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Abstract 

 

Alzheimer’s Disease (AD) is a multifactorial neurodegenerative dementia with no curative 

therapeutic options. One of the earliest impairments in AD triggering cognitive decline is the 

synaptic dysfunction induced by the selective targeting and interruption of the synaptic region by 

the small oligomeric form of amyloid beta (Aβ). Recently, the co-presence of Aβ oligomers (Aβo) 

and tau oligomers (tau-o) at the synapses has been suggested to exacerbate this dysfunction. 

Therefore, the development of therapeutics aimed at protecting the synapses from the toxic binding 

of both proteins at the synapses can preserve synaptic health and cognitive function. With this goal 

in mind, the present study investigated the transcranial application of near infrared light (NIR, 600-

1000 nm) as a potential treatment for AD. The primary objective of this project was to determine 

the effect of NIR light treatments (670 nm; 90 sec/day for 4 weeks) on the dysfunctional synaptic 

impact of oligomers. To achieve this goal, we investigated the modulation of the synaptic Aβo and 

tau-o load, the susceptibility of synapses to Aβo and tau-o binding and the resulting impaired long-
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term potentiation (LTP). We also investigated multiple mechanisms induced by NIR light. We 

found a significant reduction of Aβ1-42 at the synapses of NIR light treated APP transgenic 

(Tg2576) and 3xTg-AD mice. Further, 3xTg-AD and htau mice had reduced tau oligomers at the 

synapses and in the total protein extract after NIR light treatment. We further found a reduction in 

ex vivo synaptic Aβo binding and Aβo induced depressed LTP in wild type mice treated with NIR 

light while tau-o binding and resulting depressed LTP was not changed. In addition, we found 

increased efficiency of synaptic mitochondria, an upregulation of autophagy and increased 

inducible heat shock protein 70 (HSP70) levels in the synapses of NIR light treated mice 

suggesting mechanisms contributing to NIR light induced synaptic protection and clearance of the 

toxic proteins. Collectively, these results support NIR light as a viable treatment option for AD by 

promoting the reduction of Aβ and tau pathology, as well as, synaptic resistance to Aβ oligomer 

binding thus alleviating the ensuing synaptic impairments.  
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Chapter 1: Background 

ALZHEIMER’S DISEASE 

Introduction 

Alzheimer’s disease (AD) is the most common age-related dementia that was first 

identified in 1907 by Alois Alzheimer. The first known patient, Auguste Deter presented with 

symptoms of memory impairment, delusions and disorientation. Further postmortem observation 

of her brain found extensive atrophy of the cortex and protein accumulations in the form of plaques 

and neurofibrillary tangles (NFT) providing the first description of what Dr. Alzheimer coined the 

‘disease of forgetfulness’ (Alzheimer et al., 1995; Morris and Salmon, 2007). It took over 70 years 

after this first discovery for what is now known as Alzheimer’s disease to be recognized as the 

major contributing dementia and one of the leading cause of death among the elderly (Katzman, 

1976). Today, over 5 million people in the United States are living with AD costing nearly 259 

billion dollars a year in health-related costs (Plassman et al., 2007; Hebert et al., 2013; Kelley et 

al., 2015). Because the age of the American population is rising and the lack of disease altering 

drugs, the number of AD cases is projected to reach 16 million by 2050 (Hebert et al., 2003).  

Since the first observation of AD, the knowledge of the disease has grown immensely, 

however a resolving therapeutic has yet to be identified. The protein accumulations of plaques and 

tangles, observed in the post-mortem brain of Auguste Deter, were found to contain the proteins 

amyloid beta (Aβ) and hyperphosphorylated tau, respectively (Glenner and Wong, 1984; Brion et 

al., 1986; Grundke-Iqbal et al., 1986). The progressive accumulation of the proteins serves as 

hallmarks for the diagnosis of the disease (Braak and Braak, 1991; Thal et al., 2002). The 

underlying cause of these protein accumulations are still not well understood but have been linked 
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to numerous factors. Genetic mutations or over expressions of proteins associated with Aβ 

production, such as, amyloid precursor protein (APP), presenilin 1 or presenilin 2, are factors in 

the development of a form of AD referred to as familial AD, which accounts for less than 5 percent 

of AD cases (Citron et al., 1992; Scheuner et al., 1996). Other factors such as obesity, Type II 

diabetes and related insulin resistance, traumatic brain injury, among several others have been 

identified to contribute to a rising risk of the development of the more commonly occurring 

sporadic AD (Bomfim et al., 2012; Reitz and Mayeux, 2014; Gerson et al., 2016; Velazquez et al., 

2017). The multifactorial nature of AD has challenged the development of effective therapeutics. 

Previous therapeutics have selectively targeted one of the many contributing aspects of the disease, 

however, in clinical trials failed to rescue or slow cognitive dysfunction in AD patients (Honig et 

al., 2018). Further understanding of these factors, their initiating mechanisms and the converging 

mechanisms inducing dysfunction will be imperative in the development of a therapeutic or 

combination of therapeutics that may modulate the multiple contributors to the disease 

progression.  

Amyloid β protein processing 

The Aβ protein is derived from the amyloidogenic cleavage pathway of the transmembrane 

protein, amyloid precursor protein (APP) (Kang et al., 1987). This pathway involves the successive 

cleavage of APP by beta (β) and gamma (γ) secretase producing an extracellular 40 or 42 amino 

acid Aβ peptide (Haass, 2004). APP also undergoes proteolytic processing by a second pathway 

known as the non-amyloidogenic pathway. Processing by this pathway involves APP cleavage by 

a third enzyme, alpha (α) secretase resulting in the release of two non-aggregating fragments, 

sAPPα and C83. The fragment C83 can be further cleaved by γ secretase producing the peptide, 

p3 (Sisodia, 1992; Kuhn et al., 2010). The amyloidogenic Aβ peptide is prone to misfolding and 
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becomes highly susceptible to self-assembly into homogeneous protein aggregates, with Aβ1-42 

more prone to aggregation than Aβ1-40 (Zheng et al., 2017). The continuous aggregation of Aβ 

monomers results in the production of various forms of aggregated Aβ including the oligomer, 

protofibril and fibrillar states. The accumulation of Aβ is thought to originate in the entorhinal 

cortex, an area involved in memory processes and highly connected to the hippocampal region, 

and spreads throughout the cortex as the disease progresses (Braak and Braak, 1991).  However, 

some believe another area, the locus coeruleus, may be the earliest location of AD pathology 

development (Grudzien et al., 2007; Kelly et al., 2017). Extracellular plaques observed in late 

stages of AD are composed mainly of fibrillar Aβ, which as a result has become the focus of the 

field for many years. However, the lack of correlation between Aβ plaque burden and cognitive 

impairments lead to investigation of the toxicity of other forms of Aβ (Erten-Lyons et al., 2009; 

Bjorklund et al., 2012). The oligomeric Aβ selectively targets the synaptic region and has been 

reported to be produced and associate with this critical region in the initial stages of AD (Gordon 

et al., 2002; Lacor, 2004), eliciting deficits that lead to synaptic dysfunction (Resende et al., 2008; 

Li et al., 2009; Wilcox et al., 2011). In addition, Aβ oligomers can be internalized by neurons 

through many different mechanisms including oligomer formed pores in the cell membrane (Lai 

and McLaurin, 2011; Serra-Batiste et al., 2016). Intracellular Aβ oligomers have been found to 

induce deficits contributing to overall synaptic dysfunction. The role of Aβ oligomers in the 

initiation of these mechanisms makes oligomeric Aβ and its mechanisms of toxicity a main focus 

in the understanding of AD initiation.  

Tau protein accumulation 
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The microtubule associated protein tau (MAPT or simply referred to as tau), which 

comprises the neurofibrillary tangles is produced by alternative splicing of the exons 2, 3, and 10 

of the tau mRNA. This alternative splicing results in six different isoforms of tau in the adult 

human brain, each with a differing propensity of contribution to disease progression (Espinoza et 

al., 2008). Under normal physiological conditions, tau is found in the axonal region of the neuron 

(Binder et al., 1985) and has many roles including acting as a stabilizing protein for microtubules. 

The tau protein undergoes several posttranslational modifications including phosphorylation, 

glycosylation, ubiquitination among others that alter its function (Wang et al., 1996; Song et al., 

2015; Tracy and Gan, 2017). In AD, tau phosphorylation is elevated by 3 to 4-fold compared to 

normal physiological conditions resulting in increased dissociation from the microtubules (Wang 

et al., 2013). Previous studies have identified approximately 45 phosphorylation sites in AD 

hyperphosphorylated tau (Hanger et al., 2007). Of these sites, three (Ser262, Thr231, and Ser235) 

were found to decrease the affinity of the tau for microtubules resulting in the increased release of 

hyperphosphorylated tau (Sengupta et al., 1998). After its dissociation from the microtubules, 

hyperphosphorylated tau is prone to misfolding and self-aggregation into oligomers, protofibrils 

and fibrils (von Bergen et al., 2005). Certain sites of phosphorylation, such as those at the C-

terminal region were also found to contribute to the promotion of self-assembly of the protein 

inducing aggregation (Liu et al., 2007). In AD, hyperphosphorylated tau is also mislocalized to the 

dendritic and soma regions of neurons, resulting in elevated levels of tau oligomers at the synapses 

(Delacourte et al., 1990; Zempel et al., 2010). This region-specific accumulation has led to the 

investigation of toxic tau oligomers in  the pathological spread and progression of AD. Tau 

oligomers act in a prion- like manner, inducing the misfolding and oligomerization of normal tau 

(Lasagna-Reeves et al., 2012a). It is believed that the synaptic terminals may serve as a gateway 
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for the transmission of pathological tau from cell to cell (Lee et al., 2012; Tai et al., 2014). 

Combined with the tau oligomer’s prion-like activity, elevated levels of the toxic tau at the 

synapses provides an opportunity to further the spread of the disease to unaffected cells. In 

addition, emerging research suggests tau oligomers induce synaptic dysfunction in a comparable 

manner as Aβ oligomers (Lasagna-Reeves et al., 2011; Kopeikina et al., 2013; Fá et al., 2016) and 

the two proteins interact in a synergistic manner resulting in exacerbated dysfunction in the 

development of AD (Pascoal et al., 2017).  

Oligomeric Amyloid β and tau interaction 

NEUROPATHOLOGY PROGRESSION 

The co-presence of the two proteins Aβ and tau has recently emerged as a critical focus in 

the understanding of the development and progression of AD. One of the most common theories 

in AD progression is referred to as the amyloid cascade hypothesis, which describes the early 

accumulations of Aβ as the causative upstream regulator of the accumulation of 

hyperphosphorylated tau, an event that occurs much later in the disease and leads to cellular death 

(Hardy and Higgins, 1992). Consistent with this theory, it was found that the oligomeric form of 

Aβ promotes the pathological forms of tau by increasing its phosphorylation and initiating the 

oligomerization and mislocalization of tau that contributes to the dysfunction associated with its 

pathological accumulations (De Felice et al., 2008; Lasagna-Reeves et al., 2010; Chabrier et al., 

2012). Specifically, Aβ oligomers induce protein kinases known to contribute to the 

hyperphosphorylation of tau (Zheng et al., 2002). However, recent evidence shows that the 

accumulation of oligomeric tau occurs much earlier in the disease progression than previously 

believed (Lasagna-Reeves et al., 2012b). The early co-presence of both toxic Aβ and tau oligomers 

suggests a greater interaction with one another. This emerging theory is leading the field to not 
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only understand the initial mechanisms contributing to the toxicity of each individual oligomeric 

protein but also their converging mechanisms and the interactive relationship. The initiation of 

major events involved in AD including synaptic dysfunction and mitochondrial impairment by Aβ 

and tau oligomers have been extensively studied with recent research focusing on the importance 

of the combined proteins in the exacerbated dysfunction seen in AD. 

MITOCHONDRIAL DYSFUNCTION 

The dysfunction of the mitochondria is an important contributing factor in the development 

of AD. Mitochondria are crucial organelles that play multiple roles in supplying and maintaining 

the bioenergetics of the neuron, as well as supporting the high energy demand of neuronal synaptic 

transmission processes (Weeber et al., 2002). When mitochondria function is impaired, the high 

energy demand of the synapses is no longer able to be supported, resulting in synaptic loss (Marta 

et al., 2013). Mitochondrial impairment is an early event in AD, however, there is much debate in 

determining the mechanistic order of mitochondrial dysfunction and accumulation of amyloid 

oligomers (Swerdlow et al., 2014).  Early mitochondrial dysfunction has been found to exacerbate 

the progression of the disease by making the system, specifically the synapses more vulnerable to 

the toxicity of the oligomers (Pitt et al., 2009; Marta et al., 2013), as well as, inducing the 

hyperphosphorylation of tau (Melov et al., 2007). In addition, both dysfunctional tau and Aβ 

oligomers interfere with the mitochondria bioenergetic activity, further inducing dysfunction 

resulting in the loss of health of the neuron and eventual cell death (Manczak and Reddy, 2012). 

While Aβ and tau induce similar deficits in the electron transport chain and the mitochondrion 

fission/fusion processes, in some case the mechanisms through which they act differ, suggesting 

an exacerbation of dysfunction when the two proteins are co-present (Eckert et al., 2011).  The 

understanding of the impact of the mitochondria on AD progression is a vital aspect to identifying 
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targets that have the potential to protect or regenerate the system from the toxicity related to 

disease. 

Mitochondria’s principle role of energy production involves a chain of four protein 

complexes that transfer electrons from high to low energy state, thus releasing necessary energy 

to establish a proton gradient allowing for the generation of ATP.  Because of this essential 

function, mitochondria are found in elevated volumes at the high energy-dependent synapses 

(Nguyen et al., 1997). In AD, the protein complexes of the electron transport chain (ETC) become 

impaired resulting in the halting in the production of ATP and eventually leading to cellular death 

(Parker et al., 1994b). The activity levels of  the complexes in the electron transport chain has been 

extensively studied due to its reduced activity levels in AD (Maurer et al., 2000). Studies show 

that the transfer of extracted mitochondrial DNA from AD platelet cells to control cells induces 

diminished activity levels of complex IV, also known as cytochrome c oxidase (Parker et al., 

1994a; Sheehan et al., 1997; Swerdlow et al., 1997). The mitochondrial DNA repair systems are 

also impaired in AD patients, however, remain intact in Non-demented with Alzheimer’s 

Neuropathology (NDAN) individuals (Taglialatela, unpublished). These individuals retain 

cognitive function despite ample presence of Aβ plaques and tau containing NFTs, however have 

reduced amyloid oligomers at the synapses (Zolochevska and Taglialatela, 2016). The intact 

mitochondrial DNA repair system in NDAN individuals suggests a role of Aβ and tau oligomers 

in the distribution and mutation of mitochondrial DNA that may contribute to the ETC dysfunction. 

Further, Aβ and tau are linked with interference of the functions separate complexes of the ETC. 

Aβ directly binds to and induces dysfunction of cytochrome c oxidase by membrane lipid 

peroxidation but may also impact the activity of complex I (Bobba et al., 2013). However, tau 
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selectively targets and induces the deregulation of complex I (Rhein et al., 2009). Together, tau 

and Aβ impedes the energy output of the ETC, reducing mitochondria function. 

 Mitochondria are highly dynamic organelles that constantly undergo fission, the separation 

of a mitochondria producing two separate organelles, and fusion, the joining of two mitochondria 

producing a single organelle (Scott and Youle, 2010). This process allows for rapid changes in the 

number and morphology of mitochondria in response to specific needs and changing energy 

demand of the cell (Sesaki and Jensen, 1999). The delicate balance between fission and fusion is 

imperative in the maintenance of healthy mitochondria. In AD, the morphology of mitochondria 

is altered with excessive amounts of fragmented mitochondria in the synaptic region suggesting 

an impaired ability of the mitochondria to undergo fusion (Wang et al., 2009). Both Aβ and tau 

have been linked to the impaired balance of the fission/fusion system. Specifically, the proteins, 

dynamin 1 like (DRP1), OPA1, Mfn1 are suppressed by the interaction with tau and Aβ reducing 

the machinery necessary for mitochondria to undergo fission and fusion (DuBoff et al., 2012; 

Reddy et al., 2017). Interestingly, modulation of the fission/fusion proteins prevents synaptic 

changes induced by Aβ oligomers (Wang et al., 2009) supporting the idea that mitochondrial health 

is imperative in the neuroprotection of synapses in AD pathology development. Therapeutics that 

target or increase the overall health of mitochondria can enhance this protection, slowing the 

progression of the disease.  

SYNAPTIC DYSFUNCTION 

The synaptic connections between neurons contribute to the complexity of the neuronal 

system and are the primary sites of communication between cells. The learning and memory 

processes is attributed to synaptic plasticity, the dynamic strengthening and weakening of the 

synapses (Takeuchi et al., 2013). One of the early events in the progression of AD is believed to 
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be the impairment of synaptic function (Masliah et al., 2001; Scheff et al., 2007). The subsequent 

loss of synaptic spines correlates strongly with the progression of cognitive dysfunction (Robinson 

et al., 2014). The oligomeric forms of both Aβ and tau have been linked to the impediment of 

synapse activity and have been widely studied in their respective roles in the induction of synaptic 

dysfunction with recent research focused on the converging mechanisms of the two proteins that 

could result in a synergistic interaction. 

