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ABSTRACT 

While peripheral viral loads can be largely controlled by combination 

antiretroviral therapy, a significant number of people with HIV (PWH) suffer from HIV-

associated neurocognitive disorders (HAND). Cocaine use is a major risk factor for 

becoming HIV infected, and data have shown that HIV+ cocaine user individuals have 

worse neurocognitive impairments than those observed from either disease alone.  The 

HIV protein Tat and cocaine synergize to cause damage to neurons in the brain, but 

astrocytes in the central nervous system (CNS) are an understudied population in these 

individuals.  Importantly, astrocytes support neurons metabolically by supplying key 

metabolites such as lactate and cholesterol to meet the large energy demands of neurons. 

Astrocyte-derived lactate is taken up by neurons to serve as a key substrate for ATP 

production.  Additionally, the brain requires an intricate balance of cholesterol to support 

synaptodendritic communications.  Disruption of cholesterol supply and energy deficits 

have been implicated in brain aging and many neurodegenerative diseases including 

Alzheimer’s disease.  There have been reports of altered brain metabolite profiles in 

PWH indicative of changes in energy homeostasis.  We hypothesized that cocaine and 

Tat work together to disrupt astrocyte energy metabolism. These changes in energy 

demand compromise the astrocyte’s ability to support neurons leading to neuronal 

dysfunction and worsening HAND.  Our data show that exposure of astrocytes to cocaine 

and Tat significantly enhances aerobic glycolysis and decreases lactate production.  Our 

findings also demonstrate that cocaine and Tat decrease astrocyte-derived cholesterol, 

pointing to a deficiency in cholesterol supply and efflux for use by neurons.  These 

findings are supported in the Tat transgenic mouse model of chronic cocaine use.  Taken 
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together, these data uncover novel alterations in the bioenergetics pathway in astrocytes 

exposed to cocaine and the HIV protein, Tat.  Results from these studies point to a new 

pathway in the CNS that may contribute to HAND in HIV+ cocaine users. 
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CHAPTER 1 

INTRODUCTION 

 

Brain Homeostasis: In Health and in Disease 

A vital aspect of normal brain function is the bidirectional interactions between neurons 

and glial cells. Neurons form complex networks that connect trillions of chemical and 

electrical synapses that give the brains its tremendous computing abilities. Glial cells, 

which include astrocytes, oligodendrocytes, ependymal cells, and microglia provided 

both logistical and functional support for axonal conduction, synaptic transmission, and 

information processing required for normal central nervous system (CNS) function. This 

support is necessary for the proper development and function of neurons. Injury, insult, 

and infection can disrupt normal brain function through direct neuronal assault or 

indirectly by altering glia cell physiology.  

Astrocyte: A Major Contributor to Brain Homeostasis 

Among the types of glia, astrocytes serve the most diverse role. Astrocytes are stellate 

cells with elongated processes that are in contact with neurons, synapses, myelin sheath, 

oligodendrocytes, microglia, and blood vessels (Ferrer, 2017). Astrocytes constitute a 

major cellular compartment in the CNS and carry out various functions to maintain 

normal brain function. It is estimated that a single astrocyte makes contact with between 

250,000 and 2 million synapses in the human brain (Oberheim et al., 2006). The 

heterogeneity of astrocytes allows for vast functional diversity and their roles in the brain 

range from regulation of local cerebral blood flow, maintenance of ion and 

neurotransmitter homeostasis, metabolic support, regulation of synaptic activity, to 
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responses to brain injury, insults and infection. Because of their abundance, extensive 

connectivity and multiple roles in the brain, astrocytes are intimately involved in normal 

functioning of the CNS and their dysregulation can lead to neuronal dysfunction.  

Classically astrocytes were categorized into two major subpopulations: fibrous astrocytes 

which have long thin processes and are star-like in appearance and protoplasmic 

astrocytes which have highly complex branching processes that contact synapses and 

blood vessels (Miller and Raff, 1984). Fibrous astrocytes are typically found in the white 

matter whereas, protoplasmic astrocytes are found in the gray matter (Miller and Raff, 

1984). However, recent morphological and biochemical evidence has proven this 

classification to be oversimplified. There are considerable region-specific differences in 

morphology, density, and proliferation rates in astrocytes (Emsley and Macklis, 2006). 

Astrocytes can differ not only in morphology but also in developmental origin, gene 

expression prolife, physiological properties and function(Zhang and Barres, 2010). 

Translational profiling approaches and microarray analyses have revealed that gene 

expression can vary substantially among astrocytes from different brain regions(Doyle et 

al., 2008; Yeh et al., 2009). Even glial fibriallary acidic protien (GFAP) which is often 

considered to be a pan-astrocyte marker is differentially expressed in various 

subpopulations of astrocytes(Cahoy et al., 2008). Diversity in gene expression profiles 

suggest there is likely functional diversity among astrocytes, as well. 

The concept of astrogliosis, or astrocyte activation, as a purely pathological response with 

negative outcomes has been replaced by the concept that astrocyte reactivity is a defense 

process intended for neuroprotection (Rodríguez-Arellano et al., 2016). Astrocyte 



3 
 

activation is marked by hypertrophic morphology, increased expression of GFAP, release 

of proinflammatory cytokines such as TNF-α and IL-1β , and generation of reactive 

oxygen species (ROS) (Borjabad et al., 2010).  Activated astrocytes can also increase 

their trophic support for neurons under stress and isolate areas of damage by the 

formation of a glial scar. However, under certain circumstances astrocyte activation can 

become pathological and is referred to as astrocytopathy (Ferrer, 2017). Astrocytopathy 

can manifest as impaired glutamate transport, abnormal glucose and lipid metabolism, 

and altered calcium signaling (Ferrer, 2017).  Loss of astrocytic neurotrophic function 

and activation may contribute to brain aging and neurodegenerative disease.  

Fueling the Brain 

The brain is a complex organ requiring a vast amount of energy to sustain its basic 

functions. At baseline, the brain consumes over 20% of the oxygen and 25% of the 

glucose taken in by the body, although it makes up only 2% of the body’s weight (Mink 

et al., 1981; Attwell and Laughlin, 2001; Bélanger et al., 2011).  This is a 10-fold greater 

energy requirement than any other organ. The brain is dependent on the constant supply 

of energy substrates so that any compromises in this supply results in injury or death of 

affected cells. Glucose is the primary energy substrate of the brain. In the brain, the 

majority of glucose is used to transduce energy through glycolysis which results in the 

partial metabolism of glucose to pyruvate or lactate in the cytosol. This is followed by 

oxidative phosphorylation (OXPHOS) occurring in mitochondria to generate the large 

amounts of ATP required to maintain membrane potentials, facilitate synaptic 

transmission and other cellular activities. Analyses showing where ATP is used in the 
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brain suggests that electrical signaling processes required for synaptic transmission are 

the largest consumer of energy in the brain (Harris et al., 2012). Predicted energy usage 

of subcellular compartments estimate that dendrites and soma account for 60% of the 

brain’s energy expenditure, whereas, axons and their terminals make up 20% with all glia 

representing 20% (Harris et al., 2012). Taken together, neurons clearly have tremendous 

energy requirements and account for the majority of energy expended by the brain. To 

meet this demand, in the adult brain ATP is generated almost entirely through the 

complete oxidation of glucose (Harris et al., 2012). This is consistent with reports 

demonstrating neuronal activity induces a decrease in extracellular O2 and intracellular 

NADH concentration, suggesting that ATP is being produced by OXPHOS (Thompson et 

al., 2003; Brennan et al., 2006). This is further supported by reports that the majority of 

ATP produced in response to neuronal activity is generated by the mitochondria (Lin et 

al., 2010). Mitochondria are exceptionally dynamic organelles that undergo fusion, 

fission, and trafficking to meet the energetic demands of the cell. Mitochondria are best 

known for the generation of ATP via the tricarboxylic acid (TCA) cycle and OXPHOS by 

means of the electron transport chain (ETC) located in the inner mitochondrial 

membrane. Neural tissue depends on mitochondria to produce the tremendous amounts of 

ATP required for neuronal excitability, synaptic signaling, and alterations in neuronal 

function and structure.   However, more than only the powerhouse of the cell, 

mitochondria also play a fundamental role in the regulation of Ca2+ homeostasis, signal 

transduction, stress response, and cell survival(Mattson et al., 2008). Mitochondria are 

crucial for the proper functioning of neural tissue and mitochondrial dysfunction is 

speculated to be the keystone for the development of numerous neurodegenerative 
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diseases (Chen and Zhong, 2013; Mathur et al., 2014; Peng et al., 2014; Abolhassani et 

al., 2017). 

The Role of Astrocytes in Energy Dynamics 

Astrocytes have emerged as key contributors to energy uptake, production, delivery, 

utilization and storage in the CNS. Although only accounting for between 5%-15% of the 

brain’s total energy expenditure, reports suggest that astrocytes take up a 

disproportionally high amount of glucose in relation to their energy demands. 

Considering the morphology of astrocytes, their endfoot processes which extend around 

blood vessel makes them well-suited for the uptake of glucose from the vasculature. In 

fact, astrocytes have been shown to readily take up glucose. In contrast to neurons, 

astrocytes are highly glycolytic in nature and exhibit lower levels of oxidative 

metabolism when compared to neurons. Instead, astrocytes favor the production of lactate 

from pyruvate over its conversion to acetyl CoA for the TCA cycle. The close proximity 

of astrocytes to both blood vessels and synapses allows for them to serve as a source for 

energy substrate supply to neurons. Glucose and it is derivatives pyruvate and lactate can 

be shuttled from astrocytes for later distribution to neighboring cells. There is evidence 

suggesting that astrocytes are the predominant suppliers of lactate in the CNS. Lactate 

derived from astrocytes is released into the brain milieu where it can be taken up by 

neurons, thereby allowing neurons to generate high levels of ATP while circumventing 

the glycolytic pathway. This is the central point of the astrocyte-neuronal lactate shuttle 

(ANLS) model that describes the metabolic coupling of neurons and astrocytes such that 

activated neurons stimulate increase astrocytic glucose uptake, glycolysis, and lactate 
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production in astrocytes that is then shuttled to neurons to be converted back to pyruvate 

for ATP generation in mitochondria to meet neuronal metabolic needs. Considering the 

extensive metabolic coupling between neurons and astrocytes, any alterations in 

astrocytic energy pathways could have deleterious effects on neuronal function. 

Energy Deficits Associated with Cognitive Decline 

The brain undergoes a steady decline in energy metabolism during normal aging. Since 

the brain requires substantial amounts of energy, a shortage of metabolic supply can 

contribute to cognitive decline. There is a body of evidence demonstrating that a loss of 

energy homeostasis may be an early event that primes the CNS for functional 

impairments. Metabolic dysfunction and cerebral hypometabolism have been extensively 

reviewed in the context of several neurodegenerative diseases including Alzheimer’s 

disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS)(Chen and Zhong, 

2013; Mathur et al., 2014; Peng et al., 2014; Abolhassani et al., 2017), thus, providing 

evidence for a connection between neurological disease and aberrant energy metabolism 

Various aspects of brain energy homeostasis ranging from dysfunction in glucose 

metabolism to mitochondrial function coincide with AD pathology resulting in an overall 

hypometabolic state within the CNS (Yao et al., 2011; Förster et al., 2012). Positron 

emission tomography (PET) studies have demonstrated diminished glucose utilization in 

AD patients (Duara et al., 1986; Ibáñez et al., 1998; De Santi et al., 2001). In fact, a 

decline in glucose metabolism can appear prior to histopathological and clinical features 

(Mosconi et al., 2009). Recently, studies have revealed a connection between brain 

regions with abnormal glucose metabolism and areas vulnerable to AD pathology (Bero 
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et al., 2011; Oh et al., 2016). Many genes associated with the glycolytic pathway and 

mitochondrial bioenergetics are altered in AD brains (Brooks et al., 2007; Berchtold et 

al., 2014).  Transcriptome analysis of laser-capture micro-dissected neurons from AD 

brains revealed that genes influencing mitochondrial energy metabolism have reduced 

expression (Liang et al., 2008). However, another study found the activity of key 

glycolytic enzymes is altered in AD patients, where glucose 6-phosphate dehydrogenase 

(G6PDH) activity is significantly reduced in the hippocampus yet phosphofructokinase 

(PFK), lactate dehydrogenase (LDH) and pyruvate kinase (PK) are increased in the 

frontal and temporal cortices (Bigl et al., 1999). Increased activity of PFK, LDH, and PK 

was positively correlated with GFAP levels and colocalized with GFAP+ astrocytes 

suggesting neuronal metabolism may be reduced, whereas, astrocyte metabolism is 

enhanced (Bigl et al., 1999; Liang et al., 2008). However, due to dynamic glial/neuronal 

energetic profiles, it can be difficult to tease apart which cell population is driving these 

changes. Recently, a magnetic resonance spectroscopy study reported decreased neuronal 

mitochondrial metabolism and increased glial mitochondrial metabolism in healthy adults 

76±8 years of age when compared to young volunteers 26±7 years of age (Boumezbeur et 

al., 2010), indicating for the first time differences in the energetic profile of neurons and 

astrocytes in humans. In the aging brain, GFAP immunolabeling is frequently reported to 

increase. Astrocyte activation requires enhanced protein synthesis and trafficking, 

thereby increasing cellular energy demands. Upregulation of mitochondrial function may 

be an energy efficient way for astrocytes to meet their energy demands when under 

stress. With reports of elevated astrocyte activation in aging individuals, it is likely that 

astrocytic energy profiles are also altered with age. This was validated by one group that 
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demonstrated an age-dependent metabolic shift from anaerobic metabolism towards 

increased mitochondrial metabolism and mitochondrial biogenesis in primary cortical 

astrocytes isolated from 7-, 13-, 18-month old rats (Jiang and Cadenas, 2014). It is likely 

that increased mitochondrial metabolism is needed to support metabolically expensive 

inflammatory responses, as well. Interestingly, considering the intimate coupling of 

astrocyte anaerobic glycolysis with neuronal bioenergetics, a shift in astrocytes away 

from anaerobic respiration would reduce lactate production and deprive neurons of this 

key metabolite.  Overall, this may help explain, in part, the hypometabolic state reported 

in the aged brain and in neurodegenerative disease. Furthermore, upon aging, the activity 

of pyruvate carboxylase, a key mitochondrial anaplerotic enzyme, in astrocytes increases 

whereas, decreasing its activity ameliorated age-related memory impairments in 

Drosophila (Yamazaki et al., 2014). Overall, enhanced astrocytic mitochondrial function 

appears to have detrimental effects on the aging brain and may represent a key pathology 

in neurodegenerative disorders. 

