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Abstract 

 Despite the success of combined antiretroviral therapy (cART) in extending the 

lifespan and enhancing the quality of life for those infected with HIV, nearly half of the 37.9 

million HIV-positive individuals experience some degree of neurocognitive impairment. 

These impairments are collectively termed HIV-associated neurocognitive disorders 

(HAND). HAND symptoms range from subtle difficulties in the tasks of daily living to severe 

functional impairment and dementia. cART effectively suppresses viral load and improves 

patient survival; however, while the severity is reduced, the prevalence of HAND remains 

high and may be increasing due to the prolonged lifespan of HIV patients. Currently, there 

are no effective treatments for HAND.  

 HIV neurotoxicity is mainly mediated by inflammatory and excitotoxic agents 

released from infected macrophages and microglia. The HIV trans-activator protein Tat is 

one such agent that plays a major role in the neuropathogenesis of HAND. While cART 

suppresses viral replication, it does not halt the production of Tat once HIV has integrated 

into the host genome. Numerous studies have demonstrated that Tat causes 

excitotoxicity, which leads to a loss of spine density and altered network function; this 

synaptic dysfunction predicts marked impairments in learning and memory paradigms in 

various in vitro and in vivo models of HAND. Thus, it is essential to elucidate the 

mechanisms that cause and exacerbate neurotoxicity, in order to find effective therapeutic 

targets to ultimately treat HAND symptoms.  

 A growing body of literature indicates that components of the endocannabinoid 

(eCB) system may be viable therapeutic targets. Across many models of neurological 

disorders that share a common pathophysiological pathway including excitotoxicity and 

neuroinflammation, activation of the eCB system attenuates detrimental cellular 

processes. Recent reports show that activating the eCB system protects against HIV-
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induced neurotoxicity, indicating that modulation of the eCB system may be a viable 

therapeutic approach to suppress the neuronal damage that underlies HAND. However, 

one important determinant of clinical outcome is the degree to which the target biological 

system is functional. Exposure to excitotoxic stimuli alters the eCB system; whether eCB 

signaling is altered in the presence of HIV is unknown.  

 In this dissertation, I explore the effects of HIV Tat protein on eCB signaling in vitro. 

Using an electrophysiological approach, I determined that Tat impairs cannabinoid type 1 

receptor (CB1R) function in a subset of neurons without affecting other components of the 

eCB system. Taken together, these results indicate that Tat specifically impairs CB1R-

mediated presynaptic inhibition of glutamate release. This observation suggests that eCB-

mediated neuroprotection may be reduced in vivo, possibly exacerbating synaptodendritic 

injury caused by HIV. Thus, this dissertation provides new insight into processes that 

further contribute to HIV-induced neurotoxicity and suggests that protecting or enhancing 

the neuroprotective eCB system may attenuate the symptoms of HAND.    
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I. HIV virology and pathogenesis 

Nearly 75 million people have contracted human immunodeficiency virus (HIV), 

and over 37.9 million individuals are currently living with HIV worldwide (UNAIDS, 2019). 

HIV is categorized in the Lentivirus genus that is part of the Retroviridae family, which 

includes several single-stranded RNA viruses (Chinen and Shearer, 2002). Lentiviral 

infection typically shows a chronic and slow course of disease, with a relatively acute initial 

response followed by a long latency period of persistent viral replication that precedes the 

onset of clinical signs (Campbell and Robinson, 1998). HIV infection provides the 

pathological basis for acquired immunodeficiency syndrome (AIDS), a complex disease 

that is initiated by HIV but intensified by secondary, often opportunistic infections caused 

by other agents (Campbell and Robinson, 1998). 

The viral structure of HIV is comprised of a bi-layered membrane envelope 

composed of the two major glycoproteins gp41 and gp120. These proteins originate from 

enzymatic cleavage of the larger viral pre-protein gp160 (Levy, 1993) and are essential 

for binding to host cells that are positive for CD4 receptors and a corresponding co-

receptor, either CCR5 or CXCR4 (Choi, 1985, Feng et al., 1996). The HIV core is 

comprised of 3 structural proteins that form the capsid which encloses two copies of single-

stranded RNA, in addition to several proteins necessary for replication (Levy, 1993). The 

viral life cycle is initiated by the surface glycoprotein gp120 recognizing and binding to a 

CD4+ host cell, followed by gp41 fusion with the host membrane and subsequent 

uncoating of the nucleocapsid into the cytoplasm (Levy, 1993). As a retrovirus, HIV uses 

its own reverse transcriptase to produce viral DNA from RNA: the viral RNA genome is 

transcribed into an RNA/DNA hybrid (complementary DNA, cDNA) that is integrated into 

the host genome. Using host cell machinery, viral proteins are then translated, and 

immature virus is assembled. Two non-structural HIV proteins are considered essential 

regulator elements for viral replication: Tat (trans-activator of transcription), which 
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stimulates the transcription of longer cDNA transcripts through binding to RNA 

polymerase; and Rev (regulator of expression of virion proteins), which transports the viral 

genome from the cytosol to the nucleus during viral replication (Levy, 1993). Other 

accessory regulatory proteins include: Vpr (viral protein R), which arrests host cells in G2 

cell cycle and transports the viral pre-integration complex into the nucleus, where the 

process of viral integration into the host genome is completed (Heinzinger et al., 1994, 

Jowett et al., 1995); Vif, which associates with cytoskeletal elements and increases the 

infectivity of HIV virions (Gabuzda et al., 1992); and Nef (negative factor), which 

downregulates surface levels of important molecules necessary for an immune response, 

thus increasing viral infectivity (Kim et al., 1999). The newly produced virions bud outside 

of the cell and mature extracellularly before infecting other CD4+ cells (Vaishnav and 

Wong-Staal, 1991). 

Because reverse transcriptase is relatively error-prone, viral variants are 

continuously produced, giving rise to hugely variable viral populations (Roberts et al., 

1988). This has led to the classification of global HIV strains into 9 subtypes based on the 

diversity of the viral envelope: clades A, B, C, D, F, G, H, J, and K (Taylor et al., 2008). 

These subtypes represent phylogenetically linked strains of HIV that are often 

geographically or epidemiologically defined (Taylor et al., 2008). Clade B is predominant 

in the Americas, Australia, and Europe (Abecasis et al., 2013, Pyne et al., 2013), while 

clade C accounts for about 50% of worldwide infection (Geretti, 2006). Overall, the genetic 

makeup between all clades deviates by approximately 25-30% (Hemelaar et al., 2006). 

Viral tropism further divides the virus into two categories based on the host chemokine G-

protein-coupled co-receptor that facilitates binding of the viral envelope to the host. 

Macrophage (M-tropic) strains of HIV use the β-chemokine receptor CCR5 for entry and 

thus replicate in macrophages and CD4+ T-cells (Choi, 1985), while T-tropic strains of HIV 

replicate in macrophages and use the α-chemokine receptor CXCR4 for entry (Feng et 
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al., 1996). There are also HIV strains that use both CCR5 and CXCR4 (Simmons et al., 

1996). 

The most common routes of HIV transmission are through sexual contact, sharing 

contaminated needles and syringes, and transfusion of contaminated blood or other bodily 

fluids (Chin and Ascher, 2000). Early signs of HIV infection are influenza-like symptoms, 

including fever, oral ulcers, rash, and malaise (Cooper et al., 1985); these clinical features 

are heterogenous and last days to several weeks (Cooper et al., 1985, Kahn and Walker, 

1998), with a more severe or longer duration correlating with faster progression to AIDS 

(Henrard et al., 1995). Shortly after HIV infection, there is a rapid rise in plasma viremia 

and this stage is characterized by high levels of viral replication and infectivity (Clark et 

al., 1991). After the short-lived initial rise, HIV levels decrease to a lower steady level of 

viral replication (Piatak Jr. and et.al., 1993). Several weeks after viremia decreases, HIV-

neutralizing antibodies appear (Koup et al., 1994), marking the end of the acute HIV 

infection stage. Chronic HIV infection lasts for weeks to decades and is recognized as a 

latency period where the virus continuously replicates (Alcabes et al., 1993). The 

inexorable progression to AIDS is diagnosed when CD4+ T-cell levels fall to fewer than 

200 cells/mm3 blood or if the patient falls ill to certain opportunistic infections such as 

Kaposi sarcoma, Pneumocystis carinii (pneumonia), or mycobacterium (tuberculosis) 

(Alcabes et al., 1993, Campbell and Robinson, 1998). Since HIV-induced 

immunosuppression is systemic, nearly all organ systems are vulnerable, leading to a 

wide array of manifestations including dermatological lesions, gastrointestinal infections, 

and a range of neurological symptoms (Campbell and Robinson, 1998). 

II. HIV treatment 

Treatment advances have shifted the prognosis of HIV infection, where more 

people are aging with rather than dying from HIV (Cihlar and Fordyce, 2016). The 



 

 5 

recommended course of treatment for individuals with HIV is to begin a multi-drug regimen 

known as combined antiretroviral therapy (cART), often immediately after a patient’s 

diagnosis. This therapy involves the combined administration of at least 3 separate 

antiretroviral drugs, which interfere with a distinct step in the HIV life cycle to inhibit viral 

replication and reduce infectivity of naïve cells: nucleoside reverse transcriptase inhibitors, 

non-nucleoside reverse transcriptase inhibitors, protease inhibitors, entry inhibitors, fusion 

inhibitors, and integrase inhibitors (Arts and Hazuda, 2012). Since its introduction in the 

mid-1990s, cART has been shown to effectively reduce HIV-associated morbidity, prolong 

survival and lifespan, and prevent transmission (Hammer et al., 1996, Palella et al., 1998, 

Vittinghoff et al., 1999, Cihlar and Fordyce, 2016). Viral viremia is effectively suppressed 

below detectable limits within weeks of therapy if individuals adhere to an efficacious 

regimen (Hogg et al., 1998, Cu-Uvin et al., 2000, Montaner et al., 2006, Donnell et al., 

2010). However, currently there is no effective method to completely eradicate HIV from 

the body due to the pool of latently infected CD4+ T-cells in various organ systems that is 

established early during acute infection (Churchill et al., 2016). In fact, the brain is 

considered a viral reservoir (Churchill et al., 2016), contributing to the failure of cART to 

effectively remove HIV from the central nervous system (CNS). In order to account for 

individual differences in response to treatment, the efficacy of cART is routinely monitored 

to optimize treatment for each patient, through widespread measurement of CD4+ T-cells, 

plasma HIV RNA levels, and antiretroviral resistance profiles (OARAC, 2013). These 

measures are routinely monitored to ensure maintenance of systemic viral suppression, 

and to generate resistance profiles that may be used to monitor the development of 

resistance to ART, in order to better inform clinicians on what cART regime will be most 

effective for individual patients (OARAC, 2013). Since their classification in 1981, AIDS-

related illnesses have taken the lives of over 32 million people, marking it as one of the 

most devastating pandemics in human history (UNAIDS, 2019). While treatment for HIV 
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infection has improved many clinical outcomes, there are no effective treatments to 

alleviate the neurological symptoms associated with HIV infection. 

III. HIV-associated neurocognitive disorders 

Approximately 30-55% of HIV-positive individuals experience neurological 

impairments that are collectively termed HIV-associated neurocognitive disorders (HAND) 

(Heaton et al., 1995, Tozzi et al., 2005, Saylor et al., 2016). HAND is a family of disorders 

based on the severity of impairment in several neurocognitive domains. Patients are 

evaluated with a multitude of neuropsychological tests that assess verbal/language, 

attention and working memory, abstraction and execution, learning and memory recall, 

speed of information processing, sensory-perceptual, and motor skills (Antinori et al., 

2007). Asymptomatic neurocognitive impairment (ANI) is the mildest form of HAND and is 

defined by subtle but demonstrable cognitive/motor impairment, where individuals perform 

at least 1 standard deviation below the mean of demographically adjusted normative 

scores in at least 2 cognitive areas. Mild neurocognitive disorder (MND) requires that in 

addition to meeting criteria for asymptomatic neurocognitive abnormality, everyday 

function is also impaired. Specifically, MND patients experience cognitive impairment that 

interferes, at least mildly, with activities of daily life (Antinori et al., 2007). The criteria for 

diagnosis of HIV-associated dementia (HAD) requires moderate-to-severe impairment 

that is documented by a score at least 2 standard deviations below demographically 

corrected normative means in at least 2 cognitive areas and marked difficulty in activities 

of daily life (Antinori et al., 2007). 