The selective association of Aβ oligomers with the synapses has been extensively studied 

as an initiating factor for early synaptic dysfunction in AD. Aβ oligomers specifically target the 

synaptic regions of neurons (Lacor, 2004; Koffie et al., 2009). The pre and post synaptic regions 

contain several of the identified binding partners of Aβ oligomers, including post synaptic density 

95 (PSD95) (Pham et al., 2010), cellular prion protein (PrPc) (Laurén et al., 2009), alpha 7 nicotinic 

acetylcholine receptor (α7nAChR) (Wang et al., 2000), metabotropic glutamate receptor 5 

(mGluR5) (Um et al., 2013) and ephrin type-B receptor 2 and 4 (Cissé et al., 2011; Vargas et al., 

2014), among others. The interaction of A oligomers with these proteins induces disruption of 

the protein activity and can result in the activation of downstream pathways that disrupt the 

integrity of the synapse. One such event induced by the binding of Aβ oligomers with PrPc, is the 

activation of Fyn kinase which modulates levels of glutamate receptors on the membrane surface 

(Um et al., 2012). The toxic events of Aβ oligomers is not limited to interactions with membrane 

bound proteins. They have also been found to contribute to several other events that lead to 

excessive calcium influx, reactive oxygen species production and neuronal nitric oxide synthase 

hyperactivation (Tu et al., 2014). Aβ oligomers also contribute to excessive glutamate levels in the 

synaptic cleft by interacting with and impairing glutamate uptake, as well as, inducing glutamate 

release by astrocytes. The elevated levels of glutamate in the synaptic cleft results in glutamate 
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spillover allowing for the transmitter to interact with extrasynaptic glutamate receptors (Li et al., 

2011). The activation of these receptors is linked to impairments of long term potentiation (LTP), 

the electrophysiological equivalence to memory. Further, excessive activation results in the influx 

of calcium (Ca2+) which initiates a cascade of events ultimately resulting in cellular death 

(Hardingham and Bading, 2010). The importance the Aβ oligomer synaptic interaction in the 

maintenance of cognitive integrity is highlight by a group of individuals referred to as Non-

Demented with Alzheimer’s Neuropathology (NDAN). These individuals have the presence of AD 

pathology equivalent to that normally found in moderately to severely demented AD patients but 

maintain cognitive function comparable to age match healthy individuals (Zolochevska and 

Taglialatela, 2016). Upon further investigation of these individuals, it was found that while they 

have ample levels of Aβ oligomers throughout the brain, the synaptic fraction contained little to 

no detectable Aβ oligomers, an area of typically elevated levels in AD (Bjorklund et al., 2012). 

These individuals can be further utilized in the identification of innate mechanisms that contribute 

to resistance against the toxic association of Aβ oligomers with the synaptic region. 

Tau oligomers are suggested to induce similar synaptic deficits as previously observed by 

Aβ oligomers (Kopeikina et al., 2013), however, the mechanisms of impairment are not well 

understood. Alterations of dendritic morphology and reduction of synapses has been observed in 

mouse models of tau accumulation (Alldred et al., 2012) implying a direct effect of tau leading to 

synaptic impairment. Some studies suggest that the mislocalization of internal pathological tau 

interferes with the process of synaptic transmission by impairing the rate of vesicle release by 

interfering with the mobility of synaptic vesicles (Zhou et al., 2017). However, released tau 

oligomers may also contribute to synaptic impairments in the postsynaptic region. Indeed, the 

extracellular introduction of tau oligomers induces an increase of intracellular calcium levels in 
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neuronal cultures (Usenovic et al., 2015) and resulted in impairment of LTP in cultured brain slices 

(Fá et al., 2016).  

The combined presence of tau oligomers and Aβ oligomers at the synapses has led to a 

greater focus on gaining insight in the interaction between the two hallmark proteins of AD. 

Recently, a synergistic relationship between Aβ and tau oligomers was suggested to attribute to an 

exacerbation of synaptic dysfunction. An exacerbated impairment of LTP is observed after the 

application of a combination of suboptimal concentrations of Aβ and tau oligomers to brain slices. 

These results suggested an increased deficit induced by the co-presence of both proteins compared 

to the deficits induced by either of the amyloid oligomers proteins alone (Fá et al., 2016). In 

addition, the interference with mitochondrial dynamics by both proteins may be attributed to the 

reduction of synaptic function, as discussed previously. The mechanisms contributing to this 

synergistic relationship are poorly understood. However, other interactions between A and tau 

have been identified where the two proteins act concertedly. Specifically, it has been suggested 

that exogenous Aβ induced increased spine loss in explicit regions with elevated levels of 

missorted tau accumulations (Zempel et al., 2013).  Further investigation is needed to understand 

the complex relationship between Aβ and tau oligomers in the induction of synaptic dysfunction. 

This intricate relationship suggests that future therapeutics should target the actions of both 

proteins to prevent loss of the synapses.  

AD mouse models 

 Several transgenic animal models of AD have been developed to understand the 

pathological alterations that occur in the presence of the accumulation of both amyloid proteins 

and as a tool to investigate the reduction of such pathological events by potential therapeutics. 

Each mouse model has both positive and negative attributes and have been developed in attempt 
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to create a better representation of AD as it occurs in humans. However, due to the genetic nature 

of these models, they best represent familial AD, the least prevalent form of AD, perhaps aiding 

in the difficult transition of therapeutics from mouse to humans. Nonetheless, these animal models 

have been invaluable in progressing the knowledge of AD and can be further utilized in new ways 

to continue expanding our understanding of the disease. 

As a model of the Aβ pathogenesis, mutations in the APP processing pathway are utilized 

to promote Aβ accumulation. A few well characterized models introducing a mutated form of the 

human APP gene include the London mutation, Swedish mutation, and Florida mutation as 

outlined by figure 1.1. The Swedish mutation has an alteration in the 670 and 671 amino acids 

resulting in an increased affinity for β secretase cleavage, thus increasing the derivatives of the 

amyloidogenic pathway (Johnston et al., 1994; Haass et al., 1995). The London and Florida 

mutations are located near the γ secretase site, amino acid 717 and 716 respectively, and have been 

shown to promote cleavage at the Aβ42 site over Aβ40 resulting in an increase in the highly 

aggregation prone Aβ42 (Eckman et al., 1997; Muratore et al., 2014). Furthermore, the gene 

presenilin1, a unit of the γ secretase complex, has also been found to contain mutations that 

increase its activity resulting in elevated Aβ42 levels (Citron et al., 1997). Along with the excess 

accumulations of Aβ in regions of the brain of interest in AD such as the hippocampus, these 

mouse models also display impairments in learning, working memory and declines in long term 

potentiation (Dineley et al., 2007a; Jung et al., 2011). AD mouse models have been developed to 

include one or a combination of these mutations resulting in various models that display 

progressive Aβ accumulation at various rates and ages (Oakley et al., 2006; Radde et al., 2006).  
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Figure 1.1 Amyloid precursor protein (APP) mutations.  

A schematic diagram representing the sites of the three most commonly used APP mutation sites 

in the development of AD mouse models relative to cleavage sites of β and γ secretase.  

 

 

Unlike mutations in the APP processing, tau mutations have not been found to be a factor 

in the development of familial AD (Roks et al., 1999). Other tauopathies such as frontotemporal 

dementia are associated with missense mutations in the tau gene (Spina et al., 2017). One such 

mutation, P301L, has been used to develop a mouse model that displays increases in the 

abnormal hyperphosphorylation of the tau protein (Alonso et al., 2004). The MAPT P301L 

mouse model has been used as an AD model due to this increased tau accumulation. This 

mutation has also been combined with the Swedish APP and presenilin1 mutations to create a 

mouse model, 3xTgAD, that displays the co-presence of the Aβ and tau pathology (Oddo et al., 

2003). This combination model provides the opportunity for greater insight into the development 

and relationship between the two proteins involved in AD and providing a complex model for 

the more accurate measurement of the effectiveness of therapeutics. 
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Current Pharmaceutical Therapies and Therapeutic limitations 

Currently, two classes of pharmaceuticals are approved by the United States Food and Drug 

Administration (FDA) for patients diagnosed with AD. The first class are cholinesterase inhibitors 

which include the drugs Donepezil (Aricept), Rivastigmine (Exelon) and Galantamine (Razadyne) 

(Bond et al., 2012). These drugs inhibit the degradation of acetylcholine, thus increasing its 

concentration  in the synaptic cleft, by halting the activity of the degrading enzyme cholinesterase 

(Colovic et al., 2013). Acetylcholine is an important neurotransmitter in the learning and memory 

processes, that has been found to be reduced by Aβ (Pedersen et al., 1996). The second class of 

drugs are N-methyl-D-aspartate (NMDA) receptor noncompetitive antagonist also known as, 

memantine (Namenda). This drug inhibits the activity of NMDA receptors, also referred to as 

glutamate receptors, specifically those located in the extrasynaptic region (Xia et al., 2010). As 

described previously, Aβ oligomers induce enhanced production of glutamate resulting in the 

hyperactivation of extrasynaptic glutamate receptors (Li et al., 2011). There have been many 

limitations identified in the efficacy of both classes of pharmaceuticals that have resulted in debates 

weighing the cost to benefits of prescribing these medications to AD patients. Both classes are 

aimed at reducing the manifested clinical symptoms of impaired cognitive function associated with 

AD that results in the reduced ability to perform daily tasks. However, since these drugs target 

downstream consequences of Aβ, as the disease progresses they are no longer able to compensate 

for the damage that is occurring in the system. Some individuals do experience cognitive 

improvements and increased quality of life after the initiation of drug treatment, however, there is 

a large subset that display no cognitive improvements. In addition, these improvements are short 

lived, and the drugs quickly lose effectiveness as the disease progresses (Versijpt, 2014). In 

addition, many suffer adverse side effects ranging from headaches to gastrointestinal bleeding that 
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limit the dose concentrations that can be tolerated (Kavirajan and Schneider, 2007; Casey et al., 

2010; Kok et al., 2015). With the limitations of the current treatments, development of new disease 

modifying therapeutics is imperative. 

 Current research and clinical trials are being conducted on targeting multiple mechanisms 

to stop and reduce the pathological accumulations of the amyloid proteins. Several attempts have 

been made to develop Aβ target immunotherapies, both passive and active. Active immunotherapy 

involves the introduction of the Aβ peptide to stimulate the production of antibodies against the 

Aβ in attempt to clear the protein from the central nervous system. Passive, is the more commonly 

used for Aβ targeted therapy, involves the injection of exogenously produced antibodies (Röskam 

et al., 2010). Several antibodies have been developed that target different forms of Aβ. For 

example, Biogen’s Aducanumab recognizes oligomer and fibril Aβ but not monomer forms, and 

Eli Lilly’s Solanezumab recognizes Aβ monomers but not oligomer or fibrils (Doody et al., 2014; 

Sevigny et al., 2016). However, recently there has been a string of failed clinical trials involving 

Aβ targeting antibodies (Yiannopoulou and Papageorgiou, 2013) . Some studies resulted in 

minimal improvements that failed to reach statistical significance (Salloway et al., 2014). Other 

trials had to be terminated due to severe adverse side effects such as dangerous increases of 

neuroinflammation and other related abnormalities resulting in the swelling of the brain and small 

bleeds (Barakos et al., 2013; Doody et al., 2013). These results have shifted the focus to the 

importance of tau targeting or combination-based therapies. Several tau antibodies, specific for tau 

oligomers, are currently being developed and evaluated as the next step in the treatment of AD 

(Castillo-Carranza et al., 2015). However, some are concerned that adverse side effects will be 

induced by tau immunotherapies preventing the progression through clinical trials (Rozenstein-

Tsalkovich et al., 2013). In addition, the importance of the interaction between Aβ and tau 
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oligomers in the exacerbated dysfunction initiated by the co-presence of the two proteins may 

suggest that the most effective future therapeutic for AD should target the actions of both amyloid 

proteins. Exploring the efficacy of alternative nonpharmaceutical treatments in the slowing of AD 

progression can provide valuable insights into safe options for the treatment of AD. 

NEAR INFRARED LIGHT 

Introduction 

A novel noninvasive treatment option that has been proposed for patients with AD is the 

administration of transcranial near infrared (NIR) light, with wavelengths ranging from 600-1000 

nm. The use of NIR light administration for medicinal purposes dates back to 1971 when Endre 

Mester observed the accelerated healing of wounds in mice that were exposed to a low energy 

Helium-Neon laser (Mester et al., 1971). Later the technique was applied to sores of bed ridden 

patients and a similar reduction of healing time was found (Mester et al., 1972). Since then, NIR 

light treatments have been investigated as a therapeutic for the reduction of pain and inflammation 

related to a variety of disorders including carpal tunnel syndrome (Chang et al., 2008), neck 

injuries (Chow et al., 2009), and arthritis (Lin et al., 2006). Most recently, the application of NIR 

light as a potential treatment has expanded to include brain related disorders and injuries such as, 

traumatic brain injury (Xuan et al., 2015), stroke (Oron et al., 2006) and Parkinson’s disease 

(Johnstone et al., 2014). The 600-1000 nm wavelength window is an optimal window for the 

penetration of the light through biological material. The longer wavelength is minimally absorbed 

by chromophores found in water, hemoglobin and melanin allowing for the energy to diffuse 

deeper in tissue (Huang et al., 2009). Several studies have also measured the ability of this 

wavelength to move through dense tissue, such as bone and specifically skulls of several species 

of animals. They found approximately 40% of the light energy was transmitted through mouse 
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skull depending on wavelength (Lapchak et al., 2015). In addition, the development of new modes 

of delivering light treatments such as, pulsed lasers and high-power light emitting diodes (LED) 

have contributed to improved penetration through dense tissue, increased availability of devices 

and convenience of treatments. However, with these developments defining parameters of optimal 

effectiveness of NIR light is challenging. The wide array of injuries and diseases that benefit from 

NIR light administration has led to the extensive understanding of NIR light’s mechanisms of 

action and potential other diseases, like AD, that can be improved by its administration.  

Biological impact of NIR light associated with Alzheimer’s disease 

NIR LIGHT MECHANISMS 

Several mechanisms that contribute to AD pathogenesis have been identified to be 

improved after NIR light treatment of various disease model systems.  The primary mechanism of 

action of NIR light is believed to involve the activation of the enzyme cytochrome c oxidase in the 

electron transport chain located in the mitochondria (Tiphlova and Karu, 1991). Cytochrome c 

oxidase contains two copper and two heme iron centers that are optimally photostimulated between 

the wavelengths of 600-900 nm with absorption peaks at 606, between 613.5-623.5, 667.5-683.7, 

and 812.5-846 nm (Karu and Kolyakov, 2005). It has been proposed that this photostimulation 

increases activity level of the cytochrome c oxidase by releasing a nitric oxide block, thus 

promoting the establishment of the proton gradient by the electron transport chain resulting in an 

overall increased ATP production (Hashmi et al., 2010).  In addition, a biphasic dose response is 

observed by NIR light suggesting that optimal beneficial effects occur at lower energy outputs and 

are diminished by high energy administration (Huang et al., 2009). Several studies have observed 

this increase in ATP levels (De Taboada et al., 2011), mitochondrial function (Lu et al., 2017) and 

nitric oxide levels (Mitchell and Mack, 2013) that support these collective event as a plausible 
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primary mechanisms leading to the cellular protection afforded by NIR light. Multiple downstream 

responses can be further activated, such as transcription factors, that results in the upregulation of 

genes associated with stress protection. These precise responses that contribute to reduced 

sensitivity to toxins are not well understood. Studies utilizing AD models have found reduced 

proinflammatory markers (De Taboada et al., 2011), increased chaperone expression levels (Grillo 

et al., 2013) and reduced impairment of mitochondria fission/fusion proteins (Lu et al., 2017). 

Although these studies also found a general reduction of Aβ pathology which may contribute to 

the reduction of these mechanisms. Further investigation to understand the downstream protective 

effects induced directly by NIR light treatment can result in the identification of other diseases that 

may be modulated by NIR light treatment. 

AD PATHOLOGY 

 Many studies have been aimed at understanding the biological impact of NIR light on the 

development and toxicity of the Aβ and tau proteins.  The NIR light treatment of both cellular and 

animal models have suggested an induction of a beneficial protective effect against the 

accumulation of these proteins. Aβ pathology particularly penetrating to the fibril form of Aβ, has 

been the main focus of these studies in the determining the effectiveness of the application of NIR 

light for AD. Four Aβ pathology transgenic mouse models containing different combinations of 

genetic mutations of APP and presenilin have been studied after NIR light treatment with various 

parameters of administration (differing in wavelengths, treatment schedule, source, energy density, 

mode and application sites) as described in Table 1. Three of these studies, initiated treatments at 

an age in which Aβ plaque formation is abundant, equivalent to later stages of the clinical 

manifestation of AD. Despite the different parameters applied in these studies, all found decreased 

Aβ levels after the given treatments (De Taboada et al., 2011; Purushothuman et al., 2014; Farfara 
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et al., 2015) . On the other hand, Grillio et al. investigated an early but chronic administration of 

the treatment, initiating a 5-month long treatment schedule prior to known Aβ accumulation. 

Treatments were concluded one month after known plaque deposition is prominent. This study 

found a similar decrease of Aβ levels (Grillo et al., 2013).  

 Other animal models of AD have also been used to study direct effects of NIR light 

treatment on Aβ levels and induced dysfunction, as summarized in Table 2. In two separate studies 

rat models injected with exogenous Aβ were treated with differing NIR light protocols. The first 

study found reduced Aβ levels after treatment once per day with a 627 nm LED for 14 and 21 

days. However, no changes in Aβ levels were observed in the rats receiving 7 days of NIR light 

treatment suggesting a mechanism of clearance of Aβ proteins is dose dependent (da Luz 

Eltchechem et al., 2017). The second study administered NIR light treatments once per day by an 

808 nm laser for 5 days. This study also did not find a statistically significant reduction in Aβ 

levels, but other mechanisms linked to Aβ toxicity, such as dendritic degeneration, oxidative 

damage, and proinflammatory cytokines, were decreased in NIR light treated rats. In addition, a 

decrease in endogenous hyperphosphorylated tau in the NIR light treated exogenous Aβ rats (Lu 

et al., 2017) was observed. Together, these studies support an overall improvement in Aβ burden 

(NIR light treatments) after pathology development by NIR light treatments.  

Several experiments have also used a variety of cell lines exposed to Aβ before or after 

NIR light treatments to determine induction of neuroprotection against the toxicity of Aβ, as 

summarized in Table 3. Similar to experiments in animal models, all experiments differed in cell 

lines used, treatment schedule, source of the light, wavelengths, energy output and light mode. 

Studies investigating NIR light treatment administered after Aβ exposure found decreases in DNA 

fragmentation (Duan et al., 2003), decreased Aβ aggregates (Sommer et al., 2012) increased cell 
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survival (Meng et al., 2013), among other parameters. This suggests NIR light induces 

neuroprotection against Aβ toxicity.  In addition, three studies investigated the beneficial effects 

of NIR light pre-treatment (Yang et al., 2010; Duggett and Chazot, 2014; Farfara et al., 2015). In 

these studies, the cells were treated with NIR light prior to Aβ protein exposure. They found 

decreases in oxidative stress, proinflammatory markers (Yang et al., 2010), cell death (Duggett 

and Chazot, 2014) and increased phagocytosis of Aβ (Farfara et al., 2015). This suggests that early 

treatments, administered prior to toxic insult, induce mechanisms of protection. 

