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Abstract

Methamphetamine (Meth) use is frequent among HIV-infected persons. Combined HIV and Meth 

insults may exacerbate neural injury in vulnerable neuroanatomic structures or circuitries in the 

brain, leading to increased behavioral disturbance and cognitive impairment. While acute and 

chronic effects of Meth in humans and animal models have been studied for decades, the 

neurobehavioral effects of Meth in the context of HIV infection are much less explored. In-depth 

understanding of the scope of neurobehavioral phenotypes and mechanisms in HIV/Meth 

intersection is needed. The present report summarizes published research findings, as well as 

unpublished data, in humans and animal models with regard to neurobehavioral disturbance, 

neuroimaging, and neuropathology, and in vitro experimental systems, with an emphasis on 

findings emerging from the National Institute on Drug Abuse (NIDA) funded Translational 

Methamphetamine AIDS Research Center (TMARC). Results from human studies and animal 

(primarily HIV-1 gp120 transgenic mouse) models thus far suggest that combined HIV and Meth 

insults increase the likelihood of neural injury in the brain. The neurobehavioral effects include 

cognitive impairment and increased tendencies toward impaired behavioral inhibition and social 

cognition. These impairments are relevant to behaviors that affect personal and social risks, e.g. 

worse medication adherence, riskier behaviors, and greater likelihood of HIV transmission. The 

underlying mechanisms may include electrochemical changes in neuronal circuitries, injury to 

white matter microstructures, synaptodendritic damage, and selective neuronal loss. Utilization of 

research methodologies that are valid across species is instrumental in generating new knowledge 

with clinical translational value.
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Introduction

Widespread implementation of combination antiretroviral therapy (cART) in HIV-infected 

populations has markedly decreased the incidence of HIV-associated dementia (HAD), the 

severest form of HIV-associated neurocognitive disorders (HAND) (Bhaskaran et al. 2008; 

Garvey et al. 2011). Nonetheless, the overall prevalence of HAND (categorized according to 

the Frascati research terminology and criteria (Antinori et al. 2007) into three disorders of 

increasing severity of neurocognitive impairment: asymptomatic neurocognitive impairment 

(ANI), mild neurocognitive disorder (MND), and HAD) has not declined (Valcour et al. 

2004; Nath et al. 2008; Cysique and Brew 2009; Simioni et al. 2010; Heaton et al. 2011; 

Bonnet et al. 2013; Sacktor et al. 2016). For example, Heaton et al. (2010) reported a cross-

sectional study during 2003-2007 from six university HIV clinics across the United States 

(CNS HIV Antiretroviral Therapy Effects Research [CHARTER]). Among 1,316 HIV-

infected participants who did not have major comorbid risks for central nervous system 

(CNS) dysfunction, 32.7% had ANI, 11.7% MND, and 2.4% HAD. The pattern of 

neurocognitive impairment in the cART era was found to more commonly involve memory, 

learning, and executive functioning domains, in contrast to that in the pre-cART era showing 

impairment predominant in motor skills, cognitive speed, and verbal fluency (Heaton et al. 

2011; Sacktor and Robertson 2014). HAND is a multifactorial syndrome attributed to the 

extent of HIV infection in the CNS and shaped by an array of cofactors, such as HIV-1 

genetic variants, host genetic polymorphisms, chronic cART-related neurotoxicity, hepatitis 

C virus (HCV) co-infection, systemic chronic inflammation and metabolic disturbance, 

brain aging, and substance abuse (Nightingale et al. 2014).