Since the introduction of cART in the mid-1990s, the incidence of HAD, the most 

severe form of HAND, has significantly been reduced by 40-50% (Maschke et al., 2000, 

Sacktor et al., 2001). However, the proportion of HIV-positive individuals with 

neurocognitive impairment remains unchanged, and the prevalence of milder forms of 



 

 7 

HAND is on the rise (Sacktor et al., 2001, Saylor et al., 2016). ANI now accounts for 

approximately 70% of all HAND cases (Heaton et al., 2010), and this is clinically relevant 

because individuals with ANI at baseline are 2-6 times more likely to develop symptomatic 

HAND than those who were neurocognitively normal at baseline (Grant et al., 2014). 

Currently, there is no standard of treatment for HAND patients beyond optimal 

suppression of HIV replication in the CNS by cART (Bougea et al., 2019). However, cART 

does not ameliorate neurocognitive symptoms in patients with suppressed plasma viral 

loads (Sacktor et al., 2001, Sacktor et al., 2002, Cysique et al., 2004, Robertson et al., 

2004). The efficacy of several CNS-penetrant drugs has been assessed in clinical trials to 

treat HAND symptoms. Memantine, an N-methyl-D-aspartate (NMDA) receptor 

uncompetitive blocker that is approved to treat Alzheimer’s disease, was safe and 

tolerated by HAND patients, but showed no significant effects on cognitive performance 

(Schifitto et al., 2007). HAND patients that were given nimodipine, an L-type voltage-gated 

Ca2+ channel antagonist, showed no significant enhancements in performance in a battery 

of neuropsychological tests (Navia et al., 1998). Minocycline, a broad-spectrum 

tetracycline antibiotic, was safe and well-tolerated in HAND patients, but cognitive 

improvement was not observed (Sacktor et al., 2011). These and other trials have 

demonstrated a clear lack of effective therapies to treat HAND symptoms, warranting the 

continued effort to further understand the mechanisms that underlie and exacerbate 

neuronal damage. 

IV. HIV neuropathogenesis and mechanisms of neurotoxicity 

The most commonly accepted mechanism for HIV penetration into the CNS is the 

“Trojan horse hypothesis” which posits that circulating HIV-infected monocytes, in their 

normal course of surveillance, transmigrate across the blood-brain barrier (BBB), 

introducing the virus into the CNS (Kramer-Hammerle et al., 2005). Once across the BBB, 
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infected monocytes differentiate into perivascular macrophages, and subsequently infect 

other macrophages and microglia but not neurons which do not express the receptors 

necessary for HIV infection (Schuenke and Gelman, 2003, Fischer-Smith et al., 2008). 

These infected cells then initiate the production and release of inflammatory cytokines, 

toxic agents, and viral proteins into the extracellular space, which in turn act on neurons 

to induce several neurotoxic processes (Fig. 1.1) (Kaul et al., 2001). Thus, HIV 

neurotoxicity manifests mainly through indirect mechanisms mediated by neurotoxic 

agents released by infected macrophages and microglia (Ellis et al., 2007).  

Systemic inflammation disrupts the permeability of the BBB (Varatharaj and Galea, 

2017), facilitating further HIV invasion of the CNS, leading to sustained HIV production 

and increased CNS viral burden (Banks et al., 1999). Quantitation of brain viral load 

correlates poorly with the development of cognitive symptoms (Johnson et al., 1996), but 

the presence of HIV in the brain initiates cascades of neuroinflammation that cause 

neuronal injury (Brabers and Nottet, 2006). Infected macrophages and microglia release 

pro-inflammatory cytokines such as interleukin 1-β (IL-1β) and tumor necrosis factor-α 

(TNF-α) (Wesselingh and Thompson, 2001, Brabers and Nottet, 2006); these cytokines 

cause neuronal injury and damage (Relton and Rothwell, 1992, Ye et al., 2013, Festa et 

al., 2015). Compelling evidence indicates that sustained neuroinflammation is associated 

with the progression of HAND. In one clinical study, HAND patients displayed elevated 

levels of the pro-inflammatory cytokines IL-6 and MIP-1β relative to HIV-positive 

individuals without HAND at baseline, with sustained levels even after a 12-week regime 

of cART (Airoldi et al., 2012). In a PET and MRI imaging study, HIV-positive individuals 

displaying increased brain inflammation demonstrated poorer cognitive performance 

(Vera et al., 2016). Thus, these and other reports indicate a strong relationship between 

chronic neuroinflammation caused by HIV and the degree of cognitive impairment in 

HAND patients (Adle-Biassette et al., 1999, Everall et al., 2009, Yuan et al., 2013). 
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In addition to the release of pro-inflammatory cytokines, glutamate excitotoxicity, a 

common pathway for many neurological disorders, contributes to HIV neurotoxicity (Lipton 

and Rosenberg, 1994, Danbolt, 2001, Haughey et al., 2001). Glutamate regulation is 

crucial for the survival and normal functioning of neurons (Danbolt, 2001); thus, the rapid 

removal of glutamate by astrocytes is essential in preventing neuronal injury and death 

caused by glutamate excitotoxicity (Belanger and Magistretti, 2009). This form of injury is 

predominantly mediated by the excessive influx of Ca2+ into neurons through ionotropic 

glutamate receptors (Choi, 1985), triggering the activation of many Ca2+-dependent 

signaling cascades that lead to the synthesis of free radicals and nitric oxide, activation of 

proteases and other enzymes that degrade proteins, and programmed cell death (Choi, 

1985, Berliocchi et al., 2005, Dong et al., 2009). 

Viral proteins released by HIV-infected macrophages and microglia dysregulate 

glutamate homeostasis. Abnormal glutamate homeostasis has been observed in HIV-

positive individuals, where levels of glutamate in the cerebrospinal fluid (CSF) of HIV 

patients were 5-fold greater compared to healthy controls (Ferrarese et al., 2001). From 

in vitro studies, the envelope glycoprotein gp120 directly stimulates astrocytic glutamate 

secretion (Benos et al., 1994), and simultaneously decreases glutamate reuptake by 

astrocytes by reducing the expression of the glutamate transporter EAAT2 (Wang et al., 

2003). Although glutamate transporters are expressed on neurons in addition to 

astrocytes, astrocytic glutamate transporters are estimated to be responsible for 90% of 

glutamate uptake in the brain (Cisneros and Ghorpade, 2012). The HIV trans-activator 

protein Tat potentiates NMDA receptors (Haughey et al., 2001), which are glutamatergic 

ionotropic receptors sensitive to Ca2+. Potentiation of NMDA receptors therefore triggers 

a substantial influx of Ca2+ into the cell, leading to the activation of the aforementioned 

detrimental neuronal processes. Thus, these HIV viral proteins cause excitotoxicity that 
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results in activation of processes that cause neuronal damage and ultimately lead to cell 

death (Kaul et al., 2001). 

While neuronal death is seen in HAND patients, the extent of cell death does not 

correlate with the degree of cognitive impairment in HAND patients; rather, the events that 

precede neuronal death, namely the mechanisms of neuronal injury, correlate closely with 

HAND symptoms. Indeed, autopsies of brains from HAND patients revealed a strong 

correlation between dendritic and presynaptic damage and the extent of neurocognitive 

impairment (Masliah et al., 1997). Furthermore, studies have shown that the prefrontal 

cortex, hippocampus, and striatum are particularly susceptible to neuronal damage 

(Masliah et al., 1992a, Wiley et al., 1998, Maragos et al., 2003, Moore et al., 2006), areas 

that are important for higher cognitive function, learning and memory, and motor skills. 

Thus, aberrant neuronal network function resulting from sustained inflammation and 

excitotoxicity disrupts neuronal communication, leading to changes in cognitive function 

(Ellis et al., 2007).  
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Figure 1.1. Neuropathogenic mechanisms of HAND. HIV-infected macrophages and 
microglia release neurotoxic viral proteins, including Tat and gp120, that trigger astrocyte 
activation resulting in increased glutamate release and decreased glutamate uptake. 
Elevated glutamate levels cause disturbances in neuronal bioenergetics that lead to 
aberrant synaptodendritic pruning and neuronal injury. Additionally, systemic inflammation 
leads to microglial activation and increased production of cytokines that further contribute 
to neuronal injury. From Saylor et al. (2016) April;12(4): 234-248. Reproduced with 
permission © 2016 Springer Nature.   
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V. HIV Tat: a neurotoxic viral protein 

Outside of its normal function, the trans-activator protein Tat is believed to play a 

major role in the neuropathogenesis of HAND. Tat is a small nuclear protein comprised of 

86 to 104 amino acids, depending on the viral strain. It is an essential regulatory 

nonstructural viral protein that functions to enhance the efficiency of transcription (Peterlin 

et al., 1986). Once HIV enters the host cell and the viral genomic RNA is reverse 

transcribed into cDNA, RNA polymerase II (RNAP II) is recruited to the HIV promoter and 

transcription is initiated. Following this initiation, Tat forms a transcription complex with 

RNAP II, and this complex then binds to the Tat activation region (TAR) of the transcribed 

HIV RNA (Feng and Holland, 1988). Tat then recruits the cellular protein kinase Tar-

associated kinase (TAK), later shown to be identical to a general RNAP II elongation factor 

known as P-TEFb (Herrmann and Rice, 1995), composed of CDK9 and Cyclin T1. 

Elongation is activated when CDK9 hyper-phosphorylates the carboxyl terminal domain 

of RNAP II (Zhu et al., 1997), and the rest of the HIV genome is transcribed (Herrmann 

and Rice, 1995). Thus, Tat plays an essential role in efficient transcription of the viral 

genome. 

In addition to its normal role in facilitating viral transcription, abundant evidence 

indicates that Tat is an important mediator of neurotoxicity and plays a significant role in 

mediating the neurocognitive impairments caused by HIV. Tat is secreted from HIV-

infected cells (Chang et al., 1997), and unlike other HIV proteins, it is the only viral protein 

shown to be actively released extracellularly by infected cells (Ensoli et al., 1993). Analysis 

of brain tissue or CSF from HIV-positive individuals shows that levels of Tat mRNA are 

elevated in patients with HIV-associated dementia (Hudson et al., 2000). Additionally, Tat 

antibody levels were higher in those without neurocognitive dysfunction and lower in those 

with neurocognitive impairment, suggesting antibody responses against Tat may preserve 

cognitive function (Bachani et al., 2013). Despite significant improvements in suppressing 
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HIV viral load using cART, current regimens are unable to halt the production of Tat once 

viral DNA is integrated into the host genome (Li et al., 2009). 

In vivo studies using rodents demonstrate that cranial injection of Tat causes 

attenuated learning and memory. Tat injection into wildtype mice disrupts long-term 

potentiation (LTP) induction in the hippocampus, along with impaired performance in the 

radial arm maze. LTP is a phenomenon considered to be the cellular mechanism for 

spatial learning; these results suggest that impaired LTP may underlie deficits in the 

spatial learning task (Li et al., 2004). Additionally, a recent report showed that infusion of 

Tat into the lateral ventricle of YFP-expressing transgenic mice reduced the number of 

dendritic spines in the retrosplenial cortex, an area implicated in the formation of 

contextual memory and fear conditioning. This loss of spines predicted learning deficits in 

fear memory and recall (Raybuck et al., 2017). Other groups have similarly shown deficits 

in learning and memory following Tat injection in vivo that correlate with neuronal damage 

or altered network function (Aksenov et al., 2003, Self et al., 2009, Agrawal et al., 2012, 

Louboutin et al., 2014, Harricharan et al., 2015, Hammond et al., 2018). 

Studies using Tat transgenic mice have given further insight into the mechanisms 

underlying Tat-mediated neurotoxicity and its functional and behavioral consequences. A 

commonly used model shows Tat expression regulated by the astrocyte-specific glial 

fibrillary acidic protein promoter and a doxycycline-inducible promoter, which enables Tat 

secretion in adult mice after CNS development (Kim et al., 2003). These mice show 

impaired cognition and slowed motor movement, seizures, and premature death (Kim et 

al., 2003). Neuropathologies of these mice include complete collapse of the cerebellum, 

progressive loss of the cortex, astrocytosis, degeneration of spine density, and increased 

infiltration of activated monocytes into the CNS (Kim et al., 2003, Fitting et al., 2013). 

Behaviorally, these mice show deficiencies in novel object recognition learning and 

memory performance that is dependent on the dose and duration of doxycycline exposure, 
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suggesting that Tat exposure progressively mediates these cognitive deficits (Carey et al., 

2012). Similar to studies from Tat-injected mice, these Tat transgenic mice also show near 

total suppression of LTP, which coincides with behavioral deficits in the Morris water maze 

and contextual fear conditioning tasks (Fitting et al., 2013). 

