groups reached the threshold of finding the platform within 20 sec, 

the experimenter conducted a probe trial in which the escape platform is 
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removed from the pool and the animal allowed to swim for 60 sec. Typically, a 

well-trained mouse will swim to the target quadrant of the pool and repeatedly 

across the former location of the platform until starting to search elsewhere. This 

spatial bias, measured in various ways, constitutes evidence for spatial memory. 

After completion of the probe trial, the mice were assessed based on how many 

times they crossed the platform, how much time they spent in the platform zone, 

how long it took for initial platform entry and the distance required to reach the 

platform. 

4.2.3 Immunoblotting Analyses 
The cortex brain regions were extracted in Radioimmunoprecipitation assay 

(RIPA)  buffer from human and mouse brain (WT,WT-5LO,htau,htau-5LO) 

homogenates. Samples were centrifuged for 45 min @ 45000 rpm and the 

supernatant was collected and used for western blot analyses. Samples were 

electrophoresed on 10% Bis–Tris gels or 3–8% Tris–acetate gel (Bio-Rad, 

Richmond, CA), according to the molecular weight of the target molecule, 

transferred onto nitrocellulose membranes (Bio-Rad, Richmond, CA), and then 

incubated with appropriate primary antibodies listed in Table 1 below. After three 

washings with T-TBS, membranes are incubated with IRDye 800CW or IRDye 

680CW-labeled secondary antibodies (LI-COR Bioscience, Lincoln, NE) at 22°C 

for 1 h. Signals were developed with Odyssey Infrared Imaging Systems (LI-COR 

Bioscience, Lincoln, NE). Beta-actin is always used as internal loading control. 
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4.2.4 Sarkosyl-Insoluble Tau 
From the above soluble extractions, the pellet was collected in 1% sarkosyl 

buffer and shaken at room temperatue for 90 minutes.  Then, the samples were 

centifuged @ 20000 rpm for 30 minutes to obtain the insoluble (aggregates) 

fractions of tau from mice (WT,WT-5LO,htau,htau-5LO) brain homogenates. The 

insoluble fractions are immunoblotted as described above using an antibody that 

recognizes total human tau, HT-7. Standard immunohistochemistry analyses 

were also implemented in the same animals to further support a possible effect 

on pathological tau conformational changes and its advanced pathology 

(Giannopoulos, et al., 2013, 2014). 

4.2.5 Immunohistochemistry 
Serial coronal sections from (WT,WT-5LO,htau,htau-5LO) mice were mounted on 

3-aminopropyl triethoxysilane (APES)-coated slides. Every eighth section from 

the habenular to the posterior commissure (8–10 sections per animal) was 

examined using unbiased stereological principles (Chu, Li, Ceballos-Diaz, et al., 

2013). The sections used for detecting total and phosphorylated tau, synaptic 

integrity and neuroinflammation were deparaffinized, hydrated and subsequently 

with 3% H2O2 in methanol, and then antigen retrieved with citrate (10 mM) or 

IHC-Tek Epitope Retrieval Solution (IHC world). Sections are blocked in 2% fetal 

bovine serum before incubation with primary antibody overnight at 4°C (Wako 

Chemicals, Richmond, VA). After washing, sections are incubated with 
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biotinylated anti-mouse IgG (Vector Lab, Burlingame, CA) and then developed by 

using the avidin-biotin complex method (Vector Lab, Burlingame, CA) with 3,3′-

diaminobenzidine (DAB) as a chromogen.  

4.2.6 Cdk5 Activity Assay 
RIPA brain homogenates described above  were rinsed with PBS once and lysed 

in buffer A (50 mmol/L Tris-HCl [pH 8.0], 150 mmol/L sodium chloride, 1% NP-

40, .5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 0.02% sodium azide 

and freshly added protease inhibitors [100 μg/mL phenylmethysulfonyl fluoride 

and 1 μg/mL aprotinin]). After incubation on ice for 30 min, samples were 

centrifuged at 12,000 g at 4°C for 20 min, and the supernatants collected, and 

incubated with anti-cdk5 antibody (Santa Cruz Biotechnology, Santa Cruz, 

California) at 4°C for 2 hours. Protein A agarose beads (50 μL) were then added 

and incubated for another hour. The immunoprecipitates were washed with lysis 

buffer  and once with HEPES buffer (Chu, et al., 2012). The kinase activity of the 

