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ABSTRACT 

While the proportion of aged individuals is increasing across populations, 

therapeutic advances have resulted in a particular increase amongst aged persons living 

with HIV, who maintain an elevated risk for developing HIV-Associated Neurological 

Deficits (HANDs). To determine the neurobiological mechanisms of HAND, the current 

experiments assessed if mechanistic insights from Alzheimer’s Disease, such as oxidative 

stress and protein quality control (i.e. stress granules, BAG chaperones), may similarly 

contribute to neuronal dysfunction in response to HIV proteins Tat and Nef. Although 

data indicate limited effects on stress granules, Tat and Nef facilitated elevations in 

intraneuronal oxidative stress, decreased BAG1 transcription and suppressed BAG3 

levels (i.e. protein and RNA), while these disrupted mechanisms coincided with impaired 

electrophysiological firing capacities in neurons. Oxidative stress, in the form of H2O2, 

exacerbated the reduction in BAG3, induced an upregulation of BAG1 and dysregulated 

key mitochondrial proteins. Such inverse BAG chaperone ratios were maintained in two 

animal models which express viral proteins in the CNS, the doxycycline-inducible Tat 

(iTat) and Tg26 mouse. Interestingly, the inhibition of oxidative stress in primary neurons 

was capable of partially preserving electrophysiological functioning and BAG3 levels 

otherwise altered by HIV viral proteins. Results suggest oxidative stress induced by HIV 

proteins or other factors (i.e. aging) may dysregulate neuronal PQC, particularly BAG 

chaperones, and contribute to the neurobiological mechanisms underlying HAND. 
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CHAPTER 1 

INTRODUCTION 

1.1 HIV-Associated Neurological Disorders (HANDs) 

Human immunodeficiency virus (HIV) infection, as well as its associated 

neurological and behavioral consequences, remain a consistent public health concern, 

particularly in the context of our aging HIV+ population. In 2019, an additional 1.7 

million people were infected with the virus, bringing the total number of people living 

with HIV to 38 million worldwide (UNAIDS, 2020). Despite improved patient outcomes 

due to enhanced diagnostic testing and targeted therapies, there remains no effective 

vaccine for HIV, or a permanent cure for HIV-infected individuals (Davenport et al., 

2019). Moreover, HIV continues to be a leading cause of morbidity across the globe 

(World Health Organization, 2018). However, the implementation of combined 

antiretroviral therapies (cART) has transformed this once fatal disease into a chronic, 

manageable condition (Deeks, Lewin, & Havlir, 2013; Saylor et al., 2016). Following its 

introduction in the mid-1990s, cART has cut mortality rates in half and substantially 

increased the life expectancy of the HIV population, which is now approaching that of 

the general population (Fauci & Marston, 2015; Trickey et al., 2017). These trends have 

resulted in a precipitous increase among aged persons living with HIV, as well as an 

infected individual’s susceptibility to age-related neurocognitive dysfunction.  

In the cART era, decreased mortality rates and increased life expectancies have 

resulted in approximately half of HIV+ individuals reaching at least 50 years of age 

(Goodkin et al., 2001). Although current treatments can control HIV infection, infected 

individuals maintain increased risks for numerous chronic comorbidities, including HIV-



  2

Associated Neurological Disorder (HAND) (Sengupta & Siliciano, 2018). For instance, 

there is equivocal evidence that viral burden in the central nervous system (CNS) is 

associated with the incidence and degree of cognitive impairments (McArthur et al., 

2003; Robertson et al., 1998). Amongst HIV infected individuals, HAND is estimated to 

afflict up to half of patients, even if cognitive deficits are not self-reported or if viral 

loads are suppressed to undetectable levels (Alford et al., 2019; Cassimjee & Motswai, 

2017; Heaton et al., 2010; Simioni et al., 2009). Moreover, aged persons living with HIV 

maintain significantly greater risk for developing HAND compared to uninfected, age-

matched controls as well as younger, infected individuals (Fazeli, Crowe, et al., 2014; 

Joska et al., 2012; Pasipanodya et al., 2019; Sacktor et al., 2016; Valcour et al., 2004; 

Vance, Fazeli, Ball, Slater, & Ross, 2014; Xiao et al., 2020).  

Broadly, these detriments can reflect impairments in several cognitive domains, 

including executive functioning (e.g. impulsivity, problem solving), memory (e.g. 

immediate retrieval, working memory) and attention (e.g. sustained attention, strategy 

shifting) (Clifford & Ances, 2013). According to recently adopted criteria, HAND can 

further be delineated into asymptomatic neurocognitive impairment, mild neurocognitive 

disorder or dementia, depending on the severity of performance deficits and subsequent 

impact on daily functioning (Antinori et al., 2007). Along with clinical presentation of 

cogntive symptoms, transgenic mouse models of HIV routinely display significant 

performance deficits in cognitively demanding tasks, particularly working memory and 

spatial memory paradigms (Carey, Sypek, Singh, Kaufman, & McLaughlin, 2012; 

Putatunda et al., 2019). Similarly, rat models of HIV maintain signifciant detriments in 

spatial memory performance as well as detriments across mutiple operant-based 
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behavioral tasks (e.g. discrimination learning, extradimenstional set shifting) (Lashomb, 

Vigorito, & Chang, 2009; McLaurin, Li, Booze, & Mactutus, 2019; Moran, Booze, & 

Mactutus, 2014; Vigorito, LaShomb, & Chang, 2007). Thus, these neurocognitive 

impairments remain a persistent challenge amongst HIV infected individuals, including 

those who adhere to therapeutic regimens and maintain long term viral suppression (i.e. 

aged HIV+ individuals).  

In the cART era, the prevelance and clinical presentaiton of HAND has shifted. 

Specifically, findings from the comprehensive CHARTER cohort indicated an 80% 

reduction in the most severe forms of cognitive impairment since cART implementation, 

although milder cognitive deficits were found to persist at comparable rates. While only 

2% of virally suppressed individuals are now estimated to display severe deficits (i.e. 

compared to 10-15% pre-CART), more than half (52%) maintain detectable cognitive 

impairments upon neuropsychological assessment (McArthur, Steiner, Sacktor, & Nath, 

2010). Subsequent reports disputed these findings and suggested the rates of HAND 

might be substantially lower, in part due to inconsistent testing criteria (Gisslén, Price, & 

Nilsson, 2011; McDonnell et al., 2014). Despite active debate surrounding the prevalence 

of HAND, it is evident HIV infected individuals in the cART era can maintain 

significantly greater risk for the development and progression of neurocognitive deficits 

compared to the general population (Grant et al., 2014; Schouten et al., 2016).  

Furthermore, such likelihoods remain elevated even if alternative neuropsychological 

criteria used to assess HIV infected persons  (De Francesco et al., 2016; Su et al., 2015).   

Along with aging, several key variables render HIV+ individuals at increased risk 

for HAND, including co-infections, drug use and antiretrovirals themselves. Several 
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studies have also shown that HIV patients coinfected with other viruses or bacteria have 

increased risks for developing cognitive impairments (Cherner et al., 2005; Hestad et al., 

2019; Marra et al., 2013; Ryan et al., 2004). Illicit drug use, including methamphetamine 

and cocaine, is also known to be significantly higher amongst HIV patients who develop 

cognitive impairments compared to those who do not use illegal substances (Ayuso-

Mateos et al., 2000; Byrd et al., 2011). However, it remains unclear if this association is 

mediated by pre-existing substance use disorders, which themselves can result in cART 

interruption and increase risk for HAND (Kamal et al., 2017; Meyer, Althoff, & Altice, 

2013). Adherence to antiretroviral treatment itself may also increase risk for HAND in 

aging; for instance, long term cART can induce metabolic changes (e.g. central obesity, 

dyslipidemia, and insulin resistance) which are themselves considered risk factors for 

dementia (Behrens et al., 1999; Falutz, 2007; Narciso et al., 2001; Whitmer et al., 2008). 

Indeed, some data suggest discontinuation of long-term cART treatment may improve 

performance in HIV patients upon neuropsychological assessment (Robertson et al., 

2010).  

Although HAND’s prevalence has shifted and risk factors have been identified, 

the continued growth of the HIV population and ensuing development of neurological 

impairments has increased focus on the neurobiological underpinnings of HAND. For 

instance, the implementation of a variety of neuroimaging techniques (e.g. fMRI, PET) 

has elucidated structural and functional alterations in specific brain regions (e.g. frontal 

cortex, hippocampus) that are associated with HAND (Ances & Hammoud, 2014; 

Sanford et al., 2017). However, the molecular mechanisms that impair neuronal 

homeostasis and functioning underlying HAND require further elucidation. Given the 
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increased risk of HAND in the aging HIV population, mechanistic insights from 

Alzheimer’s Disease (AD) research (i.e. oxidative stress, protein quality control) has lead 

neurovirologists to question if similar aberrant mechanisms may contribute to age-related 

neuronal dysfunction in HAND. 

 1.2 Aging and Alzheimer’s Disease (AD) 

The neurological complications that accompany our aging population is a growing 

concern across economic, societal and health indices (Prince, Comas-Herrera, Knapp, 

Guerchet, & Karagiannidou, 2016). This mounting challenge is due to an unprecedented 

shift in aging demographics across the globe: by midcentury, the percentage of aged 

individuals (i.e. >60 years old) will exceed 21% (an increase from 10% in 2010), and, for 

the first time in human history, the number of aged persons will exceed the number of 

young (i.e. 10-24 years old) (World Health Organization, 2015). In turn, there are 

increasing numbers of individuals vulnerable to age-dependent neurological dysfunction, 

including increasing susceptibility to sporadic AD and other neuropathological 

detriments, such as HAND. For instance, between 2015 and 2030, global estimates of the 

number of years lost in full health due to AD suggest an increase of 36%, and, amongst 

the total number of deaths due neurological disorders, the proportion of fatalities due to 

AD are projected to increase by 9% (World Health Organization, 2006). In the United 

States, the roughly 5.5 million individuals suffering from age-associated cognitive 

detriments is expected to rise dramatically to 13.8 million by midcentury (Alzheimer's 

Association, 2018).  

Furthermore, unlike other leading causes of death (e.g. cancer), where advances in 

treatment have alleviated symptomology and decreased mortality rates, no FDA approved 
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therapy can stop or reverse the progression of AD (Herrmann, Lanctot, & Hogan, 2013). 

Meanwhile, the drug development process is largely unsuccessful, with the vast majority 

of preclinical results failing to translate into clinical benefits (Cummings, Morstorf, & 

Zhong, 2014; Sarter, Hagan, & Dudchenko, 1992a). For example, of those medicinal 

compounds advanced from preclinical to clinical trials to treat AD, a failure rate of 

greater than 99% is observed (Cummings et al., 2014; Sarter et al., 1992a; Sarter, Hagan, 

& Dudchenko, 1992b). Although progress in monoclonal immunotherapies provide 

optimism (e.g. aducanumab), it remains unclear if this pharmacological class will prove 

effective in large scale, AD cohorts (Bullain & Doody, 2020). Moreover, the costs of 

caring for patients remains similarly unsettling; after adjusting for inflation, calculations 

suggest an annual expenditure of over thirty-six thousand USD for the care (e.g. medical 

services, prescription costs, nursing home dues) of a single patient with AD; what’s more, 

the indirect costs of patient management (e.g. unpaid care provided by family members, 

psychological burden on relatives) are not readily quantified and render the need to 

combat such pathologies that much more apparent (World Health Organization, 2006). 

As the solvency of health care systems is increasingly unstable, in conjunction with the 

increasing frequency of elderly individuals who require health services and the increasing 

cost of such services, addressing the age-related neurobiological mechanisms responsible 

for these impairments has never been more urgent.  

The cognitive decline observed in AD is most commonly characterized by deficits 

in behavioral indices of information processing, reasoning, and most notably, in the 

domains of attention as well as memory (Glisky, 2007; Hedden & Gabrieli, 2004; Levy, 

2005; Perry & Hodges, 1999). Interestingly, these neurocognitive impairments in AD are 
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reminiscent of the decline in performance observed amongst HAND individuals upon 

neuropsychological assessment (Canet et al., 2018; Overton et al., 2013; Wendelken & 

Valcour, 2012). Such deficits are thought to be due to the compromised neural circuity 

that is primarily responsible for these higher-order cognitive functions, the basal 

forebrain cholinergic system and its principal innervations (i.e. prefrontal cortex (PFC) 

and hippocampus (HPC)) (Ballinger, Ananth, Talmage, & Role, 2016; Bishop, Lu, & 

Yankner, 2010; Hullinger & Puglielli, 2017). Progressive inefficiencies in these 

capacities have indeed been observed in AD and HAND, although the degree of 

impairment across specific domains can similarly vary in other age-related 

neurodegenerative pathologies, including, but not limited to, Lewy Body Dementia 

(LBD), and frontotemporal lobe dementia (FTLD) (N. Cairns et al., 2007; McKeith et al., 

2005; McKhann et al., 2011). Furthermore, such deficits are also displayed amongst those 

age-related neurodegenerative pathologies that primarily afflict motor capabilities, 

including Parkinson’s Disease (PD), amyotrophic lateral sclerosis (ALS) and 

Huntington’s Disease (HD) (Emre et al., 2007; Paulsen, 2011; Phukan, Pender, & 

Hardiman, 2007).  

As the extent of age-related functional changes can vary greatly between 

individuals, this suggests distinct underlying biological mechanisms that may contribute 

varying degrees of neuropathogenesis (Ebaid & Crewther, 2020; Verny, Moyse, & 

Krantic, 2015; R. Wilson et al., 2002). For instance, some older individuals retain intact 

cognitive functioning, or display only minimal decline, while others show significant 

cognitive impairments and can eventually develop AD as well as other forms of dementia 

(Fortenbaugh et al., 2015; Habib, Nyberg, & Nilsson, 2007; Verhaeghen & Cerella, 
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2002). Conversely, some individuals display profound deficits that progress at 

significantly elevated rates in comparison to age-matched peers (McDonough, Wood, & 

Miller, 2019; McMurtray, Clark, Christine, & Mendez, 2006). Interestingly, similar 

observations have been made in aging HIV individuals (Saloner et al., 2019). Meanwhile, 

resiliency to these impairments in aging and HIV can be observed among those who 

display certain epidemiological factors (i.e. healthy diet, aerobic exercise, increased 

cognitive stimulation) (Fazeli, Woods, et al., 2014; Frain & Chen, 2018; Kaur, 

Dendukuri, Fellows, Brouillette, & Mayo, 2020; Mapstone et al., 2013; Ngandu et al., 

2015; Saloner et al., 2019; C. Zhao et al., 2018). While the neurobiological underpinnings 

responsible for this variation in age-related cognitive dysfunction have been subjected to 

much interrogation, it is increasingly relevant to determine if emerging mechanisms in 

AD may similarly contribute to adverse neuronal functioning associated with HAND.  

1.3 Emerging Trends in HAND and AD 

The postulation of common mechanisms underlying AD and HAND is spurred by 

their similar pathological manifestations, as well as contemporary trends in neuroscience 

and neurovirology. Across clinical and preclinical models, AD and HAND are associated 

with increased risk for impaired performance across similar cognitive domains (e.g. 

memory, attention) as well as similar neuropathological hallmarks (Dickens et al., 2017; 

Esiri, Biddolph, & Morris, 1998; Gisslén et al., 2009; D. R. Green et al., 2005; Putatunda 

et al., 2019; Webster, Bachstetter, Nelson, Schmitt, & Van Eldik, 2014). Moreover, each 

is associated distinct overlapping mechanisms in the brain (e.g. oxidative stress, protein 

quality control) that are age-dependent and contribute to impaired neuronal functioning 

(Brew, Crowe, Landay, Cysique, & Guillemin, 2009; Canet et al., 2018). Additionally, 



  9

recent debate among AD researchers surrounding the amyloid-cascade hypothesis has 

encouraged examination of alterative disease mechanisms, including those implicated in 

HAND; meanwhile, accumulating data suggesting an increased risk for AD following 

CNS infections suggest the underlying pathways of neuronal dysfunction in HIV may be 

similar to pathogenic mechanisms in AD.  

As the amyloid-cascade hypothesis of AD remains debated, other mechanisms 

have been subject to increased focus and may provide insights to HAND (i.e. oxidative 

stress, protein quality control) (Selkoe & Hardy, 2016). At the molecular level, AD is 

indeed commonly distinguished by its amyloid-beta (Aβ) plaques and 

hyperphosphorylated tau (pTau) neurofibrillary tangles (i.e. paired helical filaments) 

(Ittner & Götz, 2011; Selkoe & Hardy, 2016). However, much dispute surrounds the 

precise proportional combination, temporal dynamics and regional specificity of these 

particular polypeptides that are involved in AD (DeTure & Dickson, 2019; Ittner & Götz, 

2011; Selkoe & Hardy, 2016). Some researchers argue the variation in age-induced 

cognitive deficits occurs independent of known pathological manifestations (Boyle, Fau, 

Wilson, Schneider, & Bennett, 2013; James et al., 2016; Negash et al., 2013; L. Yu et al., 

2015). Indeed, early reports indicated that roughly a fifth of individuals remain 

cognitively sound despite meeting pathological criteria for Alzheimer’s Disease (AD); 

while later evidence confirmed this finding, it was also suggested that the probability of 

insoluble plaque or neurofibrillary tangle absence in demented patients is comparable the 

probability of their presence in non-demented patients, despite displaying equivalent 

behavioral symptoms (Bennett et al., 2006; Davis, Schmitt, Wekstein, & Markesbery, 



  10

1999; Esiri et al., 2001; Jack et al., 2014; Jansen, Ossenkoppele, Knol, & et al., 2015; 

Nelson et al., 2012). 

The rekindled debate surrounding the pathological contributions of Aβ and pTau 

has encouraged examination of potentially alterative biological underpinnings of 

cognitive decline and AD, such as aberrant oxidative stress and variation in protein 

quality control (Boyle, Wilson, et al., 2013; Ricciarelli & Fedele, 2017). Specifically, 

researchers have suggested these polypeptides may instead be a single factor in a 

spectrum of dynamic variables that interact to precipitate cognitive dysfunction in 

neurodegenerative conditions (Bu, Jiao, Lian, & Wang, 2016; Deary et al., 2009; Rahimi 

& Kovacs, 2014). As many of these variables have similarly been implicated in HAND 

(i.e. oxidative stress, protein quality control), such mechanisms may constitute common 

mediators of neuronal dysfunction, particularly in aging.  

Consistent with this postulation, accumulating data indicate increased risk for AD 

following viral infections in the brain, suggesting the underlying pathways of neuronal 

dysfunction in HIV may be similar to pathogenic mechanisms in AD. Neurotropic 

viruses, such as HIV, pose a particular risk given their capacity to penetrate the blood-

brain-barrier (BBB), infect cells of the central nervous system (CNS) (e.g. neurons, glia) 

and persist at low levels as latent infections (Hotta, 1997; Lévêque et al., 2014). Although 

each maintains unique genetic materials (e.g. single stranded, double stranded; RNA, 

DNA) encapsulated by one or more distinctive capsid proteins, the persistence of 

neurotropic viruses can be attributed in part to the integration of viral genomes with the 

host or their maintenance as extrachromosomal DNA (Gilden & Lipton, 2012). Latent 

reactivation of neurotropic viruses can then be triggered across an individual’s lifespan 



  11

by a variety of factors, including disruptions in antiviral therapeutics, environmental 

toxins, psychological stressors and co-infection with other pathogens (Baldwin & 

Cummings, 2018; Palmer et al., 2018). By utilizing gene regulatory mechanisms to then 

reproduce infectious particles, these microbes can disrupt various cellular functions and 

potentially contribute to pathological mechanisms (Gilden & Lipton, 2012; Ludlow et al., 

2016).  

While the role of pathogens in AD has been debated for decades, a series of 

seminal studies reporting HSV-1 DNA in plaques of AD patients suggested potential 

similar disease mechanisms in AD and neuroinfection (Jamieson, Maitland, Wilcock, 

Craske, & Itzhaki, 1991; Jamieson, Maitland, Wilcock, Yates, & Itzhaki, 1992; 

Sigurdsson, 1954; Sjogren, Sjogren, & Lindgren, 1952; Wozniak, Mee, & Itzhaki, 2009). 

Further studies indicated these viruses are more abundant in the brains of individuals 

displaying age-related cognitive decline and AD, particularly those with AD risk factors 

(e.g. APOE4) (Itzhaki et al., 1997; Wozniak et al., 2009). For instance, aged individuals 

previously infected with CMV (i.e. for an average of 5 years) display increased risk for 

AD and faster rates of decline in global cognition during follow-up assessment (L. Barnes 

et al., 2015). Such retrospective cohort studies also indicate increased likelihoods for 

developing dementia following VZV or HSV (HSV 1 or 2) infection, while this risk is 

considerably reduced amongst individuals receiving antiviral therapies (V. Chen et al., 

2018; Tsai et al., 2017; Tzeng et al., 2018). 

Although investigators have noted a variety of fungal and bacterial associations 

with AD, the particular mechanisms of these neurotropic viruses suggest their contribute 

to neurodegenerative disease progression (Gilden & Lipton, 2012; Ludlow et al., 2016). 



  12

Specifically, neurotropic viruses are thought to induce subacute neurobiological 

alterations that interact with environmental and/or genetic factors to progressively 

compromise functioning over time (Harris & Harris, 2018; Itzhaki, 2014). Recently, 

genomic analyses of comprehensive brain tissue collections, as well as preclinical 

examinations of Aβ’s antimicrobial responses, have supported this claim (Allnutt et al., 

2020; D. Cairns et al., 2020; Eimer et al., 2018; Readhead et al., 2018). Meanwhile, data 

now indicate Aβ’s inherent antimicrobial properties, including its highly conserved 

polypeptide sequence and pathogen-relevant structural bioactivity (e.g. oligomerization, 

fibrilization), constitute innate immune responses to neurotropic infection that may 

become dysregulated over time and contribute to AD (Luna, Cameron, & Ethell, 2013; 

Moir, Lathe, & Tanzi, 2018; Yount, Bayer, Xiong, & Yeaman, 2006). Such subliminal 

interactions and chronic alterations in host cells may reflect an adaptive viral response in 

the CNS, provided that acute, severe infections in the immune-privileged brain might 

otherwise trigger significant immune responses (e.g. meningitis, encephalitis) and 

compromise the viability of host cells necessary for viral reproduction (Gilden & Lipton, 

2012; Hotta, 1997). Taken together, the increased risk for AD associated with neurotropic 

infection indicates the neurobiological mechanisms in AD may similarly contribute to 

adverse neuronal functioning associated with HAND. 
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CHAPTER 2 

MECHANISMS IN HAND 

2.1 HIV Neuropathogenesis and Viral Proteins  

Although HIV was initially thought to target peripheral immune cells (T-

lymphocytes, monocytes/macrophages, dendritic cells), subsequent findings illustrated 

CNS immune cells are also susceptible to infection (Gartner et al., 1986; Koenig et al., 

1986; Pope et al., 1994; Weissman, Li, Orenstein, & Fauci, 1995). While the exact 

mechanisms of infiltration remain debated, the virus is thought to cross the blood-brain-

barrier (BBB) within weeks of systemic infection through infiltrating monocytes or 

infected CD+ T lymphocytes (Spudich & Gonzalez-Scarano, 2012; Valcour et al., 2012). 

Once in the CNS, microglia and perivascular macrophages serve as persistent and latent 

viral reservoirs, provided that they are the only resident cells in brain parenchyma that 

have been shown to support productive HIV infection (N. Chen, Partridge, Sell, Torres, 

& Martín-García, 2017; Crowe, Zhu, & Muller, 2003; K. Williams et al., 2001). 

Conversely, while limited evidence suggests neurons and other non-neuronal cells (e.g. 

astrocytes) may also be infected, it remains unclear if such cell types can support 

constitutive viral replication (Bissel & Wiley, 2004). Nonetheless, data illustrate HIV 

viral proteins secreted by actively infected cells within the CNS can be rapidly 

internalization by proximal CNS cells, particularly neurons, and compromise functioning 

in recipient cells (Y. Liu et al., 2000; Saribas et al., 2018). 

Although its mechanisms remain actively debated, evidence indicates the adverse 

effects of specific viral proteins may ultimately contribute to HAND (Ellis, Langford, & 

Masliah, 2007; Avi Nath, 2002). The HIV genome is itself composed of nine genes that 
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encode fifteen viral proteins (Frankel & Young, 1998).  Gag, pol, and env code for 

structural proteins (MA, CA, NC), enzymes (Pro, RT, IN, RNase H), and envelope 

proteins (gp120, gp41), while the remaining genes code for regulatory (Tat, Rev) and 

accessory proteins (Vif, Vpr, Vpu, and Nef). Notably, these HIV proteins can be detected 

in excreted extracellular vesicles from HIV infected individuals, including Gp120, Vpr, 

Nef and Tat (Anyanwu et al., 2018). In addition to modulating viral replication, these 

proteins maintain a plethora of roles, including the regulation of host-cell gene 

expression, metabolic modifications, and alterations in intracellular signaling cascades 

(Frankel & Young, 1998; Swanson & Malim, 2008; Wyatt & Sodroski, 1998). 

As suggested by initial investigations of gp120, the neurobiological mechanisms 

underlying HAND may be due the adverse consequences of HIV viral proteins (D. 

Barnes, 1987). Indeed, gp120 can dramatically influence HIV neuropathogenesis, 

particularly at the BBB, while exposure to gp120-containing extracellular vesicles can 

double the rate of infection in naive tissue (Arakelyan, Fitzgerald, Zicari, Vanpouille, & 

Margolis, 2017; Kanmogne, Kennedy, & Grammas, 2002; Louboutin & Strayer, 2012). 

Gp120 has also been shown to disrupt ion regulation and glutamate homeostasis amongst 

neurons and glia, which can subsequently contribute to contextual memory impairments 

in vivo (Fernandes, Edwards, Ng, & Robinson, 2007; Holden, Haughey, Nath, & Geiger, 

1999; Z. Wang et al., 2004). Additionally, gp120 induces the production of 

proinflammatory cytokines, such as IL-1β, TNFα, and IL6, that subsequently elevate 

rates of apoptosis in both neuronal and non-neuronal cells (R. Cheung, Ravyn, Wang, 

Ptasznik, & Collman, 2008; W. Li, Galey, Mattson, & Nath, 2005; Yeung, Pulliam, & 

Lau, 1995). Interestingly, such deteriorated neuronal variability could be inhibited by the 
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application of antioxidants, suggesting this viral protein’s induction of oxidative stress 

might also contribute to compromised neuronal functioning (Louboutin, Agrawal, Reyes, 

van Bockstaele, & Strayer, 2012; Reddy, Agudelo, Atluri, & Nair, 2012). Along with 

oxidative stress, disrupted autophagic mechanisms are found in response to gp120, while 

data from primary neuronal culture and transgenic models suggest this viral protein’s 

effects may be attributed to its dysregulation of mTOR-dependent signaling cascades 

(Fields et al., 2013; S. Liu et al., 2019).  

Along with gp120, investigations of the HIV viral protein R (VpR) further 

suggest the neurotoxic effects of HIV viral proteins may contribute to neuronal 

dysfunction underlying HAND. Across a variety of primary cell models, including 

human hippocampal neurons as well as rat cortical and striatal neurons, VpR is 

neurotoxic (M.-B. Huang, Weeks, Zhao, Saltarelli, & Bond, 2000; C. A. Patel, Mukhtar, 

& Pomerantz, 2000; Piller, Jans, Gage, & Jans, 1998; Sabbah & Roques, 2005).  Such 

compromised viability could be due to direct consequences in neuron’s themselves, given 

that VpR can impair the functional capacitates of neuronal mitochondria while also 

inhibiting axonal stability (Kitayama et al., 2008; Y. Wang et al., 2017). Conversely, the 

consequences of this viral protein may be equally aversive across all CNS cell types; for 

instance, it can disrupt calcium regulation and induce pro-inflammatory cytokine 

expression in both neuronal and non-neuronal cells alike (Mamik et al., 2017; Na et al., 

2011; Rom et al., 2009). Moreover, in vivo expression of VpR in the rodent brain can 

result in significantly decreased performance across long-term, spatial memory tasks as 

well as short-term, working memory tasks (Torres & Noel, 2014). While the adverse 

consequences of HIV viral proteins are hypothesized to facilitate neurobiological 
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mechanisms underlying HAND, two viral proteins have been subject to particular focus, 

namely Tat and Nef.  

2.1.1 The Trans-Activator of Transcription (Tat) 

The Trans-activator of transcription (Tat) is a 14-16 kDa polypeptide that has 

extensively studied in the context of HAND, given its essential role in viral transcription 

(Jeang, 1996). After reverse transcription and integration into the host genome, proviral 

DNA of HIV stimulates the production of the Tat protein, which then binds the TAR 

element in the 5’ LTR of HIV-1 RNA; subsequent recruitment of host cell elongation 

factors then significantly enhances rates of HIV transcription and enables viral replication 

(Conrad, Jeng, & Ott, 2013). While its proline and cysteine rich domains are thought to 

modify its diverse functions in target cells, Tat’s arginine and glutamine rich domains 

facilitate its binding to cell surface receptors as well as subsequent cellular entry and exit 

(Spector, Mele, Wigdahl, & Nonnemacher, 2019). Interestingly, Tat’s nucleic acid 

binding capacity, along with its net positive charge, low hydrophobicity and low 

sequence complexity, resembles the aggregate-prone polypeptides that can hinder 

neuronal functioning and PQC amongst age-related neurodegenerative pathologies, 

including AD (Kunihara, Hayashi, & Arai, 2019). This binding capacity may account for 

in vitro observations of Tat’s capacity to enhance aberrant protein aggregation of 

pathologically relevant polypeptides, such as Aβ (Hategan et al., 2017; Rempel & 

Pulliam, 2005). 

As the first viral protein to be transcribed and translated from integrated HIV 

proviral DNA, Tat is essential for the production of high viral loads and HIV 

pathogenesis (Arya, Guo, Josephs, & Wong-Staal, 1985). Consistent with its primary 
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function in viral transcription, Tat strains which lack its basic domain are incapable of 

precipitating HIV replication by failing to recruit elongation factors, inhibiting viral 

mRNA transport and inhibiting reverse transcriptase (M. Lin et al., 2015; M. Lin et al., 

2012; Meredith, Sivakumaran, Major, Suhrbier, & Harrich, 2009; Rustanti et al., 2017). 

Conversely, Tat mutants that maintain alternative expression systems but impaired TAR 

binding domains can nevertheless reestablish viral replication by improving promoter 

activity and activating transcription (Das, Harwig, & Berkhout, 2011).  

In addition to its roles in HIV pathogenesis, evidence also indicates a potential 

role for Tat in the HAND development (Bagashev & Sawaya, 2013). Since the early 

1990s, its role in facilitating neurotoxicity has been well documented (Hayman et al., 

1993; Magnuson, Knudsen, Geiger, Brownstone, & Nath, 1995; Tardieu, Héry, 

Peudenier, Boespflug, & Montagnier, 1992). Such a role of Tat in facilitating HAND was 

specifically suggested by the reliable detection of extracellular Tat in the CNS of HIV 

infected individuals, despite adherence to cART and clinical aviremia (Henderson et al., 

2019; Johnson et al., 2013). Furthermore, in vitro and in vivo examinations of Tat have 

replicated the disrupted homeostatic processes otherwise observed in the CNS of HAND 

individuals, such as impaired neuronal viability, disrupted synapse formation and 

elevated neuroinflammatory profiles (Ajasin & Eugenin, 2020; H. J. Kim, Martemyanov, 

& Thayer, 2008; A. Nath, Conant, Chen, Scott, & Major, 1999; Sabatier et al., 1991). For 

instance, by decoupling mitochondrial membrane potentials, reducing mitochondrial 

fusion and triggering apoptosis pathways via the permeabilization of mitochondrial 

membranes, Tat mimics the disruptions in neuronal metabolism implicated in HAND 

(Lecoeur et al., 2012; Rozzi, Avdoshina, Fields, & Mocchetti, 2018). Additionally, Tat-
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containing exosomes produced from a variety of cell types (i.e. primary mouse 

astrocytes, CD4+ T cells, 293T, U373) can impair neural cell viability and blunt neurite 

elongation (Rahimian & He, 2016a, 2016b). In replicating the persistent effects of Tat 

expression otherwise observed in the CNS of HIV+ individuals, chronic exposure to this 

viral protein in human neurons can also impair the regulation of cytoskeletal maintenance 

and anchoring proteins, along with reducing intrinsic excitability (Gurwitz et al., 2017). 

Despite this viral protein’s diverse consequences on neuronal homeostasis, the 

pharmacological modulation of PQC or application of antioxidant reagents has been 

shown to mitigate Tat’s neurotoxic effects (Fan & He, 2016a, 2016b; Zou et al., 2007). 

Furthermore, a substantial body of evidence from preclinical models has 

illustrated both the exogenous application or endogenous expression of Tat in the CNS 

results in cognitive impairments reminiscent of HAND (Langford et al., 2018). Indeed, 

mouse models expressing Tat in the CNS display impaired contextual learning (i.e. 

conditioned place preference, fear conditioning), elevated levels of anxiety (i.e. open 

filed, marble burying, social interaction) as well as disrupted inhibitory control (i.e. 

Go/No-Go task) (Hahn et al., 2016; Hahn et al., 2015; Jacobs et al., 2019; Paris, Carey, et 

al., 2014; Paris, Fenwick, & McLaughlin, 2014; Paris, Singh, Ganno, Jackson, & 

McLaughlin, 2014). Similarly, these models maintain deficits across multiple measures 

of working memory (i.e. Y maze, Novel Object Recognition, Novel Location 

Recognition) and spatial memory (i.e. Barnes Maze, Morris Water Maze) (Carey et al., 

2012; Kesby, Markou, & Semenova, 2016; Nookala et al., 2018). In addition, the 

cognitive deficits induced by Tat are not restricted to mice, provided that similar 

deficiencies are observed in rat models (Fitting, Booze, & Mactutus, 2008; Harricharan, 



  19

Thaver, Russell, & Daniels, 2015; McLaurin et al., 2019; Repunte-Canonigo et al., 2014). 

Along with behavioral detriments, the in vivo expression of Tat is consistently associated 

with neuropathological measures observed in HAND (i.e. reduce gray matter volumes, 

dysregulated neuronal excitability, synaptic and axonal damage, BBB disruption and 

infiltrating peripheral immune cells), while many of these pathological effects can be 

exacerbated by advancing age (Carey et al., 2013; Dickens et al., 2017; B. Kim et al., 

2003; Leibrand et al., 2017; Schier et al., 2017; Xiaojie Zhao, 2020). Along with these 

neurotoxic effects, emerging data suggest Tat may facilitate neurobiological 

dysregulation through two other pathogenic processes, namely oxidative stress and 

variations in cellular autophagy.  

2.1.2 The Negative Regulatory Factor (Nef) 

The Negative Factor (Nef) protein is a multifunctional, 27– 34-kDa polypeptide 

that has historically been understudied in the context of HAND  (Carroll & Brew, 2017; 

V. Rao, Ruiz, & Prasad, 2014). A combination of X-ray crystallography and nuclear 

magnetic resonance has characterized Nef’s three-dimensional structure, which consists 

of  a folded core, with flexible N-terminal and C-terminal domains, as well as a central 

flexible loop within the folded core (Arold et al., 1997; Geyer & Peterlin, 2001; C.-H. 

Lee, Saksela, Mirza, Chait, & Kuriyan, 1996). While such structural features may 

account for Nef’s abundant interactions with host cell proteins, its myristoylated N-

terminus in particular allows for its association with the cytosolic face of cellular 

membranes and is required for Nef’s cellular entry/exit (Fackler et al., 1997; Geyer, 

Munte, Schorr, Kellner, & Kalbitzer, 1999).  
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As its name implies, Nef was initially considered an inhibitor of viral genome 

transcription, but studies have since shown that Nef is essential for the maintenance of 

high viral loads, and promotes disease progression to AIDS (Gorry et al., 2007; Hanna et 

al., 1998; Thompson et al., 2003). For example, HIV particles produced in the presence 

of Nef are ten-times more infectious than particles produced in its absence (Delassus, 

Cheynier, & Wain-Hobson, 1991; Kestler et al., 1991). Conversely, HIV strains that lack 

a functional Nef protein result in delayed disease progression; here, strains with deletions 

in the Nef gene, due to truncated 3’-LTRs, result in normal CD4 counts and lower viral 

loads up 14 years post-infection, even in the absence of cART treatment (Deacon et al., 

1995; Learmont et al., 1999). 

In addition to its roles in HIV pathogenesis, evidence also indicates a potential 

role for Nef in the HAND development. This postulation was spurred by initial post-

mortem analyses of brain tissue from HIV infected individuals; while only half of all 

patients maintained detectable Nef-positive cells, this rate increased to ~85% amongst 

those individuals who met behavioral criteria for dementia (Ranki et al., 1995). Similar to 

Tat, it can be reliably detected in patients despite suppressed viremia, while its mitigation 

after antiretroviral implementation is minimal compared to other HIV gene products 

(Fischer et al., 2004; Fischer et al., 2008; Raymond et al., 2011; Thomas et al., 2017). 

Along with altered concentrations of Nef within the CNS, HIV individuals displaying 

cognitive deficits maintain specific structural subtypes of Nef, compared to patients who 

remain cognitively stable. Following structural bioinformatics, computational modeling 

and proteomic analyses, findings suggest the Nef protein in the brains of individuals 

suffering from HAND maintain distinct structural alignments that potentially alter its 
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conformational transitions and subsequent binding potentials (Lamers, Poon, & McGrath, 

2011). Moreover, the Nef structural signatures associated with HAND, including 

modifications to SH3, AP-2 and cytokine bindings domains, were found to be specific to 

the CNS, further suggesting a role for Nef in contributing to neuronal dysfunction in the 

HIV brain (Lamers et al., 2018).  

Nef may promote HAND through a number of complementary processes. 

Amongst neuronal and non-neuronal cell types, exposure to the Nef protein results in 

significantly decreased metabolic activity and increased rates of cell death (Trillo-Pazos, 

McFarlane-Abdulla, Campbell, Pilkington, & Everall, 2000). In vivo expression of Nef 

not only recapitulates such neuronal loss, but impairs locomotor activity and triggers a 

robust neuroinflammatory response, including an upregulation of IP-10; furthermore, 

such increased expression of IP-10 has also been detected in the brains of HIV 

individuals suffering from severe cognitive deficits (van Marle et al., 2004). Neural cell 

lines exposed to Nef-containing exosomes display several abnormalities, including 

enhanced amyloid precursor protein (APP) expression as well as elevated production and 

section of Aβ; similarly, compared to exosomes from cognitively sound individuals, 

exposure to Nef-containing exosomes from individuals diagnosed with HAND induces 

increased levels of toxic Aβ (Khan et al., 2016). Furthermore, Nef-containing exosomes 

secreted by primary human astrocytes induce elevated oxidative stress following reuptake 

by proximal primary neurons, while such exposure to Nef can also impair functional 

efficiencies in neurons, as indicated by blunted action potential frequency and decreased 

spiking activity (Saribas et al., 2018). 
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Along with direct impairments on neuronal functioning, Nef may contribute to 

cognitive impairments by inducing the recruitment of peripheral immune cells into the 

CNS (Koedel et al., 1999). Specifically, transplantation of Nef-expressing glia into the rat 

brain results in increased recruitment of peripheral macrophages, as well as neuronal 

apoptosis and a neuroinflammatory profile; in turn, these animals maintain significantly 

decreased performance on a variety of cognitive measures, including spatial and non-

spatial memory tasks (Chompre et al., 2013; Mordelet et al., 2004). Such Nef-induced 

recruitment of peripheral immune cells and ensuing behavioral impairments may in part 

be due to Nef’s capacity to increase expression of CCL2 in the brain, a chemoattractant 

for circulating monocytes (Chompre, Martinez-Orengo, Cruz, Porter, & Noel, 2019; 

Michael Herbert Lehmann, Jonas Michael Lehmann, & Volker Erfle, 2019). Similar to 

Tat, emerging data suggest Nef may compromise neuronal viability through two other 

pathogenic processes, namely oxidative stress and cellular autophagy. 

 
2.2 Oxidative Stress 

Evidence indicates oxidative stress may contribute to the mechanistic 

underpinnings of age-related neuronal dysfunction, particularly in HAND (Mollace et al., 

2001). Here, oxidative stress refers to an imbalance between reactive oxygen species 

(ROS) generation and degradation that lead to its accumulation and ensuing 

consequences on cellular functioning (Pizzino et al., 2017). ROS are a group of 

molecules which include the more reactive superoxide, peroxynitrate and hydroxyl 

radicals as well as the less reactive hydrogen peroxide and nitric oxide (Jones, 2008; 

Navarro-Yepes et al., 2014). As their name implies, the electrostatic properties of these 
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species allow them to react with a multitude of cellular components and influence a 

diverse range of homeostatic processes (Murphy et al., 2011). The inherent properties of 

the CNS render it particularly susceptible to the accumulation of ROS, further suggesting 

their pathological contributions to cognitive dysfunction. Along with the post-mitotic 

origin of neurons, the brain maintains less antioxidant defenses compared to other organs, 

while its increased energetic demand, in conjunction with decreased energetic reserve, is 

compensated by a high degree of vascular turnover, which itself can generate ROS due to 

increased heavy metal exposure (e.g. Fe, Mg) (Halliwell, 1992, 2006; Salim, 2017). 

Indeed, abnormal ROS regulation and oxidative stress can induce variation in a 

diverse range of homeostatic mechanisms that can compromise neuronal functioning, 

including intracellular signaling cascades, gene transcription and ion regulation (Coyle & 

Puttfarcken, 1993; Devi & Satpati, 2017; Tonnies & Trushina, 2017). Given their diverse 

effects on cellular functioning, ROS production is not surprisingly accompanied by a 

number of enzymatic antioxidant mechanisms. For instance, superoxide dismutase (SOD 

1,2,3) degrades O2
- to H2O2, while catalase (CAT) and glutathione peroxidase (GPx) are 

responsible for degrading H2O2 to H2O and O2 (Nimse & Pal, 2015). In addition, non-

enzymatic inhibition upon the part of nutrients can mitigate ROS levels (Vitamin E, 

Vitamin C) (B. Yu & Chung, 2006). However, the CNS in aging and HIV is commonly 

correlated with imbalances in reactive oxygen species (ROS), while the resulting 

oxidative stress is associated with impaired neuronal functioning (Bhat et al., 2015; 

Finkel & Holbrook, 2000; Uzasci, Nath, & Cotter, 2013). 

The increased H2O2 in aging is particularly unique given its lack of an unpaired 

electron, which allows it to be more abundant and maintain the longest half-life compared 
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to other ROS, in addition to its capacity to permeate lipid bilayers (Giorgio, Trinei, 

Migliaccio, & Pelicci, 2007; Halliwell, 1992). Given its membrane permeability, 

increases in H2O2 can migrate throughout the neuronal cytosol where it is capable of 

driving further ROS production (i.e. hydrogen peroxide generates the hydroxyl radical 

through fenton reactions, and generates peroxynitrate through reactions with nitric oxide) 

and contributing to the generation in aggregate-prone proteins (Murphy et al., 2011). For 

instance, through deamidation, α-amidation, β-scission and hydrogen abstraction, H2O2 

can facilitate the cleavage of polypeptide backbones and expose hydrophobic residues 

that are highly aggregate prone (Chiti & Dobson, 2006; Stadtman & Levine, 2006). In 

addition, H2O2 modifications to amino acid sidechains, including oxidation, carbonylation 

and carbomylation, can decrease the activation energy required for crosslinking between 

proteins and increase the likelihood for ensuing polymerization into proteinaceous 

assemblies (Gorisse et al., 2016; Mirzaei & Regnier, 2008; Stadtman & Levine, 2006; 

Tanase et al., 2016).  

The mechanistic relevance of ROS can be exhibited through its modulation of 

neuronal circuits implicated in cognitive decline in aging, specifically its capacity to 

blunt NMDA receptor functionality and subsequent calcium dyshomeostasis in the HPC 

(Oh, Simkin, & Disterhoft, 2016; Thibault, Gant, & Landfield, 2007). Initially, 

accumulated ROS can induce the formation of disulfide bonds on extracellular cysteine 

residues of NMDARs and drive the release in Ca+ from intracellular stores (T. Foster, 

2007; Hopp et al., 2015; Kumar & Foster, 2004; Sama & Norris, 2013; Yang et al., 

2010). Within CA1, this blunted NMDAR functioning results in an abnormally increased 

threshold for depolarization (T. Foster, 2012; Kumar, Bodhinathan, & Foster, 2009; 
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Thibault et al., 2007). In turn, proportional increases in stimulation, via L-type voltage 

gated calcium channels (VDCCs), are required to allow sufficient Ca+ influx for 

depolarization, which begets VDCC binding to intracellular ryanondine receptors, 

inducing more Ca release; in concert with enhanced calcium dependent K+ channel slow 

burst afterhyperpolarization (sAHP), such effects further a cell’s hypoexcitabile state and 

inhibit the encoding of the to be recalled stimuli in aging (Gant et al., 2015; Oh, Oliveira, 

& Disterhoft, 2010; Tombaugh, W., & Rose, 2005). Moreover, growing evidence 

indicates dysfunction in similar synaptic mechanisms within the prefrontal cortex and 

basal forebrain (Griffith et al., 2014; Guidi, Kumar, & Foster, 2015; McQuail et al., 

2016). Thus, such adverse effects on neuronal signaling mechanisms highlight the 

potential relevance of abnormal ROS in facilitating age-dependent neuronal dysfunction. 

2.3 Oxidative Stress in Aging and Alzheimer’s Disease 

Accumulating levels of oxidative stress within the brain are associated with age-

related neurocognitive deficits and may provide important insights for the mechanisms 

underlying HAND (Bukrinsky et al., 1995; Lopez-Otin, Blasco, Partridge, Serrano, & 

Kroemer, 2013). As indicated previously, the CNS is uniquely suspectable to the 

consequences of such variations compared to other organs (i.e. decreased anti-oxidant 

defenses, increased energy demand etc.) (Finkel & Holbrook, 2000). While the aging 

CNS is correlated with elevations in oxidative stress, such imbalances are associated with 

compromised neuronal homeostasis and impaired neuronal functioning, including in AD 

(Barnham, Masters, & Bush, 2004; Bhat et al., 2015; Giorgio et al., 2007; Tonnies & 

Trushina, 2017). Furthermore, this accumulation can be exacerbated due to a number of 

age-dependent variables, including chronic microglial activation, decreased 
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mitochondrial efficiency, increased permeability of the blood-brain-barrier (BBB) and 

further compromised antioxidant mechanisms (Balaban, Nemoto, & Finkel, 2005; Finkel 

& Holbrook, 2000; Von Bernhardi, Eugenín-von Bernhardi, & Eugenín, 2015). 