While in vivo studies have yielded significant knowledge about Tat-mediated 

neuropathology, in vitro studies provide a framework for the mechanisms underlying such 

pathologies. Evidence suggests that Tat is internalized by neurons via low-density 

lipoprotein receptor-related protein (LRP) (Liu et al., 2000). Once Tat is internalized, it 

triggers formation of a macromolecular complex involving LRP, postsynaptic density 

protein-95 (PSD-95), NMDA receptors, and neuronal nitric oxide synthase (nNOS) at the 

neuronal membrane, which leads to apoptosis in neurons (Eugenin et al., 2007). NMDA 

receptors are thought to play a major role in Tat-mediated neurotoxicity, where Tat 

potentiates NMDA receptors through phosphorylation that is dependent on protein kinase 

C (PKC) and tyrosine kinase (Haughey et al., 2001). A direct consequence of NMDA 

potentiation is enhanced Ca2+ influx and dysregulation of Ca2+ homeostasis (Magnuson et 

al., 1995, Haughey et al., 1999, Haughey et al., 2001, Krogh et al., 2014b). Several major 

outcomes result from this excitotoxicity: Tat reduces the number of excitatory synapses 

and presynaptic terminals via ubiquitination and proteasomal degradation of PSD-95 (Kim 

et al., 2008, Shin and Thayer, 2013), enhances the number of inhibitory synapses (Hargus 

and Thayer, 2013), and ultimately causes neuronal death (Eugenin et al., 2007, Kim et al., 

2008, Shin et al., 2012). 

The effect of Tat on glia has also been studied. In vitro, human fetal astrocytes 

exposed to Tat produce the chemokine CCL2, which recruits monocytes to sites of 

inflammation in the CNS (Eugenin et al., 2005). These monocytes then enhance the 

production of inflammatory mediators and toxins that cause neuronal damage (Conant et 

al., 1998). Tat also dysregulates astrocytic glutamate homeostasis, where astrocytes 
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expressing Tat exhibit a 75% reduction in glutamate uptake relative to astrocytes 

transfected with a control vector (Zhou et al., 2004). Expression and activity of inducible 

nitric oxide synthase (iNOS) is increased by Tat, leading to nitric oxide production and 

oxidative stress that may diffuse to neurons and affect neuronal viability (Zhou et al., 

2004). Human fetal microglia treated with Tat show dramatic increases in the secretion of 

chemokines and chemotactic factors that mobilize monocytes (D'Aversa et al., 2004). Tat 

has also been shown to induce migration of microglia (Eugenin et al., 2005); this further 

contributes to inflammation in the CNS that results in neuronal damage. Taken together, 

these in vitro and in vivo studies, as well as clinical data from HIV-positive individuals, 

strongly indicate that Tat is a neurotoxic viral protein that plays a major role in the 

neuropathogenesis of HAND. 

VI. Endocannabinoid-mediated protection against HIV neurotoxicity 

Emerging evidence indicates that the endocannabinoid (eCB) system holds 

promising therapeutic potential. This biological system is composed of endogenous lipid-

based signaling molecules that bind to cannabinoid receptors, and the enzymes that 

synthesize and metabolize them (Fig. 1.2). Cannabinoid type 1 (CB1Rs) and type 2 

receptors (CB2Rs) are the most well-characterized receptor components of the eCB 

systems. Both CB1 and CB2Rs are G-protein-coupled receptors (GPCRs) coupled to Gi/o, 

where activation of the Gαi/Gαo subunit reduces cAMP production by inhibiting the activity 

of adenylyl cyclase, while the Gβγ complex targets physiological effectors such as inwardly 

rectifying K+ channels, N- and P/Q-type Ca2+ channels, protein kinase signaling cascades, 

and others (Smrcka, 2008, Kano et al., 2009). CB1Rs are abundantly expressed on 

neurons and astrocytes (Matsuda et al., 1993, Navarrete and Araque, 2008). Neuronal 

CB1Rs localize to presynaptic elements, where they play a role in modulating 

neurotransmission, while astrocytic CB1Rs modulate gliotransmission by regulating Ca2+ 
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signals, facilitating communication with neurons (Navarrete and Araque, 2008, 2010). 

CB2Rs are found mainly on immune cells, including microglia (Howlett et al., 2002), where 

their expression increases in response to inflammatory stimuli, priming these receptors to 

mediate anti-inflammatory effects (Cabral and Griffin-Thomas, 2009). In the CNS, eCB 

signaling regulates various aspects of neural function including learning and memory, 

anxiety, depression, addiction, appetite, feeding behavior, pain, and neuroprotection 

(Kano et al., 2009). In regard to neuroprotection, the eCB system dampens and protects 

against excitotoxicity and neuroinflammation (Marsicano et al., 2003, Walter and Stella, 

2004), two hallmarks of many neurodegenerative disorders including HAND (Adle-

Biassette et al., 1999, Haughey et al., 2001, Kaul et al., 2001, Dong et al., 2009, Yuan et 

al., 2013). 

Activation of neuronal CB1Rs modulates glutamatergic and GABAergic 

neurotransmission. These receptors are part of a retrograde signaling system where eCBs 

produced postsynaptically diffuse across the synaptic cleft to act on presynaptic CB1Rs, 

inhibiting glutamate release at excitatory synapses and GABA release at inhibitory 

synapses, thus providing a form of feedback inhibition (Ohno-Shosaku et al., 2001, Wilson 

and Nicoll, 2001, Straiker and Mackie, 2005). This CB1R-mediated presynaptic inhibition 

provides a basis for the neuroprotective properties of the eCB system, where reducing 

glutamate release dampens excitotoxicity caused by excessive activation of glutamatergic 

pathways. CB1R-mediated neuroprotection has been seen in several models of 

neurological disorders where overstimulation of glutamate neurotransmission plays a 

major role, including seizure, traumatic brain injury, stroke, multiple sclerosis, Huntington’s 

disease, Parkinson’s disease, and Alzheimer’s disease (Nagayama et al., 1999, 

Panikashvili et al., 2001, Marsicano et al., 2003, Monory et al., 2006, Guggenhuber et al., 

2010, Scotter et al., 2010, Aso and Ferrer, 2014, Mounsey et al., 2015). Notably, activation 

of CB1Rs has also been shown to protect against HIV Tat-induced neurotoxicity: Xu et al. 
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(2017) demonstrated that eCBs attenuated Tat-induced increases in intracellular Ca2+ and 

promoted neuronal survival; this effect was blocked by the CB1R inverse agonist 

rimonabant. 

CB2Rs on microglia are activated in response to inflammatory stimuli (Nunez et al., 

2004, Cabral and Griffin-Thomas, 2009). Activation of CB2Rs provides neuroprotection by 

reducing the production of pro-inflammatory cytokines (Klegeris et al., 2003, Malek et al., 

2015) and reactive oxygen species (Javed et al., 2016), increasing the production of anti-

inflammatory cytokines (Molina-Holgado et al., 2003, Malek et al., 2015), and shifting 

microglia from a pro-inflammatory M1 phenotype to a reparative M2a phenotype (Mecha 

et al., 2015). CB2R-mediated neuroprotection has been demonstrated in models of 

disorders that share common neuroinflammatory mechanisms, including amyotrophic 

lateral sclerosis, multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, and 

Huntington’s disease (Ramirez et al., 2005, Shoemaker et al., 2007, Palazuelos et al., 

2009, Ternianov et al., 2012, Shao et al., 2014). In the context of HIV infection, CB2Rs are 

upregulated during HIV infection (Cosenza-Nashat et al., 2011), suggesting that they may 

afford neuroprotection against HIV-induced inflammation. Indeed, Kim and Thayer (2011) 

demonstrated that activation of these receptors using a cannabinoid agonist protects 

against HIV-induced neuroinflammation in vitro. 

Besides broad and sustained CB1 and CB2R activation produced by agonists, 

boosting endogenous tone by inhibiting metabolism of eCBs enhances signaling in a site-

specific manner (Farrell and Soltesz, 2018). Several putative eCBs have been discovered: 

N-arachidonoylethanolamine (anandamide, AEA) and 2-arachidonoylglycerol (2-AG) are 

the two most studied and well-characterized endogenous ligands. AEA is a low affinity 

agonist for CB1Rs, while 2-AG is a full agonist for both CB1 and CB2Rs (Di Marzo et al., 

2015). Both are synthesized from arachidonic acid derivatives and metabolized by the 

enzymes fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MGL), 
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respectively (Cravatt et al., 1996, Blankman et al., 2007, Di Marzo, 2008). Metabolism of 

AEA and 2-AG generates arachidonic acid, a precursor for cyclooxygenase enzymes 

(COX1 and COX2)-mediated production of pro-inflammatory prostaglandins in the brain 

(Simmons et al., 2004). This suggests that inhibition of metabolism may enhance 

activation of cannabinoid receptors while simultaneously decreasing the pool of 

arachidonic acid used to generate prostaglandins, providing a dual means of protection 

(Zhang and Thayer, 2018). FAAH inhibitors reduce the severity of seizures (Karanian et 

al., 2007), and are protective in models of Alzheimer’s disease, traumatic brain injury, and 

amyotrophic lateral sclerosis (Bilsland et al., 2006, Tchantchou et al., 2014, Vazquez et 

al., 2015). Recent studies have demonstrated that inhibition of pharmacological or genetic 

inhibition of FAAH protects against neuronal damage induced by HIV Tat (Hermes et al., 

2018) and rescues neurogenesis in HIV gp120 transgenic mice (Avraham et al., 2015). 

Similarly, the effects of MGL inhibition has been extensively studied in several models of 

neurological disorders, where MGL inhibitors improved cognition and protected neuronal 

function in models of Alzheimer’s disease (Chen et al., 2012), and suppressed 

epileptogenesis in mice (von Ruden et al., 2015). A recent report demonstrated in vitro 

that MGL inhibition protected against neuronal damage and excitatory synapse loss 

induced by HIV viral proteins (Zhang and Thayer, 2018). These data suggest that FAAH 

and MGL inhibition have therapeutic potential in HAND, though more investigation is 

needed. Altogether, components of the eCB system may be viable targets for therapeutic 

development to treat HAND.   
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Figure 1.2. Overview of the endocannabinoid system. Schematic displays principal 
neuron receiving excitatory and inhibitory input with neighboring astrocyte and microglia. 
Cannabinoid type 1 receptors (CB1Rs) are present on presynaptic terminals, with high 
expression on a subset of GABAergic terminals and widespread expression at lower levels 
on glutamatergic terminals. Cannabinoid type 2 receptors (CB2Rs) are found 
predominantly on cells of the immune system (microglia shown), with limited expression 
on neurons (not shown). All four cell types express diacylglycerol lipase (DGL) and N-
arachidonoyl phosphatidylethanolamine phospholipase D (NAPE-PLD), the enzymes that 
synthesize the eCBs 2-arachidonoylglycerol (2-AG) and arachidonoylethanolamine 
(anandamide, AEA), respectively. 2-AG is hydrolyzed by monoacylglycerol lipase (MGL) 
that is expressed in all four cell types, with the highest levels found in astrocytes. AEA is 
hydrolyzed by fatty acid amide hydrolase (FAAH), which is predominantly expressed in 
the somata and dendrites of principal neurons. Adapted from Wu et al. (2019) Brain Res. 
Dec 1;1724:146467. Reproduced with permission © 2019 Elsevier.  
  



 

 20 

VII. Pathological impairment of the endocannabinoid system 

While the eCB system remains an attractive therapeutic target, in vitro and in vivo 

studies using seizure models have shown that exposure to excitotoxic stimuli alters the 

eCB system by increasing CB1R-mediated inhibition of GABA release and unbalancing 

network excitability (Chen et al., 2003, Li et al., 2012, Feng et al., 2016). Several studies 

examining human patients or animal models of neurological disorders have similarly 

demonstrated alterations in components of the eCB system and eCB signaling. In the 

hippocampus and caudate of Alzheimer’s patients, receptor autoradiography revealed 

reduced CB1R agonist binding. In the same study, in situ hybridization histochemistry 

indicated regionally discrete losses of CB1 mRNA expression in Alzheimer’s patients 

relative to control brains (Westlake et al., 1994). Furthermore, cannabinoid receptors 

coupled less efficiently to their G-proteins in Alzheimer’s brains (Ramirez et al., 2005). 

These and other studies suggest that the eCB system may be altered, possibly affecting 

the neuroprotective capability of the eCB system. 