immunoprecipitated cdk5 is determined by using histone H1 (Santa Cruz 

Biotechnology). Beads were incubated with 5 μg of histone H1 (Santa Cruz 

Biotechnology) in HEPES-buffered saline containing 15 mmol/L MgCl2, 50 μM 

adenosine triphosphate, 1 mmol/L dithiothreitol, and 1 μCi of [32P] adenosine 

triphosphate. After 30 min of incubation at 30°C, activity of cdk5 was determined 

using a liquid scintillation counter. 
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4.2.7 Statistical Considerations 
Data was expressed as mean ± SEM. Statistical comparisons will be made by 

one-way analysis of variance (ANOVA), unpaired Student's t-test (two-way), and 

Bonferroni multiple comparison tests using GraphPad Prism 5.0 All data are 

presented as mean ± standard error of the mean. Significance is set at P < 0.05. 

4.3 Results 

4.3.1 5LO Exacerbates Cognitive Deficits                                     
  

To evaluate the behavioral effect of 5LO gene transfer, mice were tested in the 

Y-maze at 12 months of age. Initially, no differences were observed between the 

four groups (WT-control vector, WT-5LO,htau-control vector, htau-5LO) of mice 

in regards to their general motor activity assessed by the total number of arm 

entries (p<0.94) (Figure 4.1A). By contrast, the htau mice receiving the AAV2/1-

5LO vector had a lower number of alternations when compared to their controls 

(p<.001), and as a result the percentage of alternations was significantly reduced 

in this group suggesting an impairment of their working memory (Figure 4.1B). 

No significant effect of AAV2/1-5LO was observed in WT mice (p<1). However, 

there was a significant decrease in the working memory of htau mice compared 

to their WT littermates (p<.0001) (Figure 4.1A-B). Thereafter, mice were tested 

for reference spatial memory function by using the Morris water maze. In these 

studies, we performed visible platform training followed by hidden platform 

testing with four probe trials per day. All mice in each group (WT-empty vector, 
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WT-5LO,htau-empty vector, htau-5LO) were similarly proficient swimmers able to 

locate the visible platform (p<0.89). However as previously described, (Polydoro, 

et al., 2009) htau mice performed significantly worse than their WT littermates for 

the first three days of training and (p<.001) (Figure 4.1C) the htau mice receiving 

the AAV2/1-5LO vector performed even worse over the first three days of training 

(p<.01). (Figure 4.1C)  Thereafter, in the probe trial htau mice showed significant 

increase  latency to first entry to the platform (p<.01) (Figure 4.1D) along with a 

significant decrease in the number of entries to the target platform (p<.001) 

(Figure 4.1E) compared to the WT mice. The htau mice also spent less time in 

the target zone (p<.0001) (Figure 4.1F) when compared to the WT groups. The 

htau-5LO mice performed significantly worse than the htau mice in all of the 

above parameters (Figure 4.1C-F). The AAV2/1-5LO vector injections  in the 

Wildtype group did not result in any changes in behavior indicating  a transgene 

effect of 5LO up-regulation. 

4.3.2 5LO Gene Transfer on Tau Phosphorylation 
 A week after completing the behavioral tests (age 12 months), mice were 

sacrificed, and brains were harvested to explore the effect of 5LO gene transfer 

on tau metabolism. Initially, we observed an increase in 5LO levels (p<.0001) in 

the AAV2/1 5LO treated mice (Figure 4.2A-B)  along with an increase in this 

protein's activity levels (p<.001) (Figure 4.2C). Thereafter, we did not observe 

any changes in the levels of total soluble tau among the groups (htau-empty 
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vector,htau- AAV2/1-5LO) (p<0.94), however, the AAV2/1-5LO  treated htau mice 

showed a significant increase in its phosphorylated forms at epitopes S202/T205 

as recognized by the phospho-tau antibody (AT8), epitopes T231/T235 (AT180), 

S396/S404 (PHF-1) and S396 (PHF-13). The ratios of p-tau for each of the 

epitopes: (AT8/tau =1.74; AT180/tau=1.78; PHF-1/tau=1.45; PHF-13/tau=1.49; 

(Figure 4.2D-E). In accordance with the western blot results, 

immunohistochemical staining showed increased somatodendritic accumulations 

of the phosphorylated eptiopes recognized by the antibodies AT8, AT180, PHF-1 

and PHF-13 in the htau-5LO mice (Figure 4.2F). Additionally, we explored the 

effect of 5LO gene transfer on levels of insoluble phospho tau. Compared to the 

htau mice, the 12/15LO treated transgenic mice showed a significant inecrease 

in phospho tau (ratio: AT8/tau= 1.61) insoluble fractions (Figure 4.3A-B). In 

accordance with the western blot results for insoluble tau, we found an increase 

in tau conformational abnormality as recognized by (MC1) in cortex brain 

homogenate (Figure 4.3C) confirmed by immunohistochemistry analyses of the 

hippocampus (Figure 4.3D).  