Notably, these sources of ROS in aging may potentiate further dysregulation in 

oxidative stress within the brain. For instance, microglia reactivity facilitates ROS 

generation, particularly under conditions of chronic activation (i.e. aging) (Pawate, Shen, 

Fan, & Bhat, 2004; Qin, Li, et al., 2005). As one mechanism, microglial NOX generate 

oxidative stress (i.e. superoxide) as a byproduct of degrading aberrantly folded proteins 

(Qin, Block, et al., 2005; Qin, Liu, Hong, & Crews, 2013; Qin et al., 2004). Similarly, 

microglia contain a number of other extracellular proteases that produce oxidative stress 

as a byproduct of receptor mediated phagocytosis of Aβ, including neprilysin and insulin-

degrading enzyme (C. Y. Lee & Landreth, 2010). Directly, such oxidative stress can 

interact with intracellular signaling cascades to elevate the production and distribution of 

proinflammatory cytokines, which further generates oxidative stress (D. Brown & 

Griendling, 2015; Kierdorf & Prinz, 2013; Mrak & Griffin, 2005). Indirectly, oxidative 

stress can cause the aberrant processing of lipids, proteins and nucleic acids which in turn 

may impair neuronal functioning and/or sustain microglia as damage-associated-

molecular-patterns (DAMPs) (Rubartelli & Lotze, 2007; Tang, Kang, Coyne, Zeh, & 

Lotze, 2012; Venegas & Heneka, 2017; Yamaguchi et al., 2020). Thus, while the 

dynamic regulation of oxidative stress is characteristic of the aging CNS, its capacity to 

compromise neuronal functioning suggests its role as an important regulator of neuronal 

homeostasis, such as in HAND.   

2.4 Oxidative Stress in HAND 
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Given their capacity of alter a diverse range of homeostatic functions in host cells, 

including neurons and glia, studies have assessed if the ROS dysregulation in aging and 

AD may also contribute the neural mechanisms in HAND. Indeed, HIV infection results 

in elevated biomarkers for oxidative stress that persist despite viral suppression, and such 

increases can predict mortality in patients (Hulgan et al., 2003; Masiá et al., 2016; 

Suresh, Annam, Pratibha, & Prasad, 2009). In the CNS, increased oxidative stress is 

reported upon post-mortem analyses of HAND individuals, compared to infected yet 

cognitively sound counterparts, while such augmented levels in the CNS can predict the 

progression of deterioration in neurocognitive deficits (Boven et al., 1999; Haughey et 

al., 2004; W. Li et al., 2008; Sacktor et al., 2004; Zhang et al., 2012). In an extensive 

study that documented increased levels of oxidative stress in the CSF of HAND 

individuals, the in vitro application of such patients’ CSF to primary human neurons 

resulted in increased mitochondrial dysfunction and apoptosis that correlated with the 

severity of cognitive impairment observed in patients; moreover, in vitro application of 

antioxidants blunted this CSF-induced neurotoxicity (Turchan et al., 2003). Provided that 

the CNS of HAND individuals is accompanied by ROS dysregulation, while HIV Tat and 

Nef proteins can compromise neuronal homeostasis, oxidative stress induced by these 

viral proteins may contribute to the neurobiological underpinnings in HAND.  

2.4.1 Tat Effects on Oxidative Stress 

Accumulating evidence indeed suggests the increased measures of oxidative 

stress observed in the CNS of HAND individuals may be caused by HIV viral proteins 

and their adverse consequences on efficient neuronal functioning (Ivanov et al., 2016; 

Mollace et al., 2001). In particular, Tat has been shown to reliably induce elevations 
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oxidative stress and compromise viability across neural and glial cell types (Capone et 

al., 2013; Gorwood et al., 2020; X. Liu et al., 2002; Mastrantonio et al., 2016; 

Westendorp et al., 1995). Similarly, the intracerebral injection of Tat in rodent models 

results in neurotoxicity and significantly increased markers of oxidative stress, such as 

protein carbonylation and reactive gliosis (Aksenov et al., 2001; Bansal et al., 2000; 

Bruce-Keller et al., 2003). Consistent with detection of Tat in plasma of HIV+ 

individuals, systemic application of Tat can also induce increased measures of oxidative 

stress in the CNS (i.e. decreased antioxidant enzymes, lipid peroxidation etc.), suggesting 

viral proteins emanating from the periphery may contribute to oxidative damage in the 

brain (Banerjee, Zhang, Manda, Banks, & Ercal, 2010; Henderson et al., 2019; Nicoli et 

al., 2016). Similar to its effects in the CNS, evidence indicates Tat can induce oxidative 

stress in multiple peripheral cell types and impair homeostasis through several 

mechanisms, including DNA damage, disrupted oxidative phosphorylation and 

overactivation of specific intracellular pathways (e.g. JNK signaling) (El-Amine et al., 

2018; Gu, Wu, Xu, Flores, & Terada, 2001).   

The consequences of Tat-induced oxidative stress on neuronal homeostasis have 

further suggested its contributions in HAND development. Initial experiments utilizing 

primary human neuronal cultures confirmed a significant increase in oxidative stress and 

ensuing apoptosis in response to Tat (Shi, Raina, Lorenzo, Busciglio, & Gabuzda, 1998).  

Additional experiments in rodent primary neuronal cultures have supported the causal 

precedence of Tat-induced oxidative stress, including its significant dysregulation of 

mitochondrial dynamics and ensuing increases in mitochondrial ROS (Agrawal, 

Louboutin, Reyes, Van Bockstaele, & Strayer, 2012; Haughey et al., 2004; Kruman, 
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Nath, & Mattson, 1998; Tiede, Cook, Morsey, & Fox, 2011). Such adverse consequences 

of Tat may be particularly apparent in the BBB, provided that multiple models of CNS 

endothelial cells reliably demonstrate Tat’s induction of oxidative stress and 

dysregulation of redox-sensitive pathways (Price, Ercal, Nakaoke, & Banks, 2005; 

Toborek et al., 2003). Moreover, the application of ROS inhibitors (e.g. antioxidants) 

across neuronal and non-neuronal cell types can inhibit the increased oxidative stress and 

compromised viability otherwise induced by Tat (Agrawal et al., 2012; Gu et al., 2001; 

Haughey et al., 2004; Kruman et al., 1998). While the role of Tat-induced oxidative stress 

has been studied previously, its effects on corresponding mechanisms of neuronal 

homeostasis (e.g. protein quality control), further suggest its contributions to HAND 

development.  

2.4.2 Nef Effects on Oxidative Stress 

Consistent with the effect of Tat, accumulating data suggests elevations in 

oxidative stress within the CNS can be caused by Nef, while this increase may 

compromise ensuing neuronal functioning implicated in HAND (Ivanov et al., 2016; 

Uzasci et al., 2013). Given its diverse polypeptide regions, several investigations have 

sought to determine which domains are responsible for Nef’s dysregulation of ROS.  

Examinations of microglia cell lines indicate the oxidative stress and associated 

neurotoxicity of Nef may be attributed to its mitrosylated region, but data employing 

primary microglia cultures have attributed Nef-induced oxidative stress to its Vav and 

Pak binding domains (Mangino et al., 2015; Vilhardt et al., 2002). Furthermore, 

examination of Nef’s effects in human neutrophils suggest its interaction with the 

membrane component of antioxidant enzymes may contribute to elevations in oxidative 
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stress, while in silica binding assays have credited these specific capacities to its FPDW 

domain (Salmen et al., 2010).  

Compared to Tat, evidence for Nef-induced oxidative stress and its consequences 

for neuronal homeostasis is limited, but nonetheless derived from investigations utilizing 

both in vitro and in vivo models. For instance, exposure to Nef in primary human 

astrocytes results in increased ROS, mitochondria depolarization and apoptosis, while 

similar findings are observed in the brains of mice injected with Nef in subcortical 

regions (Acheampong et al., 2009). Such Nef-induced oxidative stress appears to be time-

dependent and may be related to its intracellular trafficking, as suggested by data from 

human macrophages displaying biphasic increases in ROS in response to Nef (Olivetta et 

al., 2005). In line with these time-dependent effects, Nef induced oxidative stress can 

result in long term, downstream metabolic regulation (i.e. triglyceride accumulation, 

insulin resistance) (Gorwood et al., 2020).  

Nef dysregulation of ROS may also be related to its direct effects on 

mitochondria, provided that mitochondrial dysfunction and ensuing oxidative stress 

following Nef exposure has been replicated across several human stem cell systems (i.e. 

bone marrow mesenchymal cells, adipose tissue cells) (Beaupere et al., 2015; Gorwood et 

al., 2020). Moreover, these adverse effects of Nef on mitochondrial dynamics and 

increased oxidative stress have been documented in neurons (Tiede et al., 2011). Similar 

to Tat, the application of ROS inhibitors (e.g. antioxidants) appears to inhibit the 

increased oxidative stress and compromised viability otherwise induced by Nef (Ochoa et 

al., 2010; T. Wang et al., 2014). Along with its induction of oxidative stress, Nef’s effects 
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on corresponding mechanisms of neuronal homeostasis (e.g. protein quality control), 

further suggest its contributions to HAND development.  

2.5 Protein Quality Control (PQC) 

Given the abundant diversity in the CNS proteome, efficient protein quality 

control (PQC) is necessary to maintain neuronal functioning and homeostasis (Hipp, 

Kasturi, & Hartl, 2019; Höhn, Tramutola, & Cascella, 2020). The specific PQC systems 

utilized to clear a given protein are dictated by its inherent properties (e.g. quaternary 

structure), in conjunction with an array of enzymes (e.g. ligases), disposal mechanisms 

(e.g. lysosomal degradation) and transport complexes (e.g. chaperones) (Dikic, 2017; 

Schrader, Harstad, & Matouschek, 2009). One facet, the ubiquitin-protease-system 

(UPS), is responsible for clearing short lived protein species, whereby ubiquitin-bound 

substrates are shuttled to the 26s proteasome via the Hsc70-BAG1 chaperone complex, 

and undergo degradation following incorporation into catalytic barrels (Alberti, Esser, & 

Höhfeld, 2003; Ciechanover, 2005; Ravid & Hochstrasser, 2008). Conversely, peptide 

assemblies not cleared by the proteasome and its subunits (i.e. 19S, 20S components), 

can be degraded via autophagy; here, double membrane structures called 

autophagosomes sequester unwanted proteins and subsequently fuse with lysosomes to 

ensure catabolism of their contents (Glick, Barth, & Macleod, 2010). While the former 

degradation pathway is mediated by BAG1, this latter targeting of substrates for 

autophagic degradation is conversely mediated by BAG3 (Behl, 2016). Given the 

complementary roles of BAG1 and BAG3 in UPS degradation and autophagy, dynamic 

levels of these co-chaperones are hypothesized to be crucial for maintaining neuronal 

PQC and homeostasis (Alberti et al., 2002; S. Zhao et al., 2019) 
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Through their shared BAG domain, the BCL-2 associated athanogene (BAG) 

family of co-chaperones are necessary for efficient PQC by functioning as nucleotide 

exchange factors, thereby modulating the activity of Hsp70 via its ATPase domain 

(Sondermann et al., 2001; Takayama & Reed, 2001). In its ADP-bound conformation, 

Hsc70’s substrate binding domain can recognize specific hydrophobic amino acid motifs, 

recruit PQC modulators, and mediate ensuing protein degradation (Hartl, Bracher, & 

Hayer-Hartl, 2011; Rüdiger, Germeroth, Schneider-Mergener, & Bukau, 1997). BAG 

family members function as a nuclear exchange factors by hydrolyzing Hsc70-bound-

ATP and thus ensuring efficient Hsc70 functioning (Alberti et al., 2003; Rosati, 

Graziano, De Laurenzi, Pascale, & Turco, 2011). BAG3, in addition to stimulating 

removal of malformed or aggregated polypeptides via autophagy, is emerging as a crucial 

regulator of stress granules (SGs), membrane-less compartments that can facilitate 

aberrant accumulation of aggregated proteins (Ganassi et al., 2016; Mateju et al., 2017). 

Along with its potent anti-apoptotic properties, growing data also suggest BAG1 levels 

are inversely proportional to BAG3, potentially due to its compensatory clearance of 

ubiquitinated substrates via the UPS (Gamerdinger et al., 2009; Minoia et al., 2014; 

Townsend, Cutress, Sharp, Brimmell, & Packham, 2003). Such a functional transition 

between BAG1 and BAG3 dependent PQC is postulated to be an adaptive preservation of 

neuronal homeostasis under conditions that might otherwise facilitate neuropathogenesis, 

such as viral infection, aging and elevated oxidative stress (Behl, 2016; Gamerdinger, 

Kaya, Wolfrum, Clement, & Behl, 2011).  

In addition to role in autophagy, accumulating data indicate BAG3 is an important 

regulator of stress granules (SGs) (Ganassi et al., 2016; Kampinga & Craig, 2010; Y. 
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Kim, Hipp, Bracher, Hayer-Hartl, & Hartl, 2013). SGs are membrane-less cytosolic 

compartments whose dynamics are increasingly relevant to the underlying mechanisms of 

neurodegeneration (Benarroch, 2018; Gan, Cookson, Petrucelli, & La Spada, 2018). 

Under normal physiological conditions, transcripts are bound to RNA binding proteins 

(RBPs) in ribonucleoprotein (RNP) complexes, which function to translocate mRNA to 

sites of protein translation and modify protein synthesis (Kiebler & Bassell, 2006). Upon 

the detection of a stress factor, RNPs are disassembled, while mRNA-bound RBPs are 

rapidly reformed into SGs in order to sequester transcripts which might otherwise be 

degraded due to the molecular consequences of the stressor itself or the host cell’s non-

specific defense mechanisms (Buchan & Parker, 2009; Protter & Parker, 2016). This SG 

assembly has been observed in response to a variety exogenous (e.g. heat stress, drug 

treatment) as well as endogenous factors (e.g. oxidative stress), although these 

applications have been restricted to cell lines  (Aulas, Lyons, Fay, Anderson, & Ivanov, 

2018; J. Brown et al., 2011; Daigle et al., 2016; M. M. Emara et al., 2012). Subsequently, 

when stressful conditions are ameliorated, SG disassembly is facilitated by BAG3-

dependent machinery (Anderson & Kedersha, 2008; Kedersha & Anderson, 2002; Panas, 

Ivanov, & Anderson, 2016). However, SG persistence can then hinder disassembly 

processes by BAG3-depedent mechanisms and contribute to further protein accumulation 

into aggregates (Daigle et al., 2016; Ganassi et al., 2016; Lechler et al., 2017; A. Patel et 

al., 2015).  

Impaired PQC in neurons can facilitate several adverse consequences, including 

the aberrant processing of malformed polypeptides as well as subsequent perturbations in 

homeostasis and impairments in efficient functioning (Currais, Fischer, Maher, & 
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Schubert, 2017; Invernizzi, Papaleo, Sabate, & Ventura, 2012; Kampinga, Mayer, & 

Mogk, 2019). In particular, aggregate formation can be initiated following anomalous 

interactions between polypeptides that are induced by distinct intermolecular properties 

in said proteins, including aberrant post-translational modifications and variation in 

amino acid sequences (Fink, 1998). Subsequent interactions amongst proximal 

counterparts, as well as nascent bonding with distal species, facilitates the polymerization 

of polypeptides into amorphous assemblies or highly ordered structures (i.e. amyloid) 

that are not efficiently degraded by PQC (Chiti & Dobson, 2006; Invernizzi et al., 2012). 

In turn, the persistence of impaired PQC and the associated consequences across a 

multitude of cellular processes can ultimately result in a net loss of function (Kampinga 

et al., 2019; Stefani & Dobson, 2003). 

2.6 PQC in Aging and Alzheimer’s Disease 

In addition to oxidative stress, the causal mechanisms underlying neuronal 

dysfunction in AD and HAND may be related to another common correlate of 

pathogeneses, namely the failure to maintain intracellular PQC (Aviner & Frydman, 

2020; Kurtishi, Rosen, Patil, Alves, & Moller, 2018; Ross & Poirier, 2004). Indeed, aging 

in general can be characterized by an increased population of aggregate-prone proteins 

(D. David, 2012; Klaips, Jayaraj, & Hartl, 2018). This elevation in polypeptides that 

maintain increased aggregation propensities is sometimes referred to as supersaturation 

(Ciryam, Kundra, Morimoto, Dobson, & Vendruscolo, 2015; Ciryam, Tartaglia, 

Morimoto, Dobson, & Vendruscolo, 2013). Although the mechanisms that generate such 

proteins are not fully elucidated, current postulations consider the elevated oxidative 
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stress in aging as a primary causal factor (Hohn, Konig, & Grune, 2013; Santos & 

Lindner, 2017).  

Although the role of an aggregating proteomic profile remains debated in AD, 

interrogations demonstrating a robust association between AD pathogeneses and specific 

genomic variations suggest perturbed PQC is a contributing mechanism (J. P. Taylor, 

Hardy, & Fischbeck, 2002). For instance, numerous mutations within the Aβ sequence in 

AD patients result in protein conformations that increase its propensity to aggregate 

(Hatami, Monjazeb, Milton, & Glabe, 2017). Similarly, deleterious mutations amongst 

those protein quality control mechanisms responsible for maintaining PQC also result in 

increased propensities for aggregation (Ciechanover & Brundin, 2003; Levine & 

Kroemer, 2019; Macario, Grippo, & Conway de Macario, 2005). Curiously, as aging can 

compromise proteostasis and facilitate protein aggregation, while proteome maintenance 

has been linked to increased fitness across mammalian and non-mammalian species, the 

consequences of alterations in cellular PQC appear to be particularly relevant to 

underlying mechanisms in age-related cognitive decline, including AD and HAND (D. C. 

David et al., 2010; Pérez et al., 2009; R. C. Taylor & Dillin, 2011; Treaster et al., 2014). 

In addition to the increased generation of aggregate-prone polypeptides, decreased 

efficiencies across a variety of PQC processes are observed in aging and AD, particularly 

those that are otherwise responsible for degrading malformed or aggregated polypeptides 

(i.e. autophagy) (Klaips et al., 2018; Menzies et al., 2017; Vilchez, Saez, & Dillin, 2014). 

Interestingly, Hsc7-BAG3 functioning appears to be particularly vulnerable. For instance, 

mitochondrial functioning and oxidative phosphorylation are hindered with age, which 

inherently limits the ability of the ATP-dependent chaperones, including Hsc70-BAG3, 
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to fulfill its functions (Beal, 2005; Brehme et al., 2014; Jain et al., 2016). Potentially due 

to the complementary relationship between the UPS and autophagy, aged cells also 

maintain mitigated levels of BAG1 and elevated levels of BAG3, indicative of a 

compensatory yet disproportionate demand for Hsc70-BAG3 functioning in age (Behl, 

2016; Gamerdinger et al., 2009). In addition, evidence gathered from preclinical and 

clinical samples illustrates the aged and AD brain exhibits dysregulated levels of proteins 

that are necessary for phagophore elongation and ensuing autophagosome formation, 

including LC3 (Guebel & Torres, 2016; Heckmann et al., 2019; Kaushik et al., 2012; Y. 

Yu et al., 2017). Similarly, both aged rodents as well as elderly individuals exhibiting AD 

symptomology maintain decreased levels of Hsc70 in the CNS (Gleixner et al., 2014; 

Loeffler, Klaver, Coffey, Aasly, & LeWitt, 2016). Interestingly, clinical evidence also 

suggests the aged brain maintains decreased expression for HDA6, the adapter protein 

that ensures efficient transport of Hsc70-BAG3 bound substrates (Guebel & Torres, 

2016). Therefore, not only does aging and AD induce conditions that are capable of 

hindering neuronal functioning (i.e. increased PQC demands), but the capacity to mitigate 

these consequences is concomitantly reduced (i.e. decreased PQC capacity).  

In addition to variations in PQC, particularly autophagy, evidence indicates aging 

conditions may comprise the regulation of SGs (Moujaber et al., 2017). Given the 

capacity for RNA-Binding Proteins (RBPs) in SGs to recruit aggregate-prone 

polypeptides through the induction of polypeptide crosslinking, in conjunction with the 

lack of membrane encapsulation that might otherwise inhibit such contacts, protein-

protein interactions in SGs can be strengthened and facilitate the condensation of SGs 

into insoluble cores that cannot be disassembled (Jain et al., 2016; Mateju et al., 2017). 
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Thus, as aging is associated with elevation of aggregate-prone proteins and may 

dysregulate SG formation, these conditions may also induce persistent SGs and 

contribute to further PQC dysregulation.  

2.7 PQC in HAND 

Given the importance of maintaining efficient PQC, particularly in response to the 

demands on autophagy in aging, dysregulation of these homeostatic processes within 

neurons may contribute to the pathological mechanisms in HAND. Although it can serve 

as an innate self-defense mechanism to control viral spread, particularly follow initial 

infection, aberrant cellular autophagy is often correlated of HIV pathogenesis (Chiramel, 

Brady, & Bartenschlager, 2013; Killian, 2012; Lennemann & Coyne, 2015). In HIV 

individuals displaying cognitive impairments, modulation of autophagy pathways (i.e. 

phagophore elongation factors, lysosomal internalization peptides) has been documented 

across cortical regions of the brain (Dever, Rodriguez, Lapierre, Costin, & El-Hage, 

2015; Zhou, Masliah, & Spector, 2011). Rather than severe effects, some data suggest the 

neuronal modulation of autophagy in HAND may induce subacute intracellular 

alterations that ultimately decrease the threshold for downstream neuronal dysfunction 

and apoptosis (Alirezaei, Kiosses, & Fox, 2008). While some evidence suggests aberrant 

UPS activation also accompanies neurocognitive deficits amongst HIV infected 

individuals, these data remain limited and encourage further elucidation (Nguyen, 

Soukup, & Gelman, 2010). Interestingly, an in vitro analysis of transcriptional variation 

in response to HIV viral vectors reported repressed levels of BAG1 (Mitchell, Chiang, 

Berry, & Bushman, 2003). 
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In regard to BAG3 regulation following HIV infection, additional examination 

appears warranted, provided that varying patterns of BAG3 regulation have been reported 

across differing models of HIV (J. Y. Cheung et al., 2015; Rosati et al., 2009; Rosati et 

al., 2007). Furthermore, the HIV associated effects on SGs warrant similar examination, 

as some data indicate viruses can potentiate SG formation, others suggest it may disrupt 

SG stabilization (Basu, Courtney, & Brinton, 2017; Bonenfant et al., 2019; Mohamed M. 

Emara & Brinton, 2007; Roth et al., 2017; White & Lloyd, 2012). Indeed, data in cell 

lines indicates the potential for HIV RNA to accumulate at SG foci, while other studies 

have noted HIV can increase SG assembly or increase disassembly/inhibit formation 

(Cinti, Le Sage, Ghanem, & Mouland, 2016; S. Rao et al., 2018; S. Rao et al., 2019; 

Soto-Rifo et al., 2014). Along with direct investigations of HIV, accumulating data 

demonstrate dysregulated PQC mechanisms may be caused by HIV proteins themselves, 

particularly Tat and Nef.  

2.7.1 Tat Effects on PQC  

The dysregulated PQC mechanisms associated with Tat may contribute to the 

neurobiological underpinnings of neuronal dysfunction in HAND. Investigations of Tat’s 

effects on UPS are limited, particularly in neuronal models, but indicate its capacity to 

directly modulate multiple proteasomal mechanisms (e.g. ligases) and induce aberrant 

downstream consequences, including NMDA receptor malfunctioning (M. V. Green & 

Thayer, 2016; Lata, Mishra, & Banerjea, 2018). Additionally, accumulating evidence 

indicates Tat can independently dysregulate autophagy across various cell types, albeit in 

varying patterns. In primary rodent neuronal cultures as well as cell lines, Tat can induce 

ubiquitin-independent activation of autophagy, including downstream elevations in 
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autophagosome regulators (J. Li et al., 2018; Sagnier et al., 2015). Conversely, primary 

rodent hippocampal neurons exposed to Tat also display dose and time dependent 

decreases in levels of LC3, a protein which is otherwise responsible for initiating 

autophagosome formation; furthermore, such Tat-induced variation in autophagy is 

accompanied by elevated neurodegeneration in vivo, particularly in the CA3 region of the 

hippocampus (Fields et al., 2015; Hui, Chen, Haughey, & Geiger, 2012).  

While Tat’s effects on BAG1 have not yet been investigated, experiments from 

our laboratory and others have demonstrated similar varying patterns in BAG3 levels in 

response to Tat. In glioblastoma cell models, Tat induces BAG3-dependent autophagy 

pathways, while the direct mitigation of BAG3 inhibits such Tat-induced autophagic 

processes (Bruno et al., 2014; Wu et al., 2018). Conversely, a significant downregulation 

of BAG3 is characteristic of HIV-transgenic mouse models as well as primary rat 

neurons expressing the Tat protein (Mohseni Ahooyi et al., 2019). Notably, Tat’s effect 

on SGs remains unknown, although its incorporation into SG foci was recently noted in 

cell lines (Lai et al., 2013). Although patterns of Tat-induced autophagy dysregulation 

can vary, disparate cell models and a limited number of investigations behooves further 

characterization of Tat’s effect on neuronal PQC and ensuing neuronal functioning.  

2.7.2 Nef Effects on PQC 

Similar to Tat, the dysregulated PQC mechanisms associated with Nef may 

contribute to the neurobiological underpinnings of neuronal dysfunction in HAND. While 

its effects on UPS are understudied and restricted to cell lines, data indicate Nef can 

disrupt PQC by triggering the abnormal proteasomal degradation of host cell 

polypeptides, particularly cell surface proteins (Matheson et al., 2015; Pyeon et al., 
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2019). While its effects on other UPS modulators require further investigation (i.e. 

BAG1), Nef’s capacity to disrupt cellular autophagy is well documented (Beaupere et al., 

2015; Kyei et al., 2009). Here, Nef’s binding to BECN1 and ensuing inhibition of 

autophagosome formation can silence autophagy to levels that are equivalent to 

uninfected cells  (Grant R. Campbell, Pratima Rawat, Rachel S. Bruckman, & Stephen A. 

Spector, 2015). The sequestration of BECN1 and inhibition of autophagy due to Nef has 

been replicated in a variety of cell lines and primary cultures, while recent evidence also 

indicates this effect could be due to Nef’s indirect yet further blockade of BECN1 

through enhanced binding to Bcl2, as well as Nef’s capacity to prevent LC3 lipidation 

(Castro-Gonzalez et al., 2020). In turn, Nef-dependent inhibition of autophagy can 

significantly increase cellular susceptibility to apoptosis (Gupta et al., 2017).  

The variation in autophagy within the CNS due to Nef may play a crucial role in 

HAND development, although further investigations employing neuronal cell models are 

necessary to validate this postulation. In primary human astrocytes transduced with Nef 

expressing vectors, the increased levels of Nef protein emulated an autophagic blockade 

induced by bafilomycin treatment (i.e. accumulation of ATG8 and p62). Along with 

morphological alterations indicative of apoptosis, co-transduction with the tandem LC3 

vector in these cells illustrated Nef expression inhibited autophagosome fusion with 

lysosomes (Saribas, Khalili, & Sariyer, 2015). A more recent study utilizing a similar cell 

model suggested Nef increases autophagosome degradation but not formation, while its 

stabilization of p62 levels indicated it effects on autophagy may be dependent on the 

degradation pathways specific to a given substrate (Cheney et al., 2020). Although its 

effects on BAG1 and BAG3 remains unknown, the expression of Nef in cell lines can be 



  41

suppressed via sequestration into SGs, suggesting the translation of Nef protein may 

perturb SG disassembly processes and contribute to impaired PQC (Henao-Mejia et al., 

2009). While further characterization of Nef’s effect on neuronal PQC appear warranted, 

particularly in regard to BAG chaperones and SGs, these alterations in PQC mechanisms 

may contribute to the neurobiological underpinnings of neuronal dysfunction in HAND. 
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CHAPTER 3 

AIM ONE: EFFECTS OF HIV PROTEINS ON NEURONAL HOMEOSTATIC 

MECHANISMS  

3.1 Rationale  

 To assess the neurobiological mechanisms of HAND, the current experiments 

investigated if mechanistic insights from Alzheimer’s Disease, such as oxidative stress 

and protein quality control (i.e. stress granules, BAG chaperones), may similarly 

contribute to neuronal dysregulation in response to HIV proteins Tat and Nef. Thus, Aim 

One was designed to assess how the in vitro expression of HIV Tat and Nef 

independently contributed to perturbations in homeostatic mechanisms in primary 

neuronal cultures. Manipulations employed adenoviral transduction to ensure efficient 

expression of viral proteins in rat neurons cultured from neonatal embryos, as well as a 

variety of biochemical techniques to gauge ensuing effects on specific mechanisms. 

While this aim established a fundamental relationship between viral proteins and SG 

markers, it also expanded the understanding of how viral proteins, PQC and oxidative 

stress may interact to perturb neuronal homeostatic mechanisms underlying age-related 

neurocognitive dysfunction, particularly in HAND.  

Given its relevance to age-related cognitive dysfunction, Tat or Nef induced 

variation in neuronal PQC mechanisms (i.e. SGs, BAG 1&3) was the primary objective 

for this aim. These targets were assessed by measuring the protein levels (i.e. 

immunoblot, immunocytochemistry) and transcriptional regulation (i.e. qPCR) of 

pathway specific polypeptides. In particular, variation in three reliable and valid markers 

of SGs were quantified, T-cell intracellular antigen 1 (TIA1), Ras GTPase-activating 
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protein-binding protein 1 (G3BP1) and Y-box binding protein 1 (YB1) (Gilks et al., 

2004; Somasekharan et al., 2015; Tourriere et al., 2003). Due to their multiple roles in 

PQC, including the regulation of SGs, levels of BAG1 and BAG3 were also quantified. 

In addition, variation in oxidative stress induced by viral proteins, as well as the 

consequences of such oxidative stress on neuronal PQC, were assessed. Specifically, 

variation in ROS due to Tat or Nef expression were quantified, while ensuing 

investigations determined if the direct application of ROS via H2O2 could recapitulate the 

effects of viral proteins on neuronal PQC. Along with previous techniques, assessment 

here employed metabolic and viability assays, as well as live-cell, confocal microscopy.   

Provided that the prolonged formation of SGs is associated with dysfunctional 

PQC, and both Tat as well as Nef can hinder efficient PQC in addition to dysregulating 

oxidative stress, I hypothesized that viral protein expression will result in increased levels 

of SG markers, BAG3 and BAG1 chaperones, while these alterations may be mediated 

by Tat or Nef induced oxidative stress.  

3.2 Experimental Procedures  

Primary rat neuronal cultures were prepared using dissected E18 prenatal rat 

embryonic brains and maintained under sterile, controlled conditions until cells obtained 

sufficient maturity. On Day in Vitro (DIV) 14, cells were be transduced with either Ad-

Tat, Ad-Nef or Ad-Null in a manner previously described (Mohseni Ahooyi, Shekarabi, 

Torkzaban, et al., 2018). Ad-Tat and Ad-Nef refer to adenoviral vectors that induce the 

expression of the HIV Tat or Nef proteins, whereas Ad-Null contains an empty vector, 

allowing it to serve as a negative control treatment. Multiplicity of infection (MOI) was 

maintained at 1 for all vectors throughout procedures (i.e. 1 viral particle/cell). 
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Transduction durations were maintained in accordance with previous experiments in our 

laboratory (72 Hr). Two hours prior to transduction, culture media was changed to ensure 

viability throughout treatment incubation; such two-hour duration was necessary to allow 

cells to recover from any potential dyshomeostasis induced by media change prior to 

transduction.  

The time at which experiments were conducted (i.e. DIV 12-30) enables the 

establishment of mature neurons (e.g. synapse formation, action potentials) without 

compromised neuronal viability or excessive non-neuronal cell proliferation (Basarsky, 

Parpura, & Haydon, 1994; Gordon, Amini, & White, 2013; Grabrucker, Vaida, 

Bockmann, & Boeckers, 2009). After transduction treatment, cells were harvested under 

sterile conditions for subsequent analysis. All experiments were completed in triplicate to 

confirm the reliability of results. In order to measure protein levels, cells were lysed 

followed by western immunoblotting utilizing SDS-polyacrylamide gel electrophoresis. 

To similarly gauge protein levels, as well as assess their spatial disruption within 

neurons, immunocytochemistry was conducted in conjunction with high-resolution, 

fluorescent microscopy. In order to examine alterations in the transcription of relevant 

genes, RNA was extracted, and RT-qPCR was conducted following cDNA synthesis. To 

directly assess levels of oxidative stress, reactive oxygen species (ROS) were measured 

using a mitochondrial oxygen free radical indicator coupled with confocal imaging in an 

open perfusion microincubator. The assessment of neuronal metabolic activity and 

viability utilized a colorimetric oxidoreductase assay (MTT) and permeability-exclusion 

assay (Trypan Blue), respectively (for detailed Materials and Methods, please refer to 

Chapter 6).  
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3.3 Results 

 Analyses suggested neither Tat nor Nef influenced the protein levels of the SG 

marker TIA (Figure 1 A-C). Immunoblotting results demonstrated signal intensities of 

TIA did not significantly differ as a result of Tat expression compared to control (t (4) = 

0.19, p = .851) and Ad-Null conditions (t (4) = 0.59, p = .586). Additionally, signal 

intensities of TIA did not significantly differ as a result of Nef expression compared to 

control (t (4) = 0.47, p = .657) and Ad-Null conditions (t (4) = 0.94, p = .399) (Figure 1 

A&B). Immunocytochemistry and densiometric analysis indicated that neurons 

expressing Tat did not maintain significantly different levels of TIA (138.11 ± 15.82 

µm2/cell) compared to those neurons subjected to Ad-Null transduction (159.79 ± 17.39 

µm2/cell; t (4) = 1.57, p = .191). Similarly, neurons expressing Nef (142.41 ± 22.26 

µm2/cell) did not illustrate significant variation in levels of TIA compared to control 

conditions, (t (4) = 1.09, p = .337) (Figure 1 C). Along with minimal variation protein 

levels, qPCR indicated TIA expression did not significantly differ in Ad-Tat treated 

neurons compared to control (t (4) = 2.42, p = .072) and Ad-Null conditions (t (4) = 1.78, 

p = .149). Additionally, TIA expression did not significantly differ as a result of Nef 

compared to control (t (4) = 2.44, p = .071) and Ad-Null conditions (t (4) = 2.50, p = 

.064) (Figure 1 D).  
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Figure 1. Effects of Tat and Nef on SG-Marker TIA. Immunoblot images (A) and 
quantifications (B) of TIA protein levels. Immunocytochemistry images and 
quantifications (C) of TIA protein levels. Quantitative PCR of TIA RNA levels (D).  
 

Similar to results obtained upon analyses of TIA, assessment of G3BP protein 

levels suggested neither Tat nor Nef substantially perturbed levels of this SG marker 

(Figure 2 A-C). Immunoblotting results demonstrated G3BP protein levels did not 

significantly differ as a result of Tat expression compared to control (t (4) = 0.17, p = 

.869) and Ad-Null conditions (t (4) = 0.09, p = .936). Consistent with the observed 

effects of Tat, immunoblotting analyses indicated Nef expression did not influence the 

levels of G3BP protein compared to control (t (4) = 0.06, p = .951) or Ad-Null conditions 

(t (4) = 0.02, p = .981) (Figure 2 A&B). Immunocytochemistry validated the lack of 

alterations in G3BP protein levels in Tat (166.89 ± 17.32 µm2/cell; t (4) = 1.07, p = .343) 

and Nef expressing neurons (172.23 ± 20.68; t (4) = 0.71, p = .514) compared to control 

conditions (185.79 ± 23.63) (Figure 2 C). In addition to the benign effects on G3BP 

protein levels, qPCR indicated its expression did not significantly differ in Ad-Tat treated 
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neurons compared to control (t (4) = 1.51, p = .203) and Ad-Null conditions (t (4) = 0.31, 

p = .774). Likewise, G3BP expression did not significantly differ as a result of Nef 

compared to control (t (4) = 1.99, p = .117) and Ad-Null conditions (t (4) = 0.60, p = 

.579) (Figure 2 D). 

Figure 2. Effects of Tat and Nef on SG-Marker G3BP. Immunoblot images (A) and 
quantifications (B) of G3BP protein levels. Immunocytochemistry images and 
quantifications (C) of G3BP protein levels. Quantitative PCR of G3BP RNA levels (D). 
 

While no significant effects of HIV proteins on TIA or G3BP were observed, 

minor variations were present in YB1 following Tat expression, but not Nef (Figure 3 A-

C). Similar to immunoblotting results of other SG markers, signal intensities of YB1 did 

not significantly differ as a result of Tat expression compared to control (t (4) = 0.18, p = 

.860) and Ad-Null conditions (t (4) = 0.74, p = .499). Additionally, signal intensities of 

YB1 did not significantly differ as a result of Nef expression compared to control (t (4) = 

0.95, p = .393) and Ad-Null conditions (t (4) = 1.12, p = .324) (Figure 3 A&B). Notably, 

immunocytochemistry analysis indicated that neurons expressing Tat did maintain 
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significantly elevated levels of YB1 protein (221.89 ± 16.88 µm2/cell) compared to those 

neurons subjected to Ad-Null transduction (174.74 ± 11.83 µm2/cell; t (4) = 4.01, p = 

.016). This equated to an approximate increase of 27%. However, neurons expressing Nef 

(179.41 ± 14.36 µm2/cell) did not illustrate significant variation in protein levels of YB1 

compared to Ad-Null conditions, (t (4) = 0.45, p = .674) (Figure 3 C). Along with effects 

on YB1 protein levels, qPCR indicated its expression was significantly increased in Ad-

Tat treated neurons compared to control (t (4) = 4.15, p = .014) and Ad-Null conditions (t 

(4) = 2.77, p = .050). In Nef expression neurons, YB1 expression did not significantly 

differ compared to control (t (4) = 0.99, p = .375) and Ad-Null conditions (t (4) = 2.04, p 

= .110) (Figure 3 D).  

 
Figure 3. Effects of Tat and Nef on SG-Marker YB1. Immunoblot images (A) and 
quantifications (B) of YB1 protein levels. Immunocytochemistry images and 
quantifications (C) of YB1 protein levels. Quantitative PCR of YB1 RNA levels (D). * p 
< .05 compared to control or Ad-Null conditions.  
 

To explore the regulation of SG markers by Tat or Nef, more advanced 

biochemical techniques were employed to qualitatively to assess several relevant factors. 
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First, the subcellular localization of SG markers identified in microscopy (i.e. TIA, YB1 

in the nucleus, G3BP in the cytoplasm) suggested the effects of viral proteins may be 

dependent on location-specific quantities of SGs. However, immunoblotting results 

following cytoplasmic and nuclear protein extraction revealed the effects of Tat as well 

as Nef did not appear to be dependent on SG marker localization within neurons (Figure 

4 A; cytoplasmic (GAPDH) and nuclear (histones) control proteins are shown to 

demonstrate sensitivity and specificity). Second, given the predominant cytoplasmic 

distribution of viral proteins as well as G3BP, confocal microscopy was used to 

determine if Tat or Nef may physically interact with G3BP. Whereas Ad-Null conditions 

illustrated diffuse distribution of G3BP throughout the cytoplasm, neurons expressing Tat 

or Nef illustrated accumulation in cytoplasmic puncta that colocalized with G3BP (Figure 

4 B). To further assess if Tat in particular can physically interact with SGs, 

immunoprecipitation pull-down of Ad-Tat treated neurons was conducted (Figure 4 C). 

However, immunoblot results suggested G3BP did not bind to Tat proteins in neurons; 

furthermore, the detection of TIA in both Ad-Tat and Ad-Null conditions suggested TIA 

may bind directly to immunoglobulin beads during immunoprecipitation procedures, 

potentially due its unique low complexity domain and increased protein-binding 

capacities (M. Kato et al., 2012). These results suggest SGs and HIV proteins can localize 

to similar foci in the cytoplasm (i.e. colocalization of cytoplasmic G3BP with Tat or 

Nef), but these interactions may be transient or weak (i.e. no evidence of TIA or G3BP 

immunoprecipitation with Tat).  



  50

 
Figure 4. Further Investigation of Tat and Nef Effects on SG-Markers. Immunoblot 
images of TIA G3BP, YB1 protein levels following cytoplasmic and nuclear 
fractionation (A). Immunocytochemistry images of G3BP protein colocalization with 
HIV proteins Tat and Nef (B). Immunoblot images of TIA and G3BP protein levels 
following immunoprecipitation with HIV Tat (C). 
 

Given their multiple roles in PQC, including the regulation of SGs, variation in 

levels of BAG1 and BAG3 were also quantified. Notably, variations in BAG1 protein 

reflected alterations in its two predominant neuronal isoforms (i.e. L&M). 

Immunoblotting results demonstrated BAG1 protein levels did not significantly differ as 

a result of Tat expression compared to control (t (4) = 0.70, p = .530) and Ad-Null 

conditions (t (4) = 0.38, p = .730). Likewise, BAG1 protein levels did not significantly 

differ as a result of Nef expression compared to control (t (4) = 0.20, p = .853) and Ad-

Null conditions (t (4) = 0.94, p = .400) (Figure 5 A&B). Immunocytochemistry validated 

the lack of alterations in BAG1 protein levels in Tat (176.66 ± 31.36 µm2/cell; t (4) = 

1.31, p = .260) and Nef expressing neurons (167.38 ± 26.04 µm2/cell; t (4) = 0.97, p 

=.386) compared to control conditions (151.62 ± 10.57 µm2/cell) (Figure 5 C). In 
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contrast, significant reductions in BAG1 RNA were noted in Ad-Tat treated neurons 

compared to control (t (4) = 7.06, p = .002) and Ad-Null neurons (t (4) =5.85, p = .004). 

Similar reductions in BAG1 transcription were observed in Nef expressing neurons 

compared to control (t (4) = 5.67, p = .005) and Ad-Null neurons (t (4) =8.06, p = .001) 

(Figure 5 D).  

 
Figure 5. Effects of Tat and Nef on BAG1. Immunoblot images (A) and quantifications 
(B) of BAG1 protein levels. Immunocytochemistry images and quantifications (C) of 
BAG1 protein levels. Quantitative PCR of BAG1 RNA levels (D). ** p < .01 compared 
to control or Ad-Null conditions. 
 

In contrast to the limited variations in BAG1, primary neurons expressing HIV 

Tat or Nef displayed significant and consistent reductions in levels of BAG3. 

Immunoblotting data demonstrated a significant decrease in BAG3 protein in response to 

Tat compared to control (t (4) = 10.79, p = .001) and Ad-Null conditions (t (4) = 7.74, p = 

.006). Similar immunoblotting results were found in Ad-Nef treated neurons compared to 

control (t (4) = 7.86, p = .006) and Ad-Null conditions (t (4) = 9.96, p = .001) (Figure 6 

A&B). Immunocytochemistry validated decreases in BAG3 protein levels found in Tat 
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(54.63 ± 8.19 µm2/cell; t (4) = 12.54, p < .001) and Nef expressing neurons (83.33 ± 6.76 

µm2/cell; t (4) = 10.73, p < .001) compared to control conditions (233.92 ± 6.76 µm2/cell) 

(Figure 6 C). Along with decreases in protein levels, significant reductions in BAG3 

transcription were observed in response to Tat compared to control (t (4) = 14.63, p < 

.001) and Ad-Null neurons (t (4) =11.85, p < .001). Similarly, neurons treated with Ad-

Nef illustrated robust decreases in BAG3 transcription compared to control (t (4) = 14.40, 

p < .001) and Ad-Null neurons (t (4) = 13.58, p < .001) (Figure 6 D). While both viral 

proteins lead to significant downregulation of BAG3, these effects were particularly 

apparent in Tat expressing neurons.   

 
Figure 6. Effects of Tat and Nef on BAG3. Immunoblot images (A) and quantifications 
(B) of BAG3 protein levels. Immunocytochemistry images and quantifications (C) of 
BAG3 protein levels. Quantitative PCR of BAG3 RNA levels (D). ** p < .01, *** p < 
.001 compared to control or Ad-Null conditions. 
 

Provided its potential role in HAND, variation in oxidative stress induced by HIV 

proteins was assessed, as well as the consequences of such ROS imbalances on neuronal 

PQC, particularly H2O2. In assessing variations in oxidative stress, live-cell confocal 
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microscopy illustrated significant elevations ROS following the expression of Tat 

(317.10 ± 21.57 µm2/cell; t (4) = 6.94, p = .002) or Nef (327.19 ± 28.96 µm2/cell; t (4) = 

6.58, p = .003) compared to Ad-Null conditions (166.64 ± 30.72 µm2/cell) (Figure 7).  

 
Figure 7. Tat and Nef Effects on Reactive Oxygen Species (ROS). Confocal microscopy 
images of ROS levels in neurons.  
 

Subsequent experiments examined if oxidative stress, particularly H2O2 due to its 

unique characteristics (see Introduction; Oxidative Stress), was capable of regulating 

neuronal BAG family members independent of HIV protein expression. However, 

optimal treatment parameters for H2O2 in primary neuronal culture are not well-

established, due to the lack of studies employing H2O2 in primary neuronal cultures as 

well as the reliability of techniques used to assess its kinetics (Bilan & Belousov, 2018; 

O'Riordan & Lowry, 2017; Ricart & Fiszman, 2001; Whittemore, Loo, Watt, & Cotman, 

1995). Based on the conditions and techniques available in the limited literature, several 

experiments were initially conducted to determine the parameters of H2O2 that alter 

general metabolic activity without compromising viability. At a fixed duration of 6 hours, 
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H2O2 significantly decreased metabolic activity at dosages above 150uM as indicative by 

MTT assay compared to control conditions (t (4) = 3.99, p = .016) (Figure 8 A), while 

trypan blue staining suggested cell viability was significantly mitigated at concentrations 

above 250uM compared to control (t (4) = 3.25, p = .031) (Figure 8 B). Utilizing a 

250uM concentration, time course experiments illustrated significantly decreased 

metabolism beginning at 2 hr post-treatment compared to untreated samples (t (4) = 4.61, 

p = .010) (Figure 8 C), while this decrease stabilized over the course of 6 hr post-

treatment (t (4) = 0.30, p = .977); significant increased cell death was not observed until 

after 8 hours of treatment compared to control conditions (t (4) = 6.30, p = .003) (Figure 

8 D). Therefore, such fixed parameters (i.e. 250uM, 6 hr) were selected as the optimal 

treatment conditions in succeeding experiments.  