Alterations in CB1 and CB2Rs have been demonstrated in patients with HIV 

encephalitis. These patients showed an upregulation of CB2Rs in macrophages and 

microglia (Cosenza-Nashat et al., 2011). Similarly, CB2R immunoreactivity in cortical 

tissue from rhesus macaques with simian immunodeficiency virus (SIV) encephalitis was 

enhanced (Benito et al., 2005). Currently, there are a few reports indicating changes in 

CB1 protein levels using in vitro and in vivo models of HAND (Xu et al., 2017, Jacobs et 

al., 2019). However, the functional consequences of these changes are unknown and thus 

far uncharacterized. Further examination into these changes will provide insight into 

establishing the feasibility of targeting specific components of the eCB system to 

ameliorate the synaptodendritic damage caused by HIV viral proteins. 
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VIII. Summary of introduction and current study 

With over 37.9 million individuals currently living with HIV worldwide, HIV remains 

a global pandemic. The introduction of combined antiretroviral therapy has changed the 

face of HIV infection from a fatal diagnosis to a chronic but manageable condition. Despite 

this, nearly half of all HIV-positive individuals experience some degree of cognitive and 

motor impairment (Heaton et al., 1995); thus, the prevalence of HAND remains high. In 

order to develop effective therapies to combat these neurological symptoms, an enhanced 

understanding of the mechanisms leading to and further exacerbating HIV-induced 

neurotoxicity is required. Synaptic damage is the most relevant pathological correlate for 

the cognitive deficits seen in HAND (Ellis et al., 2007), where HIV neurotoxicity is largely 

attributed to neuroinflammation and excitotoxicity caused by the release of pro-

inflammatory cytokines and viral proteins from HIV-infected macrophages and microglia. 

The endocannabinoid system attenuates excitoxicity and reduces neuroinflammation, 

thus providing several promising therapeutic targets; whether this system is compromised 

in the presence of HIV is unknown. This dissertation is focused on identifying how the HIV 

protein Tat affects eCB signaling. 

HIV Tat is an essential viral protein and a potent neurotoxin that induces the loss 

of excitatory synapses through overstimulation of glutamatergic signaling and subsequent 

changes in Ca2+ homeostasis (Haughey et al., 2001, Kim et al., 2008, Krogh et al., 2014b). 

Increased Ca2+ influx into neurons activates several cellular processes that harm the cell 

and ultimately cause neuronal death. Recent reports show that activating the eCB system 

protects against HIV-mediated neurotoxicity; whether eCB signaling is altered in the 

presence of HIV is unknown. In this study, I used an electrophysiological approach to 

measure adaptive changes in retrograde eCB signaling following exposure to Tat in 

primary hippocampal cultures. This functional assay, known as depolarization-induced 

suppression of excitation (DSE), is sensitive to changes in eCB production, CB1R 
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sensitivity, and eCB metabolism. My findings revealed that prolonged exposure to a 

pathophysiologically relevant concentration of Tat impaired CB1R-mediated presynaptic 

inhibition of glutamatergic neurotransmission. This effect was not due to reduced 

production of the eCB 2-AG, the main eCB in the CNS. Furthermore, metabolism of 2-AG 

was unaffected by Tat. To assess whether Tat impaired CB1R function itself, I measured 

changes in CB1R sensitivity to a highly efficacious synthetic CB1R agonist, a full agonist, 

and a partial agonist. My results revealed that Tat impaired CB1R function by reducing the 

efficacy of these agonists. Surprisingly, my study found that GABAergic transmission was 

not affected by Tat, indicated a selective effect of Tat on CB1Rs at excitatory but not 

inhibitory terminals. This novel loss-of-function might further exacerbate excitotoxicity 

under neuroinflammatory conditions. Thus, the results from this study suggest that 

strategies to prevent or overcome impaired eCB signaling may preserve or enhance its 

neuroprotective function, possibly slowing cognitive decline in HAND. 

IX. Rationale for thesis 

The eCB system has garnered much interest as a therapeutic target in recent 

years because of its ability to provide neuroprotection after neuronal damage. Activation 

of the eCB system protects against excitotoxicity in several models of neurological 

disorders, including seizure, traumatic brain injury, stroke, multiple sclerosis, Huntington’s 

disease, Parkinson’s disease, and Alzheimer’s disease. Of particular interest are studies 

that demonstrate protection against HIV-induced neurotoxicity: activation of the eCB 

system protects against HIV-induced synapse loss, changes in Ca2+ homeostasis, 

increased neuroinflammation, and neuronal death. These studies provide insight into the 

feasibility of targeting components of the eCB system to attenuate the neurocognitive 

impairments seen in nearly half of all HIV-positive individuals. However, whether the 

presence of HIV in the CNS alters eCB signaling is unknown. This study aimed to identify 
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changes in the eCB system following exposure to HIV Tat, a neurotoxic protein that plays 

a major role in the neuropathogenesis of HAND. The present study provides a framework 

for future work assessing changes in the eCB system in vivo in neurodegenerative 

diseases including HAND, in order to better inform us of the therapeutic potential of 

targeting specific components of the eCB system to combat excitotoxicity and 

neuroinflammation that leads neuronal injury and damage that correlates with impaired 

cognitive function. 
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Chapter Two 

HIV Tat protein selectively impairs CB1 receptor-mediated 

presynaptic inhibition at excitatory but not inhibitory synapses 

 

Content adapted from published article:  
Wu MM and Thayer SA. HIV Tat protein impairs CB1 receptor-mediated presynaptic 
inhibition at excitatory but not inhibitory synapses. eNeuro 2020 May 29. pii: 
ENEURO.0119-20.2020.  
 
Contributions: MMW and SAT designed the study; MMW performed experiments and 
collected data; MMW and SAT analyzed data and wrote the manuscript; SAT provided 
reagents and equipment.  
 
Reproduced with permission © 2020 Society for Neuroscience. 
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I. Introduction  

Nearly half of all HIV-positive individuals experience some degree of neurological 

impairment (Heaton et al., 1995, Tozzi et al., 2005, Bateup et al., 2013, Saylor et al., 

2016). While antiretroviral therapy effectively suppresses viral replication, the prevalence 

of HIV-associated neurocognitive disorders (HAND) remains high and continues to be a 

significant public health burden. HAND symptoms range from subclinical cognitive 

impairment to debilitating dementia (Antinori et al., 2007), and their severity correlates with 

loss of synaptic markers (Ellis et al., 2007). Within the central nervous system (CNS), the 

hippocampus, prefrontal cortex, and striatum are particularly vulnerable to damage 

caused by HIV (Masliah et al., 1992b, Wiley et al., 1998, Moore et al., 2006). Currently, 

there are no effective therapeutics to combat the neurological deficits seen in HAND 

patients. 

HIV indirectly affects neurons, where infected microglia and macrophage release 

viral proteins, inflammatory cytokines, and excitotoxins resulting in synaptodendritic 

damage and altered network function (Ellis et al., 2007, Green et al., 2018). The HIV 

protein trans-activator of transcription (Tat) is a potent neurotoxin that evokes the loss of 

excitatory synapses (Kim et al., 2008, Shin and Thayer, 2013), an increase in the number 

of inhibitory synapses (Hargus and Thayer, 2013), and ultimately neuronal death (Eugenin 

et al., 2007). HIV Tat is present in the cerebrospinal fluid (Johnson et al., 2013), brain 

tissue (Hudson et al., 2000), and sera of HIV-infected individuals at concentrations ranging 

from 2 to 40 ng/mL (Xiao et al., 2000). Once viral DNA integrates into the host genome, 

Tat is continuously expressed, even in the presence of combined antiretroviral therapy 

(Johnson et al., 2013). The titer of antibodies against Tat negatively correlates with HAND 

symptoms (Bachani et al., 2013), suggesting that Tat accumulation is linked to cognitive 

deficits.  
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The endocannabinoid (eCB) system regulates many physiological processes of 

relevance to HAND including mood, anxiety, appetite, neuroinflammation, motor control, 

and neuroprotection (Rodriguez de Fonseca et al., 2005). The eCB system protects 

against excitotoxicity and attenuates epileptiform activity (Shen et al., 1996, Marsicano 

and Lutz, 1999, Nagayama et al., 1999). Notably, several studies using models of HAND 

have shown that pharmacological interventions targeted at the eCB system protect against 

HIV-mediated synaptodendritic damage. Cannabinoid type 2 receptor (CB2R) agonists 

attenuate neuroinflammation in a murine model of neuroAIDS (Gorantla et al., 2012) and 

protect human dopaminergic neurons from toxicity elicited by an HIV envelope protein (Hu 

et al., 2013). Application of the eCBs anandamide and 2-arachidonoylglycerol (2-AG) 

reduced HIV-induced increases in intracellular Ca2+ through their actions on cannabinoid 

receptors in vitro (Xu et al., 2017). Similarly, pharmacological administration of exogenous 

cannabinoids or inhibitors of eCB metabolism attenuated neuronal damage elicited by HIV 

proteins (Kim et al., 2011a, Hermes et al., 2018, Zhang and Thayer, 2018). Thus, targeting 

the eCB system in HAND has therapeutic potential; it is less clear how the presence of 

HIV in the CNS affects eCB signaling.  

 Excitotoxic stimuli alter the eCB system. For example, febrile seizures elevate 

levels of the proinflammatory cytokine interleukin 1β (IL-1β), producing a long-lasting 

upregulation of eCB-mediated inhibition of GABAergic transmission, resulting in a 

subsequent increased susceptibility to seizure (Chen et al., 2003, Feng et al., 2016). 

Interestingly, eCB modulation of glutamatergic transmission was not affected in this 

model, setting a precedent for differential modulation of eCB signaling at inhibitory versus 

excitatory synapses under neuroinflammatory conditions. In transgenic mice expressing 

HIV Tat, cannabinoid type 1 receptors (CB1Rs) are upregulated (Jacobs et al., 2019); 

whether this increase preferentially affects GABAergic neurons is unclear.  
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To address this question, we examined the effects of HIV Tat on eCB-mediated 

retrograde signaling. Treating rat primary hippocampal cultures with Tat reduced the 

magnitude of depolarization-induced suppression of excitation (DSE) over the course of 

48 hours. Tat impaired CB1R-mediated presynaptic inhibition of glutamate release, but not 

GABA release. These results suggest that exposure to the HIV protein Tat may reduce 

neuroprotection mediated by the eCB system and alter the sensitivity of excitatory synaptic 

networks to cannabinoids. 

II. Materials and Methods 

Materials  

Materials were obtained from the following sources: 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX), (2R)-amino-5-phosphonovaleric acid (APV), bicuculline methochloride, 

Win55,212-2, and SR141716A were obtained from Tocris Biosciences (Bristol, UK); 2-

arachidonoylglycerol (2-AG) and JZL184 were obtained from Cayman Chemical (Ann 

Arbor, MI); Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum, and horse 

serum were obtained from Invitrogen (Waltham, MA); (S)-3,5-dihydroxyphenylglycine 

(DHPG) and all other chemicals were obtained from Sigma-Aldrich (St. Louis, MO). A 

plasmid encoding the tandem C1 domains (C1ab) of PKD fused to GFP (pCMV-

PKDC1ab-GFP) was kindly gifted by Dr. Tamas Balla (Kim et al., 2011b), National Institute 

of Child Health and Human Development (Bethesda, MA). HIV-1 Tat1-86 (Clade B, 

recombinant) was obtained through the National Institutes of Health (NIH) AIDS Research 

and Reference Reagent Program, Division of AIDS, National Institute of Allergy and 

Infectious Diseases from Dr. John Brady (Bethesda, MA). Δ9-tetrahydrocannabinoid (Δ9-

THC) was obtained from the National Institute on Drug Abuse Drug Supply Program 

(Research Triangle Institute, Research Triangle Park, NC). 
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Cell Culture 

The hippocampus is particularly vulnerable to the neurotoxic effects of HIV ((Ellis et al., 

2007)); thus, we chose rat hippocampal neurons grown in primary culture for this study. 

Cultures were prepared as previously described (Waataja et al., 2008). Briefly, maternal 

Sprague-Dawley rats were euthanized by CO2 inhalation under a protocol approved by 

the University of Minnesota Institutional Animal Care and Use Committee in accordance 

with the NIH Guide for the Care and Use of Laboratory Animals. Male and female fetuses 

were removed on embryonic day 17 and hippocampi were dissected and placed in Ca2+- 

and Mg2+-free HEPES-buffered Hank’s salt solution (HBSS). Cells were dissociated by 

manual trituration using flame-narrowed Pasteur pipettes of decreasing aperture and re-

suspended in DMEM without glutamine supplemented with 10% fetal bovine serum and 

penicillin/streptomycin (100 units/mL and 100 μg/mL, respectively). Dissociated cells were 

then plated at a density of 60,000 – 80,000 cells per dish on either a 35mm Petri dish with 

a 10 mm coverglass bottom (MatTek; Ashland, MA) or a 25 mm-round cover glass (#1) 

pre-coated with Matrigel (150 μL, 0.2 mg/mL; Corning, NY). Neurons were grown in a 

humidified atmosphere of 10% CO2 and 90% air held at 37oC in an incubator. Cells were 

fed on days 1 and 7 by exchanging 75% of the medium with DMEM supplemented with 

10% horse serum and penicillin/streptomycin. Cultures used in this study contained a 

mixture of 18 ± 2% neurons, 70 ± 3% astrocytes, and 9 ± 3% microglia (Kim et al., 2011a). 

Cells were grown for 12-13 days in vitro (DIV). 