 To explore the molecular  mechanism responsible for the 

hyperphosphorylation of tau, we then assayed some of the kinases which are 

considered key regulators of tau post-translational modification. In comparing the 

groups of mice (htau-empty vector and htau-5LO), we did not observe any 

significant differences in the levels of total and phosphorylated glycogen 
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synthase kinase 3-a (GSK3-) and GSK3- along with no significant changes in 

the steady-state levels of protein phosphatase 2A (PP2A) (Figure 4.3E-F). 

However, we found that the 5LO treated mice showed a significant increase in 

the coactivators of cdk5 kinase (p35 and p25) compared to the htau control mice.  

This increase was also documented by an ex vivo assay displaying a statistically 

significant increase in the activity of this kinase in brain cortex homogenates from 

the group treated with 5LO (Figure 4.3G).  

4.3.3 5LO Decreases Synaptic Integrity   
    

Since alterations in tau phosphorylation state and solubility have been linked with 

modifications of synaptic integrity, we explored this aspect of the htau phenotype. 

In the htau mice, the group overexpressing 5LO displayed a significant decrease 

in steady state levels of two key synaptic proteins (SYP and PSD95), whereas 

the levels of the proteins were not altered amongst the wildtype groups (Figure 

4.4A-B). Also, a similar result was obtained when the dendritic protein MAP2 was 

assayed for (Figure 4.4A-B). These results were further confirmed in brain 

sections of the same mice when they were assessed by immunohistochemical 

analyses (Figure 4.4C). No differences were observed between the WT groups 

(Figure 4.4A-C).. 
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4.3.4 5LO Exacerbates Neuroinflammation   
  

Previous findings suggest that alterations in inflammatory processes occur in the 

brains of individuals with human tauopathies and in mouse models of the same 

diseases (6,7).  Therefore, we assessed whether  over-expression of 5LO, an 

important source of inflammatory mediators, would yield an increase in 

neuroinflammation. In comparing the two groups (htau-empty vector and htau-

5LO), a significant increase in markers of astrocytes and microglial cell 

activation;  glial fibrillary protein (GFAP) and cluster of differentiation 45 (CD45) 

in the brain homogenates of the htau mice over-expressing 5LO (Figure 4.5A-B). 

These results were further confirmed in the brain sections of the same mice 

when assessed by immunohistochemical analyses (Figure 4.5C). In accordance 

with the results regarding the synaptic markers (Figure 4.4A-C), the effect of 

5LO on neuroinflammation was present only htau mice and not in their WT 

littermates (Figure 4.5A-C). 

4.4 Discussion 

The results from the current aim provide further experimental support that 5LO 

directly plays a functional role in tau phosphorylation, synaptic function and 

memory in a mouse model of tauopathy. 

In the behavioral portion of the study htau mice receiving 5LO AAV displayed a 

significant exacerbation in their memory performance in multiple behavioral 
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paradigms measuring  working and spatial memory.In association with the 

changes in behavior, we observed that genetic up-regulation of 5LO had an 

influence on tau phosphorylation with the involvement of the cdk5 pathway.  

By genetically up-regulaion 5LO, a source of pro-inflammatory mediators, we 

also observed a significant increase in neuroinflammation as demonstrated by an 

increase in GFAP and CD45 levels which are markers of astrocytes and 

microglia cell activation respectively. 5LO elevation decreased synaptic integrity 

in htau mice suggesting a worsening of this important function for memory and 

learning. 

The current results provide a definitive proof in support of our working hypothesis 

confirming the the obtained results from AIM 1 using a genetic approach. This is 

an important aspect of our plan, since it is known that specificity and off-target 

effects of a drug are always a concern when performing pharmacological studies 

(zileuton).  