 
Figure 8. Metabolic and Viability Assays for H2O2 Treatment Optimization. Dosage 
responses to H2O2 in metabolic activity (A) and viability (B). Time course responses to 
H2O2 in metabolic activity (C) and viability (D). * p < .05,** p < .01 compared to control 
conditions. 
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While Tat and Nef induced oxidative stress was not associated with variation in 

BAG1, direct application of oxidative stress in the form of H2O2 triggered alterations in 

BAG1 transcription and translation. Preliminary studies and immunoblot results indicated 

dose and time dependent effects of H2O2 on BAG1 protein levels (Figure 9 A). Consistent 

with these time dependent effect on protein levels, neurons exposed to H2O2 initially 

displayed significant decreases in BAG1 RNA, most notably following 2 hours of 

treatment (t (4) = 7.78, p = .002); however, H2O2 also triggered a significant increase in 

BAG1 RNA after this initial decrease (t (4) = 4.66, p = .010), although levels did not 

completely return to baseline (Figure 9 B). Subsequent immunoblot results indicated the 

up regulation of BAG1 protein by H2O2 (i.e. 6 hours, 250uM) was not dependent on Tat 

or Nef expression and was significant compared to Ad-Null transduced neurons (t (4) = 

5.38, p = .006) (Figure 9 C&D). Immunocytochemistry validated the H2O2-specific 

increases in BAG1 protein (254.51 ± 29.80 µm2/cell) relative to control conditions 

(142.83 ± 18.24 µm2/cell; t (4) = 5.54, p = .005) (Figure 9 E; high magnification images 

are shown; low magnification images are included in raw data).  
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Figure 9. Effect of Oxidative Stress (H2O2) on BAG1. Immunoblots of dosage and time 
course responses to H2O2 in BAG1 protein levels (A). Time course responses to H2O2 in 
BAG1 RNA levels (B). Immunoblot (C) and quantifications (D) of BAG1 protein levels 
in response to specified conditions. Immunocytochemistry of BAG1 protein levels (E) in 
response to specified conditions. ** p < .01 compared to control conditions. * p < .05 
compared to 2Hr conditions. 
 

In primary neurons exposed to H2O2, significant reductions in BAG3 transcription 

and translation were observed. Preliminary studies and immunoblot results indicated dose 

and time dependent effects of H2O2 on BAG3 protein levels (Figure 10 A&D). 

Subsequent immunoblot results confirmed significant reductions in BAG3 protein levels 

due to oxidative stress at the levels optimized in preceding experiments (i.e. 6 hours, 

250uM) (t (4) = 8.05, p = .001). In addition to reductions in protein levels, BAG3 

transcription was significantly mitigated at these optimized conditions (t (4) = 6.88, p = 

.002). Interestingly, reduced transcription by H2O2 began at 2 hrs post-treatment (t (4) = 

6.20, p = .003), while this reduction did not extend further over the course of the 

experiment (t (4) = 0.16, p = .876) (Figure 10 B). Immunocytochemistry confirmed 

reductions in BAG3 due to oxidative stress (60.02 ± 14.74 µm2/cell) compared to control 
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conditions (185.47 ± 17.17 µm2/cell; t (4) = 0.16, p < .001). Furthermore, microscopy 

illuminated morphological alterations in neurons exposed to H2O2, with some of these 

cells developing dystrophy in their processes compared to control conditions (Figure 

10C; high magnification images are shown; low magnification images are included in 

raw data). Interestingly, the co-expression of both viral proteins did not exacerbate 

neuronal reductions in BAG3 protein levels (Figure 10 E), while such decreases appeared 

to be neuronal-specific, provided that primary rat astrocytes failed to show similar 

sensitivity to H2O2 treatment (Figure 10 F). 

 
Figure 10. Effect of Oxidative Stress (H2O2) on BAG3. Immunoblots of dosage and time 
course responses to H2O2 in BAG3 protein levels (A). Responses to H2O2 in BAG3 RNA 
levels (B). Immunocytochemistry of BAG3 protein levels (C) in response to H2O2. 
Immunoblots of dosage and time course responses to H2O2 in BAG3 protein levels (D). 
Immunoblots of BAG3 protein levels in response to specified conditions (E). 
Immunoblots of neuronal and astrocytic BAG3 protein levels in response to H2O2 (F). 
*** p < .001 compared to control conditions. 
 

As indicated by additional immunoblot data, H2O2 replicated and exacerbated a 

reduction in neuronal BAG3 induced by the expression of HIV viral proteins (i.e. Tat and 
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Nef). The combination of H2O2 and Tat resulted in an additive effect, enhancing the 

decrease in BAG3 compared to control conditions (t (4) = 8.43, p = .001) and neurons 

expressing Tat alone (t (4) = 5.01, p = .008) (Figure 11 A). Similar results were noted in 

Nef expressing neurons, where the addition of H2O2 exacerbated the reduction in BAG3 

compared to control conditions (t (4) = 7.21, p = .008) and neurons expressing Nef alone 

(t (4) = 4.18, p = .014) (Figure 11 B). When normalized ratios of BAG1 to BAG3 

immunoblot levels were assessed, it suggested a clear upregulation of BAG1 relative to 

BAG3 in primary neurons (Figure 11 C).  

Subsequent gain and loss of function experiments (i.e. BAG3 overexpression with 

Ad-BAG3 and BAG3 knockdown with Ad-SiBAG3) suggested oxidative stress was 

responsible for triggering compensatory BAG1 upregulation. Neurons treated with H2O2 

following BAG3 knockdown displayed a substantial BAG1 upregulation compared to 

knockdown of BAG3 alone (t (4) = 9.21, p =.001). (Figure 11 D). These decreases in 

BAG3 were associated with increased dysregulation of proteins responsible for 

maintaining mitochondrial membrane permeability. Specifically, decreases in ANT and 

increases in VDAC following BAG3 knockdown alone were significantly exacerbated by 

H2O2 (ANT, t (4) = 6.09, p =.004 ; VDAC1, t (4) = 5.36, p =.006) (Figure 11 D). 

However, largely consistent with the effects of Tat and Nef, oxidative stress in the form 

of H2O2 did not perturb protein levels of SG markers (i.e. G3BP, YB1, TIA) (Figure 11 

D).  
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Figure 11. Further investigation of Oxidative Stress Effects (H2O2) on BAG Chaperones. 
Immunoblot images of BAG3 protein levels in response to Tat and oxidative stress (A) as 
well as Nef and oxidative stress (B). Ratio of BAG1 to BAG3 protein levels, assessed via 
immunoblot, in response to specified conditions (C). Immunoblot images of target 
proteins in response to gain and loss of function manipulations (D). Immunoblot images 
of TIA, G3BP and YB1 protein levels  in response to viral proteins and oxidative stress 
(E).  
 
3.4 Discussion  

The current findings address the potential for HIV viral proteins to mediate the 

neuronal mechanisms implicated in HAND, particularly PQC. Although neither viral 

protein reliably perturbed the regulation of SGs, Tat and Nef facilitated elevations in 

intraneuronal ROS, decreased BAG1 transcription and suppressed BAG3 levels (i.e. 

protein and RNA). While Tat expression was associated with increased YB1 protein (i.e. 

immunocytochemistry) and RNA, these effects were not observed in other SG markers. 

Oxidative stress, in the form of H2O2, exacerbated the reduction in BAG3 caused by Tat 

or Nef, induced an upregulation of BAG1 and dysregulated proteins responsible for 

maintaining mitochondrial membrane permeability (i.e. ANT, VDAC). While data 
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indicate limited impacts on SGs, these results suggest oxidative stress induced by HIV 

proteins or other factors (i.e. aging) may dysregulate neuronal PQC, particularly BAG 

chaperones, and contribute to the mechanisms underlying HAND.  

The pattern of BAG3 and BAG1 regulation reported herein warrants 

consideration and emphasizes the implications of cell-specific experimental paradigms. 

As oxidative stress and aging can mitigate PQC while also increasing concentrations of 

aggregate-prone polypeptides, a compensatory yet disproportionate demand for BAG3 

over BAG1 has been hypothesized in response to perturbation in neuronal homeostasis 

(Behl, 2016; Klaips et al., 2018). Indeed, in a cell line model of aging as well as neural 

cell lines clonally selected for resistance to oxidative stress, a group of researchers 

recently reported increasing BAG3 and decreasing BAG1 in response to H2O2 

(Chakraborty et al., 2019; Gamerdinger et al., 2009; Gamerdinger et al., 2011). This 

group reported similar results in aged rodent brain samples containing both neurons and 

glia (i.e. tissue homogenates, ex vivo hippocampal slices) (Gamerdinger et al., 2009). 

However, researchers indicated such BAG regulation was specific to neurons (see Figure 

2F in Gamerdinger at al., 2009), consistent with results obtained here. Therefore, the 

direction of BAG3 and BAG1 regulation by H2O2 in the current experiments may be 

reflective of cell-specific responses obtained from primary neurons, whereas prior 

experimental procedures may reflect general cellular adaptations in the neural milieu. In 

light of accumulating evidence distinguishing the molecular biology of neurons from 

other cell types in the brain, particularly in response to aging and neuropathogenesis, 

such cell-specific responses are plausible and increasingly relevant (Grubman et al., 

2019; Mattson & Magnus, 2006).  
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Although HIV viral proteins influenced several homeostatic processes in neurons, 

results suggested neither Tat nor Nef reliably influenced the regulation of RNA-Binding 

Proteins (RBPs), which are involved in stress granule (SG) formation (Gilks et al., 2004; 

Somasekharan et al., 2015; Tourriere et al., 2003). This finding may be due to the 

physical characteristics of SGs. Specifically, SGs exist in the cytoplasm as liquid-liquid 

phase separated (LLPS), a dynamic, fluid-like structure that, although initially 

homogenous, separates into two liquid phases that coexist: a slightly denser core encased 

by an outer shell that is in direct contact with surrounding cytosolic elements (Jain et al., 

2016; M. Kato et al., 2012; Molliex et al., 2015; Shin & Brangwynne, 2017). Given this 

unique physical state, specialized equipment, reagents and protocols may be required to 

determine reliable SG variation (Aulas et al., 2017; Wheeler, Jain, Khong, & Parker, 

2017). Conversely, measuring RBPs by means of traditional biochemical techniques (e.g. 

immunoblotting, immunocytochemistry, qPCR) may fail to reliably assess this recently 

identified biological process (Kedersha, Gupta, Li, Miller, & Anderson, 1999; Nover, 

Scharf, & Neumann, 1989). 

The observed Tat and Nef effects on SGs may also be dependent on the traditional 

RBP markers of SGs, coupled with the inherent biological characteristics of neurons. 

Indeed, the post-mitotic nature of neurons is associated with a distinctive proteomic 

profile, composed of cell-specific adaptations that may otherwise inhibit the LLPS of 

SGs, including protein chaperones and co-chaperones, post-translational modifications, 

and specialized cytoskeletal proteins (Sjöstedt et al., 2015). In addition, the majority of 

investigations have measured RBPs as markers of SGs in proliferative cell types under 

acute, severe stress conditions (e.g. thermal stress) (Kedersha et al., 2000). Conversely, 
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some RBPs colocalize with SGs in neurons but not peripheral cells, while others inhibit 

formation of SGs despite their neuronal abundance (Bounedjah et al., 2014; Figley, Bieri, 

Kolaitis, Taylor, & Gitler, 2014). Moreover, while RBP accumulation in distinct granular 

foci has been documented in the brain, including colocalization with pTau in AD mice, 

RBPs can also remain dispersed throughout the cytoplasm in neuropathological 

conditions (Armstrong, Carter, & Cairns, 2012; Ash, Vanderweyde, Youmans, Apicco, & 

Wolozin, 2014). Thus, the RBPs utilized in proliferative cells to characterize SGs may 

not be suitable to precisely measure their dynamic variation in neurons. Nonetheless, 

current findings add to the limited existing literature of SGs in primary neurons and 

appear to be the first investigation of SGs in primary rat neurons (Khalfallah et al., 2018; 

Shelkovnikova et al., 2017). 
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CHAPTER 4 

AIM TWO: IMPLICATIONS OF VIRAL PROTEIN-INDUCED 

ALTERATIONS FOR COGNITIVE DYSFUNCTION 

4.1 In vivo Effects Associated with HIV Proteins 

4.1.1 Rationale 

 To further assess the neurobiological mechanisms of HAND, the current 

experiments investigated if the neuronal variation observed in response to HIV proteins 

and their associated oxidative stress (e.g. levels of SG markers, BAG proteins) is 

translatable across experimental paradigms. Thus, Aim Two A was designed to assess if 

the in vitro effects of HIV Tat and Nef on homeostatic mechanisms in neurons were 

maintained in the brains of transgenic animal models that expresses HIV viral proteins 

(Tg26 & iTat mice). While this aim established a fundamental association between HIV 

proteins and SG markers in vivo, it also examined if the Tat and Nef induced effects on 

neuronal PQC (e.g. BAG1, BAG3) were translatable across experimental models. 

Similar to in vitro experiments, variation in neuronal PQC processes (i.e. SGs, 

BAG 1&3) associated with the expression of HIV viral proteins was the primary 

objective for this aim. These targets were assessed in Tg26 mice by measuring the protein 

levels of three SG markers (i.e. TIA, G3BP1 and YB1) (Gilks et al., 2004; Somasekharan 

et al., 2015; Tourriere et al., 2003). Immunohistochemistry data reflected alterations in 

SG markers in the frontal cortex and subregions of the hippocampus (CA1, CA3) while 

immunoblot results reflected variations in the frontal cortex and the whole hippocampus. 

In addition, levels of BAG1 and BAG3 were quantified in Tg26 animals, while these 

findings were extended to a separate animal model of HIV (iTat mice). Here, variation in 
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BAG3 protein levels (i.e. immunoblot; frontal cortex and the whole hippocampus) 

prompted further analysis of BAG1&3 transcriptional regulation (i.e. qPCR).  

Provided that the prolonged formation of SGs is associated with dysfunctional 

PQC, and HIV proteins can hinder efficient PQC, I hypothesized that HIV animal models 

would maintain increased levels of SG markers, as well as BAG3 and BAG1 chaperones.  

4.1.2 Experimental Procedures  

Adult male Tg26 (n = 4) and C57Bl/6J mice (n = 4) were maintained until 

approximately 6 months of age, at which point brain tissue was harvested for subsequent 

analyses. Here, the right and left hemispheres of each animal were processed for 

immunoblotting/qPCR and immunohistochemistry, respectively. After the right 

hemisphere was dissected (i.e. frontal cortex, whole hippocampus) and homogenized, the 

total volume from each region was split in equal parts for protein and RNA analysis. For 

protein quantification, tissue was then lysed followed by western immunoblotting 

utilizing SDS-polyacrylamide gel electrophoresis. To similarly gauge protein levels, 

immunohistochemistry of formalin fixed and paraffin embedded tissue was conducted in 

conjunction with brightfield microscopy. In order to examine alterations in the 

transcription of relevant genes, RNA was extracted, and RT-qPCR was conducted 

following cDNA synthesis (for detailed Materials and Methods, please refer to Chapter 

6).  

In addition, the analyses of BAG1 and BAG3 were extended to the iTat model of 

HIV, which conditionally-expresses the HIV Tat protein in the presence of doxycycline 

(DOX). Beginning at 4.5 months of age, both iTat (n = 4) and their control littermates (n 

= 4) received doxycycline hyclate orally over the course of 6 weeks (200mg/kg; rodent 
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chow), at which point brain tissue was harvested for subsequent analyses. iTat analyses 

were restricted to immunoblotting and qPCR from right hemisphere homogenates (left 

hemisphere tissue were used for procedural validation of Tat expression).   

4.1.3 Results  

 Similar to results in Aim One, in vivo analyses suggested minimal variation in SG 

markers in the brains of HIV animals. Immunohistochemistry of TIA protein levels 

indicated no significant variation across the frontal cortex or hippocampus (CA1, CA3) 

of Tg26 animals compared to controls (Figure 12 A&B); however, within control 

animals, there was a non-significant trend of TIA downregulation of in the CA3 region 

(203.27 ± 26.25 µm2/cell) compared to CA1 (240.16 ± 20.03 µm2/cell; t (6) = 2.23, p = 

.066). Moreover, immunoblot data confirmed similar levels of TIA protein between HIV 

animals and controls in both the frontal cortex (t (6) = 0.56, p = .600) as well as 

hippocampus (t (6) = 2.27, p = .064) (Figure 12 C&D).  
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Figure 12. In Vivo Effects Associated with HIV Proteins on SG-Marker TIA. 
Immunohistochemistry images (A) and quantifications (B) of TIA protein levels. 
Immunoblot images (C) and quantifications (D) of TIA protein levels.  
 

 In line with TIA data, results illustrated limited variation in G3BP levels in the 

brains of HIV animals. Immunohistochemistry indicated no significant differences 

between groups in the frontal cortical (t (6) = 1.47, p = .192) or CA3 regions (t (6) = 1.47, 

p = .344), although a significant decrease was found in the CA1 region of Tg26 animals 

(203.33 ± 19.16 µm2/cell) compared to their control counterparts (155.55 ± 24.78 

µm2/cell; t (6) = 2.71, p = .035) (Figure 13 A&B). Immunoblot results suggested such 

observed group differences in G3BP within CA1 were not extended across the entirety of 

hippocampal tissue (t (6) = 0.87, p = .416), while levels of this SG marker did not differ 

in the frontal cortex across groups (t (6) = 1.41, p = .208) (Figure 13 C&D). 

Figure 13. In Vivo Effects Associated with HIV Proteins on SG-Marker G3BP. 
Immunohistochemistry images (A) and quantifications (B) of G3BP protein levels. 
Immunoblot images (C) and quantifications (D) of G3BP protein levels. * p < .05 
compared to control conditions. 
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 In addition to TIA and G3BP, protein levels of YB1 remained consistent in the 

brains of Tg26 animals compared to control subjects. Although immunohistochemistry 

revealed a trend of increasing YB1 in the CA1 region of HIV animals (188.91 ± 29.74 

µm2/cell) compared to CA1 regions in controls (222.25 ± 25.36 µm2/cell), this pattern 

was not statistically significant (t (6) = 2.06, p = .085). Furthermore, no significant 

variation between groups was observed across cortical (t (6) = 1.03, p = .343) and CA3 

regions (t (6) = 0.14, p = .897) (Figure 14 A&B). Immunoblot data supported these 

findings and illustrated similar levels of YB1 protein in the frontal cortex (t (6) = 0.67, p 

= .531) and hippocampus (t (6) = 2.03, p = .089) across groups (Figure 14 C&D).  

 
Figure 14. In Vivo Effects Associated with HIV Proteins on SG-Marker YB1. 
Immunohistochemistry images (A) and quantifications (B) of YB1 protein levels. 
Immunoblot images (C) and quantifications (D) of YB1 protein levels. 
 

 To assess if the in vitro effects of HIV Tat and Nef on BAG chaperones may be 

maintained in vivo, subsequent analyses interrogated variation in BAG3 as well as BAG1. 

Initial immunoblot results suggested a significant reduction in BAG3 protein levels in the 
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frontal cortex (t (6) = 3.91, p = .008) and hippocampal tissue (t (6) = 6.12, p = .001) of 

Tg26 mice (Figure 15 A&B). To examine if BAG regulation is maintained in other 

animal models of HIV, brain tissue from the iTat mouse model was analyzed. Here, 

decreases in BAG3 protein were observed in frontal cortex compared to control subjects 

(t (6) = 3.34, p = .016), although this pattern of regulation did not extend to the 

hippocampus (t (6) = 0.424, p = .687) (Figure 15 A&B). Variation in BAG3 protein 

levels (i.e. immunoblot) prompted further analysis of BAG1&3 transcriptional regulation. 

Compared to control counterparts, Tg26 animals displayed significantly decreased 

transcription of BAG3 (t (6) = 4.80, p = .003) and increased transcription of BAG1 in 

cortical tissue (t (6) = 3.19, p = .019). Similarly, iTat mice displayed significantly 

decreased levels of BAG3 RNA (t (6) = 3.54, p = .012) and increased levels of BAG1 

RNA in the frontal cortex compared to control animals (t (6) = 3.75, p = .010) (Figure 15 

C). Consistent with cortical tissue, significantly reduced transcription of BAG3 (t (6) = 

4.68, p = .003) and increased transcription of BAG1 (t (6) = 4.98, p = .002) was observed 

in the hippocampus of Tg26 animals. Likewise, iTat mice displayed an inverse pattern of 

BAG3 (t (6) = 3.23, p = .018) and BAG1 (t (6) = 3.55, p = .012) transcription in 

hippocampal tissue compared to control animals (Figure 15 D).  
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Figure 15. In Vivo Effects Associated with HIV Proteins on BAG1 & BAG3. 
Immunoblot images (A) and quantifications (B) of BAG3 protein levels. Quantitative 
PCR of BAG3 and BAG1 RNA levels in the cortex (C) and hippocampus (D). * p < .05, 
** p < .01 compared to control conditions. 
 
4.1.4 Discussion 

 The objective of Aim Two A was to determine if the in vitro effects of Tat and 

Nef on PQC mechanisms in neurons might be maintained in the brains of transgenic 

animal models that expresses HIV viral proteins (Tg26 & iTat mice). Compared to 

control animals, analyses of Tg26 tissue across multiple brain regions indicated limited 

variation in SGs, although increased levels of G3BP were noted in the CA1 region of the 

hippocampus. Subsequent assessments revealed decreased levels of BAG3 protein and 

RNA in both cortical and hippocampal tissue, which was accompanied by increased 

transcription of BAG1. A similar inverse pattern of BAG1 and BAG3 transcription was 

observed in the iTat mouse model, while decreases in BAG3 protein were limited to the 

frontal cortex only. These results suggest HIV proteins may induce alterations in PQC 
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within the brain that could contribute to the aberrant neuronal functioning underlying 

age-related cognitive dysfunction amongst HIV infected individuals. 

As discussed in Aim One, the minimal variation in SG markers in Tg26 mice may 

be due to neuron-specific regulatory mechanisms of SGs (i.e. differential regulation of 

RBPs, proteome specific inhibition of LLPS etc.), or the unique physical state of SGs 

combined with assessment using traditional biochemical techniques. In addition, while 

we reported increased BAG1 and decreased BAG3 RNA in brain tissues of two different 

HIV animal models, an opposite pattern of regulation has been reported in the aged 

rodent brain samples (i.e. tissue homogenates, ex vivo hippocampal slices) (Gamerdinger 

et al., 2009). Thus, the pattern of regulation reported here may reflect a compensatory 

adaptation between neuronal and non-neuronal cells to confer neuroprotection against 

HIV proteins during adulthood (Malva, Cunha, Oliveira, & Rego, 2007; Valles et al., 

2019). Indeed, this regulation of neuronal BAG proteins in the brains of HIV animals 

may be age dependent, given that cell-specific population densities and functioning can 

vary in aging CNS, compared to adolescence or adulthood (Salas, Burgado, & Allen, 

2020).   

While this aim examined if the effects of HIV proteins on neuronal PQC 

pathways were translatable across experimental models, the dysregulation of BAG 

chaperones in the brains of HIV animals suggests potential contributions to the cognitive 

impairments previously reported in these models. In a recent study that utilized Tg26 

mice from the same colony as current animals, significant impairments in Barnes Maze 

performance were discerned. Specifically, female mice illustrated deficits in maze 

learning (i.e. trials to acquisition) and short-term (Day 5) memory, while male mice 
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displayed deficits in short as well as long term (Day 14) memory (Putatunda et al., 2019). 

Furthermore, such Barnes Maze impairments have been documented in iTat mice, and rat 

models which express the same transgene as Tg26 mice maintain significantly impaired 

performance in a species-comparable spatial memory task (i.e. Morris water maze) 

(Carey et al., 2012; Vigorito et al., 2007). Therefore, the altered regulation of BAG1 and 

BAG3 in the brains of HIV animal models that otherwise display cognitive impairments 

suggests this PQC dysregulation may contribute to the neurobiological underpinnings of 

cognitive dysfunction observed in HAND. 

4.2 Electrophysiological Functioning Associated with HIV Proteins 

4.2.1 Rationale 

 To assess the neurobiological mechanisms of HAND, the current experiments 

investigated if mechanistic insights from Alzheimer’s Disease, such as oxidative stress 

and protein quality control (i.e. stress granules, BAG chaperones), may similarly 

contribute to functional electrophysiological impairments amongst neurons in response to 

HIV proteins Tat and Nef. Thus, Aim Two B was designed to investigate the 

electrophysiological functioning associated with Tat and Nef-induced perturbations in 

neuronal homeostatic mechanisms. While these experiments provided evidence for the 

functional underpinnings of neuronal mechanisms implicated in HAND, they also 

explored how the adverse consequences of Tat and Nef-induced oxidative stress may be 

targeted via antioxidants (AOX) to preserve neuronal homeostasis.  

Given its relevance to cognitive dysfunction in HAND, Tat or Nef induced 

variation in neuronal electrophysiology was the primary objective for this aim. Neuronal 

firing patterns were measured from primary rat neurons using MicroElectrode Arrays 
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(MEAs), which gauge electrical variation from 60 independent electrodes that are located 

underneath the surface on which neurons are cultured. Here, activity from a single 

electrode is indicative of firing capacities from populations of neurons proximal to the 

electrode’s location, also known as a local field potentials (LFP). Neuronal firing was 

assessed pre-treatment (Day 0) to confirm synchronous activity and establish baseline 

measurements. After neurons were transduced in a manner previously described (i.e. 72 

hrs), Ad-Null, Ad-Nef and Ad-Tat conditions were maintained with control media or 

media containing AOX. Effects were then assessed 24 hours (Day 4) and 96 hours (Day 

7) after AOX treatment. Together, these experiments quantified Tat and Nef 

consequences on neuronal firing, and established if the mitigation of oxidative stress 

could preserve functional capacities otherwise hindered by these viral proteins.  

In parallel to electrophysiology, separate experiments determined the direct 

effects of AOX on homeostatic processes in neurons, particularly oxidative stress and 

PQC mechanisms. Specifically, experiments assessed if AOX treatment directly 

ameliorated the Tat or Nef induced ROS dysregulation. Additionally, these experiments 

determined if the mitigation of viral protein-induced oxidative stress could partially 

preserve BAG chaperone regulation. Similar to prior experiments (Aim One), assessment 

here employed live-cell, confocal microscopy, as well as the measurement of protein 

levels (i.e. immunoblot, immunocytochemistry).  

As HIV proteins can increase oxidative stress and modulate PQC, I hypothesized 

the adverse consequences on neuronal functioning and PQC mechanisms induced by Tat 

and Nef may be mitigated through the application of antioxidants.   

4.2.2 Experimental Procedures 
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 To gauge variation in neuronal firing activity, primary neuronal cultures were 

isolated as previously described (see Aim One) and cultured in MicroElectrode Arrays 

(MEAs). After reaching maturity, neurons expressing Tat or Nef were maintained with or 

without AOX to determine if the mitigation of oxidative stress induced by these viral 

proteins may preserve functional firing capacities. Parallel experiments utilizing live-cell, 

confocal microscopy validated the inhibition of oxidative stress by AOX treatment that 

was otherwise induced by Tat or Nef expression. In addition, protein levels were assessed 

(immunoblot, immunocytochemistry) to determine if antioxidants could inhibit the 

dysregulation of homeostatic mechanisms by viral proteins (i.e. BAG chaperones).  

Neuronal activities were recorded pre-treatment (Day 0) and 96hrs (Day 4) as 

well as 168hrs (Day 7) after transduction. To ensure the assessment of AOX effects were 

temporally consistent, recordings were conducted 24 hours after AOX was added to half 

of the cultures post-transduction (i.e. 96 hours). Media with or without AOX was then 

maintained until the final recording session on Day 7 to assess potential chronic effects of 

AOX treatment on neuronal functioning. In each recording session, five minutes of 

recordings were performed to acquire local field potential (LFP) of neuronal extracellular 

action potential at 2000 Hz (2kHz) from 60 electrodes simultaneously. To avoid 

confounding measures with electrical interference in the beginning or conclusion of 

experiments, stabilized signals from the middle of the recording session (i.e. three, 20-

second averages) were used for statistical analyses.  

Measures of firing frequency reflected total quantity of action potentials and 

subthreshold oscillations, while measures of amplitude reflected total area under the 

curve upon detection of action potential spike. Measures were then normalized to 
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baseline conditions to maintain reliability across groups. Along with variations in firing 

frequency and amplitude, experiments assessed group differences in conduction 

velocities, which were computed using the differences in time at which signals were 

detected amongst proximal electrodes as well as the distance between such electrodes (for 

detailed Materials and Methods, please refer to Chapter 6).  

4.2.3 Results 

 Initial experiments employing live-cell microscopy confirmed the application of 

AOX was capable of inhibiting the increase in ROS otherwise induced by Tat (t (4) = 

5.11, p = .007) or Nef expression (t (4) = 6.41, p = .003) (Figure 16 A). In turn, 

immunocytochemistry results indicated the direct inhibition of oxidative stress in neurons 

was capable of partially preserving BAG3 levels (Figure 16 B). Here, neurons expressing 

Tat (215.16 ± 23.64 µm2/cell) or Nef (196.90 ± 9.33 µm2/cell) in the presence of AOX 

maintained significantly increased BAG3 protein levels compared to Tat (124.09 ± 10.17 

µm2/cell; t (4) = 5.08, p = .007) or Nef (137.10 ± 15.08 µm2/cell; t (4) = 5.84, p = .004) 

expressing neurons without AOX. While immunoblotting confirmed AOX partially 

preserved BAG3 protein levels otherwise reduced by Tat (t (4) = 5.27, p = .006) or Nef (t 

(4) = 3.35, p = .029) proteins, results indicated AOX treatment was not capable of 

mitigating the dysregulation induced by H2O2 (i.e. alterations in BAG3, BAG1 and 

mitochondrial proteins) (Figure 16 C). Due to cross-reactivity between MitoSOX 

reagents with H2O2 in solution, it was not possible to reliably discern if direct application 

of H2O2 was ameliorated by AOX. 
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Figure 16. Effects of Reducing Oxidative Stress. Confocal microscopy images of ROS 
levels in neurons (A). Immunocytochemistry images and quantifications (B) of BAG3 
protein levels in response antioxidant treatment under specified conditions. Immunoblot 
images of target protein levels in response antioxidant treatments under specified 
conditions (C). ** p < .01 compared to control conditions.  
 

Assessment of electrophysiological measurements indicated AOX was capable of 

partially preserving neuronal functioning otherwise dysregulated by HIV viral proteins, 

particularly Tat (Figure 17 A&B). As shown by LFP signals and quantifications, 

suppression of peak amplitudes in Tat expressing neurons continued to progress between 

Days 4 and 7 (t (4) = 3.99, p = .016), while Tat expressing neurons maintained in AOX 

did not illustrate further attenuation in amplitudes (t (4) = 1.46, p = .219) (Figure 17 C). 

Similarly, suppression of firing frequencies in Tat expressing neurons continued to 

progress between Days 4 and 7 (t (4) = 5.25, p = .006), while Tat expressing neurons 

maintained in AOX did not illustrate further attenuation in firing frequencies (t (4) = 

0.31, p = .775) (Figure 17 D). Interestingly, while AOX treatment in Nef expressing 

neurons partially preserved firing amplitudes under acute conditions (t (4) = 1.51, p = 
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.207), it was incapable of inhibiting long term attenuation in amplitudes or preserving 

firing frequencies.  

 
Figure 17. Effects of Reducing Viral Protein-Induced Oxidative Stress on Neuronal 
Firing Frequencies and Amplitudes. Raw signal traces of specified conditions in the 
absence (A) and presence (B) of antioxidants. Quantifications of signal amplitudes (C) 
and firing frequencies (D) in response to specified conditions. * p < .05, ** p < .01, *** p 
< .001 in comparison to baseline conditions specified in figure (i.e. Day 0 or Day 4).  
 

Upon visual presentation of spontaneous frequency activity across neuronal 

populations, evaluation of baseline activity confirmed regular bursting activity in all 

MEAs (Figure 18 A). Here, dots represent time-dependent activity of individual 

electrodes. In the absence of AOX treatment, neurons transduced with Ad-Tat or Ad-Nef 

consistently displayed disrupted firing patterns across electrodes. Treating neurons with 

AOX resulted in a partial restoration of synchronous activity in the Tat expressing group, 

but not Nef. Analyses of conduction velocities quantified the speed at which similar 

patterns of activity propagated across proximal electrodes, whether in the form of spikes 

or subthreshold oscillations (Figure 18 B). In agreement with the measures above, data 
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indicated deterioration in conduction velocities in neuronal cultures expressing Tat (t (4) 

= 3.01, p = .040) or Nef (t (4) = 3.07, p = .037) between Day 4 and 7. However, the 

application of AOX prevented further attenuation in activity patterns amongst Tat 

expressing neurons (t (4) = 0.58, p = .591), and improved activity in the Nef expressing 

group (t (4) = 3.65, p = .022). Notably, the effects of AOX under H2O2 conditions could 

not be reliably examined due to peroxide-induced electrical interference during recording 

sessions. 

 
Figure 18. Effects of Reducing Viral Protein-Induced Oxidative Stress on Neuronal 
Conduction Velocities. Raw depictions of spontaneous frequency activity across neuronal 
populations in the absence and presence of antioxidants (A). Quantifications of signal 
conduction velocities in response to specified conditions (B). * p < .05 in comparison to 
baseline conditions specified in figure (i.e. Day 4).  
 
 
4.2.4 Discussion 

  Aim Two B was designed to assess the functional variation in neuronal firing 

patterns associated with HIV proteins, thus providing insights for the underpinnings of 

neuronal malfunctioning observed in HAND. The current findings indicate the inhibition 
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of oxidative stress in primary neurons was capable of partially preserving 

electrophysiological functioning and BAG3 levels otherwise altered by HIV viral 

proteins. Taken together, results support conclusions in Aim One, which suggested that 

oxidative stress serves a modulator of neuronal functioning and homeostasis by 

regulating BAG family members in response to HIV proteins or other potential sources of 

oxidative stress, such as aging. In turn, Tat and Nef induced alterations in PQC via 

oxidative stress may facilitate aberrant neuronal functioning underlying age-related 

cognitive dysfunction among HIV infected individuals.  

Electrophysiological results presented here support previous investigations of 

altered neuronal functioning in response to HIV viral proteins. Along with the replication 

of Tat-induced variation in neuronal firing capacitates, current data expanded these 

findings to document the adverse effects of Nef (Krogh, Green, & Thayer, 2014; Mohseni 

Ahooyi, Shekarabi, Decoppet, et al., 2018; Mohseni Ahooyi et al., 2019; Saribas et al., 

2018). Current results also complement ex vivo electrophysiological experiments, which 

illustrate disrupted subthreshold oscillations and altered action potential kinetics in 

neurons following in vivo Tat expression across the cortex and hippocampus (Cirino, 

Harden, McLaughlin, & Frazier, 2020). Furthermore, the disruptions in neuronal 

functioning observed here emulate the variation observed in HIV patients with decreased 

cognitive capacities, which include blunted ERP amplitudes, dyssynchronous activation 

patterns and abnormal contributions of specific frequency bands (Babiloni et al., 2014; 

Becker et al., 2012; Fletcher, Raz, & Fein, 1997; Nielsen-Bohlman, Fein, Boyle, & 

Ezekiel, 2002; T. Wilson et al., 2013). 
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Interestingly, the observed adaptation of neuronal functioning in response to 

antioxidants suggests the possibility of compensatory functional mechanisms in neurons 

that confer resiliency following exposure to viral proteins. This postulation aligns with 

theories developed among clinical investigators, who suggest the elevated recruitment of 

certain cortical networks in aging could reflect an adaptive reorganization process, 

enabling an individual to compensate for the declining sensory and information 

processing that would otherwise constrain attentional capacities. For instance, aged 

individuals faced with attention demanding tasks display elevated bilateral recruitment of 

pre-frontal cortex, whereas adults and youth asymmetrically engage this circuitry 

(Cabeza, 2002; Reuter-Lorenz, Grady, Cabeza, & Dennis, 2013). Furthermore, such 

overactivation is proportional to task difficulty itself, with aged individuals requiring 

more activation as attention demands increase (Reuter-Lorenz & Cappell, 2008; Reuter-

Lorenz & Lustig, 2005). Similar compensatory mechanisms are observed in HIV infected 

individuals, where recruitment of previously under-utilized brain networks or more 

efficient use of existing networks can facilitate individual variation in cognitive 

performance (Chang, Holt, Yakupov, Jiang, & Ernst, 2013; Chang et al., 2004; Chang, 

Yakupov, Nakama, Stokes, & Ernst, 2008; Ernst et al., 2009). Thus, the data reported 

here provide mechanistic evidence suggesting the compensatory processes observed in 

age-related cognitive decline may be mediated by adaptations in neuronal functioning 

following exposure to HIV proteins or other sources of oxidative stress, including aging. 
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CHAPTER 5 

CONCLUSIONS, LIMITATIONS AND IMPLICATIONS 

5.1 Conclusions 

The current findings address the potential for HIV proteins to mediate the 

neuronal mechanisms implicated in age-related cognitive dysfunction, particularly 

HAND. Although data indicate limited effects on SGs, Tat and Nef facilitated elevations 

in intraneuronal ROS, decreased BAG1 transcription and suppressed BAG3 levels (i.e. 

protein and RNA), while these disrupted neuronal mechanisms coincided with impaired 

neuronal firing capacities. Oxidative stress, in the form of H2O2, exacerbated the 

reduction in BAG3 and induced an upregulation of BAG1. Such inverse ratios were 

maintained in two animal models which express viral proteins in the CNS, the 

doxycycline-inducible Tat (iTat) and Tg26 mouse. Interestingly, the inhibition of 

oxidative stress in primary neurons was capable of partially preserving 

electrophysiological functioning and BAG3 levels otherwise altered by HIV viral 

proteins. Results suggest oxidative stress induced by HIV proteins or other factors (i.e. 

aging) may dysregulate neuronal PQC, particularly BAG chaperones, and contribute to 

the neurobiological mechanisms underlying HAND. 

  In addition to renewed enthusiasm for HAND, contemporary findings highlight 

important considerations in assessing the etiology of cognitive dysfunction in our aging 

HIV population, including the role of oxidative stress and altered PQC. These studies 
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also underscore the value of advanced analytic techniques in aging neuroscience and 

neurovirology, as well as the growing necessity for translational, interdisciplinary 

approaches in determining the underlying mechanisms of age-related neurological 

dysfunction. Overall, current results illuminate novel means of enhancing neuronal 

homeostatic functioning to ameliorate the adverse consequences of HIV viral proteins in 

the CNS and to mitigate neuropathological manifestations associated with HAND. 

5.2 Limitations 

Current findings provided further mechanistic insights for the biomolecular 

underpinnings of HIV neuropathogenesis, particularly regarding the consequences of 

viral proteins Tat and Nef on homeostatic functioning in neurons (Gurwitz et al., 2017; 

M. H. Lehmann, J. M. Lehmann, & V. Erfle, 2019). However, several limitations in 

existing literature as well as the current experiments warrant consideration.  

Although there are investigations indicating an association between HIV infection 

and cognitive deficits, some studies do not support this finding, while others have 

documented seropositive individuals who do not illustrate cognitive decline (Gisslén et 

al., 2011; McDonnell et al., 2014; Winston & Spudich, 2020). To address this 

discrepancy, future studies are encouraged to assess the role of specific HIV strains and 

cognitive impairments, provided that non-pathogenic viral strains can obscure otherwise 

reliable associations between infection and disease progression (T. Kato et al., 2008; 

Mandell et al., 2014). Furthermore, as assessment of viral levels can vary across studies 

(i.e. host immunoglobulins, integrated DNA, viral transcripts etc.), and these inconsistent 

measurements may fail to precisely distinguish states of viremia between studies (i.e. 

acute infection, reactivation, latency and/or multiple reactivations), it behooves future 
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investigations to employ parallel techniques in viral assessment across analyses in order 

to enhance the reliability of conclusions. 

In addition, the cross-sectional designs employed by some investigations may 

confound the assessment for neurocognitive deficits following HIV infection, provided 

that neurotropic reactivation(s) over time may facilitate neuropathological progressions. 

Consistent with this postulation, some data indicate elevated neurotropic infections 

amongst MCI patients compared to those diagnosed with AD, while significant 

associations between neurotropic infection and AD risk may only become apparent after 

extended durations (Kobayashi et al., 2013; Lövheim et al., 2015; Mancuso, Cabinio, 

Agostini, Baglio, & Clerici, 2020). Thus, the cross-sectional and factorial experimental 

designs utilized in some studies may fail to reflect time-dependent variation in vector-

host interactions that could overlap with physiological aging processes. In turn, the 

adoption of longitudinal study designs is encouraged to more accurately capture the 

heterogeneous trajectories and potentially time-dependent risks of cognitive impairments 

due to HIV.  

Although current evidence has elucidated a number of crucial mechanisms, 

several methodological confounds remain, including the limited external validity with 

respect to in vitro models. Whereas many current studies have utilized in vitro techniques 

and cell line models to establish causal precedence amongst HIV associated mechanisms 

and ensuring cellular dysfunction, further examinations are necessary to determine if such 

causal relationships are relevant to behavioral performance in animal models as well as 

clinical samples, provided that results on cognitive tasks can fail to translate across 

models (Sarter, 2004; Sarter et al., 1992a, 1992b). While contemporary extraneous 
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circumstances inhibited in vivo assessment in cognitive tasks, it should be noted the HIV 

animal models employed herein otherwise maintain cognitive deficits and display 

increased levels of oxidative stress (Carey et al., 2012; Putatunda et al., 2019; Rai et al., 

2013; Sivalingam, Cirino, McLaughlin, & Thangavel, 2020).  

Consistent with such methodological concerns, sample sizes in the current 

statistical analyses limits the reliability of findings. Such comparison of means in 

restricted sample sizes is characteristic of biomolecular experiments and limits the power 

of analyses; however, it nonetheless enables the interpretation of experimental findings 

for biological relevance that would otherwise be obscured by the use of non-parametric 

(e.g. Mann-Whitney-U) or discrete (e.g. chi-square) alternatives (i.e. due to the inherent 

limited variation in rankings/levels between groups) (Pollard, Pollard, & Pollard, 2019). 

Despite limited sample sizes, it should be noted the results reported herein were 

replicated across three independent primary neuronal cultures, while the well-controlled 

laboratory conditions reduced the variation between samples sometimes reported in 

observational studies.  

Along with the lack of behavioral data and limited statistical power, the in vitro 

culture system employed herein deserves consideration. Consistent with techniques in the 

field, the efficient culturing of primary rat neurons in the current experiments renders 

minimal proliferation non-neuronal cell populations (<5% glia); moreover, the time at 

which experiments were conducted (i.e. DIV 12-30) enables the establishment of mature 

neurons (e.g. synapse formation, action potentials) without compromised neuronal 

viability or excessive non-neuronal cell proliferation (Basarsky et al., 1994; Gordon et al., 

2013; Grabrucker et al., 2009). Thus, findings presented here reflect of neuron-specific 
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effects, and suggest caution when translating findings to other models without further 

validation. In line with this limitation, while we reported increased BAG1 and decreased 

BAG3 RNA in brain tissues of two different HIV animal models, this pattern of 

regulation may reflect a compensatory adaptation between neuronal and non-neuronal 

cells to confer neuroprotection during adulthood (Malva et al., 2007; Valles et al., 2019). 

Therefore, future studies should determine if this regulation of neuronal BAG proteins in 

animal models of HIV is age dependent, given that cell-specific population densities and 

functioning can vary in aging CNS, compared to adolescence or adulthood (Salas et al., 

2020).   

In line with potential limitations in an in vitro model, current experiments utilized 

adenoviral transduction to provide efficient delivery of HIV DNA necessary for Tat and 

Nef transcription and translation (Wold & Toth, 2013). While such a technique enables 

the determination of neuron-specific effects and the recapitulation of persistent viral 

protein expression in the HIV CNS, this model has two primary drawbacks. First, it 

remains unclear is neurons can support constitutive viral replication; thus, the 

intracellular expression of Tat and Nef in the current neuronal system may itself not be 

representative of additional extracellular effects these proteins could have on neurons 

(Bissel & Wiley, 2004). Nevertheless, it should be noted that Tat and Nef are rapidly 

internalized in neurons and compromise firing capacitates following section by actively 

infected CNS cells (Y. Liu et al., 2000; Saribas et al., 2018). Second, although adenoviral 

genetic materials are not integrated into the host genome, it is plausible that their 

interaction with host cell processes (e.g. gene regulatory machinery) could confound the 

subsequent assessment on neuronal homeostatic mechanisms (Miciak, Hirshberg, & 
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Bunz, 2018; Váňová, Hejtmánková, Kalbáčová, & Španielová, 2019). Current 

experimental designs addressed this potential discrepancy and illustrated that Ad-Null 

transduced neurons (i.e. viral vector without HIV DNA) do not display adverse effects. 

To enhance the reliability of present results, further investigations are encouraged to 

validate the physiological relevance of these data in the context of recombinant Tat and 

Nef proteins.  

Another limitation of the current experiments is due to the specificity of HIV 

proteins employed. Indeed, additional data is necessary to determine if the variation in 

neuronal mechanisms induced by Tat and Nef is similar to other viral proteins, such as 

gp120 and VpR. More specifically, the strain of HIV DNA (89.6, Group M, subtype B) 

used for construct design of Tat and Nef adenoviral vectors in current experiments 

represents HIV populations in USA, Western Europe and Australia (i.e.  ~12% of all 

infections), whereas different HIV strains persist in other populations (e.g. subtype C, 

~50% of all infections; predominates in Southern Africa and India) (Geretti, 2006; B. 