Electrophysiology 

Synaptic currents were recorded using the whole-cell configuration of the patch-clamp 

technique. Pipettes were pulled using a horizontal micropipette puller (P-87, Sutter 

Instruments; Novato, CA) from glass capillaries with an outer diameter of 1 mm (Sutter 

Instrument) and pipette resistances of 3-5 MΩ. Membrane potential was held at -70 mV 
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and monosynaptic EPSCs/IPSCs were evoked with a bipolar platinum electrode (FHC; 

Bowdoin, ME) placed near a presynaptic neuron. Depolarization-induced suppression of 

excitation (DSE) was evoked by a 15-s depolarization to 0 mV, which was previously 

shown to produce 50% DSE (Roloff et al., 2010). Each cell was exposed to a single 

stimulus. For DSE recordings pipettes were filled with the following intracellular solution 

(in mM): 120 potassium gluconate, 15 KCl, 6 MgCl2, 0.2 EGTA, 10 Hepes, 5 Na2ATP, pH 

7.3 with KOH, 290 mOsm/kg. Metabotropic suppression of excitation (MSE) was evoked 

by bath application of the selective group 1 metabotropic glutamate receptor (mGluR) 

agonist DHPG (1 μM). For MSE recordings pipettes were filled with: 113 potassium 

gluconate, 15 KCl, 6 MgCl2, 10 BAPTA tetrapotassium, 10 Hepes, 5 Na2ATP, 6 CaCl2, pH 

7.2 with KOH, 290 mOsm/kg. Depolarization-induced suppression of inhibition (DSI) was 

evoked by a 2-, 5-, or 15-s depolarization to 0 mV (Ohno-Shosaku et al., 2001, Wilson and 

Nicoll, 2001, Isokawa and Alger, 2005). Most cells were exposed to a single stimulus. 

Some cells from both control and Tat-treated groups were exposed to up to 3 different 

stimulus strengths (2 s, 5 s, 15 s); there was a 6-minute break between administration of 

serial depolarizing stimuli. For DSI recordings pipettes were filled with: 140 KCl, 0.2 EGTA, 

10 Hepes, 10 glucose, 5 MgATP, 0.3 Na2GTP, pH 7.2 with KOH, 290 mOsm/kg. All 

recordings were performed at room temperature in an extracellular solution composed of 

the following (in mM): 140 NaCl, 5 KCl, 9 CaCl2, 6 MgCl2, 5 glucose, 10 Hepes, pH 7.4 

with NaOH, 325 mOsm/kg. For EPSC recordings, 10 μM bicuculline methochloride was 

added to the extracellular recording solution; for IPSC recordings, 10 μM CNQX and 50 

μM APV were added. Solutions were applied by a gravity-fed superfusion system. Whole-

cell currents were amplified with an AxoPatch 200B (Molecular Devices; San Jose, CA), 

low-pass filtered at 2 kHz, and digitized at 10 kHz with a Digidata 1322A (Molecular 

Devices) digitizer and pClamp v.9.2 software (Molecular Devices). Voltage pulses (0.1 ms) 

were applied at a fixed rate of 0.5 Hz for all experiments unless otherwise specified using 
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a Grass S44 stimulator with a SIU-5 stimulus isolation unit (Grass Instruments; West 

Warwick, RI).  

Transfection  

Rat hippocampal neurons were transfected on DIV 10 or 11 with plasmid DNA using the 

Ca2+ phosphate procedure described by Hargus and Thayer (2013). Briefly, hippocampal 

neurons were incubated for 30 min in DMEM supplemented with 1 mM kynurenic acid, 10 

mM MgCl2, and 5 mM Hepes to reduce neurotoxicity. A DNA/ Ca2+ phosphate precipitate 

containing 1 μg of total plasmid DNA per well was prepared, allowed to form for 60 min at 

room temperature, and added to the culture. After a 60 min incubation period, cells were 

washed once with DMEM supplemented with MgCl2 and HEPES, then returned to 

conditioned media that had been saved at the beginning of the procedures. 

Confocal Microscopy and Image Processing 

Cultures grown in MatTek glass-bottom Petri dishes were transferred to the motorized 

stage of a Nikon A1 laser-scanning confocal microscope 48 h after transfection with 

pCMV-PKDC1ab-GFP and viewed through a 60x oil-immersion objective. The objective 

was focused to the middle of the soma in the z-dimension and held constant using the 

autofocus feature of the microscope. PKDC1ab-GFP was excited at 488 nm, and emission 

was collected at 500-550 nm. After recording (1 Hz) baseline images for 60 s, DHPG (1 

µM) or vehicle was added directly to the media bathing the cell. 

Experimental Design and Statistical Analysis 

All data are presented as mean ± SEM. Electrophysiology data were analyzed using 

pCLAMP v.9.2. Live-cell imaging data were analyzed using NIS Elements and ImageJ. To 

minimize the effect of variables except the independent variable, experimental controls 

were run in parallel in all experiments. Only experiments with proper vehicle and/or drug 



 

 31 

controls were included in statistical analyses. For all experiments, an individual sample (n 

= 1) is defined as a single cell from a single coverslip/Petri dish. To account for inherent 

variability across primary cultures from week to week, each experiment was replicated 

over at least 3 separate cultures with a sample size of at least 6 cells/group. Because 

primary neuronal cultures are derived from a mixture of male and female rat embryos, the 

culture preparation protocol ensures an unbiased evaluation across both sexes. 

Hypothesis testing was performed with Prism 8 (GraphPad Software). Data were tested 

for normality using Bartlett’s test. Experiments with 2 groups and 1 factor were analyzed 

using an unpaired two-tailed Student’s t-test. Samples with unequal variance were 

analyzed with Welch’s two-tailed t-test. Experiments with 3+ groups and 1 factor were 

analyzed using a one-way ANOVA followed by Tukey’s post-hoc test. Experiments with 

2+ groups and 2 factors were analyzed using a two-way ANOVA. Statistical significance 

was defined as p < 0.05. OriginLab 2019 was used for curve-fitting decay rate and 

concentration-response data. Unless derived from curve fitting, confidence intervals (CIs) 

were determined using bootstrap resampling by uploading the same raw data used for 

hypothesis testing to https://www.estimationstats.com. The results of statistical analyses 

are presented in the figure legends and Table 2.1.  

III. Results 

HIV Tat inhibits depolarization-induced suppression of excitation (DSE) in a time-

dependent manner 

Depolarization of a postsynaptic hippocampal neuron evokes Ca2+ influx through voltage-

gated Ca2+ channels that induces production of the eCB 2-AG (Ohno-Shosaku et al., 2001, 

Wilson and Nicoll, 2001). 2-AG then traverses the synaptic cleft in a retrograde manner to 

activate presynaptic CB1Rs, resulting in inhibition of glutamate transmission (Straiker and 

Mackie, 2005). We studied this process in primary rat hippocampal cultures following 
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exposure to the HIV Tat1-86 (Clade B) protein. We used the whole-cell configuration of the 

patch-clamp technique to voltage-clamp a hippocampal neuron at -70 mV. Excitatory 

postsynaptic currents (ESPCs) were evoked by a concentric bipolar stimulating electrode 

positioned near a presynaptic neuron. After recording a stable baseline, DSE was evoked 

by depolarizing the postsynaptic cell to 0 mV for 15 s (Fig. 2.1A)(Roloff et al., 2010). 

Immediately following depolarization, the EPSC amplitude was inhibited by 53 ± 5% (Fig. 

2.1A,F). DSE was completely blocked by pre-treatment with the CB1R inverse agonist 

SR141716A (100 nM, n = 4). To determine whether HIV Tat affects eCB signaling, we 

assessed DSE in Tat-treated cultures (50 ng/mL). Treatment with Tat for 4 h did not 

significantly affect DSE (Fig. 2.1B,F). DSE was significantly reduced following 24- (11 ± 

6%, Fig. 2.1C,F) and 48-h Tat treatment (6 ± 6%, Fig. 2.1D,F; Table 2.1a). EPSC 

amplitude was not affected by 24-h Tat treatment (control = -147 ± 20 pA, Tat = -182 ± 31 

pA; t(24) = 0.925, p = 0.36; Table 2.1b). To confirm that the effect of Tat required structurally 

intact protein, we treated cells with heat-inactivated Tat (hi-Tat; Fig. 2.1E) for 24 h and 

assessed DSE. Exposure to hi-Tat did not affect DSE, which was comparable to control 

(57 ± 7%, Fig. 2.1E, F). We conducted a subsequent analysis to determine effect size and 

precision. Tat treatment for 24 h was estimated to decrease DSE relative to control by 

42%. Using bootstrap resampling, we calculated the 95% confidence interval for this effect 

as 27% to 56% (Table 2.1a). 
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Table 2.1. Statistics table. Effect size is calculated as the mean difference. *P-values 
have been corrected for multiple comparisons. #Denotes unequal variance. §Confidence 
interval derived from error associated with curve fit.  
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Figure 2.1. HIV Tat inhibits DSE in a time-dependent manner. A-E, EPSCs were 
evoked at 0.5 Hz by stimulation of a presynaptic neuron with an extracellular electrode 
and recorded from a postsynaptic cell voltage-clamped at -70 mV. DSE was evoked by 
depolarizing the postsynaptic cell to 0 mV for 15 s at the time indicated by the arrow. Plots 
show mean EPSC amplitudes as a percentage of baseline (15 responses before 
depolarization) over time. Cultures were untreated (A, control), or treated with 50 ng/mL 
Tat for (B) 4 (C) 24 or (D) 48 h. E, Treatment with heat-inactivated Tat (hi-Tat, 90oC for 30 
min) for 24 h did not affect DSE. Insets: representative EPSC trace; black: baseline, 
average of 15 responses before depolarization; red: average of 2 responses after 
depolarization. Scale bars: horizontal bar = 10 ms; vertical bar = 50 pA. F, Summary bar 
graph shows mean magnitude of DSE for control (open bar) and Tat-treated groups (grey 
bars). Percentage DSE was calculated according to the equation: DSE (%) = 
100*(ESPCbaseline-EPSCDSE)/EPSCbaseline; EPSCbaseline: average amplitude of 15 responses 
immediately before depolarization; EPSCDSE: average amplitude of 2 responses 
immediately after depolarization. One-way ANOVA (F(4,25) = 17.9, p < 0.0001; n = 6 
cells/group) was followed with Tukey’s post-hoc test (***p < 0.001, ****p < 0.0001 relative 
to control; ####p < 0.0001 relative to hi-Tat). Data are represented as mean ± SEM.  
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Tat does not affect depolarization-induced suppression of inhibition (DSI) 

Because CB1Rs are also present on inhibitory terminals (Katona et al., 1999), 

depolarization-induced 2-AG production also inhibits GABAergic transmission (Ohno-

Shosaku et al., 2001, Wilson and Nicoll, 2001). To test whether Tat (50 ng/mL, 24 h) 

similarly affects DSI, we recorded evoked inhibitory postsynaptic currents (IPSCs), then 

depolarized the postsynaptic neuron to 0 mV. A 15-s depolarization produced 87 ± 6% 

inhibition of IPSC amplitude, consistent with the high density of CB1Rs on a subset of 

hippocampal interneurons (Katona et al., 1999). In cultures treated with Tat, DSI was 

unaffected (90 ± 5%, Fig. 2.2A,D). To confirm that we had not saturated DSI, we reduced 

the stimulus strength by shortening the duration of depolarization (Ohno-Shosaku et al., 

2001, Wilson and Nicoll, 2001, Isokawa and Alger, 2005). Untreated cultures depolarized 

to 0 mV for 5 s exhibited 75 ± 7% inhibition; Tat treatment did not alter DSI evoked by a 5 

s depolarization (72 ± 9%, Fig. 2.2B,D). A 2 s depolarization in untreated cells induced 57 

± 8% DSI, and Tat did not alter DSI evoked by a 2 s depolarization (58 ± 7%, Fig. 2.2C,D; 

Table 2.1c). IPSC amplitude was not affected by 24-h Tat treatment (control = -541 ± 42 

pA, Tat = -638 ± 91 pA; t(25) = 0.97, p = 0.34; Table 2.1b). Since not all inhibitory synapses 

contain CB1Rs, not all cells exhibit DSI; we found 29% of control cells responded to 

depolarization by exhibiting DSI (18 out of 62 cells). All synaptic pairs that failed to exhibit 