These findings demonstrating the functional and direct role of 5LO in modulating 

memory and cognition, synaptic integrity, and tau phosphorylation. These new 

findings, by demonstrating the pleiotropic role of this protein in tauopathy 

pathogenesis makes it not only a valid pharmacological target, as 5LO inhibitors 

are already FDA approved but, more importantly, represents a unique 

therapeutic opportunity with true disease modifying potential for the treatment of 

tauopathies.  
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Table 4.1 

Antibodies Used in the Study (AIM 3) 

Antibody Immunogen Host Application 

5LO Human 5-lipoxygenase aa 442-590 Mouse WB 

HT7 aa 159-163 of human tau Mouse WB,IHC 

AT-8 Peptide containing phospho-S202/T205 Mouse WB,IHC 

AT-180 Peptide containing phospho-T231/S235 Mouse WB,IHC 

AT-270 Peptide containing phospho-T181 Mouse WB,IHC 

PHF-13 Peptide containing phospho-Ser396 Mouse WB,IHC 

PHF-1 Peptide containing phospho-Ser396/S404 Mouse WB,IHC 

MC-1 Detecting conformational abnormality of tau Mouse IHC 

GFAP aa spinal chord homogenate of bovine origin Mouse WB,IHC 

CD45 Mouse thymus or spleen Rat WB,IHC 

SYP (H-8) aa 221-313 of SYP of human origin  Mouse WB,IHC 

PSD95 (7E3-
1B8) 

Purified recombinant rat PSD-95 Rabbit WB,IHC 

MAP2 Bovine brain microtubule protein Rabbit WB,IHC 

GSK3α/β aa 1-420 full length GSK-3β of Xenopus origin Mouse WB 

p-GSK3α/ β aa around Ser21 of  human GSK-3a. Rabbit WB 

Cdk5 aa C-terminus of Cdk5 of human origin Rabbit WB 

P35/25 aa C-terminus of p35 /25 of human origin Rabbit WB 

PP2a aa 295-309 of catalytic subunit of human protein 
phosphotase 2A. Clone 1D6. 

Mouse WB 

Actin aa C-terminus of Actin of human origin Goat WB 
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Figure 4.1. 5LO Exacerbates Behavioral Deficits in Htau Mice. (A) Total 

number of arm entries for WT,WT-5LO htau and htau-5LO mice at 12 months of 

age. (B) Percentage of alterations between the same groups of mice (***p<.0001: 

WT vs htau; ***p<.0001: htau vs htau-5LO ). (C) Training phase: Latency to find 

platform  for WT (n=11); WT-5LO (n=13) htau (n=13) and htau-5LO (n=14) mice 

at 12 months of age (*p<.01: WT vs htau and htau vs htau-5LO). (D) Latency to 

initial platform crossing for the same groups of mice (**p<.001: WT vs htau; 

*p<.01: htau vs htau-5LO) (E)  Number of entries to the target platform zone  

(**p<.001: WT vs htau;*p<.01: htau vs htau-5LO). (F). Time spent in the target 

platform zone for WT-empty vector, WT-5LO, htau-empty vector, and htau-5LO 

mice (*p<.01: WT vs htau; **p<.001: htau vs htau-5LO).  
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Figure 4.2.  5LO Modulates Tau Phosphorylation in Htau brains. (A) 

Representative Western Blot analyses for 5LO in brain cortex homogenates from 

from  htau and htau-5LO mice at 12 months of age. (B) Densitometric analyses 

of the immunoreactivity for 5LO (*p<.0001). (C) Measurement of LTB4 activity in 

cortex brain homogenates from htau and htau-5LO mice (*p<.0001)   (D) 

Representative Western Blot analyses for HT7,AT8, AT180,PHF-1 and PHF-13 

in brain cortex homogenates from from htau and htau-5LO mice at 12 months of 

age. (E) Densitometry of immunoreactivities to antibodies shown in panel D 

(*p<.01; **p<.001) (F) Representative immunohistochemical stainings in the 

hippocampus (CA1) region for HT7, AT8, AT180, PHF-1 and PHF-13.  
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Figure 4.3. 5LO Alters Phosphorylation of Tau via Cdk5 Kinase. (A) 

Representative Western blot analyses for insoluble HT7 in brain homogenates 

from cortices of the same mice from figure 2. (B) Densitometric analyses of the 

immunoreactivity to AT8 (*p<.001). (C)  Representative western blot for 

MC1(detecting a conformational abnormality of tau). (D) Immunohistochemical 

staining of MC1 immunoreactivity. (E) Representative Western blot for 

cdk5,p35,p25, GSK3, GSK3, p-GSK3,p-GSK3 and PP2A protein levels in 

brain homogenates from htau and htau-5LO mice at 12 months. (F) Densitometry 

of immunoreactivities to antibodies from the previous panel (**p<.001). (G)  Cdk5 

activity in brain cortex homogenates from htau and htau-5LO mice (**P< .001). 