Taylor, Sobieszczyk, McCutchan, & Hammer, 2008). Furthermore, Tat and Nef protein 

structures can vary between and within strains, while these variations confer distinct 

effects in host cells (Arya, 1993; J. Foster et al., 2001; Hirao et al., 2020; Laguette, 

Brégnard, Benichou, & Basmaciogullari, 2010; Mele, Marino, Dampier, Wigdahl, & 

Nonnemacher, 2020; M. E. Williams, Zulu, Stein, Joska, & Naudé, 2020). In order to 

further elucidate the role of HIV proteins in facilitating mechanisms in HAND, future 

studies should assess if the adverse effects on neuronal homeostasis are dependent on 

strain- and subtype-specific HIV polypeptides.  

5.3 Alternative Mechanisms 
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5.3.1 Neuroinflammation 

While the current experiments primarily focused on the adverse effects of HIV 

proteins on neuronal PQC and oxidative stress, several other mechanisms may contribute 

to the underpinnings of age-related neuronal dysfunction and warrant consideration, 

including chronic neuroinflammation as well as disrupted lipid homeostasis. Indeed, 

dysregulated neuroinflammation increases with advancing age, and poses a risk for 

developing AD as well as HAND (Cribbs et al., 2012; Gabuzda & Yankner, 2013; Hong 

& Banks, 2015; Lynch, 2010). Here, neuroinflammation is broadly associated with 

increased production of proinflammatory mediators, such as TNF-α, IL-1β, and IL-6, and 

reduced levels of anti-inflammatory cytokines, such as IL-10 (Baron, Babcock, 

Nemirovsky, Finsen, & Monsonego, 2014; Chung et al., 2009; Lucin & Wyss-Coray, 

2009; Von Bernhardi, Tichauer, & Eugenin, 2010). Age-related neuroinflammation, if 

left controlled, can result in an exaggerated production of pro-inflammatory cytokines, as 

well as other cytotoxic mediators, that can exert detrimental effects on neurons and 

contribute to cognitive dysfunction in AD and HAND (Denver & McClean, 2018; Hong 

& Banks, 2015; Rea et al., 2018; Simen, Bordner, Martin, Moy, & Barry, 2011).  

Consistent with these adverse consequences of aberrant neuroinflammation, 

evidence from postmortem human studies demonstrate significantly increased expression 

of pro-inflammatory cytokines and immune dysregulation across numerous brain regions 

of elderly subjects displaying cognitive impairments, including those diagnosed with 

either mild cognitive impairment (MCI) or AD (Minett et al., 2016; Perez-Nievas et al., 

2013; Styren, Civin, & Rogers, 1990; Xiang, Haroutunian, Ho, Purohit, & Pasinetti, 

2006). Furthermore, in transgenic AD mouse models, ablation of genes associated with 
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proinflammatory signaling (e.g. TNF or IL12/23 receptor) can reduce Aβ load, maintain 

neuronal viability, and preserve hippocampus-dependent memory capacities across 

multiple behavioral paradigms, including the hole-board memory test, object recognition 

task, contextual fear conditioning and the Barnes maze (He et al., 2007; Vom Berg et al., 

2012). Similarly, treatment with anti-inflammatory cytokines in rat models can reduce 

inflammation triggered by intra-hippocampal Aβ injections and reverse memory 

impairments (Jacobsen et al., 2006; Mudò et al., 2019).  

In addition to a tonic neuroinflammatory profile, variation in the primary 

mediators of the brain’s immune responses, (i.e. microglia), may contribute to neuronal 

dysfunction observed in AD and HAND (Rivest, 2009; Sousa, Biber, & Michelucci, 

2017). Recent evidence indicates that during the course of aging and AD, these cells lose 

their functionality and contribute to the previously characterized chronic state of 

inflammation (Hickman, Izzy, Sen, Morsett, & El Khoury, 2018; Spittau, 2017). Indeed, 

numerous genome wide association studies (GWAS) and other genomic interrogations 

have discerned a variety of microglia-specific genetic associations with AD, including the 

triggering receptor expressed on myeloid cells 2 (TREM2) (Hollingworth et al., 2011; 

Jonsson et al., 2012; Lambert et al., 2013; Villegas-Llerena, Phillips, Garcia-Reitboeck, 

Hardy, & Pocock, 2016). Studies in rodents and humans have shown that during aging, 

an increasing proportion of microglia across different brain regions transition to a 

dystrophic (senescent) phenotype, characterized by deramification (loss of branching), 

cytoplasmic deterioration/edema, as well as the thinning, twisting and fragmentation of 

protrusions (Sierra, Gottfried-Blackmore, McEwen, & Bulloch, 2007; Streit, Braak, Xue, 

& Bechmann, 2009; Streit, Sammons, Kuhns, & Sparks, 2004; Wong, 2013). In support 
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of their role in contributing to age-related neuronal dysfunction, the mitigation of reactive 

microglia across various rodent models can preserve or rescue cognitive detriments 

(Elmore et al., 2018; Jin et al., 2019; Kiyota et al., 2010). 

Several lines of research support the postulation that variation in 

neuroinflammatory mechanisms in response to HIV infection can increase risk for 

HAND, including cell surface expression of receptors, cytokine signaling and the 

regulation of peripheral immunity. For example, as one of the most abundant and 

versatile classes of immune receptors, disruptions in MHC/HLA signaling is associated 

with HAND susceptibility as well as AD pathogenesis (Cifuentes & Murillo-Rojas, 2014; 

Kløverpris, Leslie, & Goulder, 2015; Lu et al., 2017). Additionally, evidence indicates 

HIV elevates levels of various pro-inflammatory cytokines and chemokines in the CNS, 

including I-1β, IL-6 and IL-8 (Kaul, Garden, & Lipton, 2001; Tyor et al., 1992). Indeed, 

compared to uninfected controls and non-demented counterparts, HIV infected 

individuals suffering from cognitive dysfunction display significantly elevated levels of 

IFNα and MCP-1 in CSF (Conant et al., 1998; Rho et al., 1995). Along with variation in 

immune receptors and cytokine signaling, elevated inflammatory processes originating in 

the periphery (e.g. pro-inflammatory chemokines and cytokines, infiltrating T 

lymphocytes and monocytes) are thought to exacerbate underlying inflammation within 

the CNS, thus furthering neuropathology in AD as well as HANDs (Clifford & Ances, 

2013; Hong & Banks, 2015; Niraula, Sheridan, & Godbout, 2017; Norden, Muccigrosso, 

& Godbout, 2015). Thus, given its trophic capacities for immune cells outside the CNS, 

HIV may also augment systemic inflammation that subsequently contributes to 

infiltrating immune processes in HAND (D. Williams et al., 2014). 
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Modified microglial functioning may also contribute to age-related cognitive 

dysfunction HAND; post-mortem analyses indicate microglia densities are positively 

correlated with the degree of cognitive dysfunction in infected patients, while these cells 

also adopt distinct immune responses and may contribute to an observed disruption in 

glutamate synthesizing enzymes (Anthony, Ramage, Carnie, Simmonds, & Bell, 2005; 

Ghorpade et al., 2005; Glass, Fedor, Wesselingh, & McArthur, 1995; Y. Huang et al., 

2011). Moreover, amongst virally suppressed individuals who remain cognitively sound, 

impaired executive performance is nonetheless associated with greater microglia 

activation across multiple cortical regions, whereas such an association is absent among 

uninfected controls (Garvey et al., 2014).  

5.3.2 Lipid Homeostasis 

As another factor that may contribute to the neurobiological underpinnings of 

cognitive decline in HAND and AD, variation in lipid processing has been subject to 

increasing scrutiny. Initial reports have long suggested global changes in lipid 

concentrations accompany aging in the brain (Rouser & Yamamoto, 1968; Seidel, 1958). 

Indeed, alterations in specific lipid species, such as phospholipids, cholesterol, and 

polyunsaturated fatty acids, have been documented in the CNS of elderly subjects 

(Farooqui, Liss, & Horrocks, 1988; McNamara, Liu, Jandacek, Rider, & Tso, 2008; 

Söderberg, Edlund, Kristensson, & Dallner, 1990). Moreover, due to dietary 

interventions, alterations in lipid composition are suggested to protect against age related 

cognitive impairments across animal and clinical models (Roberts et al., 2017; Yurko-

Mauro et al., 2010). Along with differing composition, alterations in lipid metabolism 

may contribute to age-related neuronal malfunctioning implicated in HAND. For 
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instance, peroxidized lipids can generate reactive and unstable byproducts that are known 

to compromise neuronal viability and functioning (Pamplona, 2008). Interestingly, such 

increased levels of lipid peroxidation are associated with significantly shorter life 

expectancies across a variety of mammalian species and correlate with the onset of age-

associated neuropathologies (de Diego, Peleg, & Fuchs, 2019; Jové et al., 2013). 

Together, these data indicate modifications in lipid composition and metabolism 

accompany aging, while these effects may contribute to neuronal malfunctioning in aged 

HIV individuals. 

Several lines of evidence have focused on alterations in cholesterol in particular 

as an important modulator of age-related cognitive decline (Puglielli, Tanzi, & Kovacs, 

2003). Indeed, observations from the AD clinical population have indicated excessive Aβ 

deposition accompanies the accumulation of cholesterol within the CNS (Cutler et al., 

2004). Additionally, decreased levels of cholesterol in neuronal cultures can promote the 

nonamyloidogenic processing of amyloid precursor protein (APP), while complete 

cessation of cholesterol can block its amyloidogenic pathway, and deplete its processing 

entirely by inhibiting gamma secretase activity (Kojro, Gimpl, Lammich, Marz, & 

Fahrenholz, 2001; Simons et al., 1998; Wahrle et al., 2002). Conversely, elevated 

neuronal cholesterol can promote APP’s toxic amyloidgenic pathway in vivo, potentially 

due to its positive modulation of BACE1 within intracellular lipid rafts (Ghribi, Larsen, 

Schrag, & Herman, 2006; Marquer et al., 2011; von Arnim et al., 2008).  

Further consideration for cholesterol’s role in AD arises from the mechanism 

which allows its transport between neuronal and glial cell bodies, specifically 

apolipoproteins (APOE) (De Chaves & Narayanaswami, 2008). Here, a robust 
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association is observed throughout the clinical population between the APOE-4 isoform 

and the diagnosis of AD (Corder et al., 1993; Lambert et al., 2013). Moreover, APOE-4 

status can dictate the efficacy of both pharmacological and non-pharmacological AD 

therapeutics (Solomon et al., 2018; L. Wang et al., 2014). Consistent with its proposed 

physiological function, some evidence suggests the association between APOE and AD is 

due to the dysregulation of homeostatic cholesterol transport (Y. Lin et al., 2018; J. Zhao 

et al., 2017). However, other evidence suggests such a correlation could be due to 

APOE’s capacity to directly bind and facilitate the clearance of Aβ; indeed, APOE-4 

maintains the lowest binding capability for Aβ compared to its other APOE isoforms 

(Jiang et al., 2008; Tokuda et al., 2000). Consistent with this hypothesis, transgenic 

models harboring APOE-4 routinely display significantly elevated Aβ deposition and 

impaired Aβ clearance compared to conspecifics expressing alternative APOE isoforms 

(Buttini et al., 2002; Deane et al., 2008; Dolev & Michaelson, 2004). Likewise, elevated 

oxidative modifications on levels cholesterol is hypothesized to facilitate the 

accumulation of toxic Aβ, provided that oxysterols (e.g 24-OH Chol & 27-OH Chol) are 

known to mediate the enzymatic processing of APP and influence Aβ production (Famer 

et al., 2007; Marwarha, Raza, Prasanthi, & Ghribi, 2013). 

A growing body of literature suggests lipid dysregulation upon HIV infection may 

contribute to HAND, including alterations amongst the most vulnerable lipid species such 

as ceramide, sphingomyelin and cholesterol (Bonfanti et al., 2007; Bowman et al., 2019; 

Funderburg & Mehta, 2016). Dyslipidemia is indeed a hallmark of HIV infection and is 

routinely associated with an individual’s state of viremia (Oka et al., 2012; Rose et al., 
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2008). In regards to ceramide and sphingomyelin, aberrantly elevated levels of these lipid 

species have been reported in the brain tissue and CSF of HIV infected individuals 

displaying significant cognitive impairments; moreover, in vitro assessment of these 

altered lipids suggested their causal role in facilitating significantly increased levels of 

oxidative stress and ensuing neuronal apoptosis (Haughey et al., 2004). Similar results 

have been reported in a separate cohort of HAND patients, where dysregulated ceramide 

and sphingomyelin levels were associated with decreased performance in mnemonic 

capacities (Mielke, Bandaru, McArthur, Chu, & Haughey, 2010). Moreover, following 

the reduction in plasma ceramide due to drug treatment, individuals diagnosed with 

HAND illustrate improved cognitive performance across several specific domains (e.g. 

sequential reaction time task, letter number sequencing) (Sacktor et al., 2018).  

Along with ceramide and sphingomyelin, the dysregulation of cholesterol 

metabolism in both neuronal and non-neuronal cells following HIV infection has been 

examined and may contribute to HAND (Waheed & Freed, 2009). For instance, HAND 

patients who maintain significantly decreased CSF levels of cholesterol compared to 

other lipid species (e.g. sphingomyelin) also maintain significantly impaired performance 

across several cognitive tasks (e.g. Rey Auditory Verbal Learning Test, Delayed Recall) 

(Mielke et al., 2010). Similarly, significant reductions in multiple forms of cholesterol in 

the CNS can classify infected HIV individuals from uninfected controls, while further 

reductions in esterified cholesterols in particular can predict subsequent likelihoods for 

developing cognitive decline (Bandaru et al., 2013). Furthermore, exposure to HIV viral 

proteins (i.e. Tat) can induce the dysregulation of neuronal cholesterol pathways, which 
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consequently compromise homoeostasis and viability across neuronal and non-neuronal 

cells of the CNS (Ahooyi et al., 2018; Cotto et al., 2018). 

5.4 Implications for Treatment 

Taken together, results presented here suggest the regulation of oxidative stress in 

conjunction with PQC modulators may result in novel therapeutic opportunities in 

HAND. Specifically, data gathered from HIV proteins indicated antioxidants could 

partially preserve neuronal electrophysiology and BAG3 levels. This is consistent with 

the otherwise adverse consequences of Tat and Nef, which include the generation of 

abnormal ROS and impairments in PQC (Agrawal et al., 2012; G. R. Campbell, P. 

Rawat, R. S. Bruckman, & S. A. Spector, 2015; Fields et al., 2015; Ivanov et al., 2016). 

While the reliability of antioxidant therapeutics remains debated, some reports suggest 

their application in combination with other treatments can result in enhanced outcomes 

for neurodegenerative conditions, including AD (Cornelli, 2010; Kabir et al., 2020). As 

the selective augmentation BAG proteins has proved efficacious in the context of other 

age-related neurological diseases, targeted PQC therapies in combination with 

antioxidant therapies may provide novel treatments amongst our aging HIV population 

(Y. L. Cao et al., 2017; Carra, Seguin, Lambert, & Landry, 2008; Kermer et al., 2015; 

Lei, Brizzee, & Johnson, 2015). 

In addition, future investigations are encouraged to validate if the existing 

evidence suggesting the benefits of enhanced BAG3 functioning are maintained in 

HAND. For instance, BAG3 overexpression has been shown to mitigate α-synuclein 

concentrations (i.e. implicated in PD) and increases its translocation to perinuclear 

compartments in conjunction with Hsc70 and p62 (Y. L. Cao et al., 2017). Along with a 



  94

subsequent elevation in HSPB8 binding, the augmentation BAG3 similarly results in 

significantly reduced levels of polyQ repeats (i.e. implicated in HD) (Carra et al., 2008). 

Additionally, increasing BAG co-chaperone’s (i.e. Hsc70) capacity to recognize 

aggregate-prone substrates, via the stabilization of its ADP-bound conformation, inhibits 

the formation insoluble cytosolic aggregates by promoting the clearance of α-synuclein as 

well as polyQ repeats (Roodveldt et al., 2009; A. Wang et al., 2013). Moreover, in 

primary neurons, such BAG3 overexpression is capable of significantly decreasing levels 

of pTau (Lei et al., 2015). The validation of such results would encourage the 

consideration of targeted PQC modulators as novel therapeutic options in HAND. 

As exemplified by emerging data in accelerating aging syndromes, particularly 

from Hutchinson–Gilford progeria (HGPS) research, the augmentation of PQC processes 

represent a reliable method for effectively inhibiting aberrant protein aggregation and 

preserving cellular homeostasis. HGPS is characterized by the abnormal aggregation of 

the protein progerin, and the rapid induction of cellular conditions commonly associated 

with aging (Ghosh & Zhou, 2014). Striking results from cultured HGPS cells demonstrate 

the direct enhancement of autophagy mechanisms, via the application of rapamycin and 

ensuing inhibition of mTOR1, significantly reduces concentrations of progerin 

(particularly its insoluble conformation), inhibits the accumulation of progerin puncta in 

the nucleoplasm, and significantly enhances cell viability (K. Cao et al., 2011). Similar 

results were obtained in a separate cohort of HGPS fibroblasts, where the induction of 

autophagy machinery (i.e. via rapamycin treatment) lead to significantly decreased 

progerin aggregation, and inhibited the deleterious consequences of progerin 

accumulation (i.e. damage to chromatin from a comprised nuclear envelope) (Cenni et al., 
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2011). Thus, provided that both HAND and HGPS are fundamentally characterized by 

their abnormal PQC, further investigations are encouraged to determine if the targeting of 

PQC mechanisms in accelerated aging disorders might serve as a broader model in 

advancing treatment options for HAND (Burtner & Kennedy, 2010). 

The potential role of HIV (i.e. a neurotropic virus) to facilitate neuronal 

dysfunction reveals several additional therapeutic targets that merit consideration, 

including polymerase inhibitors, transcriptase inhibitors and transferrin-targeting delivery 

vehicles. For example, adherence to a DNA polymerase inhibitor (i.e. valacyclovir) can 

reduce the risk of dementia by 10-fold in HSV-1 infected individuals and preserve 

neuronal viability otherwise compromised following HSV reactivation  (Doll, Hoebe, 

Thompson, & Sawtell, 2020; Tzeng et al., 2018). Examination of nucleoside reverse 

transcriptase inhibitors (NRTIs) may also prove efficacious, provided that the 

antiretroviral medication lamivudine can mitigate age-related neuroinflammation that is 

implicated in AD and HAND (De Cecco et al., 2019). Such genomic-regulatory 

approaches in treatment seem particularly appealing, given that the delivery of select 

transcription factors was recently shown to revert aging and AD-associated mechanisms 

(Sarkar et al., 2020). Bioengineering advances that enhance CNS drug delivery should 

also be considered, given that the efficacy of antiretrovirals in the CNS is inherently 

dependent upon penetration across the BBB (Letendre et al., 2008). In particular, the 

development of transferrin-targeting immunoglobulins may serve as a reliable drug 

delivery vehicle to the brain and enable the amelioration of neuroviral contributions to 

neuronal dysfunction in HAND (Kariolis et al., 2020; Ullman et al., 2020).   
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CHAPTER 6 

MATERIALS AND METHODS 

6.1 Primary Neuronal Culture and Cell Treatment  

Tissue preparation and cell cultures were performed according to Temple 

University’s Institutional Animal Care and Use Committee and the National Institute of 

Health (NIH) guidelines. As described previously, primary neuronal cultures were 

prepared using dissected E18 prenatal rat embryonic brains (Mohseni Ahooyi, Shekarabi, 

Decoppet, et al., 2018; Mohseni Ahooyi et al., 2019). After digestion in trypsin solution 

(0.25%), neurons were plated on tissue culture plates, slides or microelectrode arrays, 

MEAs (see below), that were coated with poly-D-lysine (Sigma Aldrich, St. Louis, MO) 

as well as laminin (Invitrogen 23017, USA). Cells were maintained 14 days (25 days for 

MEA studies) in vitro (DIV) prior to treatments, at which point experiments were 

initiated. All experiments were completed in triplicate to confirm the reliability of results. 

For 6-well plates, approximately 1.5 x 106 cells were applied per well; for chamber slides 

and MEAs, approximately 1.5 x 105 cells were applied per well. Cell populations were 

estimated using disposable slides (C10228; ThermoFisher, Waltham, MA) and an 

automated cell counter (AMQAF1000; ThermoFisher, Waltham, MA). Cells were 

initially incubated for 24 hours in first day media (Neurobasal Media, 2% fetal bovine 

serum, 2% B27 supplement, 1% Penicillin-Streptomycin, .25% Glutamax supplement). 

This first day media is formulated to provide ample nutrition for developing neurons 

while minimizing the growth of non-neuronal cells. After 24-hour incubation, all first day 

media will be replaced with second day media (Neurobasal Media, 2% B27 supplement, 

1% Penicillin-Streptomycin, .02% Glutamax supplement). Second day media is 
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formulated to provide sufficient nutrition for developing and mature neurons while 

eliminating the potential growth of non-neuronal cells. To ensure viability of cells, cells 

were maintained at constant temperature (37C) and oxygen (95% O2, 5% CO2).  

Neurons were transduced with Ad-Null (Vector Biolabs, Malvern, PA), Ad-Tat 

(made in-house), Ad-Nef (made in-house), Ad-siBAG3 (Vector Biolabs, Malvern, PA) 

and Ad-BAG3 (Vector Biolabs, Malvern, PA). To produce viral constructs in-house for 

transduction, cDNA was cloned from HIV strain 89.6 into compatible restriction sites of 

the shuttle plasmid pDC515(IO) and subsequently rescued by co-transfection with 

pBHGfrtDeltaE1,E3FLP in 293 IQ cells (Microbix Corporation, Mississauga, Ontario 

Canada). The Ad was then plaque purified, amplified, and subsequently purified on 

cesium chloride (CsCl) gradient centrifugation. Plaque purified virus was dialyzed 

against elevated salt and MgCl2 for further purification, provided that CsCl does not 

generate entirely pure preparations. Collected viral particles were diluted for 

concentration measurement at OD260, while the virus concentration was calculated based 

on number of particles/ml. MOI was maintained at 1 for all vectors throughout 

procedures. Transduction durations were maintained in accordance with previous 

experiments in our laboratory (72 Hr). To ensure no degradation of reagents, H2O2 

treatments proceeded using indicated dilutions prepared from stock immediately prior to 

their application (VWR BDH7690, USA). To assess the combined effect of H2O2 with 

viral proteins, H2O2 treatments were initiated after the transduction period; this time point 

remained consistent for all H2O2 experiments. Antioxidant (AOX) treatments were 

applied in a manner previously described (T.-S. Li & Marbán, 2010; Luo et al., 2014); 
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here, a proprietary antioxidant solution at recommended dilutions was applied in culture 

for 24 hours following transduction (A1345; Sigma Aldrich, St. Louis, MO).  

6.2 Animal Models 

Animal procedures and protocols were performed according to Temple 

University’s Institutional Animal Care and Use Committee and the National Institute of 

Health (NIH) guidelines. Adult male mice (18–28 g) were singly housed in a temperature 

(21–23°) and humidity-controlled vivarium with constant airflow on a reverse 12-h 

light/dark cycle (lights on/off at 09:00 EST). Food and water were available ad libitum. 

Two mouse models previously in our laboratory were utilized in the present experiments. 

Tg26 HIV transgenic mice are a widely used and well-described mouse model that 

encode the entire pNL4–3 HIV-1 genome, except a segment of gag/pol genes. This model 

expresses HIV viral proteins such as Tat and Nef, while exhibiting neuropathology 

observed upon HIV infection, including neurocognitive deficits. Doxycycline (DOX)-

inducible GFAP promoter driven HIV Tat transgenic mice were provided by the 

Comprehensive NeuroAIDS Center. This model conditionally-expresses the HIV Tat 

protein in an astrocyte-specific manner under the control of a GFAP-driven Tet-on 

promoter, which is activated in the presence of DOX. Both iTat and their control 

littermates received doxycycline hyclate (DOX) orally over the course of 6 weeks 

(S3888; Bioserv, Flemington, NJ). C57BL/6J mice maintained in our laboratory’s colony 

were utilized as controls. All mice were euthanized at similar time points (approximately 

6 months old) and brain tissue was harvested for subsequent analyses. While the right and 

left hemispheres of Tg26 animals were processed for immunoblotting/qPCR and 

immunohistochemistry, respectively, iTat analyses was restricted to 



  99

immunoblotting/qPCR from right hemisphere homogenates due to the limited availability 

of tissue. After the right hemisphere was dissected (i.e. frontal cortex, whole 

hippocampus) and homogenized, the total volume from each region was split in equal 

parts for protein and RNA analysis. 

6.3 Metabolic and Viability assays  

To assess general metabolic activity, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

dihhenyltetrazolium bromide) assay was used. Following treatment, primary rat neurons 

were incubated for 2 hr at 37C in solution containing MTT according to the 

manufacturer’s recommendations (CT015; Sigma Aldrich, St. Louis, MO). Measures 

from each sample were determined as the difference between 595nm and 620nm 

wavelength values obtained by spectrophotometry. To gauge neuronal cell death, the 

trypan blue exclusion procedure was used. Here, cell solutions were prepared by equal 

dilution with trypan blue dye (15250061;ThermoFisher, Waltham, MA) followed by 

quantification using disposable slides (C10228; ThermoFisher, Waltham, MA) and an 

automated cell counter (AMQAF1000; ThermoFisher, Waltham, MA).  

6.4 Immunoblotting 

  For immunoblotting experiments, neuronal and mouse brain samples were 

homogenized and lysed with RIPA buffer (25mM Trizma base pH 7.6, 150 mM NaCl, 

1% NP-40, 1% sodium deoxycholate, .1% SDS) containing a protease inhibitor cocktail 

(Sigma Aldrich, St. Louis, MO). Protein concentrations were assessed by means of a 

standardized Bradford assay (Bio-Rad, Hercules, CA). SDS-polyacrylamide gels, 10–

12%, and nitrocellulose membranes (LI-COR, Inc., Lincoln, NE) were used for 

electrophoretic protein separation and transfer, respectively.To reduce non-specific 
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binding and background, membranes were blocked in Odyssey (LI-COR) blocking buffer 

(1 Hr, room temperature). Primary (1:1000, overnight, 4C) and secondary (1:10000, 1 Hr, 

room temperature) antibodies were applied followed by imaging on the Odyssey CLx 

Imaging System (LI-COR). Protein levels were assessed and standardized to appropriate 

loading controls by means of optical density analysis using Image Studio acquisition 

software. The following primary antibodies were used: ANT (Santa Cruz; SC11433), β-

Tubulin (Sigma; T8578), Bcl-2 (Sant Cruz; SC7382), BAG1 (Santa Cruz; SC939), BAG2 

(Novus Biologicals; NBP159086), BAG3 (Proteintech; 105991AP), BAG5 (Proteintech; 

266281AP), BAG 6 (R&D Systems; AF6438), BAX (Santa Cruz; SC493), GAPDH 

(Santa Cruz; SC32233), G3BP (Abcam; ab181150), Hsc/Hsp 70 (Sant Cruz; SC24), 

Histone (CellSignaling;9715), LC3 (Santa Cruz; L8918), Nef (Abcam; ab42355), Tat (NIH 

Aids Reagent Program; R705), TIA (Proteintech; 121332AP), VDAC1 (Santa Cruz; 

SC8017), YBX1(Proteintech; 203391AP).  

6.5 Immunocytochemistry 

Following fixation (4% paraformaldehyde), blocking (1% BSA), and washing, 

neurons were labeled with the following primary antibodies (1:100, overnight, 4C): β 

Tubulin (Sigma; T8578), BAG1 (Santa Cruz; SC376848), BAG3 (Proteintech; 

105991AP) MAP2 (Cell Signaling; 4542), G3BP (Abcam; ab181150), TIA (Proteintech; 

121332AP), YBX1(Proteintech; 203391AP). Alexa Fluor®secondary antibodies (1:500) 

(ThermoFisher, Waltham, MA) and VectaShield with DAPI medium (Vector 

Laboratories, Burlingame, CA) were used for labeling and mounting, respectively. 

Imaging utilized a fluorescence microscope (BZ-X710; Keyence, Osaka, Osaka, Japan) 

and image processing employed the Hybrid Cell Count module within the BZ Image 
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Analyzer software (Keyence) to obtain optical density measurements expressed in µM 

per cell. 

6.6 Immunoprecipitation 

 For immunoprecipitation procedures, neurons were lysed in conjunction 

with a protease inhibitor cocktail as previously described. After protein concentrations 

were assessed, extracts were incubated with appropriate concentrations of the Tat 

antibody (1:50 dilution) in specialized buffer (20mM Trizma base pH 8.0, 137 mM NaCl, 

1% NP-40, 10% glycerol, 2mM EDTA pH 8.0) at 4C overnight. Here, incubation with 

normal rabbit serum served as the control condition (Invitrogen; 10510). After thorough 

washing and purification, immunoglobulin binding beads (LSKMAGAG02; Sigma 

Aldrich) were then incubated with the sample-antibody solution for 4 hours at 4C. 

Following centrifugation, antibody-bound beads were the applied to gel electrophoresis 

and immunoblotting to identify if target proteins (i.e. TIA, G3BP) interacted with the 

antibody of interest (i.e. Tat).  

6.7 Cytoplasmic/Nuclear Protein Extraction 

 Sample for cytoplasmic and nuclear extractions initially utilized a 

specialized Buffer A (10 mM HEPES, 60 mM KCl, 1 mM EDTA, 1mM DTT and 1 mM 

PMSF, pH 7.6) containing a protease inhibitor cocktail, followed by an acute incubation 

on ice (10 min.).  Appropriate volume of NP-40 was then added (1%) followed by mild 

vortex, low-speed centrifugation and removal of the supernatant (i.e. cytoplasmic 

extract). Subsequent freeze and thaw cycles with a higher dilution of NP-40 (10%) 

followed by harsh vortexing and high-speed centrifugation yielded a second and distinct 

supernatant (i.e. nuclear extract).  
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6.8 Immunohistochemistry 

Prior to immunohistological procedures, whole brain tissue was processed for 

formalin fixation and paraffin embedding. After extraction, brains were stored in 10% 

formalin for a minimum of 24 hours. Following incubation, tissue was placed in an 

automated processor (Citadel 2000, Shandon) to ensure infiltration of paraffin. 

Processing consisted of 1 hr incubations in 10% formalin, 70% ethanol, 100% ethanol, 

100% xylene, and melted paraffin. Tissue was then further encased into paraffin blocks to 

accommodate subsequent slicing. Brain slices were cut in sagittal sections at 5µM on a 

rotary microtome (HM315, Microm) and mounted onto precleaned, charged microscope 

slides (Superfrost Plus, Fisher Scientific).  

At the commencement of procedures, paraffin was melted from slides through a 

15 minute incubation at 55C. Tissue was then deparaffinized and hydrated through a 

series of incubations consisting of 100% xylene, 100% ethanol, 90% ethanol, 70% 

ethanol and distilled H2O. Antigen retrieval was then performed using sodium citrate 

heated to 90C for 20 minutes. Following PBS washes, endogenous peroxidases were 

blocked by incubating slides in 3% H2O2 diluted in methanol. Following another series of 

PBS washes, tissues were placed in 5% serum solution (species serum dependent on host 

of secondary antibody) to reduce nonspecific binding following application of primary 

antibody. After blocking, sections will be incubated in primary antibody at 4C for 14-16 

hours at a dilution of 1:200. Following primary antibody incubation, tissue was subjected 

to PBS washes followed by a 1 hour incubation in biotinylated secondary antibody at a 

dilution of 1:200. In order to form a biotin based complex necessary for chromogen 

staining, avidin and peroxidase was then be applied using a standardized solution 
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(Vectastain Elite ABC HRP kit, Vector Laboratories). After a 1 hour incubation, sections 

were then developed utilizing a diaminobenzidine (DAB) substrate (DAB HRP Kit, 

Vector Laboratories) for approximately 60 seconds. In addition, tissue was then 

counterstained with hematoxylin to distinguish nuclei (Vector Hematoxylin QS, Vector 

Laboratories). After a final set of dehydration washes in ethanol and xylene, 

coverslipping utilized permanent mounting media to ensure preservation of samples 

(Vectamount, Vector Laboratories). Imaging utilized a fluorescence microscope (BZ-

X710; Keyence, Osaka, Osaka, Japan) and image processing employed the Hybrid Cell 

Count module within the BZ Image Analyzer software (Keyence) to obtain optical 

density measurements expressed in µM per cell. 

6.9 ROS Quantification 

To assess levels in reactive oxygen species (ROS), cells were incubated with the 

mitochondrial oxygen free radical indicator MitoSOX-red (Life Technologies, Carlsbad, 

CA) for 30 min at 37C. Slides were then mounted for confocal imaging in an open 

perfusion microincubator (PDMI-2; Harvard Apparatus) and images were obtained at 561 

nm excitation by using a confocal microscope (810; Carl Zeiss, Oberkochen, Germany). 

6.10 RNA Isolation and cDNA Preparation  

Total RNA for each neuronal and mouse brain sample (frontal cortex) was 

processed using the Trizol (ThermoFisher) extraction protocol followed by RNA 

purification using Direct-zol™ RNA MiniPrep Plus (Zymo Research, Irvine, CA) in 

accordance with manufacturer specifications. cDNA synthesis on total RNA samples 

utilized with the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher 

Scientific). 
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6.11 Real Time-Quantitative RT-PCR (qRT-PCR) 

Sequence design for forward and reverse primers utilized the most to date 

reference genomes followed by submission to NCBI’s Basic Local Alignment Search 

Tool (BLAST) to ensure the selected primers do not display similarity to other sequences 

(see below). The sensitivity and specificity of primers were checked by RT-PCR using 

FailSafe PCR Kit (Lucigen, Middleton, Wi). All qPCR reactions were conducted with the 

LightCycler96® (Roche) using the SYBR™ Green master mix (Applied Biosystems, 

ThermoFisher), according to the manufacturer’s specifications. Relative quantity was 

normalized to Actin expression. 

6.12 Primer Design 

Sequence design for forward and reverse primers employed the most up to date 

reference genomes (for example, assembly Rnor_6.0). In brief, 18-22 bp sequences were 

selected that flank a selected 20bp sequence chosen from exons of sufficient length (> 

100bp). Primer sequences contained 48-55% C/G concentrations, maintained similar 

melting temperatures, and maintained an amplicon size of greater than 100bp but less 

than 500bp. Following selection, sequences will be submitted to NCBI’s Basic Local 

Alignment Search Tool (BLAST) to ensure the selected primers are not substantially 

similar to other sequences. Primer sequences were as follows: TIA (Forward 5’-

ACTGTACCGTGTACTGTGGA-3’; Reverse 5’-TTCCATAGGCAGGTACTTGC-3’), 

G3BP (Forward 5’-GTTGCTGATGACTCTGGAA-3’; Reverse 5’-

GTCCTCAAGTCCTCCTGT-3’), YBX1 (Forward 5’-CTCCACGCAATTACCAGCAA-

3; Reverse 5’-ATTGAAGTTGCGGCGATACC-3’), Actin (Forward 5’-

CAGGTCCAGACGCAGGATGGC-3’; Reverse 5’-CTACAATGAGCTGCGTGTGGC-
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3’), Tat Forward (5’-CGGTGGGAGGCCTATATAAGC-3’; Reverse 5’-

AACTGCAGTTATTCCTTCGGGCCTGTCGG-3’), BAG1 (Forward-5′- 

AGATGGTCCAGACGGAGGAA-3′; Reverse-5′-

CAGATACCTCCAAGTCCTTCAGC-3′), BAG 3 (Forward-5′-

GGCCCTAAGGAAACTGCAT-3′; Reverse-5′-GGGAATGGGAATGTAACCTG-3′).  

6.13 MicroElectrode Array (MEA) 

Neuronal activities were recorded pre-treatment (Day 0) and 96hrs (Day 4) as 

well as 168hrs (Day 7) after transduction. To ensure the assessment of AOX effects were 

temporally consistent with AOX effects observed in other experiments, recordings were 

conducted 24 hours after AOX was added to half of the cultures post-transduction (i.e. 96 

hours). Media with or without AOX was then maintained until the final recording session 

on Day 7 to assess potential chronic effects of AOX treatment on neuronal functioning. 

In each recording session, multiple minutes of recordings were performed to acquire local 

field potential (LFP) of neuronal extracellular action potential at 2000 Hz (2kHz) from 60 

electrodes simultaneously. To avoid confounding measures with electrical interference in 

the beginning or conclusion of experiments, stabilized signals from the middle of the 

recording session (i.e. three, 20-second averages) were used for statistical analyses. 

Recorded data were then transferred as numerical values in microvolts to MATLAB 

(Mathworks, Natick, MA) for pre- and post-processing. Low-pass filtering with cut-off 

frequency fc=300 Hz was applied to all recording data prior to data analysis.  

LFPs of different experimental groups were visualized in MATLAB with 

representative channels in a 60,000 ms course (120,000 sampled points for each signal). 

To depict the network-wide activation and provide a measure of activity beyond a single 
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electrode, raster plots were generated based on the time at which a spike was detected for 

all channels, and visualized for all time points as well as experimental groups. To show 

the rate at which neuronal activation travels from the source across populations, the 

cross-correlation values between pairs of electrodes and their distance were used to 

compute conduction velocities (cm/s). These data were then normalized 

(nondominsionalized) with respect to initial conditions to reflect the treatment effects on 

wave propagation rates. For technical details refer to (Mohseni Ahooyi, Shekarabi, 

Decoppet, et al., 2018).  

6.14 Statistical Analyses 

Statistical procedures were optimized based on the between-subject experimental 

designs as well as the consistent, continuous nature of the measured variables across 

assays. Consistent with experimental methods used to assess variation in biological 

systems, primary results were replicated across at least three primary cultures. However, 

as conditions can vary across cultures (e.g. exact cell count) and the absolute values is 

some techniques are not operationally relevant (e.g. raw optical densities of immunoblot), 

results were normalized and primarily expressed as relative ratios (i.e. fold change) to 

control for conditions within each experiment as well as maintain validity (Adler & Alon, 

2018). Independent samples t-tests were primarily employed to compare measures 

between control and experimental conditions across assays. While such comparison of 

means in the restricted sample sizes characteristic of biomolecular experiments limits the 

power of analyses, it nonetheless enables the interpretation of experimental findings for 

biological relevance that would otherwise be obscured by the use of non-parametric (e.g. 

Mann-Whitney-U) or discrete (e.g. chi-square) alternatives (i.e. due to the inherently 
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limited variation in rankings/levels between groups). All statistical analyses were 

conducted utilizing SPSS v 22 (IBM, Armonk, NY) or MATLAB (Mathworks).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  108

 
REFERENCES 

Acheampong, E. A., Roschel, C., Mukhtar, M., Srinivasan, A., Rafi, M., Pomerantz, R. 
J., & Parveen, Z. (2009). Combined effects of hyperglycemic conditions and HIV-
1 Nef: a potential model for induced HIV neuropathogenesis. Virol J, 6, 183. 
doi:10.1186/1743-422x-6-183 

Adler, M., & Alon, U. (2018). Fold-change detection in biological systems. Current 

Opinion in Systems Biology, 8, 81-89. doi:10.1016/j.coisb.2017.12.005 

Agrawal, L., Louboutin, J. P., Reyes, B. A., Van Bockstaele, E. J., & Strayer, D. S. 
(2012). HIV-1 Tat neurotoxicity: a model of acute and chronic exposure, and 
neuroprotection by gene delivery of antioxidant enzymes. Neurobiol Dis, 45(2), 
657-670. doi:10.1016/j.nbd.2011.10.005 

Ahooyi, T. M., Shekarabi, M., Torkzaban, B., Langford, T. D., Burdo, T. H., Gordon, J., . 
. . Khalili, K. (2018). Dysregulation of Neuronal Cholesterol Homeostasis upon 
Exposure to HIV-1 Tat and Cocaine Revealed by RNA-Sequencing. Scientific 

reports, 8, 13. doi:10.1038/s41598-018-34539-9 

Ajasin, D., & Eugenin, E. A. (2020). HIV-1 Tat: Role in Bystander Toxicity. Front Cell 

Infect Microbiol, 10, 61. doi:10.3389/fcimb.2020.00061 

Aksenov, M. Y., Hasselrot, U., Bansal, A. K., Wu, G., Nath, A., Anderson, C., . . . 
Booze, R. M. (2001). Oxidative damage induced by the injection of HIV-1 Tat 
protein in the rat striatum. Neurosci Lett, 305(1), 5-8. doi:10.1016/s0304-
3940(01)01786-4 

Alberti, S., Demand, J., Esser, C., Emmerich, N., Schild, H., & Hohfeld, J. (2002). 
Ubiquitylation of BAG-1 suggests a novel regulatory mechanism during the 
sorting of chaperone substrates to the proteasome. J Biol Chem, 277(48), 45920-
45927. doi:10.1074/jbc.M204196200 

Alberti, S., Esser, C., & Höhfeld, J. (2003). BAG-1--a nucleotide exchange factor of 
Hsc70 with multiple cellular functions. Cell Stress Chaperones, 8(3), 225-231. 
doi:0.1379/1466-1268(2003)008<0225:bnefoh>2.0.co;2 

Alford, K., Banerjee, S., Nixon, E., O'Brien, C., Pounds, O., Butler, A., . . . Vera, J. H. 
(2019). Assessment and Management of HIV-Associated Cognitive Impairment: 
Experience from a Multidisciplinary Memory Service for People Living with 
HIV. Brain Sci, 9(2). doi:10.3390/brainsci9020037 



  109

Alirezaei, M., Kiosses, W. B., & Fox, H. S. (2008). Decreased neuronal autophagy in 
HIV dementia: a mechanism of indirect neurotoxicity. Autophagy, 4(7), 963-966. 
doi:10.4161/auto.6805 

Allnutt, M. A., Johnson, K., Bennett, D. A., Connor, S. M., Troncoso, J. C., Pletnikova, 
O., . . . Jacobson, S. (2020). Human Herpesvirus 6 Detection in Alzheimer's 
Disease Cases and Controls across Multiple Cohorts. Neuron, 105(6), 1027-
1035.e1022. doi:10.1016/j.neuron.2019.12.031 

Ances, B. M., & Hammoud, D. A. (2014). Neuroimaging of HIV-associated 
neurocognitive disorders (HAND). Current opinion in HIV and AIDS, 9(6), 545-
551. doi:10.1097/COH.0000000000000112 

Anderson, P., & Kedersha, N. (2008). Stress granules: the Tao of RNA triage. Trends 

Biochem Sci, 33(3), 141-150. doi:10.1016/j.tibs.2007.12.003 

Anthony, I., Ramage, S., Carnie, F., Simmonds, P., & Bell, J. (2005). Influence of 
HAART on HIV-related CNS disease and neuroinflammation. Journal of 

Neuropathology & Experimental Neurology, 64(6), 529-536. 
doi:10.1093/jnen/64.6.529 

Antinori, A., Arendt, G., Becker, J. T., Brew, B. J., Byrd, D. A., Cherner, M., . . . Wojna, 
V. E. (2007). Updated research nosology for HIV-associated neurocognitive 
disorders. Neurology, 69(18), 1789-1799. 
doi:10.1212/01.WNL.0000287431.88658.8b 

Anyanwu, S. I., Doherty, A., Powell, M. D., Obialo, C., Huang, M. B., Quarshie, A., . . . 
Newman, G. W. (2018). Detection of HIV-1 and Human Proteins in Urinary 
Extracellular Vesicles from HIV. Advances in virology, 2018. 
doi:10.1155/2018/7863412 

Arakelyan, A., Fitzgerald, W., Zicari, S., Vanpouille, C., & Margolis, L. (2017). 
Extracellular Vesicles Carry HIV Env and Facilitate Hiv Infection of Human 
Lymphoid Tissue. Scientific reports, 7(1), 1695. doi:10.1038/s41598-017-01739-
8 

Armstrong, R. A., Carter, D., & Cairns, N. J. (2012). A quantitative study of the 
neuropathology of 32 sporadic and familial cases of frontotemporal lobar 
degeneration with TDP-43 proteinopathy (FTLD-TDP). Neuropathol Appl 

Neurobiol, 38(1), 25-38. doi:10.1111/j.1365-2990.2011.01188.x 

Arold, S., Franken, P., Strub, M.-P., Hoh, F., Benichou, S., Benarous, R., & Dumas, C. 
(1997). The crystal structure of HIV-1 Nef protein bound to the Fyn kinase SH3 
domain suggests a role for this complex in altered T cell receptor signaling. 
Structure, 5(10), 1361-1372. doi:10.1016/S0969-2126(97)00286-4 



  110

Arya, S. K. (1993). Human immunodeficiency virus type 2 (HIV-2) trans-activator (Tat): 
functional domains and the search for trans-dominant negative mutants. AIDS Res 

Hum Retroviruses, 9(9), 839-848. doi:10.1089/aid.1993.9.839 

Arya, S. K., Guo, C., Josephs, S. F., & Wong-Staal, F. (1985). Trans-activator gene of 
human T-lymphotropic virus type III (HTLV-III). Science, 229(4708), 69-73. 
doi:10.1126/science.2990040 

Ash, P. E., Vanderweyde, T. E., Youmans, K. L., Apicco, D. J., & Wolozin, B. (2014). 
Pathological stress granules in Alzheimer's disease. Brain Res, 1584, 52-58. 
doi:10.1016/j.brainres.2014.05.052 

Association, A. s. (2018). 2018 Alzheimer's disease facts and figures. Alzheimers 

Dement, 14(3), 367-429. doi:10.1016/j.jalz.2018.02.001 

Aulas, A., Fay, M. M., Szaflarski, W., Kedersha, N., Anderson, P., & Ivanov, P. (2017). 
Methods to Classify Cytoplasmic Foci as Mammalian Stress Granules. 
JoVE(123), e55656. doi:10.3791/55656 

Aulas, A., Lyons, S. M., Fay, M. M., Anderson, P., & Ivanov, P. (2018). Nitric oxide 
triggers the assembly of “type II” stress granules linked to decreased cell viability. 
Cell Death & Disease, 9(11), 1129. doi:10.1038/s41419-018-1173-x 

Aviner, R., & Frydman, J. (2020). Proteostasis in Viral Infection: Unfolding the Complex 
Virus-Chaperone Interplay. Cold Spring Harb Perspect Biol, 12(3). 
doi:10.1101/cshperspect.a034090 