DSI were also insensitive to 1 μM Win55,212-2 (Win-2), a potent and efficacious CB1R 

agonist, confirming a lack of presynaptic CB1Rs. Tat did not alter the percentage of cells 

that exhibited DSI, as Tat-treated cultures yielded responses in 32% of the cells (10 out 

of 31 cells). Overall, Tat does not alter DSI, in contrast to its marked inhibition of DSE, 

indicating a specificity for eCB signaling at excitatory but not inhibitory synapses. 
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Figure 2.2. HIV Tat does not affect DSI. A-C, IPSCs were recorded from a neuron held 
at -70 mV and evoked at 0.5 Hz by stimulation of a presynaptic neuron with an extracellular 
electrode. Cultures were either untreated (control) or treated with 50 ng/mL Tat for 24 h. 
The postsynaptic cell was depolarized to 0 mV for (A) 15, (B) 5, (C) 2 s at the time 
indicated by the arrow. Plots show mean IPSC amplitudes as a percentage of baseline 
(15 responses before depolarization) over time. Insets: representative IPSC trace; black: 
baseline, average of 15 responses before depolarization; red: average of 2 responses 
after depolarization. Scale bars: horizontal bar = 25 ms; vertical = 100 pA. D, Summary 
bar graph shows the magnitude of DSI for control (open bars) and 24-h Tat-treated groups 
(grey bars). Percentage DSI was calculated according to the equation: DSI (%) = 
100*(ISPCbaseline-IPSCDSI)/IPSCbaseline; IPSCbaseline: average amplitude of 15 responses 
immediately before depolarization; IPSCDSI: average amplitude of 2 responses 
immediately after depolarization. A two-way ANOVA found no interaction (depolarization 
duration x Tat treatment; F(2,30) =  0.086, p = 0.92, n = 6 cells/group). Depolarization 
duration had a significant effect on DSI (F(2,30) = 9.4, p = 0.0007). n.s. = no significant 
difference. Data are represented as mean ± SEM. 
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Tat inhibits metabotropic suppression of excitation (MSE) 

We next determined whether sensitivity to Tat was dependent on the stimulus used to 

evoke 2-AG synthesis. MSE is evoked by activating postsynaptic Gq-coupled receptors 

(Straiker and Mackie, 2007). Activation of group 1 metabotropic glutamate receptors 

(mGluRs) stimulates phospholipase Cβ (PLCβ) to produce diacyglycerol (DAG), the rate-

limiting precursor for 2-AG synthesis (Murataeva et al., 2014). Bath application of the 

selective group 1 mGluR agonist DHPG (1 μM) inhibited EPSCs by 53 ± 2% (Fig. 2.3A). 

Tat treatment (50 ng/mL, 24 h) significantly reduced MSE to 28 ± 3% (Fig. 2.3B, C). We 

conducted a subsequent analysis to determine effect size and precision. Tat treatment for 

24 h was estimated to decrease MSE relative to control by 25%. Using bootstrap 

resampling, we calculated the 95% confidence interval for this effect as 19% to 31% (Table 

2.1d). Thus, Tat impairs two forms of short-term synaptic plasticity mediated by the eCB 

system, both DSE and MSE.  
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Figure 2.3. Exposure to HIV Tat inhibits MSE. A-B, EPSCs were evoked by 0.5 Hz 
stimulation of a presynaptic neuron with an extracellular electrode and recorded from a 
postsynaptic cell voltage-clamped at -70 mV. MSE was evoked by bath application of the 
selective group 1 mGluR agonist DHPG (1 μM). Plots show mean EPSC amplitudes as a 
percentage of baseline over time for (A) control and (B) 24-h Tat treatment groups. Insets: 
representative EPSC trace; black: average of 30 responses before DHPG superfusion; 
red: average of last 30 responses of DHPG superfusion. Scale bars: horizontal bar = 10 
ms; vertical bar = 50 pA. C, Summary bar graph shows mean magnitude of MSE for control 
(open bar) and Tat-treated group (grey bar). Tat (50 ng/mL, 24 h) significantly reduced 
MSE (t(12) = 6.577, p < 0.0001; t-test, n = 6-8 cells/group). Data are represented as mean 
± SEM. 
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Tat does not alter diacylglycerol (DAG) synthesis  

In a previous study, Tat was shown to inhibit PLC (Vitale et al., 2013), the enzyme that 

produces DAG; DAG is hydrolyzed to produce 2-AG, the eCB that mediates DSE and 

MSE. To determine if Tat impairs production of DAG, cells were transfected with an 

expression vector (pCMV-PKDC1ab-GFP) for a fluorescent DAG bioprobe. Since DAG is 

a precursor for 2-AG, we used DAG as a proxy to assess changes in 2-AG synthesis. 

DAG production was stimulated by application of the selective group 1 mGluR agonist 

DHPG (1 μM). Upon stimulation, the DAG biosensor translocates from the cytosol to the 

membrane, where it binds DAG (Fig. 2.4A,B). Tat (50 ng/mL, 24 h) did not significantly 

alter the translocation kinetics of the DAG biosensor, as indicated by no significant change 

in the peak membrane-to-cytosol fluorescence intensity ratio (control = 3.9 ± 0.23, Tat = 

3.8 ± 0.15) or decay time constant (τ; control = 32 ± 0.6 s, Tat = 32 ± 1.3 s; Fig. 2.4A,C; 

Table 2.1e). While this approach does not directly assess 2-AG production, these data do 

indicate that the production of DAG, the precursor for 2-AG synthesis, is not altered by 

Tat.  
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Figure 2.4. HIV Tat does not alter DAG synthesis. Cells expressing a fluorescent DAG 
bioprobe (pCMV-pKDC1ab-GFP) were stimulated by bath application of DHPG (1 µM). A, 
Representative images of untreated cells (control, grey) and cells treated with 50 ng/mL 
Tat for 24 h (red). Scale bars = 5 μm. B, Plot shows intensity values for regions of interest 
in the cytosol (grey) and membrane (black) monitored over time. C, Ratio of membrane-
to-cytosol fluorescence intensity plotted over time. Exponential functions were fitted to 
plots of peak DHPG response using a nonlinear, least-squares curve-fitting algorithm. The 
curve was fit by a logistic equation of the form fluorescence intensity ratio = yₒ + Ae-(x-xₒ)/τ 

.Tat did not significantly alter the translocation kinetics of the DAG biosensor, as indicated 
by no significant change in the peak response (control = 3.9 ± 0.23, Tat = 3.8 ± 0.15; t(10) 
= 0.15, p = 0.88, t-test; n = 6 cells/group) or decay time constant (τ; t(10) = 0.31, p = 0.76; 
t-test). Data are represented as mean ratio ± SEM. 
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Tat impairs CB1 receptor function  

Because the effects of Tat on eCB signaling were independent of postsynaptic stimulus 

and Tat did not appear to affect 2-AG synthesis, we next examined presynaptic 

components of the eCB system. We assessed changes in presynaptic CB1R function by 

measuring EPSC amplitude in the presence of various CB1R agonists. EPSCs were 

evoked at 0.5 Hz by stimulating the presynaptic neuron with an extracellular electrode. 

Exogenous 2-AG was bath applied at varying concentrations and found to inhibit EPSCs 

in a concentration-dependent manner (Fig. 2.5A,C). Following 24 h treatment with 50 

ng/mL Tat, the concentration-response relationship for 2-AG-mediated inhibition of 

EPSCs was right-shifted (Fig. 2.5B,C), and the EC50 was significantly increased from 0.39 

± 0.07 μM (control) to 1.6 ± 0.24 μM, indicating reduced potency of 2-AG Table 2.1f). The 

maximal inhibition produced by 2-AG trended lower in Tat-treated cells, as indicated by a 

shift in the asymptote of the sigmoidal curve fit from 87% in control to 70% after Tat 

treatment. We examined whether this Tat-induced shift in the 2-AG concentration-

response relationship was the result of an increase in 2-AG metabolism by 

monoacylglycerol lipase (MGL) by treating the culture with the selective, irreversible MGL 

inhibitor JZL184 (1 μM)(Long et al., 2009) for 24 h. We first confirmed that JZL184 

effectively inhibited MGL. JZL184 treatment prolonged the duration of DSE, as indicated 

by a markedly slowed recovery from depolarization-induced inhibition (n = 2). However, 

pre-treating control or Tat-treated (50 ng/mL, 24 h) cultures with JZL184 did not affect 2-

AG-mediated inhibition of EPSCs (Fig. 2.5D; Table 2.1f). These data suggest that 

breakdown of bath-applied 2-AG by MGL was not enhanced by Tat.  
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Figure 2.5. Exposure to HIV Tat reduces the potency of 2-AG-induced inhibition of 
EPSCs. A-B, Representative traces show EPSCs during baseline and in the presence of 
varying [2-AG] for (A) control and (B) Tat-treated groups (50 ng/mL, 24 h). Scale bars: 
horizontal bar = 10 ms; vertical bar = 50 pA. C, The concentration-response curve for 2-
AG-mediated inhibition of EPSCs shows a rightward shift following Tat treatment. The 
curves were fit with a logistic equation of the form percentage inhibition = A1 + [(A2-
A1)/(1+10(logxₒ-x)p)], where xₒ = EC50, x = log[2-AG], A1 = % inhibition in the absence of drug, 
A2 = % inhibition at a maximally effective drug concentration, and p = slope factor. The 
following values were calculated using a non-linear, least-squares curve fitting program: 
A1 = 13.1 for control, 10.4 for Tat; A2 = 87.1 for control, 70.3 for Tat; EC50 = 0.39 ± 0.07 
µM for control, 1.6 ± 0.2 µM for Tat; p = 1.6 ± 0.04 for control, 1.1 ± 0.1 for Tat. The EC50 
was significantly increased relative to control by treatment with Tat (t-test; t(36.73) = 4.91, p 
< 0.0001), indicating reduced 2-AG potency. D, Bar graph shows the mean magnitude of 
0.2 µM 2-AG-mediated inhibition of EPSCs in control (open bars) and Tat-treated groups 
(grey bars) in cultures treated with vehicle or 1 µM JZL184 for 24 h. A two-way ANOVA 
found no interaction (JZL184 treatment x Tat treatment; F(1,20) = 0.043, p = 0.838, n = 6 
cells/group). Tat treatment had a significant effect on 2-AG-induced inhibition of EPSC 
amplitude (F(1,20) = 59.01, p < 0.0001). Data are represented as mean ± SEM. 
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Interestingly, Tat did not alter the concentration-response relationship for 

Win55212-2 (Win-2)-mediated inhibition of EPSCs (Fig. 2.6; Table 2.1g). Win-2 is a highly 

efficacious agonist for cannabinoid receptors (Shen et al., 1996, Luk et al., 2004) and has 

been shown to elicit near maximal effect while occupying only 7.5% of CB1Rs (Gifford et 

al., 1999). Thus, the presence of spare receptors may explain the discrepancy.  
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Figure 2.6. HIV Tat does not affect Win-2-mediated inhibition of EPSCs. 
Representative traces show EPSCs during baseline and in the presence of varying [Win-
2] for (A) control and (B) Tat-treated groups (50 ng/mL, 24 h). Scale bars: horizontal bar 
= 10 ms; vertical bar = 50 pA. C, The concentration-response curve for Win-2-mediated 
inhibition of EPSCs was not affected by Tat treatment. The curves were fit with a logistic 
equation of the form percentage inhibition = A1 + [(A2-A1)/(1+10(logxₒ-x)p)], where xₒ = EC50, 
x = log[Win-2], A1 = % inhibition in the absence of drug, A2 = % inhibition at a maximally 
effective drug concentration, and p = slope factor. The following values were calculated 
using a non-linear, least-squares curve fitting program:  A1 = 21.7 for control, 19.9 for Tat; 
A2 = 87.1 for control, 77.0 for Tat; EC50 = 7.8 ± 1.6 nM for control, 8 ± 1.1 nM for Tat; p = 
2.5 ± 1.7 for control, 2.5 ± 1.2 for Tat. Tat treatment did not significantly affect the EC50 for 
Win-2-mediated inhibition of EPSCs (t-test; t(39) = 0.08, p = 0.93).  
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If spare receptors account for the insensitivity of Win-2-mediated inhibition of 

EPSCs to Tat treatment relative to 2-AG-mediated presynaptic inhibition, then we would 

predict that the inhibition produced by Δ9-tetrahydrocannabinol (Δ9-THC), the 

psychoactive ingredient in marijuana and a drug that acts as a partial agonist for CB1Rs 

(Shen and Thayer, 1999, Roloff and Thayer, 2009), to be especially sensitive to Tat 

exposure. Presynaptic inhibition mediated by Gi-coupled GPCRs is attenuated at high 

stimulus frequencies (Bean, 1989), which is more pronounced for low efficacy agonists 

such as Δ9-THC (Roloff and Thayer, 2009); thus, to study the effect of Δ9-THC we reduced 

the stimulus frequency to 0.1 Hz. Following Tat treatment, presynaptic inhibition produced 

by Δ9-THC was markedly reduced (Fig. 2.7; Table 2.1h). The inhibition of EPSC amplitude 

at a maximally effective concentration of Δ9-THC was reduced from 55% in control to 15% 

after Tat treatment. Overall, Tat impairs CB1R function and this loss-of-function is most 

evident by the attenuation of the responses to low efficacy agonists such as Δ9-THC.  