A variety of substances of abuse, including methamphetamine (Meth), opiates, cocaine, and 

alcohol, are known to induce immune suppression and enhance HIV replication (Martin-

Thormeyer and Paul 2009; Salamanca et al. 2014). Accumulating evidence from 

neuropsychological, neuroimaging, and neuropathological studies suggests that substance 

abuse heightens the adverse effects of HIV infection on the CNS (Anthony et al. 2008; 

Rosenbloom et al. 2010; Fama et al. 2011; Pfefferbaum et al. 2012; Zahr et al. 2014). Of 

particular public health importance, Meth is a highly potent and addictive psychostimulant 

that is abused by more than 25 million people in the world, which exceeds the number of 

people who use heroin and cocaine (Cadet and Krasnova 2009; Passaro et al. 2015). Meth 

abuse is prevalent in the United States, with an estimated 569,000 persons aged 12 or older 

reporting Meth use in the past month in a 2014 survey (Center for Behavioral Health 

Statistics and Quality 2015). Meth use is associated with significant adverse public health 

outcomes, such as increased risk behavior (e.g. unprotected sex with multiple partners and 

needle sharing) with resultant infectious disease transmission risk, increased risk of 

morbidity and mortality, and employment, legal, social, and economic problems (Semple et 

al. 2004; Gonzales et al. 2010).

Meth use is disproportionately frequent among men who have sex with men (MSM) (Colfax 

and Shoptaw 2005). In the San Diego area (California, USA), Hoenigl et al. (2016) found 

that 8.5% of 8,905 MSM reported Meth use in the past 12 months, and such use was 

associated with higher sexual risk behavior (i.e. condomless receptive anal intercourse with 

an HIV-infected male, increased number of male partners, and self-reported bacterial 
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sexually transmitted infection). The association between Meth use and HIV seroconversion 

for MSM was examined using longitudinal data from the Multicenter AIDS Cohort Study at 

four centers located in Baltimore–Washington D.C., Chicago, Pittsburgh, and Los Angeles 

(USA). The relative hazard of HIV seroconversion associated significantly with Meth use 

was 1.46. There was a significant joint relative hazard for Meth use and number of 

unprotected receptive anal sexual partners of 2.71 for MSM with one partner, which 

increased in a dose-dependent manner for more than one partners (Plankey et al. 2007).

Meth use is also prevalent among individuals who are already infected with HIV. A clinic-

based survey of HIV-infected persons in San Francisco (California, USA) showed that 20% 

of MSM, 16% of heterosexual men, and 15% of women reported Meth use in the past month 

(Mitchell et al. 2006). In annual intercept surveys of MSM in New York City (USA) from 

2002 to 2007 (Pantalone et al. 2010), HIV-infected MSM were more likely than HIV-

seronegative MSM to report crystal Meth use when the data were collapsed across years 

(15.4% and 6.5%, respectively). In a nationwide online survey in Australia (Lyons et al. 

2013), 13% of 1,135 MSM (age 40 years or older) reported Meth use in the past 12 months, 

and such use was more frequent among HIV-infected (24%) than HIV-seronegative (11%) 

MSM.

Further, a proportion of HIV-infected persons may initiate Meth use after receiving HIV 

diagnosis. In a survey of 100 MSM who used Meth in the past six months in the New York 

metropolitan area (Halkitis et al. 2016), 65% of 58 HIV-infected MSM initiated Meth use 

after HIV seroconversion, 26% had used Meth prior to seroconversion, and the remaining 

9% initiated Meth use and seroconverted in the same year. In a study of 117 individuals with 

HIV and lifetime history of Meth dependence (along with diagnosis of Meth dependence or 

abuse within the past 18 months), Montoya et al. (2016) found that approximately 80% used 

Meth before and continued to use after receiving HIV diagnosis, and the remaining initiated 

Meth use after HIV seroconversion.

In sum, Meth use is a frequent cofactor in HIV disease. Importantly, HIV-infected Meth 

users may have higher plasma viral loads (Ellis et al. 2003; Moore et al. 2012; Feldman et al. 

2015), possibly resulting from poor medication adherence (Reback et al. 2003; Moore et al. 

2012) and/or the adverse impact of Meth on antiretroviral effectiveness (Ellis et al. 2003). It 

is likely that HIV-infected Meth users will transmit the virus to others while engaging in 

risky sexual activities (Colfax and Shoptaw 2005; Passaro et al. 2015). However, select HIV-

infected Meth users on cART are virally suppressed (Massanella et al. 2015).