Cholesterol: An Indispensable Component of the Brain 

Along with a steady stream of energy substrates, the brain also requires an intricate 

balance of cholesterol homeostasis for normal neuronal function and morphology (Goritz 

et al., 2005; Pfenninger, 2009). Cholesterol is an essential structural component of 

biological membranes. The human brain has the highest content of cholesterol in the 

body as it contains 20-25% of the body’s total cholesterol (Björkhem and Meaney, 2004; 

Dietschy, 2009).  The pool of cholesterol within the brain is separate from the cholesterol 

available in the periphery. The blood brain barrier prevents uptake of lipids from the 
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periphery, thus almost all brain cholesterol is synthesized locally. Astrocytes are the 

primary source of cholesterol synthesized in the brain. Acetyl CoA generated from 

glucose-derived pyruvate is a necessary building block for de novo lipid biosynthesis and 

serves as a modulator of gene expression involved in cholesterol synthesis(Petrov et al., 

2016).  Cholesterol is an important component of the extensive membrane surface of 

neurons and is required to maintain axonal and dendritic processes. Additionally, 

synaptic vesicles have the highest cholesterol content of any intracellular 

organelle(Deutsch and Kelly, 1981). Together, this supports the notion that neurons 

require vast amounts of cholesterol. Neurons rely on cholesterol synthesized de novo by 

astrocytes for synaptogenesis, synaptic vesicle formation, and neuronal plasticity (Mauch 

et al., 2001; Ullian et al., 2004; Pfrieger and Ungerer, 2011; Vance, 2012; van Deijk et 

al., 2017). The membranes of synaptic vesicles contain high amounts of cholesterol and it 

is required for their biogenesis(Breckenridge et al., 1973; Thiele et al., 2000). Neuronal 

fitness can be impaired under conditions of cholesterol deficiency or surplus (Ko et al., 

2005; Linetti et al., 2010). Cholesterol depletion causes the gradual loss of dendritic 

spines and synapses (Hering et al., 2003). Lack of cholesterol to neurons also results in 

failed neurotransmission and decreased synaptic plasticity (Koudinov and Koudinova, 

2001). Additionally, cholesterol is the major component of myelin that sheaths neuronal 

axons (Dietschy and Turley, 2004). The cholesterol enrichment of the myelin sheath 

provides reduced permeability of ions allowing for enhance propagation of electrical 

impulses along the axon(Roher et al., 2002). Thus, maintaining the cholesterol 

composition of the myelin sheath is pivotal for transmission. Cholesterol levels and 
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trafficking in the brain are tightly regulated by an elaborate feedback mechanism that 

coordinates biosynthesis, efflux, uptake, and breakdown of cholesterol.  

Cells monitor their cholesterol levels using membrane bound sterol regulatory element-

binding proteins (SREBPs)(Eberlé et al., 2004).  SREBPs are transcription factors that 

regulate the expression of genes important for cholesterol biosynthesis.  In particular, 

SREBP2 favors the cholesterol biosynthesis pathway.  In response to reduced cellular 

cholesterol in cells, SREBP2 is cleaved into its active form that then translocates to the 

nucleus where it binds to sterol response elements (SREs) upstream of genes that encode 

proteins needed for key steps in cholesterol biosynthesis such as HMG-CoA reductase 

(HMGCR) (Brown and Goldstein, 2009).  This is necessary for the de novo synthesis of 

cholesterol. 

Liver X Receptors (LXRs) play a central role in regulating the exchange of cholesterol 

between astrocytes and neurons (Courtney and Landreth, 2016). LXRs are transcription 

factors dependent on heterodimerization with the retinoic acid receptor (RXR) and ligand 

binding to both receptors by oxysterols and 9-cis retinoic acid, respectively. The LXR 

family is comprised of two isoforms: LXRα is most prominently expressed in the liver 

and other tissues critically involved in peripheral lipid metabolism, whereas LXRβ is 

broadly expressed but most abundantly found in the liver and brain. Activation of LXRs 

decreases excess cellular cholesterol by triggering the expression of a cascade of 

downstream targets which allow for cholesterol efflux. Target genes include 

Apolipoprotein E (ApoE), SREBP, acetyl CoA decarboxylase, fatty acid synthetase, 

GFAP, and several ATP-binding cassette transporter (ABC) proteins. LXR-RXR 
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heterodimers bind to DNA in the nucleus.  In the absence of ligand, LXR and RXR are 

bound by co-repressors to inhibit the expression of target genes.  Activation of 

transcription occurs upon ligand binding, conformational change of the receptor complex, 

release of repressors and association with co-activators (Spann and Glass, 2013).  Similar 

to the periphery, cholesterol is transported as a component of high-density lipoprotein 

(HDL)-like particles. ApoE is a major lipid carrier in the brain (Kim et al., 2009) and is a 

component of these particles in the CNS. ApoE transports lipids between astrocytes and 

neurons or oligodendrocytes. A variant of ApoE, apoE4, has been widely implicated as 

being a risk factor in the development of AD. Evidence suggests that the apoe4 variant 

has a reduced capacity to support cholesterol efflux and supply cholesterol to 

neurons(Michikawa et al., 2000; Gong et al., 2002). This supports the importance of 

cholesterol and apoE in maintaining proper neural functioning (Kim et al., 2009; Vance, 

2012).  ABCa1 works in accord with apoE as the major cholesterol transporter to regulate 

apoE lipidation (Tachikawa et al., 2005).  The disturbance of LXR signaling in the brain 

can lead to significant dysfunction in cholesterol homeostasis and has been implicated in 

numerous neurological diseases including AD and Huntington’s disease (HD) (Martín et 

al., 2014; Leoni and Caccia, 2015).   

The Role of Astrocytes in Cholesterol Homeostasis 

Astrocytes are the primary suppliers of the cholesterol needed by neurons, microglia and 

oligodendrocytes (Pfrieger and Ungerer, 2011; Bohlen et al., 2017). In astrocytes, the 

majority of cholesterol is synthesized from glucose-, glutamine-, or acetate-derived 

acetyl-coenzyme A (CoA). During development, both astrocytes and neurons synthesize 
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cholesterol prolifically, especially during myelinogenesis. However, as the brain matures, 

there is a shift in the cell-specific distribution of key proteins involved in cholesterol 

metabolism so that neurons downregulate the expression of cholesterol synthesis 

machinery. Mature neurons thus rely on their ability to take up exogenous cholesterol 

synthesized by neighboring cells. This is believed to occur because the metabolic 

pathway for cholesterol synthesis consumes a large amount of energy metabolites and 

requires more than 20 specific enzymes (Segatto et al., 2014). Therefore, it would be 

more energy efficient for neurons to outsource cholesterol biosynthesis. ApoE is mainly 

synthesized in astrocytes which provides additional evidence for astrocytes being the 

major cholesterol suppliers in the brain (Pitas et al., 1987). Astrocytes can secrete 

cholesterol-rich apoE with the involvement of highly expressed ABCa1 transporters. 

Once secreted, apoE facilitates the endocytosis of this cholesterol-rich complex into 

neurons via lipoprotein low density receptors (LDLR) which are particularly elevated in 

neurons. Astrocyte-derived cholesterol delivered by lipoproteins dramatically enhances 

synapse formation (Mauch et al., 2001). Conversely, reduced bioavailability of astrocyte-

derived cholesterol to neurons has been shown to reduce neurite outgrowth, decrease 

synaptic properties, and impede synaptic activity (Fan et al., 2002; Valenza et al., 2015). 

Furthermore, multiple reports demonstrate that a loss of astrocyte cholesterol synthesis 

using astrocyte-specific knockout of SREBP2 resulted in a reduction of the quantity and 

quality of neuronal synapses (Ferris et al., 2017; van Deijk et al., 2017).  This supports 

the importance of astrocyte-derived cholesterol in synaptic health. Astrocyte dysfunction 

and disruption in cholesterol homeostasis are increasingly recognized as contributors to a 
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number of neurodegenerative diseases including AD, HD, PD and Niemann-Pick Type C 

disease (Björkhem and Meaney, 2004; Petrov et al., 2016).   

Cholesterol Disruption During Disease  

Rare genetic diseases linked to mutations in cholesterol-related genes directly highlight 

the brain’s sensitivity to disruption of cholesterol homeostasis. Examples of these include 

Smith-Lemli-Opitz syndrome (SLOS), desmosterolosis, and Niemann-Pick type C 

disease. Niemann-Pick type C disease is a neurodegenerative disorder that is caused by 

lysosomal sequestration of endocytosed LDL-cholesterol(Martín et al., 2014). This 

results in the accumulation of cholesterol in late endosomes and lysosomes with a 

reduction in cholesterol in the plasma membrane and axons of neurons(Karten et al., 

2002). Axonal dystrophy and neuronal death are reported in NPC-deficient 

brains(Walkley and Suzuki, 2004). In some patients, this can result in a progressive 

dementia. Taken together, this establishes a clear link between cholesterol homeostasis in 

the brain and neurological disease. 

In addition to hereditary diseases, impaired cholesterol metabolism is implicated during 

aging and in several neurodegenerative diseases(Petrov et al., 2016). Normal aging is 

accompanied by cognitive decline which affects short-term memory and learning. In the 

human brain, an age-dependent decreases in cholesterol are reported, however the cause 

remains unknown (Söderberg et al., 1990; Thelen et al., 2006). In addition to advancing 

age, the apoE4 variant has been implicated is a major risk factor for the development of 

AD and increases in pathological amyloid beta deposition(Martín et al., 2014). 

Hypercholesterolemia has been shown to predispose individuals to cognitive deficits and 
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AD (Zambón et al., 2010; Martín et al., 2014). This suggests that cholesterol may have 

an important role in the pathogenesis of AD although the link remains unclear. Further, 

there are numerous reports of reduced cholesterol in the brains of AD affected individuals 

(Martín et al., 2014).   

Huntington’s Disease is an autosomal dominant neurodegenertative disorder resulting in 

behavioral abnormalities, involuntary movements and cognitive decline(Martín et al., 

2014). HD is caused by the abnormal expansion of a CAG repeat in the huntingtin gene 

(HTT). This mutation causes changes in the conformation of the protein leading to its 

aggregation(Landles and Bates, 2004). Reports of altered cholesterol biosynthesis have 

been shown in HD patients(Valenza et al., 2005; Leoni and Caccia, 2014; Wang et al., 

2014). Microarray analysis from striatal cells carry the HTT mutant confirm a 

suppression in genes involved in cholesterol synthesis (Sipione et al., 2002). Various 

different animal models of HD support this finding in vivo indicating impaired SREBP 

regulation, transcriptional downregulation of genes involved in cholesterol biosynthesis, 

reduced HMGCR activity, and diminished sterol content occur before the onset of 

cognitive decline(Segatto et al., 2014).  

In summary, these observations provide a compelling role for the importance of 

cholesterol homeostasis in the CNS and how this is often disrupted in various 

neurodegenerative disease states. A deeper understanding of cholesterol dysregulation on 

the brain could uncover unknown therapeutic targets.  
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The Brain is a Target for HIV 

The brain is vulnerable to various insults that can disrupt many aspects of normal 

function and in some cases lead to neurodegeneration. Although the brain has several 

anatomic, structural, and physiological mechanisms in place to prevent damage to 

nonrenewable neurons and the complex networks they create, select pathogens are able to 

bypass the immune privilege status of the CNS and interfere with brain homeostasis. 

Human immunodeficiency virus (HIV) is an example of this. First clinically identified in 

1981, HIV is characterized by the progressive depletion of CD4+ T cells resulting in an 

immunocompromised condition (Stevenson, 2003). HIV tropism is governed by the 

presence of cell surface proteins required for the virus to enter the cell. Cells bearing CD4 

receptors along the necessary co-receptors, CCR5 or CXCR4 are permissive to HIV 

infection. This includes the primary targets CD4 T lymphocytes, monocyte/macrophage 

lineage cells, dendritic cells, and microglia. Following entry into the target cell, the viral 

genomic RNA is reverse transcribed into cDNA and integrated into the host cell genome 

where it will remain for the life of the cell. HIV is widely recognized for its devastating 

effects on the immune system, yet the brain is a secondary target of the virus.   