Only one human mutated tau model has been used to determine the direct effect of NIR 

light on the accumulation of tau pathology. Near infrared light treated K3 mice, a mouse model 

with a human tau mutation found in frontotemporal dementia that accumulate 

hyperphosphorylated tau at 3 months of age (Ittner et al., 2008). After one month of NIR light 

treatments, these mice displayed a reduction of hyperphosphorylated tau and neurofibrillary 

tangles (Purushothuman et al., 2014). Further, reduced hyperphosphorylated tau levels were 

measured in two mouse models of Aβ pathology, however, differences in isoforms and alterations 

amino acids at the N-terminus in murine tau compared to human tau, raises the question of 

translatability of the possible effects to human AD (Andorfer et al., 2003). Many studies have also 

been conducted on TBI models, finding reductions in injury sites and inflammation markers ( 

Huang et al., 2012; Xuan et al., 2014, 2015). While these study do not directly investigate tau 

levels, traumatic brain injury is linked to the production of tau oligomers that contribute to cellular 

death after injury (Hawkins et al., 2013).  

COGNITION 

Many of the previously described animal studies investigating the pathology development 

in AD mouse models after NIR light treatment also measured the coinciding functional behavioral 
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changes in these animals. It was found that these animals have increased cognitive functions after 

NIR light treatment as tested by several behavioral tests including the novel object recognition 

test, Morris water maze and fear conditioning (De Taboada et al., 2011; Farfara et al., 2015; da 

Luz Eltchechem et al., 2017; Lu et al., 2017). These tests are common paradigms used to determine 

deficits in the hippocampal based learning and memory processes which become impaired during 

the progression of AD (Puzzo et al., 2014; Wolf et al., 2016). The enhancement of cognition in 

these AD mouse models suggests that NIR light treatment may improve functional deficits in AD 

patients. 

Limited studies have been conducted in human patients diagnosed with AD or mild 

cognitive impairment (MCI) to determine if NIR light treatments improve cognition. To date, two 

studies have been published using differing devices for light delivery. One study used the 

Cognitolite Transcranial Photomodulation System which is a light helmet with 1060-1080 nm 

LEDs pulsed at 10 hertz (hz). One 6-minute treatment was administered daily for 28 days. The 

individuals were tested by the mini-mental state examination (MMSE) and the Alzheimer’s 

Disease Assessment Scale-Cognitive (ADAS-Cog) tests prior to and at the conclusion of the 

treatment regimen. A statistical difference was not measured in either tests compared to baseline 

test scores, however, a trend of improved scores was noted in tasks of executive function. This 

study had a limited number of participants (6 NIR treated, 3 placebo, and 2 withdrawn). The 

authors believed that statistical significance might be reached with increased group sizes (Berman 

et al., 2017). The second study used Vielight Inc.’s “intranasal” and “Neuro” devices that consist 

of 810 nm LEDs pulsed at 10 hz. The “intranasal” device is a single probe placed in the nose and 

the “Neuro” device is a headset consisting of four clusters of LEDs. Treatment included 

stimulation by the “Neuro” device twice per week, in addition to one daily 25-minute treatment by 
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the “intranasal” device for 12 weeks. The study found a statistical improvement in MMSE and 

ADAS-Cog scores at the conclusion of the 12-week treatment compared to baseline scores. Other 

emotional improvements were also reported by the caretakers such as reduced aggression. It was 

also found that these scores rapidly declined within 4 weeks of withdrawing NIR light treatments 

(Saltmarche et al., 2017). Both studies had no reported side effects of the NIR light treatments. 

While this study provides promising evidence that NIR light enhances cognition in AD patients, 

further research must be conducted due to the small treatment group (5 individuals) and lack of a 

placebo group. There are currently two studies listed on clinicaltrials.gov for the investigation of 

NIR light treatments in human AD patients. Both are using Vielight Inc.’s “Neuro” devices, one 

to determine changes in AD biomarkers while the other is to replicate the previous results seen by 

Salmarche et al. in an expanded group size. 

While these results are promising, as mentioned earlier future studies need to expand the 

number of patients receiving NIR light treatment, as ongoing trials are attempting, but also provide 

proper placebo groups. Further, it is imperative to determine long term changes in cognition by 

NIR light treatment to gain an understanding of the efficacy of treatment in a chronic disease such 

as AD.  
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Table 1.1. NIR light treated Transgenic AD Models 

Transgenic AD Models 
Model Treatment 

initiation 

timeline 

Treatment 

schedule 

Source Wave 

length 

 Energy 

density 

Mode Application 

 site 

Results Study 

APP mouse 
Human APP Swedish and 

London mutation 

3 months old 
(After plaque 

accumulation) 

2 mins per 

treatment 

 

 3x/week 

for 2 weeks 

GaAIA

s diode 

Laser 

808 

nm 

CW; 

1.2 

J/cm2  

 

Pulsed;  

1.2 

J/cm2 

6 J/cm2 

12 J/cm2 

CW 

and 

Pulsed 

pulse 

duration

= 2 ms 

 

rate=100 

Hz 

Trans-

cranial 
All parameters: 

↓Aβ levels in CSF, plasma, 

CNS 

↑memory 

↓ inflammation markers 

(greatest change by Pulsed 

2830 mW/cm2) 

 

Pulsed 2830 mW/cm2: 

↑ATP levels 

↑O2 consumption 

 

(De 

Taboada 

et al., 

2011) 

TASTPM mouse 
Human APP Swedish and 

PSEN1 M146V 

2 months old 
(prior to Aβ 

accumulation) 

 6 mins per 

treatment  

2 days 

biweekly 

for 5 

months 

LED 1072 

nm 

1.8 

J/cm2 

 

5 mW/ 

cm2 

Pulsed 

600 HZ 

Cycle 

300 μs 

Body ↑HSP27.HSP60, HSP70, 

HSP105 and P-HSP27 

No change HSP40, HSP90 

 

↓phosphorylated tau 

↓αB-crystallin, APP, Aβ1-40, 

and Aβ1-42 protein 

expression 

↓PS-1 

(independent of modifying 

transgene promotor) 

(Grillo et 

al., 2013) 

APP/PS1 mouse 
Human APP Swedish and 

PSEN1dE9 

7 months old 
(After plaque 

accumulation) 

90 s per 

treatment 

5 

days/week 

for 4 weeks 

LED 670 

nm 

4 J/cm2 CW Trans-

cranial 
 

↓Aβ plaque burden, size 

and number 

(Purushot

human et 

al., 2014, 

2015) 

5xFAD mouse 
Tg6799; 

Human APP Swedish, 
Florida and London 

mutations  

PSEN1 M146L and 

L286V mutations 

4 months old 
(After plaque 

accumulation) 

Total of 6 

treatments 

(10-day 

intervals 

over 2 

months) 

Ga-Al-

As 

Laser 

ns 1 J/cm2 

 

400 

mW/ 

cm2 

CW Bone 

marrow in 

medial tibia 

↑memory (fear 

conditioning, NOR test) 

 

↓Aβ burden (dentate gyrus 

of hippocampus 

(Farfara 
et al., 

2015) 

K3 mouse 
tau with K369I mutation 

5 months old 
(After 

hyperphosphor

ylated tau 

accumulation) 

90 s per 

treatment 

5 

days/week 

for 4 weeks 

LED 670 

nm 

4 J/cm2 

 

 

CW Trans-

cranial 
↓phosphorylated tau and 

neurofibrillary tangles 

(neocortex and 

hippocampus) 

↓oxidative stress 

(neocortex) 

↑CCO expression 

(neocortex and 

hippocampus) 

(Purushot

human et 

al., 2014, 

2015) 

CW= continuous wave 

LED= light emitting diode 
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Table 1.2. NIR light treated Nontransgenic AD Models 

Nontransgenic AD Models 
Model Treatment 

initiation timeline 

Treatment 

schedule 

Source Wave 

length 

Energy 

density 

Mode Application site Results Study 

 injected 

Aβ25-35 rat 

Intracerebral 

injection of  

Aβ25-35 (fibrils) 

followed by 

light treatment  

1 treatment 

of 200s for 

7 days, 14 

days or 21 

days 

LED 627 

nm 

7 J/cm2 

 

70mW 

CW Transcranial 14-day treatment: ↑spatial 

memory, OFT motor skills  

 

21-day treatment: ↓Aβ levels, 

↑OFT motor skills 

 

(da Luz 

Eltchechem 

et al., 2017) 

injected 

Aβ1-42 

 rat 

Intrahippocampa

l injection of  

Aβ 1-42  

three hours later 

laser treatment 

began 

1 treatment 

of 2 min/day 

for 5 days 

Laser 808 

nm 

15 J/cm2 

 

25 mW/ 

cm2 

CW Transcranial ↓dendritic degeneration 

(hippocampal CA1) 

↓Mitochondrial fission/fusion 

imbalance, mitochondrial 

fractionation, depolarization, 

oxidation 

↑ CCO activity, ATP 

↓ G6PDH and NADPH oxidase 

activity, oxidative damage 

↑ total antioxidant capacity 

↓ gliosis, proinflammatory 

cytokines 

↓ hyperphosphorylated tau 

↓ cytosolic cytochrome c levels, 

caspase-9 and 3 activities 

↑ spatial learning and memory 

 

(Lu et al., 

2017) 

CW= continuous wave 
LED= light emitting diode 

Table 1.3. NIR light treated in vitro AD models 
  

in vitro AD Models 
Model Treatment initiation timeline Treatment 

schedule 

Source Wave 

length 

Energy 

output 

Mode Results Study 

Undifferentiated 

PC12 cells 

incubated with 

Aβ25-35 

Aβ 25-35  

(20 μM) added to cells 

followed by light 

treatment 

1 treatment 

of 30 mins or 

60 mins 

LED 640 

nm 

0.9-10 

W/cm2 

CW 0.9W/cm2 for 60 minutes:  

↓ cell apoptosis, DNA 

fragmentation 

(Duan et al., 

2003) 

Primary 

astrocytes 

incubated with 

Aβ1-42 

Laser treatment 

followed by 4 hr rest, 

and 4 hr starvation 

period, 

then incubated with Aβ1-

42 (5 μM) for 2 hrs 

1 treatment 

of 3 hrs 

He-Ne 

Laser 

632.8n

m 

16.2 

J/cm2 

 

1.5 

mW/cm2 

CW ↓oxidative stress 

↓superoxide anions, NADPH 

oxidase 

↓phosphorylation of cPLA2 

↓proinflammation markers 

(IL-1β and iNOS) 

(Yang et al., 

2010) 

Human 

neuroblastoma 

(SH-EP) cells 

incubated with 

Aβ1-42 

Incubated with labelled 

Aβ42 (200 nM) for 24 

hrs prior to laser 

treatment 

1 treatment 

of 1 min 

Laser 670 

nm 

1 J/cm2 

 

17.36 

mW/cm2 

Pulsed  

1 Hz 

↓Aβ aggregates 

 ↑cell proliferation 

↑ATP levels in light treated 

cells w/o Aβ 

 

(Sommer et al., 

2012) 

SH-SY5Y,  

HEK 293T and 

differentiated 

PC12 cells 

incubated with 

Aβ25-35 

Aβ25-35 (fibrils; 25 μM) 

added to media 30 mins 

prior to laser treatment 

1 treatment 

of 2.5 mins 

Laser 632.8 

nm 

2 J/cm2 

 

12.75 

mW/cm2 

CW SY5Y, HEK 293T and 

differentiated PC12 cells: 

 

↓cell apoptosis 

 

↑Akt/GSK3β/β-catenin 

pathway 

(Liang et al., 

2012) 

Primary 

hippocampal 

neurons or SH-

SY5Y  

incubated with 

Aβ1-42 and Aβ25-35 

Aβ (25 μM) added to 

media 30 mins before 

laser treatment 

1 treatment 

of 0.7, 1.25, 

2.5 or 5 mins 

He-Ne 

Laser 

632.8 

nm 

0.5,1,2, 

and 4 

J/cm2 

 

12.75 

mW/cm2 

CW 2 J/cm2: ↑cell survival, 

dendrite growth  

 

↑activation of ERK/CREB 

pathway resulting in 

increased BDNF levels  

(Meng et al., 

2013) 

Cath.a-

differentiated 

cells  

incubated with 

Aβ1-42 

1st set of light treatments  

24 hrs later incubated 

with Aβ1-42 (fibrils) 

followed by 2nd set of 

light treatments,  

24 hours later 3rd set of 

light treatment 

5 treatments 

of 3 mins, 30 

mins 

apart/day for 

3 days 

LED 1068 

nm 

5 

mW/cm2 

Pulsed  

600 Hz 

Cycle 

300 μs 

↓ cell death (3.5 μM, 4.5 μM,  

5 μM, 10 μM and 25 μM of 

Aβ) 

(Duggett and 

Chazot, 2014) 

WT mice 

mesenchymal 

stem cells  

incubated with 

Aβ1-42 

MSC isolated, treated 

with laser 3 days later 

incubated with Aβ (12 

μM) for 2 hrs 

1 treatment 

of 20 s 

Ga-Al-

As 

laser 

ns 1 J/cm2 

 

400 

mW/cm2 

CW ↑phagocytosis of Aβ 

↑CD11b 

(Farfara et al., 

2015) 

CW= continuous wave 

LED= light emitting diode 
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Gaps of knowledge 

 The expansion of NIR light treatment into human AD patients will be a challenging task 

due to the lack of acceptance and general knowledge of the technique in the medical field. While 

previous research suggests an overall reduction in Aβ and hyperphosphorylated tau accumulations 

in AD mouse models treated with NIR light, the underlying mechanisms are not well understood. 

In addition, previous experience with numerous pharmaceuticals that reduce pathology in AD 

mouse models but results in little cognitive change in human trials suggests that the observation 

of decreased protein accumulations may not be the optimal marker for effectiveness of the 

treatment in AD (Wilcox et al., 2011). The ultimate goal of determining the effectiveness of NIR 

light treatment for human AD patients will only truly be achieved by the pursuit of clinical trials. 

However, the clinical trial process is lengthy and often impaired by the expense and the overall 

challenge of recruiting a large cohort of individuals. The funding and recruitment process can be 

aided by the investigation of gaps of knowledge of NIR light administration and its modulation of 

key events leading to the cognitive decline associated with AD.  

An important event that needs to be further understood is the ability of NIR light to 

modulate the association of Aβ and tau oligomers with the synapses and the resulting oligomer 

induced synaptic dysfunction. This can be achieved by utilizing the ex vivo administration of Aβ 

and tau oligomers to the synapses and brain slices of previously NIR light treated wild type mice. 

Further the wild type mice can be used to investigate proteomic and mitochondrial changes to 

discern the direct mechanisms that are induced by NIR light treatment. Previous studies have 

investigated alterations in the total mitochondrial dynamics in NIR light treated AD mice models, 

however, the parallel reduction of AD pathology could contribute to the changes observed.  
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Another aspect of AD that should be investigated to understand the effectiveness of NIR 

light treatments is the levels of synaptic Aβ and tau oligomers in a combined AD mouse model 

that integrate the human forms of both proteins. Previous research has suggested a decrease in the 

hyperphosphorylated tau  in Aβ mouse models, however, these models do not express human tau 

which include different isoforms compared to mouse tau, a factor that may change functionality 

of the tau accumulations (Andorfer et al., 2003). A combined transgenic model will better represent 

the effects of NIR light exposure on the amyloid proteins in a co-present system as seen in AD. 

In addition, the identification of mechanisms induced by NIR light that contribute to the 

reduction of pathology that was observed previously will be imperative to understanding the 

benefits of NIR light. While mitochondria are believed to be the primary target of the cytochrome 

c oxidase activating NIR light, the link between increased mitochondria activity and reduced AD 

pathology is not well understood. Further, the health of the synaptic mitochondria has not been 

investigated. This insight will provide a clearer understanding on the health of the synapses and 

induced resilience to toxic insults after NIR light treatment. 

The current project is aimed at determining if the damaging pathology that is associated 

with early AD development, specifically at the synapses, is modulated by treatments of NIR light. 

Additionally, we aim to gain a greater understanding of the implementation of NIR light in a 

combined Aβ and tau system and potential neuroprotective mechanisms induced by NIR light 

treatment. Together the current project aims to further the scientific understanding and acceptance 

of NIR light treatment as a viable therapeutic for AD. 
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Chapter 2: Methods 

ANIMALS  

Male and female transgenic 2576 (Tg2576) and htau mice and female 3xTgAD mice were 

utilized to evaluate in vivo Aβ and tau load at the synapses (n= 7, per experimental group). The 

NIR light treatment was initiated at 7 months of age for the Tg2576 mice, an age in which Aβ 

oligomers are abundantly found in the brain (Hsiao et al., 1996). The NIR light treatment was 

initiated at 12 months for the htau mice, an age in which tau pathology has developed throughout 

the brain (Duff et al., 2000). The 3xTgAD mice, which display Aβ and tau accumulations at 12 

months of age, were treated with NIR light starting at 12 months of age to ensure development of 

both protein accumulations (Oddo et al., 2003).  C57BL/6 wild-type male and female mice were 

employed for the ex vivo Aβ binding experiments (n=8, per experimental group), as well, as the 

electrophysiological properties after NIR light treatments (n=5, per experimental group, 2 slices 

per animal per experimental condition). Male and female Tg2576 and wild type mice were utilized 

for synaptic mitochondrial experiments (n=8, per group). All experimental protocols involving 

animals were approved by Institutional Animal Care and Use Committee of the University of 

Texas Medical Branch. All methods were performed in accordance with the guidelines and 

regulations of the committee. Animals were housed under USDA standards (12:12 hour light dark 

cycle, food and water ad libitum) at the UTMB vivarium. After the conclusion of the NIR light 

treatment, the mice were sacrificed by exposure to isoflurane and decapitated. The brains were 

quickly removed, dissected into major regions; frontal cortex, parieto-occipital cortex, 

hippocampus and cerebellum and stored at -80°C until ready for further analysis. 
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Figure 2.2. Timeline of pathology progression in AD mouse models. 

A schematic diagram demonstrating the characteristic ages of protein accumulations and cognitive 

impairments of the three AD mouse models used in the NIR light treatment study. Figure adapted 

from the Alzheimer’s Association. 