Ayuso-Mateos, J. L., Pereda, M., Gómez del Barrio, A., Echevarria, S., Fariñas, M. C., & 
García-Palomo, D. (2000). Slowed Reaction Time in HIV-1-Seropositive 
Intravenous Drug Users without AIDS. European Neurology, 44(2), 72-78. 
doi:10.1159/000008200 

Babiloni, C., Buffo, P., Vecchio, F., Onorati, P., Muratori, C., Ferracuti, S., . . . Pennica, 
A. (2014). Cortical sources of resting-state EEG rhythms in “experienced” HIV 
subjects under antiretroviral therapy. Clinical Neurophysiology, 125(9), 1792-
1802. doi:10.1016/j.clinph.2014.01.024 

Bagashev, A., & Sawaya, B. E. (2013). Roles and functions of HIV-1 Tat protein in the 
CNS: an overview. Virol J, 10, 358. doi:10.1186/1743-422X-10-358 

Balaban, R. S., Nemoto, S., & Finkel, T. (2005). Mitochondria, oxidants, and aging. Cell, 

120(4), 483-495. doi:10.1016/j.cell.2005.02.001 

Baldwin, K. J., & Cummings, C. L. (2018). Herpesvirus Infections of the Nervous 
System. Continuum, 24(5, Neuroinfectious Disease), 1349-1369. 
doi:10.1212/con.0000000000000661 



  111

Ballinger, E. C., Ananth, M., Talmage, D. A., & Role, L. W. (2016). Basal forebrain 
cholinergic circuits and signaling in cognition and cognitive decline. Neuron, 

91(6), 1199-1218. doi:10.1016/j.neuron.2016.09.006 

Bandaru, V. V., Mielke, M. M., Sacktor, N., McArthur, J. C., Grant, I., Letendre, S., . . . 
Haughey, N. J. (2013). A lipid storage-like disorder contributes to cognitive 
decline in HIV-infected subjects. Neurology, 81(17), 1492-1499. 
doi:10.1212/WNL.0b013e3182a9565e 

Banerjee, A., Zhang, X., Manda, K. R., Banks, W. A., & Ercal, N. (2010). HIV proteins 
(gp120 and Tat) and methamphetamine in oxidative stress-induced damage in the 
brain: potential role of the thiol antioxidant N-acetylcysteine amide. Free Radic 

Biol Med, 48(10), 1388-1398. doi:10.1016/j.freeradbiomed.2010.02.023 

Bansal, A. K., Mactutus, C. F., Nath, A., Maragos, W., Hauser, K. F., & Booze, R. M. 
(2000). Neurotoxicity of HIV-1 proteins gp120 and Tat in the rat striatum. Brain 

Res, 879(1), 42-49. doi:10.1016/S0006-8993(00)02725-6 

Barnes, D. (1987). Solo actions of AIDS virus coat. Science, 237(4818), 971-973. 
doi:10.1126/science.3039663 

Barnes, L., Capuano, A. W., Aiello, A. E., Turner, A. D., Yolken, R. H., Torrey, E. F., & 
Bennett, D. A. (2015). Cytomegalovirus infection and risk of Alzheimer disease 
in older black and white individuals. J Infect Dis, 211(2), 230-237. 
doi:10.1093/infdis/jiu437 

Barnham, K. J., Masters, C. L., & Bush, A. I. (2004). Neurodegenerative diseases and 
oxidative stress. Nature Reviews Drug Discovery, 3(3), 205-214. 
doi:10.1038/nrd1330 

Baron, R., Babcock, A. A., Nemirovsky, A., Finsen, B., & Monsonego, A. (2014). 
Accelerated microglial pathology is associated with Abeta plaques in mouse 
models of Alzheimer's disease. Aging Cell, 13(4), 584-595. 
doi:10.1111/acel.12210 

Basarsky, T. A., Parpura, V., & Haydon, P. G. (1994). Hippocampal synaptogenesis in 
cell culture: developmental time course of synapse formation, calcium influx, and 
synaptic protein distribution. J Neurosci, 14(11 Pt 1), 6402-6411. 
doi:10.1523/JNEUROSCI.14-11-06402.1994 

Basu, M., Courtney, S. C., & Brinton, M. A. (2017). Arsenite-induced stress granule 
formation is inhibited by elevated levels of reduced glutathione in West Nile 
virus-infected cells. PLoS Pathog, 13(2), e1006240. 
doi:10.1371/journal.ppat.1006240 



  112

Beal, M. F. (2005). Mitochondria take center stage in aging and neurodegeneration. Ann 

Neurol, 58(4), 495-505. doi:10.1002/ana.20624 

Beaupere, C., Garcia, M., Larghero, J., Fève, B., Capeau, J., & Lagathu, C. (2015). The 
HIV proteins Tat and Nef promote human bone marrow mesenchymal stem cell 
senescence and alter osteoblastic differentiation. Aging Cell, 14(4), 534-546. 
doi:10.1111/acel.12308 

Becker, J. T., Bajo, R., Fabrizio, M., Sudre, G., Cuesta, P., Aizenstein, H. J., . . . Bagic, 
A. (2012). Functional connectivity measured with magnetoencephalography 
identifies persons with HIV disease. Brain imaging and behavior, 6(3), 366-373. 
doi:10.1007/s11682-012-9149-4 

Behl, C. (2016). Breaking BAG: The Co-Chaperone BAG3 in Health and Disease. 
Trends in Pharm Sci, 37(8), 672-688. doi:10.1016/j.tips.2016.04.007 

Behrens, G., Dejam, A., Schmidt, H., Balks, H.-J., Brabant, G., Körner, T., . . . Schmidt, 
R. E. (1999). Impaired glucose tolerance, beta cell function and lipid metabolism 
in HIV patients under treatment with protease inhibitors:. AIDS, 13(10), F63-F70. 
doi:10.1097/00002030-199907090-00001 

Benarroch, E. (2018). Cytoplasmic RNA granules, ribostasis, and neurodegeneration. 
Neurology. doi:10.1212/WNL.0000000000005172 

Bennett, D. A., Schneider, J. A., Arvanitakis, Z., Kelly, J. F., Aggarwal, N. T., Shah, R. 
C., & Wilson, R. S. (2006). Neuropathology of older persons without cognitive 
impairment from two community-based studies. Neurology, 66(12), 1837-1844. 
doi:10.1212/01.wnl.0000219668.47116.e6 

Bhat, A. H., Dar, K. B., Anees, S., Zargar, M. A., Masood, A., Sofi, M. A., & Ganie, S. 
A. (2015). Oxidative stress, mitochondrial dysfunction and neurodegenerative 
diseases; a mechanistic insight. Biomed Pharmacother, 74, 101-110. 
doi:10.1016/j.biopha.2015.07.025 

Bilan, D. S., & Belousov, V. V. (2018). In Vivo Imaging of Hydrogen Peroxide with 
HyPer Probes. Antioxid Redox Signal, 29(6), 569-584. doi:10.1089/ars.2018.7540 

Bishop, N. A., Lu, T., & Yankner, B. A. (2010). Neural mechanisms of ageing and 
cognitive decline. Nature, 464(7288), 529-535. doi:10.1038/nature08983 

Bissel, S. J., & Wiley, C. A. (2004). Human immunodeficiency virus infection of the 
brain: pitfalls in evaluating infected/affected cell populations. Brain Pathol, 14(1), 
97-108. doi:10.1111/j.1750-3639.2004.tb00503.x 



  113

Bonenfant, G., Williams, N., Netzband, R., Schwarz, M. C., Evans, M. J., & Pager, C. T. 
(2019). Zika Virus Subverts Stress Granules To Promote and Restrict Viral Gene 
Expression. Journal of Virology, 93. doi:10.1128/JVI.00520-19 

Bonfanti, P., Giannattasio, C., Ricci, E., Facchetti, R., Rosella, E., Franzetti, M., . . . 
Sega, R. (2007). HIV and metabolic syndrome: a comparison with the general 
population. AIDS, 45(4), 426-431. doi:10.1097/QAI.0b013e318074ef83. 

Bounedjah, O., Desforges, B., Wu, T. D., Pioche-Durieu, C., Marco, S., Hamon, L., . . . 
Pastré, D. (2014). Free mRNA in excess upon polysome dissociation is a scaffold 
for protein multimerization to form stress granules. Nucleic Acids Res, 42(13), 
8678-8691. doi:10.1093/nar/gku582 

Boven, L. A., Gomes, L., Hery, C., Gray, F., Verhoef, J., Portegies, P., . . . Nottet, H. S. 
L. M. (1999). Increased Peroxynitrite Activity in AIDS Dementia Complex: 
Implications for the Neuropathogenesis of HIV-1 Infection. J Immunol, 162(7), 
4319.  

Bowman, E. R., Kulkarni, M., Gabriel, J., Cichon, M. J., Riedl, K., Belury, M. A., . . . 
Funderburg, N. T. (2019). Altered Lipidome Composition Is Related to Markers 
of Monocyte and Immune Activation in Antiretroviral Therapy Treated Human 
Immunodeficiency Virus (HIV) Infection and in Uninfected Persons. Frontiers in 

Immunology, 10, 785-785. doi:10.3389/fimmu.2019.00785 

Boyle, P. A., Fau, Y. L., Wilson, R. S., Schneider, J. A., & Bennett, D. A. (2013). 
Relation of neuropathology with cognitive decline among older persons without 
dementia. Front Aging Neurosci, 5, 50. doi:10.3389/fnagi.2013.00050 

Boyle, P. A., Wilson, R. S., Yu, L., Barr, A. M., Honer, W. G., Schneider, J. A., & 
Bennett, D. A. (2013). Much of late life cognitive decline is not due to common 
neurodegenerative pathologies. Ann Neurol, 74(3), 478-489. 
doi:10.1002/ana.23964 

Brehme, M., Voisine, C., Rolland, T., Wachi, S., Soper, J. H., Zhu, Y., . . . Morimoto, R. 
I. (2014). A chaperome subnetwork safeguards proteostasis in aging and 
neurodegenerative disease. Cell Rep, 9(3), 1135-1150. 
doi:10.1016/j.celrep.2014.09.042 

Brew, B. J., Crowe, S. M., Landay, A., Cysique, L. A., & Guillemin, G. (2009). 
Neurodegeneration and ageing in the HAART era. J Neuroimmune Pharmacol, 

4(2), 163-174. doi:10.1007/s11481-008-9143-1 

Brown, D., & Griendling, K. (2015). Regulation of signal transduction by reactive 
oxygen species in the cardiovascular system. Circ Res, 116(3), 531-549. 
doi:10.1161/circresaha.116.303584 



  114

Brown, J., Roberts, T. L., Richards, R., Woods, R., Birrell, G., Lim, Y. C., . . . Lavin, M. 
F. (2011). A novel role for hSMG-1 in stress granule formation. Mol Cell Biol, 

31(22), 4417-4429. doi:10.1128/mcb.05987-11 

Bruce-Keller, A. J., Chauhan, A., Dimayuga, F. O., Gee, J., Keller, J. N., & Nath, A. 
(2003). Synaptic transport of human immunodeficiency virus-Tat protein causes 
neurotoxicity and gliosis in rat brain. J Neurosci, 23(23), 8417-8422. 
doi:10.1523/JNEUROSCI.23-23-08417.2003 

Bruno, A. P., De Simone, F. I., Iorio, V., De Marco, M., Khalili, K., Sariyer, I. K., . . . 
Rosati, A. (2014). HIV-1 Tat protein induces glial cell autophagy through 
enhancement of BAG3 protein levels. Cell Cycle, 13(23), 3640-3644. 
doi:10.4161/15384101.2014.952959 

Bu, X. L., Jiao, S. S., Lian, Y., & Wang, Y. J. (2016). Perspectives on the Tertiary 
Prevention Strategy for Alzheimer's Disease. Curr Alzheimer Res, 13(3), 307-316. 
doi:10.2174/1567205013666151215110114 

Buchan, J., & Parker, R. (2009). Eukaryotic stress granules: the ins and outs of 
translation. Mol Cell, 36(6), 932-941. doi:10.1016/j.molcel.2009.11.020 

Bukrinsky, M. I., Nottet, H. S., Schmidtmayerova, H., Dubrovsky, L., Flanagan, C. R., 
Mullins, M. E., . . . Gendelman, H. E. (1995). Regulation of nitric oxide synthase 
activity in human immunodeficiency virus type 1 (HIV-1)-infected monocytes: 
implications for HIV-associated neurological disease. J Exp Med, 181(2), 735-
745. doi:10.1084/jem.181.2.735 

Bullain, S., & Doody, R. (2020). What works and what does not work in Alzheimer's 
disease? From interventions on risk factors to anti-amyloid trials. J Neurochem. 
doi:10.1111/jnc.15023 

Burtner, C. R., & Kennedy, B. K. (2010). Progeria syndromes and ageing: what is the 
connection? Nat Rev Mol Cell Biol, 11(8), 567-578. doi:10.1038/nrm2944 

Buttini, M., Yu, G.-Q., Shockley, K., Huang, Y., Jones, B., Masliah, E., . . . Mucke, L. 
(2002). Modulation of Alzheimer-like synaptic and cholinergic deficits in 
transgenic mice by human apolipoprotein E depends on isoform, aging, and 
overexpression of amyloid β peptides but not on plaque formation. J Neurosci, 

22(24), 10539-10548. doi:10.1523/JNEUROSCI.22-24-10539.2002. 

Byrd, D. A., Fellows, R. P., Morgello, S., Franklin, D., Heaton, R. K., Deutsch, R., . . . 
Grant, I. (2011). Neurocognitive Impact of Substance Use in HIV Infection:. 
AIDS, 58(2), 154-162. doi:10.1097/QAI.0b013e318229ba41 

Cabeza, R. (2002). Hemispheric asymmetry reduction in older adults: the HAROLD 
model. Psychol Aging, 17(1), 85-100. doi:10.1037//0882-7974.17.1.85 



  115

Cairns, D., Rouleau, N., Parker, R. N., Walsh, K. G., Gehrke, L., & Kaplan, D. L. (2020). 
A 3D human brain–like tissue model of herpes-induced Alzheimer’s disease. 
Science Adv, 6(19), eaay8828. doi:10.1126/sciadv.aay8828 

Cairns, N., Bigio, E. H., Mackenzie, I. R. A., Neumann, M., Lee, V. M. Y., Hatanpaa, K. 
J., . . . Mann, D. M. A. (2007). Neuropathologic diagnostic and nosologic criteria 
for frontotemporal lobar degeneration: consensus of the Consortium for 
Frontotemporal Lobar Degeneration. Acta neuropathologica, 114(1), 5-22. 
doi:10.1007/s00401-007-0237-2 

Campbell, G. R., Rawat, P., Bruckman, R. S., & Spector, S. A. (2015). Human 
Immunodeficiency Virus Type 1 Nef Inhibits Autophagy through Transcription 
Factor EB Sequestration. PLoS pathogens, 11(6), e1005018. 
doi:10.1371/journal.ppat.1005018 

Campbell, G. R., Rawat, P., Bruckman, R. S., & Spector, S. A. (2015). Human 
Immunodeficiency Virus Type 1 Nef Inhibits Autophagy through Transcription 
Factor EB Sequestration. PLoS Pathog, 11(6), e1005018. 
doi:10.1371/journal.ppat.1005018 

Canet, G., Dias, C., Gabelle, A., Simonin, Y., Gosselet, F., Marchi, N., . . . Salinas, S. 
(2018). HIV Neuroinfection and Alzheimer's Disease: Similarities and Potential 
Links? Front Cell Neurosci, 12, 307. doi:10.3389/fncel.2018.00307 

Cao, K., Graziotto, J. J., Blair, C. D., Mazzulli, J. R., Erdos, M. R., Krainc, D., & Collins, 
F. S. (2011). Rapamycin reverses cellular phenotypes and enhances mutant 
protein clearance in Hutchinson-Gilford progeria syndrome cells. Sci Transl Med, 

3(89), 89ra58. doi:10.1126/scitranslmed.3002346 

Cao, Y. L., Yang, Y. P., Mao, C. J., Zhang, X. Q., Wang, C. T., Yang, J., . . . Liu, C. F. 
(2017). A role of BAG3 in regulating SNCA/alpha-synuclein clearance via 
selective macroautophagy. Neurobiol Aging, 60, 104-115. 
doi:10.1016/j.neurobiolaging.2017.08.023 

Capone, C., Cervelli, M., Angelucci, E., Colasanti, M., Macone, A., Mariottini, P., & 
Persichini, T. (2013). A role for spermine oxidase as a mediator of reactive 
oxygen species production in HIV-Tat-induced neuronal toxicity. Free Radic Biol 

Med, 63, 99-107. doi:10.1016/j.freeradbiomed.2013.05.007 

Carey, A. N., Liu, X., Mintzopoulos, D., Paris, J. J., Muschamp, J. W., McLaughlin, J. P., 
& Kaufman, M. J. (2013). Conditional Tat protein expression in the GT-tg bigenic 
mouse brain induces gray matter density reductions. Prog Neuropsychopharmacol 

Biol Psychiatry, 43, 49-54. doi:10.1016/j.pnpbp.2012.12.018 



  116

Carey, A. N., Sypek, E. I., Singh, H. D., Kaufman, M. J., & McLaughlin, J. P. (2012). 
Expression of HIV-Tat protein is associated with learning and memory deficits in 
the mouse. Behav Brain Res, 229(1), 48-56. doi:10.1016/j.bbr.2011.12.019 

Carra, S., Seguin, S. J., Lambert, H., & Landry, J. (2008). HspB8 chaperone activity 
toward poly(Q)-containing proteins depends on its association with Bag3, a 
stimulator of macroautophagy. J Biol Chem, 283(3), 1437-1444. 
doi:10.1074/jbc.M706304200 

Carroll, A., & Brew, B. (2017). HIV-associated neurocognitive disorders: recent 
advances in pathogenesis, biomarkers, and treatment. F1000Research, 6, 312. 
doi:10.12688/f1000research.10651.1 

Cassimjee, N., & Motswai, P. K. (2017). Neuropsychological profiles of adults and older 
adults with HIV. South African Journal of Psychology, 47(1), 35-45. 
doi:10.1177/0081246316646296 

Castro-Gonzalez, S., Shi, Y., Colomer-Lluch, M., Song, Y., Mowery, K., Almodovar, S., 
. . . Serra-Moreno, R. (2020). HIV-1 Nef counteracts autophagy restriction by 
enhancing the association between BECN1 and its inhibitor BCL2 in a PRKN-
dependent manner. Autophagy, 1-25. doi:10.1080/15548627.2020.1725401 

Cenni, V., Capanni, C., Columbaro, M., Ortolani, M., D'Apice, M. R., Novelli, G., . . . 
Lattanzi, G. (2011). Autophagic degradation of farnesylated prelamin A as a 
therapeutic approach to lamin-linked progeria. Eur J Histochem, 55(4), e36. 
doi:10.4081/ejh.2011.e36 

Chakraborty, D., Felzen, V., Hiebel, C., Stürner, E., Perumal, N., Manicam, C., . . . Behl, 
C. (2019). Enhanced autophagic-lysosomal activity and increased BAG3-
mediated selective macroautophagy as adaptive response of neuronal cells to 
chronic oxidative stress. Redox Biol, 24, 101181. 
doi:10.1016/j.redox.2019.101181 

Chang, L., Holt, J. L., Yakupov, R., Jiang, C. S., & Ernst, T. (2013). Lower cognitive 
reserve in the aging human immunodeficiency virus-infected brain. Neurobiol 

Aging, 34(4), 1240-1253. doi:10.1016/j.neurobiolaging.2012.10.012 

Chang, L., Tomasi, D., Yakupov, R., Lozar, C., Arnold, S., Caparelli, E., & Ernst, T. 
(2004). Adaptation of the attention network in human immunodeficiency virus 
brain injury. Ann Neurol, 56(2), 259-272. doi:10.1002/ana.20190 

Chang, L., Yakupov, R., Nakama, H., Stokes, B., & Ernst, T. (2008). Antiretroviral 
treatment is associated with increased attentional load-dependent brain activation 
in HIV patients. J Neuroimmune Pharmacol, 3(2), 95-104. doi:10.1007/s11481-
007-9092-0 



  117

Chen, N., Partridge, A. T., Sell, C., Torres, C., & Martín-García, J. (2017). Fate of 
microglia during HIV-1 infection: From activation to senescence?: Microglial 
Dysfunction During HIV-1 Infection. Glia, 65(3), 431-446. 
doi:10.1002/glia.23081 

Chen, V., Wu, S. I., Huang, K. Y., Yang, Y. H., Kuo, T. Y., Liang, H. Y., . . . Gossop, M. 
(2018). Herpes Zoster and Dementia: A Nationwide Population-Based Cohort 
Study. J Clin Psychiatry, 79(1). doi:10.4088/JCP.16m11312 

Cheney, L., Guzik, H., Macaluso, F. P., Macian, F., Cuervo, A. M., & Berman, J. W. 
(2020). HIV Nef and Antiretroviral Therapy Have an Inhibitory Effect on 
Autophagy in Human Astrocytes that May Contribute to HIV-Associated 
Neurocognitive Disorders. Cells, 9(6). doi:10.3390/cells9061426 

Cherner, M., Letendre, S., Heaton, R. K., Durelle, J., Marquie-Beck, J., Gragg, B., . . . 
Group, t. H. N. R. C. (2005). Hepatitis C augments cognitive deficits associated 
with HIV infection and methamphetamine. Neurology, 64(8), 1343-1347. 
doi:10.1212/01.WNL.0000158328.26897.0D 

Cheung, J. Y., Gordon, J., Wang, J., Song, J., Zhang, X. Q., Tilley, D. G., . . . Feldman, 
A. M. (2015). Cardiac Dysfunction in HIV-1 Transgenic Mouse: Role of Stress 
and BAG3. Clin Transl Sci, 8(4), 305-310. doi:10.1111/cts.12331 

Cheung, R., Ravyn, V., Wang, L., Ptasznik, A., & Collman, R. G. (2008). Signaling 
Mechanism of HIV-1 gp120 and Virion-Induced IL-1β Release in Primary 
Human Macrophages. J Immunol, 180(10), 6675-6684. 
doi:10.4049/jimmunol.180.10.6675 

Chiramel, A., Brady, N., & Bartenschlager, R. (2013). Divergent Roles of Autophagy in 
Virus Infection. Cells, 2(1), 83-104. doi:10.3390/cells2010083 

Chiti, F., & Dobson, C. M. (2006). Protein Misfolding, Functional Amyloid, and Human 
Disease. Annual Review of Biochemistry, 75(1), 333-366. 
doi:10.1146/annurev.biochem.75.101304.123901 

Chompre, G., Cruz, E., Maldonado, L., Rivera-Amill, V., Porter, J. T., & Noel, R. J., Jr. 
(2013). Astrocytic expression of HIV-1 Nef impairs spatial and recognition 
memory. Neurobiol Dis, 49, 128-136. doi:10.1016/j.nbd.2012.08.007 

Chompre, G., Martinez-Orengo, N., Cruz, M., Porter, J. T., & Noel, R. J. (2019). TGFβRI 
antagonist inhibits HIV-1 Nef-induced CC chemokine family ligand 2 (CCL2) in 
the brain and prevents spatial learning impairment. J Neuroinflammation, 16(1), 
1-19. doi:10.1186/s12974-019-1664-4 



  118

Chung, H. Y., Cesari, M., Anton, S., Marzetti, E., Giovannini, S., Seo, A. Y., . . . 
Leeuwenburgh, C. (2009). Molecular inflammation: underpinnings of aging and 
age-related diseases. Ageing Res Rev, 8(1), 18-30. doi:10.1016/j.arr.2008.07.002 

Ciechanover, A. (2005). Proteolysis: from the lysosome to ubiquitin and the proteasome. 
Nat Rev Mol Cell Biol, 6(1), 79-87. doi:10.1038/nrm1552 

Ciechanover, A., & Brundin, P. (2003). The Ubiquitin Proteasome System in 
Neurodegenerative Diseases: Sometimes the Chicken, Sometimes the Egg. 
Neuron, 40(2), 427-446. doi:10.1016/S0896-6273(03)00606-8 

Cifuentes, R. A., & Murillo-Rojas, J. (2014). Alzheimer's disease and HLA-A2: linking 
neurodegenerative to immune processes through an in silico approach. Biomed 

Res Int, 2014, 791238. doi:10.1155/2014/791238 

Cinti, A., Le Sage, V., Ghanem, M., & Mouland, A. J. (2016). HIV-1 Gag Blocks 
Selenite-Induced Stress Granule Assembly by Altering the mRNA Cap-Binding 
Complex. mBio, 7(2), e00329-00316. doi:10.1128/mBio.00329-16 

Cirino, T. J., Harden, S. W., McLaughlin, J. P., & Frazier, C. J. (2020). Region-specific 
effects of HIV-1 Tat on intrinsic electrophysiological properties of pyramidal 
neurons in mouse prefrontal cortex and hippocampus. J Neurophysiol, 123(4), 
1332-1341. doi:10.1152/jn.00029.2020 

Ciryam, P., Kundra, R., Morimoto, R. I., Dobson, C. M., & Vendruscolo, M. (2015). 
Supersaturation is a major driving force for protein aggregation in 
neurodegenerative diseases. Trends Pharmacol Sci, 36(2), 72-77. 
doi:10.1016/j.tips.2014.12.004 

Ciryam, P., Tartaglia, G., Morimoto, R. I., Dobson, C. M., & Vendruscolo, M. (2013). 
Widespread Aggregation and Neurodegenerative Diseases Are Associated with 
Supersaturated Proteins. Cell Rep, 5(3), 781-790. 
doi:10.1016/j.celrep.2013.09.043 

Clifford, D., & Ances, B. (2013). HIV-associated neurocognitive disorder. Lancet Infect 

Dis, 13(11), 976-986. doi:10.1016/S1473-3099(13)70269-X 

Conant, K., Garzino-Demo, A., Nath, A., McArthur, J. C., Halliday, W., Power, C., . . . 
Major, E. O. (1998). Induction of monocyte chemoattractant protein-1 in HIV-1 
Tat-stimulated astrocytes and elevation in AIDS dementia. Proc Natl Acad Sci U 

S A, 95(6), 3117-3121. doi:10.1073/pnas.95.6.3117 

Conrad, R. J., Jeng, M. Y., & Ott, M. (2013). Tat Expression and Function. New York, 
NY: Springer New York. 



  119

Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel, D. E., Gaskell, P. C., 
Small, G. W., . . . Pericakvance, M. A. (1993). Gene dose of apolipoprotein-E 
type-4 allele and the risk of alzheimer’s disease in late-onset famalies. Science, 

261(5123), 921-923. doi:10.1126/science.8346443 

Cornelli, U. (2010). Treatment of Alzheimer's disease with a cholinesterase inhibitor 
combined with antioxidants. Neurodegener Dis, 7(1-3), 193-202. 
doi:10.1159/000295663 

Cotto, B., Natarajaseenivasan, K., Ferrero, K., Wesley, L., Sayre, M., & Langford, D. 
(2018). Cocaine and HIV-1 Tat disrupt cholesterol homeostasis in astrocytes: 
Implications for HIV-associated neurocognitive disorders in cocaine user patients. 
Glia, 66(4), 889-902. doi:10.1002/glia.23291 

Coyle, J. T., & Puttfarcken, P. (1993). Oxidative stress, glutamate, and neurodegenerative 
disorders. Science, 262(5134), 689-695. doi:10.1126/science.7901908 

Cribbs, D. H., Berchtold, N. C., Perreau, V., Coleman, P. D., Rogers, J., Tenner, A. J., & 
Cotman, C. W. (2012). Extensive innate immune gene activation accompanies 
brain aging, increasing vulnerability to cognitive decline and neurodegeneration: a 
microarray study. J Neuroinflammation, 9(1), 179. doi:10.1186/1742-2094-9-179 

Crowe, S., Zhu, T., & Muller, W. A. (2003). The contribution of monocyte infection and 
trafficking to viral persistence, and maintenance of the viral reservoir in HIV 
infection. J Leukoc Biol, 74(5), 635-641. doi:10.1189/jlb.0503204 

Cummings, J. L., Morstorf, T., & Zhong, K. (2014). Alzheimer’s disease drug-
development pipeline: few candidates, frequent failures. Alzheimers Res Ther, 

6(4), 37. doi:10.1186/alzrt269 

Currais, A., Fischer, W., Maher, P., & Schubert, D. (2017). Intraneuronal protein 
aggregation as a trigger for inflammation and neurodegeneration in the aging 
brain. Faseb j, 31(1), 5-10. doi:10.1096/fj.201601184 

Cutler, R. G., Kelly, J., Storie, K., Pedersen, W. A., Tammara, A., Hatanpaa, K., . . . 
Mattson, M. P. (2004). Involvement of oxidative stress-induced abnormalities in 
ceramide and cholesterol metabolism in brain aging and Alzheimer's disease. 
Proc Natl Acad Sci U S A, 101(7), 2070-2075. doi:10.1073/pnas.0305799101 

Daigle, J. G., Krishnamurthy, K., Ramesh, N., Casci, I., Monaghan, J., McAvoy, K., . . . 
Pandey, U. B. (2016). Pur-alpha regulates cytoplasmic stress granule dynamics 
and ameliorates FUS toxicity. Acta Neuropathol, 131(4), 605-620. 
doi:10.1007/s00401-015-1530-0 



  120

Das, A. T., Harwig, A., & Berkhout, B. (2011). The HIV-1 Tat protein has a versatile role 
in activating viral transcription. J Virol, 85(18), 9506-9516. 
doi:10.1128/jvi.00650-11 

Davenport, M. P., Khoury, D. S., Cromer, D., Lewin, S. R., Kelleher, A. D., & Kent, S. J. 
(2019). Functional cure of HIV: the scale of the challenge. Nature Reviews 

Immunology, 19(1), 45-54. doi:10.1038/s41577-018-0085-4 

David, D. (2012). Aging and the aggregating proteome. Frontiers in Genetics, 3(247). 
doi:10.3389/fgene.2012.00247 

David, D. C., Ollikainen, N., Trinidad, J. C., Cary, M. P., Burlingame, A. L., & Kenyon, 
C. (2010). Widespread Protein Aggregation as an Inherent Part of Aging in C. 
elegans. PLoS biology, 8(8). doi:10.1371/journal.pbio.1000450 

Davis, D. G., Schmitt, F. A., Wekstein, D. R., & Markesbery, W. R. (1999). Alzheimer 
neuropathologic alterations in aged cognitively normal subjects. J Neuropathol 

Exp Neurol, 58(4), 376-388. doi:10.1097/00005072-199904000-00008 

De Cecco, M., Ito, T., Petrashen, A. P., Elias, A. E., Skvir, N. J., Criscione, S. W., . . . 
Sedivy, J. M. (2019). L1 drives IFN in senescent cells and promotes age-
associated inflammation. Nature, 566(7742), 73-78. doi:10.1038/s41586-018-
0784-9 

De Chaves, E. P., & Narayanaswami, V. (2008). Apolipoprotein E and cholesterol in 
aging and disease in the brain. Future Lipidol, 3(5), 505-530. 
doi:10.2217/17460875.3.5.505 

de Diego, I., Peleg, S., & Fuchs, B. (2019). The role of lipids in aging-related metabolic 
changes. Chemistry and Physics of Lipids, 222, 59-69. 
doi:10.1016/j.chemphyslip.2019.05.005 

De Francesco, D., Underwood, J., Post, F. A., Vera, J. H., Williams, I., Boffito, M., . . . 
Sabin, C. A. (2016). Defining cognitive impairment in people-living-with-HIV: 
the POPPY study. BMC Infect Dis, 16(1), 617. doi:10.1186/s12879-016-1970-8 

Deacon, N. J., Tsykin, A., Solomon, A., Smith, K., Ludford-Menting, M., Ellett, A., . . . 
Mills, J. (1995). Genomic Structure of an Attenuated Quasi Species of HIV-1 
from a Blood Transfusion Donor and Recipients. Science, 270(5238), 988-991. 
doi:10.1126/science.270.5238.988 

Deane, R., Sagare, A., Hamm, K., Parisi, M., Lane, S., Finn, M. B., . . . Zlokovic, B. V. 
(2008). apoE isoform–specific disruption of amyloid β peptide clearance from 
mouse brain. J Clin Invest, 118(12), 4002-4013. doi:10.1172/JCI36663 



  121

Deary, I. J., Corley, J., Gow, A. J., Harris, S. E., Houlihan, L. M., Marioni, R. E., . . . 
Starr, J. M. (2009). Age-associated cognitive decline. Br Med Bulletin, 92(1), 
135-152. doi:10.1093/bmb/ldp033 

Deeks, S. G., Lewin, S. R., & Havlir, D. V. (2013). The end of AIDS: HIV infection as a 
chronic disease. Lancet, 382(9903), 1525-1533. doi:10.1016/S0140-
6736(13)61809-7 

Delassus, S., Cheynier, R., & Wain-Hobson, S. (1991). Evolution of human 
immunodeficiency virus type 1 nef and long terminal repeat sequences over 4 
years in vivo and in vitro. Journal of Virology, 65(1), 225-231. 
doi:10.1128/JVI.65.1.225-231.1991 

Denver, P., & McClean, P. L. (2018). Distinguishing normal brain aging from the 
development of Alzheimer's disease: inflammation, insulin signaling and 
cognition. Neural Regen Res, 13(10), 1719-1730. doi:10.4103/1673-5374.238608 

DeTure, M. A., & Dickson, D. W. (2019). The neuropathological diagnosis of 
Alzheimer's disease. Mol Neurodegener, 14(1), 32. doi:10.1186/s13024-019-
0333-5 

Dever, S. M., Rodriguez, M., Lapierre, J., Costin, B. N., & El-Hage, N. (2015). Differing 
roles of autophagy in HIV-associated neurocognitive impairment and encephalitis 
with implications for morphine co-exposure. Front Microbiol, 6, 653. 
doi:10.3389/fmicb.2015.00653 

Devi, S. A., & Satpati, A. (2017). Oxidative stress and the brain: an insight into cognitive 

aging: Springer. 

Dickens, A. M., Yoo, S. W., Chin, A. C., Xu, J., Johnson, T. P., Trout, A. L., . . . 
Haughey, N. J. (2017). Chronic low-level expression of HIV-1 Tat promotes a 
neurodegenerative phenotype with aging. Sci Rep, 7(1), 7748. 
doi:10.1056/NEJMoa030218 (2003). 

Dikic, I. (2017). Proteasomal and Autophagic Degradation Systems (Vol. 86). Palo Alto: 
Annual Reviews. 

Dolev, I., & Michaelson, D. M. (2004). A nontransgenic mouse model shows inducible 
amyloid-β (Aβ) peptide deposition and elucidates the role of apolipoprotein E in 
the amyloid cascade. Proc Natl Acad Sci U S A, 101(38), 13909-13914. 
doi:10.1073/pnas.0404458101 

Doll, J. R., Hoebe, K., Thompson, R. L., & Sawtell, N. M. (2020). Resolution of herpes 
simplex virus reactivation in vivo results in neuronal destruction. PLoS Pathog, 

16(3), e1008296. doi:10.1371/journal.ppat.1008296 



  122

Ebaid, D., & Crewther, S. G. (2020). Time for a Systems Biological Approach to 
Cognitive Aging?—A Critical Review. Front Aging Neurosci, 12(114). 
doi:10.3389/fnagi.2020.00114 

Eimer, W. A., Vijaya Kumar, D. K., Navalpur Shanmugam, N. K., Rodriguez, A. S., 
Mitchell, T., Washicosky, K. J., . . . Moir, R. D. (2018). Alzheimer's Disease-
Associated beta-Amyloid Is Rapidly Seeded by Herpesviridae to Protect against 
Brain Infection. Neuron, 99(1), 56-63 e53. doi:10.1016/j.neuron.2018.06.030 

El-Amine, R., Germini, D., Zakharova, V. V., Tsfasman, T., Sheval, E. V., Louzada, R. 
A. N., . . . Vassetzky, Y. S. (2018). HIV-1 Tat protein induces DNA damage in 
human peripheral blood B-lymphocytes via mitochondrial ROS production. 
Redox Biol, 15, 97-108. doi:10.1016/j.redox.2017.11.024 

Ellis, R., Langford, D., & Masliah, E. (2007). HIV and antiretroviral therapy in the brain: 
neuronal injury and repair. Nat Rev Neurosci, 8(1), 33-44. doi:10.1038/nrn2040 

Elmore, M. R. P., Hohsfield, L. A., Kramár, E. A., Soreq, L., Lee, R. J., Pham, S. T., . . . 
Green, K. N. (2018). Replacement of microglia in the aged brain reverses 
cognitive, synaptic, and neuronal deficits in mice. Aging Cell, 17(6), e12832. 
doi:10.1111/acel.12832 

Emara, M. M., & Brinton, M. A. (2007). Interaction of TIA-1/TIAR with West Nile and 
dengue virus products in infected cells interferes with stress granule formation 
and processing body assembly. Proc Natl Acad Sci U S A, 104, 9041-9046. 
doi:10.1073/pnas.0703348104 

Emara, M. M., Fujimura, K., Sciaranghella, D., Ivanova, V., Ivanov, P., & Anderson, P. 
(2012). Hydrogen peroxide induces stress granule formation independent of 
eIF2alpha phosphorylation. Biochem Biophys Res Commun, 423(4), 763-769. 
doi:10.1016/j.bbrc.2012.06.033 

Emre, M., Aarsland, D., Brown, R., Burn, D. J., Duyckaerts, C., Mizuno, Y., . . . Dubois, 
B. (2007). Clinical diagnostic criteria for dementia associated with Parkinson's 
disease. Mov Disord, 22(12), 1689-1707. doi:10.1002/mds.21507 

Ernst, T., Yakupov, R., Nakama, H., Crocket, G., Cole, M., Watters, M., . . . Chang, L. 
(2009). Declined neural efficiency in cognitively stable human immunodeficiency 
virus patients. Ann Neurol, 65(3), 316-325. doi:10.1002/ana.21594 

Esiri, M. M., Biddolph, S. C., & Morris, C. S. (1998). Prevalence of Alzheimer plaques 
in AIDS. Journal of Neurology, Neurosurgery & Psychiatry, 65(1), 29-33. 
doi:10.1136/jnnp.65.1.29 

Esiri, M. M., Matthews, F., Brayne, C., Ince, P. G., Matthews, F. E., Xuereb, J. H., . . . 
Neuropathology Grp Med Res, C. (2001). Pathological correlates of late-onset 



  123

dementia in a multicentre, community-based population in England and Wales. 
Lancet, 357(9251), 169-175. doi:10.1016/S0140-6736(00)03589-3 

Fackler, O. T., Kienzle, N., Kremmer, E., Boese, A., Schramm, B., Klimkait, T., . . . 
Mueller-Lantzsch, N. (1997). Association of Human Immunodeficiency Virus 
Nef Protein with Actin is Myristoylation Dependent and Influences its Subcellular 
Localization. Eur J Biochem, 247(3), 843-851. doi:10.1111/j.1432-
1033.1997.00843.x 

Falutz, J. (2007). Therapy Insight: body-shape changes and metabolic complications 
associated with HIV and highly active antiretroviral therapy. Nature Clinical 

Practice Endocrinology & Metabolism, 3(9), 651-661. 
doi:10.1038/ncpendmet0587 

Famer, D., Meaney, S., Mousavi, M., Nordberg, A., Bjorkhem, I., & Crisby, M. (2007). 
Regulation of alpha- and beta-secretase activity by oxysterols: cerebrosterol 
stimulates processing of APP via the alpha-secretase pathway. Biochem Biophys 

Res Commun, 359(1), 46-50. doi:10.1016/j.bbrc.2007.05.033 

Fan, Y., & He, J. J. (2016a). HIV-1 Tat Induces Unfolded Protein Response and 
Endoplasmic Reticulum Stress in Astrocytes and Causes Neurotoxicity through 
Glial Fibrillary Acidic Protein (GFAP) Activation and Aggregation. J Biol Chem, 

291(43), 22819-22829. doi:10.1074/jbc.M116.731828 

Fan, Y., & He, J. J. (2016b). HIV-1 Tat Promotes Lysosomal Exocytosis in Astrocytes 
and Contributes to Astrocyte-mediated Tat Neurotoxicity. J Biol Chem, 291(43), 
22830-22840. doi:10.1074/jbc.M116.731836 

Farooqui, A. A., Liss, L., & Horrocks, L. A. (1988). Neurochemical aspects of 
Alzheimer's disease: Involvement of membrane phospholipids. Metab Brain Dis, 

3(1), 19-35. doi:10.1007/BF01001351 

Fauci, A. S., & Marston, H. D. (2015). Ending the HIV-AIDS Pandemic - Follow the 
Science. N Engl J Med, 373(23), 2197-2199. doi:10.1056/NEJMp1502020 

Fazeli, P. L., Crowe, M., Ross, L., Wadley, V., Ball, K., & Vance, D. (2014). Cognitive 
Functioning In Adults Aging With HIV: A Cross-Sectional Analysis Of Cognitive 
Subtypes And Influential Factors. J Clin Res HIV AIDS Prev, 1(4), 54-68. 
doi:10.14302/issn.2324-7339.jcrhap-13-191 

Fazeli, P. L., Woods, S. P., Heaton, R. K., Umlauf, A., Gouaux, B., Rosario, D., . . . 
Moore, D. J. (2014). An active lifestyle is associated with better neurocognitive 
functioning in adults living with HIV infection. J Neurovirol, 20(3), 233-242. 
doi:10.1007/s13365-014-0240-z 



  124

Fernandes, S. P., Edwards, T. M., Ng, K. T., & Robinson, S. R. (2007). HIV-1 protein 
gp120 rapidly impairs memory in chicks by interrupting the glutamate–glutamine 
cycle. Neurobiol Learn Mem, 87(1), 1-8. doi:10.1016/j.nlm.2006.03.006 

Fields, J., Dumaop, W., Eleuteri, S., Campos, S., Serger, E., Trejo, M., . . . Masliah, E. 
(2015). HIV-1 Tat alters neuronal autophagy by modulating autophagosome 
fusion to the lysosome: implications for HIV-associated neurocognitive disorders. 
J Neurosci, 35(5), 1921-1938. doi:10.1523/JNEUROSCI.3207-14.2015 

Fields, J., Dumaop, W., Rockenstein, E., Mante, M., Spencer, B., Grant, I., . . . Masliah, 
E. (2013). Age-dependent molecular alterations in the autophagy pathway in 
HIVE patients and in a gp120 tg mouse model: reversal with beclin-1 gene 
transfer. J Neurovirol, 19(1), 89-101. doi:10.1007/s13365-012-0145-7 

Figley, M. D., Bieri, G., Kolaitis, R. M., Taylor, J. P., & Gitler, A. D. (2014). Profilin 1 
associates with stress granules and ALS-linked mutations alter stress granule 
dynamics. J Neurosci, 34(24), 8083-8097. doi:10.1523/JNEUROSCI.0543-
14.2014 

Fink, A. L. (1998). Protein aggregation: folding aggregates, inclusion bodies and 
amyloid. Folding and Design, 3(1), R9-R23. doi:10.1016/S1359-0278(98)00002-
9 

Finkel, T., & Holbrook, N. J. (2000). Oxidants, oxidative stress and the biology of 
ageing. Nature, 408(6809), 239-247. doi:10.1038/35041687 

Fischer, M., Joos, B., Hirschel, B., Bleiber, G., Weber, R., & Günthard, H. F. (2004). 
Cellular viral rebound after cessation of potent antiretroviral therapy predicted by 
levels of multiply spliced HIV-1 RNA encoding nef. J Infect Dis, 190(11), 1979-
1988. doi:10.1086/425983 

Fischer, M., Joos, B., Niederöst, B., Kaiser, P., Hafner, R., von Wyl, V., . . . Günthard, H. 
F. (2008). Biphasic decay kinetics suggest progressive slowing in turnover of 
latently HIV-1 infected cells during antiretroviral therapy. Retrovirology, 5, 107. 
doi:10.1186/1742-4690-5-107 

Fitting, S., Booze, R. M., & Mactutus, C. F. (2008). Neonatal intrahippocampal injection 
of the HIV-1 proteins gp120 and Tat: differential effects on behavior and the 
relationship to stereological hippocampal measures. Brain Res, 1232, 139-154. 
doi:10.1016/j.brainres.2008.07.032 

Fletcher, D. J., Raz, J., & Fein, G. (1997). Intra-hemispheric alpha coherence decreases 
with increasing cognitive impairment in HIV patients. Electroencephalography 

and Clinical Neurophysiology, 102(4), 286-294. doi:10.1016/S0013-
4694(96)96071-X 



  125

Fortenbaugh, F. C., DeGutis, J., Germine, L., Wilmer, J. B., Grosso, M., Russo, K., & 
Esterman, M. (2015). Sustained Attention Across the Life Span in a Sample of 
10,000: Dissociating Ability and Strategy. Psychol Sci, 26(9), 1497-1510. 
doi:10.1177/0956797615594896 

Foster, J., Molina, R. P., Luo, T., Arora, V. K., Huang, Y., Ho, D. D., & Garcia, J. V. 
(2001). Genetic and functional diversity of human immunodeficiency virus type 1 
subtype B Nef primary isolates. J Virol, 75(4), 1672-1680. 
doi:10.1128/JVI.75.4.1672-1680.2001 

Foster, T. (2007). Calcium homeostasis and modulation of synaptic plasticity in the aged 
brain. Aging Cell, 6(3), 319-325. doi:10.1111/j.1474-9726.2007.00283.x 

Foster, T. (2012). Dissecting the age-related decline on spatial learning and memory tasks 
in rodent models: N-methyl-D-aspartate receptors and voltage-dependent Ca(2+) 
channels in senescent synaptic plasticity. Prog Neurobiol, 96(3), 283-303. 
doi:10.1016/j.pneurobio.2012.01.007 

Frain, J. A., & Chen, L. (2018). Examining the effectiveness of a cognitive intervention 
to improve cognitive function in a population of older adults living with HIV: a 
pilot study. Ther Adv Infect Dis, 5(1), 19-28. doi:10.1177/2049936117736456 

Frankel, A. D., & Young, J. A. T. (1998). HIV-1: Fifteen Proteins and an RNA. Annual 

Review of Biochemistry, 67(1), 1-25. doi:10.1146/annurev.biochem.67.1.1 

Funderburg, N. T., & Mehta, N. N. (2016). Lipid Abnormalities and Inflammation in 
HIV Inflection. Current HIV/AIDS reports, 13(4), 218-225. doi:10.1007/s11904-
016-0321-0 

Gabuzda, D., & Yankner, B. A. (2013). Physiology: Inflammation links ageing to the 
brain. Nature, 497(7448), 197-198. doi:10.1038/nature12100 

Gamerdinger, M., Hajieva, P., Kaya, A. M., Wolfrum, U., Hartl, F. U., & Behl, C. 
(2009). Protein quality control during aging involves recruitment of the 
macroautophagy pathway by BAG3. Embo j, 28(7), 889-901. 
doi:10.1038/emboj.2009.29 

Gamerdinger, M., Kaya, A. M., Wolfrum, U., Clement, A. M., & Behl, C. (2011). BAG3 
mediates chaperone‐based aggresome‐targeting and selective autophagy of 
misfolded proteins. EMBO reports, 12(2), 149-156. doi:10.1038/embor.2010.203 

Gan, L., Cookson, M. R., Petrucelli, L., & La Spada, A. R. (2018). Converging pathways 
in neurodegeneration, from genetics to mechanisms. Nature Neuro, 21(10), 1300-
1309. doi:10.1038/s41593-018-0237-7 



  126

Ganassi, M., Mateju, D., Bigi, I., Mediani, L., Poser, I., Lee, H. O., . . . Carra, S. (2016). 
A Surveillance Function of the HSPB8-BAG3-HSP70 Chaperone Complex 
Ensures Stress Granule Integrity and Dynamism. Mol Cell, 63(5), 796-810. 
doi:10.1016/j.molcel.2016.07.021 

Gant, J. C., Chen, K. C., Kadish, I., Blalock, E. M., Thibault, O., Porter, N. M., & 
Landfield, P. W. (2015). Reversal of Aging-Related Neuronal Ca2+ 
Dysregulation and Cognitive Impairment by Delivery of a Transgene Encoding 
FK506-Binding Protein 12.6/1b to the Hippocampus. J Neurosci, 35(30), 10878-
10887. doi:10.1523/jneurosci.1248-15.2015 

Gartner, S., Markovits, P., Markovitz, D., Kaplan, M., Gallo, R., & Popovic, M. (1986). 
The role of mononuclear phagocytes in HTLV-III/LAV infection. Science, 

233(4760), 215-219. doi:10.1126/science.3014648 

Garvey, L. J., Pavese, N., Politis, M., Ramlackhansingh, A., Brooks, D. J., Taylor-
Robinson, S. D., & Winston, A. (2014). Increased microglia activation in 
neurologically asymptomatic HIV-infected patients receiving effective ART:. 
AIDS, 28(1), 67-72. doi:10.1097/01.aids.0000432467.54003.f7 

Geretti, A. M. (2006). HIV-1 subtypes: epidemiology and significance for HIV 
management. Curr Opin Infect Dis, 19(1), 1-7. 
doi:10.1097/01.qco.0000200293.45532.68 

Geyer, M., Munte, C. E., Schorr, J., Kellner, R., & Kalbitzer, H. R. (1999). Structure of 
the anchor-domain of myristoylated and non-myristoylated HIV-1 Nef protein. J 

Leukoc Biol, 289(1), 123-138. doi:10.1006/jmbi.1999.2740 

Geyer, M., & Peterlin, B. M. (2001). Domain assembly, surface accessibility and 
sequence conservation in full length HIV-1 Nef. FEBS Letters, 496(2-3), 91-95. 
doi:10.1016/S0014-5793(01)02394-8 

Ghorpade, A., Persidsky, Y., Swindells, S., Borgmann, K., Persidsky, R., Holter, S., . . . 
Gendelman, H. E. (2005). Neuroinflammatory responses from microglia 
recovered from HIV-1-infected and seronegative subjects. J Neuroimmunol, 

163(1-2), 145-156. doi:10.1016/j.jneuroim.2005.01.022 

Ghosh, S., & Zhou, Z. (2014). Genetics of aging, progeria and lamin disorders. Current 

Opinion in Genetics & Development, 26, 41-46. doi:10.1016/j.gde.2014.05.003 

Ghribi, O., Larsen, B., Schrag, M., & Herman, M. M. (2006). High cholesterol content in 
neurons increases BACE, β-amyloid, and phosphorylated tau levels in rabbit 
hippocampus. Exp Neurology, 200(2), 460-467. 
doi:10.1016/j.expneurol.2006.03.019 



  127

Gilden, D. H., & Lipton, H. L. (2012). Clinical and molecular aspects of neurotropic 

virus infection: Elsevier Inc. 