HIV can be detected in the brain as early as 8 days after infection where it establishes 

residency (Valcour et al., 2012). It is widely accepted that HIV enters the brain with 

infected macrophage/monocytes and lymphocytes that cross the blood brain barrier 

(BBB) (González-Scarano and Martín-García, 2005). Once inside the brain, infected 

monocytes/macrophages facilitate productive infection in the CNS and release free 

virions into the brain parenchyma that can infect neighboring microglia and to some 
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degree, astrocytes. This infection leads to the release of neurotoxic viral proteins and 

chemokines/cytokines ultimately resulting in the indirect activation of resident glia. 

There is substantial evidence that this inflammatory response is a major driver for the 

development and progression of HAND.  Neurons are not infected by HIV however, the 

pathophysiology of CNS infection ultimately impacts neurons. Loss of synaptic 

complexity, neuronal damage and death are documented during HIV infection (Gray et 

al., 1991; Everall et al., 1999; Sá et al., 2004). Much attention has been given to direct 

neurotoxicity associated with the release of viral proteins from infected cells and indirect 

neurotoxicity mediated by the inflammatory response mounted by both infected and 

uninfected cells.  

Fortunately, the introduction and implementation of combination antiretroviral therapy 

(CART) has transformed HIV infection into a manageable chronic disease instead of the 

death sentence it was when it emerged thirty-five years ago. Antiretrovirals (ARV) target 

key steps in the viral replication cycle including viral entry inhibitors, nucleoside reverse 

transcriptase inhibitors (NRTI), non-nucleoside reverse transcriptase inhibitors (NNRTI), 

protease inhibitors (PI), fusion inhibitors (FI), chemokine receptor CCR5 blockers, and 

integrase strand transfer inhibitors (INSTI). A combination of these compounds is used to 

prevent the emergence of drug-resistant HIV mutant strains. Although CART has been 

extremely successful in reducing viral replication in the periphery to undetectable levels 

in many people with HIV (PWH), HIV reservoirs persist including those in the brain. 

Moreover, CART has little to no effect on HIV-1 Tat release from infected cells 

(Mediouni et al., 2012). 
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HIV-1 Tat is a trans-activator of transcription for viral replication, is one of the first HIV 

proteins expressed after infection and is required for the initiation of HIV transcription. 

Tat is an RNA binding protein which recognizes the TAR (transactivator response 

element) on HIV-1 RNA and recruits hosts factors to initiate transcription. The Tat 

protein has received considerable attention because in addition to its canonical roles, 

many studies have shown its deleterious effect on cells in the CNS. Tat, which can be 

released from infected cell, has been shown to induce aberrant synaptic signaling, 

synaptodendritic damage, glial activation, and neuroinflammation. Tat exerts its effects 

via receptor-mediated pathways and direct uptake via endocytosis (Bagashev and 

Sawaya, 2013; Beaumelle et al., 2017). Mechanisms associated with Tat toxicity include 

Ca2+ dysregulation, mitochondrial dysfunction, enhanced release of proinflammatory 

mediators and induction of apoptosis(Rappaport et al., 1999; Hu, 2016; Chivero et al., 

2017; Rozzi et al., 2017). Tat is an important driver of HIV pathology since it is 

expressed and released by infected cells even in the absence of a productive infection and 

in the presence of CART and can exert toxic effects when taken up my neighboring cells.  

The consensus view is that HIV infection of astrocytes is very limited and does not result 

in the production of mature virions. Thus, HIV neuropathogenesis is mediated largely 

through the release of virions, neurotoxic viral proteins, and proinflammatory products 

produced by macrophages and microglia. However, astrocytes are recognized as 

contributors to HIV neuropathogenesis through their response to these factors. Signs of 

astrocyte activation, or astrogliosis, are often observed in brain imaging studies of PWH 

and in post-mortem brain tissues despite the use of antiretroviral therapy (Vitkovic and da 

Cunha, 1995; Sabri et al., 2003; Edén et al., 2007; Desplats et al., 2013; Young et al., 
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2014; Yang et al., 2016). In fact, even in the absence of detectable viral production, 

astrocytes show considerable signs of activation in PWH (Edén et al., 2007; Harezlak et 

al., 2011; Young et al., 2014). Astrocyte activation is detected early in the course of HIV 

infection of the CNS (Masliah et al., 1996). Similarly, in animal models of HIV infection, 

astrogliosis is common (Tyor et al., 1993; Toggas et al., 1994; Kim et al., 2003).  

Although astrocytes are not capable of productive viral infection, they have been shown 

to contain and release HIV proteins including Tat, Rev, and Nef (Atwood et al., 1993; 

Ensoli et al., 1993; Ranki et al., 1995; Brack-Werner, 1999). In vitro studies demonstrate 

that astrocytes become activated when exposed to viral particles or proteins. Tat and 

gp120 activate astrocytes and stimulate the production of proinflammatory cytokines, 

chemokines, and nitric oxide, all of which can cause synaptic damage (Ru and Tang, 

2017). Tat expression increases GFAP expression in astrocytes (Zhou et al., 2004). 

Subsequently, cell culture supernatants from Tat-expressing astrocytes induce significant 

neuron death (Zhou et al., 2004). Although HIV-infected astrocytes make up a small 

fraction of the infected cells of the CNS, they are still a critical population to investigate. 

HIV-infected astrocytes show higher production of inflammatory mediators in response 

to LPS suggesting an increased sensitivity to inflammatory triggers (Serramía et al., 

2015). Astrocytes are key components of the BBB where they come into direct contact 

with HIV-infected cells that enter the CNS. Direct infection or exposure to viral proteins 

at this site can disrupt astrocyte ability to structurally support BBB integrity leading to 

increased permeability, thereby allowing entrance of additional toxic factors to the brain 

and to propagate inflammation and induce greater astrocyte activation. HIV infection or 

exposure to HIV-related products can significantly alter astrocyte physiology and 
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therefore modulate the essential interactions between astrocytes and neighboring neurons 

which may result in cognitive deficits.  

A major consequence of persistent HIV infection in the CNS is the development of HIV-

associated neurocognitive disorders (HAND), which are estimated to effect 30-60% of 

PWH (Heaton et al., 2011). HAND is a diagnosis based on neuropsychological testing 

and a functional assessment of activities of daily living. At minimum, a person with HIV 

is diagnosed with HAND when they show abnormal test performance (< 1 standard 

deviation below best available population norms) on at least 2 cognitive domains. The 

most common domains impacted in the era of effective ART include deficits in 

processing speed, executive function, and memory retrieval deficits (Maki et al., 2015; 

Rubin et al., 2017).  However, there is considerable heterogeneity in the patterns of 

cognitive impairment demonstrated (Brouillette et al., 2016), which can be impacted by 

numerous factors including viral suppression and adherence to antiretroviral medication 

(Rubin et al., 2017). Classification of HAND comprises a range of cognitive impairments 

increasing in severity. Asymptomatic neurocognitive impairment (ANI) is defined as 

mild cognitive difficulties involving two cognitive domains that fall below 1 SD of 

population norms without overt functional impairment in daily life activities. Similarly, 

mild neurocognitive disorders (MND) are marked by cognitive impairments in two 

cognitive domains that score below 1 SD of norms yet mild to moderate interference in 

daily functioning is observed. HIV-associated dementia (HAD), the most severe form of 

HAND, requires a score below 2 SD of population norms with significant functional 

impairments (Antinori et al., 2007; Saylor et al., 2016). Although the use of CART has 
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reduced the incidence of HAD, the prevalence of the milder forms of HAND remain 

high(Heaton et al., 2010; Heaton et al., 2011).  

Energy Disturbances in People with HIV 

Metabolic dysfunction and cerebral hypometabolism have been extensively reviewed in 

the context of several neurodegenerative diseases including AD, PD and MS (Chen and 

Zhong, 2013; Mathur et al., 2014; Peng et al., 2014; Abolhassani et al., 2017), thus, 

providing clear evidence for a connection between neurological disease and altered 

energy metabolism. Metabolic changes in the brain are a hallmark of HIV 

infection(Rottenberg et al., 1996; Ernst et al., 2003; Ratai et al., 2011; Cassol et al., 

2014; Young et al., 2014; Dickens et al., 2015). Even in PWH on effective CART 

regimens metabolic disturbances in the brain are reported (Rottenberg et al., 1996; Ratai 

et al., 2011; Young et al., 2014; Dickens et al., 2015). Proton magnetic resonance 

spectroscopy (1H MRS) provides a sensitive and noninvasive method for the detection of 

metabolic changes in the brain. Specific brain metabolites, such as N-acetylaspartate 

(NAA) and myo-inositol (MI) are commonly used as markers for neuronal health or glial 

activation, respectively. NAA is synthesized by neurons from acetyl-CoA and aspartate 

within the mitochondria. Fluctuations in NAA closely mirror ATP levels and likely 

reflect impaired mitochondrial energy production rather than neuronal cell loss(Bates et 

al., 1996). Conversely, MI is present primarily in glial cells and functions as an osmolyte 

that maintains glial cell volumes. Activated glia have increased cell volumes and thus 

tend to have elevated MI, making it a suitable marker for glial activation(Chang et al., 

2013). These compounds are often reported in relation to brain creatine (Cr) levels to 
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provide metabolic information specific to each cell population.  Several groups have 

reported that regardless of effective viral suppression with CART, PWH exhibit a marked 

increase in MI/Cr at both acute and chronic time points of HIV infection(Harezlak et al., 

2011; Young et al., 2014). Interestingly, increased MI/Cr often precedes signs of 

neurological impairment. Moreover, NAA is notably reduced in PWH who present with 

cognitive impairment(Paul et al., 2008). These findings highlight that despite effective 

CART, glial inflammation during subclinical stages of HIV infection is followed by 

neuronal injury contributes to cognitive impairments. High metabolic demands by 

activated astrocytes and microglia likely explain, in part, increased Cr levels. 

Subsequently, reduced NAA levels suggest that neuronal mitochondrial injury may result 

from ongoing neuroinflammation. Similarly, in the rapid progression macaque model of 

neuroAIDS and in humanized mice infected with HIV, 1H MRS revealed that NAA was 

decreased, whereas, brain Cr was elevated throughout the disease progression suggesting 

high energy turnover(Ratai et al., 2011; Boska et al., 2014).  

In AD, a number of brain imaging studies using fluorodeoxyglucose-positron emission 

tomography (FDG-PET) tracer have shown that brain glucose uptake is significantly 

diminished prior to altered cognitive function or pathological signs such as brain atrophy 

(Mosconi, 2005; de Leon et al., 2007; Bateman et al., 2012; Chen and Zhong, 2013). 

Similarly, in PET studies of HIV patients virologically suppressed on CART, varying 

levels of reduced glucose uptake have been identified in various regions of the brain 

including the frontal cortex and in the anterior cingulate cortex (Andersen et al., 2010; 

Towgood et al., 2013).  In line with imaging studies, cerebrospinal fluid (CSF) 

metabolomics of PWH expand further on the aberrant changes in brain bioenergetics 
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associated with HIV infection(Cassol et al., 2014; Dickens et al., 2015). In PWH, signs 

of enhanced anaerobic metabolism are associated with improved cognitive status. 

Increased lactate production resulting from enhanced anaerobic glycolysis appears to 

contribute to improved cognitive function in HIV-infected patients(Dickens et al., 2015). 

Conversely, enhanced mitochondrial respiration and aerobic glycolysis marked by 

accumulation of acetate and citrate and TCA cycle intermediates, seem to contribute to 

declining cognitive status(Dickens et al., 2015).  Creatine is tightly linked to aerobic 

glycolysis. Therefore, increased Cr along with the accumulation of citrate and acetate 

provides added support that the aerobic glycolysis rate is enhanced in cognitively 

impaired PWH(Dickens et al., 2015).  

In HIV + brains, post-mortem gene expression analyses revealed that HIV-associated 

neurocognitive impairments are related to gene pathways involved in mitochondrial 

functioning being significantly down regulated(Levine et al., 2013). Proteomic analyses 

of autopsied brain tissue of HAD patients showed a large portion of the altered proteins 

are involved in the glycolytic and oxidative phosphorylation pathways(Zhou et al., 2010). 

Collectively, these data support the notion that metabolic abnormalities are associated 

with HAND and point to mitochondrial dysfunction as a major factor. There is in vivo 

and in vitro evidence indicating comparable mitochondrial abnormalities are associated 

with HIV infection(Opii et al., 2007; Bennett et al., 2014). Taken together, this indicates 

global brain mitochondrial functioning is perturbed during HIV infection. However, 

mitochondrial activity may vary across distinct cellular compartments and brain regions. 
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Evidence for Altered Cholesterol in PWH 

HIV infection and its treatment can alter lipid profiles in PWH. In this context, 

disruptions in peripheral cholesterol efflux and diminished reverse cholesterol transport 

are observed in HIV-infected individuals, thereby contributing to increased risk of 

atherosclerosis and cardiovascular disease (Mujawar et al., 2006; Bandaru et al., 2013; 

Feeney et al., 2013). Before the implementation of CART, a pattern of dyslipidemia was 

often reported in PWH(Non et al., 2017). In particular, low levels of total cholesterol, 

low-density lipoprotein-cholesterol and high-density lipoprotein-cholesterol were 

observed (Constans et al., 1994; Rose et al., 2006). CART-treated patients displayed a 

different lipid profile such that total cholesterol is increased with or without increased 

low-density lipoprotein cholesterol and low high-density lipoprotein-cholesterol (Penzak 

and Chuck, 2000). Collectively, this demonstrates HIV and its treatment can alter 

cholesterol homeostasis in the periphery. Changes in peripheral cholesterol profiles in 

PWH raises interest in cholesterol homeostasis in the brain. Disruptions in white matter 

integrity is evident in PWH(Cardenas et al., 2009; Gongvatana et al., 2009). Disturbances 

in CSF lipid prolife are reported in PWH and appear to coincide with the onset and 

progression of HAND(Bandaru et al., 2013). However, further exploration of brain 

cholesterol homeostasis is largely lacking in this population.  