NIR LIGHT TREATMENTS  

One dose of the NIR light treatment consisted of a 90 second treatment from a 670 nm 

light-emitting diode (LED) device (WARP 10; Quantum Devices, Barneveld, WI, USA). Light 

energy emitted equated to 4 Joule/cm2 per treatment. The treatment group received one dose per 

day, 5 days per week for 4 consecutive weeks. The mice were hand restrained and the light device 

was held approximately 1 cm from the top of the head. The body of the mouse was covered with 

aluminum foil to prevent light exposure to the periphery, as illustrated in Figure 2.1. The control 

sham light treated group was restrained in the same manner as the treatment group, however the 

light device remained off, as previously described (Purushothuman et al., 2014). The NIR light 

treatment was condensed to one week (4 treatments per day for 5 days) for wt mice treated for the 

electrophysiology experiment after it was determined that this condensed time period provided 

similar reduced binding effects as the 4-week treatment schedule (Supplementary Fig. 3.3.). 
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Figure 2.1. Near infrared light treatment procedure. 

The mice were treated with NIR light from a 670 nm light-emitting diode (LED) device. (a) The 

device was held approximately 1 cm above the head of the mouse while aluminum foil was held 

over the body to minimize NIR light exposure to the periphery. The mice received 1- 90 second 

treatment per day for 5 days in a week over 4 consecutive weeks. (b) The control sham treatment 

group was held under the NIR light device in the same manner as the NIR light treated group with 

the device remaining off. 

ISOLATION OF SYNAPTOSOMES 

After the final NIR light treatment, the animals were sacrificed, and the brains collected as 

described above. To isolate synaptosomes, the tissue was homogenized in Syn-PER synaptic 

protein extraction reagent (ThermoFisher). A portion of the total homogenate was saved for 

biochemical analysis and the remaining portion was centrifuged at 1200 x g for 10 minutes at 4°C. 

The supernatant was collected and centrifuged further at 15000 x g for 20 minutes at 4°C, as per 

reagent instructions. The synaptosomes containing pellet were resuspended in HEPES-buffered 

Krebs-like (HBK) buffer or radioimmunoprecipitation assay (RIPA) buffer depending on future 

experiment. The quality of the synaptosomal isolation is routinely verified by Western blot and 

electron microscopy (Franklin and Taglialatela, 2016). 

MEASUREMENT OF PROTEIN LEVELS  

Western blot analysis 
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Western blot analysis was performed on the total protein extracts and synaptosome 

fractions to measure multiple protein levels.  Separation of the proteins in the samples obtained 

was done by 12% gradient SDS- polyacrylamide gel (HSP70 proteins) or 4-20% gradient gel (Aβ, 

tau5, LC3A&B) electrophoresis. The separated proteins were transferred to a nitrocellulose 

membrane (Bio-Rad) and incubated with the specific antibody such as 6E10 (total Aβ; 

BioLegend), Tau5 (total tau; ThermoFisher), HSP70/HSP72 and HSC70 (Enzo Life Sciences), 

LC3A&B (Cell Signaling) antibody overnight. The nitrocellulose membrane was then incubated 

with the appropriate fluorescent secondary antibody and imaged with an Odyssey infrared imager. 

The band densities were analyzed using Image J software, normalizing using the densities of the 

loading control obtained by reprobing the membranes for β-tubulin. 

ELISA 

Quantification of Aβ levels in the protein extracts was determined using an Aβ1-42 specific 

solid phase sandwich enzyme-linked immunosorbent assay kit as described by kit directions 

(ELISA) (Invitrogen). The total tau levels were measured by ELISA analysis using the total tau 

antibody, tau5 (ThermoFisher). For the ELISA, samples were incubated at 4°C overnight on an 

ELISA plate with the coating buffer 0.1M sodium bicarbonate (pH 9.6). The plates were then 

washed with Tris-buffered saline with low Tween 20 (0.01%) (TBS-low T) followed by blocking 

with 10% nonfat milk. The plates received another washing step followed by an incubation with 

tau5 antibody (1:1000 in 5% nonfat milk in TBS-low T; ThermoFisher) for 1 hour at room 

temperature. Following a washing step, horseradish peroxidase-conjugated anti-rabbit IgG 

(1:10,000 in 5% nonfat milk in TBS-low T; Promega) was added to the plate and incubated for 1 

hour at room temperature. The plates were again washed with TBS-low T and 3,3,5,5-
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tetramethylbenzidine (TMB-1 component substrate; Sigma-Aldrich) was added. After 15 minutes, 

1 M HCl was added to stop the reaction and the plate was read at 450 nm.  

Immunofluorescence 

Immunofluorescence was performed on post fixed (4% paraformaldehyde in 0.01 M PBS, 

pH 7.4) cryosectioned brain slices of the 3xTgAD and htau mice that received NIR light or sham 

treatment. First the slices were washed in phosphate-buffered saline (PBS) followed by 

permeabilized with 5% normal goat serum, 0.3% Triton X-100 and 0.05% Tween-20 in PBS for 1 

hour at room temperature. After a wash with PBS, the slides were incubated overnight at 4°C with 

primary antibodies. The primary antibodies used were the tau oligomer specific antibody, anti-T22 

(1:500; Dr. Rakez Kayed lab) and the total tau antibody, anti-tau 5 (1:1000, ThermoFisher). The 

slices were then washed with PBS and incubated with Alexa-conjugated secondary antibodies 

(1:400; Life Technologies) for 1 hour at room temperature. Finally, the slices were washed in PBS 

and coverslips were mounted using Vectashield mounting medium containing DAPI (Vector 

Laboratories). 

MEASUREMENT OF GENE EXPRESSION LEVELS 

Total RNA was isolated from the hippocampus of the sham (n=7) and NIR light treated 

(n=9) 3xTgAD mice utilizing the RNA isolation kit (Qiagen). Quantitative polymerase chain 

reaction (qPCR) was conducted to determine mRNA levels of Atg5, as previously described (Ali 

et al., 2016). The fold expression was calculated relative to the beta-actin gene. 

EX VIVO AMYLOID Β OLIGOMER BINDING  

Aβ oligomer preparation 
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Human Aβ oligomers were prepared from lyophilized synthetic Aβ aliquots (0.3 mg) 

dissolved in 0.2 ml of 1,1,1,3,3,3- Hexafluro-2-propanol (HFP). The HFP- Aβ mixture was then 

added to 0.7 ml of H2O. A cap with four holes was placed on the tube and the sample was stirred 

by a magnetic stir bar under a fume hood for 48 hours. The sample was used immediately after the 

48 hours of stirring (Kayed, 2003). For the flow cytometry analysis of Aβ oligomer binding to the 

synaptosomes, Aβ oligomers with a Flour 488 tag were utilized. These Aβ oligomers were 

prepared by adding Aβ1-42 peptide with a Flour 488 tag (AnaSpec, Inc) to the HFP-Aβ mixture 

described above. This mixture was then added to 0.7 ml of H2O and spun, as described. Western 

blot and dot blot analysis using A-11 antibodies (Aβ oligomer specific) are used to determine the 

quality of oligomerization (previously described by Reese (2008) (Reese et al., 2008). 

 AΒ OLIGOMER BINDING CHALLENGE 

The ex vivo binding of Aβ oligomers to the synaptosomes of mice treated or not with NIR 

light was evaluated using flow cytometry. Synaptosomal fractions of male and female wild type 

mice receiving NIR light treatment were prepared and resuspended in HBK buffer. Synaptosomal 

fractions from multiple animals in each group were combined in separate tubes. Pooled samples 

were then aliquoted into 8 separate tubes per group containing 100 mg of total protein per tube 

determined by bicinchoninic acid (BCA) assay. To perform analysis using flow cytometry, the 

synaptosomes were prepared and aliquoted as described in the ELISA analysis, however, the 

synaptosomes were treated for 60 minutes with Aβ oligomers tagged with HyLite Fluor 488 

(AnaSpec) in various concentrations ranging from 1 μM to 10 μM. The synaptosomes were then 

centrifuged and washed multiple times with HBK buffer and resuspended in PBS. Synaptosomes 

were analyzed by size gating using size standard beads (Spherotech, Inc.) Gylys et al. (2004) 
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(Gylys et al., 2004). Data was acquired by a Guava EasyCyte flow cytometer (EMD Millipore) 

and analyzed using Incyte software (EMD Millipore). 

EX VIVO TAU OLIGOMER BINDING 

Tau oligomer preparation 

Prepared recombinant tau oligomers were obtained from Dr. Rakez Kayed’s laboratory. 

The tau oligomers were produced as previously described (Lasagna-Reeves et al., 2010). Briefly, 

recombinant tau monomer protein was added to 1xPBS to obtain a concentration of 0.3 mg/ml. 

Aβ42 oligomers seeds were added to the tau mixture and incubated on an orbital shaker for 1 hour 

at room temperature. The produced tau oligomers were used as seeds in a new batch of tau 

monomers to produce a new batch of tau oligomers. This protocol was repeated three times to 

ensure the elimination of the original Aβ seeds resulting in the production of tau oligomers. Each 

batch of oligomers is tested using dot blot with T22, a tau oligomer specific antibody, Western 

blot analysis and atomic force microscopy (AFM) to verify the quality of the tau oligomer 

preparation. 

Tau oligomer challenge 

Synaptosomes isolated from mice receiving NIR light or sham treatment were resuspended 

in HBK buffer. Using the bicinchoninic acid (BCA) assay, 50 mg of total protein in our 

synaptosomal preparations was determined and aliquoted from each individual animal. 50 nM of 

tau oligomers was then added to each synaptosome preparation and allowed to incubate for 1 hour 

at room temperature. The samples were then centrifuged and washed with HBK buffer three times 

to thoroughly remove any unbound tau oligomers. The total protein levels were again measured 

by BCA and equal amounts of protein was analyzed by tau5 ELISA analysis, as described above. 
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ELECTROPHYSIOLOGY 

The wt mice were anesthetized with isoflurane and were perfused intracardially with a 

NMDG solution containing; 93 mM NMDG, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 

20 mM HEPES, 25 mM glucose, 5 M sodium ascorbate, 2 mM thiourea, 3 mM sodium pyruvate, 

10 mM MagSO4 ·7H20, 0.5 mM CaCl2 ·2H2O, and 12 mM N-acetyl L-Cysteine. Brains were 

harvested and sliced in the NMDG solution followed by a 10-minute recovery period in 35°C 

NMDG solution. The slices were then maintained in a modified HEPES holding aCSF (92 mM 

NaCl, 2.5 mM KCl, 1.2 NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM Glucose, 5 mM 

sodium ascorbate, 2 mM thiourea, 3 mM sodium pyruvate, 2 mM MgSO4 7H20, 2 CaCl2 2H20, 12 

N-Acetyl L-Cysteine). For recording the slices where held in an artificial cerebrospinal fluid 

(aCSF) (124 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 24 mM NaHCO3, 5 mM HEPES, 12.5 

mM glucose, 2mM MgSO4·7H20 and 2 mM CaCl2·2H20) (Ting, 2014). All solutions were 

supplemented with 95% O2/5% CO2. Prior to recording, the slices were incubated with 200 nM of 

Aβ oligomers for 1 hour at room temperature. Field excitatory post-synaptic potentials (fEPSPs) 

recordings were performed by stimulating the Schaffer collateral pathway. The stimulating 

electrode of 22 kΩ resistance was placed in the cornu ammonis 3 (CA3) region and the recording 

electrode was located at the junction of the alveus and cornu ammonis 1 (CA1). High frequency 

stimulation consisting of 3- 100 Hz trains for 1 second duration with 20 second intertrain intervals 

was be used to induce LTP. The traces were analyzed with Clampfit 10.6 software (Molecular 

Devices).  

SYNAPTIC MITOCHONDRIAL MEMBRANE POTENTIAL AND ABUNDANCE  

The synaptosomes were isolated from frozen brain tissue as described earlier. The 

synaptosomes were then immediately treated with Mitotracker green FM (Invitrogen) and 
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MitoSense Red (1,1',3,3,3',3'- Hexamethylindodicarbocyanine iodide) (EMD Millipore) for 15 

minutes at 37°C. MitoTracker is a fluorescent dye that diffuses across the mitochondrial membrane 

and reacts with thiol groups of specific mitochondrial proteins (Presley et al., 2003). The 

fluorescent dye MitoSense correlates with mitochondria membrane potential (Mattiasson et al., 

2003). The synaptosomes were washed twice with HBK buffer and fluorescent emittance was 

acquired by a Guava EasyCyte flow cytometer (EMD Millipore) and analyzed using Incyte 

software (EMD Millipore). 

NOVEL OBJECT RECOGNITION 

After the conclusion of NIR light treatment regimen, the htau mice underwent cognitive 

testing using the novel object recognition (NOR) paradigm. The novel object recognition protocol 

included three phases; habituation phase, a training phase and an object recognition phase, as 

described previously by our lab (Taglialatela, 2009). The habitation phase included of two 

sessions, on two different day each 10 minutes in length, in which the animals were allowed to 

freely explore the open field arena. During the training phase, the animals were placed in the same 

arena with the addition of two identical objects. The animals were allowed to freely explore for 10 

minutes. 24 hours after the training phase, the test phase was initiated. During the testing phase, 

the animal was placed again in the arena for 10 min with one familiar object previously explored 

in the training phase and one novel object differing in color and shape, but sharing a common size 

and volume. Trials were recorded and time spent exploring each object was measured using ANY-

Maze software. Exploration was defined by head orientation within 2 cm of the object or physical 

contact with the object. The object discrimination ratio (ODR) was calculated by the following 

formula: 
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ODR= (Time exploring specified object)/ (time exploring novel object+ time exploring familiar 

object) 

STATISTICAL ANALYSIS 

The statistical analysis of the data was analyzed using SPSS software. Student’s t test was 

used to determine statistical significance in the protein level experiments. The calculated object 

discrimination ratios of the NOR behavior test were analyzed by the one-sample t test to determine 

difference from chance (0.50). The one-way ANOVA with Dunn’s post hoc test was used to 

determine statistical significance between the calculated fEPSP percentage of each condition in 

the electrophysiology experiment. 
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Chapter 3: Near infrared light decreases synaptic vulnerability to amyloid beta 

oligomers1 

ABSTRACT 

Synaptic dysfunction due to the disrupting binding of amyloid beta (Aβ) and tau oligomers is one 

of the earliest impairments in Alzheimer’s Disease (AD), driving initial cognitive deficits and 

clinical manifestation. Consequently, there is ample consensus that preventing early synaptic 

dysfunction would be an effective therapeutic strategy for AD. With this goal in mind, we 

investigated the effect of a treatment of mice with near infrared (NIR) light on synaptic 

vulnerability to Aβ oligomers. We found that Aβ oligomer binding to CNS synaptosomes isolated 

from wild type (wt) mice treated with NIR light was significantly reduced and the resulting 

suppression of long term potentiation (LTP) by Aβ oligomers was prevented. Similarly, APP 

transgenic mice treated with NIR showed a significant reduction of endogenous Aβ at CNS 

synapses. We further found that these phenomena were accompanied by increased synaptic 

mitochondrial membrane potential in both wt and Tg2576 mice. This study provides evidence that 

NIR light can effectively reduce synaptic vulnerability to damaging Aβ oligomers, thus furthering 

NIR light therapy as a viable treatment for AD.  

 

 

 

                                                 
1 Previously published in Scientific Reports: Comerota MM, Krishnan B, Taglialatela G (2017) Near infrared light decreases synaptic 

vulnerability to amyloid beta oligomers. Scientific Reports 7 Available at: http://www.nature.com/articles/s41598-017-15357-x. 
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INTRODUCTION 

Alzheimer’s disease (AD) is the most common and severe age-associated 

neurodegenerative disorder for which there is currently no effective therapeutic intervention. One 

of the key events contributing to the development of the cognitive decline that marks the clinical 

profile of AD is the selective targeting and disruption of the synapses by small, soluble amyloid 

beta (Aβ) oligomers, the most toxic form of the Aβ protein. Aβ oligomers binding to synapses 

have been shown to induce many morphological and physiological changes that collectively lead 

to the loss of cognitive integrity including retraction of synaptic spines (Shankar et al., 2007; M. 

Vargas et al., 2014), decreased pCREB and increased calcineurin protein levels (Dineley et al., 

2010) and reduced long term potentiation (LTP) initiation (Walsh et al., 2002; Li et al., 2011; Fá 

et al., 2016). Furthermore, we recently reported a group of individuals referred to as Non- 

Demented with Alzheimer’s Neuropathology (NDAN) that provides evidence supporting the 

correlation between the presence of Aβ oligomers at the synapses and the retention of cognitive 

function. NDAN individuals maintain their cognitive integrity despite the presence of Aβ plaques 

and neurofibrillary tangles at an extent comparable to demented AD patients. By comparing these 

individuals to AD patients, one can infer properties that may protect these individuals from the 

cognitive dysfunction normally associated with AD pathology. We showed that while NDAN 

individuals displayed similar levels of soluble Aβ oligomers throughout their CNS, contrary to 

demented AD patients, they had synapses that were devoid of Aβ oligomers (Bjorklund et al., 

2012). This suggests the possibility that synapses of NDAN subjects are resistant to Aβ oligomers 

and illustrates that absence of Aβ at synapse is a key event associated with preservation of 

cognitive integrity. Taken together this evidence suggests that eliciting a protective mechanism 

resulting in synaptic resilience to binding of Aβ oligomers similar to NDAN individuals would be 
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the most effective protection against Aβ oligomer driven toxic synaptic dysfunction. With this goal 

in mind, in the present work we investigated the effect of a treatment with near infrared light (NIR, 

600 to 1000 nm wavelength) in increasing synaptic resilience to Aβ oligomers. NIR light treatment 

administered in a noninvasive transcranial application has been suggested to photostimulate the 

mitochondrial chromophore, cytochrome c oxidase, resulting in increased ATP formation (Karu, 

2010b; Begum et al., 2015; Yu et al., 2015). Mitochondrial dysfunction is a pathological event 

occurring in early stages of AD. Much evidence suggests dysfunctional mitochondria events such 

as increased reactive oxygen species (ROS) production (Sheehan et al., 1997; Wang et al., 2016), 

cytochrome c deficiencies (Kish et al., 1992; Manczak and Reddy, 2012), and mutated 

mitochondrial DNA (Linnane et al., 1989; Gredilla et al., 2012) contributes to the exacerbation of 

AD pathology (Swerdlow et al., 2010, 2014). Notably, studies have described the intimate 

relationship between reduced Aβ oligomer binding at synapses and increased mitochondrial 

function (Pitt et al., 2009). Thus, it is not unreasonable to hypothesize that NIR light treatment 

could effectively promote synaptic resilience to Aβ oligomer binding. To test this hypothesis, we 

investigated the ability of NIR light to reduce synaptic susceptibility to Aβ oligomer binding and, 

as a result, increase synapse function. We utilized wild type (wt) mice to determine the impact of 

NIR light treatment on the binding of Aβ oligomers to isolated synaptosomes and long-term 

potentiation (LTP) in the hippocampus of these NIR light-treated wt mice in the presence and 

absence of Aβ oligomers. To determine light-driven changes in the synaptic presence of 

endogenous Aβ oligomers we also investigated the Aβ1-42 load at isolated synapses of NIR light-

treated Tg2576 mice that overexpress human amyloid precursor protein (APP) and progressively 

accumulate Aβ in their CNS (Hsiao et al., 1996; Kawarabayashi et al., 2001; Dineley et al., 2007b; 

Duffy et al., 2015). We further investigated synaptic mitochondria in wt and Tg2576 mice after 
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NIR light treatment. We found that NIR light treatment reduced ex vivo Aβ oligomer synaptic 

binding in wild type mice that was paralleled by a retention of long term potentiation induction. 