Several reports have shown that Tat produces synaptodendritic injury and cell 

death via a pathway initiated by Tat binding to low-density lipoprotein receptor-related 

protein (LRP) (Eugenin et al., 2007, Kim et al., 2008, Shin and Thayer, 2013). Thus, we 

examined whether binding to LRP is necessary for Tat-mediated impairment of eCB 

signaling. We found that blocking LRP by pre-treating with the selective antagonist 

receptor-associated protein (RAP) did not prevent Tat-mediated reduction of DSE. In 

untreated cells DSE was 51 ± 4% and was similar in the presence of 50 nM RAP (55 ± 

6%). Tat treatment (50 ng/mL, 24 h) reduced DSE to 14 ± 12% and was not affected by 

RAP (12 ± 7%). A two-way ANOVA found no interaction (RAP treatment x Tat treatment; 

F(1,16) = 0.156, p = 0.698, n = 4-6 cells/group) while Tat treatment had a significant effect 

on DSE (F(1,16) = 30.94, p < 0.0001; Table 1i), indicating that Tat acts via a mechanism 

independent of LRP.  
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Figure 2.7. Exposure to HIV Tat reduces Δ9-THC-mediated inhibition of EPSCs. A-B, 
Representative traces show EPSCs during baseline and in the presence of varying [Δ9-
THC] for (A) control and (B) Tat-treated groups (50 ng/mL, 24 h). Scale bars: horizontal 
bar = 10 ms; vertical bar = 50 pA. C, The concentration-response curve for Δ9-THC-
mediated inhibition of EPSCs shows a decrease in potency and efficacy following 
exposure to Tat. The curves were fit with a logistic equation of the form percentage 
inhibition = A1 + [(A2-A1)/(1+10(logxₒ-x)p)], where xₒ = EC50, x = log[Δ9-THC], A1 = % inhibition 
in the absence of drug, A2 = % inhibition at a maximally effective drug concentration, and 
p = slope factor. The following values were calculated using a non-linear, least-squares 
curve fitting program: A1 = -4.4 for control, -0.8 for Tat; A2 = 54.6 for control, 15.3 for Tat; 
EC50 = 0.04 ± 0.03 µM for control, 0.27 µM for Tat; p = 1.3 ± 0.8 for control, 3.4 for Tat. 
The marked reduction in Δ9-THC-mediated inhibition following Tat exposure limited the 
quality of the curve fit precluding determination of error associated with the EC50. To 
determine the significance of the Tat effect we performed a two-way ANOVA over the 0.1-
1 µM THC concentrations that were tested in both control and Tat-treated cultures and 
found no interaction ([Δ9-THC] x Tat treatment; F(2,19) = 0.088, p = 0.92, n = 4-5 
cells/group). Tat treatment had a significant effect on Δ9-THC-induced inhibition of EPSC 
amplitude (F(1,19) = 53.71, p < 0.0001). Data are represented as mean ± SEM.  
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Tat does not affect adenosine A1 receptor-mediated presynaptic inhibition 

To determine whether Tat acts selectively on CB1R, or whether it similarly affects other 

presynaptic Gi/o-coupled receptors, we examined the effects of Tat on adenosine A1 

receptors (A1ARs). These receptors are localized on presynaptic terminals and modulate 

the release of neurotransmitters, including glutamate and GABA (Dunwiddie and Masino, 

2001). We assessed whether Tat impairs A1AR function by monitoring EPSC amplitude in 

the presence of a selective A1AR agonist N6-cyclopentyladenosine (CPA, 10 nM) (Hargus 

et al., 2009, Goncalves et al., 2015) and partial agonist capadenoson (30 nM) (Albrecht-

Kupper et al., 2012). CPA inhibited EPSC amplitude by 74 ± 5% in control cultures and by 

77 ± 5% in cultures treated with 50 ng/mL Tat for 24 h (Fig. 2.8B). The partial agonist 

capadenoson inhibited EPSC amplitude by 43 ± 8% in control cultures and by 41 ± 6% in 

Tat-treated cultures (Fig. 2.8C; Table 2.1j). Thus, Tat treatment does not affect inhibition 

of glutamate release initiated by selective A1AR agonists, indicating that A1AR function is 

not altered by Tat. These results suggest that Tat acts selectively to inhibit CB1R function 

and provides evidence that Tat exposure does not broadly suppress the function of all 

presynaptic Gi/o-coupled receptors. 
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Figure 2.8. HIV Tat does not affect A1AR-mediated presynaptic inhibition. A, 
Presynaptic terminal illustrating localization of A1 adenosine receptors. When these 
receptors are activated, glutamate transmission is reduced. B, Representative traces 
show EPSCs during baseline and in the presence of N6-cyclopentyladenosine (CPA, 10 
nM, selective A1 adenosine receptor agonist) for control and Tat-treated group (50 ng/mL, 
24 h). Tat did not affect CPA-mediated inhibition of glutamate release (t(10) = 0.416, p = 
0.686; t-test). C, Representative traces showing EPSCs during baseline and in the 
presence of the partial agonist capadenoson (30 nM) for control and Tat-treated group. 
Tat did not affect capadenoson-mediated inhibition of glutamate release (t(10) = 0.187, p = 
0.856; t-test). Scale bars: horizontal bar = 10 ms; vertical bar = 50 pA.  
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IV. Discussion  

 Treating rat hippocampal cultures with the HIV protein Tat inhibited DSE and MSE, 

two forms of short-term plasticity mediated by the eCB system. While Tat is a neurotoxin 

known to contribute to synaptodendritic damage in HAND (Li et al., 2009), this is the first 

report to show that Tat disrupts function of the eCB system. Our principal finding is that 

Tat impairs CB1R-mediated presynaptic inhibition at excitatory but not inhibitory terminals. 

This selective attenuation of eCB signaling may unbalance network excitability, with 

potentially significant effects on symptoms associated with HAND, the progression of 

neurological disease in people living with HIV, and the sensitivity of HIV-positive 

individuals to exogenous cannabinoids. Furthermore, the selective loss of eCB signaling 

at excitatory synapses has implications for the effects of neuroinflammatory stimuli on the 

eCB system. 

Primary neuronal cultures provide an experimentally accessible system that 

exhibits synaptic changes that are a hallmark of HAND (Ohno-Shosaku et al., 2001, Ellis 

et al., 2007, Eugenin et al., 2007, Kim et al., 2008, Kim et al., 2011a, Shin and Thayer, 

2013, Raybuck et al., 2017, Hermes et al., 2018). Advantages of primary hippocampal 

cultures for this study include robust DSE and DSI, the ability to administer HIV Tat at 

specific concentrations with accurate timing, and the ease with which the culture can be 

treated with highly lipophilic cannabinoid receptor ligands.  However, there are caveats to 

cell culture models. The rat primary cultures used in this study were derived from fetal 

neurons, and while they mature in culture, we cannot precisely match their stage of 

development to in vivo models. Furthermore, dissociated cultures lack the synaptic 

architecture found in vivo, precluding our ability to identify the specific synapses affected 

by HIV Tat in our model. Finally, the effects of chronic exposure to Tat produced in 

transgenic models cannot be replicated with short-lived primary cultures. Thus, the novel 

changes in the eCB system described here provide compelling evidence to extend these 
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findings to chronic in vivo models to explore regional and developmental effects on 

synaptic networks. 

Tat-induced attenuation of CB1R-mediated inhibition of glutamatergic, but not 

GABAergic neurotransmission, might result from several mechanisms. CB1Rs at inhibitory 

synapses are expressed at a much higher density relative to the density at excitatory 

terminals (Katona et al., 1999). Thus, Tat-induced loss of CB1R-mediated signaling at 

GABAergic terminals may not be sufficient to significantly impair eCB-mediated inhibition 

of GABA release. The importance of spare receptors in modulating eCB signaling is 

illustrated by comparing the failure of Tat to affect inhibition of glutamate release by the 

highly efficacious agonist Win55212-2, which elicits maximal effects while occupying only 

7.5% of CB1Rs (Gifford et al., 1999), to the marked attenuation of the effects of the partial 

agonist Δ9-THC. Even when the duration of the depolarizing stimulus to evoke 2-AG 

production was reduced, Tat failed to affect DSI. Thus, following exposure to Tat, 

physiologically relevant eCB-mediated retrograde signaling remains functional at 

inhibitory terminals, but is impaired at excitatory synapses. 

The rightward shift in the 2-AG concentration-response relationship produced by 

Tat treatment is reminiscent of CB1R desensitization (Kouznetsova et al., 2002, Sim-

Selley, 2003, Lundberg et al., 2005, Daigle et al., 2008, Wu et al., 2008). Tat is a powerful 

excitotoxin; perhaps Tat-induced excitatory drive chronically activates the eCB system, 

desensitizing CB1Rs. The development of Tat-induced attenuation of CB1R function over 

the span of 4 to 48 h is consistent with gradual receptor downregulation. Alternatively, Tat 

can be taken up by glutamatergic neurons where it activates protein kinase C (Haughey 

et al., 2001), which is known to produce heterologous desensitization of CB1Rs (Garcia et 

al., 1998, Chu et al., 2010). The time course of the Tat effect also suggests that Tat does 

not simply bind to and occlude CB1Rs; direct receptor interaction would be expected to 

equilibrate more rapidly and also affect receptors on GABAergic terminals similarly to 
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those on glutamatergic terminals. Tat can be internalized into neurons by binding to LRP, 

leading to synaptodendritic injury and cell death (Liu et al., 2000, Eugenin et al., 2007, Kim 

et al., 2008, Shin and Thayer, 2013). We found that Tat-mediated impairment of eCB 

signaling is independent of LRP. Tat elicits a range of toxic effects on neuronal networks, 

some of which are mediated by neuroinflammation (Lu et al., 2011, Chivero et al., 2017, 

Gonek et al., 2018) (Thangaraj et al., 2018) leading us to speculate that Tat may impair 

eCB signaling through an indirect mechanism involving non-neuronal cells, possibly via 

the release of inflammatory cytokines (Kim et al., 2018). The degree to which this damage 

results from direct or adaptive responses to the presence of Tat is unclear. 

In contrast to the loss of CB1R function described here, CB1R protein increased in 

infralimbic cortex from transgenic mice expressing Tat (Jacobs et al., 2019). The mPFC 

and hippocampus display differential sensitivity to Tat (Cirino et al., 2020), suggesting the 

effects of Tat on the eCB system may also exhibit regional differences. Xu et al. (2016) 

found that Tat expression occluded the effects of CB1R agonists (Xu et al., 2016). We 

found DSE to be an extremely sensitive assay for Tat-induced modulation of the eCB 

system. Thus, the failure of Tat to occlude DSI provides strong evidence that Tat does not 

affect CB1R-mediated presynaptic inhibition at GABAergic synapses in the hippocampal 

culture model. Tat failed to affect DSI evoked by 3 different stimulus strengths; this 

physiological method of graded CB1R activation essentially produces a 2-AG 

concentration-response. It is possible that Tat upregulates CB1Rs on GABAergic terminals 

while also decreasing CB1R levels on glutamatergic terminals. Tat elicits a 

neuroinflammatory response (Nath et al., 1999, Pu et al., 2003), and neuroinflammation 

selectively upregulates CB1R on GABAergic terminals (Chen et al., 2003, Feng et al., 

2016), providing a precedent for this type of change in the eCB system. Alternatively, the 

loss of CB1R function at excitatory synapses described here may be an early event 

initiated by Tat, akin to the initial stages of exposure, and the gain-of-function at inhibitory 
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terminals (Xu et al., 2016) may result from adaptations in the eCB system that occur during 

prolonged Tat expression. Thus, unique changes in the synaptic network may 

predominate at different disease stages.  

Altered eCB signaling could affect many physiological processes relevant to HAND 

(Rodriguez de Fonseca et al., 2005). Using brain tissue from Alzheimer’s patients, 

autoradiography, in situ hybridization, and GTPγS binding studies have demonstrated 

reduced CB1R agonist binding, regionally discrete losses of CB1R mRNA expression, and 

less efficient coupling to G-proteins (Westlake et al., 1994, Ramirez et al., 2005). The 

selective loss of functional eCB signaling at excitatory terminals described here 

emphasizes the need to understand synapse-specific changes in the eCB system over 

the course of neurodegenerative disease. Antagonism of CB1R function elicits depression 

and anxiety-like behaviors (Moreira et al., 2009). If the loss of CB1R function on excitatory 

terminals we describe for hippocampal cultures also occurs in the prefrontal cortex 

(Rigucci et al., 2010), it might contribute to the production of these symptoms in HAND. 