Gilks, N., Kedersha, N., Ayodele, M., Shen, L., Stoecklin, G., Dember, L. M., & 
Anderson, P. (2004). Stress granule assembly is mediated by prion-like 
aggregation of TIA-1. Mol Biol Cell, 15(12), 5383-5398. doi:10.1091/mbc.E04-
08-0715 

Giorgio, M., Trinei, M., Migliaccio, E., & Pelicci, P. G. (2007). Hydrogen peroxide: a 
metabolic by-product or a common mediator of ageing signals? Nature Reviews 

Mol Cell Biol, 8(9), 722-728. doi:10.1038/nrm2240 

Gisslén, M., Krut, J., Andreasson, U., Blennow, K., Cinque, P., Brew, B. J., . . . 
Zetterberg, H. (2009). Amyloid and tau cerebrospinal fluid biomarkers in HIV 
infection. BMC Neurology, 9(1), 63. doi:10.1186/1471-2377-9-63 

Gisslén, M., Price, R. W., & Nilsson, S. (2011). The definition of HIV-associated 
neurocognitive disorders: are we overestimating the real prevalence? BMC Infect 

Dis, 11(1), 356. doi:10.1186/1471-2334-11-356 

Glass, J. D., Fedor, H., Wesselingh, S. L., & McArthur, J. C. (1995). 
Immunocytochemical quantitation of human immunodeficiency virus in the brain: 
correlations with dementia. Ann Neurol, 38(5), 755-762. 
doi:10.1002/ana.410380510. 

Gleixner, A., Pulugulla, S., Pant, D., Posimo, J., Crum, T., & Leak, R. (2014). Impact of 
aging on heat shock protein expression in the substantia nigra and striatum of the 
female rat. Cell and tissue research, 357(1), 43-54. doi:10.1007/s00441-014-
1852-6 

Glick, D., Barth, S., & Macleod, K. F. (2010). Autophagy: cellular and molecular 
mechanisms. J Pathol, 221(1), 3-12. doi:10.1002/path.2697 

Glisky, E. L. (2007). Changes in Cognitive Function in Human Aging. Boca Raton (FL): 
Taylor & Francis Group, LLC. 

Goodkin, K., Wilkie, F. L., Concha, M., Hinkin, C. H., Symes, S., Baldewicz, T. T., . . . 
Eisdorfer, C. (2001). Aging and neuro-AIDS conditions and the changing 
spectrum of HIV-1-associated morbidity and mortality. J Clin Epidemiol, 54(12), 
S35-S43. doi:10.1016/S0895-4356(01)00445-0 

Gordon, J., Amini, S., & White, M. K. (2013). General overview of neuronal cell culture. 
Methods Mol Biol, 1078, 1-8. doi:10.1007/978-1-62703-640-5_1 



  128

Gorisse, L., Pietrement, C., Vuiblet, V., Schmelzer, C. E., Köhler, M., Duca, L., . . . 
Gillery, P. (2016). Protein carbamylation is a hallmark of aging. Proc Natl Acad 

Sci U S A, 113(5), 1191-1196. doi:10.1073/pnas.1517096113 

Gorry, P. R., McPhee, D. A., Verity, E., Dyer, W. B., Wesselingh, S. L., Learmont, J., . . . 
Churchill, M. J. (2007). Pathogenicity and immunogenicity of attenuated, nef-
deleted HIV-1 strains in vivo. Retrovirology, 4(1), 66. doi:10.1186/1742-4690-4-
66 

Gorwood, J., Ejlalmanesh, T., Bourgeois, C., Mantecon, M., Rose, C., Atlan, M., . . . 
Lagathu, C. (2020). SIV Infection and the HIV Proteins Tat and Nef Induce 
Senescence in Adipose Tissue and Human Adipose Stem Cells, Resulting in 
Adipocyte Dysfunction. Cells, 9(4). doi:10.3390/cells9040854 

Grabrucker, A., Vaida, B., Bockmann, J., & Boeckers, T. M. (2009). Synaptogenesis of 
hippocampal neurons in primary cell culture. Cell and tissue research, 338(3), 
333. doi:10.1007/s00441-009-0881-z 

Grant, I., Franklin, D. R., Deutsch, R., Woods, S. P., Vaida, F., Ellis, R. J., . . . Group, F. 
t. C. (2014). Asymptomatic HIV-associated neurocognitive impairment increases 
risk for symptomatic decline. Neurology, 82(23), 2055-2062. 
doi:10.1212/WNL.0000000000000492 

Green, D. R., Masliah, E., Vinters, H. V., Beizai, P., Moore, D. J., & Achim, C. L. 
(2005). Brain deposition of beta-amyloid is a common pathologic feature in HIV 
positive patients. AIDS, 19(4), 407-411. 
doi:10.1097/01.aids.0000161770.06158.5c 

Green, M. V., & Thayer, S. A. (2016). NMDARs Adapt to Neurotoxic HIV Protein Tat 
Downstream of a GluN2A-Ubiquitin Ligase Signaling Pathway. J Neurosci, 

36(50), 12640-12649. doi:10.1523/JNEUROSCI.2980-16.2016 

Griffith, W. H., Dubois, D. W., Fincher, A., Peebles, K. A., Bizon, J. L., & Murchison, 
D. (2014). Characterization of age-related changes in synaptic transmission onto 
F344 rat basal forebrain cholinergic neurons using a reduced synaptic preparation. 
J Neurophysiol, 111(2), 273-286. doi:10.1152/jn.00129.2013 

Grubman, A., Chew, G., Ouyang, J. F., Sun, G., Choo, X. Y., McLean, C., . . . Polo, J. M. 
(2019). A single-cell atlas of entorhinal cortex from individuals with Alzheimer’s 
disease reveals cell-type-specific gene expression regulation. Nature Neuro, 

22(12), 2087-2097. doi:10.1038/s41593-019-0539-4 

Gu, Y., Wu, R. F., Xu, Y. C., Flores, S. C., & Terada, L. S. (2001). HIV Tat activates c-
Jun amino-terminal kinase through an oxidant-dependent mechanism. Virology, 

286(1), 62-71. doi:10.1006/viro.2001.0998 



  129

Guebel, D. V., & Torres, N. V. (2016). Sexual dimorphism and aging in the human 
hyppocampus: identification, validation, and impact of differentially expressed 
genes by factorial microarray and network analysis. Front Aging Neurosci, 8, 229. 
doi:10.3389/fnagi.2016.00229 

Guidi, M., Kumar, A., & Foster, T. (2015). Impaired attention and synaptic senescence of 
the prefrontal cortex involves redox regulation of NMDA receptors. J Neurosci, 

35(9), 3966-3977. doi:10.1523/jneurosci.3523-14.2015 

Gupta, M. K., Kaminski, R., Mullen, B., Gordon, J., Burdo, T. H., Cheung, J. Y., . . . 
Khalili, K. (2017). HIV-1 Nef-induced cardiotoxicity through dysregulation of 
autophagy. Scientific reports, 7(1), 8572. doi:10.1038/s41598-017-08736-x 

Gurwitz, K. T., Burman, R. J., Murugan, B. D., Garnett, S., Ganief, T., Soares, N. C., . . . 
Blackburn, J. M. (2017). Time-Dependent, HIV-Tat-Induced Perturbation of 
Human Neurons In Vitro: Towards a Model for the Molecular Pathology of HIV-
Associated Neurocognitive Disorders. Front Mol Neurosci, 10, 163. 
doi:10.3389/fnmol.2017.00163 

Habib, R., Nyberg, L., & Nilsson, L. G. (2007). Cognitive and non-cognitive factors 
contributing to the longitudinal identification of successful older adults in the 
betula study. Neuropsychol Dev Cogn B Aging Neuropsychol Cogn, 14(3), 257-
273. doi:10.1080/13825580600582412 

Hahn, Y. K., Paris, J. J., Lichtman, A. H., Hauser, K. F., Sim-Selley, L. J., Selley, D. E., 
& Knapp, P. E. (2016). Central HIV-1 Tat exposure elevates anxiety and fear 
conditioned responses of male mice concurrent with altered mu-opioid receptor-
mediated G-protein activation and β-arrestin 2 activity in the forebrain. Neurobiol 

Dis, 92(Pt B), 124-136. doi:10.1016/j.nbd.2016.01.014 

Hahn, Y. K., Podhaizer, E. M., Farris, S. P., Miles, M. F., Hauser, K. F., & Knapp, P. E. 
(2015). Effects of chronic HIV-1 Tat exposure in the CNS: heightened 
vulnerability of males versus females to changes in cell numbers, synaptic 
integrity, and behavior. Brain Struct Funct, 220(2), 605-623. doi:10.1007/s00429-
013-0676-6 

Halliwell, B. (1992). Reactive oxygen species and the central nervous system. J 

Neurochem, 59(5), 1609-1623. doi:10.1111/j.1471-4159.1992.tb10990.x 

Halliwell, B. (2006). Oxidative stress and neurodegeneration: where are we now? J 

Neurochem, 97(6), 1634-1658. doi:10.1111/j.1471-4159.2006.03907.x 

Hanna, Z., Kay, D. G., Rebai, N., Guimond, A., Jothy, S., & Jolicoeur, P. (1998). Nef 
Harbors a Major Determinant of Pathogenicity for an AIDS-like Disease Induced 
by HIV-1 in Transgenic Mice. Cell, 95(2), 163-175. doi:10.1016/S0092-
8674(00)81748-1 



  130

Harricharan, R., Thaver, V., Russell, V. A., & Daniels, W. M. (2015). Tat-induced 
histopathological alterations mediate hippocampus-associated behavioural 
impairments in rats. Behav Brain Funct, 11, 3. doi:10.1186/s12993-014-0047-3 

Harris, S. A., & Harris, E. A. (2018). Molecular Mechanisms for Herpes Simplex Virus 
Type 1 Pathogenesis in Alzheimer's Disease. Front Aging Neurosci, 10, 48. 
doi:10.3389/fnagi.2018.00048 

Hartl, F. U., Bracher, A., & Hayer-Hartl, M. (2011). Molecular chaperones in protein 
folding and proteostasis. Nature, 475, 324. doi:10.1038/nature10317 

Hatami, A., Monjazeb, S., Milton, S., & Glabe, C. G. (2017). Familial Alzheimer's 
Disease Mutations within the Amyloid Precursor Protein Alter the Aggregation 
and Conformation of the Amyloid-beta Peptide. J Biol Chem, 292(8), 3172-3185. 
doi:10.1074/jbc.M116.755264 

Hategan, A., Bianchet, M. A., Steiner, J., Karnaukhova, E., Masliah, E., Fields, A., . . . 
Dimitriadis, E. K. (2017). HIV Tat protein and amyloid-β peptide form 
multifibrillar structures that cause neurotoxicity. Nature structural & molecular 

biology, 24(4), 379. doi:10.1038/nsmb.3379 

Haughey, N. J., Cutler, R. G., Tamara, A., McArthur, J. C., Vargas, D. L., Pardo, C. A., . 
. . Mattson, M. P. (2004). Perturbation of sphingolipid metabolism and ceramide 
production in HIV‐dementia. Ann Neurol, 55(2), 257-267. 
doi:10.1002/ana.10828 

Hayman, M., Arbuthnott, G., Harkiss, G., Brace, H., Filippi, P., Philippon, V., . . . 
Wright, A. (1993). Neurotoxicity of peptide analogues of the transactivating 
protein tat from maedi-visna virus and human immunodeficiency virus. 
Neuroscience, 53(1), 1-6. doi:10.1016/0306-4522(93)90278-N 

He, P., Zhong, Z., Lindholm, K., Berning, L., Lee, W., Lemere, C., . . . Shen, Y. (2007). 
Deletion of tumor necrosis factor death receptor inhibits amyloid beta generation 
and prevents learning and memory deficits in Alzheimer's mice. J Cell Biol, 

178(5), 829-841. doi:10.1083/jcb.200705042 

Heaton, R. K., Clifford, D. B., Franklin, D. R., Woods, S. P., Ake, C., Vaida, F., . . . 
Group, F. t. C. (2010). HIV-associated neurocognitive disorders persist in the era 
of potent antiretroviral therapy: CHARTER Study. Neurology, 75(23), 2087-
2096. doi:10.1212/WNL.0b013e318200d727 

Heckmann, B. L., Teubner, B. J. W., Tummers, B., Boada-Romero, E., Harris, L., Yang, 
M., . . . Green, D. R. (2019). LC3-Associated Endocytosis Facilitates β-Amyloid 
Clearance and Mitigates Neurodegeneration in Murine Alzheimer's Disease. Cell, 

178(3), 536-551.e514. doi:10.1016/j.cell.2019.05.056 



  131

Hedden, T., & Gabrieli, J. D. (2004). Insights into the ageing mind: a view from 
cognitive neuroscience. Nat Rev Neurosci, 5(2), 87-96. doi:10.1038/nrn1323 

Henao-Mejia, J., Liu, Y., Park, I. W., Zhang, J., Sanford, J., & He, J. J. (2009). 
Suppression of HIV-1 Nef translation by Sam68 mutant-induced stress granules 
and nef mRNA sequestration. Mol Cell, 33(1), 87-96. 
doi:0.1016/j.molcel.2008.11.024 

Henderson, L. J., Johnson, T. P., Smith, B. R., Reoma, L. B., Santamaria, U. A., Bachani, 
M., . . . Nath, A. (2019). Presence of Tat and transactivation response element in 
spinal fluid despite antiretroviral therapy. AIDS, 33 Suppl 2, S145-s157. 
doi:10.1097/qad.0000000000002268 

Herrmann, N., Lanctot, K., & Hogan, D. (2013). Pharmacological recommendations for 
the symptomatic treatment of dementia: the Canadian Consensus Conference on 
the Diagnosis and Treatment of Dementia 2012. Alzheimers Res Ther, 5(Suppl 1), 
S5. doi:10.1186/alzrt201 

Hestad, K. A., Chinyama, J., Anitha, M. J., Ngoma, M. S., McCutchan, J. A., Franklin, D. 
R., & Heaton, R. K. (2019). Cognitive Impairment in Zambians With HIV 
Infection and Pulmonary Tuberculosis:. AIDS, 80(1), 110-117. 
doi:10.1097/QAI.0000000000001880 

Hickman, S., Izzy, S., Sen, P., Morsett, L., & El Khoury, J. (2018). Microglia in 
neurodegeneration. Nat Neurosci, 21(10), 1359-1369. doi:10.1038/s41593-018-
0242-x 

Hipp, M. S., Kasturi, P., & Hartl, F. U. (2019). The proteostasis network and its decline 
in ageing. Nature Reviews Mol Cell Biol, 20(7), 421-435. doi:10.1038/s41580-
019-0101-y 

Hirao, K., Andrews, S., Kuroki, K., Kusaka, H., Tadokoro, T., Kita, S., . . . Maenaka, K. 
(2020). Structure of HIV-2 Nef Reveals Features Distinct from HIV-1 Involved in 
Immune Regulation. iScience, 23(1), 100758. doi:10.1016/j.isci.2019.100758 

Hohn, A., Konig, J., & Grune, T. (2013). Protein oxidation in aging and the removal of 
oxidized proteins. J Proteomics, 92, 132-159. doi:10.1016/j.jprot.2013.01.004 

Höhn, A., Tramutola, A., & Cascella, R. (2020). Proteostasis Failure in 
Neurodegenerative Diseases: Focus on Oxidative Stress. Oxid Med Cell Longev, 

2020, 5497046. doi:10.1155/2020/5497046 

Holden, C. P., Haughey, N. J., Nath, A., & Geiger, J. D. (1999). Role of Na+/H+ 
exchangers, excitatory amino acid receptors and voltage-operated Ca2+ channels 
in human immunodeficiency virus type 1 gp120-mediated increases in 



  132

intracellular Ca2+ in human neurons and astrocytes. Neuroscience, 91(4), 1369-
1378. doi:10.1016/S0306-4522(98)00714-3 

Hollingworth, P., Harold, D., Sims, R., Gerrish, A., Lambert, J. C., Carrasquillo, M. M., . 
. . Williams, J. (2011). Common variants at ABCA7, MS4A6A/MS4A4E, 
EPHA1, CD33 and CD2AP are associated with Alzheimer's disease. Nat Genet, 

43(5), 429-435. doi:10.1038/ng.803 

Hong, S., & Banks, W. A. (2015). Role of the immune system in HIV-associated 
neuroinflammation and neurocognitive implications. Brain Behav Immun, 45, 1-
12. doi:10.1016/j.bbi.2014.10.008 

Hopp, S. C., D'Angelo, H. M., Royer, S. E., Kaercher, R. M., Crockett, A. M., Adzovic, 
L., & Wenk, G. L. (2015). Calcium dysregulation via L-type voltage-dependent 
calcium channels and ryanodine receptors underlies memory deficits and synaptic 
dysfunction during chronic neuroinflammation. J Neuroinflammation, 12, 56. 
doi:10.1186/s12974-015-0262-3 

Hotta, H. (1997). Neurotropic viruses-classification, structure and characteristics. Nihon 

Rinsho, 55(4), 777-782.  

Huang, M.-B., Weeks, O., Zhao, L.-J., Saltarelli, M., & Bond, V. C. (2000). Effects of 
extracellular human immunodeficiency virus type 1 vpr protein in primary rat 
cortical cell cultures. J Neurovirol, 6(3), 202-220. 
doi:10.3109/13550280009015823 

Huang, Y., Zhao, L., Jia, B., Wu, L., Li, Y., Curthoys, N., & Zheng, J. C. (2011). 
Glutaminase Dysregulation in HIV-1-Infected Human Microglia Mediates 
Neurotoxicity: Relevant to HIV-1-Associated Neurocognitive Disorders. J 

Neurosci, 31(42), 15195-15204. doi:10.1523/JNEUROSCI.2051-11.2011 

Hui, L., Chen, X., Haughey, N. J., & Geiger, J. D. (2012). Role of endolysosomes in 
HIV-1 Tat-induced neurotoxicity. ASN neuro, 4(4), 243-252. 
doi:10.1042/AN20120017 

Hulgan, T., Morrow, J., D'Aquila, R. T., Raffanti, S., Morgan, M., Rebeiro, P., & Haas, 
D. W. (2003). Oxidant stress is increased during treatment of human 
immunodeficiency virus infection. Clin Infect Dis, 37(12), 1711-1717. 
doi:10.1086/379776 

Hullinger, R., & Puglielli, L. (2017). Molecular and cellular aspects of age-related 
cognitive decline and Alzheimer’s disease. Behav Brain Res, 322, 191-205. 
doi:10.1016/j.bbr.2016.05.008 



  133

Invernizzi, G., Papaleo, E., Sabate, R., & Ventura, S. (2012). Protein aggregation: 
Mechanisms and functional consequences. International J Biochem Cell Biol, 

44(9), 1541-1554. doi:10.1016/j.biocel.2012.05.023 

Ittner, L. M., & Götz, J. (2011). Amyloid-[beta] and tau--a toxic pas de deux in 
Alzheimer's disease. Nat Rev Neurosci, 12(2), 65. doi:10.1038/nrn2967 

Itzhaki, R. F. (2014). Herpes simplex virus type 1 and Alzheimer's disease: increasing 
evidence for a major role of the virus. Front Aging Neurosci, 6, 202. 
doi:10.3389/fnagi.2014.00202 

Itzhaki, R. F., Lin, W. R., Shang, D., Wilcock, G. K., Faragher, B., & Jamieson, G. A. 
(1997). Herpes simplex virus type 1 in brain and risk of Alzheimer's disease. 
Lancet, 349(9047), 241-244. doi:10.1016/s0140-6736(96)10149-5 

Ivanov, A. V., Valuev-Elliston, V. T., Ivanova, O. N., Kochetkov, S. N., Starodubova, E. 
S., Bartosch, B., & Isaguliants, M. G. (2016). Oxidative Stress during HIV 
Infection: Mechanisms and Consequences. Oxid Med Cell Longev, 2016, 
8910396. doi:10.1155/2016/8910396 

Jack, C. R., Jr., Wiste, H. J., Weigand, S. D., Rocca, W. A., Knopman, D. S., Mielke, M. 
M., . . . Petersen, R. C. (2014). Age-specific population frequencies of cerebral 
beta-amyloidosis and neurodegeneration among people with normal cognitive 
function aged 50-89 years: a cross-sectional study. Lancet neurology, 13(10), 
997-1005. doi:10.1016/s1474-4422(14)70194-2 

Jacobs, I. R., Xu, C., Hermes, D. J., League, A. F., Xu, C., Nath, B., . . . Fitting, S. 
(2019). Inhibitory Control Deficits Associated with Upregulation of CB(1)R in 
the HIV-1 Tat Transgenic Mouse Model of Hand. J Neuroimmune Pharmacol, 

14(4), 661-678. doi:10.1007/s11481-019-09867-w 

Jacobsen, J. S., Wu, C.-C., Redwine, J. M., Comery, T. A., Arias, R., Bowlby, M., . . . 
Bloom, F. E. (2006). Early-onset behavioral and synaptic deficits in a mouse 
model of Alzheimer's disease. Proc Natl Acad Sci U S A, 103, 5161-5166. 
doi:10.1073/pnas.0600948103 

Jain, S., Wheeler, J. R., Walters, R. W., Agrawal, A., Barsic, A., & Parker, R. (2016). 
ATPase-modulated stress granules contain a diverse proteome and substructure. 
Cell, 164(3), 487-498. doi:10.1016/j.cell.2015.12.038 

James, B. D., Wilson, R. S., Boyle, P. A., Trojanowski, J. Q., Bennett, D. A., & 
Schneider, J. A. (2016). TDP-43 stage, mixed pathologies, and clinical 
Alzheimer's-type dementia. Brain. doi:10.1093/brain/aww224 



  134

Jamieson, G. A., Maitland, N. J., Wilcock, G. K., Craske, J., & Itzhaki, R. F. (1991). 
Latent herpes simplex virus type 1 in normal and Alzheimer's disease brains. J 

Med Virol, 33(4), 224-227. doi:10.1002/jmv.1890330403 

Jamieson, G. A., Maitland, N. J., Wilcock, G. K., Yates, C. M., & Itzhaki, R. F. (1992). 
Herpes simplex virus type 1 DNA is present in specific regions of brain from aged 
people with and without senile dementia of the Alzheimer type. J Pathol, 167(4), 
365-368. doi:10.1002/path.1711670403 

Jansen, W. J., Ossenkoppele, R., Knol, D. L., & et al. (2015). Prevalence of cerebral 
amyloid pathology in persons without dementia: A meta-analysis. Jama, 313(19), 
1924-1938. doi:10.1001/jama.2015.4668 

Jeang, K.-T. (1996). HIV-1 Tat: structure and function. 

Jiang, Q., Lee, C. D., Mandrekar, S., Wilkinson, B., Cramer, P., Zelcer, N., . . . Collins, J. 
L. (2008). ApoE promotes the proteolytic degradation of Aβ. Neuron, 58(5), 681-
693. doi:10.1016/j.neuron.2008.04.010 

Jin, X., Liu, M.-Y., Zhang, D.-F., Zhong, X., Du, K., Qian, P., . . . Wei, M.-J. (2019). 
Baicalin mitigates cognitive impairment and protects neurons from microglia-
mediated neuroinflammation via suppressing NLRP3 inflammasomes and 
TLR4/NF-κB signaling pathway. CNS Neuroscience & Therapeutics, 25(5), 575-
590. doi:10.1111/cns.13086 

Johnson, T. P., Patel, K., Johnson, K. R., Maric, D., Calabresi, P. A., Hasbun, R., & Nath, 
A. (2013). Induction of IL-17 and nonclassical T-cell activation by HIV-Tat 
protein. Proc Natl Acad Sci U S A, 110(33), 13588-13593. 
doi:10.1073/pnas.1308673110 

Jones, D. P. (2008). Radical-free biology of oxidative stress. American Journal of 

Physiology Cell Physiology, 295(4), C849-C868. doi:10.1152/ajpcell.00283.2008 

Jonsson, T., Stefansson, H., Steinberg, S., Jonsdottir, I., Jonsson, P. V., Snaedal, J., . . . 
Stefansson, K. (2012). Variant of TREM2 Associated with the Risk of 
Alzheimer's Disease. N Engl J Med, 368(2), 107-116. 
doi:10.1056/NEJMoa1211103 

Joska, J. A., Westgarth-Taylor, J., Hoare, J., Thomas, K. G. F., Paul, R., Myer, L., & 
Stein, D. J. (2012). Neuropsychological outcomes in adults commencing highly 
active anti-retroviral treatment in South Africa: a prospective study. BMC Infect 

Dis, 12(1), 39. doi:10.1186/1471-2334-12-39 

Jové, M., Naudí, A., Aledo, J. C., Cabré, R., Ayala, V., Portero-Otin, M., . . . Pamplona, 
R. (2013). Plasma long-chain free fatty acids predict mammalian longevity. 
Scientific reports, 3(1), 3346. doi:10.1038/srep03346 



  135

Kabir, M. T., Uddin, M. S., Mamun, A. A., Jeandet, P., Aleya, L., Mansouri, R. A., . . . 
Abdel-Daim, M. M. (2020). Combination Drug Therapy for the Management of 
Alzheimer's Disease. Int J Mol Sci, 21(9). doi:10.3390/ijms21093272 

Kamal, S., Locatelli, I., Wandeler, G., Sehhat, A., Bugnon, O., Metral, M., . . . Schneider, 
M. P. (2017). The Presence of Human Immunodeficiency Virus-Associated 
Neurocognitive Disorders Is Associated With a Lower Adherence to Combined 
Antiretroviral Treatment. Open Forum Infectious Diseases, 4(2). 
doi:10.1093/ofid/ofx070 

Kampinga, H., & Craig, E. A. (2010). The HSP70 chaperone machinery: J proteins as 
drivers of functional specificity. Nat Rev Mol Cell Biol, 11(8), 579-592. 
doi:10.1038/nrm2941 

Kampinga, H., Mayer, M. P., & Mogk, A. (2019). Protein quality control: from 
mechanism to disease. Cell Stress Chaperones, 24(6), 1013-1026. 
doi:10.1007/s12192-019-01040-9 

Kanmogne, G. D., Kennedy, R. C., & Grammas, P. (2002). HIV-1 gp120 proteins and 
gp160 peptides are toxic to brain endothelial cells and neurons: possible pathway 
for HIV entry into the brain and HIV-associated dementia. J Neuropathol Exp 

Neurol, 61(11), 992-1000. doi:10.1093/jnen/61.11.992 

Kariolis, M. S., Wells, R. C., Getz, J. A., Kwan, W., Mahon, C. S., Tong, R., . . . 
Zuchero, Y. J. Y. (2020). Brain delivery of therapeutic proteins using an Fc 
fragment blood-brain barrier transport vehicle in mice and monkeys. Sci Transl 

Med, 12(545). doi:10.1126/scitranslmed.aay1359 

Kato, M., Han, T. W., Xie, S., Shi, K., Du, X., Wu, L. C., . . . McKnight, S. L. (2012). 
Cell-free formation of RNA granules: low complexity sequence domains form 
dynamic fibers within hydrogels. Cell, 149(4), 753-767. 
doi:10.1016/j.cell.2012.04.017 

Kato, T., Choi, Y., Elmowalid, G., Sapp, R. K., Barth, H., Furusaka, A., . . . Liang, T. J. 
(2008). Hepatitis C virus JFH-1 strain infection in chimpanzees is associated with 
low pathogenicity and emergence of an adaptive mutation. Hepatology, 48(3), 
732-740. doi:10.1002/hep.22422 

Kaul, M., Garden, G. A., & Lipton, S. A. (2001). Pathways to neuronal injury and 
apoptosis in HIV-associated dementia. Nature, 410(6831), 988-994. 
doi:10.1038/35073667 

Kaur, N., Dendukuri, N., Fellows, L. K., Brouillette, M.-J., & Mayo, N. (2020). 
Association between cognitive reserve and cognitive performance in people with 
HIV: a systematic review and meta-analysis. AIDS Care, 32(1), 1-11. 
doi:10.1080/09540121.2019.1612017 



  136

Kaushik, S., Arias, E., Kwon, H., Lopez, N. M., Athonvarangkul, D., Sahu, S., . . . Singh, 
R. (2012). Loss of autophagy in hypothalamic POMC neurons impairs lipolysis. 
EMBO reports, 13(3), 258-265. doi:10.1038/embor.2011.260 

Kedersha, N., & Anderson, P. (2002). Stress granules: sites of mRNA triage that regulate 
mRNA stability and translatability. Biochem Soc Trans, 30(Pt 6), 963-969. 
doi:10.1042/ 

Kedersha, N., Cho, M. R., Li, W., Yacono, P. W., Chen, S., Gilks, N., . . . Anderson, P. 
(2000). Dynamic shuttling of TIA-1 accompanies the recruitment of mRNA to 
mammalian stress granules. J Cell Biol, 151(6), 1257-1268. 
doi:10.1083/jcb.151.6.1257 

Kedersha, N., Gupta, M., Li, W., Miller, I., & Anderson, P. (1999). RNA-binding 
proteins TIA-1 and TIAR link the phosphorylation of eIF-2 alpha to the assembly 
of mammalian stress granules. J Cell Biol, 147(7), 1431-1442. 
doi:10.1083/jcb.147.7.1431 

Kermer, P., Köhn, A., Schnieder, M., Lingor, P., Bähr, M., Liman, J., & Dohm, C. P. 
(2015). BAG1 is Neuroprotective in In Vivo and In Vitro Models of Parkinson’s 
Disease. J Mol Neuro, 55(3), 587-595. doi:10.1007/s12031-014-0396-2 

Kesby, J. P., Markou, A., & Semenova, S. (2016). Effects of HIV/TAT protein 
expression and chronic selegiline treatment on spatial memory, reversal learning 
and neurotransmitter levels in mice. Behav Brain Res, 311, 131-140. 
doi:10.1016/j.bbr.2016.05.034 

Kestler, H. W., Ringler, D. J., Mori, K., Panicali, D. L., Sehgal, P. K., Daniel, M. D., & 
Desrosiers, R. C. (1991). Importance of the nef gene for maintenance of high 
virus loads and for development of AIDS. Cell, 65(4), 651-662. 
doi:10.1016/0092-8674(91)90097-i 

Khalfallah, Y., Kuta, R., Grasmuck, C., Prat, A., Durham, H. D., & Vande Velde, C. 
(2018). TDP-43 regulation of stress granule dynamics in neurodegenerative 
disease-relevant cell types. Scientific reports, 8(1), 7551. doi:10.1038/s41598-
018-25767-0 

Khan, M. B., Lang, M. J., Huang, M.-B., Raymond, A., Bond, V. C., Shiramizu, B., & 
Powell, M. D. (2016). Nef exosomes isolated from the plasma of individuals with 
HIV-associated dementia (HAD) can induce Aβ1–42 secretion in SH-SY5Y 
neural cells. J Neurovirol, 22(2), 179-190. doi:10.1007/s13365-015-0383-6 

Kiebler, M. A., & Bassell, G. J. (2006). Neuronal RNA granules: movers and makers. 
Neuron, 51(6), 685-690. doi:10.1016/j.neuron.2006.08.021 



  137

Kierdorf, K., & Prinz, M. (2013). Factors regulating microglia activation. Front Cell 

Neurosci, 7, 44. doi:10.3389/fncel.2013.00044 

Killian, M. (2012). Dual role of autophagy in HIV-1 replication and pathogenesis. AIDS 

research and therapy, 9(1), 16. doi:10.1186/1742-6405-9-16 

Kim, B., Liu, Y., Ruan, Y., Xu, Z. C., Schantz, L., & He, J. J. (2003). Neuropathologies 
in transgenic mice expressing human immunodeficiency virus type 1 Tat protein 
under the regulation of the astrocyte-specific glial fibrillary acidic protein 
promoter and doxycycline. Am J Pathol, 162(5), 1693-1707. doi:10.1016/s0002-
9440(10)64304-0 

Kim, H. J., Martemyanov, K. A., & Thayer, S. A. (2008). Human immunodeficiency 
virus protein Tat induces synapse loss via a reversible process that is distinct from 
cell death. Journal of Neuroscience, 28(48), 12604-12613.  

Kim, Y., Hipp, M. S., Bracher, A., Hayer-Hartl, M., & Hartl, F. U. (2013). Molecular 

Chaperone Functions in Protein Folding and Proteostasis (Vol. 82). Palo Alto: 
Annual Reviews. 

Kitayama, H., Miura, Y., Ando, Y., Hoshino, S., Ishizaka, Y., & Koyanagi, Y. (2008). 
Human immunodeficiency virus type 1 Vpr inhibits axonal outgrowth through 
induction of mitochondrial dysfunction. Journal of Virology, 82(5), 2528-2542. 
doi:10.1128/JVI.02094-07. 

Kiyota, T., Okuyama, S., Swan, R. J., Jacobsen, M. T., Gendelman, H. E., & Ikezu, T. 
(2010). CNS expression of anti-inflammatory cytokine interleukin-4 attenuates 
Alzheimer's disease-like pathogenesis in APP+PS1 bigenic mice. Faseb j, 24(8), 
3093-3102. doi:10.1096/fj.10-155317 

Klaips, C. L., Jayaraj, G. G., & Hartl, F. U. (2018). Pathways of cellular proteostasis in 
aging and disease. J Cell Biol, 217, 51-63. doi:10.1083/jcb.201709072 

Kløverpris, H. N., Leslie, A., & Goulder, P. (2015). Role of HLA Adaptation in HIV 
Evolution. Front Immunol, 6, 665. doi:10.3389/fimmu.2015.00665 

Kobayashi, N., Nagata, T., Shinagawa, S., Oka, N., Shimada, K., Shimizu, A., . . . 
Kondo, K. (2013). Increase in the IgG avidity index due to herpes simplex virus 
type 1 reactivation and its relationship with cognitive function in amnestic mild 
cognitive impairment and Alzheimer's disease. Biochem Biophys Res Commun, 

430(3), 907-911. doi:10.1016/j.bbrc.2012.12.054 

Koedel, U., Kohleisen, B., Sporer, B., Lahrtz, F., Ovod, V., Fontana, A., . . . Pfister, H.-
W. (1999). HIV type 1 Nef protein is a viral factor for leukocyte recruitment into 
the central nervous system. J Immunol, 163(3), 1237-1245.  



  138

Koenig, S., Gendelman, H., Orenstein, J., Dal Canto, M., Pezeshkpour, G., Yungbluth, 
M., . . . Fauci, A. (1986). Detection of AIDS virus in macrophages in brain tissue 
from AIDS patients with encephalopathy. Science, 233(4768), 1089-1093. 
doi:10.1126/science.3016903 

Kojro, E., Gimpl, G., Lammich, S., Marz, W., & Fahrenholz, F. (2001). Low cholesterol 
stimulates the nonamyloidogenic pathway by its effect on the alpha -secretase 
ADAM 10. Proc Natl Acad Sci U S A, 98(10), 5815-5820. 
doi:10.1073/pnas.081612998 

Krogh, K. A., Green, M. V., & Thayer, S. A. (2014). HIV-1 Tat-induced changes in 
synaptically-driven network activity adapt during prolonged exposure. Curr HIV 

Res, 12(6), 406-414. doi:10.2174/1570162x13666150121110402 

Kruman, I. I., Nath, A., & Mattson, M. P. (1998). HIV-1 protein Tat induces apoptosis of 
hippocampal neurons by a mechanism involving caspase activation, calcium 
overload, and oxidative stress. Exp Neurology, 154(2), 276-288. 
doi:10.1006/exnr.1998.6958 

Kumar, A., Bodhinathan, K., & Foster, T. (2009). Susceptibility to Calcium 
Dysregulation during Brain Aging. Front Aging Neurosci, 1, 2. 
doi:10.3389/neuro.24.002.2009 

Kumar, A., & Foster, T. (2004). Enhanced long-term potentiation during aging is masked 
by processes involving intracellular calcium stores. J Neurophysiol, 91(6), 2437-
2444. doi:10.1152/jn.01148.2003 

Kunihara, T., Hayashi, Y., & Arai, M. (2019). Conformational diversity in the 
intrinsically disordered HIV-1 Tat protein induced by zinc and pH. Biochem 

Biophys Res Commun, 509(2), 564-569. doi:10.1016/j.bbrc.2018.12.126 

Kurtishi, A., Rosen, B., Patil, K. S., Alves, G. W., & Moller, S. G. (2018). Cellular 
Proteostasis in Neurodegeneration. Mol Neurobiol. doi:10.1007/s12035-018-
1334-z 

Kyei, G. B., Dinkins, C., Davis, A. S., Roberts, E., Singh, S. B., Dong, C., . . . Deretic, V. 
(2009). Autophagy pathway intersects with HIV-1 biosynthesis and regulates viral 
yields in macrophages. J Cell Biol, 186(2), 255-268. doi:10.1083/jcb.200903070 

Laguette, N., Brégnard, C., Benichou, S., & Basmaciogullari, S. (2010). Human 
immunodeficiency virus (HIV) type-1, HIV-2 and simian immunodeficiency virus 
Nef proteins. Mol Aspects Med, 31(5), 418-433. doi:10.1016/j.mam.2010.05.003 

Lai, M. C., Wang, S. W., Cheng, L., Tarn, W. Y., Tsai, S. J., & Sun, H. S. (2013). Human 
DDX3 interacts with the HIV-1 Tat protein to facilitate viral mRNA translation. 
PLoS ONE, 8(7), e68665. doi:10.1371/journal.pone.0068665 



  139

Lambert, J. C., Ibrahim-Verbaas, C. A., Harold, D., Naj, A. C., Sims, R., Bellenguez, C., 
. . . Charge. (2013). Meta-analysis of 74,046 individuals identifies 11 new 
susceptibility loci for Alzheimer's disease. Nat Genet, 45(12), 1452-U1206. 
doi:10.1038/ng.2802 

Lamers, S. L., Fogel, G. B., Liu, E. S., Barbier, A. E., Rodriguez, C. W., Singer, E. J., . . . 
McGrath, M. S. (2018). Brain-specific HIV Nef identified in multiple patients 
with neurological disease. J Neurovirol, 24(1), 1-15. doi:10.1007/s13365-017-
0586-0 

Lamers, S. L., Poon, A. F., & McGrath, M. S. (2011). HIV-1 nef protein structures 
associated with brain infection and dementia pathogenesis. PLoS ONE, 6(2). 
doi:10.1371/journal.pone.0016659 

Langford, D., Oh Kim, B., Zou, W., Fan, Y., Rahimain, P., Liu, Y., & He, J. J. (2018). 
Doxycycline-inducible and astrocyte-specific HIV-1 Tat transgenic mice (iTat) as 
an HIV/neuroAIDS model. J Neurovirol, 24(2), 168-179. doi:10.1007/s13365-
017-0598-9 

Lashomb, A. L., Vigorito, M., & Chang, S. L. (2009). Further characterization of the 
spatial learning deficit in the human immunodeficiency virus-1 transgenic rat. J 

Neurovirol, 15(1), 14-24. doi:10.1080/13550280802232996 

Lata, S., Mishra, R., & Banerjea, A. C. (2018). Proteasomal Degradation Machinery: 
Favorite Target of HIV-1 Proteins. Front Microbiol, 9, 2738. 
doi:10.3389/fmicb.2018.02738 

Learmont, J. C., Geczy, A. F., Mills, J., Ashton, L. J., Raynes-Greenow, C. H., Garsia, R. 
J., . . . Sullivan, J. S. (1999). Immunologic and Virologic Status after 14 to 18 
Years of Infection with an Attenuated Strain of HIV-1 — A Report from the 
Sydney Blood Bank Cohort. N Engl J Med, 340(22), 1715-1722. 
doi:10.1056/NEJM199906033402203 

Lechler, M. C., Crawford, E. D., Groh, N., Widmaier, K., Jung, R., Kirstein, J., . . . 
David, D. C. (2017). Reduced Insulin/IGF-1 Signaling Restores the Dynamic 
Properties of Key Stress Granule Proteins during Aging. Cell Rep, 18(2), 454-
467. doi:10.1016/j.celrep.2016.12.033 

Lecoeur, H., Borgne-Sanchez, A., Chaloin, O., El-Khoury, R., Brabant, M., Langonné, 
A., . . . Jacotot, E. (2012). HIV-1 Tat protein directly induces mitochondrial 
membrane permeabilization and inactivates cytochrome c oxidase. Cell Death & 

Disease, 3(3), e282. doi:10.1038/cddis.2012.21 

Lee, C.-H., Saksela, K., Mirza, U. A., Chait, B. T., & Kuriyan, J. (1996). Crystal 
Structure of the Conserved Core of HIV-1 Nef Complexed with a Src Family SH3 
Domain. Cell, 85(6), 931-942. doi:10.1016/S0092-8674(00)81276-3 



  140

Lee, C. Y., & Landreth, G. E. (2010). The role of microglia in amyloid clearance from 
the AD brain. J Neural Transm (Vienna), 117(8), 949-960. doi:10.1007/s00702-
010-0433-4 

Lehmann, M. H., Lehmann, J. M., & Erfle, V. (2019). Nef-induced CCL2 expression 
contributes to HIV/SIV brain invasion and neuronal dysfunction. Frontiers in 

Immunology, 10, 2447.  