We further found that after NIR light treatment, the levels of Aβ1-42 at the synapses was 

significantly reduced in 6-month-old Tg2576 mice. These changes were in conjunction with a 

retention and increase in the synaptic mitochondria health after NIR light treatment in both wt and 

Tg2576 mouse models.  

RESULTS 

Decreased susceptibility of synapses to toxic Aβ oligomers binding in wild type mice treated 

with NIR light. 

 

To investigate the effects of NIR light on synaptic sensitivity to Aβ, we studied the ex vivo 

Aβ oligomer binding on isolated synaptosomes from wild type mice receiving NIR light treatment. 

The NIR light treatment consisted of a 90 second exposure (Figure 2.1) administered once a day, 

5 days a week for 4 weeks as detailed in Methods. Using flow cytometry analysis, we performed 

a binding curve with various concentrations of Aβ oligomers labeled with Flour 488 (from 1 μM 

to 15 μM).  As shown in Figure 3.1, we gated for synaptosomes based on size, using appropriate 

standards (Spherotech, Inc.) (Figure 3.1). The parameters were set to include particle sizes that 

are typical of synaptosomes which range from 1-5 μm, as previously described by Gylys et al. 

(2004) (Gylys et al., 2004). This size parameter insures that the particles included in the analysis 

are synaptosomal elements. This method allows us the ability to exclude any nonspecific binding 

of Aβ oligomers onto non-synaptosomal particles that may be present in the synaptosomal prep. 

We found that the pooled (3 pooled samples per group, consisting of 3 individual mice per sample 

for a total of 9 mice per group) hippocampal and cortical synaptosomal fractions from mice treated 

with NIR light had decreased Aβ binding at the concentrations of Aβ oligomers used (Figure 3.2a, 
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b). We further confirmed this reduced binding affinity using the an Aβ1-42 specific ELISA analysis 

(Supplementary Fig. 3.1). These results strongly suggest that NIR light treatment reduces 

synaptic susceptibility to Aβ oligomer binding. By further analyzing the data using Scatchard plot 

analysis (Figure 3.2c, d), we found that the maximum binding capacity (Bmax) was reduced in the 

group receiving NIR light treatment as compared to the sham-treated group in both the 

hippocampus (NIR-treated Bmax = 63.14+/- 17.46 μM and sham treated group Bmax = 87.58 +/- 

8.40 μM, p<0.05) and the cortex (NIR-treated group Bmax = 79.99 +/- 3.18 μM and sham treated 

group Bmax = 98.07 +/- 9.84 μM, p<0.05). On the other hand, no changes in the affinity (Kd) of Aβ 

binding were observed between groups for either the cortex or hippocampus (Kd= 5.7 +/- 1.95 μM 

and 9.00 +/- 5.08 μM, respectively, for the sham-treated group and Kd= 5.12 +/- 1.97 and 8.14 +/- 

4.22 μM, respectively, for the NIR-treated group). The smaller Bmax along with unchanged Kd 

indicates that there was a reduction in the number of binding sites at the synapses in the group that 

received NIR light treatment.  

 

Figure 3.1. Flow cytometry gating parameters.  

(a) Size beads (circled) ranging from 1-5.6 μm, the average size range of synaptosomes, were used 

to determine the gate (red box). (b) The size gate was applied to the particle distribution of mouse 

synaptosome preparation to exclude non-synaptosomal particles. 
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Figure 3.2. Flow cytometry analysis of NIR light treatment Aβ oligomer binding curve. 

Groups of pooled synaptosomes from (a) cortex and (b) hippocampus of WT mice receiving NIR 

light treatment (black square) and sham treatment (white circle) were challenged with increasing 

concentrations of Aβ oligomers tagged with HyLite Fluor 488. The percent of synaptosomes with 

bound Aβ oligomers was determined by flow cytometry analysis. (c) Scatchard plot analysis of 

Aβ oligomer binding show decreased Bmax values but not Kd values after NIR light treatment in 

(c) cortical synaptosomes and (d) hippocampal synaptosomes from WT mice (n=9 per treatment 

group; 3 independent pooled samples of 3 mice per group). Statistical significance was determined 

by Student’s two tailed t-test analysis on three separate binding curve analysis of three to four 

pooled samples per group. *p<0.05.  
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We also performed the ex vivo Aβ oligomer binding at a single concentration (5μM) on 

synaptosomes prepared from each individual wt mouse (n=8; per group) to further demonstrate 

changes in binding properties due to NIR light treatment. Consistent with the results described 

above, we found that in the parieto-occipital cortex, frontal cortex, and hippocampus there was a 

significant reduction of Aβ1-42 positive synaptosomes of about 7%, 16%, and 6%, respectively, in 

the samples prepared from NIR light treated mice as compared to the control, sham-treated animals 

(Figure 3.3a-d).  

 

Figure 3.3. Flow cytometry analysis of ex vivo synaptic binding of 5 μM Aβ oligomers. 

Representative flow cytometry analysis of the 5 μM Aβ oligomer binding in synaptosomes isolated 

from (a) parieto-occipital cortex (POCX) (b) frontal cortex (FCX) and (c) hippocampus in NIR 

light treated and sham treated wild type mice. (d) The results indicate a significant reduction in 

the percentage of Aβ positive synaptosomes in the three brain regions POCX, FCX and 

hippocampus of NIR light treated mice (black) compared to sham treated mice (white). (n=8; per 

group). Statistical significance was determined by Student’s two tailed t-test analysis. Error bars 

represent standard deviation. *p<0.05; #p<0.01.  
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Decreased Aβ oligomer level in total homogenate and at the synapses in 6-month-old Tg2576 

mice after treatment with NIR light.  

 

In order to determine the effect of NIR light treatment in protecting synapses from 

endogenous Aβ oligomers in vivo, we investigated changes in Aβ oligomer levels in synaptosomes 

and total protein extracts from a well characterized mouse model of AD-like pathology, the 

Tg2576 mice. In the Tg2576 mouse model, oligomers begin accumulating at the age of 3-5 months 

and plaques are not observed until the mice are older, around 11-12 months of age (Hsiao et al., 

1996; Kawarabayashi et al., 2001; Dineley et al., 2007b). NIR light treatment was started at the 

age of 6 months (n=7; per group) and the mice sacrificed one month later. Levels of Aβ in the 

synaptosomal fractions and total homogenates from the frontal cortex, hippocampus, parieto-

occipital cortex, and cerebellum were analyzed by a specific ELISA. As shown in figure 3.4b, 

there was a significant decrease in Aβ levels in the synaptosomal fractions from the four brain 

regions (parieto-occipital cortex, frontal cortex, hippocampus and cerebellum) in NIR light-treated 

mice as compared to sham animals. Western blot analysis of the synaptosomes further confirmed 

changes in levels of the low molecular weight Aβ oligomers (Figure 3.4c). On the other hand, a 

significant decrease of Aβ levels in the total protein extracts was observed only in the parieto-

occipital cortex (Figure 3.4a) of NIR-treated mice, whereas Aβ levels in the hippocampus, frontal 

cortex and cerebellum were unchanged, although a non-statistically significant trend toward 

reduction of Aβ levels in these regions was noticed.  
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Figure 3.4. NIR light treatment decreases Aβ1-42 oligomer levels in total homogenate and at 

the synapses in 6-month-old Tg2576 mice.  

Aβ levels in (a) total homogenate and (b) synaptosomes from four major brain regions; frontal 

cortex (FCX) parieto-occipital cortex (POCX), hippocampus and cerebellum of NIR light (filled 

columns) and sham (open columns) treated Tg2576 mice. (n=7 per group) were measured using 

ELISA analysis. (a) NIR light treated mice had decreased levels of Aβ1-42 the total homogenate 

from the POCX compared to wt mice. (b) NIR light treated mice also had decreased levels of Aβ1-

42 in the synaptosomes isolated from all of the four brain regions assayed (POCX, FCX, 

hippocampus and cerebellum). (c) Western blot analysis was further used to determine the changes 

in the low molecular weight Aβ oligomers after NIR light treatment. Student’s two tailed t-test 

was used to determine statistical significance. Error bars represent SEM. *p< 0.05; #p<0.01. 

 

NIR light reduces Aβ oligomer-induced deficits in long term potentiation.  

 

In order to determine whether the reduced susceptibility of synapses to Aβ oligomers would 

translate into functional protection, we utilized wild type mice to determine if NIR light treatment 

rescues the synaptic impairment of LTP that normally occurs in response to exposure to Aβ 

oligomers (Wang et al., 2002). As shown in figure 3.6A, we found that the magnitude of LTP in 

hippocampal slices from sham-treated mice was significantly reduced by exposure to 200 nM 

preformed Aβ oligomers. On the other hand, the magnitude of LTP in hippocampal slices from 

NIR light-treated animals was not affected by Aβ oligomers and remained comparable to the LTP 

observed in slices from both the NIR light-treated and sham animals that did not receive Aβ 
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oligomers. In any case, the basal synaptic strength was not altered by NIR light treatment or 

exposure to the Aβ oligomers across our experimental groups, as determined by input-output 

curves (Supplementary Fig. 3.2). When the last 10 minutes of LTP were averaged for each group 

and statistically analyzed (Figure 3.5b), we confirmed a significant reduction of LTP induced by 

Aβ oligomers in hippocampal slices from sham-treated animals but not in slices from NIR light-

treated mice that maintained a level of LTP comparable to control slices. 

 
 

Figure 3.5. Aβ oligomer driven LTP impairment is reduced with NIR light treatment. 

Schaffer collateral field recordings were performed to determine NIR light treatments impact on 

LTP in the presence of Aβ oligomers. (a) The percent of baseline in the slope of fEPSPs of NIR 

light treated wild type mice compared to sham treated wild type mice exposed to Aβ oligomers 

(n=5; per group, 2 slices per condition). (b) The fEPSP amplitude for the final 10 minutes (time 

points 50-60 minutes post high frequency stimulation) were averaged for each condition. The sham 

light treated groups receiving Aβ oligomers had a significant reduction in LTP. This reduction was 

reversed in the group that received NIR light treatment. One-way ANOVA with Dunn’s post hoc 

analysis was used to determine statistical significance. Error bars represent ±standard error of 

mean. *p<0.05. 
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NIR light treatment increases synaptic mitochondrial membrane potential in both wild type 

and Tg2576 mice. 

In these experiments, we focused on synaptic mitochondria function as one possible 

mechanism contributing to the observed synaptic resilience to Aβ oligomers induced by NIR light 

exposure. Previous studies have described the mitochondria as a key element targeted by NIR light 

treatment (Karu, 2010a; Begum et al., 2015; Yu et al., 2015) and reported that preserving synaptic 

mitochondria efficiency protects synapses from Aβ oligomers (Pitt et al., 2009; Reddy et al., 2012).  

We first analyzed by flow cytometry synaptosomes from wild type and Tg2576  mice treated or 

not with NIR light that had been labeled with MitoTracker, a mitochondrion-specific fluorescent 

dye whose stain intensity is directly proportional to the number of mitochondria (Presley et al., 

2003). We found that there was a decreased number of synaptic mitochondria in Tg2576 mice as 

compared to age matched wild type mice (Figure 3.6a, c). However, Tg2576 mice receiving NIR 

light treatment had an abundance of mitochondria at the synaptosomes comparable to wild type 

mice. We further investigated the mitochondrial membrane potential (reflecting overall 

mitochondrion health) of the synaptic mitochondria by labeling synaptosomes with the fluorescent 

dye MitoSense, which directly correlates with the levels of mitochondria membrane potential 

(Mattiasson et al., 2003). Using flow cytometry in labeled synaptosomes we observed an increase 

in the mitochondrial membrane potential in both the wild type and Tg2576 mice treated with NIR 

light as compared to sham-treated controls (Figure 3.6b, d), suggesting that the NIR light 

treatment increases overall health of synaptic mitochondria in both wt and Tg2576 mice.  
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Figure 3.6. NIR light treatment increases synaptic mitochondrial membrane potential in 

both wild type and Tg2576 mice and rescues number of synaptic mitochondria in Tg2576 

mice.  
Representative flow cytometry analysis of (a) MitoTracker (mitochondria number) positive 

synaptosomes and (b) MitoSense (mitochondria membrane potential) positive synaptosomes of 

the four groups including wild type and Tg2576 mice treated with NIR light or sham light 

treatments (n=8; per group). (c) The percentage of positive synaptosomes for MitoTracker is 

significantly reduced in Tg2576 sham treated mice (white). The Tg2576 mice receiving NIR light 

treatment (black) have an increase in synaptic mitochondria number resulting in comparable 

mitochondria numbers to wild type mice. (d) The percentage of positive synaptosomes for 

MitoSense is increased in both wild type and Tg2576 mice treated with NIR light. One-way 

ANOVA followed by Tukey’s post hoc test was used to determine statistical significance. Error 

bars represent standard deviation. * p<0.05. 
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DISCUSSION 

Synaptic function is an essential element in the maintenance and preservation of cognition 

(Terry et al., 1991; Dickson et al., 1995; Sze et al., 1997; Scheff et al., 2007; Tracy and Gan, 2017). 

Aβ oligomer preferential binding to the synaptic region disrupts synaptic transmission and 

contributes to the declining functionality of the synapses during the progression of AD (Lambert 

et al., 1998; Spires-Jones and Hyman, 2014). The main goal of the current study was to determine 

the ability of NIR light to mitigate the toxic binding of Aβ oligomers to the synapses, thus 

alleviating the resulting synaptic dysfunction. Our ex vivo Aβ oligomer challenge model allowed 

us to exclusively isolate the synaptosomes after NIR light treatment and determine differences in 

Aβ binding between the groups. By directly adding prepared Aβ oligomers to isolated 

synaptosomes, we could demonstrate acquired synaptic resistance to Aβ oligomers binding after 

NIR light exposure. We found that wt mice treated with NIR light have a reduction in the amount 

of Aβ oligomers that bind to the synaptosomes. The results of our binding curve provided us the 

opportunity to characterize the binding changes that were occurring after NIR light treatment.  We 

used Scatchard plot analysis to calculate the Aβ oligomer maximum binding capacity and affinity 

in the two experimental groups (NIR-treated and sham-treated). The decreased Bmax value in the 

NIR light treated groups with no change in the affinity (Kd) suggests that after NIR light treatment 

there is a reduction in Aβ oligomer docking sites at the synapse, providing compelling evidence 

that a secondary mechanism of action of the NIR light treatment is contributing to the increased 

resilience to the toxic protein. By gating our observation to selected particle sizes, flow cytometry 

further allowed us to exclude nonspecific binding to nonsynaptosomal particles.  

  We utilized the Tg2576 mouse strain that overexpresses human APP and progressively 

accumulate Aβ oligomers (Hsiao et al., 1996; Kawarabayashi et al., 2001; Dineley et al., 2007b; 
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Duffy et al., 2015) to determine whether an in vivo reduction of endogenous Aβ at the synapses 

could be observed after NIR light treatment. Previous research has shown a reduction of the Aβ 

plaque load after NIR light treatment in the cortex and hippocampus of APP/presenilin1 (PS1) 

double transgenic mice (Purushothuman et al., 2014). However, this previous study focused on 

overall Aβ levels in plaques and did not address the effect of NIR light on synapse vulnerability 

to the toxic Aβ oligomers, as we have determined here. To provide a complete understanding of 

the impact NIR light has on synaptic vulnerability to Aβ, in our study Tg2576 mice were treated 

with NIR light and the Aβ levels were measured in both total brain protein extracts as well as 

synaptosomal fractions. We employed Tg2576 mice at age of 6 months when ample Aβ load, 

mainly in the form of oligomers, is seen and cognitive defects are prevalent, but plaques formed 

by large Aβ fibrils deposition are not yet present (Kawarabayashi et al., 2001; Dineley et al., 2010; 

Duffy et al., 2015). Therefore, Tg2576 mice at 6 months of age are an ideal model to study 

specifically the impact of Aβ oligomers. Our results showed a significant decrease of Aβ load in 

the synaptosomes from all four brain areas tested, i.e. parieto-occipital cortex, hippocampus, 

frontal cortex and cerebellum. However, the total brain tissue homogenates showed a significant 

decrease of Aβ only in the parieto-occipital cortex. The other three brain regions showed a trend 

of decreased levels, however, the reduction was not statistically significant. The differential impact 

of the NIR light among the brain regions may be attributed to higher energy exposure to superior 

structures or higher sensitivity to NIR light of the parietal-occipital cortex, although further 

experiments are needed to support either (or both) of these possibilities. The differences in 

reduction between the total homogenate and synaptosomes suggest that NIR light initiates a 

mechanism that targets specifically the synapses. Interestingly, this selective reduction of Aβ at 

synapse induced by the NIR light treatment is similar to what observed in the cognitively intact 
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NDAN individuals. As we have previously described, NDAN individuals have presence of Aβ 

oligomers in the CNS at levels similar to demented AD patients, however, they have an absence 

of Aβ oligomers at the synapses, which suggests synaptic resistance to oligomer binding 

(Bjorklund et al., 2012).  The results of our in vivo experiment thus suggest that NIR light 

treatments may effectively evoke a mechanism of synaptic resilience similar to the natural ability 

to resist the binding of Aβ oligomers seen in NDAN individuals with preserved cognitive integrity.   