Values represent mean ± SEM. DAPI, 4',6-diamidino-2-phenylindole.  
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Figure 4.4. 5LO Decreases Synaptic Integrity in Htau Mice. (A) 

Representative Western blot analyses for synaptophysin (SYP), postsynaptic 

density protein 95 (PSD95) and microtubule associated protein-2 (MAP-2) in 

brain homogenates from cortices of WT-empty vector, WT-5LO, htau-empty 

vector and htau-5LO mice. (B) Densitometric Analyses of the immunoreactivities 

for SYP :(**p<.001: WT vs htau; *p<.01: htau vs htau-5LO); PSD95: ***p<.0001: 

WT vs htau; *p<.01: htau vs htau-5LO); MAP2: ***p<.0001 WT vs htau; **p<.001: 

htau vs htau-5LO))). (C) Representative immunohistochemical stainings in the 

hippocampus for SYP, PSD95 and MAP2 in WT WT-empty vector, WT-5LO, 

htau-empty vector and htau-5LO mice.  
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Figure 4.5. 5LO exacerbates neuroinflammation in htau mice. (A) 

Representative Western blot analyses for glial fibrillary acidic protein (GFAP) and 

custer domain (CD)45 in brain homogenates from WT WT-empty vector, WT-

5LO, htau-empty vector and htau-5LO mice. (B) Densitometric Analyses of the 

immunoreactivities to the antibodies from the previous panel (GFAP and 

CD45;**p<.001: WT vs htau; *p<.01: htau vs htau-5LO). (C) Representative 

immunohistochemical stainings in the hippocampus for GFAP and CD45 in the 

same groups of mice. 
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5 CHAPTER 5                                                  
DISCUSSION 

Tau is a microtubule-associated protein usually found in the axons of neurons 

where it promotes assembly and stabilization of microtubules (Spillantini & 

Goedert, 2013). It is a phosphoprotein and the extent of its phosphorylation 

determines its binding abilities to microtubules and plasma membrane. Aberrant 

phosphorylation of tau results in an increase of the concentration of the unbound 

phospho-tau in the cytosol, its accumulation and the formation of filaments which 

form the pathologic deposits in the form of intraneuronal filamentous inclusions 

known as NFTs observed in the diseased brain post mortem (Hernandez & Avila, 

2007).  Interestingly NFT pathology is also the major pathological hallmark of a 

large group of neurodegenerative diseases collectively referred to as 

tauopathies, which among others include Progressive Supranuclear Palsy and 

Pick’s disease (Hutton, et al., 1998; Poorkaj, et al., 1998; Spillantini, et al., 1998). 

Different tauopathies are characterized by different types of tau filaments in the 

tangles as well as by a different combination of tau isoforms with specific 

phosphorylation pattern. (Sergeant, Delacourte, & Buee, 2005). 

The 5LO is a lipid-peroxidizing enzyme which inserts molecular oxygen into fatty 

acids leading to the biosynthesis of leukotrienes (Radmark & Samuelsson, 2010). 

It is widely expressed in the central nervous system where it localizes mainly in 

neuronal cells. Its presence has been shown in the cortex and hippocampus 

brain regions, where its levels and activity increase in an age-dependent manner 
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(Chinnici, et al., 2007; Uz, Pesold, Longone, & Manev, 1998). Previously, our 

group reported that 5LO modulates both A and tau pathology in AD models 

(Chu, et al., 2012; Chu, Li, & Pratico, 2013; Giannopoulos, et al., 2014). 

However, whether the effect of 5LO on tau is independent of A still remains to 

be elucidated. 