Cocaine Abuse is a Major Co-factor for HIV infection 

Substance abuse is a major comorbidity associated with HIV infection and there is 

evidence that drug use may have an additive or synergetic effect on the progression and 

severity of HAND(Gill and Kolson, 2014). Similar to HIV, drugs of abuse target the CNS 
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and alter both neuronal and glial function. Clinical studies suggest that PWH who abuse 

drugs have more rapidly progressing illness, with higher viral loads, and increased 

cognitive impairment(Bell et al., 1998; Nath et al., 2001; Langford et al., 2003; Rippeth 

et al., 2004; Lucas et al., 2006). Other than marijuana, cocaine is the most commonly 

abused illicit drug in HIV+ adults.  

Cocaine is an additive and widely abused psychostimulant. Cocaine can be snorted, 

smoked, or injected after which it rapidly enters the bloodstream. Due to its highly 

lipophilic structure cocaine can easily penetrate the BBB and alter brain function. 

Cocaine causes the accumulation of dopamine at the synapse by blocking its reuptake by 

the dopamine transporter (DAT) in the mesocorticolimbic system (Pontieri et al., 1995; 

Giros et al., 1996; Jonkman and Kenny, 2013). The elevation of dopamine at the synapse 

activates type 1 and type 2 dopamine receptors on post synaptic neurons stimulating 

enhanced firing. This causes the feeling of pleasure and euphoria associated with cocaine 

use. Concentrations needed to elicit a pharmacological response in the brain of human 

users ranges from the nano- to millimolar (Zheng and Zhan, 2012). The nucleus 

accumbens (NAc) appears to be the most important site for the pleasurable high of 

cocaine(Adiele and Adiele, 2017). Sigma-1 receptors have also been demonstrated to 

mediated neurological effects of cocaine (Matsumoto et al., 2014). Cocaine use is 

associated with increased likelihood to engage in risky sexual behavior thereby 

increasing chances of contracting HIV (Johnson et al., 2017) and non-adherence to 

CART regimen (Meade et al., 2011). Several studies also link cocaine use to worsening 

of HIV pathogenesis (Cofrancesco et al., 2008; Cook et al., 2008; Baum et al., 2009). In 

vitro and in vivo studies both implicate cocaine in enhancing viral replication, 
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augmenting inflammation, and exacerbating neuronal injury (Bagetta et al., 2004; 

Aksenov et al., 2006; Reynolds et al., 2006; Coller and Hutchinson, 2012).  

Astrocytes and Cocaine 

Cocaine has direct effects on astrocyte physiology both in vitro and in vivo.  Cocaine has 

been demonstrated to promote astrocyte proliferation in an JNK-dependent manner(Lee 

et al., 2016). Furthermore, cocaine can induce increased expression of GFAP (Fattore et 

al., 2002; Yang et al., 2016). In vitro, increased GFAP expression in astrocytes was 

found to be mediated by the sigma-1 receptor (sigma-1R) (Yang et al., 2016). 

Interestingly, in post-mortem cortical sections from HIV+ cocaine abusers GFAP 

expression is drastically increased when compared to uninfected and HIV+ individuals 

controls (Yang et al., 2016). This indicates that cocaine exacerbates astrogliosis in PWH. 

The impact of cocaine on astrocyte physiology is largely understudied and may provide 

valuable insight in the context of addiction and HAND.  

Altered Brain Energy Supply in Cocaine Users 

Brain glucose metabolism is abnormal in cocaine users. Chronic use leads to significant 

disruption in glucose metabolism in various brain regions (Volkow et al., 1993). Changes 

in energy metabolism are often induced in the NAc, a key area associated with addiction 

(Li et al., 2014). Notably, it was observed that cocaine causes energy reprogramming in 

the NAc, made apparent by the suppression of glycolysis and activation of ketogenesis 

and oxidative phosphorylation (Shao et al., 2017). Additionally, energy expenditure is 

enhanced in the NAc after acute and chronic cocaine exposure reflected by decreased 

ATP and acetyl-coA levels(Deng et al., 2012). In the cortex, metabolites are altered in 
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individuals dependent on cocaine even after periods of abstinence (Meyerhoff et al., 

1999). NAA/Cr levels significantly decrease in the prefrontal cortex of these individuals 

when compared to control subjects (Meyerhoff et al., 1999). Furthermore, in the 

hippocampus of chronic cocaine users the expression of mitochondrial inner membrane 

genes related to oxidative phosphorylation was largely diminished (Zhou et al., 2011). 

Taken together, this suggests that cocaine alters brain bioenergetics, however the 

mechanisms remain largely unknown. 

Altered Cholesterol Homeostasis in Cocaine Users 

Serum lipid profiles are altered in cocaine users(Massardo et al., 2015). Low plasma 

levels of cholesterol are associated with relapse in cocaine users (Buydens-Branchey and 

Branchey, 2003). However, the role of brain cholesterol in drug dependence is 

understudied. Transcripts from post-mortem cortical sections of cocaine users found 

increased expression of genes related to cholesterol synthesis, but decreases in genes 

required for cholesterol efflux(Lehrmann et al., 2006). Interestingly, sigma-1 receptors 

have been shown to modulate intracellular cholesterol distribution(Hayashi and Su, 

2003b). Cholesterol is synthesized in the endoplasmic reticulum (ER). Sigma-1R are 

predominantly localized in lipid-enriched loci within the ER(Hanner et al., 1996; Hayashi 

and Su, 2003b). Stimulation by receptor ligands, can trigger the translocation of sigma-

1R as part of a lipid droplet to the plasma membrane(Hayashi and Su, 2003a). Thus it has 

been speculated that sigma-1R may be involved in lipid transport and plasma membrane 

reconstitution(Hayashi and Su, 2005). Cocaine has been reported to stimulate the 

translocation of sigma-1R from the ER to the plasma membrane(Hayashi and Su, 2003a). 
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In neurons, sigma-1Rs are expressed in the soma and dendrites suggesting a post-synaptic 

localization(Alonso et al., 2000). This may be important in the context of cocaine-

induced neuronal plasticity as it may contribute to remodeling of the cell membrane 

which would require cholesterol.   

Overall Goal 

In summary, despite peripheral viral loads being largely controlled by CART, 

PWH are still at risk for the development of HAND and major comorbidities such as 

cocaine use can worsen these neurocognitive impairments beyond what is observed in 

either disease alone. This is an increasingly relevant and important public health issue as 

the HIV population has a normal life expectancy. Neuropathological evidence indicating 

signs of neuronal damage includes persistent astrocyte activation, neuroinflammation, 

synaptodendritic damage, and loss of white matter integrity. In the CNS, astrocytes are a 

reservoir of HIV and contribute to disease progression by disturbance of their interactions 

with other cells in the brain. Yet, astrocytes in the CNS are an understudied population in 

the context of HIV infection. Astrocytes are required to support neurons metabolically to 

allow proper signaling and synaptodendritic communications. Astrocytes play a key role 

in supplying energy metabolites and trophic factors needed to meet the large energy 

demands essential to sustain CNS functioning. Infected astrocytes release the toxic HIV 

protein, Tat which can interact and aggravate uninfected neighboring cells. Additionally, 

cocaine, has been demonstrated to alter CNS metabolism in users and alter CNS cell 

function. Tat and cocaine have been reported to synergize alter and in some cases damage 

various cells in the brain. Astrocytes are highly glycolytic in nature which governs their 
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ability to provide this metabolic support to neurons required to sustain mitochondrial 

bioenergetics, maintain structural integrity and enable synaptic functions. The effect of 

cocaine and HIV on astrocyte metabolism and how this may impact the intimate 

metabolic relationship between neurons and astrocytes has received little attention.   

We aim to investigate the combinatorial effect of HIV-1 Tat and cocaine as it relates 

to energy deficits and metabolic dysfunction in astrocytes. We will test the hypothesis that 

cocaine and HIV Tat work together to disrupt astrocyte energy metabolism through 1) 

alterations in acetyl CoA partitioning to the TCA cycle or cholesterol synthesis and 2) 

deficient LXR-responsive gene expression and downstream pathways. To test our 

hypothesis, we have established the following three specific aims: AIM 1: To investigate 

how cocaine and Tat effect the astrocyte’s metabolic capacity; AIM 2: To investigate how 

cocaine- and Tat-induced metabolic changes disrupt LXR-signaling and cholesterol 

metabolism; AIM 3: To assess the impact of the shift in energy metabolic pathways in the 

Tat transgenic mouse exposed to cocaine. We anticipate that our proposed investigations 

into mechanisms by which cocaine and HIV contribute to altered metabolic pathways in 

astrocytes may provide significant translational and clinical insights and increase the 

understanding of HIV CNS disease and effects of cocaine on the brain. These findings may 

lead to novel therapeutics both in HIV cocaine-users and in the non-user HIV-positive 

population.  
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CHAPTER 2 

MATERIALS AND METHODS 

Primary Cell Culture 

Human primary neurons and astrocytes were provided by the Temple University 

Comprehensive NeuroAIDS Center.  In brief, fetal brain tissue (gestational age 16-18 

weeks) was obtained from elective abortion procedures performed in full compliance 

with National Institutes of Health and Temple University ethical guidelines.  Briefly, the 

tissue was washed with cold Hanks balanced salt solution (HBSS) and meninges and 

blood vessels were removed.  For astrocytes, after tissue dissociation in trypsin, cells 

were plated in mixed glial growth media; DME:F12 (1:1) media supplemented with 

insulin, 10% FBS, Amphotericin B, L-glutamine, and gentamicin.  The mixed culture 

was maintained under 10% CO2 for 5 days, and the media was changed to remove any 

cell debris.  To enrich for astrocytes, flasks were placed on orbital shaker for 14-18h at 

200 rpm in glial growth media.  Detached cells constituted the microglial component of 

the culture and were removed leaving astrocytes attached.  Astrocytes were cultured in 

glial growth media at 37oC, 5% CO2.  For primary neuron isolation, brain tissue in HBSS 

was digested with papain (Sigma-Aldrich, St. Louis, MO) for 30 min at 37°C.  The tissue 

was further dissociated to obtain single-cell suspensions by repeated pipetting.  Neurons 

were plated at a density of approximately 1.8 x 106 cells/ 60mm dish coated with poly-D 

lysine in neurobasal media with B27 supplement, 5% horse serum, and gentamicin 

(Invitrogen).  After approximately 2h, the media was changed and unattached cells were 

discarded.  Twenty-four hours later, cultures were re-fed with a complete change of 

neurobasal media without horse serum.  Four days later, one fourth of the media was 
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removed and replaced with neurobasal media supplemented with fluorodeoxyuridine 

(FDU) and uridine.  Following FDU treatment, neurons were maintained in neurobasal 

media containing Glutamax and B27 supplement, with half-media changes every other 

day.  Purity of cell types was assessed by immunolabeling for cell-type specific markers 

including MAP2 and neurofilament for neurons and GFAP for astrocytes.  Neurons and 

astrocytes were cultured separately or in co-culture separated by 24mm transwell insert 

with 1.0µm pore polycarbonate membrane. 

Cocaine and HIV-1 Tat Treatments 

Cocaine hydrochloride (Sigma-Aldrich) was dissolved in sodium citrate buffer (pH 5.0) 

to increase its stability in culture during incubation.  Ten millimolar stock solution and 

subsequent dilutions were prepared in fresh daily in medium and added directly to cell 

cultures.  Fresh medium was used as the control vehicle during cocaine treatments.  A 

physiologically relevant dose of 5 µM was utilized for all experiments.  Recombinant Tat 

HIV-1 MN (ImmunoDX, 101 amino acids) was utilized for all experiments at a 

concentration of 50ng/ml.  Cocaine and/or Tat were administered at the same time every 

24h for 48h unless otherwise stated. 

Cell Harvest and Protein Extraction 

Following treatments, cells were washed in 1X PBS, scraped from the culture plate and 

collected in ice-cold PBS.  The cell suspension was centrifuged at 14,000 rpm for 10 min 

at 4oC and the supernatant was discarded.  The cell pellet was then re-suspended in ice-

cold RIPA lysis buffer (Thermo) containing protease and phosphatase inhibitor cocktails 

(Thermo), vortexed, and incubated on ice for 25 min to complete cell lysis.  Samples 
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were then centrifuged at 14,000rpm for 10 min at 4oC to separate insoluble material.  The 

supernatant containing proteins was collected and placed into pre-chilled Eppendorf tubes 

and samples were stored at -80oC until protein analysis was performed.  

Western Blotting 

Equal amounts of protein were loaded onto pre-cast midi-gels (4–12% Bis-Tris; 

Invitrogen), separated by electrophoresis and transferred onto nitrocellulose membranes 

using the iBlot™ 2 gel transfer device (Thermo).  Membranes were blocked in 5% non-

fat milk or 5% bovine serum albumin (BSA) in Tris-buffered saline, 0.1% Tween-20 

(TBST) for 1h before incubation with primary antibodies.  Primary antibodies included: 

ABCa1 (1:500, Abcam), apoE (1:1000), LXRβ (1:1000), CYP46 (1:1,000), LDLR 

(1:500), SREBP2 (1:1000), HMCGR (1:1000), PSD95 (1:1000) (all from Abcam) and 

loading control GAPDH (1:1000; Santa Cruz).  Membranes were incubated with primary 

antibodies overnight at 4°C, washed in 1X TBST, incubated with appropriate secondary 

anti-mouse or -rabbit antibodies (1:10,000; Thermo Scientific) for 1h, and developed 

with ECL Prime (Amersham Pharmacia Biotech, Piscataway, NJ).  Band intensities were 

calculated using ImageJ software and normalized to the loading control (Rasband, 1997).  