We further aimed to relate this molecular phenomenon of NIR-induced resilience with 

synaptic functional outcomes as an indication of preserved synaptic efficiency. The underlying 

deficiency of cognition in AD is the loss of synaptic function (Selkoe, 2002; Scheff et al., 2007; 

Shankar et al., 2007; Tracy and Gan, 2017). A well-established impairment that occurs when Aβ 

oligomers bind to synapses is reduced magnitude of LTP (Chen et al., 2002) and increased long 

term depression (LTD) (Li et al., 2009, 2011). In the present study, we aimed to determine if NIR 

light reversed this observed reduction of LTP expression by Aβ oligomers. Consistent with those 

previous experiments, we found a significant reduction in the magnitude of LTP in wt mice brain 

slices incubated with 200 nM of Aβ oligomers. However, after NIR light treatment wt mice 

demonstrated an induction of LTP similar to the control group without Aβ oligomer exposure. This 

suggests that the reduction of Aβ oligomer binding that we observed following NIR light treatment 

in the ex vivo studies results in a significant rescue in synapse functionality. The electrophysiology 

experiment was conducted after treating the wt mice with a condensed treatment protocol. We 

found that mice receiving the same number of treatments (4 treatments per day for 5 days; 20 total 

doses of NIR light) and the same delivery of total energy as the month-long treatment over a course 

of 5 days showed similar reductions in the synaptic binding of Aβ oligomers (Supplementary Fig. 

3.3). While there are a few studies that have investigated the total energy from NIR light needed 
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to have a biological impact on the system (Huang et al., 2012), little is known about the persistence 

of NIR light’s beneficial effects after the end of a complete treatment cycle. Future studies are 

needed to address this important issue with significant implications for the translational value of 

NIR treatment. 

A possible mechanism that could be contributing to the protection and increased function 

of synapses seen in our study is increased function of the synaptic mitochondria. The 600- 1000 

nm wavelength spectrum of the NIR light has been shown to optimally photostimulate cytochrome 

c oxidase, a key enzyme in the electron transport chain that is believed to result in an increase in 

ATP production (Hashmi et al., 2010; Karu, 2010a, 2010b)  Cytochrome c oxidase contains 2 

copper centers and 2 heme iron centers. When photostimulated, the copper centers are unable to 

bind nitric oxide, an inhibitor of mitochondria respiration, resulting in an increase of oxygen 

consumption and ATP formation (Karu, 2010a; Begum et al., 2015). Several previous studies have 

investigated the dysfunction of mitochondria in AD (Devi, 2006; Reddy, 2007; Marta et al., 2013). 

Notably, there is an impairment in the mitochondrial transport mechanisms (Calkins and Reddy, 

2011) and in the fission/fusion process of mitochondria (Wang et al., 2009; Zhang et al., 2016) 

specifically at the synapses (Du et al., 2010). Collectively, these impairments lead to a decrease in 

functional synaptic mitochondria resulting in reduced ATP supply, ultimately leaving the synapses 

vulnerable to toxins such as Aβ oligomers. The reported decrease in mitochondria functionality in 

AD may thus benefit from the mitochondria-boosting properties of NIR light. In our study, we 

investigated the effects of NIR light on synaptic mitochondrial membrane potential (reflecting 

overall mitochondrial health) and synaptic mitochondrial abundance. Consistent with the 

literature, we found a decrease in the abundance of synaptic mitochondria in Tg2576 mice as 

compared to age matched wild type mice (Wang et al., 2009) and further observed that after NIR 
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light treatment, this deficiency in the synaptic mitochondria was rescued. On the other hand, wild 

type mice treated with NIR light did not have an increase in synaptic mitochondria compared to 

their control treatment counterparts. This suggests that under normal physiological conditions, NIR 

light does not induce an increase of mitochondria numbers at the synapses. However, the rescued 

synaptic mitochondria number that is seen in the NIR light-treated Tg2576 synapses suggests that 

the NIR light-induced reduction of Aβ oligomer binding contributes to the reversal of the depletion 

of synaptic mitochondria. Nonetheless, given the fact that the beneficial effect of NIR light in 

promoting synaptic resilience to Aβ oligomers was observed in both wt and Tg2576 mice, synaptic 

mitochondrial abundance does not appear to be a key event in this action of NIR light. On the other 

hand, when we examined the membrane potential of the synaptic mitochondria as an indicator of 

mitochondrial health after NIR light treatment, we found that both wild type and Tg2576 mice 

showed an increase in synaptic mitochondrial membrane potential after treatment with NIR light. 

Previous studies have shown a direct relationship between synaptic vulnerability to Aβ oligomer 

binding and the health of synaptic mitochondria (Pitt et al., 2009; Reddy et al., 2012). Furthermore, 

synaptic mitochondria are believed to have an integral role in the regulation of LTP induction 

(Weeber et al., 2002; Kimura et al., 2012). Therefore, our results suggest a mechanism of NIR 

light action critically involving increasing synaptic mitochondrial membrane potential, consistent 

with the reported increase in synaptic resilience to Aβ oligomers induced by promotion of synaptic 

mitochondrial function/health. Taken together these results indicate that NIR light treatment 

increases synaptic mitochondria health, thus decreasing synaptic susceptibility to Aβ binding and 

consequent electrophysiological deficits in LTP expression.  

Collectively, the results of our study provide valuable insight into the mechanisms that 

underscore the reported mitigation by NIR light of AD pathology and further introduce a 
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previously unappreciated phenomenon of increased synaptic resilience to the disrupting action of 

Aβ oligomers that can be promoted by NIR light exposure. 
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Supplementary Figure 3.1. ELISA and flow cytometry Aβ oligomer binding curves 

Two methods were imploded in the determination of changes in the Aβ oligomer binding between 

NIR light treated and sham control treated wild type mice; ELISA and flow cytometry analysis. 

The flow cytometry analysis as described in the Methods section was used in determining the 

percentage of synaptosomes in our synaptosomal prep that would bind a fluorescently tagged Aβ 

oligomer. The ELISA method was similar, however, the Aβ oligomers were prepared without a 

fluorescent tag, so the analysis determined the total amount of Aβ oligomers bound in our sample. 

The flow cytometry method was chosen as the main focus in our current study, because of the 

added ability of the method to selectively analyse the synaptosomes in our prep, excluding 

nonspecific binding of the tagged Aβ oligomers to nonsynaptosomal particles. As shown in this 

figure, both methods illustrated a reduction of binding in the NIR light treated mice compared to 

the control sham group. Further both methods demonstrated a saturation of Aβ oligomer binding 

to isolated synaptosomes, thus further confirming overall validity of the ex vivo binding procedure 

used here.  

 
 
 

 

Supplementary Figure 3.2. Input/output curves for the four treatment groups.  

The fEPSP amplitude (mV) obtained at increasing stimulus intensities (mA) show no significant 

differences in the basal synaptic strength following NIR light treatment and/or exposure to Aβ 

oligomers compared to sham (no treatment). n=6-8 slices from 3-6 mice; Statistical analysis was 

carried out using two-way ANOVA with Bonferroni post-hoc analysis, F9,3=0.4209, P=0.9954, ns. 

Error bars represent standard error of mean. 
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Supplementary Table 3.1. Table of input/output averages for the four treatment groups.  

The averages of the amplitudes (mV) measured in the four treatment groups after increasing 

stimulus intensities. There was no change in the pre-HFS and post-HFS amplitudes for all four 

treatment groups. n=6-8 slices from 3-6 mice; Statistical analysis was carried out using two-way 

ANOVA with Bonferroni post-hoc analysis (Pre-HFS – F9,3=0.34799, P=0.9991, ns; Post-HFS - 

two-way ANOVA, F9,3=0.4209, P=0.9954, ns; Pre- vs Post- F9,7=0.3395, P=1, ns). 

 
 
 
 
 

 

MEAN (n=6)

mV Pre Post Pre Post Pre Post Pre Post

10 0.012 0.034 0.018 0.060 0.020 0.056 0.014 0.081

20 0.026 0.033 0.045 0.046 0.069 0.034 0.089 0.082

30 0.061 0.077 0.083 0.083 0.107 0.140 0.129 0.167

40 0.098 0.107 0.156 0.139 0.182 0.175 0.229 0.302

50 0.117 0.140 0.178 0.163 0.260 0.258 0.303 0.308

60 0.160 0.174 0.228 0.189 0.311 0.292 0.313 0.382

70 0.190 0.215 0.248 0.226 0.376 0.360 0.404 0.455

80 0.212 0.248 0.278 0.262 0.420 0.390 0.406 0.483

90 0.231 0.262 0.307 0.273 0.464 0.424 0.512 0.550

100 0.252 0.255 0.332 0.299 0.500 0.431 0.487 0.559

SEM (n=6)

mV Pre Post Pre Post Pre Post Pre Post

10 0.006 0.009 0.006 0.018 0.006 0.014 0.005 0.030

20 0.006 0.011 0.012 0.014 0.034 0.014 0.031 0.035

30 0.017 0.017 0.018 0.022 0.052 0.041 0.054 0.048

40 0.017 0.026 0.026 0.023 0.083 0.075 0.074 0.074

50 0.015 0.023 0.030 0.026 0.110 0.106 0.102 0.085

60 0.026 0.036 0.037 0.026 0.131 0.112 0.086 0.097

70 0.033 0.047 0.036 0.031 0.155 0.132 0.135 0.136

80 0.040 0.055 0.044 0.028 0.183 0.139 0.125 0.134

90 0.040 0.061 0.042 0.038 0.187 0.151 0.142 0.160

100 0.044 0.058 0.052 0.040 0.180 0.156 0.136 0.155

Sham (No treatment) Sham (Aβ treatment) NIR (No treatment) NIR (Aβ treatment)

Sham (Untreated) Sham (Abeta Treated) NIR (Untreated) NIR (Abeta Treated)
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Supplemental Figure 3.3. Flow cytometry analysis of condensed NIR light treatment regimen 

Aβ oligomer binding curve. 

Pooled synaptosomes from cortex of WT mice receiving a condensed NIR light treatment schedule 

(20 treatments over 5 days) (black square) had a similar reduction in Aβ binding compared to sham 

treated mice (white circle) that was demonstrated in WT mice receiving 20 treatments over 4 

weeks. Because the synaptosomes of the mice receiving a condensed schedule treatment regimen 

displayed similar reductions in binding, this schedule was used before performing 

electrophysiology experiments.  
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Chapter 4: The modulation of tau pathology in two transgenic mouse models 

by near infrared light treatment2 

ABSTRACT 

The interaction and synergistic relationship between the oligomeric form of the proteins 

amyloid beta (Aβ) and tau exacerbate and accelerate the synaptic dysfunction associated with 

Alzheimer’s disease (AD) progression. This emerging relationship is the foundation for the 

evolving focus of targeting both proteins as an effective means to slow the progression of AD. We 

previously demonstrated the reduction of synaptic susceptibility to Aβ oligomers in ex vivo and in 

vivo models by near infrared (NIR) light treatment. Considering the association between Aβ and 

tau, we aimed to determine if NIR light demonstrated a similar neuroprotection against tau 

oligomers alone and in a combined Aβ/tau system. In the current study, we investigated the 

susceptibility of synapses to oligomeric tau binding, the resulting alterations in long term 

potentiation (LTP) and the presence of tau oligomers at the synapses of two transgenic tauopathy 

mouse models after near infrared (NIR) light treatment. While we found no change in the synaptic 

affinity for tau oligomer association or the resulting impaired LTP in an ex vivo oligomeric tau 

challenge, a reduction of endogenous tau levels in NIR light treated htau mice was observed. In 

addition, 3xTgAD mice, which accumulate both Aβ and tau pathology, displayed reduced tau 

levels and reduced synaptic Aβ after NIR light treatment. We further found a parallel upregulation 

of synaptic inducible HSP70 and induction of autophagy in NIR light treated mice. Collectively, 

these results further the development of NIR light as a possible therapeutic for AD. 

                                                 
2 To be submitted: Comerota, M.M, Tumurbaatar, B., Krishnan, B., and Taglialatela, G. The modulation of tau 

pathology in two transgenic mouse models by near infrared light treatment. In preparation. 
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INTRODUCTION 

Alzheimer’s disease (AD) is the most frequent severe age-related dementia, affecting an 

estimated 44 million people worldwide, for which there is currently no resolving cure. The 

multifactorial nature of AD has contributed to the ongoing challenge of developing effective 

disease-modifying therapeutics. The accumulation of plaques and neurofibrillary tangles 

consisting of amyloid beta (Aβ) and hyperphosphorylated tau protein, respectively, are two 

quintessential hallmarks of AD. However, many factors such as mitochondrial dysfunction, 

neuroinflammation, impaired clearance mechanisms of dysfunctional proteins and synaptic 

retraction contribute to the disease progression (Shankar et al., 2007; Orr and Oddo, 2013; 

Swerdlow et al., 2014; Heneka et al., 2015). Among those factors, synaptic dysfunction is believed 

to underlie onset and progression of the cognitive impairment that characterized the symptomatic 

phase of AD (Selkoe, 2002). Small soluble intermediate aggregate forms of Aβ, oligomers, have 

been studied extensively as the most toxic form of Aβ which target and disrupt proper synaptic 

function in the earliest stages of disease development (Shankar et al., 2008; Dineley et al., 2010; 

Wilcox et al., 2011). Most recently, studies have found similar detrimental synaptic deficits 

induced by tau oligomers, the intermediate aggregate form of the other predominate dysfunctional 

protein in AD (Lasagna-Reeves et al., 2011; Fá et al., 2016). In addition, an intimate relationship 

between the synaptic toxicity of Aβ and tau has been proposed, whereby oligomers of the two 

amyloid proteins synergize by converging on targeted synapses (Pascoal et al., 2017; Rajmohan 

and Reddy, 2017).  While Aβ oligomers drive the hyperphosphorylation (De Felice et al., 2008; 

Ittner et al., 2010; Chabrier et al., 2012), misfolding (Castillo-Carranza et al., 2015) and relocation 

of tau (Zempel and Mandelkow, 2014) leading to the accelerated formation of toxic tau oligomers, 

recent evidence supports the emerging idea that the simultaneous presence of the two amyloid 
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oligomeric proteins results in exacerbated synaptic impairments beyond the deficits inflicted by 

either protein alone (Spires-Jones and Hyman, 2014b; Fá et al., 2016). This complex synergistic 

relationship suggests that a treatment that mitigates the synaptic dysfunction induced by both Aβ 

and tau oligomers while inducing the synaptic clearance of both proteins would be the most 

effective approach to slow down the progression of AD. With this ultimate goal in mind, we 

previously found that the transcranial administration of a near infrared (NIR; 600-1000 nm) light 

treatment results in reduced synaptic susceptibility to the binding of Aβ oligomers and resilience 

to the ensuing Aβ oligomer-driven synaptic dysfunction. We also found that transgenic hAPP 

overexpressing mice, Tg2576, treated with NIR light have reduced Aβ oligomer load at the 

synapses and healthier synaptic mitochondria (Comerota et al., 2017). Based on these previous 

results and the growing evidence that tau oligomers may also initiate a detrimental cascade on 

synaptic function, in the present study we aimed to determine whether NIR light could promote a 

similar neuroprotection against the dysfunctional tau oligomer synaptic binding and synaptic 

accumulation of tau in two tg mouse models of human tauopathies (htau and 3xTgAD) in vivo. 

We further investigated autophagy related proteins and the chaperone inducible heat shock protein 

70 (HSP70) as possible mechanisms mediating clearance of tau in response to NIR light treatment. 

We show that, when applied to either of these tg mouse models of human tauopathies, NIR light 

effectively clears toxic tau oligomers, both from the CNS parenchyma and synapse, and restores 

memory functions in these impaired mice. Overall, these novel results support and encourage the 

notion that NIR light should be further explored as a non-invasive therapeutic strategy in AD as 

well as related tauopathies. 

RESULTS 
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NIR light treatment does not reduce tau oligomer binding to the synapse of wild type mice 

 

Our previous studies established a distinct reduction of the synaptic susceptibility to Aβ 

oligomers in NIR light treated wild type mice (Comerota, 2017). In the current study, we aimed to 

determine if NIR light induces a similar reduction of synaptic vulnerability to tau oligomers. We 

performed an ex vivo tau binding study in which synaptosomes isolated from wild type mice that 

received either NIR light treatment or sham no light treatment (n=7, per group) were exposed to 

50 nM of tau oligomers for 1 hour, as described in the Methods section. After washing unbound 

oligomers from the sample, the remaining levels of tau protein was measured by ELISA analysis. 

We found that both cortical and hippocampal synaptosomes of NIR light treated mice contained 

similar levels of tau compared to the sham treated mice (cortex p=0.514, hippocampus p=0.867) 

(Figure 4.1). This suggests that NIR light treatment does not reduce the susceptibility of the 

synapses to the association with tau oligomers. 

 

Figure 4.1. Synaptic binding of tau oligomers is not altered in NIR light treated WT mice. 

ELISA analysis was conducted on the ex vivo challenge of synaptosomes isolated from the cortex 

and hippocampus of NIR light and sham treated wild type mice with 50 nM of tau oligomers. The 

results indicate no change in the tau protein levels remaining in either the cortical or hippocampal 

synaptosomes of NIR light treated mice (filled bar) compared to sham treated mice (open bar). 

(n=8; per group). Statistical significance was determined by Student’s two tailed t-test analysis. 