Lehmann, M. H., Lehmann, J. M., & Erfle, V. (2019). Nef-induced CCL2 Expression 
Contributes to HIV/SIV Brain Invasion and Neuronal Dysfunction. Front 

Immunol, 10, 2447. doi:10.3389/fimmu.2019.02447 

Lei, Z., Brizzee, C., & Johnson, G. V. W. (2015). BAG3 facilitates the clearance of 
endogenous tau in primary neurons. Neurobiol Aging, 36(1), 241-248. 
doi:10.1016/j.neurobiolaging.2014.08.012 

Leibrand, C. R., Paris, J. J., Ghandour, M. S., Knapp, P. E., Kim, W. K., Hauser, K. F., & 
McRae, M. (2017). HIV-1 Tat disrupts blood-brain barrier integrity and increases 
phagocytic perivascular macrophages and microglia in the dorsal striatum of 
transgenic mice. Neurosci Lett, 640, 136-143. doi:10.1016/j.neulet.2016.12.073 

Lennemann, N. J., & Coyne, C. B. (2015). Catch Me If You Can: The Link between 
Autophagy and Viruses. PLoS Pathog, 11(3), e1004685. 
doi:10.1371/journal.ppat.1004685 

Letendre, S., Marquie-Beck, J., Capparelli, E., Best, B., Clifford, D., Collier, A. C., . . . 
Ellis, R. J. (2008). Validation of the CNS Penetration-Effectiveness rank for 
quantifying antiretroviral penetration into the central nervous system. Arch 

Neurol, 65(1), 65-70. doi:10.1001/archneurol.2007.31 

Lévêque, N., Legoff, J., Mengelle, C., Mercier-Delarue, S., N'Guyen, Y., Renois, F., . . . 
Andréoletti, L. (2014). Virological diagnosis of central nervous system infections 
by use of PCR coupled with mass spectrometry analysis of cerebrospinal fluid 
samples. J Clin Microbiol, 52(1), 212-217. doi:10.1128/JCM.02270-13 

Levine, B., & Kroemer, G. (2019). Biological Functions of Autophagy Genes: A Disease 
Perspective. Cell, 176(1-2), 11-42. doi:10.1016/j.cell.2018.09.048 

Levy, R. (2005). Aging-Associated Cognitive Decline. Int Psychogeriatrics, 6(1), 63-68. 
doi:10.1017/S1041610294001626 

Li, J., Wang, W., Tong, P., Leung, C. K., Yang, G., Li, Z., . . . Zeng, X. (2018). 
Autophagy Induction by HIV-Tat and Methamphetamine in Primary Midbrain 
Neuronal Cells of Tree Shrews via the mTOR Signaling and ATG5/ATG7 
Pathway. Front Neurosci, 12, 921. doi:10.3389/fnins.2018.00921 



  141

Li, T.-S., & Marbán, E. (2010). Physiological levels of reactive oxygen species are 
required to maintain genomic stability in stem cells. Stem cells (Dayton, Ohio), 

28(7), 1178-1185. doi:10.1002/stem.438 

Li, W., Galey, D., Mattson, M. P., & Nath, A. (2005). Molecular and cellular 
mechanisms of neuronal cell death in HIV dementia. Neurotox Res, 8(1-2), 119-
134. doi:10.1007/bf03033824 

Li, W., Malpica-Llanos, T. M., Gundry, R., Cotter, R. J., Sacktor, N., McArthur, J., & 
Nath, A. (2008). Nitrosative stress with HIV dementia causes decreased L-
prostaglandin D synthase activity. Neurology, 70(19 Part 2), 1753. 
doi:10.1212/01.wnl.0000282761.19578.35 

Lin, M., Apolloni, A., Cutillas, V., Sivakumaran, H., Martin, S., Li, D., . . . Harrich, D. 
(2015). A mutant tat protein inhibits HIV-1 reverse transcription by targeting the 
reverse transcription complex. J Virol, 89(9), 4827-4836. doi:10.1128/jvi.03440-
14 

Lin, M., Sivakumaran, H., Apolloni, A., Wei, T., Jans, D. A., & Harrich, D. (2012). 
Nullbasic, a potent anti-HIV tat mutant, induces CRM1-dependent disruption of 
HIV rev trafficking. PLoS ONE, 7(12), e51466. 
doi:10.1371/journal.pone.0051466 

Lin, Y., Seo, J., Gao, F., Feldman, H. M., Wen, H.-L., Penney, J., . . . Cheng, J. (2018). 
APOE4 causes widespread molecular and cellular alterations associated with 
Alzheimer’s disease phenotypes in human iPSC-derived brain cell types. Neuron, 

98(6), 1141-1154. e1147. doi:10.1016/j.neuron.2018.05.008 

Liu, S., Xing, Y., Wang, J., Pan, R., Li, G., Tang, H., . . . Dong, J. (2019). The Dual Role 
of HIV-1 gp120 V3 Loop-Induced Autophagy in the Survival and Apoptosis of 
the Primary Rat Hippocampal Neurons. Neurochem Res, 44(7), 1636-1652. 
doi:10.1007/s11064-019-02788-3 

Liu, X., Jana, M., Dasgupta, S., Koka, S., He, J., Wood, C., & Pahan, K. (2002). Human 
immunodeficiency virus type 1 (HIV-1) tat induces nitric-oxide synthase in 
human astroglia. J Biol Chem, 277(42), 39312-39319. 
doi:10.1074/jbc.M205107200 

Liu, Y., Jones, M., Hingtgen, C. M., Bu, G., Laribee, N., Tanzi, R. E., . . . He, J. J. 
(2000). Uptake of HIV-1 tat protein mediated by low-density lipoprotein receptor-
related protein disrupts the neuronal metabolic balance of the receptor ligands. 
Nat Med, 6(12), 1380-1387. doi:10.1038/82199 

Loeffler, D. A., Klaver, A. C., Coffey, M. P., Aasly, J. O., & LeWitt, P. A. (2016). Age-
related decrease in heat shock 70-kDa protein 8 in cerebrospinal fluid is 



  142

associated with increased oxidative stress. Front Aging Neurosci, 8, 178. 
doi:10.3389/fnagi.2016.00178 

Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., & Kroemer, G. (2013). The 
Hallmarks of Aging. Cell, 153(6), 1194-1217. doi:10.1016/j.cell.2013.05.039 

Louboutin, J. P., Agrawal, L., Reyes, B. a. S., van Bockstaele, E. J., & Strayer, D. S. 
(2012). Gene delivery of antioxidant enzymes inhibits human immunodeficiency 
virus type 1 gp120-induced expression of caspases. Neuroscience, 214, 68-77. 
doi:10.1016/j.neuroscience.2012.03.061 

Louboutin, J. P., & Strayer, D. S. (2012). Blood-brain barrier abnormalities caused by 
HIV-1 gp120: mechanistic and therapeutic implications. ScientificWorldJournal, 

2012, 482575. doi:10.1100/2012/482575 

Lövheim, H., Gilthorpe, J., Johansson, A., Eriksson, S., Hallmans, G., & Elgh, F. (2015). 
Herpes simplex infection and the risk of Alzheimer's disease: A nested case-
control study. Alzheimers Dement, 11(6), 587-592. doi:10.1016/j.jalz.2014.07.157 

Lu, R. C., Yang, W., Tan, L., Sun, F. R., Tan, M. S., Zhang, W., . . . Tan, L. (2017). 
Association of HLA-DRB1 polymorphism with Alzheimer's disease: a replication 
and meta-analysis. Oncotarget, 8(54), 93219-93226. 
doi:10.18632/oncotarget.21479 

Lucin, K. M., & Wyss-Coray, T. (2009). Immune activation in brain aging and 
neurodegeneration: too much or too little? Neuron, 64(1), 110-122. 
doi:10.1016/j.neuron.2009.08.039. 

Ludlow, M., Kortekaas, J., Herden, C., Hoffmann, B., Tappe, D., Trebst, C., . . . 
Osterhaus, A. (2016). Neurotropic virus infections as the cause of immediate and 
delayed neuropathology. Acta Neuropathol, 131(2), 159-184. 
doi:10.1007/s00401-015-1511-3 

Luna, S., Cameron, D. J., & Ethell, D. W. (2013). Amyloid-β and APP deficiencies cause 
severe cerebrovascular defects: important work for an old villain. PLoS ONE, 

8(9), e75052. doi:10.1371/journal.pone.0075052 

Luo, L., Kawakatsu, M., Guo, C.-W., Urata, Y., Huang, W.-J., Ali, H., . . . Li, T.-S. 
(2014). Effects of antioxidants on the quality and genomic stability of induced 
pluripotent stem cells. Scientific reports, 4(1), 3779. doi:10.1038/srep03779 

Lynch, M. A. (2010). Age-related neuroinflammatory changes negatively impact on 
neuronal function. Front Aging Neurosci, 1, 6. doi:10.3389/neuro.24.006.2009 



  143

Macario, A. J., Grippo, T. M., & Conway de Macario, E. (2005). Genetic disorders 
involving molecular-chaperone genes: a perspective. Genet Med, 7(1), 3-12. 
doi:10.109701.Gim.0000151351.11876.C3 

Magnuson, D. S., Knudsen, B. E., Geiger, J. D., Brownstone, R. M., & Nath, A. (1995). 
Human immunodeficiency virus type 1 tat activates non-N-methyl-D-aspartate 
excitatory amino acid receptors and causes neurotoxicity. Ann Neurol, 37(3), 373-
380. doi:10.1002/ana.410370314 

Malva, J. O., Cunha, R. A., Oliveira, C. R., & Rego, A. C. (2007). Interaction between 

neurons and glia in aging and disease: Springer. 

Mamik, M. K., Hui, E., Branton, W. G., McKenzie, B. A., Chisholm, J., Cohen, E. A., & 
Power, C. (2017). HIV-1 viral protein R activates NLRP3 inflammasome in 
microglia: implications for HIV-1 associated neuroinflammation. J Neuroimmune 

Pharmacol, 12(2), 233-248. doi:10.1007/s11481-016-9708-3 

Mancuso, R., Cabinio, M., Agostini, S., Baglio, F., & Clerici, M. (2020). HSV-1-Specific 
IgG(3) Titers Correlate with Brain Cortical Thinning in Individuals with Mild 
Cognitive Impairment and Alzheimer's Disease. Vaccines, 8(2). 
doi:10.3390/vaccines8020255 

Mandell, D. T., Kristoff, J., Gaufin, T., Gautam, R., Ma, D., Sandler, N., . . . Pandrea, I. 
(2014). Pathogenic Features Associated with Increased Virulence upon Simian 
Immunodeficiency Virus Cross-Species Transmission from Natural Hosts. J 

Virol, 88(12), 6778. doi:10.1128/JVI.03785-13 

Mangino, G., Famiglietti, M., Capone, C., Veroni, C., Percario, Z. A., Leone, S., . . . 
Affabris, E. (2015). HIV-1 Myristoylated Nef Treatment of Murine Microglial 
Cells Activates Inducible Nitric Oxide Synthase, NO2 Production and Neurotoxic 
Activity. PLoS ONE, 10(6), e0130189. doi:10.1371/journal.pone.0130189 

Mapstone, M., Hilton, T. N., Yang, H. M., Guido, J. J., Luque, A. E., Hall, W. J., . . . 
Shah, K. (2013). Poor Aerobic Fitness May Contribute to Cognitive Decline in 
HIV-infected Older Adults. Aging Dis, 4(6), 311-319. 
doi:10.14336/ad.2013.0400311 

Marquer, C., Devauges, V., Cossec, J.-C., Liot, G., Lécart, S., Saudou, F., . . . Potier, M.-
C. (2011). Local cholesterol increase triggers amyloid precursor protein-Bace1 
clustering in lipid rafts and rapid endocytosis. Faseb j, 25(4), 1295-1305. 
doi:10.1096/fj.10-168633 

Marra, C. M., Deutsch, R., Collier, A. C., Morgello, S., Letendre, S., Clifford, D., . . . 
Grant, I. (2013). Neurocognitive impairment in HIV-infected individuals with 
previous syphilis. International Journal of STD & AIDS, 24(5), 351-355. 
doi:10.1177/0956462412472827 



  144

Marwarha, G., Raza, S., Prasanthi, J. R., & Ghribi, O. (2013). Gadd153 and NF-kappaB 
crosstalk regulates 27-hydroxycholesterol-induced increase in BACE1 and beta-
amyloid production in human neuroblastoma SH-SY5Y cells. PLoS ONE, 8(8), 
e70773. doi:10.1371/journal.pone.0070773 

Masiá, M., Padilla, S., Fernández, M., Rodríguez, C., Moreno, A., Oteo, J. A., . . . CoRis, 
B. (2016). Oxidative Stress Predicts All-Cause Mortality in HIV-Infected 
Patients. PLoS ONE, 11(4), e0153456. doi:10.1371/journal.pone.0153456 

Mastrantonio, R., Cervelli, M., Pietropaoli, S., Mariottini, P., Colasanti, M., & Persichini, 
T. (2016). HIV-Tat Induces the Nrf2/ARE Pathway through NMDA Receptor-
Elicited Spermine Oxidase Activation in Human Neuroblastoma Cells. PLoS 

ONE, 11(2), e0149802. doi:10.1371/journal.pone.0149802 

Mateju, D., Franzmann, T. M., Patel, A., Kopach, A., Boczek, E. E., Maharana, S., . . . 
Alberti, S. (2017). An aberrant phase transition of stress granules triggered by 
misfolded protein and prevented by chaperone function. Embo j, 36(12), 1669-
1687. doi:10.15252/embj.201695957 

Matheson, N. J., Sumner, J., Wals, K., Rapiteanu, R., Weekes, M. P., Vigan, R., . . . 
Lehner, P. J. (2015). Cell Surface Proteomic Map of HIV Infection Reveals 
Antagonism of Amino Acid Metabolism by Vpu and Nef. Cell Host Microbe, 

18(4), 409-423. doi:10.1016/j.chom.2015.09.003 

Mattson, M. P., & Magnus, T. (2006). Ageing and neuronal vulnerability. Nat Rev 

Neurosci, 7(4), 278-294. doi:10.1038/nrn1886 

McArthur, J., Haughey, N., Gartner, S., Conant, K., Pardo, C., Nath, A., & Sacktor, N. 
(2003). Human immunodeficiency virus-associated dementia: An evolving 
disease. J Neurovirol, 9(2), 205-221. doi:10.1080/13550280390194109 

McArthur, J., Steiner, J., Sacktor, N., & Nath, A. (2010). HIV-associated neurocognitive 
disorders: ‘mind the gap’. Ann Neurol, NA-NA. doi:10.1002/ana.22053 

McDonnell, J., Haddow, L., Daskalopoulou, M., Lampe, F., Speakman, A., Gilson, R., . . 
. Rodger, A. (2014). Minimal Cognitive Impairment in UK HIV-Positive Men 
Who Have Sex With Men: Effect of Case Definitions and Comparison With the 
General Population and HIV-Negative Men. AIDS, 67(2), 120-127. 
doi:10.1097/QAI.0000000000000273 

McDonough, I. M., Wood, M. M., & Miller, W. S., Jr. (2019). A Review on the 
Trajectory of Attentional Mechanisms in Aging and the Alzheimer's Disease 
Continuum through the Attention Network Test. Yale J Biol Med, 92(1), 37-51. 
doi:10.1186/s13195-017-0262-x 



  145

McKeith, I. G., Dickson, D. W., Lowe, J., Emre, M., O'Brien, J. T., Feldman, H., . . . 
Consortium, D. L. B. (2005). Diagnosis and management of dementia with Lewy 
bodies - Third report of the DLB consortium. Neurology, 65(12), 1863-1872. 
doi:10.1212/01.wnl.0000187889.17253.b1 

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R., Jr., Kawas, 
C. H., . . . Phelps, C. H. (2011). The diagnosis of dementia due to Alzheimer's 
disease: recommendations from the National Institute on Aging-Alzheimer's 
Association workgroups on diagnostic guidelines for Alzheimer's disease. 
Alzheimers Dement, 7(3), 263-269. doi:10.1016/j.jalz.2011.03.005 

McLaurin, K. A., Li, H., Booze, R. M., & Mactutus, C. F. (2019). Disruption of Timing: 
NeuroHIV Progression in the Post-cART Era. Scientific reports, 9(1), 827. 
doi:10.1038/s41598-018-36822-1 

McMurtray, A., Clark, D. G., Christine, D., & Mendez, M. F. (2006). Early-onset 
dementia: frequency and causes compared to late-onset dementia. Dementia and 

Geriatric Cognitive Disorders, 21(2), 59. doi:10.1159/000089546 

McNamara, R. K., Liu, Y., Jandacek, R., Rider, T., & Tso, P. (2008). The aging human 
orbitofrontal cortex: decreasing polyunsaturated fatty acid composition and 
associated increases in lipogenic gene expression and stearoyl-CoA desaturase 
activity. Prostaglandins Leukot Essent Fatty Acids, 78(4-5), 293-304. 
doi:10.1016/j.plefa.2008.04.001 

McQuail, J. A., Beas, B. S., Kelly, K. B., Simpson, K. L., Frazier, C. J., Setlow, B., & 
Bizon, J. L. (2016). NR2A-Containing NMDARs in the Prefrontal Cortex Are 
Required for Working Memory and Associated with Age-Related Cognitive 
Decline. J Neurosci, 36(50), 12537-12548. doi:10.1523/jneurosci.2332-16.2016 

Mele, A. R., Marino, J., Dampier, W., Wigdahl, B., & Nonnemacher, M. R. (2020). HIV-
1 Tat Length: Comparative and Functional Considerations. Front Microbiol, 11, 
444. doi:10.3389/fmicb.2020.00444 

Menzies, F. M., Fleming, A., Caricasole, A., Bento, C. F., Andrews, S. P., Ashkenazi, A., 
. . . Rubinsztein, D. C. (2017). Autophagy and Neurodegeneration: Pathogenic 
Mechanisms and Therapeutic Opportunities. Neuron, 93(5), 1015-1034. 
doi:10.1016/j.neuron.2017.01.022 

Meredith, L. W., Sivakumaran, H., Major, L., Suhrbier, A., & Harrich, D. (2009). Potent 
inhibition of HIV-1 replication by a Tat mutant. PLoS ONE, 4(11), e7769. 
doi:10.1371/journal.pone.0007769 

Meyer, J. P., Althoff, A. L., & Altice, F. L. (2013). Optimizing care for HIV-infected 
people who use drugs: evidence-based approaches to overcoming healthcare 
disparities. Clin Infect Dis, 57(9), 1309-1317. doi:10.1093/cid/cit427 



  146

Miciak, J. J., Hirshberg, J., & Bunz, F. (2018). Seamless assembly of recombinant 
adenoviral genomes from high-copy plasmids. PLoS ONE, 13(6), e0199563. 
doi:10.1371/journal.pone.0199563 

Mielke, M. M., Bandaru, V. V., McArthur, J. C., Chu, M., & Haughey, N. J. (2010). 
Disturbance in cerebral spinal fluid sphingolipid content is associated with 
memory impairment in subjects infected with the human immunodeficiency virus. 
J Neurovirol, 16(6), 445-456. doi:10.3109/13550284.2010.525599 

Minett, T., Classey, J., Matthews, F. E., Fahrenhold, M., Taga, M., Brayne, C., . . . 
Boche, D. (2016). Microglial immunophenotype in dementia with Alzheimer's 
pathology. J Neuroinflammation, 13(1), 135. doi:10.1186/s12974-016-0601-z 

Minoia, M., Boncoraglio, A., Vinet, J., Morelli, F. F., Brunsting, J. F., Poletti, A., . . . 
Carra, S. (2014). BAG3 induces the sequestration of proteasomal clients into 
cytoplasmic puncta: implications for a proteasome-to-autophagy switch. 
Autophagy, 10(9), 1603-1621. doi:10.4161/auto.29409 

Mirzaei, H., & Regnier, F. (2008). Protein:protein aggregation induced by protein 
oxidation. J Chromatogr B Analyt Technol Biomed Life Sci, 873(1), 8-14. 
doi:10.1016/j.jchromb.2008.04.025 

Mitchell, R., Chiang, C.-Y., Berry, C., & Bushman, F. (2003). Global analysis of cellular 
transcription following infection with an hiv-based vector. Molecular Therapy, 

8(4), 674-687. doi:10.1016/S1525-0016(03)00215-6 

Mohseni Ahooyi, T., Shekarabi, M., Decoppet, E. A., Langford, D., Khalili, K., & 
Gordon, J. (2018). Network analysis of hippocampal neurons by microelectrode 
array in the presence of HIV-1 Tat and cocaine. J Cell Physiol, 233(12), 9299-
9311. doi:10.1002/jcp.26322 

Mohseni Ahooyi, T., Shekarabi, M., Torkzaban, B., Langford, T. D., Burdo, T. H., 
Gordon, J., . . . Khalili, K. (2018). Dysregulation of Neuronal Cholesterol 
Homeostasis upon Exposure to HIV-1 Tat and Cocaine Revealed by RNA-
Sequencing. Scientific reports, 8(1), 16300. doi:10.1038/s41598-018-34539-9 

Mohseni Ahooyi, T., Torkzaban, B., Shekarabi, M., Tahrir, F. G., Decoppet, E. A., Cotto, 
B., . . . Khalili, K. (2019). Perturbation of synapsins homeostasis through HIV-1 
Tat-mediated suppression of BAG3 in primary neuronal cells. Cell Death & 

Disease, 10(7), 473. doi:10.1038/s41419-019-1702-2 

Moir, R. D., Lathe, R., & Tanzi, R. E. (2018). The antimicrobial protection hypothesis of 
Alzheimer's disease. Alzheimers Dement, 14(12), 1602-1614. 
doi:10.1016/j.jalz.2018.06.3040 



  147

Mollace, V., Nottet, H. S. L. M., Clayette, P., Turco, M. C., Muscoli, C., Salvemini, D., 
& Perno, C. F. (2001). Oxidative stress and neuroAIDS: triggers, modulators and 
novel antioxidants. Trends Neurosci, 24(7), 411-416. doi:10.1016/S0166-
2236(00)01819-1 

Molliex, A., Temirov, J., Lee, J., Coughlin, M., Kanagaraj, A. P., Kim, H. J., . . . Taylor, 
J. P. (2015). Phase separation by low complexity domains promotes stress granule 
assembly and drives pathological fibrillization. Cell, 163(1), 123-133. 
doi:10.1016/j.cell.2015.09.015 

Moran, L. M., Booze, R. M., & Mactutus, C. F. (2014). Modeling deficits in attention, 
inhibition, and flexibility in HAND. J Neuroimmune Pharmacol, 9(4), 508-521. 
doi:10.1007/s11481-014-9539-z 

Mordelet, E., Kissa, K., Cressant, A., Gray, F., Ozden, S., Vidal, C., . . . Granon, S. 
(2004). Histopathological and cognitive defects induced by Nef in the brain. 
Faseb j, 18(15), 1851-1861. doi:10.1096/fj.04-2308com 

Moujaber, O., Mahboubi, H., Kodiha, M., Bouttier, M., Bednarz, K., Bakshi, R., . . . 
Stochaj, U. (2017). Dissecting the molecular mechanisms that impair stress 
granule formation in aging cells. Biochimica et Biophysica Acta (BBA) - 

Molecular Cell Research, 1864(3), 475-486. doi:10.1016/j.bbamcr.2016.12.008 

Mrak, R. E., & Griffin, W. S. (2005). Glia and their cytokines in progression of 
neurodegeneration. Neurobiol Aging, 26(3), 349-354. 
doi:10.1016/j.neurobiolaging.2004.05.010 

Mudò, G., Frinchi, M., Nuzzo, D., Scaduto, P., Plescia, F., Massenti, M. F., . . . Grimaldi, 
L. M. (2019). Anti-inflammatory and cognitive effects of interferon-β1a (IFNβ1a) 
in a rat model of Alzheimer’s disease. J Neuroinflammation, 16(1), 44. 
doi:10.1186/s12974-019-1417-4 

Murphy, Michael P., Holmgren, A., Larsson, N.-G., Halliwell, B., Chang, Christopher J., 
Kalyanaraman, B., . . . Winterbourn, Christine C. (2011). Unraveling the 
Biological Roles of Reactive Oxygen Species. Cell Metab, 13(4), 361-366. 
doi:10.1016/j.cmet.2011.03.010 

Na, H., Acharjee, S., Jones, G., Vivithanaporn, P., Noorbakhsh, F., McFarlane, N., . . . 
Cohen, É. A. (2011). Interactions between human immunodeficiency virus (HIV)-
1 Vpr expression and innate immunity influence neurovirulence. Retrovirology, 

8(1), 44. doi:10.1186/1742-4690-8-44 

Narciso, P., Tozzi, V., D'Offizi, G., Carli, G., Orchi, N., Galati, V., . . . Puro, V. (2001). 
Metabolic and Morphologic Disorders in Patients Treated with Highly Active 
Antiretroviral Therapy since Primary HIV Infection. Ann N Y Acad Sci, 946(1), 
214-222. doi:10.1111/j.1749-6632.2001.tb03914.x 



  148

Nath, A. (2002). Human Immunodeficiency Virus (HIV) Proteins in Neuropathogenesis 
of HIV Dementia. J Inf Dis, 186, S193-S198. doi:10.1086/344528 

Nath, A., Conant, K., Chen, P., Scott, C., & Major, E. O. (1999). Transient exposure to 
HIV-1 Tat protein results in cytokine production in macrophages and astrocytes A 
hit and run phenomenon. J Biol Chem, 274(24), 17098-17102. 
doi:10.1074/jbc.274.24.17098 

Navarro-Yepes, J., Burns, M., Anandhan, A., Khalimonchuk, O., del Razo, L. M., 
Quintanilla-Vega, B., . . . Franco, R. (2014). Oxidative Stress, Redox Signaling, 
and Autophagy: Cell Death Versus Survival. Antioxid Redox Signal, 21(1), 66-85. 
doi:10.1089/ars.2014.5837 

Negash, S., Wilson, R. S., Leurgans, S. E., Wolk, D. A., Schneider, J. A., Buchman, A. 
S., . . . Arnold, S. E. (2013). Resilient brain aging: characterization of discordance 
between Alzheimer's disease pathology and cognition. Curr Alzheimer Res, 10(8), 
844-851. doi:10.2174/15672050113109990157 

Nelson, P. T., Alafuzoff, I., Bigio, E. H., Bouras, C., Braak, H., Cairns, N. J., . . . Beach, 
T. G. (2012). Correlation of Alzheimer Disease Neuropathologic Changes With 
Cognitive Status: A Review of the Literature. J Neuropathol Exp Neurol, 71(5), 
362-381. doi:10.1097/NEN.0b013e31825018f7 

Ngandu, T., Lehtisalo, J., Solomon, A., Levalahti, E., Ahtiluoto, S., Antikainen, R., . . . 
Kivipelto, M. (2015). A 2 year multidomain intervention of diet, exercise, 
cognitive training, and vascular risk monitoring versus control to prevent 
cognitive decline in at-risk elderly people (FINGER): a randomised controlled 
trial. Lancet, 385(9984), 2255-2263. doi:10.1016/s0140-6736(15)60461-5 

Nguyen, T. P., Soukup, V. M., & Gelman, B. B. (2010). Persistent hijacking of brain 
proteasomes in HIV-associated dementia. Am J Pathol, 176(2), 893-902. 
doi:10.2353/ajpath.2010.090390 

Nicoli, F., Chachage, M., Clowes, P., Bauer, A., Kowour, D., Ensoli, B., . . . Geldmacher, 
C. (2016). Association between different anti-Tat antibody isotypes and HIV 
disease progression: data from an African cohort. BMC Infect Dis, 16, 344. 
doi:10.1186/s12879-016-1647-3 

Nielsen-Bohlman, L., Fein, G., Boyle, D., & Ezekiel, F. (2002). N400 event-related 
potential reduction indexes: early central nervous system impairment in HIV. J 

NeuroAIDS, 2(3), 51-65. doi:10.1300/j128v02n03_04 

Nimse, S. B., & Pal, D. (2015). Free radicals, natural antioxidants, and their reaction 
mechanisms. Rsc Advances, 5(35), 27986-28006. doi:10.1007/s00204-015-1579-5 



  149

Niraula, A., Sheridan, J., & Godbout, J. (2017). Microglia Priming with Aging and 
Stress. Neuropsychopharm, 42(1), 318-333. doi:10.1038/npp.2016.185 

Nookala, A. R., Schwartz, D. C., Chaudhari, N. S., Glazyrin, A., Stephens, E. B., 
Berman, N. E. J., & Kumar, A. (2018). Methamphetamine augment HIV-1 Tat 
mediated memory deficits by altering the expression of synaptic proteins and 
neurotrophic factors. Brain Behav Immun, 71, 37-51. 
doi:10.1016/j.bbi.2018.04.018 

Norden, D. M., Muccigrosso, M. M., & Godbout, J. P. (2015). Microglial priming and 
enhanced reactivity to secondary insult in aging, and traumatic CNS injury, and 
neurodegenerative disease. Neuropharm, 96(Pt A), 29-41. 
doi:10.1016/j.neuropharm.2014.10.028 

Nover, L., Scharf, K. D., & Neumann, D. (1989). Cytoplasmic heat shock granules are 
formed from precursor particles and are associated with a specific set of mRNAs. 
Mol Cell Biol, 9(3), 1298-1308. doi:10.1128/mcb.9.3.1298 

O'Riordan, S. L., & Lowry, J. P. (2017). In vivo characterisation of a catalase-based 
biosensor for real-time electrochemical monitoring of brain hydrogen peroxide in 
freely-moving animals. Analytical Methods, 9(8), 1253-1264. 
doi:10.1039/c6ay03066a 

Ochoa, L. N., Wang, X., Weakley, S. M., Kougias, P., Lin, P. H., Yao, Q., & Chen, C. 
(2010). Naturally Occurring Antioxidant Phloretin Inhibits The HIV Nef Protein-
Induced Endothelial Dysfunction in Porcine Coronary Artery Rings. Journal of 

Surgical Research, 158(2), 361. doi:10.1016/j.jss.2009.11.521 

Oh, M., Oliveira, F. A., & Disterhoft, J. F. (2010). Learning and Aging Related Changes 
in Intrinsic Neuronal Excitability. Front Aging Neurosci, 2. 
doi:10.3389/neuro.24.002.2010 

Oh, M., Simkin, D., & Disterhoft, J. F. (2016). Intrinsic Hippocampal Excitability 
Changes of Opposite Signs and Different Origins in CA1 and CA3 Pyramidal 
Neurons Underlie Aging-Related Cognitive Deficits. Front Syst Neurosci, 10, 52. 
doi:10.3389/fnsys.2016.00052 

Oka, F., Naito, T., Oike, M., Imai, R., Saita, M., Inui, A., . . . Shimbo, T. (2012). 
Correlation between HIV disease and lipid metabolism in antiretroviral-naïve 
HIV-infected patients in Japan. J Inf Chem, 18(1), 17-21. doi:10.1007/s10156-
011-0275-5 

Olivetta, E., Pietraforte, D., Schiavoni, I., Minetti, M., Federico, M., & Sanchez, M. 
(2005). HIV-1 Nef regulates the release of superoxide anions from human 
macrophages. Biochem J, 390(Pt 2), 591-602. doi:10.1042/bj20042139 



  150

Organization, W. H. (2006). Neurological disorders: public health challenges. Retrieved 
from  

Organization, W. H. (2015). World report on ageing and health. Retrieved from 
Luxembourg:  

Organization, W. H. (2018). The top 10 causes of death. Retrieved from  

Overton, E. T., Azad, T. D., Parker, N., Shaw, D. D., Frain, J., Spitz, T., . . . Ances, B. M. 
(2013). The Alzheimer's disease-8 and Montreal Cognitive Assessment as 
screening tools for neurocognitive impairment in HIV-infected persons. J 

Neurovirol, 19(1), 109-116. doi:10.1007/s13365-012-0147-5 

Palmer, A., Gabler, K., Rachlis, B., Ding, E., Chia, J., Bacani, N., . . . Hogg, R. (2018). 
Viral suppression and viral rebound among young adults living with HIV in 
Canada. Medicine, 97(22), e10562. doi:10.1097/MD.0000000000010562 

Pamplona, R. (2008). Membrane phospholipids, lipoxidative damage and molecular 
integrity: A causal role in aging and longevity. Biochimica et Biophysica Acta 

(BBA) - Bioenergetics, 1777(10), 1249-1262. doi:10.1016/j.bbabio.2008.07.003 

Panas, M. D., Ivanov, P., & Anderson, P. (2016). Mechanistic insights into mammalian 
stress granule dynamics. J Cell Biol, 215(3), 313-323. doi:10.1083/jcb.201609081 

Paris, J. J., Carey, A. N., Shay, C. F., Gomes, S. M., He, J. J., & McLaughlin, J. P. 
(2014). Effects of conditional central expression of HIV-1 tat protein to potentiate 
cocaine-mediated psychostimulation and reward among male mice. 
Neuropsychopharmacology, 39(2), 380-388. doi:10.1038/npp.2013.201 

Paris, J. J., Fenwick, J., & McLaughlin, J. P. (2014). Progesterone protects normative 
anxiety-like responding among ovariectomized female mice that conditionally 
express the HIV-1 regulatory protein, Tat, in the CNS. Horm Behav, 65(5), 445-
453. doi:10.1016/j.yhbeh.2014.04.001 

Paris, J. J., Singh, H. D., Ganno, M. L., Jackson, P., & McLaughlin, J. P. (2014). 
Anxiety-like behavior of mice produced by conditional central expression of the 
HIV-1 regulatory protein, Tat. Psychopharmacology (Berl), 231(11), 2349-2360. 
doi:10.1007/s00213-013-3385-1 

Pasipanodya, E. C., Montoya, J. L., Campbell, L. M., Hussain, M. A., Saloner, R., 
Paolillo, E. M., . . . Moore, D. J. (2019). Metabolic Risk Factors as Differential 
Predictors of Profiles of Neurocognitive Impairment Among Older HIV+ and 
HIV− Adults: An Observational Study. Arch Clin Neuropsychol. 
doi:10.1093/arclin/acz040 



  151

Patel, A., Lee, H. O., Jawerth, L., Maharana, S., Jahnel, M., Hein, M. Y., . . . Alberti, S. 
(2015). A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated 
by Disease Mutation. Cell, 162(5), 1066-1077. doi:10.1016/j.cell.2015.07.047 

Patel, C. A., Mukhtar, M., & Pomerantz, R. J. (2000). Human Immunodeficiency Virus 
Type 1 Vpr Induces Apoptosis in Human Neuronal Cells. Journal of Virology, 

74(20), 9717-9726. doi:10.1128/JVI.74.20.9717-9726.2000 

Paulsen, J. S. (2011). Cognitive impairment in Huntington disease: diagnosis and 
treatment. Curr Neurol Neurosci Rep, 11(5), 474-483. doi:10.1111/ene.13413 

Pawate, S., Shen, Q., Fan, F., & Bhat, N. R. (2004). Redox regulation of glial 
inflammatory response to lipopolysaccharide and interferongamma. J Neurosci 

Res, 77(4), 540-551. doi:10.1002/jnr.20180 

Pérez, V. I., Buffenstein, R., Masamsetti, V., Leonard, S., Salmon, A. B., Mele, J., . . . 
Chaudhuri, A. (2009). Protein stability and resistance to oxidative stress are 
determinants of longevity in the longest-living rodent, the naked mole-rat. Proc 

Natl Acad Sci U S A, 106, 3059-3064. doi:10.1073/pnas.0809620106 

Perez-Nievas, B. G., Stein, T. D., Tai, H.-C., Dols-Icardo, O., Scotton, T. C., Barroeta-
Espar, I., . . . Gómez-Isla, T. (2013). Dissecting phenotypic traits linked to human 
resilience to Alzheimer’s pathology. Brain, 136(8), 2510-2526. 
doi:10.1093/brain/awt171 

Perry, R. J., & Hodges, J. R. (1999). Attention and executive deficits in Alzheimer's 
disease - A critical review. Brain, 122, 383-404. doi:10.1093/brain/122.3.383 

Phukan, J., Pender, N. P., & Hardiman, O. (2007). Cognitive impairment in amyotrophic 
lateral sclerosis. Lancet Neurol, 6(11), 994-1003. doi:10.1016/s1474-
4422(07)70265-x 

Piller, S. C., Jans, P., Gage, P. W., & Jans, D. A. (1998). Extracellular HIV-1 virus 
protein R causes a large inward current and cell death in cultured hippocampal 
neurons: Implications for AIDS pathology. Proc Natl Acad Sci U S A, 95(8), 
4595-4600. doi:10.1073/pnas.95.8.4595 

Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., Arcoraci, V., . . . Bitto, A. 
(2017). Oxidative Stress: Harms and Benefits for Human Health. Oxid Med Cell 

Longev, 2017, 8416763. doi:10.1155/2017/8416763 

Pollard, D. A., Pollard, T. D., & Pollard, K. S. (2019). Empowering statistical methods 
for cellular and molecular biologists. Mol Biol Cell, 30(12), 1359-1368. 
doi:10.1091/mbc.E15-02-0076 



  152

Pope, M., Betjes, M. G. H., Romani, N., Hirmand, H., Cameron, P. U., Hoffman, L., . . . 
Steinman, R. M. (1994). Conjugates of dendritic cells and memory T lymphocytes 
from skin facilitate productive infection with HIV-1. Cell, 78(3), 389-398. 
doi:10.1016/0092-8674(94)90418-9 

Price, T., Ercal, N., Nakaoke, R., & Banks, W. A. (2005). HIV-1 viral proteins gp120 and 
Tat induce oxidative stress in brain endothelial cells. Brain Res, 1045(1-2), 57-63. 
doi:10.1016/j.brainres.2005.03.031 

Prince, M., Comas-Herrera, A., Knapp, M., Guerchet, M., & Karagiannidou, M. (2016). 
World Alzheimer report 2016: improving healthcare for people living with 

dementia: coverage, quality and costs now and in the future. Retrieved from  

Protter, D. S., & Parker, R. (2016). Principles and properties of stress granules. Trends in 

cell biology, 26(9), 668-679. doi:10.1016/j.tcb.2016.05.004 

Puglielli, L., Tanzi, R. E., & Kovacs, D. M. (2003). Alzheimer's disease: the cholesterol 
connection. Nature Neuro, 6(4), 345-351. doi:10.1038/nn0403-345 

Putatunda, R., Zhang, Y., Li, F., Fagan, P. R., Zhao, H., Ramirez, S. H., . . . Hu, W. 
(2019). Sex-specific neurogenic deficits and neurocognitive disorders in middle-
aged HIV-1 Tg26 transgenic mice. Brain Behav Immun, 80, 488-499. 
doi:10.1016/j.bbi.2019.04.029 

Pyeon, D., Rojas, V. K., Price, L., Kim, S., Meharvan, S., & Park, I. W. (2019). HIV-1 
Impairment via UBE3A and HIV-1 Nef Interactions Utilizing the Ubiquitin 
Proteasome System. Viruses, 11(12). doi:10.3390/v11121098 

Qin, L., Block, M. L., Liu, Y., Bienstock, R. J., Pei, Z., Zhang, W., . . . Hong, J. S. 
(2005). Microglial NADPH oxidase is a novel target for femtomolar 
neuroprotection against oxidative stress. Faseb j, 19(6), 550-557. 
doi:10.1096/fj.04-2857com 

Qin, L., Li, G., Qian, X., Liu, Y., Wu, X., Liu, B., . . . Block, M. L. (2005). Interactive 
role of the toll-like receptor 4 and reactive oxygen species in LPS-induced 
microglia activation. Glia, 52(1), 78-84. doi:10.1002/glia.20225 

Qin, L., Liu, Y., Hong, J. S., & Crews, F. T. (2013). NADPH oxidase and aging drive 
microglial activation, oxidative stress, and dopaminergic neurodegeneration 
following systemic LPS administration. Glia, 61(6), 855-868. 
doi:10.1002/glia.22479 

Qin, L., Liu, Y., Wang, T., Wei, S. J., Block, M. L., Wilson, B., . . . Hong, J. S. (2004). 
NADPH oxidase mediates lipopolysaccharide-induced neurotoxicity and 
proinflammatory gene expression in activated microglia. J Biol Chem, 279(2), 
1415-1421. doi:10.1074/jbc.M307657200 



  153

Rahimi, J., & Kovacs, G. G. (2014). Prevalence of mixed pathologies in the aging brain. 
Alzheimers Res Ther, 6(9). doi:10.1186/s13195-014-0082-1 

Rahimian, P., & He, J. J. (2016a). Exosome-associated release, uptake, and neurotoxicity 
of HIV-1 Tat protein. J Neurovirol, 22(6), 774-788. doi:10.1007/s13365-016-
0451-6 

Rahimian, P., & He, J. J. (2016b). HIV-1 Tat-shortened neurite outgrowth through 
regulation of microRNA-132 and its target gene expression. J 

Neuroinflammation, 13(1), 247-247. doi:10.1186/s12974-016-0716-2 

Rai, P., Plagov, A., Lan, X., Chandel, N., Singh, T., Lederman, R., . . . Singhal, P. C. 
(2013). mTOR plays a critical role in p53-induced oxidative kidney cell injury in 
HIVAN. Am J Physiol Renal Physiol, 305(3), F343-354. 
doi:10.1152/ajprenal.00135.2013 

Ranki, A., Nyberg, M., Ovod, V., Haltia, M., Elovaara, I., Raininko, R., . . . Krohn, K. 
(1995). Abundant expression of HIV Nef and Rev proteins in brain astrocytes in 
vivo is associated with dementia. AIDS, 9(9), 1001-1008. doi:10.1097/00002030-
199509000-00004 

Rao, S., Cinti, A., Temzi, A., Amorim, R., You, J. C., & Mouland, A. J. (2018). HIV-1 
NC-induced stress granule assembly and translation arrest are inhibited by the 
dsRNA binding protein Staufen1. Rna, 24(2), 219-236. 
doi:10.1261/rna.064618.117 

Rao, S., Hassine, S., Monette, A., Amorim, R., Desgroseillers, L., & Mouland, A. J. 
(2019). HIV-1 requires Staufen1 to dissociate stress granules and to produce 
infectious viral particles. Rna, 25(6), 727-736. doi:10.1261/rna.069351.118 

Rao, V., Ruiz, A. P., & Prasad, V. R. (2014). Viral and cellular factors underlying 
neuropathogenesis in HIV associated neurocognitive disorders (HAND). AIDS 

research and therapy, 11, 13. doi:10.1186/1742-6405-11-13 

Ravid, T., & Hochstrasser, M. (2008). Diversity of degradation signals in the ubiquitin-
proteasome system. Nat Rev Mol Cell Biol, 9(9), 679-690. doi:10.1038/nrm2468 

Raymond, A., Campbell-Sims, T., Khan, M., Lang, M., Huang, M., Bond, V., & Powell, 
M. (2011). HIV type 1 Nef is released from infected cells in CD45+ microvesicles 
and is present in the plasma of HIV-infected individuals. AIDS Res Hum 

Retroviruses, 27(2), 167-178. doi:10.1089/aid.2009.0170 

Rea, I. M., Gibson, D. S., McGilligan, V., McNerlan, S. E., Alexander, H. D., & Ross, O. 
A. (2018). Age and Age-Related Diseases: Role of Inflammation Triggers and 
Cytokines. Front Immunol, 9, 586. doi:10.3389/fimmu.2018.00586 



  154

Readhead, B., Haure-Mirande, J. V., Funk, C. C., Richards, M. A., Shannon, P., 
Haroutunian, V., . . . Dudley, J. T. (2018). Multiscale Analysis of Independent 
Alzheimer's Cohorts Finds Disruption of Molecular, Genetic, and Clinical 
Networks by Human Herpesvirus. Neuron, 99(1), 64-82 e67. 
doi:10.1016/j.neuron.2018.05.023 

Reddy, P. V. B., Agudelo, M., Atluri, V. S. R., & Nair, M. P. (2012). Inhibition of 
Nuclear Factor Erythroid 2-Related Factor 2 Exacerbates HIV-1 gp120-Induced 
Oxidative and Inflammatory Response: Role in HIV Associated Neurocognitive 
Disorder. Neurochem Res, 37(8), 1697-1706. doi:10.1007/s11064-012-0779-0 

Rempel, H. C., & Pulliam, L. (2005). HIV-1 Tat inhibits neprilysin and elevates amyloid 
β. AIDS, 19(2), 127-135. doi:10.1097/00002030-200501280-00004 

Repunte-Canonigo, V., Lefebvre, C., George, O., Kawamura, T., Morales, M., Koob, G. 
F., . . . Sanna, P. P. (2014). Gene expression changes consistent with neuroAIDS 
and impaired working memory in HIV-1 transgenic rats. Mol Neurodegener, 9(1), 
26. doi:10.1186/1750-1326-9-26 

Reuter-Lorenz, P., & Cappell, K. (2008). Neurocognitive Aging and the Compensation 
Hypothesis. Curr Directions in Psychological Sci, 17(3), 177-182. 
doi:10.1111/j.1467-8721.2008.00570.x 

Reuter-Lorenz, P., Grady, C., Cabeza, R., & Dennis, N. (2013). Principles of Frontal 

Lobe Function: Oxford University Press. 