To address this issue, we used a pure tauopathy transgenic mouse model that 

expresses human wild-type tau protein, i.e. htau mice, which experience an age-

dependent accumulation of phosphorylated epitopes on tau, accumulate 

aggregate paired helical filaments, NFT pathology, and impairments of cognitive 

and synaptic functions (Andorfer, et al., 2003; Duff, et al., 2000; Santacruz, et al., 

2005), features that are quite eminent in tauopathies. To date, the studies that 

have attempted to address the functional significance of tau pathology in neurons 

were performed in transgenic mouse models that express mutant human tau 

genes, making them good models for inherited tauopathies. However, these mice 

develop brainstem and spinal cord tau inclusions, which leads to progressive 

motor disturbances (Arendash et al., 2004; Goedert & Hasegawa, 1999; Lewis, 

et al., 2000), thereby imposing limitations on the use of these animals for 

behavioral and physiological studies.  In contrast, htau mice develop forebrain 

tau pathology exclusively without brainstem and spinal cord tau involvement, thus 

making this model a very valuable tool to unravel mechanisms and discover new 
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therapeutic opportunities for these debilitating disorders for which there is no 

cure currently exists..   

In the current proposal we implemented  pharmacological and genetic studies 

with an orally available selective and specific 5LO inhibitor and adenovirus 

respectively, explored whether that offers protection against the development of 

the tau pathology phenotype or amplifies it. Initially we observed that 5LO is up-

regulated in human PSP and mouse (htau) tauoapthy brains in a region and age 

specific manner. Previously, this enzyme has displayed increased expression 

and acitivty in AD brains (Ikonomovic, et al., 2008), suggesting a critical role for 

this pathway in the context of tauopathies. 

In confirmation of previous findings, behavioral tests assessing learning and 

memory showed that young htau mice, with early stages of tau pathology 

(pretangles), did not present any cognitive deficits. As tau accumulation 

progresses to a moderate stage of tau pathology (12 months old), characterized 

by the presence of NFTs, cognitive function also declines (Polydoro, et al., 2009).  

More specifically, compared to their  WT littermates, htau mice performed 

significantly worse in the Y-maze and  water maze tests targeting regions of the 

brain involved in short-term working and spatial/retention memory respectively. 

Pharmacologic blockade of 5LO (zileuton) resulted in restoration of cogniton 

whereas genetic up-regulation (AAV) further exacerbated deficits in the 
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tauopathy mice. This pathway has been involved affecting cognition in AD mouse 

models indicating its involvement in the behavioral phenotype of tauopathies.  

To further support the involvement of 5LO in the improvement of the behavioral 

and cognitive deficits, we then explored the effects that pharmacological 

blockade had directly on synaptic function by performing electrophysiological 

studies in the htau mice. The high prevalence of downregulation of synaptic-

related genes suggest that the moderately aged htau mouse are a model of tau-

induced synaptodegeneration, and has insightful effects on how we view 

progressive tau pathology affecting synaptic transmission in tauopathies (Alldred, 

Duff, & Ginsberg, 2012).. Particularly, older htau mice have synaptic deficits, 

which is known to be dependent on the integrity of Schaffer collateral to CA1 

pyramidal cell synapse (Krnjevic, Morris, & Ropert, 1986; O'Keefe & Dostrovsky, 

1971; Tsien, Huerta, & Tonegawa, 1996).  In examination of the long-term 

potentiation (LTP) response which is a type of plasticity considered to have a 

major role in learning and memory functions (Kandel & Schwartz, 1982). As 

reported previously (Polydoro, et al., 2009), there was a significant difference in 

LTP between the wildtype and htau mice.).  Nevertheless, pharmacological 

blockade of 5LO in the htau mice was adequate to restore the LTP responses 

comparable to those measured in the wildtype mice.  

In associaton with the changes in behavior we observed that genetic and  

pharmacological inhibition of 5LO had an influence on tau metabolism. Similar to 
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their behavioral phenotype, htau mice develop tau pathology in a time course 

manner and its distribution is comparable to that which occurs in the early stages 

of human tauopathy (Andorfer, et al., 2003). Hyperphosphorylated and 

conformationally altered tau accumulates in the cell bodies and dendrites of 

neurons in an age-dependent manner in htau mice. Initial evidence of tau 

redistribution of from the axons to the cell bodies occurs by 3 months of age and 

accumulation of hyperphosphorylated tau begins around 6 months (Andorfer, et 

al., 2003). In this study, htau mice treated with zileuton displayed a significant 