Cell Viability 

Cell viability was measured by the MTT assay according to manufacturer’s protocol 

(Sigma).  Cells were seeded at 3 x 105 cells/mL in a 12-well plate and treated with 

cocaine and/or Tat every 24h for 48h.  MTT solution (150µL) was added to each well and 

incubated for 2h.  The culture medium was aspirated and 1mL of MTT solvent was added 
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to each well.  Cell viability was determined by the formation of formazan crystal and 

measured absorbance at 590nm and 620nm.   

Gene Expression Analysis 

To determine changes over time in relative levels of ApoE, ABCa1, and LXRβ following 

treated with cocaine and Tat, RNA was isolated from astrocytes (5 x 105 cells/mL) by 

RNeasy Mini Kit (Qiagen) according to manufacturer’s protocol and cDNA was 

synthesized from 500ng of RNA using the iScript™ cDNA Synthesis Kit (BioRad).  

qPT-PCR was performed using the following Taqman probes and primers (IDT): ABCa1 

(Forward 5’-GGTGGTGTTCTTCCTCATTACT-3’ Reverse 5’-

CCGCCTCACATCTTCATCTT-3’, Probe 5’-TCAGGCCCAGACCTGTAAATGCAA-

3’); ApoE (Forward 5’- AGGTCACCCAGGAACTGA-3’ Reverse 5’- 

TTGTTCCTCCAGTTCCGATTT-3’ Probe 5’- 

ACGAGACCATGAAGGAGTTGAAGGC- 3’); LXRβ (Forward 5’- 

TTCCTCTTCCTAGGGTGGAA-3’ Reverse 5’- TTATCCCAAGGGATGAGAGC-

3’Probe 5’- CCCTGGGCCGAGCCTGTAGA-3’); HMCGR (Forward 5’- 

TGAAGGGTTCGCAGTGATAAA-3’ Reverse 5’- 

CCTGGACTGGAAACGGATATAAA-3’ Probe 5’-

TCTGCTAGTGTCAAATGCCTCC-3’)  LDLR (Forward 5’- 

CTCCCGCCAAGATCAAGAAA-3’ Reverse 5’- GTTTGGAGTCAACCCAGTAGAG-

3’ Probe 5’- TGGACATCTACTCGCTGGTGACTGA-3’) Beta Actin (Forward 5’- 

GCCCTGGACTTCGAGCAAGA-3’ Reverse 5’- GGAAGGCTGGAAGAGTGCCT-3’ 

Probe 5’- TGGCCACGGCTGCTTCCAGCTCC-3’).  Quantitative real-time PCR was 
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performed on the Roche LightCycler 96 using Taqman Fast Universal Master Mix 

(Thermo).  After the addition of primers, probe, and template DNA to the master mix, 

PCR thermal cycle parameters were as follow: 95°C for 10 minutes, 45 cycles at 95°C for 

15 seconds and 60°C for 60 seconds.  Beta actin was used as a control to normalize for 

differences in the amounts of RNA in each sample. 

ApoE Elisa 

Conditioned media from cocaine-, Tat-, and cocaine + Tat- treated astrocytes was 

concentrated 20-fold using Pierce Protein Concentrator PES (Thermo) and analyzed by 

ELISA for levels of secreted ApoE.  Any cells were removed by centrifugation and the 

remaining supernatants were analyzed using a human ApoE ELISA kit according to 

manufacturer’s instructions (Thermo).  One-hundred microliters of each sample was 

measured in duplicate and ApoE levels were assessed by absorbance at 450 nm.  

Measurement of Cellular Cholesterol 

Astrocytes were seeded in six-well plates (5 x 105 cells/well) and 48h later culture media 

was replaced with serum-free DMEM/F12 for cocaine and Tat treatments. Serum-free 

conditioned medium from astrocytes was evaluated using Amplex Red Cholesterol Assay 

Kit (Thermo) following manufacturer’s instructions.  

Filipin III Staining 

To visualize intracellular cholesterol accumulation, astrocytes were plated on to glass-

bottomed dishes and treated with cocaine and Tat once per day for 48h.  The Cholesterol 

Assay Kit (Abcam) was utilized according to the manufacture’s protocol to visualize 
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cholesterol through its interaction with Filipin III.  Cells were visualized with the Leica 

Advanced Wide field imaging system (Leica Microsystems; Buffalo Grove, IL). 

Immunocytochemical Labeling 

Following the treatments, cells plated on coverslips in 12-well plates were washed once 

with 1X PBS and fixed with 4 % formaldehyde for 15 min at room temperature.  

Following fixation, coverslips were washed with 1X PBS three times and cells were 

permeabilized with 0.2 % Triton X-100 for 15 min, washed again, and placed in blocking 

solution (5 % normal goat or horse serum; Vector Laboratories, Burlingame, CA) for 1h.  

Coverslips were then incubated in primary antibody MAP2 (1:200, Abcam) overnight at 

room temperature.  Following incubation with primary antibodies, coverslips were rinsed 

3X with PBS, and incubated with fluorescein isothiocyanate (FITC) (1:500; Vector 

Laboratories) or TRITC (1:500; Vector Laboratories)-conjugated secondary antibodies 

for 1h at room temperature in the dark.  Coverslips were washed 3X with PBS, and 

mounted onto slides with an aqueous based mounting media containing DAPI for nuclear 

labeling (Vectashield; Vector Laboratories), and visualized with the Leica Advanced 

Widefield imaging system (Leica Microsystems; Buffalo Grove, IL).  Fluorescence 

intensity was quantified using ImageJ Software (NIH, Rockville, MD). 

Metabolite Analyses of Cells and Conditioned Media 

Lactate (MAK064, Sigma-Aldrich), lactate dehydrogenase (LDH) (MAK066, Sigma-

Aldrich), pyruvate (MAK071, Sigma-Aldrich), acetyl-CoA (MAK039, Sigma-Aldrich) 

and ATP concentrations (MAK190, Sigma-Alrich) and PDH activity (Abcam) in media 

and in cells were measured using commercial kits following manufacturer's instructions. 
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Seahorse Metabolic Flux Assay 

Intact astrocytes treated with Tat/cocaine for 48 h were subjected to oxygen consumption 

rate (OCR) measurement at 37°C in an XF96 extracellular flux analyzer (Seahorse 

Bioscience).  Astrocytes (0.5 × 105) were sequentially challenged with 2 µM oligomycin, 

0.5 µM FCCP, and 0.5 µM rotenone plus antimycin A to measure basal and maximal 

respiration, ATP production, proton leak, spare respiratory capacity and non-

mitochondrial respiration.30  For measuring the extracellular acidification rate (ECAR), 

rTat/cocaine treated astrocytes were sequentially challenged with 10 mM glucose, 2 µM 

oligomycin, and 100 mM 2DG to measure glycolysis, glycolytic capacity and to calculate 

glycolytic and non-glycolytic acidification.   

Animals 

This study used doxycycline (Dox)-inducible GFAP promoter driven HIV-1 Tat 

transgenic mice generously provided to the Comprehensive NeuroAIDS Center by Dr. 

Johnny He and C57BL/6J wild-type mice (Kim et al., 2003).  Animal care and 

experimental procedures were conducted according to the Guide for the Care and Use of 

Laboratory Animals.  The Institutional Animal Care and Use Committee of Temple 

University approved all experimental protocols.  Mice were housed in single-sex groups 

of 4-5 animals in an animal facility with constant airflow, controlled temperature (21–

23°C), a 12-hour light/dark cycle, and food and water ad libitum.  The mice were divided 

into four groups with 5 mice per group, both male and female.  Cocaine hydrochloride 

(Sigma-Aldrich, St. Louis, MO) was dissolved in sterile water, sterile-filtered, and 

administered at 15 mg/kg intraperitoneally (i.p.) once per day for 14 days.  For Tat 
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induction, Tat mice were injected i.p. with doxycycline hyclate (Dox) (Sigma-Aldrich) 

for 7 days at a dosage of 80 mg/kg/day.  The control (Con) group received saline 

injections over the course of the experiment.  The Tat only (Tat) group was administered 

Dox for 7 days.  The cocaine only (Coc) group received 14 days of cocaine (15 mg/kg 

i.p.).  The cocaine plus Tat group was pretreated for 7 days with Dox, followed by 14 

days of cocaine.  All mice received a last dose of cocaine (15 mg/kg i.p.) 24 hours before 

euthanasia.  

Tissue Harvest 

Brains from mice were quickly removed after euthanasia and placed into ice-cold 1X 

PBS.  Brains were dissected into hippocampus, striatum and frontal cortex and stored at -

80oC.  

Protein Extraction from Tissue 

Frozen brain tissue was homogenized by mechanical dounce disruption on ice in TNN 

buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5% NP40, 1: 100 protease inhibitor 

cocktail; Calbiochem, San Diego, CA, USA).  Tissue homogenates were centrifuged at 

14,000 rpm at 4oC for 5 min.  The supernatant containing proteins was collected and 

protein concentrations were determined using the Pierce™ 660nm Protein Assay 

(Thermo).  

Statistical analysis 

All data were analyzed using either the student’s t-test or one-way analysis of variance 

(ANOVA) with Dunnett’s and Tukey’s post hoc testing where appropriate using 
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GraphPad Prizm® (GraphPad Software Inc., San Diego, CA).  Results were expressed as 

mean ± SEM, n ≥ 3. Values of p ≤ 0.05 were considered statistically significant. 

CHAPTER 3 

RESULTS 

 

Effects of Cocaine and HIV-1 Tat on LXRβ and Target Gene Expression in Astrocytes 

To examine whether LXR signaling is disrupted by cocaine and/or HIV-1 Tat, we 

exposed astrocytes to cocaine, Tat, or both.  We found that protein levels of LXRβ were 

significantly reduced in response to cocaine and Tat co-treatment compared to control 

Figure 1.  Cocaine and Tat affect the LXR signaling pathway and LXR-β downstream target gene expression in 
astrocytes. Astrocytes were exposed to cocaine (5μM), recombinant Tat (50ng/ml), or cocaine and Tat concurrently 
every 24 hr for 48 hr.  A) Representative western blot of LXRβ and target genes ABCa1 and ApoE. GAPDH was used as 
a loading control. B) analyses of LXRβ protein expression relative to GAPDH (****p< 0.0001) and its gene targets, C) 
ApoE (***p< 0.0005), D) ABCa1 (**p< 0.005). Abbreviations: LXRβ (Liver X Receptor Beta), ApoE (apolipoprotein E), 
ABCa1 (ATP-binding cassette transporter 1) and GAPDH (Glyceraldehyde 3-phosphate dehydrogenase).  Results are 
expressed as mean ± SEM, n ≥ 3. 

A B 

D C 
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(Figure 1A, B).  LXRβ levels were unaffected in cocaine only and Tat only treated 

astrocytes. LXRβ acts as a cholesterol sensor that is activated by binding to metabolites 

of cholesterol.  This triggers the transcription of target genes involved in cholesterol 

efflux, apoE and ABCa1.  Therefore, we assessed changes in LXR downstream gene 

expression in response to cocaine +Tat-induced LXR deficits.  Our data show that 

cocaine +Tat significantly decreased apoE protein when compared to the control (Figure 

1A, C).  However, alone, neither cocaine nor Tat had any effect.  Additionally, ABCa1 

was significantly reduced when exposed to Tat or to cocaine+Tat (Figure 1A, D).  Taken 

together, these data show that cocaine and Tat have converging effects on LXR signaling 

that result in diminished LXR-mediated gene expression.  To confirm that the reduction 

in LXR pathway signaling is not a result of cell death, we conducted the MTT cell 

viability assay.  Our data show that astrocyte cell viability is unaffected by cocaine and 

Tat treatment (Figure 2) thereby, supporting disruption of LXR signaling by cocaine and 

Tat.  

Time Course of LXR Downstream mRNA Expression Reduction by Cocaine and Tat in 

Astrocytes 

To better understand the combined effects of HIV-1 Tat and cocaine on astrocytes, the 

effects of cocaine and/or Tat were assessed after 1h, 2h, 6h, 24h, or 48h of exposure 

Figure 2. Cocaine and Tat do not affect astrocyte viability. 
Astrocytes were treated with cocaine (5μM), recombinant 
Tat (50ng/ml), or cocaine and Tat concurrently every 24 hr 
for 48 hr. Astrocyte viability was assessed by MTT assay 
and expressed relative to control levels. Abbreviations: 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide).  Results are expressed as mean ± SEM, n ≥ 3. 
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using quantitative RT-PCR (Figure 3).  Cocaine+Tat treatment had minimal effects on 

LXRβ mRNA levels after 1h and 2h.  However, by 6h LXRβ was significantly reduced 

by approximately 40% and this trend extended to 24h and 48h (Figure 3A).  Similarly, 

ABCa1 mRNA expression was unaffected at 1h and 2h (Figure 3B).  By 6h, ABCa1 

mRNA levels decreased significantly and remained decreased through 48h.  Interestingly, 

apoE mRNA levels followed a cyclic pattern after cocaine +Tat treatment (Figure 3C).  

apoE mRNA expression is significantly increased after 1h, but by 2h, expression returned 

to baseline.  ApoE mRNA levels decreased significantly by 6h but returned to normal 

levels at 24h.  At 48h, a significant decrease in apoE was detected.  In summary, these 

data reveal that at the message level, the combined effects of cocaine and Tat occur early 

after exposure and have lasting effects. 