Reuter-Lorenz, P., & Lustig, C. (2005). Brain aging: reorganizing discoveries about the 
aging mind. Curr Opin Neurobiol, 15(2), 245-251. 
doi:10.1016/j.conb.2005.03.016 

Rho, M. B., Wesselingh, S., Glass, J. D., Mcarthur, J. C., Choi, S., Griffin, J., & Tyor, W. 
R. (1995). A Potential Role for Interferon-α in the Pathogenesis of HIV-
Associated Dementia. Brain, behavior, and immunity, 9(4), 366-377. 
doi:10.1006/brbi.1995.1034 

Ricart, K. C., & Fiszman, M. L. (2001). Hydrogen peroxide-induced neurotoxicity in 
cultured cortical cells grown in serum-free and serum-containing media. 
Neurochem Res, 26(7), 801-808. doi:10.1023/a:1011660001941 

Ricciarelli, R., & Fedele, E. (2017). The Amyloid Cascade Hypothesis in Alzheimer's 
Disease: It's Time to Change Our Mind. Curr Neuropharmacol, 15(6), 926-935. 
doi:10.2174/1570159X15666170116143743 

Rivest, S. (2009). Regulation of innate immune responses in the brain. Nat Rev Immunol, 

9(6), 429-439. doi:10.1038/nri2565 



  155

Roberts, M. N., Wallace, M. A., Tomilov, A. A., Zhou, Z., Marcotte, G. R., Tran, D., . . . 
Lopez-Dominguez, J. A. (2017). A Ketogenic Diet Extends Longevity and 
Healthspan in Adult Mice. Cell Metab, 26(3), 539-546 e535. 
doi:10.1016/j.cmet.2017.08.005 

Robertson, K., Fiscus, S., Kapoor, C., Robertson, W., Schneider, G., Shepard, R., . . . 
Hall, C. (1998). CSF, Plasma Viral Load and HIV Associated Dementia. J 

Neurovirol, 4(1), 90-94. doi:10.3109/13550289809113485 

Robertson, K., Su, Z., Margolis, D. M., Krambrink, A., Havlir, D. V., Evans, S., & 
Skiest, D. J. (2010). Neurocognitive effects of treatment interruption in stable 
HIV-positive patients in an observational cohort. Neurology, 74(16), 1260-1266. 
doi:10.1212/WNL.0b013e3181d9ed09 

Rom, I., Deshmane, S. L., Mukerjee, R., Khalili, K., Amini, S., & Sawaya, B. E. (2009). 
HIV-1 Vpr deregulates calcium secretion in neural cells. Brain Res, 1275, 81-86. 
doi:10.1016/j.brainres.2009.03.024 

Roodveldt, C., Bertoncini, C. W., Andersson, A., van der Goot, A. T., Hsu, S. T., 
Fernandez-Montesinos, R., . . . Dobson, C. M. (2009). Chaperone proteostasis in 
Parkinson's disease: stabilization of the Hsp70/alpha-synuclein complex by Hip. 
Embo j, 28(23), 3758-3770. doi:10.1038/emboj.2009.298 

Rosati, A., Graziano, V., De Laurenzi, V., Pascale, M., & Turco, M. C. (2011). BAG3: a 
multifaceted protein that regulates major cell pathways. Cell Death & Disease, 2, 
e141. doi:10.1038/cddis.2011.24 

Rosati, A., Khalili, K., Deshmane, S. L., Radhakrishnan, S., Pascale, M., Turco, M. C., & 
Marzullo, L. (2009). BAG3 protein regulates caspase-3 activation in HIV-1-
infected human primary microglial cells. J Cell Physiol, 218(2), 264-267. 
doi:10.1002/jcp.21604 

Rosati, A., Leone, A., Del Valle, L., Amini, S., Khalili, K., & Turco, M. C. (2007). 
Evidence for BAG3 modulation of HIV-1 gene transcription. J Cell Physiol, 

210(3), 676-683. doi:10.1002/jcp.20865 

Rose, H., Hoy, J., Woolley, I., Tchoua, U., Bukrinsky, M., Dart, A., & Sviridov, D. 
(2008). HIV infection and high density lipoprotein metabolism. Atherosclerosis, 

199(1), 79-86. doi:10.1016/j.metabol.2005.07.012 

Ross, C. A., & Poirier, M. A. (2004). Protein aggregation and neurodegenerative disease. 
Nat Med, 10(7), S10-S17. doi:10.1038/nm1066 

Roth, H., Magg, V., Uch, F., Mutz, P., Klein, P., Haneke, K., . . . Ruggieri, A. (2017). 
Flavivirus Infection Uncouples Translation Suppression from Cellular Stress 
Responses. mBio, 8. doi:10.1128/mBio.02150-16 



  156

Rouser, G., & Yamamoto, A. (1968). Curvilinear regression course of human brain lipid 
composition changes with age. Lipids, 3(3), 284-287. doi:10.1007/BF02531202 

Rozzi, S. J., Avdoshina, V., Fields, J. A., & Mocchetti, I. (2018). Human 
immunodeficiency virus Tat impairs mitochondrial fission in neurons. Cell Death 

Discovery, 4(1), 8. doi:10.1038/s41420-017-0013-6 

Rubartelli, A., & Lotze, M. T. (2007). Inside, outside, upside down: damage-associated 
molecular-pattern molecules (DAMPs) and redox. Trends Immunol, 28(10), 429-
436. doi:10.1016/j.it.2007.08.004 

Rüdiger, S., Germeroth, L., Schneider-Mergener, J., & Bukau, B. (1997). Substrate 
specificity of the DnaK chaperone determined by screening cellulose-bound 
peptide libraries. Embo j, 16(7), 1501-1507. doi:10.1093/emboj/16.7.1501 

Rustanti, L., Jin, H., Lor, M., Lin, M. H., Rawle, D. J., & Harrich, D. (2017). A mutant 
Tat protein inhibits infection of human cells by strains from diverse HIV-1 
subtypes. Virol J, 14(1), 52. doi:10.1186/s12985-017-0705-9 

Ryan, E. L., Morgello, S., Isaacs, K., Naseer, M., Gerits, P., & Bank, t. M. H. B. (2004). 
Neuropsychiatric impact of hepatitis C on advanced HIV. Neurology, 62(6), 957-
962. doi:10.1212/01.WNL.0000115177.74976.6C 

Sabatier, J. M., Vives, E., Mabrouk, K., Benjouad, A., Rochat, H., Duval, A., . . . 
Bahraoui, E. (1991). Evidence for neurotoxic activity of tat from human 
immunodeficiency virus type 1. Journal of Virology, 65(2), 961-967.  

Sabbah, E. N., & Roques, B. P. (2005). Critical implication of the (70–96) domain of 
human immunodeficiency virus type 1 Vpr protien in apoptosis of primary rat 
cortical and straital neurons. J Neurovirol, 11(6), 489-502. 
doi:10.1080/13550280500384941 

Sacktor, N., Haughey, N., Cutler, R., Tamara, A., Turchan, J., Pardo, C., . . . Nath, A. 
(2004). Novel markers of oxidative stress in actively progressive HIV dementia. J 

Neuroimmunol, 157(1-2), 176-184. doi:10.1016/j.jneuroim.2004.08.037 

Sacktor, N., Skolasky, R. L., Moxley, R., Wang, S., Mielke, M. M., Munro, C., . . . 
McArthur, J. (2018). Paroxetine and fluconazole therapy for HIV-associated 
neurocognitive impairment: results from a double-blind, placebo-controlled trial. 
J Neurovirol, 24(1), 16-27. doi:10.1007/s13365-017-0587-z 

Sacktor, N., Skolasky, R. L., Seaberg, E., Munro, C., Becker, J. T., Martin, E., . . . Miller, 
E. (2016). Prevalence of HIV-associated neurocognitive disorders in the 
Multicenter AIDS Cohort Study. Neurology, 86(4), 334-340. 
doi:10.1212/WNL.0000000000002277 



  157

Sagnier, S., Daussy, C. F., Borel, S., Robert-Hebmann, V., Faure, M., Blanchet, F. P., . . . 
Espert, L. (2015). Autophagy restricts HIV-1 infection by selectively degrading 
Tat in CD4+ T lymphocytes. J Virol, 89(1), 615-625. doi:10.1128/JVI.02174-14 

Salas, I. H., Burgado, J., & Allen, N. J. (2020). Glia: victims or villains of the aging 
brain? Neurobiol Dis, 143, 105008. doi:10.1016/j.nbd.2020.105008 

Salim, S. (2017). Oxidative Stress and the Central Nervous System. J Pharmacol Exp 

Ther, 360(1), 201-205. doi:10.1124/jpet.116.237503 

Salmen, S., Colmenares, M., Peterson, D. L., Reyes, E., Rosales, J. D., & Berrueta, L. 
(2010). HIV-1 Nef associates with p22-phox, a component of the NADPH 
oxidase protein complex. Cellular Immunology, 263(2), 166-171. 
doi:10.1016/j.cellimm.2010.03.012 

Saloner, R., Campbell, L. M., Serrano, V., Montoya, J. L., Pasipanodya, E., Paolillo, E. 
W., . . . Moore, D. J. (2019). Neurocognitive SuperAging in Older Adults Living 
With HIV: Demographic, Neuromedical and Everyday Functioning Correlates. J 

Int Neuropsychol Soc, 25(5), 507-519. doi:10.1017/S1355617719000018 

Sama, D. M., & Norris, C. M. (2013). Calcium dysregulation and neuroinflammation: 
discrete and integrated mechanisms for age-related synaptic dysfunction. Ageing 

Res Rev, 12(4), 982-995. doi:10.1016/j.arr.2013.05.008 

Sanford, R., Fernandez Cruz, A. L., Scott, S. C., Mayo, N. E., Fellows, L. K., Ances, B. 
M., & Collins, D. L. (2017). Regionally Specific Brain Volumetric and Cortical 
Thickness Changes in HIV-Infected Patients in the HAART Era:. AIDS, 74(5), 
563-570. doi:10.1097/QAI.0000000000001294 

Santos, A. L., & Lindner, A. B. (2017). Protein Posttranslational Modifications: Roles in 
Aging and Age-Related Disease. Oxid Med Cell Longev, 2017, 5716409. 
doi:10.1155/2017/5716409 

Saribas, S., Cicalese, S., Ahooyi, T. M., Khalili, K., Amini, S., & Sariyer, I. K. (2018). 
HIV-1 Nef is released in extracellular vesicles derived from astrocytes: evidence 
for Nef-mediated neurotoxicity. Cell Death & Disease, 8(1), e2542-e2542. 
doi:10.1038/cddis.2016.467 

Saribas, S., Khalili, K., & Sariyer, I. K. (2015). Dysregulation of autophagy by HIV-1 
Nef in human astrocytes. Cell Cycle, 14(18), 2899-2904. 
doi:10.1080/15384101.2015.1069927 

Sarkar, T. J., Quarta, M., Mukherjee, S., Colville, A., Paine, P., Doan, L., . . . Sebastiano, 
V. (2020). Transient non-integrative expression of nuclear reprogramming factors 
promotes multifaceted amelioration of aging in human cells. Nature Comm, 11(1), 
1545. doi:10.1038/s41467-020-15174-3 



  158

Sarter, M. (2004). Animal cognition: defining the issues. Neurosci Biobehav Rev, 28(7), 
645-650. doi:10.1016/j.neubiorev.2004.09.005 

Sarter, M., Hagan, J., & Dudchenko, P. (1992a). Behavioral screening for cognition 
enhancers: from indiscriminate to valid testing: Part I. Psychopharma, 107(2-3), 
144-159. doi:10.1007/BF02245132 

Sarter, M., Hagan, J., & Dudchenko, P. (1992b). Behavioral screening for cognition 
enhancers: from indiscriminate to valid testing: Part II. Psychopharmacology 

(Berl), 107(4), 461-473. doi:0.1007/BF02245257 

Saylor, D., Dickens, A. M., Sacktor, N., Haughey, N., Slusher, B., Pletnikov, M., . . . 
McArthur, J. C. (2016). HIV-associated neurocognitive disorder - pathogenesis 
and prospects for treatment. Nature Reviews Neurology, 12(4), 234-248. 
doi:10.1038/nrneurol.2016.27 

Schier, C. J., Marks, W. D., Paris, J. J., Barbour, A. J., McLane, V. D., Maragos, W. F., . 
. . Hauser, K. F. (2017). Selective Vulnerability of Striatal D2 versus D1 
Dopamine Receptor-Expressing Medium Spiny Neurons in HIV-1 Tat Transgenic 
Male Mice. J Neurosci, 37(23), 5758-5769. doi:10.1523/jneurosci.0622-17.2017 

Schouten, J., Su, T., Wit, F. W., Kootstra, N. A., Caan, M. W. A., Geurtsen, G. J., . . . 
Reiss, P. (2016). Determinants of reduced cognitive performance in HIV-1-
infected middle-aged men on combination antiretroviral therapy:. AIDS, 30(7), 
1027-1038. doi:10.1097/QAD.0000000000001017 

Schrader, E. K., Harstad, K. G., & Matouschek, A. (2009). Targeting proteins for 
degradation. Nat Chem Biol, 5(11), 815-822. doi:10.1038/nchembio.250 

Seidel, K. (1958). Results of chemical research on human sciatic nerves in relation to age 
and sex. II. Total lipids, lipoid and water-free paraplastic substance of the human 
sciatic nerve and their caloric value at various ages. Z Alternsforsch, 11(4), 327-
336.  

Selkoe, D. J., & Hardy, J. (2016). The amyloid hypothesis of Alzheimer's disease at 
25 years. EMBO Mol Med, 8(6), 595-608. doi:10.15252/emmm.201606210 

Sengupta, S., & Siliciano, R. F. (2018). Targeting the Latent Reservoir for HIV-1. 
Immunity, 48(5), 872-895. doi:10.1016/j.immuni.2018.04.030 

Shelkovnikova, T. A., Dimasi, P., Kukharsky, M. S., An, H., Quintiero, A., Schirmer, C., 
. . . Buchman, V. L. (2017). Chronically stressed or stress-preconditioned neurons 
fail to maintain stress granule assembly. Cell Death & Disease, 8(5), e2788. 
doi:10.1038/cddis.2017.199 



  159

Shi, B., Raina, J., Lorenzo, A., Busciglio, J., & Gabuzda, D. (1998). Neuronal apoptosis 
induced by HIV-1 Tat protein and TNF-α: potentiation of neurotoxicity mediated 
by oxidative stress and implications for HIV-1 dementia. J Neurovirol, 4(3), 281-
290. doi:10.3109/13550289809114529 

Shin, Y., & Brangwynne, C. P. (2017). Liquid phase condensation in cell physiology and 
disease. Science, 357(6357). doi:10.1126/science.aaf4382 

Sierra, A., Gottfried-Blackmore, A. C., McEwen, B. S., & Bulloch, K. (2007). Microglia 
derived from aging mice exhibit an altered inflammatory profile. Glia, 55(4), 412-
424. doi:10.1002/glia.20468 

Sigurdsson, B. (1954). RIDA, A Chronic Encephalitis of Sheep: With General Remarks 
on Infections Which Develop Slowly and Some of Their Special Characteristics. 
British Vet, 110(9), 341-354. doi:10.1016/S0007-1935(17)50172-4 

Simen, A. A., Bordner, K. A., Martin, M. P., Moy, L. A., & Barry, L. C. (2011). 
Cognitive dysfunction with aging and the role of inflammation. Ther Adv Chronic 

Dis, 2(3), 175-195. doi:10.1177/2040622311399145 

Simioni, S., Cavassini, M., Annoni, J.-M., Rimbault Abraham, A., Bourquin, I., Schiffer, 
V., . . . Du Pasquier, R. A. (2009). Cognitive dysfunction in HIV patients despite 
long-standing suppression of viremia:. AIDS, 1. 
doi:10.1097/QAD.0b013e3283354a7b 

Simons, M., Keller, P., De Strooper, B., Beyreuther, K., Dotti, C. G., & Simons, K. 
(1998). Cholesterol depletion inhibits the generation of beta-amyloid in 
hippocampal neurons. Proc Natl Acad Sci U S A, 95(11), 6460-6464. 
doi:10.1073/pnas.95.11.6460 

Sivalingam, K., Cirino, T. J., McLaughlin, J. P., & Thangavel, S. (2020). HIV-Tat and 
Cocaine Impact Brain Energy Metabolism: Redox Modification and 
Mitochondrial Biogenesis Influence NRF-Transcriptional Mediated 
Neurodegeneration. doi:10.21203/rs.3.rs-38931/v1 

Sjogren, T., Sjogren, H., & Lindgren, A. G. (1952). Morbus Alzheimer and morbus Pick; 
a genetic, clinical and patho-anatomical study. Acta Psychiatr Neurol Scand 

Suppl, 82, 1-152.  

Sjöstedt, E., Fagerberg, L., Hallström, B. M., Häggmark, A., Mitsios, N., Nilsson, P., . . . 
Mulder, J. (2015). Defining the Human Brain Proteome Using Transcriptomics 
and Antibody-Based Profiling with a Focus on the Cerebral Cortex. PLoS ONE, 

10(6), e0130028. doi:10.1371/journal.pone.0130028 



  160

Söderberg, M., Edlund, C., Kristensson, K., & Dallner, G. (1990). Lipid Compositions of 
Different Regions of the Human Brain During Aging. J Neurochem, 54(2), 415-
423. doi:10.1111/j.1471-4159.1990.tb01889.x 

Solomon, A., Turunen, H., Ngandu, T., Peltonen, M., Levälahti, E., Helisalmi, S., . . . 
Kivipelto, M. (2018). Effect of the Apolipoprotein E Genotype on Cognitive 
Change During a Multidomain Lifestyle Intervention: A Subgroup Analysis of a 
Randomized Clinical Trial. JAMA Neurol, 75(4), 462-470. 
doi:10.1001/jamaneurol.2017.4365 

Somasekharan, S. P., El-Naggar, A., Leprivier, G., Cheng, H., Hajee, S., Grunewald, T. 
G., . . . Sorensen, P. H. (2015). YB-1 regulates stress granule formation and tumor 
progression by translationally activating G3BP1. J Cell Biol, 208(7), 913-929. 
doi:10.1083/jcb.201411047 

Sondermann, H., Scheufler, C., Schneider, C., Höhfeld, J., Hartl, F.-U., & Moarefi, I. 
(2001). Structure of a Bag/Hsc70 complex: convergent functional evolution of 
Hsp70 nucleotide exchange factors. Science, 291(5508), 1553-1557. 
doi:10.1126/science.1057268 

Soto-Rifo, R., Valiente-Echeverria, F., Rubilar, P. S., Garcia-de-Gracia, F., Ricci, E. P., 
Limousin, T., . . . Ohlmann, T. (2014). HIV-2 genomic RNA accumulates in 
stress granules in the absence of active translation. Nucleic Acids Res, 42(20), 
12861-12875. doi:10.1093/nar/gku1017 

Sousa, C., Biber, K., & Michelucci, A. (2017). Cellular and Molecular Characterization 
of Microglia: A Unique Immune Cell Population. Front Immunol, 8, 198. 
doi:10.3389/fimmu.2017.00198 

Spector, C., Mele, A. R., Wigdahl, B., & Nonnemacher, M. R. (2019). Genetic variation 
and function of the HIV-1 Tat protein. Medical Microbiology and Immunology, 

208(2), 131-169. doi:10.1007/s00430-019-00583-z 

Spittau, B. (2017). Aging Microglia-Phenotypes, Functions and Implications for Age-
Related Neurodegenerative Diseases. Front Aging Neurosci, 9, 194. 
doi:10.3389/fnagi.2017.00194 

Spudich, S., & Gonzalez-Scarano, F. (2012). HIV-1-Related Central Nervous System 
Disease: Current Issues in Pathogenesis, Diagnosis, and Treatment. Cold Spring 

Harb Perspect Med, 2(6), a007120-a007120. doi:10.1101/cshperspect.a007120 

Stadtman, E. R., & Levine, R. L. (2006). Chemical Modification of Proteins by Reactive 
Oxygen Species. Redox Proteomics. doi:doi:10.1002/0471973122.ch1 



  161

Stefani, M., & Dobson, C. M. (2003). Protein aggregation and aggregate toxicity: new 
insights into protein folding, misfolding diseases and biological evolution. J Mol 

Med, 81(11), 678-699. doi:10.1007/s00109-003-0464-5 

Streit, W., Braak, H., Xue, Q. S., & Bechmann, I. (2009). Dystrophic (senescent) rather 
than activated microglial cells are associated with tau pathology and likely 
precede neurodegeneration in Alzheimer's disease. Acta Neuropathol, 118(4), 
475-485. doi:10.1007/s00401-009-0556-6 

Streit, W., Sammons, N., Kuhns, A., & Sparks, D. (2004). Dystrophic microglia in the 
aging human brain. Glia, 45(2), 208-212. doi:10.1002/glia.10319 

Styren, S. D., Civin, W. H., & Rogers, J. (1990). Molecular, cellular, and pathologic 
characterization of HLA-DR immunoreactivity in normal elderly and Alzheimer's 
disease brain. Exp Neurology, 110(1), 93-104. doi:10.1016/0014-4886(90)90054-
V 

Su, T., Schouten, J., Geurtsen, G. J., Wit, F. W., Stolte, I. G., Prins, M., . . . Schmand, B. 
A. (2015). Multivariate normative comparison, a novel method for more reliably 
detecting cognitive impairment in HIV infection:. AIDS, 1. 
doi:10.1097/QAD.0000000000000573 

Suresh, D. R., Annam, V., Pratibha, K., & Prasad, B. V. (2009). Total antioxidant 
capacity--a novel early bio-chemical marker of oxidative stress in HIV infected 
individuals. J Biomed Sci, 16(1), 61. doi:10.1186/1423-0127-16-61 

Swanson, C. M., & Malim, M. H. (2008). SnapShot: HIV-1 proteins. Cell, 133(4), 742-
742. e741. doi:10.1016/j.cell.2008.05.005 

Takayama, S., & Reed, J. C. (2001). Molecular chaperone targeting and regulation by 
BAG family proteins. Nature cell biology, 3(10), E237-E241. 
doi:10.1038/ncb1001-e237 

Tanase, M., Urbanska, A. M., Zolla, V., Clement, C. C., Huang, L., Morozova, K., . . . 
Santambrogio, L. (2016). Role of Carbonyl Modifications on Aging-Associated 
Protein Aggregation. Scientific reports, 6, 19311. doi:10.1038/srep19311 

Tang, D., Kang, R., Coyne, C. B., Zeh, H. J., & Lotze, M. T. (2012). PAMPs and 
DAMPs: Signal 0s that Spur Autophagy and Immunity. Immunological reviews, 

249(1), 158-175. doi:10.1111/j.1600-065X.2012.01146.x 

Tardieu, M., Héry, C., Peudenier, S., Boespflug, O., & Montagnier, L. (1992). Human 
immunodeficiency virus type 1-infected monocytic cells can destroy human 
neural cells after cell-to-cell adhesion. Ann Neurol, 32(1), 11-17. 
doi:10.1002/ana.410320104 



  162

Taylor, B., Sobieszczyk, M. E., McCutchan, F. E., & Hammer, S. M. (2008). The 
Challenge of HIV-1 Subtype Diversity. New England Journal of Medicine, 

358(15), 1590-1602. doi:10.1056/NEJMra0706737 

Taylor, J. P., Hardy, J., & Fischbeck, K. H. (2002). Biomedicine - Toxic proteins in 
neurodegenerative disease. Science, 296(5575), 1991-1995. 
doi:10.1126/science.1067122 

Taylor, R. C., & Dillin, A. (2011). Aging as an event of proteostasis collapse. Cold 

Spring Harb Perspect Biol, 3(5). doi:10.1101/cshperspect.a004440 

Thibault, O., Gant, J. C., & Landfield, P. W. (2007). Expansion of the calcium hypothesis 
of brain aging and Alzheimer's disease: minding the store. Aging Cell, 6(3), 307-
317. doi:10.1111/j.1474-9726.2007.00295.x 

Thomas, A. S., Jones, K. L., Gandhi, R. T., McMahon, D. K., Cyktor, J. C., Chan, D., . . . 
Jones, R. B. (2017). T-cell responses targeting HIV Nef uniquely correlate with 
infected cell frequencies after long-term antiretroviral therapy. PLoS Pathog, 

13(9), e1006629. doi:10.1371/journal.ppat.1006629 

Thompson, K. A., Kent, S. J., Gahan, M. E., Purcell, D. F., McLean, C. A., Preiss, S., . . . 
Wesselingh, S. L. (2003). Decreased Neurotropism of nef Long Terminal Repeat ( 
nef /LTR)-Deleted Simian Immunodeficiency Virus. J Neurovirol, 9(4), 442-451. 
doi:10.1080/13550280390218715 

Tiede, L. M., Cook, E. A., Morsey, B., & Fox, H. S. (2011). Oxygen matters: tissue 
culture oxygen levels affect mitochondrial function and structure as well as 
responses to HIV viroproteins. Cell Death & Disease, 2, e246. 
doi:10.1038/cddis.2011.128 

Toborek, M., Lee, Y. W., Pu, H., Malecki, A., Flora, G., Garrido, R., . . . Nath, A. (2003). 
HIV-Tat protein induces oxidative and inflammatory pathways in brain 
endothelium. J Neurochem, 84(1), 169-179. doi:10.1046/j.1471-
4159.2003.01543.x 

Tokuda, T., Calero, M., Matsubara, E., Vidal, R., Kumar, A., Permanne, B., . . . 
Rostagno, A. (2000). Lipidation of apolipoprotein E influences its isoform-
specific interaction with Alzheimer's amyloid β peptides. Biochem J, 348(2), 359-
365.  

Tombaugh, G. C., W., R., & Rose, G. M. (2005). The slow afterhyperpolarization in 
hippocampal CA1 neurons covaries with spatial learning ability in aged Fisher 
344 rats. (1529-2401 (Electronic)). doi:10.1523/JNEUROSCI.5023-04.2005 



  163

Tonnies, E., & Trushina, E. (2017). Oxidative Stress, Synaptic Dysfunction, and 
Alzheimer's Disease. Journal of Alzheimers Disease, 57(4), 1105-1121. 
doi:10.3233/jad-161088 

Torres, L., & Noel, R. J. (2014). Astrocytic expression of HIV-1 viral protein R in the 
hippocampus causes chromatolysis, synaptic loss and memory impairment. J 

Neuroinflammation, 11(1), 53. doi:10.1186/1742-2094-11-53 

Tourriere, H., Chebli, K., Zekri, L., Courselaud, B., Blanchard, J. M., Bertrand, E., & 
Tazi, J. (2003). The RasGAP-associated endoribonuclease G3BP assembles stress 
granules. J Cell Biol, 160(6), 823-831. doi:10.1083/jcb.200212128 

Townsend, P. A., Cutress, R. I., Sharp, A., Brimmell, M., & Packham, G. (2003). BAG-
1: a multifunctional regulator of cell growth and survival. Biochimica et 

Biophysica Acta (BBA) - Reviews on Cancer, 1603(2), 83-98. doi:10.1016/s0304-
419x(03)00002-7 

Treaster, S. B., Ridgway, I. D., Richardson, C. A., Gaspar, M. B., Chaudhuri, A. R., & 
Austad, S. N. (2014). Superior proteome stability in the longest lived animal. Age 

(Dordr), 36(3), 9597. doi:10.1007/s11357-013-9597-9 

Trickey, A., May, M. T., Vehreschild, J.-J., Obel, N., Gill, M. J., Crane, H. M., . . . 
Sterne, J. A. C. (2017). Survival of HIV-positive patients starting antiretroviral 
therapy between 1996 and 2013: a collaborative analysis of cohort studies. Lancet 

HIV, 4(8), e349-e356. doi:10.1016/S2352-3018(17)30066-8 

Trillo-Pazos, G., McFarlane-Abdulla, E., Campbell, I. C., Pilkington, G. J., & Everall, I. 
P. (2000). Recombinant nef HIV-IIIB protein is toxic to human neurons in 
culture. Brain Research, 864(2), 315-326. doi:10.1016/s0006-8993(00)02213-7 

Tsai, M., Cheng, W. L., Sheu, J. J., Huang, C. C., Shia, B. C., Kao, L. T., & Lin, H. C. 
(2017). Increased risk of dementia following herpes zoster ophthalmicus. PLoS 

ONE, 12(11), e0188490. doi:10.1371/journal.pone.0188490 

Turchan, J., Pocernich, C. B., Gairola, C., Chauhan, A., Schifitto, G., Butterfield, D. A., . 
. . Nath, A. (2003). Oxidative stress in HIV demented patients and protection ex 
vivo with novel antioxidants. Neurology, 60(2), 307. 
doi:10.1212/01.WNL.0000042048.85204.3D 

Tyor, W. R., Glass, J. D., Griffin, J. W., Becker, P. S., McArthur, J. C., Bezman, L., & 
Griffin, D. E. (1992). Cytokine expression in the brain during the acquired 
immunodeficiency syndrome. Ann Neurol, 31(4), 349-360. 
doi:10.1002/ana.410310402 

Tzeng, N. S., Chung, C. H., Lin, F. H., Chiang, C. P., Yeh, C. B., Huang, S. Y., . . . 
Chien, W. C. (2018). Anti-herpetic Medications and Reduced Risk of Dementia in 



  164

Patients with Herpes Simplex Virus Infections-a Nationwide, Population-Based 
Cohort Study in Taiwan. Neurotherapeutics, 15(2), 417-429. doi:10.1007/s13311-
018-0611-x 

Ullman, J. C., Arguello, A., Getz, J. A., Bhalla, A., Mahon, C. S., Wang, J., . . . Henry, A. 
G. (2020). Brain delivery and activity of a lysosomal enzyme using a blood-brain 
barrier transport vehicle in mice. Sci Transl Med, 12(545). 
doi:10.1126/scitranslmed.aay1163 

UNAIDS. (2020). Global HIV & Aids Statistics. Retrieved from unaids.org:  

Uzasci, L., Nath, A., & Cotter, R. (2013). Oxidative stress and the HIV-infected brain 
proteome. J Neuroimmune Pharmacol, 8(5), 1167-1180. doi:10.1007/s11481-013-
9444-x 

Valcour, V., Chalermchai, T., Sailasuta, N., Marovich, M., Lerdlum, S., Suttichom, D., . . 
. Ananworanich, J. (2012). Central Nervous System Viral Invasion and 
Inflammation During Acute HIV Infection. J Inf Dis, 206(2), 275-282. 
doi:10.1093/infdis/jis326 

Valcour, V., Shikuma, C., Shiramizu, B., Watters, M., Poff, P., Selnes, O., . . . Sacktor, 
N. (2004). Higher frequency of dementia in older HIV-1 individuals: the Hawaii 
Aging with HIV-1 Cohort. Neurology, 63(5), 822-827. 
doi:10.1212/01.wnl.0000134665.58343.8d 

Valles, S. L., Iradi, A., Aldasoro, M., Vila, J. M., Aldasoro, C., de la Torre, J., . . . Jorda, 
A. (2019). Function of Glia in Aging and the Brain Diseases. Int J Med Sci, 

16(11), 1473-1479. doi:10.7150/ijms.37769 

van Marle, G., Henry, S., Todoruk, T., Sullivan, A., Silva, C., Rourke, S. B., . . . Power, 
C. (2004). Human immunodeficiency virus type 1 Nef protein mediates neural 
cell death: a neurotoxic role for IP-10. Virology, 329(2), 302-318. 
doi:10.1016/j.virol.2004.08.024 

Vance, D. E., Fazeli, P. L., Ball, D. A., Slater, L. Z., & Ross, L. A. (2014). Cognitive 
Functioning and Driving Simulator Performance in Middle-aged and Older Adults 
With HIV. Journal of the Association of Nurses in AIDS Care, 25(2), E11-E26. 
doi:10.1016/j.jana.2013.12.001 

Váňová, J., Hejtmánková, A., Kalbáčová, M. H., & Španielová, H. (2019). The utilization 
of cell-penetrating peptides in the intracellular delivery of viral nanoparticles. 
Materials, 12(17), 2671. doi:10.3390/ma12172671 

Venegas, C., & Heneka, M. T. (2017). Danger-associated molecular patterns in 
Alzheimer’s disease. J Leukoc Biol, 101(1), 87-98. doi:10.1189/jlb.3MR0416-
204R 



  165

Verhaeghen, P., & Cerella, J. (2002). Aging, executive control, and attention: a review of 
meta-analyses. Neurosci Biobehav Rev, 26(7), 849-857. doi:10.1016/s0149-
7634(02)00071-4 

Verny, M., Moyse, E., & Krantic, S. (2015). Successful Cognitive Aging: Between 
Functional Decline and Failure of Compensatory Mechanisms. Biomed Res Int, 

2015, 367407. doi:10.1155/2015/367407 

Vigorito, M., LaShomb, A. L., & Chang, S. L. (2007). Spatial learning and memory in 
HIV-1 transgenic rats. J Neuroimmune Pharmacol, 2(4), 319-328. 
doi:10.1007/s11481-007-9078-y 

Vilchez, D., Saez, I., & Dillin, A. (2014). The role of protein clearance mechanisms in 
organismal ageing and age-related diseases. Nature Communications, 5, 5659. 
doi:10.1038/ncomms6659 

Vilhardt, F., Plastre, O., Sawada, M., Suzuki, K., Wiznerowicz, M., Kiyokawa, E., . . . 
Krause, K. H. (2002). The HIV-1 Nef protein and phagocyte NADPH oxidase 
activation. J Biol Chem, 277(44), 42136-42143. doi:10.1074/jbc.M200862200 

Villegas-Llerena, C., Phillips, A., Garcia-Reitboeck, P., Hardy, J., & Pocock, J. M. 
(2016). Microglial genes regulating neuroinflammation in the progression of 
Alzheimer's disease. Curr Opinion Neurobiol, 36, 74-81. 
doi:10.1016/j.conb.2015.10.004 

Vom Berg, J., Prokop, S., Miller, K. R., Obst, J., Kälin, R. E., Lopategui-Cabezas, I., . . . 
Peters, O. (2012). Inhibition of IL-12/IL-23 signaling reduces Alzheimer's 
disease–like pathology and cognitive decline. Nat Med, 18(12), 1812. 
doi:10.1038/nm.2965 

von Arnim, C. A. F., Einem, B. v., Weber, P., Wagner, M., Schwanzar, D., Spoelgen, R., 
. . . Schneckenburger, H. (2008). Impact of cholesterol level upon APP and BACE 
proximity and APP cleavage. Biochemical and Biophysical Research 

Communications, 370(2), 207-212. doi:10.1016/j.bbrc.2008.03.047 

Von Bernhardi, R., Eugenín-von Bernhardi, L., & Eugenín, J. (2015). Microglial cell 
dysregulation in brain aging and neurodegeneration. Front Aging Neurosci, 7. 
doi:10.3389/fnagi.2015.00124 

Von Bernhardi, R., Tichauer, J. E., & Eugenin, J. (2010). Aging-dependent changes of 
microglial cells and their relevance for neurodegenerative disorders. J 

Neurochem, 112(5), 1099-1114. doi:10.1111/j.1471-4159.2009.06537.x 

Waheed, A. A., & Freed, E. O. (2009). Lipids and membrane microdomains in HIV-1 
replication. Virus Research, 143(2), 162-176. doi:10.1016/j.virusres.2009.04.007 



  166

Wahrle, S., Das, P., Nyborg, A. C., McLendon, C., Shoji, M., Kawarabayashi, T., . . . 
Golde, T. E. (2002). Cholesterol-dependent gamma-secretase activity in buoyant 
cholesterol-rich membrane microdomains. Neurobiol Dis, 9(1), 11-23. 
doi:10.1006/nbdi.2001.0470 

Wang, A., Miyata, Y., Klinedinst, S., Peng, H. M., Chua, J. P., Komiyama, T., . . . 
Lieberman, A. P. (2013). Activation of Hsp70 reduces neurotoxicity by promoting 
polyglutamine protein degradation. Nat Chem Biol, 9(2), 112-118. 
doi:10.1038/nchembio.1140 

Wang, L., Day, J., Roe, C. M., Brier, M. R., Thomas, J. B., Benzinger, T. L., . . . Ances, 
B. M. (2014). The effect of APOE ε4 allele on cholinesterase inhibitors in patients 
with Alzheimer disease: evaluation of the feasibility of resting state functional 
connectivity magnetic resonance imaging. Alzheimer Dis Assoc Disord, 28(2), 
122-127. doi:10.1097/WAD.0b013e318299d096 

Wang, T., Green, L. A., Gupta, S. K., Kim, C., Wang, L., Almodovar, S., . . . Clauss, M. 
(2014). Transfer of Intracellular HIV Nef to Endothelium Causes Endothelial 
Dysfunction. PLoS ONE, 9(3), e91063. doi:10.1371/journal.pone.0091063 

Wang, Y., Santerre, M., Tempera, I., Martin, K., Mukerjee, R., & Sawaya, B. E. (2017). 
HIV-1 Vpr disrupts mitochondria axonal transport and accelerates neuronal aging. 
Neuropharmacology, 117, 364-375. doi:10.1016/j.neuropharm.2017.02.008 

Wang, Z., Trillo-Pazos, G., Kim, S.-Y., Canki, M., Morgello, S., Sharer, L., . . . Volsky, 
D. (2004). Effects of human immunodeficiency virus type 1 on astrocyte gene 
expression and function: Potential role in neuropathogenesis. J Neurovirol, 10(1), 
25-32. doi:10.1080/753312749 

Webster, S. J., Bachstetter, A. D., Nelson, P. T., Schmitt, F. A., & Van Eldik, L. J. 
(2014). Using mice to model Alzheimer's dementia: an overview of the clinical 
disease and the preclinical behavioral changes in 10 mouse models. Frontiers in 

Genetics, 5(88). doi:10.3389/fgene.2014.00088 

Weissman, D., Li, Y., Orenstein, J. M., & Fauci, A. S. (1995). Both a precursor and a 
mature population of dendritic cells can bind HIV. However, only the mature 
population that expresses CD80 can pass infection to unstimulated CD4+ T cells. 
J Immunol, 155(8), 4111-4117.  

Wendelken, L. A., & Valcour, V. (2012). Impact of HIV and aging on 
neuropsychological function. J Neurovirol, 18(4), 256-263. doi:10.1007/s13365-
012-0094-1 

Westendorp, M. O., Shatrov, V. A., Schulze-Osthoff, K., Frank, R., Kraft, M., Los, M., . . 
. Lehmann, V. (1995). HIV-1 Tat potentiates TNF-induced NF-kappa B activation 
and cytotoxicity by altering the cellular redox state. Embo j, 14(3), 546-554.  



  167

Wheeler, J. R., Jain, S., Khong, A., & Parker, R. (2017). Isolation of yeast and 
mammalian stress granule cores. Methods, 126, 12-17. 
doi:10.1016/j.ymeth.2017.04.020 

White, J. P., & Lloyd, R. E. (2012). Regulation of stress granules in virus systems. 
Trends Microbiol, 20(4), 175-183. doi:10.1016/j.tim.2012.02.001 

Whitmer, R. A., Gustafson, D. R., Barrett-Connor, E., Haan, M. N., Gunderson, E. P., & 
Yaffe, K. (2008). Central obesity and increased risk of dementia more than three 
decades later. Neurology, 71(14), 1057-1064. 
doi:10.1212/01.wnl.0000306313.89165.ef 

Whittemore, E. R., Loo, D. T., Watt, J. A., & Cotman, C. W. (1995). A detailed analysis 
of hydrogen peroxide-induced cell-death in primary neuronal culture. 
Neuroscience, 67(4), 921-932. doi:10.1016/0306-4522(95)00108-u 

Williams, D., Veenstra, M., Gaskill, P. J., Morgello, S., Calderon, T. M., & Berman, J. 
W. (2014). Monocytes mediate HIV neuropathogenesis: mechanisms that 
contribute to HIV associated neurocognitive disorders. Curr HIV Res, 12(2), 85-
96. doi:10.2174/1570162x12666140526114526 

Williams, K., Corey, S., Westmoreland, S. V., Pauley, D., Knight, H., deBakker, C., . . . 
Lackner, A. A. (2001). Perivascular macrophages are the primary cell type 
productively infected by simian immunodeficiency virus in the brains of 
macaques: implications for the neuropathogenesis of AIDS. J Exp Med, 193(8), 
905-915. doi:10.1084/jem.193.8.905 

Williams, M. E., Zulu, S. S., Stein, D. J., Joska, J. A., & Naudé, P. J. W. (2020). 
Signatures of HIV-1 subtype B and C Tat proteins and their effects in the 
neuropathogenesis of HIV-associated neurocognitive impairments. Neurobiol Dis, 

136, 104701. doi:10.1016/j.nbd.2019.104701 

Wilson, R., Beckett, L. A., Barnes, L. L., Schneider, J. A., Bach, J., Evans, D. A., & 
Bennett, D. A. (2002). Individual differences in rates of change in cognitive 
abilities of older persons. Psychol Aging, 17(2), 179-193. doi:10.1037/0882-
7974.17.2.179 

Wilson, T., Fox, H. S., Robertson, K. R., Sandkovsky, U., O’Neill, J., Heinrichs-Graham, 
E., . . . Swindells, S. (2013). Abnormal MEG Oscillatory Activity during Visual 
Processing in the Prefrontal Cortices and Frontal Eye-Fields of the Aging HIV 
Brain. PLoS ONE, 8(6), e66241. doi:10.1371/journal.pone.0066241 

Winston, A., & Spudich, S. (2020). Cognitive disorders in people living with HIV. 
Lancet HIV, 7(7), e504-e513. doi:10.1016/S2352-3018(20)30107-7 



  168

Wold, W. S., & Toth, K. (2013). Adenovirus vectors for gene therapy, vaccination and 
cancer gene therapy. Curr Gene Ther, 13(6), 421-433. 
doi:10.2174/1566523213666131125095046 

Wong, W. T. (2013). Microglial aging in the healthy CNS: phenotypes, drivers, and 
rejuvenation. Front Cell Neurosci, 7, 22. doi:10.3389/fncel.2013.00022 

Wozniak, M. A., Mee, A. P., & Itzhaki, R. F. (2009). Herpes simplex virus type 1 DNA 
is located within Alzheimer's disease amyloid plaques. J Pathol, 217(1), 131-138. 
doi:10.1002/path.2449 

Wu, X., Dong, H., Ye, X., Zhong, L., Cao, T., Xu, Q., . . . Xing, H. (2018). HIV-1 Tat 
increases BAG3 via NF-κB signaling to induce autophagy during HIV-associated 
neurocognitive disorder. Cell Cycle, 17(13), 1614-1623. 
doi:10.1080/15384101.2018.1480219 

Wyatt, R., & Sodroski, J. (1998). The HIV-1 envelope glycoproteins: fusogens, antigens, 
and immunogens. Science, 280(5371), 1884-1888. 
doi:10.1126/science.280.5371.1884 

Xiang, Z., Haroutunian, V., Ho, L., Purohit, D., & Pasinetti, G. M. (2006). Microglia 
activation in the brain as inflammatory biomarker of Alzheimer's disease 
neuropathology and clinical dementia. Dis Markers, 22(1-2), 95-102. 
doi:10.1155/2006/276239 

Xiao, X., Zeng, H., Feng, C., Tan, H., Wu, L., Zhang, H., . . . Koniak-Griffin, D. (2020). 
Cognitive Impairment Among Aging People Living With HIV on Antiretroviral 
Therapy: A Cross-Sectional Study in Hunan, China. Journal of the Association of 

Nurses in AIDS Care, 31(3). doi:10.1097/JNC.0000000000000122 

Xiaojie Zhao, Y. F., Philip H. Vann, Jessica M. Wong, Nathalie Sumien, Johnny J. He. 
(2020). Long-term HIV-1 Tat Expression in the Brain Led to Neurobehavioral, 
Pathological, and Epigenetic Changes Reminiscent of Accelerated Aging. Aging 

Dis, 11(1), 93-107. doi:10.14336/ad.2019.0323 

Yamaguchi, A., Jitsuishi, T., Hozumi, T., Iwanami, J., Kitajo, K., Yamaguchi, H., . . . 
Sawai, S. (2020). Temporal expression profiling of DAMPs-related genes 
revealed the biphasic post-ischemic inflammation in the experimental stroke 
model. Mol Brain, 13(1), 57. doi:10.1186/s13041-020-00598-1 

Yang, Y. J., Wu, P. F., Long, L. H., Yu, D. F., Wu, W. N., Hu, Z. L., . . . Chen, J. G. 
(2010). Reversal of aging-associated hippocampal synaptic plasticity deficits by 
reductants via regulation of thiol redox and NMDA receptor function. Aging Cell, 

9(5), 709-721. doi:10.1111/j.1474-9726.2010.00595.x 



  169

Yeung, M. C., Pulliam, L., & Lau, A. S. (1995). The HIV envelope protein gp120 is toxic 
to human brain-cell cultures through the induction of interleukin-6 and tumor 
necrosis factor-α:. AIDS, 9(2), 137-144. doi:10.1097/00002030-199509020-00004 

Yount, N. Y., Bayer, A. S., Xiong, Y. Q., & Yeaman, M. R. (2006). Advances in 
antimicrobial peptide immunobiology. Biopolymers, 84(5), 435-458. 
doi:10.1002/bip.20543 

Yu, B., & Chung, H. Y. (2006). Adaptive mechanisms to oxidative stress during aging. 
Mech Ageing Dev, 127(5), 436-443. doi:10.1016/j.mad.2006.01.023 

Yu, L., Boyle, P. A., Segawa, E., Leurgans, S., Schneider, J. A., Wilson, R. S., & 
Bennett, D. A. (2015). Residual decline in cognition after adjustment for common 
neuropathologic conditions. Neuropsychology, 29(3), 335-343. 
doi:10.1037/neu0000159 

Yu, Y., Feng, L., Li, J., Lan, X., Lixiang, A., Lv, X., . . . Chen, L. (2017). The alteration 
of autophagy and apoptosis in the hippocampus of rats with natural aging-
dependent cognitive deficits. Behav Brain Res, 334, 155-162. 
doi:10.1016/j.bbr.2017.07.003 

Yurko-Mauro, K., McCarthy, D., Rom, D., Nelson, E. B., Ryan, A. S., Blackwell, A., . . . 
Stedman, M. (2010). Beneficial effects of docosahexaenoic acid on cognition in 
age-related cognitive decline. Alzheimers Dement, 6(6), 456-464. 
doi:10.1016/j.jalz.2010.01.013 

Zhang, Y., Wang, M., Li, H., Zhang, H., Shi, Y., Wei, F., . . . Chen, D. (2012). 
Accumulation of nuclear and mitochondrial DNA damage in the frontal cortex 
cells of patients with HIV-associated neurocognitive disorders. Brain Res, 1458, 
1-11. doi:10.1016/j.brainres.2012.04.001 

Zhao, C., Noble, J. M., Marder, K., Hartman, J. S., Gu, Y., & Scarmeas, N. (2018). 
Dietary Patterns, Physical Activity, Sleep, and Risk for Dementia and Cognitive 
Decline. Curr Nutr Rep, 7(4), 335-345. doi:10.1007/s13668-018-0247-9 

Zhao, J., Davis, M. D., Martens, Y. A., Shinohara, M., Graff-Radford, N. R., Younkin, S. 
G., . . . Bu, G. (2017). APOE ε4/ε4 diminishes neurotrophic function of human 
iPSC-derived astrocytes. Hum Mol Genet, 26(14), 2690-2700. 
doi:10.1093/hmg/ddx155 

Zhao, S., Wang, J.-M., Yan, J., Zhang, D.-L., Liu, B.-Q., Jiang, J.-Y., . . . Wang, H.-Q. 
(2019). BAG3 promotes autophagy and glutaminolysis via stabilizing 
glutaminase. Cell Death & Disease, 10(4), 284. doi:10.1038/s41419-019-1504-6 



  170

Zhou, D., Masliah, E., & Spector, S. A. (2011). Autophagy is increased in postmortem 
brains of persons with HIV-1-associated encephalitis. J Infect Dis, 203(11), 1647-
1657. doi:10.1093/infdis/jir163 

Zou, W., Kim, B. O., Zhou, B. Y., Liu, Y., Messing, A., & He, J. J. (2007). Protection 
against human immunodeficiency virus type 1 Tat neurotoxicity by Ginkgo biloba 
extract EGb 761 involving glial fibrillary acidic protein. Am J Pathol, 171(6), 
1923-1935. doi:10.2353/ajpath.2007.070333 

 
 