decrease in tau phosphorylation whereas genetic up-regulation yielded opposite 

results. The involvement of the cdk5 pathway activation was confirmed as levels 

of coactivators (p35 and p25) of this kinase were significantly reduced in the 

zileuton cortex brain samples and increased in brain tissue with increased 5LO 

expression. Cdk5 has attracted attention for phosphorylating tau at sites that 

were hyperphosphorylated in tauopathy brains (Imahori & Uchida, 1997). along 

with an accumulation of p25 in tauopathy brains with a high phosphorylation 

ability of Cdk5-p25 for tau. In additon, inhibition of cdk5 activation (A-705253) 

has been reported to diminish the hyperphosphorylation of tau (Medeiros et al., 

2012). Thereafter, we further supported our in vivo findings in primary cortical 

neurons of htau mice where direct inhibition cdk-5 activation resulted in 

prevention of the 5LO dependent increase in tau phoshphorylation. 
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In addition to observing a decrease in soluble tau phosphorylation, cortex brain 

homogenates for sarkosyl-insoluble tau were also analyzed by immunoblotting 

and immunohistochemical analyses. Previously reports show an age-related 

increase in total and phosphorylated insoluble tau and specific epitopes 

(Andorfer, et al., 2003)  Thereafter zileuton yielded a decrease in total insoluble 

tau and abnormal tau conformation whreas genetic up-regulation of 5LO yielded  

opposite results supporting a role for 5LO in this aspect of tau pathological 

phenotype. 

Zileuton as mentioned in the introduction is the only FDA approved orally 

available inhibitor of 5LO for the treatment of asthma. While this drug possesses 

many favorable characteristics, a limitation is its pharmacokinetic profile where a 

short half-life results in high and frequent dosing (600 mg four times/day) totalling 

2400 mg/day. An extended release version of the drug ZyfloCR contains 

(1200mg/dose) which can be taken twice a day.  

The most serious side effect of this drug is a potential elevation of liver enzymes 

(in 2% of patients). Therefore, zileuton is contraindicated in patients with active 

liver disease or persistent hepatic function enzymes elevations greater than three 

times the upper limit of normal. Hepatic function should be assessed prior to 

initial intake of zileuton  monthly for the first three months, every 2–3 months for 

the remainder of the first year, and periodically thereafter.  
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Taken together these results reveal a new aspect in the neurobiology of 5LO in 

the context of tau pathology by demonstrating its translational roles for the 5LO-

dependent effects in the full spectrum of tauopathies which include memory and 

cognition, tau metabolism and synaptic function. These new findings, by 

demonstrating the pleiotropic role of this protein in tau disorders, makes it not 

only a valid pharmacological target but more importantly represents a unique 

therapeutic opportunity with a true disease modifying potential for the treatment 

of  tauopathies. 
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6 CHAPTER 6                                              
CONCLUSION/FUTURE DIRECTIONS-5LO AND 

THERAPEUTIC IMPLICATIONS FOR TAUOPATHIES 
Tauopathies are chronic neurodegenerative disorders which result in the 

progressive loss of cognitive function. In its most common form, sporadic 

tauopathy risk is thought to arise from interactions between multiple 

environmental and genetic risk factors, thereby making intervention rather 

difficult. Focus in this area of research has swung toward preventitive measures 

rather than the treatment of symptoms, leaving millions of tauopathy patients 

worldwide with little hope for new, effective drugs. Findings described in this 

proposal have further established the 5LO pathway as a key player in the full 

behavioral and pathological phenotype of tauopathy. Being that zileuton is 

already FDA approved for the treatment of asthma, it would be easier to translate 

efforts to human studies bypassing all the clinical trials for safety and toxicity 

measures. For future studies , it would be beneficial to use other 5LO and FLAP 

inhibitors and additional models of tauopathy mentioned in the introduction 

(P301S, rTg4510, P301L) to further support and solidify the involvement of this 

pathway in these debilitating disorders. Whereas zileuton prevents LT formation, 

montelukast, pranlukast and zafirlukast are antagonists of LT receptors and 

could also be considered for future experimentation in varoius mouse models of 

the disease. Being that these LT receptor antagonists have modulated A 

pathology and cognition in AD mouse models (Tang, Hong, et al., 2014; Tang, Ji, 
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et al., 2014; Tang et al., 2013; X. Y. Wang et al., 2013), they could also possibly 

modulate tau phosphorylation and pathology in tauopathy models.  Thereby,  

5LO pathway targeted therapeutics would have an enormous potential to bridge 

the current gap between preventitive and treament measures and inhibitors of 

this protein hold significant promise as attractive disease-modifying agents in 

tauopathies. 
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