The motor impairment produced by cannabinoids results from CB1R activation on both 

excitatory and inhibitory terminals in basal ganglia and cerebellum (Sanudo-Pena et al., 

1999, Kishimoto and Kano, 2006), suggesting Tat-mediated motor effects could result 

from unbalanced eCB signaling (Kim et al., 2003). CB1Rs on glutamatergic terminals in 

the nucleus accumbens regulate the hedonic impact of food, while CB1Rs in the 

hypothalamus regulate the release of hormones that regulate appetite and energy 

expenditure (Lau et al., 2017). Thus, their loss could contribute to the loss of appetite and 

wasting observed in AIDS patients.  

The eCB system protects against excitotoxicity (Shen et al., 1996, Shen and 

Thayer, 1998, Marsicano and Lutz, 1999, Nagayama et al., 1999, Chen et al., 2003, Li et 

al., 2012, Feng et al., 2016), including HIV-induced neurotoxicity (Kim et al., 2011a, Xu et 

al., 2017, Hermes et al., 2018, Zhang and Thayer, 2018). Thus, Tat-induced loss of 
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neuroprotection may accelerate the development of neurological complications in HAND. 

There is precedent for changes in eCB signaling contributing to epileptogenesis following 

neuroinflammatory insult (Chen et al., 2003, Feng et al., 2016, Sugaya and Kano, 2018). 

Furthermore, in the Fmr1-knockout mouse model of Fragile X syndrome, impaired eCB 

signaling contributes to synaptic plasticity defects that underlie impairments in episodic 

memory (Wang et al., 2018). Superfusion of amyloid-β1-42 onto brain slices from wild-type 

mice prolonged DSI, thus altering GABAergic transmission and possibly contributing to 

synaptic dysfunction in Alzheimer’s disease (Mulder et al., 2011).  

While evidence linking impaired eCB signaling to disease progression is limited, 

there is considerable evidence demonstrating that enhanced CB1R signaling protects 

neurological function (Aymerich et al., 2018). In HAND models, cannabinoids protect 

dopaminergic neurons against damage from the HIV envelope glycoprotein gp120 (Hu et 

al., 2013), reduce Tat-induced release of nitric oxide (Esposito et al., 2002), and diminish 

Tat-induced increases in neuronal intracellular Ca2+ (Xu et al., 2017). Boosting eCB tone 

by inhibiting eCB metabolism also attenuates HIV neurotoxicity; inhibition of MGL with the 

selective inhibitor JZL184 protects against excitatory synapse loss evoked by gp120 

(Zhang and Thayer, 2018). Similarly, pharmacological inhibition of fatty acid amide 

hydrolase, the enzyme responsible for degrading the eCB anandamide, protects against 

Tat-mediated increases in intracellular Ca2+ and dendritic damage (Hermes et al., 2018). 

Thus, cannabimimetics and drugs that inhibit eCB metabolism may slow the course of HIV 

neurotoxicity (Wu et al., 2019). 

This study suggests that the converse may also be true; in the presence of HIV, 

impaired CB1R function at excitatory terminals may alter the response to exogenous 

cannabinoids. Because efforts to legalize medicinal and recreational marijuana are 

increasing access (Charilaou et al., 2017, Jones et al., 2018) and cannabis use is 

prevalent among people living with HIV (Hartzler et al., 2017), altered response to 
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cannabinoids could impact many patients. We found a dramatic loss of ∆9-THC efficacy at 

excitatory synapses in the presence of Tat. However, CB1R signaling at inhibitory 

synapses was normal in the presence of Tat. Thus, the network effects of ∆9-THC could 

shift to an excitatory response due to CB1R-mediated suppression of GABA release 

without a corresponding decrease in glutamate release. This prediction is consistent with 

the increased mEPSC frequency observed in mice expressing Tat (Jacobs et al., 2019). 

In conclusion, we have shown in an in vitro model of HIV neurotoxicity that the HIV 

protein Tat, an established contributor to HIV neurotoxicity, selectively inhibits short-term 

eCB-mediated plasticity selectively at excitatory synapses. We speculate that this novel 

loss of CB1R function might contribute to excitotoxicity under neuroinflammatory 

conditions. Thus, our conclusions from this in vitro work provides a framework for future 

work assessing the status of the eCB system in vivo in neurodegenerative disease noting 

the duration of disease, the specific brain regions affected and, as shown here, the specific 

neurotransmitters involved. 
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Chapter Three 

Concluding Remarks 
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I. Summary and significance 

 The study described in this dissertation expands upon our understanding of the 

cellular processes that contribute to HIV-induced neurotoxicity by demonstrating that the 

neurotoxic HIV protein Tat impairs function of the eCB system, an endogenous signaling 

system that regulates many aspects of neural functions including learning and memory, 

anxiety, depression, addiction, appetite, feeding behavior, pain, and neuroprotection 

(Kano et al., 2009). An intriguing discovery of this study is that Tat selectively impaired 

CB1R-mediated presynaptic inhibition of glutamatergic but not GABAergic 

neurotransmission. Thus, I showed for the first time in an in vitro model of HIV neurotoxicity 

that an HIV protein selectively impairs eCB-mediated synaptic plasticity at excitatory but 

not inhibitory synapses. This selective effect of an HIV protein may unbalance synaptic 

networks, exacerbating the damage that underlies HAND. Based on the results of this 

study, it may be important to consider that HIV-positive individuals may have an altered 

response to cannabinoids since cannabimimetic drugs are used to treat wasting and 

nausea in AIDS patients (Plasse et al., 1991), cannabis use among HIV-positive 

individuals is high (Okafor et al., 2017), and recent efforts to legalize medicinal and 

recreational marijuana are increasing access (Cerda et al., 2017). 

II. Advantages and limitations 

Recent reports from Xu et al. (2017) and Jacobs et al. (2019) assessed changes 

in CB1R protein levels in primary cortical neurons from Tat transgenic mice. In the current 

study, we found depolarization-induced suppression of excitation (DSE) to be an 

extremely sensitive assay to study Tat-induced changes in eCB signaling. This functional 

assay is a well-studied and characterized functional output of the eCB system in vitro and 

ex vivo (Ohno-Shosaku et al., 2001, Wilson and Nicoll, 2001, Straiker and Mackie, 2005), 

and is sensitive to changes in eCB production, CB1R sensitivity, and eCB metabolism; this 
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allowed me to study many aspects of eCB signaling further than changes in protein level 

alone. Additionally, due to the specificity of electrophysiological recordings, I was able to 

measure isolated currents through ion channels of interest, for example glutamatergic 

AMPA receptor-mediated EPSCs and GABAergic GABAA receptor-mediated IPSCs. The 

advantage of this particular isolation allowed me to reveal the intriguing disparity between 

glutamatergic and GABAergic CB1R signaling following exposure to HIV Tat.   

Primary neuronal cultures provide a simple and accessible model system that 

exhibits synaptic changes that are a hallmark of HAND (Eugenin et al., 2007, Kim et al., 

2008, Kim et al., 2011a, Raybuck et al., 2017, Hermes et al., 2018). Their use in this study 

includes robust DSE and DSI, and precision in administering HIV Tat and other 

pharmacological agents, including highly lipophilic cannabinoid agonists, with accurate 

timing and at known concentrations. However, there are several limitations to cell culture 

models. These simple systems do not recapitulate the complexity of synaptic architecture 

found in vivo, and these short-lived primary cultures cannot mimic chronic exposure to Tat 

produced in transgenic mice. Furthermore, there may be compensatory mechanisms that 

are temporally restricted that are not captured in this current study. Thus, my findings need 

to be confirmed in animal models of HAND. 

The current study used 50 ng/mL HIV-1 Tat for all treatments, and while this 

concentration falls in the range of concentrations that has been found in HIV-positive 

individuals, the values reported in Xiao et al. (2000) are likely underestimates because 

local concentrations of Tat may be higher in lymphoid tissues, and Tat may be 

sequestered by endogenous anti-Tat in vivo; thus, the concentration used in the current 

study might not mimic the real concentration of Tat in the brains of HAND patients (Xiao 

et al., 2000). Importantly, while the work described here focuses on a specific viral protein, 

HAND is a disorder that is likely a result of a variety of viral proteins and other factors. 

Thus, the changes observed here may be different in HIV-positive individuals. However, 
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understanding separate components individually allows us to have a clearer 

understanding of the role of each viral protein. Therefore, this study provides a framework 

for further exploration of Tat-mediated modulation of the eCB system using animal models 

of HAND and may inform therapeutic development in the future.  

III. Future directions  

The discovery that HIV Tat selectively inhibits eCB-mediated short-term synaptic 

plasticity at excitatory synapses is intriguing and poses a number of exciting questions for 

future studies. In the current study, I found that Tat-mediated impairment of eCB signaling 

was independent of LRP. While Tat has been shown to bind to LRP to enter neurons (Liu 

et al., 2000), whether Tat employs other means for neuronal uptake is unknown. In several 

published works, Tat-mediated synaptodendritic damage was inhibited by blocking LRP 

(Kim et al., 2008, Krogh et al., 2014a, Krogh et al., 2014b, Green and Thayer, 2016). Since 

Tat-mediated impairment of CB1R-mediated presynaptic inhibition was not inhibited by 

blocking LRP, this suggests that Tat may employ an indirect mechanism. One possibility 

is that Tat acts through non-neuronal cells, possibly via the release of inflammatory 

cytokines. A recent report demonstrated that the glial CCR5 receptor was critical in 

mediating the neurotoxic effects of Tat (Kim et al., 2018). Thus, an important follow-up 

study is to first determine whether microglia are involved in Tat-mediated impairment of 

eCB signaling. The primary culture model I used contains microglia, astrocytes, and 

neurons; therefore, it is plausible that removal of microglia from the culture could block the 

observed Tat effect. Similarly, the role of astrocytes should also be assessed since 

astrocytes also release cytokines (Choi et al., 2014). If removal of either non-neuronal cell 

type inhibits Tat-mediated impairment of eCB signaling, then it is important to consider the 

role of inflammatory cytokines since Tat has been shown to increase the production of IL-

1β and IL-6 (Nath et al., 1999).   
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A recent report from Cirino et al. (2020) examined the effects of 7-day Tat 

expression in an inducible Tat transgenic mouse model on intrinsic electrophysiological 

properties of neurons in the mPFC and hippocampus. This study concluded that neurons 

in the mPFC were more excitable in Tat transgenic mice relative to control, while 

hippocampal neurons were less excitable than control. These data demonstrate the 

complex and region-specific changes caused by Tat, suggesting that the effects of Tat on 

eCB signaling may also exhibit regional differences. Future work would examine whether 

primary cortical neurons display similarly impaired eCB signaling following Tat exposure 

in vitro before moving to an in vivo model of HAND. Next, behavioral assays that are 

hippocampal- or PFC-dependent should be employed to assess the functional changes 

caused by Tat-mediated impairment in eCB signaling.  

While this dissertation has focused on Tat, compelling evidence indicates that the 

envelope glycoprotein gp120 also plays a critical role in HIV neurotoxicity, where systemic 

and intraventricular inject of gp120 causes cognitive deficits in rodents (Spencer and 

Price, 1992, Epstein and Gendelman, 1993). In a transgenic mouse model, brain 

expression of gp120 closely correlated with the severity of damage in the CNS (Toggas 

et al., 1994). In vitro studies have demonstrated that gp120 causes the loss of excitatory 

synapses through enhanced production of IL-1β by microglia (Kim et al., 2011a, Zhang 

and Thayer, 2018). In a model of febrile seizures, Feng et al. (2016) found prolonged 

febrile seizures or early-life IL-1β treatment increased the expression of CB1Rs and also 

increased the duration of DSI; this increase was blocked by the IL-1 receptor antagonist 

and absent in IL-1 receptor knockout mice. Since gp120 increases the production of IL-

1β, it leads to the question of whether gp120 would enhance expression of CB1R protein 

levels and enhance CB1R-mediated presynaptic inhibition of GABAergic transmission. 

Furthermore, future studies examining the net effect of both HIV neurotoxins have on eCB 

signaling, since both Tat and gp120 are present in the CNS of HAND patients.  
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In conclusion, the study described in this dissertation describes how an HIV protein 

can impair one aspect of synaptic function that plays a role in important cellular processes 

including neuroprotection against excitotoxicity and neuroinflammation. The results from 

this study suggest that Tat may reduce the neuroprotective capability of the eCB system. 

Thus, methods to protect or enhancing eCB signaling may boost the neuroprotection 

afforded by the eCB system. This work provides a framework for future studies to assess 

changes in eCB signaling in HAND models, with the ultimate goal of understanding the 

mechanisms that contribute to and exacerbate synaptodendritic damage in HAND in order 

to develop therapeutics that combat the neurological symptoms associated with HIV 

infection.  
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