ApoE and Cholesterol Efflux Following Cocaine and Tat Exposure in Astrocytes 

To test whether cocaine and Tat-induced dysfunction in LXR signaling results in 

alterations in cholesterol efflux, we assessed the media from cells untreated (control), 

cocaine, Tat and cocaine+Tat for release of apoE and cholesterol using quantitative 

assays (Figure 4).  The levels of secreted apoE following cocaine or Tat alone did not 

Figure 3. Changes in LXR-β and downstream target gene mRNA expression in astrocytes over 48 hours following cocaine 
and Tat exposure. Astrocytes were treated with cocaine (5μM) and recombinant Tat (50ng/ml) concurrently for 1, 2, 6, 24, 
and 48 hr.  mRNA was extracted and reverse transcribed followed, by quantitative real time PCR for A) LXRβ (p< 0.01**), B) 
ABCa1 (*p< 0.05, **p < 0.005), and C) ApoE (**** p< 0.0001).  Results are expressed as mean ± SEM, n ≥ 3. 
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change significantly when compared 

to control.  However, astrocytes 

treated with both cocaine and Tat 

showed a decrease in apoE levels in 

media following 48h exposure when 

compared to control (Figure 4).  

When assessing levels of cholesterol, 

our data showed that Tat, cocaine 

and Tat/cocaine reduced total levels 

of cholesterol, with Tat and 

Tat/cocaine reaching statistical significance (Figure 5A).  Furthermore, intracellular 

cholesterol was reduced in all conditions, but this reduction was greatest (50%) in 

astrocytes treated with both cocaine and Tat (Figure 5B).  Similarly, cholesterol released 

into the astrocyte-conditioned media was reduced in all three treatment conditions.  Yet, 

this reduction was only significant in the Tat, and cocaine/Tat groups where cholesterol 

levels were reduced by 83% and 73%, respectively (Figure 5C).  Decreases in net 

cholesterol levels reflect a significant defect in cholesterol homeostasis in astrocytes 

when exposed to cocaine or Tat and this effect was exacerbated when astrocytes were 

exposed to cocaine and Tat simultaneously (Figure 5).  We next utilized Filipin III to 

visualize intracellular accumulation of cholesterol following treatment with cocaine and 

Tat.  Our data show that cocaine and Tat-treated astrocytes have a dramatic reduction in 

fluorescence intensity compared to control astrocytes (Figure 5D), thus confirming that 

Figure 4. ApoE release is reduced following cocaine and Tat 
exposure. Conditioned media from astrocytes exposed to cocaine 
(5μM), recombinant Tat (50ng/ml), or cocaine and Tat was collected 
and apoE was quantified by ELISA assay (*p<0.05).  Results are 
expressed as mean ± SEM, n ≥ 3. 
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cocaine and Tat decrease intracellular cholesterol.  Defects in cholesterol synthesis and 

efflux will likely reduce the amount of astrocyte-derived cholesterol available to neurons.  

Cocaine and Tat Affect Cholesterol Biosynthesis Gene Expression 

To assess the cocaine- and Tat- induced changes in cholesterol biosynthesis over time, we 

exposed astrocytes to cocaine and HIV-1 Tat and harvested cells at various times over the 

course of 72h.  Our data showed that at 2h protein levels of total SREBP2 decreased 

Figure 5. Cholesterol deficits in astrocytes exposed to cocaine and Tat. Astrocytes were cultured in serum-free medium 
and exposed to cocaine (5μM), recombinant Tat (50ng/ml), or cocaine and Tat. A-C) Cells were harvested and conditioned 
medium was collected. Levels of cholesterol were quantified by Amplex Red Cholesterol Assay. A) Total cholesterol (*p< 
0.02, **p<0.005), B) Intracellular cholesterol (*p< 0.05, **p <0.005), C) Extracellular cholesterol (*p<0.02, **p< 0.01). D) 
Astrocytes were exposed to cocaine (5μM) and Tat (50ng/ml, fixed and stained with Filipin III to visualized intracellular 
cholesterol. Left panels show representative images from control astrocytes. Right panels are representative images from 
cocaine and Tat treated astrocytes.  Phase, fluorescence, and the merge images are shown.  
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significantly in astrocytes exposed to cocaine and Tat compared to control astrocytes and 

returned to control levels over the time course (Figure 6A, B).  Interestingly, the decrease 

in total SREBP2 was coupled to an increase of cleaved SREBP2 at 2h and 6h (Figure 6A, 

C), suggesting that SREBP2 is activated under this condition.  In line with increased 

activation of SREBP2, we observed an increase in protein levels of its target gene, 

HMGCR in the cocaine and Tat treated-astrocytes at 48h (Figure 6A, D). To confirm that 

cleaved SREBP2 upregulates its downstream target genes, we measured the transcript 

Figure 6. Cocaine and Tat activate the SREBP2 signaling pathway. Astrocytes were treated with cocaine (5μM) and 
recombinant Tat (50ng/ml) over 72-hours. A) Representative western blot of SREBP2 precursor, SREBP2 cleaved form 
and its target, HMGCR. GAPDH was used as a loading control. B) Quantification of precursor SREBP2 protein 
expression relative to GAPDH (**p<0.005), C) cleaved SREBP2 (***p<0.0005, *p<0.05), and target gene D) HMGCR 
(***p<0.0005). E-F) mRNA was extracted and reverse transcribed followed by quantitative real time PCR for E) 
HMGCR (*p< 0.05), F) LDLR. Abbreviations: SREBP2 (Sterol response element binding protein 2), HMGCR (3-Hydroxy-3- 
Methylglutaryl-CoA Reductase) and GAPDH (Glyceraldehyde 3-phosphate dehydrogenase). Results are expressed as 
mean ± SEM, n ≥ 3. 
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levels of HMCGR and low-density lipoprotein receptor (LDLR), other target genes of 

SREBP2 that are involved in cholesterol uptake and found a significant burst in transcript 

levels of HMCGR at 2h (Figure 6E).  LDLR mRNA levels increased at 2h however, this 

increase was not statistically significant (Figure 6F).  

 

Disruption in Astrocyte-Neuronal Cholesterol Crosstalk 

To determine whether cocaine- and Tat-induced disruption of cholesterol supply in 

astrocytes influences neuronal integrity, we utilized a transwell system to co-culture 

human primary neurons in the lower chamber and astrocytes in the upper chamber 

whereby, direct contact between the two cell types was prevented yet, secreted factors, 

such as apoE and cholesterol could be exchanged.  Astrocytes were plated onto transwell 

inserts, which were then placed into plates containing neurons.  Cocaine and Tat 

Figure 7. Cocaine- and Tat induced cholesterol dysregulation in astrocytes effects neuronal cholesterol homeostasis.  
Neurons were exposed to cocaine (5μM), recombinant Tat (50ng/ml), or cocaine and Tat concurrently every 24 hr for 48 hr. 
Neurons were harvested following the treatments. A) Representative western blot of neuronal LDLR and CYP46a1. Tubulin 
was used as a loading control. B) analyses of LDLR protein expression relative to GAPDH and, C) CYP46a1. Neurons and 
astrocytes were co-cultured in 6-well plates separated by 24mm transwell insert with 3.0µm pore polycarbonate membrane. 
Astrocytes were seeded on top of the insert and neurons were seeded into the wells below. Coculture was exposed to 
cocaine (5μM), recombinant Tat (50ng/ml), or cocaine and Tat. Neurons were harvested following the treatments. D) 
Representative western blot of neuronal LDLR and CYP46a1. GAPDH was used as a loading control. E) analyses of LDLR 
protein expression relative to GAPDH (***p< 0.0005) and, F) CYP46a1 (*p< 0.05).  
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treatments were then added directly to the upper chamber with the astrocytes.  Levels of 

Figure 8. Cocaine- and Tat- treated astrocytes reduce synaptic and neuronal markers.  Neurons and astrocytes were co-
cultured in 6-well or 12-well plates separated by 24mm transwell insert with 3.0µm pore polycarbonate membrane. 
Astrocytes were seeded on top of the insert and neurons were seeded into the wells below. Astrocytes were exposed to 
cocaine (5μM), recombinant Tat (50ng/ml), or cocaine and Tat. Neurons were harvested following the treatments.  A) 
Representative western blot of neuronal PSD95 and Synaptophysin. GAPDH was used as a loading control. B) analyses of 
PSD95 protein expression relative to GAPDH (***p< 0.0005) and, C) Synaptophysin (*p< 0.05). D) Representative 
immunocytochemical labeling of neurons cultured below control (untreated), cocaine-, Tat-, and cocaine and tat-treated 
astrocytes with anti-MAP2 (green) and DAPI (blue). Magnification 20x. E) analysis of fluorescence intensity normalized for 
total cell number (**p<0.001, *p<0.01). Abbreviations: PSD95 (Post Synaptic Density 95) and MAP2 (Microtubule Associated 
Protein 2). Results are expressed as mean ± SEM, n ≥ 3. 
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neuronal LDLR and CYP46a1 proteins were assessed.  LDLR mediates the uptake of 

lipids into the cell and is upregulated in response to decreased intracellular cholesterol 

concentrations.  Our data show that LDLR is significantly increased in neurons cultured 

with cocaine- and Tat- exposed astrocytes (Figure 7D, E).  This suggests a need for 

neurons to take up more cholesterol when exposed to conditioned media from astrocytes 

treated with cocaine and Tat.  Along these same lines, we found that CYP46a1, an 

enzyme that metabolizes cholesterol, is down regulated in neurons exposed to 

conditioned media from astrocytes treated with cocaine and Tat when compared to 

controls (Figure 7D, F).  These data suggest that neurons respond to conditions of low 

cholesterol from astrocytes exposed to Tat and cocaine.   

To assess the neurotoxic effects of culturing neurons in the presence of astrocytes that 

have been exposed to cocaine and Tat, we measured the protein levels of two synaptic 

markers, post synaptic density 95 (PSD95) and synaptophysin in the neurons (Figure 8A, 

B, C).  Both markers were significantly reduced in neurons cultured with astrocytes that 

had been exposed to cocaine and Tat (Figure 8A, B, C).  In addition, neurons were 

immunolabeled with anti-MAP2 antibody to visualize changes in neuronal connectivity 

(Figure 8D, E).  MAP2 immunofluorescence intensity was reduced in neurons cultured 

with astrocytes exposed to cocaine and Tat (Figure 8D).  In contrast, there was no 

difference in cholesterol regulatory proteins, synaptic or structural proteins in neurons 

exposed directly to cocaine and Tat, without the presence of astrocytes (Figure 9).  No 

difference in neuronal viability was observed when cultured with astrocytes in the 

transwells (Figure 8F).  This suggests that astrocytes play a key role in the neurotoxicity-
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associated with cocaine and Tat and this may be mediated by the reduction in cholesterol 

Figure 9. Cocaine- and Tat- have minimal direct effects on synaptic and neuronal markers.  Neurons cultured in 6 well 
plates or on coverslips in 12-well plates were exposed to cocaine (5μM), recombinant Tat (50ng/ml), or cocaine and Tat. 
Neurons were harvest or fixed following the treatments.  A) Representative western blot of neuronal PSD95 and 
Synaptophysin. GAPDH was used as a loading control. B) analyses of PSD95 protein expression relative to GAPDH (*p< 0.05) 
and, C) Synaptophysin (*p< 0.05). D) Representative immunocytochemical labeling of control (untreated), cocaine-, Tat-, and 
cocaine and tat-treated neurons with anti-MAP2 (green) and DAPI (blue). Magnification 40x. E) analysis of fluorescence 
intensity normalized for total cell number. Abbreviations: PSD95 (Post Synaptic Density 95) and MAP2 (Microtubule 
Associated Protein 2). Results are expressed as mean ± SEM, n ≥ 3. 
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supply. 

Effect of Cocaine Administration on LXR Signaling Pathway in Tat Transgenic Mice 

To examine whether the effects of cocaine and Tat on cholesterol homeostasis also 

occurs in vivo, we utilized Tat-transgenic mice in combination with a model of chronic 

cocaine use.  Using brain-region specific homogenates from the hippocampus, our data 

showed a significant decrease of LXRβ in Tat-expressing mice that received cocaine 

(Figure 10A, B).  Furthermore, downstream genes ABCa1 and ApoE were also 

significantly reduced in the hippocampus of Tat mice given cocaine compared to the wild 

type (Figure 10C, D).  These results confirm in the animal model that HIV-1 Tat and 

Figure 10. Disruption of cholesterol homeostasis in hippocampus of Tat-transgenic mouse model of chronic cocaine abuse. A) 
Representative western blot from of LXRβ and target genes ABCa1 and apoE and cholesterol uptake and metabolism LDLR and 
CYP46a1. GAPDH was used as a loading control B) analyses of LXRβ protein expression relative to GAPDH (**p< 0.005, ***p< 
0.0001) and its gene targets, C) ABCa1 (*p< 0.02), D) apoE (**p< 0.005) E) LDLR (***p<0.0005, ****p<0.0001), F) CYP46a1 
(****p<0.0001). Abbreviations: WT (Wildtype), Cocaine (Cocaine only group), Tat (Tat induced by DOX group), Cocaine + Tat 
(Cocaine and Dox to induce Tat), LXRβ (Liver X Receptor Beta), apoE (apolipoprotein E), ABCa1 (ATP-binding cassette 
transporter 1), LDLR (Low density lipoprotein receptor) and CYP46a1 (Cytochrome P450 Family 46) and GAPDH (Glyceraldehyde 
3-phosphate dehydrogenase). Results are expressed as mean ± SEM, n ≥ 3. 
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cocaine disrupt LXR-β signaling.  When we assessed changes in cholesterol uptake and 

break down, we found that LDLR was significantly increased in Tat mice that received 

cocaine, whereas, the cholesterol metabolizing enzyme, CYP46a1 was significantly 

decreased (Figure 10E, F).  