Error bars represent standard deviation. n.s. represents not statistically significant. 
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Long term potentiation deficits induced by tau oligomers is not reversed by NIR light 

treatment 

 

Although we found no alterations in the susceptibility of tau oligomer binding to the 

synapses after NIR light treatment, we aimed to determine if NIR light provides a functional 

protection against tau oligomer induced synaptic dysfunction. We challenged brain slices from 

wild type mice that were exposed to NIR light or sham treatment to 50 nM of tau oligomers (n=5 

per treatment group, 2 slices per condition from each animal), a concentration known to impair the 

induction of long term potentiation (Fá et al., 2016) and measured the long term potentiation in the 

Schaffer collateral pathway of the hippocampus (Figure 4.2). The last 10 minutes of LTP were 

averaged for each treatment group (Figure 4.2b). Consistent with the literature, we found a 

statistically significant reduction in the magnitude of LTP in the slices from sham treated mice 

exposed to 50 nM of tau oligomers (p=0.001). We also found a reduction in the magnitude of LTP 

in slices prepared from the NIR light treated group exposed to tau oligomers compared to NIR 

light slices not incubated with tau oligomers (p= 0.01). There was no difference in the calculated 

LTP between the tau oligomer exposed NIR light treated group and the tau exposed sham treated 

group (p>0.05). This suggests that NIR light treatment does not protect against the tau oligomer 

induced LTP impairments. In all groups the basal synaptic strength was not altered, as measure by 

input-output curves (Supplemental figure 4.1, Supplementary Table 4.1).  
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Figure 4.2. Tau oligomer induced impairment of LTP is not altered in NIR light treated mice 

The long-term potentiation (LTP) was measured by Schaffer collateral field recordings to 

determine the impact of NIR light treatment on tau oligomer induced impairments in wild type 

mice. (a) The fEPSP amplitude was calculated for the four groups; NIR light treated with and 

without tau oligomers and sham treated with and without tau oligomers. (n=5; per group, 2 slices 

per condition) (b) For each group, the calculated fEPSP of the final 10 minutes of recording was 

averaged. The tau oligomer receiving groups had a significant reduction of fEPSP amplitude 

compared to the groups that did not receive tau oligomers in both sham treated and NIR light 

treated mice suggesting that NIR light treatment does not improve tau oligomer induced LTP 

impairment. One-way ANOVA with Dunn’s post hoc analysis was used to determine statistical 

significance. Error bars represent ±standard error of mean. *p<0.05.  
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Tau pathology is reduced in cortical and hippocampal total protein extracts and 

synaptosomal fractions of NIR light treated 13-month-old htau mice. 

 

We next aimed to determine if NIR light can impact endogenous tau oligomer synaptic 

accumulation in vivo by utilizing the transgenic human tau mouse model, htau. This well 

characterized mouse model develops aggregates of tau oligomers around 9-10 months of age (Duff 

et al., 2000; Andorfer et al., 2003). To ensure adequate tau accumulation prior to the start of 

treatment we began NIR light treatment at 12 months of age (n=7; per group). The total protein 

extracts and the isolated synaptosomal fractions of the cortex and hippocampus regions were 

analyzed by Western blot (Figure 4.3 a-c, Figure 4.4 a-c; respectively), ELISA (Figure 4.3d, 

Figure 4.4d; respectively) and immunofluorescence (Figure 4.3e, f) to determine levels of tau 

oligomers and total tau. As shown in the figure, the tau oligomers were measured by densitometric 

analysis of Western blot bands of 110 kDa and higher (Figure 4.3a-c) as detected by the total tau 

antibody, tau5. In the cortical and hippocampal total protein extracts, we found a decrease in tau 

oligomers in NIR light treated htau mice compared to the sham treated mice (cortex p=0.016, 

hippocampus p=0.049). We further analyzed the total tau levels in the total protein extracts 

utilizing a tau5 ELISA analysis. As shown, (Figure 4.3d) there was a statistically significant 

decrease in the total tau in both the cortex and hippocampus regions (cortex p=0.049, hippocampus 

p=0.049). Finally, these results were confirmed by immunofluorescence analysis of the 

hippocampus and cortex regions using antibodies specific for tau oligomers, T22 and total tau, 

tau5.  The immunofluorescence further verified a reduction of both total tau (cortex p=0.002, 

hippocampus p=0.032) and tau oligomers (cortex p=0.003, hippocampus p=0.045) in both regions 

(Figure 4.3e, f). We then analyzed the levels of total and oligomeric tau in the synaptosomal 

fractions by Western blot and ELISA analysis to determine if the tau reduction is observed in the 

critically important synaptic compartment. Due to technical challenges imaging all forms of tau in 
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the synaptosomal regions of the htau mice by Western blot, two exposure rates were taken to 

properly visualize monomeric tau (low exposure) and oligomeric tau (high exposure) (Figure 

4.4a, b). Tau oligomer levels were reduced in synaptosomal fractions of both the cortex and 

hippocampus of NIR light treated htau mice compared to the sham treated mice (cortex p=0.049, 

hippocampus p=0.049). Further, levels of total tau, as measured by tau5 ELISA, were also reduced 

in the cortical and hippocampal synapses of these mice (Figure 4.4c) (cortex p=0.024, 

hippocampus p=0.003). This suggests a general, as well as, synaptic reduction of total and 

oligomeric tau in htau transgenic mice treated with NIR light.  
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Figure 4.3. Reduced total and oligomeric tau in cortical and hippocampal total protein 

extract of 13-month htau mice 

Western blot, ELISA and immunofluorescence analysis was used to measure total tau and 

oligomeric tau levels in the total protein extracts of htau mice treated with NIR light (filled bars) 

and htau mice receiving the sham no light treatment (open bars). Representative Western blots of 

total tau levels, using the Tau5 antibody, in the total protein extract of the (a) cortex and the (b) 

hippocampus of NIR light and sham treated htau mice. (c) Oligomeric tau levels were measured 

by calculating the densitometry of the Western blot bands greater than 110 kDa. (d) The total tau 

levels in the total protein extracts of the cortex and hippocampus, using Tau5 antibody, was also 

analyzed through ELISA analysis. Immunofluorescence was used to further measure the total and 

oligomeric tau levels. Total tau levels were measured using the total tau specific antibody, Tau5, 

and oligomeric tau levels were measured using the oligomer tau specific antibody, T22, in the (e) 

cortex and (f) hippocampus of the treated htau mice. Together, these analyses found NIR light 

treated htau mice have a reduction of both the total tau levels and the oligomeric tau levels in the 

total protein extract. This phenomenon is observed in both the cortical and hippocampal regions. 

Student’s two tailed t-test was used to determine statistical significance. (n=6 per group). Error 

bars represent SD. *p<0.05. 
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Figure 4.4. Reduced total and oligomeric tau at cortical and hippocampal synapses of 13-

month htau mice. 

Total and oligomeric tau was measured in the cortical and hippocampal synaptosome fractions of 

htau mice treated with NIR light by Western blot and ELISA analysis. Representative Western 

blots of the total tau levels, using the Tau5 antibody, in the (a) the cortical synaptosomes and (b) 

the hippocampal synaptosomes of NIR light and sham treated mice. The membranes were analyzed 

using different exposure rates; low exposure, to properly visualize the monomeric tau band, and 

high exposure, to visualize the oligomeric band of tau. The oligomeric tau band was measured in 

the high exposure (d) The total tau levels in the synaptosomes fractions of the cortex and 

hippocampus was also analyzed by ELISA analysis, using the total tau antibody, Tau5. The results 

suggest a reduction of total and oligomeric tau levels at the synapses in both cortical and 

hippocampal regions of NIR light treated htau mice. Student’s two tailed t-test was used to 

determine statistical significance. (n=6 per group). Error bars represent SD. *p<0.05. 
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Increased long term memory in NIR light treated htau mice 

 

Due to the reduction in tau oligomers that were observed after NIR light treatment in htau 

mice, we next aimed to determine if such reduction would translate into a functional benefit in 

these mice. To determine if the cognitive function improved in htau mice treated with NIR light, 

we performed the novel object recognition (NOR) paradigm immediately following the last NIR 

light treatment. During the training phase, the mice were allowed to freely explore for 10 minutes, 

two identical objects placed in the testing arena. To determine long term memory, 24 hours after 

the training phase was completed, one of the two objects was replaced by a novel object and the 

mice were again allowed to freely explore the objects. Based on the propensity of mice to spend 

more time exploring an object they have not explored before, an extended amount of time 

exploring the novel object reflects memory of the familiar object. The object discrimination ratio 

(ODR) was calculated to determine the percentage of time spent with the novel object (Figure 

4.5).  

 

Figure 4.5. Improved memory in NIR light treat htau mice. 

The novel object recognition (NOR) test was used to determine the long-term memory of htau 

mice that received NIR light (filled bar) or sham (open bar) treatments (n=6; per group). Object 

discrimination was calculated by the time spent with the novel object divided by the total time 

exploring the novel and familiar object. The results suggest that the memory impairment in htau 

mice is alleviated in htau mice receiving NIR light treatment. The object discrimination ratios of 

each group were analyzed by the one-sample t test to determine the statistical variation from 

chance (0.50). n.s. represents not statistically significant significance *p<0.05 
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We found the animals treated with NIR light had an ODR of about 0.8 (one sample t test, p=0.0001) 

of the novel object indicating an increased exploration of the novel object compared to the familiar 

object. On the other hand, the htau mice receiving no treatment had an ODR of about 0.48 (one 

sample t test, p=0.765), indicating no difference in the exploration time between the novel and 

familiar object. This suggests a reduced impairment of memory in NIR light treated htau mice.  

 

Reduced tau and Aβ pathology in the cortex and hippocampus of NIR light treated 13-

month-old 3xTgAD mice 

 

In order to determine if NIR impacts the clearance of both Aβ and tau in a combined 

endogenous system, we investigated changes in both Aβ and tau oligomers at the synapses and in 

total protein extracts of 3xTgAD mice. The 3xTgAD mice model exhibit overexpression of three 

AD-relevant human genes; human APP bearing the Swiss mutation, human tau with a P301L 

mutation and presinilin-1 with the M146V mutation (Oddo et al., 2003). These mice develop 

accumulations of Aβ oligomers around 4 months of age and tau fibrils around 12 months. We 

began the NIR light treatment at 12 months of age to ensure accumulations of both toxic proteins 

(n=7; per group). We first employed Western blot, ELISA and immunofluorescence analysis to 

measure levels of total and oligomeric tau in the total protein extracts from the cortical and 

hippocampal regions of 3xTgAD mice receiving NIR light treatment by (Figure 4.6). As shown 

in the figure, the densitometry of the 110 kDa bands and higher was measured in the Western blot 

analysis using the tau5 antibody to determine the levels of tau oligomers (Figure 4.6a, b). There 

was a statistically significant decrease in the tau oligomers in both brain regions of the NIR light 

treated mice compared to the sham treated animals (cortex p= 0.001, hippocampus p=0.047) 

(Figure 4.6c). We further measured the total tau levels using the tau5 ELISA and found a similar 

decrease in the total tau levels in both brain regions of the NIR light treated mice (cortex p=0.038, 
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hippocampus p=0.049) (Figure 4.6d). We further used immunofluorescences to verify the 

reduction of tau oligomers, using the tau oligomer specific antibody T22, and total tau, using 

the total tau antibody tau5. We found a decrease of both oligomeric and total tau in the 

hippocampus (p=0.001, p=0.045) and cortex (p=0.007, p=0.045) of NIR light treated mice 

compared to the sham treated (Figure 4.6e, f). We next measured the total and oligomeric tau 

levels in the synaptosomal fractions of NIR light treated 3xTgAD mice by Western blot and ELISA 

analysis. Through Western blot analysis, we found a decrease in the oligomeric tau levels in the 

cortex and hippocampus regions (cortex p=0.009, hippocampus p=0.038). In addition, a significant 

decrease of total tau levels in the synaptosome fractions was observed in the cortex and the 

hippocampus (cortex p=0.039, hippocampus p=0.015) (Figure 4.7c) of NIR light treated mice, as 

measured by tau5 ELISA. Finally, we measured the levels of Aβ in the synaptosomal fractions and 

total protein extracts from the cortex and hippocampus synaptosomal fractions analyzed by a Aβ1-

42 specific ELISA. As shown in Figure 4.8a, Aβ levels was reduced in the synaptosomal fractions 

from the cortex and hippocampus regions of NIR light treated mice as compared to sham animals 

(cortex p= 0.002, hippocampus p= 0.040). However, the total protein extracts had equivalent levels 

of Aβ  in the NIR light treated group compared to the sham treated group (cortex p= 0.495, 

hippocampus p= 0.145) (Figure 4.8b). Collectively these results show a similar decrease in the 

tau and Aβ levels in the 3xTgAD mice as observed in the individual tg mouse models (tau or Aβ).  
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Figure 4.6. Reduced total and oligomeric tau in cortical and hippocampal total protein 

extracts of 13-month 3xTgAD mice.  

The total protein extracts from the cortex and hippocampus of 3xTgAD mice receiving NIR light 

treatment (filled bars) or sham treatment (open bars) were analyzed by Western blot, ELISA and 

immunofluorescence analysis. Oligomeric tau levels were determined by measuring the bands 

displayed at 110 kDa and above on Western blots of total tau levels, using the Tau5 antibody, in 

the total protein extract of the (a,c) cortex and the (b,c) hippocampus of NIR light and sham treated 

3xTgAD mice. (d) ELISA analysis using the total tau antibody, Tau5, was used to measure the 

levels of all forms of tau in the cortex and hippocampus. Further, immunofluorescence with the 

Tau5 and the tau oligomer specific antibody, T22 was used to determine the total and oligomeric 

tau levels in the (e)cortex and (f) hippocampus. These results found a reduction of total and 

oligomeric tau in the total protein extracts of the cortex and hippocampus of NIR light treated 

3xTgAD mice. Student’s two tailed t-test was used to determine statistical significance. (n=7 per 

group). Error bars represent SD. *p<0.05. 
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Figure 4.7. Reduced total and oligomeric tau at cortical and hippocampal synapses of 13-

month 3xTgAD mice. 

 
The total and oligomeric tau levels in the synaptosomal region of 3xTgAD mice receiving NIR 

light (filled bars) and sham (open bars) treatments were measured by Western blot and ELISA 

analysis. Representative Western blots of total tau levels, Tau5 antibody, in the synaptosomes of 

the (a) cortex and the (b) hippocampus of NIR light and sham treated 3xTgAD mice. (c) Western 

blot bands greater than 110 kDa were measured to determine the levels of the oligomeric form of 

tau. (d) The total tau levels in the total protein extracts of the cortex and hippocampus was also 

analyzed through tau5 ELISA analysis. The NIR light treated 3xTgAD mice had reduced levels of 

both total tau and oligomeric tau in cortical and hippocampal synaptosomes. Student’s two tailed 

t-test was used to determine statistical significance. (n=7 per group). Error bars represent SD. 
*p<0.05. 
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Figure 4.8. Amyloid beta levels are decreased in the synapses of 3xTgAD NIR light treated 

mice 

Aβ levels in (a) synaptosome fraction and (b) the total protein extract from the cortex and of NIR 

light (filled columns) and sham (open columns) treated 3xTgAD mice (n=7; per group) were 

measured using ELISA analysis. (a) NIR light treated mice had decreased levels of Aβ1-42 in the 

synaptosome fractions from both the cortex and hippocampus. (b) However, there was no change 

in the levels of Aβ1-42 in the total protein extracts of either region. Student’s two tailed t-test was 

used to determine statistical significance. Error bars represent standard deviation. *p< 0.05; n.s. 

represents not statistically significant. 

 

Increased inducible HSP70 in the synapses of NIR light treated 3xTgAD, htau and wild 

type mice 

 

The results of our experiments suggested that NIR light initiates the reduction of both the 

total tau and the oligomeric form of tau. To investigate a potential mechanism for this clearance, 

we measured heat shock protein 70 (HSP70) levels in wild type, 3xTgAD and htau mice after NIR 

light treatment. We elected to investigate HSP70 because previous studies have described the 

intimate relationship between upregulation of inducible HSP70 and the reduction of tau (Jinwal et 

al., 2013). We utilized Western blot analysis to measure the protein levels of inducible HSP70 and 

the constitutive form of HSP70, HSC70, in the synaptosomal fraction as well as in the total protein 

extract from brains of mice treated with NIR light. We found that in all three animal models there 

was an increase of HSP70 levels in the  synaptosomal fractions (Figure 4.9a-c) ((a)p=0.049 (b) 
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p=0.034 (c) p=0.029) but  no change in the total protein extract (Figure 4.9d-f) ((d) p=0.651 (e) 

p=0.127 (f) p=0.844). On the other hand, there was no change in the levels of constitutively active 

HSC70 in either the total protein or the synaptosome fractions of the NIR light treated mice ((a) 

p=0.664 (b) p=0.143 (c) p=0.268 (d) p=0.401 (e) p=0.084 (f) p=0.275). These results indicate a 

selective increase of the inducible HSP70 at the synapse in NIR light treated mice.  

Figure 4.9. HSP70 is increased in the synaptosomal fractions but not in the total protein 

extracts.  

Representative Western blot analysis of inducible HSP70 (iHSP70) and HSC70 protein levels in 

3xTgAD, htau and wild type mice hippocampal synaptosome fractions and total protein extract. 

The synaptosome fractions of NIR light treated (filled bars) (a) 3xTgAD (b) htau (c) wild type 

mice had increased levels of the inducible HSP70 protein but no changes in HSC70 protein 

expression levels compared to sham treated groups (open bars). The total protein extracts of (d) 

3xTgAD (e) htau (f) wild type mice had no change in either inducible HSP70 levels or HSC70 

levels between the NIR light treated and the sham no light treated groups. These results suggest a 

synaptic specific increase in inducible HSP70 in NIR light treated mice. Statistical significance 

was determined by Student’s two tailed t-test analysis. Error bars represent standard deviation. 

*p<0.05. 
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Increased induction of autophagy in NIR light treated 3xTgAD. 

To further gain an understanding of the contributing mechanisms to the NIR light induced 

reduction of tau in the transgenic mice models, we measured the levels of autophagy related 

proteins. In hippocampal total protein extracts, we measured the protein levels, as well as, the 

expression of mRNA of LC3A and B, and Atg5, proteins key in the autophagy initiation. We found 

that the levels of LC3B is increased (p=0.001) in the NIR light treated mice (n=8) compared to 

sham treated mice (n=10) while the levels of LC3A remained unchanged (0.992) between the 

treatment groups (Figure 4.10a). The increased ratio between LC3B and LC3A (p=0.008) in the 

NIR light treated group suggests the increased promotion of autophagosome formation. The 

protein expression levels of Atg5 showed a trend of an increase in NIR light treated mice but not 

statistically significant (data not shown). A comparison of Atg5 mRNA expression between these 

NIR light treated and sham treated mice showed a statistically significant increase (p= 0.044) in 

the NIR light treated 3xTgAD (Figure 4.10b). These results suggest NIR light treated 3xTgAD 

mice have increased expression of proteins that contribute to the induction of autophagy.  
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Figure 4.10. Upregulation of autophagy markers in total protein extracts after NIR light 

treatment 

Levels of autophagy markers in the total protein extracts of NIR light (filled bars) and sham treated 

(open bars) 3xTgAD mice were determined by Western blot analysis and PCR. (a) Representative 

Western blot of LC3A and LC3B protein expression levels showed an increase ratio of LC3B/A 

in the NIR light treated group. (b) An increase of Atg5 mRNA expression in NIR light treated 

3xTgAD mice was measured by PCR. These results suggest autophagy is initiated in NIR light 

treated 3xTgAD mice. Statistical significance was determined by Student’s two tailed t-test 

analysis. Error bars represent standard deviation. *p<0.05. 