Cocaine and Tat Diminish Lactate Generation in Astrocytes 

To evaluate whether exposure of astrocytes to Tat/cocaine affects lactate production, 

extracellular lactate levels were measured in media from astrocytes exposed to Tat and/or 

cocaine.  Exposure of astrocytes to Tat, cocaine and Tat/cocaine significantly decreased 

Figure 11. Cocaine and Tat affect lactate production in astrocytes. A) Extracellular lactate levels in media from astrocytes 
exposed to Tat, cocaine or Tat and cocaine. B) Representative western blot of monocarboxylate transporter 4 (MCT4) 
levels in astrocytes exposed to Tat, cocaine or Tat and cocaine. C) Quantification of normalized intensity of MCT4 levels 
from (B) to GAPDH. D) Quantification of LDH activity in astrocytes exposed to Tat, cocaine or Tat and cocaine. E) 
Quantification of intracellular lactate levels in astrocytes exposed to Tat, cocaine or Tat and cocaine. Data indicate Mean ± 
SEM; ***P<0.001, ** P <0.01, *P <0.05; n=12-16. 
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extracellular lactate levels (Figure 11A).  Since lactate is transported between the intra- 

and extracellular milieu by the monocarboxylate transporters (MCT), we next examined 

whether decreased extracellular lactate levels were a result of decreased MCT4 

expression.  Western blot analysis showed no change in MCT4 in astrocytes exposed to 

Tat, cocaine or Tat/cocaine (Figure 11B, C) suggesting no deficiency in the export of 

lactate from astrocytes.  Since we observed a decrease in extracellular lactate levels with 

no change in MCT4 expression, we predicted decreased lactate dehydrogenase (LDH) 

activity in astrocytes exposed to Tat/cocaine resulting in overall diminished lactate 

production.  Exposure of astrocytes to Tat, cocaine and Tat/cocaine decreased LDH 

activity with the greatest decrease observed in the combined treatment (Figure 11D).  

Consistent with decreased LDH activity, we noted decreased intracellular lactate levels as 

well (Figure 11E).  

Glycolysis is Unaffected in Astrocytes Treated with Cocaine and Tat 

 Diminished lactate production could be a result of impaired upstream glycolytic ability 

in astrocytes. Defective glycolysis could result in a decreased availability of pyruvate 

Figure 12: Glycolysis is minimally affected by cocaine and Tat. A) Representative traces of ECAR measurements in astrocytes 

exposed to Tat, cocaine or Tat and cocaine. After basal measurement, glucose (A), Oligomycin (B), and 2DG (C) were added as 

indicated. B) mean glycolysis, and C) glycolytic capacity. D) Quantification of pyruvate levels in astrocytes exposed to Tat, 

cocaine or Tat and cocaine.  Data indicate Mean ± SEM; ***P <0.001, **P <0.01, *P <0.05; n=12-16. 
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required for the conversion into lactate by LDH. Surprisingly, the extracellular 

acidification rate (ECAR) remained unchanged following treatment with cocaine and Tat 

suggesting that glycolytic ability is unaffected by Tat/cocaine exposure (Figure 12A-C).  

In line with stable glycolytic functioning following exposure to cocaine/Tat, intracellular 

pyruvate levels remained unchanged in astrocytes as well (Figure 12D).   

Cocaine and Tat Augment Mitochondrial Respiration in Astrocytes 

Considering glucose metabolism was unaffected by the treatment, another possible 

explanation of decreased lactate levels could be that pyruvate is being utilized for acetyl 

CoA generation. The pyruvate dehydrogenase (PDH) complex links glycolysis with 

OXPHOS by converting pyruvate to acetyl-CoA for entry into the tricarboxylic acid 

cycle.  Activation of PDH phosphatase dephosphorylates the PDH e1α subunit to activate 

the PDH complex.  Thus, we assessed the PDH activity and phosphorylation levels in 

astrocytes exposed to Tat/cocaine.  The PDH activity remained unchanged between 

control and treated astrocytes (Figure 13A) along with no changes in levels of p-PDH 

(Figure 13B, C).  However, we observed elevated acetyl CoA levels in astrocytes 

exposed to Tat, cocaine and Tat/cocaine (Figure 13D). This suggests that when treated 

with cocaine and/or Tat astrocytes may undergo a metabolic switch from anaerobic to 

aerobic metabolism. In line with this, astrocytes exposed to Tat/cocaine showed increased 

oxygen consumption rates (OCR) (Figure 13E).  The basal respiration in astrocytes 

exposed to Tat/cocaine was increased (Figure 13F) as well, suggesting increased 

mitochondrial metabolism.  An increase was observed in the maximal respiratory 

capacity (Figure 13G), which resulted in much higher spare capacity and ATP coupled 
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respiration (Figure 13H, I).  However, proton leak was found to decrease following 

cocaine/Tat treatments (Figure 15A, B). Increased mitochondrial respiration in astrocytes 

exposed to Tat/cocaine resulted in elevated ATP levels (Figure 13J).  Interestingly, 

neither the increased OCR nor the ATP generation was due to changes in mitochondrial 

respiratory complex components (Figure 14A).  Furthermore, increased mitochondrial 

reactive oxygen species (mROS) generation as measured by MitoSox red fluorescence 

Figure 13 Exposure of astrocytes to cocaine and Tat augments mitochondrial respiration A) Quantification of pyruvate 
dehydrogenase activity in astrocytes exposed to Tat, cocaine or Tat and cocaine. B) Representative western blot of PDHA1 
(phospho S293) and PDH from astrocytes exposed to Tat, cocaine or Tat and cocaine C) Quantification of normalized PDHA1 
(phospho S293) levels to total PDH. D) Quantification of Acetyl CoA levels in astrocytes exposed to Tat, cocaine or Tat and 
cocaine. E) Measurement of oxygen consumption rate (OCR) in astrocytes exposed to Tat, cocaine or Tat and cocaine.  After 
basal OCR measurement, oligomycin (A, inset), FCCP (B, inset), and rotenone + Antimycin A (C, inset) were added, as indicated.  
Representative traces of OCR in astrocytes are shown. F) Quantification of basal OCR G), maximal OCR H) I) Quantification of 
spare capacity and ATP coupled respiration in astrocytes exposed to Tat, cocaine or Tat and cocaine. J) Quantification of 
cellular ATP levels in astrocytes exposed to Tat, cocaine or Tat and cocaine. 
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(Figure 14B).  Taken together exposure of astrocytes to Tat/cocaine triggers 

mitochondrial respiration.    

Cocaine and Tat Reduces Proton Leak in Astrocyte by Decreasing Mitochondrial 

Uncoupling Proteins 

In efforts to delineate the underlying mechanisms through which cocaine and Tat induce 

this metabolic switch in astrocytes, we focused on further exploring the factors 

contributing to reduced proton leak observed in the treated astrocytes. During OXPHOS, 

the flow of electrons produced by the oxidation of substrates through the electron 

transport chain leads to the transfer of protons from the mitochondrial matrix to the 

intermembrane space (Ramsden et al., 2012). This movement creates a proton gradient 

across the inner membrane which drives ATP generation. However, at the inner 

mitochondrial membrane, protons are able to leak back into the mitochondrial matrix thus 

dissipating the proton motive force without the generation of ATP(Ramsden et al., 2012). 

Regulated proton leak protects the mitochondria against the heightened risk of ROS 

production and oxidative damage associated with enhanced oxidative 

phosphorylation(Cardoso et al., 2015). Proton leak is mediated by uncoupling proteins 

(UCPs) that are solute carrier proteins located on the inner mitochondrial membrane and 

Figure 14. Enhanced mitochondrial 
function is coupled with elevated 
mitochondrial ROS. A) Representative 
Western blot for electron transport chain 
complex components (CI, CII, CIII, CVI, CV) 
in astrocytes exposed to Tat, cocaine or Tat 
and cocaine. The outer mitochondrial 
membrane receptor, TOM20 was used as 
the loading control. B) Quantification of 
mitochondrial ROS levels in astrocytes 
exposed to Tat, cocaine or Tat and cocaine.  
Data indicate Mean ± SEM; ***P<0.001, ** 
P <0.01, *P <0.05; n=12-16.  
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allows for protons to leak from the intermembrane space back into the mitochondrial 

matrix(Andrews et al., 2005). UCPs are involved in the regulation of mitochondrial 

metabolism(Liu et al., 2006). UCPs have been demonstrated to have neuroprotective 

properties in the CNS by shifting the cell to use the glycolytic pathway instead of 

Figure 15 Reduced 
uncoupling proteins 
levels may contribute 
to metabolic 
dysfunction. Human 
primary astrocytes were 
treated with cocaine 
(5μM) and Tat 
(50ng/ml). After 48 
hours A) Measurement 
of Oxygen Consumption 
Rate (OCR) B) 
Quantification of proton 
leak as a measurement 
of oxygen consumption 
rate (OCR) (* p< 0.05, 
**p<0.005).  C) 
Representative western 
blot D) analysis of UCP2 
(*p<0.05). E) mRNA was 
extracted and reverse 
transcribed followed by 
qRT-PCR UCP2 
(**p<0.005). After 0.5, 
1, 24, 48, and 72 hours 
protein was extracted 
for Western blot 
analysis of UCP2.  F) 
Representative Western 
Blot and quantification 
of UPC2 (* p< 0.05) G, 
H) Representative 
western blot and 
analyses of UCP2 in 
cortex, I, J) 
hippocampus, K, L) 
striatum (* p< 0.05, 
**p<0.005, 
***p<0.0005, 
****p<0.0001).      
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oxidative phosphorylation thus, decreasing ROS generation(Liu et al., 2006; Ramsden et 

al., 2012; Perreten Lambert et al., 2014).  

In light of these findings, we wanted to assess whether the enhance efficiency of 

mitochondrial respiration may be a result of changes in UCPs. As expected, decreased 

proton leak was accompanied by decreased levels of UCP2 at the mRNA and protein 

level in cocaine/Tat- treated astrocytes (Figure 15A-E). Changes in UCP2 levels accord 

as early as 30 mins following cocaine/Tat treatment (Figure 15F). However, the decrease 

is most significant after 48 hours. Interestingly, when measured UCP2 protein levels in 

Tat transgenic mice exposed to cocaine we found a reduction in the hippocampus and 

cortex of these animals (Figure 15G-J). However, there was no effect in the striatum 

(Figure 15K-L).  

Dose-response Treatments of Cocaine and Tat Do Not Have Synergetic or Additive 

Effects of Astrocyte Metabolism 

To assess the optimal dosage for changes in astrocytic metabolic function, we conducted 

a dose-response using 1uM, 2.5 uM, 5uM of cocaine and/or 10ng/mL, 25ng/mL, 50 

ng/mL of Tat and measured for various metabolic outputs. We observed that 

independently cocaine and Tat exert the greatest effect at the highest dose respectively 

(Figure 16). Combinatorial treatments of lower doses did not cause any significant 



55 
 

changes to untreated groups. This suggests that there are no additive or synergetic effects 

of cocaine and Tat.  

 

 

Figure 16 Assessment of dose-dependent effects of Cocaine and Tat. Astrocytes were exposed to 1uM, 2.5 uM, 5uM of 
cocaine and/or 10ng/mL, 25ng/mL, 50 ng/mL of Tat and measured for various metabolic outputs. A) Mean glycolysis, and 
C) glycolytic capacity, D) glycolytic reserve E) Quantification of pyruvate levels. F) Quantification of LDH activity G) 
Quantification of intracellular lactate levels. (* p< 0.05, **p<0.005, ***p<0.0005, ****p<0.0001).      
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Figure 16 continued Assessment of dose-dependent effects of Cocaine and Tat. G) Quantification of extracellular lactate 
levels. H) Quantification of basal OCR I), maximal OCR, J) ATP production, K) proton leak. L) Quantification of cellular ATP 
levels (* p< 0.05, **p<0.005, ***p<0.0005, ****p<0.0001).      
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CHAPTER 4 

DISCUSSION 

Since the beginning of the HIV epidemic, illicit drug use has been closely intertwined 

with viral transmission and disease progression (Larrat and Zierler, 1993; Purohit et al., 

2011).  In particular, cocaine use is a well-known exacerbating factor that contributes to 

neurocognitive impairment associated with HIV infection (Dahal et al., 2015; Cai et al., 

2016).  Numerous reports have shown that the HIV-1 Tat protein plays an additive or 

synergetic role in cocaine co-exposure models both in vitro and in vivo (Wayman et al., 

2015; De Simone et al., 2016).  However, the combined effects of cocaine and Tat on 

astrocytes have been largely overlooked.  Astrocytes make up a significant portion of the 

cell population in the CNS and are crucial to the brain’s normal functioning (Eroglu and 

Barres, 2010; Bélanger et al., 2011; Stobart and Anderson, 2013).  Astrocytes support 

neurons through a range of diverse functions including supplying key energy metabolites 

and trophic factors.  Cholesterol is one key substrate provided to neurons by astrocytes 

(Pfrieger and Ungerer, 2011).  Brain cholesterol is a major component of myelin and is 

crucial for cell membrane integrity and synaptic transmission.  Astrocyte dysfunction and 

disruption in cholesterol homeostasis are increasingly recognized as contributors to a 

number of neurodegenerative diseases including AD, HD, PD and Niemann-Pick Type C 

disease (Björkhem and Meaney, 2004; Petrov et al., 2016).  In the case of AD, several 

groups have shown that total brain cholesterol and brain cholesterol synthesis is reduced 

in patients (Mason et al., 1992; Mulder et al., 1998; Roher et al., 2002; Martín et al., 

2014).  In support of AD reports, low cholesterol levels have also been noted in the 

hippocampus of aging human brains and in hippocampal synapses of aging mice 
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(Svennerholm et al., 1991; Thelen et al., 2006; Desai et al., 2010; Martín et al., 2014).  In 

fact, reports of short-term memory loss have been associated with cholesterol-lowering 

statin therapy causing the FDA to issue a warning on this drug class.  In vitro, statins 

have been found to induce apoptosis in rat astrocytes and neurons (März et al., 2007).  