DISCUSSION  

The impairment of synaptic function is a key event that initiates and propagates the 

progressive cognitive decline that is associated with Alzheimer’s disease (AD) (Terry et al., 1991; 

Selkoe, 2002). The oligomeric form of the microtubule associated protein tau is emerging as a key 

contributor to the disruption of synaptic function in AD (Lasagna-Reeves et al., 2011; Tai et al., 

2014; Fontaine et al., 2017). The main goal of our study was to determine if NIR light induces 

neuroprotection against the synaptic association and accumulation of the toxic tau oligomers, as 

well as the subsequent oligomer-driven dysfunction. We utilized an ex vivo binding challenge to 

determine if synaptosomes isolated from NIR light-treated wild type (wt) mice displayed an altered 

affinity to tau oligomers. The results showed an equivalent tau association to the synapses isolated 
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from the NIR light treated group compared to the sham treated mice. We further measured the long 

term potentiation (LTP) in the Schaffer collateral pathway of the hippocampus after the application 

of tau oligomers to brain slices prepared from these NIR light treated wt mice that has previously 

been shown to induce an impairment of LTP induction (Fá et al., 2016). As in the case of the 

binding challenge experiments, the NIR light treated group had similar LTP impairment after 

incubation with tau oligomers as observed in the sham treated group exposed to tau oligomers. 

Contrary to what was previously observed in an Aβ challenge system, these results suggest that 

NIR light does not induce mechanisms that reduce the synaptic vulnerability to and functional 

impact of tau oligomers. The specificity of the NIR light-induced neuroprotection could suggest 

that tau and Aβ oligomers act on the synapses in differing ways. While Aβ oligomers are known 

to have multiple synaptic binding partners such as mGluR5 and α7-nicotinic acetylcholine 

receptors among others (Parri et al., 2011; Um et al., 2013), the mechanisms by which extracellular 

tau oligomers associate with the synapses remain elusive. Previous studies have implied that the 

similar structures of Aβ and tau oligomers contribute to similar mechanisms of toxicity (Kayed, 

2003b). However, our combined studies suggest that NIR light alters mechanisms that exclusively 

contribute to Aβ oligomer synaptic association.  

Although a change in the association of tau oligomers to the synapses was not observed in 

our ex vivo synaptic challenge system, we next aimed to determine if the administration of NIR 

light treatments in two mouse models of tauopathies, htau (accumulation of tau) and 3xTgAD 

(accumulation of Aβ and tau), would mediate the synaptic accumulation of tau oligomers. Because 

of the complex relationship between Aβ and tau with extensive evidence that these proteins can 

influence the pathology of each other, it is critical to examine the proteins in a combined mouse 

model as well as in simpler mouse models where A or tau are singly overexpressed. Previous 
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research has found a general reduction of hyperphosphorylated tau in the Parkinsonian mouse 

model K369I upon exposure to NIR light (Purushothuman et al., 2014). However,  whether this 

phenomenon would extend to the synaptic accumulation of tau oligomers (a major determinant of 

tau neurotoxicity) remained unexplored. In a normal state, tau is localized to the axonal region of 

neurons with low levels in the synaptic regions contributing to the stability of protein scaffolding. 

However, in AD tau relocalizes to the somatodendritic region. The elevated levels of tau oligomers 

in the synapses is believed to contribute to the interference of synaptic function (Delacourte et al., 

1990; Zempel and Mandelkow, 2014; Li and Götz, 2017). The htau mice, a mouse that expresses 

a human MAPT transgene and knockout of mouse MAPT, served as a model that exclusively 

expresses the accumulation of tau protein (Andorfer et al., 2003). Our results showed not only a 

reduction of tau oligomer levels at the synapses in NIR light treated animals but also in the cortical 

and hippocampal total protein extract. We further found that total tau levels, which include 

monomers as well as all aggregated tau specie, are decreased in both the synapses and the total 

protein extract. Unlike our previous results in which NIR induces a selective reduction of Aβ 

oligomers at the synapses in the human amyloid precursor protein (APP) overexpressing mouse 

model, Tg2576, (Comerota et al., 2017), the tau reduction in htau mice is thus not occurring 

specifically at synapses but rather globally. Nonetheless, this molecular phenomenon of overall 

reduced tau oligomers translates into a functional benefit as illustrated by the observed memory 

improvement in the novel object recognition (NOR) test on htau mice that received NIR light 

treatment. This mouse model is known to have memory deficits as measured by NOR at 10 months 

of age (Castillo-Carranza et al., 2014). The NIR light treated htau displayed an improved 

performance compared to the sham treated htau mice, as measured by the increased time spent 

with the novel object. This test indicates that the NIR light treatment ameliorated the cognitive 
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impairment typically displayed by htau mice at this age. Collectively, our data show that NIR light 

treatment reduced the tau pathology and the corresponding memory deficits in htau mice. 

The second mouse model we utilized, 3xTgAD, exhibits overexpression of three genes 

associated with familial AD; presenilin 1, human tau with the P301L mutation and human APP 

with the Swedish mutation. These mice display deposits of both aggregated Aβ and tau by 12 

months of age, serving as a model for the simultaneous presence of these toxic proteins as observed 

in AD (Oddo et al., 2003). We found that both total and oligomeric tau was reduced in the synaptic 

compartment and in the total protein extract in 3xTgAD mice, whereas the Aβ was reduced 

exclusively at the synapses. This is similar to what we observed here in the htau mice, as well as 

we previously shown in the Tg2576 mice (Comerota et al., 2017). Our results thus suggest that the 

NIR light-induced mitigation of the individual amyloid proteins is sufficient and equally effective 

when the two amyloid proteins coexist in a system, supporting NIR light as a promising treatment 

for AD.   

While the primary mechanisms of action of the NIR light (600-1000 nm) in stimulating 

bioenergy output and efficiency of mitochondria has been well established, the secondary 

mechanisms that lead to neuroprotection remains poorly understood (Karu, 2010a). The systemic 

reduction of both total and oligomeric tau in NIR light-treated htau mice that we report here 

suggests that NIR light initiates mechanisms that contribute to the regulation and the clearance of 

tau. In the current study we investigated the chaperone heat shock protein 70 and the induction of 

autophagy as two known pathways that have been reported to promote the degradation of 

dysfunctional tau (Orr and Oddo, 2013; Evgen’ev et al., 2017). The heat shock protein 70 (HSP70) 

family of proteins are chaperones that are involved in the refolding and shuttling of dysfunctional 

proteins to degradation pathways (Leak, 2014). There is extensive literature describing the intimate 
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relationship between inducible HSP70 and the clearance of the toxic tau proteins. Particularly, 

evidence demonstrates the reduction of aggregated tau after stimulating the activity of or 

overexpressing endogenous inducible HSP70 or following administration of exogenous inducible 

HSP70 (Young et al., 2016; Evgen’ev et al., 2017; Kundel et al., 2018). On the other hand, an 

opposite correlation exists between tau and heat shock cognate 70 (HSC70), a constitutively 

expressed member of the HSP70 family, whereby HSC70 overexpression slows the clearance of 

misfolded tau deposition (Jinwal et al., 2013). The observed exclusive synaptic increase of 

inducible HSP70 and unchanged levels of HSC70 after NIR light treatment that we observed in all 

animal models surveyed here suggests specificity of the phenomenon. Such increase could indicate 

a specific induction of HSP70 in neurons or possibly reflect the relocalization of inducible HSP70 

to the synapses as a means of protecting the compartment from future insults. We further 

investigated the autophagy pathway, one of the pathways that HSP70 has been shown to shuttle 

dysfunctional tau to degeneration pathways (Demand et al., 2001). The increase in expression 

levels of the autophagy related protein Atg5 and the raised ratio between LC3A and LC3B in the 

total protein extracts in NIR treated 3xTgAD mice suggests an increased induction of autophagy 

as reflected by increased production of autophagosomes. Atg5 is associated with the elongation of 

the autophagosomal membrane and the LC3B protein is necessary for the formation and closure 

of the autophagosome (Friedman et al., 2015). The increased expression of these proteins thus 

demonstrates the increased availability of important machinery involved in the degradation of 

dysfunctional tau in NIR light treated animals, providing the opportunity for the increased 

clearance of the toxic protein. Together, these results provide insight into chaperone-mediated 

clearance and induced autophagy mechanisms that may be contributing to NIR light-induced 

reduction of tau.  
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In conclusion, this study provided valuable evidence of the beneficial effects of NIR light 

treatments on the reduction of tau pathology and related cognitive dysfunction. The novel 

demonstration of this reduction of toxic tau species in the htau mice, combined with the decrease 

of synaptic Aβ pathology in the Aβ/tau co-expressing 3xTgAD mice, further support the 

effectiveness of NIR light as a non-invasive treatment to reduce AD-related neuropathology and 

encourages its future clinical development. 
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Supplementary Figure 4.1. Input/output curves for the four treatment groups.  

The fEPSP amplitude (mV) obtained at increasing stimulus intensities (mA) show no significant 

differences in the basal synaptic strength following NIR light treatment and/or exposure to Aβ 

oligomers compared to sham (no treatment). n=6-8 slices from 3-6 mice; Statistical analysis was 

carried out using two-way ANOVA with Bonferroni post-hoc analysis, ns. Error bars represent 

standard error of mean. 
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Supplementary Table 4.1. Table of input/output averages for the four treatment groups.  

The averages of the amplitudes (mV) measured in the four treatment groups after increasing 

stimulus intensities. There was no change in the pre-HFS and post-HFS amplitudes for all four 

treatment groups. n=6-8 slices from 3-6 mice; Statistical analysis was carried out using two-way 

ANOVA with Bonferroni post-hoc analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MEAN (n=6)

mV Pre Post Pre Post Pre Post Pre Post

10 0.011 0.034 0.041 0.100 0.017 0.059 0.016 0.080

20 0.024 0.033 0.066 0.051 0.069 0.038 0.073 0.069

30 0.062 0.077 0.144 0.151 0.102 0.130 0.181 0.187

40 0.104 0.115 0.223 0.226 0.164 0.167 0.287 0.276

50 0.127 0.150 0.310 0.285 0.230 0.236 0.377 0.334

60 0.174 0.194 0.360 0.342 0.278 0.266 0.453 0.388

70 0.210 0.239 0.423 0.384 0.329 0.319 0.516 0.478

80 0.231 0.280 0.498 0.440 0.362 0.342 0.588 0.487

90 0.251 0.298 0.537 0.463 0.392 0.366 0.622 0.495

100 0.272 0.289 0.554 0.501 0.421 0.379 0.648 0.511

SEM (n=6)

mV Pre Post Pre Post Pre Post Pre Post

10 0.004 0.007 0.018 0.029 0.004 0.013 0.006 0.011

20 0.005 0.008 0.016 0.014 0.024 0.013 0.022 0.035

30 0.013 0.013 0.030 0.048 0.038 0.032 0.051 0.056

40 0.014 0.021 0.038 0.062 0.058 0.053 0.076 0.085

50 0.015 0.019 0.051 0.078 0.076 0.075 0.083 0.085

60 0.024 0.033 0.059 0.083 0.090 0.079 0.100 0.101

70 0.032 0.042 0.072 0.091 0.106 0.095 0.099 0.126

80 0.035 0.052 0.081 0.101 0.125 0.100 0.116 0.106

90 0.036 0.057 0.087 0.106 0.129 0.108 0.121 0.112

100 0.038 0.055 0.083 0.119 0.127 0.112 0.124 0.117

Sham (Untreated)

NIR (tau oligo treatment)

NIR (tau oligo Treated)

NIR (No treatment)

NIR (Untreated)

Sham (tau oligo treatment)

Sham (tau oligo Treated)

Sham (No treatment)
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Chapter 5: Conclusions and Future Directions 

CONCLUSIONS 

The experiments in this study provided novel evidence that toxic oligomers of both Aβ and 

tau are reduced at the synapse after NIR light treatments in both transgenic animal models 

overexpressing individual amyloids (i.e., htau mice for tau and Tg3576 mice for Aβ) and co-

expressing tau and Aβ (i.e., the 3xTgAD mice). This provides evidence that NIR light induces a 

direct reduction of each individual protein that is further seen when Aβ and tau pathology co-exists 

in a transgenic animal system closely mimicking the clinical scenario of AD. An interesting 

component of this phenomenon is the selective reduction of Aβ oligomers at the synapses with no 

change in Aβ levels in the total protein extracts, that we observed in both the Tg2576 and 3xTgAD 

mouse models. Furthermore, we found that synapses from wt mice treated with NIR light were 

resistant to the binding of Aβ oligomers, overall suggesting that the NIR light treatment 

specifically made synapses less vulnerable to endogenous or exogenous Aβ synaptotoxic species. 

By contrast, tau oligomer levels were equally reduced at the synapses and in total protein extracts 

in NIR light-treated htau and 3xTgAD mice, and NIR light afforded no specific synaptic protection 

against the functional disruption brought about by exogenously applied tau oligomers. The 

reduction of synaptic Aβ oligomers is similar to the phenomenon observed in the cognitively intact 

NDAN individuals. These individuals have reduced Aβ oligomer levels at the synapses but 

substantial levels of Aβ in the total protein extract comparable to demented AD humans. The tau 

oligomer levels in NDAN individuals is still under investigation, however, preliminary 

observations suggest that synaptic tau oligomers are also reduced. It seems therefore that NIR light 

in our animal model systems is inducing similar mechanisms that serve as neuroprotection in 
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NDAN individuals. Nonetheless, further investigation needs to be completed to discern the exact 

mechanisms that could be contributing to the reduction of the synaptic Aβ and tau oligomers. 

Using an established ex vivo system involving isolated brain synaptosomes we investigated 

the binding of exogenous amyloid oligomers to the synapses to determine a direct modulation of 

this key event by NIR light. While we found a reduction of Aβ oligomer binding to the synapses 

of wild type mice treated with NIR light treated mice, no change in the binding of tau oligomers 

was observed. This could possibly be due to different mechanisms by which tau oligomers and Aβ 

oligomers associate with the synapses. Such differential mechanisms need to be further 

investigated to fully characterize the binding profile of the two amyloid proteins to the synapses 

and the mechanisms that contribute to the selective reduction of their association, an event that 

holds high interest as a viable therapeutic target in AD. From a functional point of view, we further 

observed a similar differential impact of NIR light on the detrimental suppression of synaptic 

plasticity brought about by exogenously-applied Aβ and tau oligomers in brain slices from NIR 

light-treated wild type mice.  

Collectively these results demonstrate that NIR light, while reducing levels of both Aβ and 

tau oligomers, selectively induces synaptic resistance to Aβ oligomers and the resulting 

impairment of synaptic function. The difference in reduction patterns of the levels of Aβ and tau 

oligomers and the selective protection against Aβ oligomer synaptic binding thus implies that 

different mechanisms of clearance or protection against each amyloid protein is being induced by 

NIR light.  

To gain a greater understanding of the mechanisms that may be contributing to the 

beneficial effects of NIR light, we investigated several mechanisms associated with synaptic 

protection against Aβ oligomers and the clearance of tau oligomers. We found an increase in 
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synaptic mitochondria efficiency in NIR light treated wild type mice, a phenomenon that has 

previously been shown to correlate with decreased Aβ synaptic binding. Further, we found an 

upregulation of autophagy markers and chaperone proteins associated with shuttling tau to 

degradation pathways.  These results provide novel evidence of mechanisms directly induced by 

NIR light that may contribute to neuroprotection and the slowing of the progression of AD. 

In conclusion, my research has contributed critical missing information to support the 

development of NIR light as a plausible efficient therapy for AD. The noninvasive aspect of its 

administration also opens the possibility of treating patients prior to the development of the clinical 

manifestation of symptoms and LED devices also serve as affordable and convenient mode of 

treatment expected to gain rapid access to the clinical evaluation.  

FUTURE DIRECTIONS 

While the depth of studies aimed at understanding biological mechanisms induced by NIR 

light is continuously growing, much is left to be understood. There are several other events that 

have been proposed as driving the onset and clinical progression of AD, such as 

neuroinflammation, oxidative damages and reduced neurogenesis, that can be further investigated 

after NIR light treatment to fully determine the comprehensive extent of its expected benefits. The 

current study demonstrated NIR light-induced synaptic resilience to Aβ oligomer binding and 

protection from its induced toxicity in wild type mice, a phenomenon that appears to mimic what 

was originally observed in the NDAN individuals that resist the onset of dementia despite the 

presence of extensive AD-like neuropathology. The current studies also suggested increased 

synaptic mitochondrial efficiency as a means contributing to this reduction of Aβ synaptic binding. 

However, further studies can be conducted to determine changes in the proteomic signature of the 

synapse after NIR light treatment that contributes to the reduction of Aβ oligomer association with 
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the synapse. Notably, further investigation of the changes that occur after NIR light-driven 

increased synaptic mitochondria health could lead to novel targets that induce synaptic protection 

against toxic amyloid oligomers.  

The main goal of future research should focus on the translation of NIR light treatments to 

humans. One of the greatest obstacles of translation of light treatments to humans is administering 

a sufficient amount of light energy through the human skull and maximizing penetration depths to 

reach deep brain structures such as the hippocampus. Determining alternative routes of 

administration or more efficient NIR light sources such as nano-pulsed laser devices and if similar 

beneficial biological mechanisms as reported here are initiated by such novel administration 

strategies will be ideal in the implementation of treatments in a clinical setting. Among the 

alternative routes of administration that can be investigated is implantation of optical fibers to 

deliver NIR light specifically to selective brain areas that are targeted early in AD such as the locus 

coeruleus and the hippocampus, which could reveal a novel approach to stop disease onset and/or 

progression. Indeed, the use of optic fibers in AD mouse models can also open the possibly of 

understanding the spread of AD pathology throughout the brain. Early administration of NIR light 

can be used to demonstrate the cessation of pathology spreading by inducing clearance in select 

regions of the brain. Although surgically implanting a fiber diminish the noninvasive nature of the 

treatment, similar probes are used in methods of deep brain stimulation in Parkinson’s disease.  

 The studies presented in this dissertation provide a strong foundation to the understanding 

of the mechanisms by which NIR light induces the protection of synapses from the toxicity of both 

Aβ and tau oligomers. It is my expectation that the continued research of this treatment option will 

further the pursuit of NIR light treatments as a viable means of disease-modifying intervention in 

AD. 
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