Given the many roles of cholesterol in the CNS, it is clear that any disruption in the 

cholesterol supply to neurons can likely contribute to neuronal dysfunction.  In agreement 

with human and animal studies, in vitro studies demonstrate that depletion of cholesterol 

has deleterious effects on neuronal function (Thiele et al., 2000; Frank et al., 2008; 

Valenza et al., 2015; Fukui et al., 2016).  Taken together, this reveals a potential 

convergence point for cocaine use and HIV-1 Tat to accelerate neurocognitive 

impairment.  However, there are no reports on the potential effects of HIV-1 Tat or 

cocaine on cholesterol homeostasis within the CNS.  

In the present study, we assessed the individual and combined effects of cocaine and Tat 

on energy and cholesterol homeostasis in astrocytes.  We discovered multiple aspects of 

metabolic regulation that were disrupted by cocaine and Tat in vitro and in vivo.  

Cholesterol homeostasis is maintained by a dynamic balance between cholesterol efflux 

controlled by LXR signaling and cholesterol biosynthesis triggered through SREBP2 

activation (Courtney and Landreth, 2016).  We found that LXR signaling was reduced in 

astrocytes following cocaine and Tat exposure resulting in decreased expression of the 

lipid carrier, ApoE and the lipid transporter, ABCa1 (Figures 1, 3, and 4).  In addition to 

altered capacity to export cholesterol, diminished levels of astrocyte-derived cholesterol 

were detected following cocaine and Tat exposure (Figure 5), suggesting that cholesterol 

biosynthesis may also be hampered under these conditions.  However, cocaine- and Tat- 
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treated astrocytes appear to respond to this deficiency by increased cleavage of SREBP2 

into its active form to stimulate cholesterol biosynthesis mediated by upregulation of 

HMGCR expression, a rate-limiting enzyme in cholesterol generation (Figure 6).  

However, total cholesterol levels remained low despite the transient activation of 

SREBP2 indicating that the cell may be unable to compensate for Tat/cocaine reduced 

cholesterol supply.  It has been previously reported that in hepatic cells reduced 

cholesterol efflux and synthesis is observed after induction of endoplasmic reticulum 

(ER) stress despite increased SREBP2 activity (Röhrl et al., 2014).  This study 

demonstrated that although SREBP2 activation and HMGCR levels were increased, 

HMGCR activity was reduced by 70% under ER stress, which led to decreased 

cholesterol synthesis.  There are a number of reports of ER stress induced by cocaine or 

Tat contributing to neurotoxicity (Desai et al., 2010; Fan and He, 2016; Ma et al., 2016; 

Periyasamy et al., 2016).  Therefore, it is possible that ER stress may be an upstream 

event mediating cholesterol dysregulation following cocaine and Tat exposure.  

Furthermore, one group demonstrated that a reduction in SREBP activity in astrocytes 

can contribute to impaired synaptic plasticity in the hippocampus (van Deijk et al., 2017).  

This supports the importance of astrocyte-derived cholesterol in synaptic health and 

reveals that deficiencies in SREBP alone can have a negative impact.   

Because the BBB prevents uptake of cholesterol from the periphery into the CNS, 

neurons rely on cholesterol synthesized by astrocytes (Björkhem and Meaney, 2004).  

Cholesterol bound to ApoE is transported out of astrocytes via ABCa1 (Pfrieger and 

Ungerer, 2011).  Once in the extracellular space, the ApoE-cholesterol complex is taken 

up via LDL receptors into neurons where it can be utilized for synaptogenesis, synaptic 
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vesicle formation, and axonal plasticity (Thiele et al., 2000; Mauch et al., 2001; Pfrieger, 

2003; Allen et al., 2007).  Reduced bioavailability of astrocyte-derived cholesterol to 

neurons has been shown to reduce neurite outgrowth, decrease synaptic properties, and 

impede synaptic activity (Fan et al., 2002; Valenza et al., 2015).  Using our co-culture 

system, we showed that cocaine and Tat together increase LDLR expression in human 

primary neurons, suggesting a decrease in intracellular cholesterol and a need for neurons 

to increase cholesterol uptake.  This could be a direct compensatory response to the 

diminished supply of cholesterol provided by astrocytes (Figure 7).  Similarly, data that 

cholesterol metabolism was decreased further suggest that intracellular cholesterol was 

reduced in neurons exposed to cocaine- and Tat-treated astrocytes.  Cholesterol is a major 

component of synaptic vesicles and cholesterol depletion has been shown to impair 

synaptic vesicle exocytosis and to block biogenesis of synaptic vesicles in cultured 

neurons (Thiele et al., 2000; Linetti et al., 2010).  Cholesterol depletion has also been 

demonstrated to affect the ability of synapses to sustain synaptic transmission (Goritz et 

al., 2005).  In the post synaptic compartment, loss of cholesterol has been reported to 

alter AMPA and NMDA receptor function, decrease endocytosis, and dysregulate TrkB 

receptor activation (Thiele et al., 2000).  Taken together, these events can result in 

decreased hippocampal functioning.  Our in vitro data reveal that cocaine and Tat can 

have deleterious effects on astrocyte cholesterol supply, thereby providing compelling 

evidence for a novel indirect effect of cocaine- and Tat on neuronal dysfunction in HIV 

infected patients who use cocaine. 

In ApoE-knockout mice, ApoE deficiency was associated with signs of 

neurodegeneration including decreased immunolabeling for the synaptodendritic markers, 
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MAP2 and synaptophysin in the hippocampus and cortex (Masliah et al., 1995).  This 

demonstrates the importance of ApoE in the maintenance of synaptic integrity and how 

alterations can lead to neurodegeneration.  Additionally, this highlights the importance of 

cholesterol delivery to neurons by ApoE to sustain neuronal fitness.  In our Tat-

transgenic mouse model of chronic cocaine use, we detected decreased expression of 

LXR, ApoE, and ABCa1 in the hippocampus.  It is likely that disruption of LXR 

signaling in the hippocampus may hinder the astrocyte’s ability to support the cholesterol 

needs of neighboring neurons resulting in the loss of synaptodendritic connectivity 

(Figure 9).   

Another salient feature of the present study is that cocaine and/or Tat prompts astrocytes 

to utilize energy substrates for their own metabolism rather than transferring them to 

neurons.  Reduction in extra- and intracellular lactate levels (Figure 1A, E) along with 

enhanced ATP generation implies a metabolic shift occurs in astrocytes exposed to 

Tat/cocaine. Moreover, 60% of the glucose taken up by astrocytes is converted to lactate 

for delivery to neurons (Bouzier-Sore and Pellerin, 2013). Considering the extensive 

metabolic coupling between neurons and astrocytes, any alterations in astrocytic energy 

pathways could have deleterious effects on neuronal function. One interesting report 

found an age-dependent metabolic shift from anaerobic metabolism towards increased 

mitochondrial metabolism and mitochondrial biogenesis in primary cortical astrocytes 

isolated from 7-, 13-, 18-month old rats (Jiang and Cadenas, 2014).  Enhanced 

mitochondrial respiration reduces the astrocytes’ ability to supply energy substrates to 

neurons and instead provide support for their own metabolic needs(Jiang and Cadenas, 

2014). This notion is supported by evidence that inflammatory reactions in astrocytes in 
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response to infection or stress are  expensive (Johnson et al., 2012). Astrocyte activation 

requires enhanced protein synthesis and trafficking thereby increasing cellular energy 

demands. Upregulation of mitochondrial function may be an energy efficient way for 

astrocytes to meet their energy demands when under stress. It is possible that increased 

mitochondrial metabolism is needed to support metabolically expensive inflammatory 

pathways in response to stress triggered by cocaine and Tat. Of interest, many genes 

related to mitochondrial bioenergetics and function are upregulated in the brains of aging 

individuals with mild cognitive impairments relative to age-matched controls (Berchtold 

et al., 2014). This is in stark contrast to the extensive downregulation of mitochondrial 

genes in the AD brain (Berchtold et al., 2014), suggesting an intermediate increase in 

mitochondrial function energy may be an early contributor to a neurodegenerative state 

and precede hypometabolic conditions. Due to dynamic glial/neuronal energetic profiles, 

it can be difficult to tease apart which cell population is driving these changes. However, 

a recent magnetic resonance spectroscopy study reported decreased neuronal 

mitochondrial metabolism and increased glial mitochondrial metabolism in healthy adults 

76±8 years of age when compared to young volunteers 26±7 years of age (Boumezbeur et 

al., 2010), indicating that in the human brain astrocytes are likely undergo an increase 

energetics during normal aging. Furthermore, upon aging, the activity of pyruvate 

carboxylase, a key mitochondrial anaplerotic enzyme, in astrocytes increases and 

decreasing its activity ameliorated age-related memory impairments in Drosophila 

(Yamazaki et al., 2014). Overall, enhanced astrocytic mitochondrial function appears to 

have detrimental effects on the aging brain and may represent a key pathology in 

neurodegenerative disorders, including HAND.  
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We observed increased acetyl-CoA levels in Tat/cocaine treated astrocytes yet PDH 

activity and the phosphorylation state of PDH remain unaltered (Figure 1G-I), suggesting 

the pyruvate generated via glycolysis is not likely the source for acetyl-CoA. We 

speculate that an increased formation of acetyl-CoA in the mitochondrial matrix is a 

resultant of fatty acid oxidation rather than glycolysis. Fatty acid oxidation is an 

alternative source of energy and could explain this discrepancy. Several lines of evidence 

link increased fatty acid oxidation and inflammation in CNS(Shriver and Manchester, 

2011). Ultimately, cocaine/Tat were shown to induce the enhancement of mitochondrial 

oxidation and ATP generation in astrocytes. This may be partially explained by the 

downregulation of UCP2. UCP2 is an inner mitochondrial membrane solute carrier 

protein that regulates proton leak and subsequently ROS generation(Krauss et al., 2005). 

UCP2 deficiency in astrocytes has been shown to increased GFAP expression and 

promote the expression of proinflammatory cytokines, both of which are reported in 

cocaine/Tat exposed astrocytes(Zhou et al., 2004; Krauss et al., 2005; Lapp et al., 2014; 

Lu et al., 2014; Du et al., 2016; Yang et al., 2016). Together this suggests UCP2 can 

influence astrocyte activation. Moreover, overexpression of UCP4 and UCP5, other 

members of the uncoupling family, in astrocytes increased the survival of untransfected 

neuronal co-cocultures(Perreten Lambert et al., 2014) thus, implying that astrocytic 

uncoupling proteins have a neuroprotective effect. This group also showed that astrocytes 

overexpressing of UCP4 produced more lactate(Perreten Lambert et al., 2014). Similarly, 

another study demonstrated in neurons UCP4 overexpression mediated a metabolic shift 

in energy metabolism from mitochondrial respiration to glycolysis thereby increasing 

lactate production and reducing ROS levels(Liu et al., 2006). Our data suggest that the 



64 
 

diminished response of UCP2 may be contributing to the metabolic shift in astrocytes 

when treated with cocaine/Tat. UCP2 activity in astrocytes may be a potential therapeutic 

target.  

Our data also indicate that Tat and cocaine independently promote some aspects of 

metabolic switch in astrocytes from neurotrophic to neurotoxic phenotype, but combined 

these factors do not function in an additive or synergetic manner. Instead, it appears that 

this response in astrocytes maybe a generalized response to a given stressor but is still 

important in the context of both cocaine use and HIV infection.   

In summary, our findings indicate that cocaine and Tat have converging effects on 

metabolic homeostasis in astrocytes resulting in enhance mitochondrial function and the 

diminished bioavailability of cholesterol and lactate.  Astrocyte-neuron crosstalk and 

cholesterol exchange is required for normal brain function.  Any alterations to this tightly 

regulated exchange can have detrimental effects on the health of the CNS.  Cocaine and 

Tat hinder astrocytes’ ability to provide needed metabolic support to neurons.  

Cholesterol production and efflux are greatly reduced following cocaine and Tat 

exposure.  If astrocytes cannot meet neuronal cholesterol needs, it is possible that 

synaptic integrity may be lost, neurotransmission may begin to fail, and this could 

manifest as neurocognitive impairments that are often reported in HIV + cocaine users. 

Lastly, considering the intimate coupling of astrocyte anaerobic glycolysis with neuronal 

bioenergetics, a shift in astrocytes away from anaerobic respiration would reduce lactate 

production and deprive neurons of this key metabolite.  Overall, this may help explain, in 

part, the hypometabolic state reported in the HIV brain. Modulation of key metabolic 
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pathways in astrocytes may be a novel mechanism to attenuate neurite degeneration and 

synaptic defects seen in HIV infection and/or cocaine use.   
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