In the human brain, the pharmacokinetics of Meth is characterized by relatively fast uptake, 

widespread distribution, and slow clearance, based on positron emission tomography (PET) 

studies with [11C]-d-Meth (Fowler et al. 2008; Volkow et al. 2010). Thus, the CNS of Meth 

users undergoes prolonged exposure to the sympathomimetic and toxic effects of Meth. The 

widespread distribution of Meth was also observed in the postmortem brains of chronic 

Meth users with Meth present in their blood (Kalasinsky et al. 2001). Accordingly, chronic 

Meth use may induce long-lasting injury involving broad CNS regions and not limited to 

neuroanatomic structures containing presynaptic monoaminergic nerve terminals (Cadet and 

Krasnova 2007; Kuhn et al. 2011). In support of this notion, a PET study with [11C](R)-
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PK11195 (a radiotracer targeting the 18-kDa translocator protein enriched in activated 

microglia) showed higher activated microglial density in multiple brain regions of abstinent 

Meth users when compared to age-matched control participants (Sekine et al. 2008). Such 

Meth-induced immune activation in the CNS may combine with HIV-related immune 

activation to increase hazard of neural injury in those persons with both risk factors.

Research Overview at Translational Methamphetamine AIDS Research 

Center (TMARC)

The United States National Institute on Drug Abuse (NIDA) supported TMARC was 

founded in 2009 at University of California San Diego. TMARC works to elucidate the 

neurobiological mechanisms and everyday impact of HIV- and Meth-induced CNS injury. 

To enhance a multidisciplinary translational approach, the work of TMARC is facilitated by 

several Cores that support standardized protocols of human and animal assessment, as well 

as laboratory, neuroimaging, and neuropathological methods. As such, TMARC is structured 

to promote bi-directional crosstalk between clinical and animal-model investigators and 

methods in order to expand our understanding of the HIV and Meth effects on 

neurobehavioral disturbance and underlying neuropathology. The human projects reflect an 

effort to identify who is at risk of acquiring and spreading HIV due to a variety of behavioral 

and cognitive deficits. The animal models allow us to mirror these efforts with experimental 

control over the mechanisms of HIV- and Meth-associated CNS injury.

The human research projects examine the effects of HIV, Meth, and aging on: risk taking, 

decision-making, and behavioral inhibition deficits; functional and structural connectivity in 

risk taking; and social cognition and HIV transmission risk. Extending and complementing 

the human studies are animal projects using transgenic mice expressing HIV-1 proteins, 

which examine the effects of Meth and aging on behavior and cognition, as well as gene 

expression in the context of behavioral and neuropathological changes.

Animal Models of HIV and Meth Neurotoxicity

Among a range of available animal models of human NeuroAIDS, simian immunodeficiency 

virus (SIV) infection of Asian macaques and (natural) feline immunodeficiency virus (FIV) 

infection of cats may be more closely reflective of HIV infection of the human CNS 

compared with transgenic rodent models (Crews et al. 2008; Marcondes et al. 2010; Fox and 

Gendelman 2012). Nonetheless, rodent models have relative advantages in terms of ease in 

handling, cost-effectiveness, a variety of standardized neurobehavioral tests, and a potential 

for host genetic manipulation (Gorantla et al. 2012). Rodent models commonly used in 

NeuroAIDS research include mice transgenic for the HIV-1 envelope glycoprotein gp120 

(Toggas et al. 1994), regulatory transactivator of transcription protein (Tat) (Kim et al. 

2003), or viral protein R (Vpr) (Jones et al. 2007), and rats transgenic for the gag-pol-
deleted HIV-1 genome (i.e. expressing 7 of the nine HIV-1 genes) (Reid et al. 2001). In 

addition, there are chimeric virus constructs (e.g. EcoHIV and EcoNDK) enabling systemic 

infection and neuroinvasion in mice (Potash et al. 2005), and HIV-1 infection of humanized 

mice (models that include a functional human immune system) (Gorantla et al. 2010).
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Both HIV-1 gp120 and inducible Tat transgenic mouse models are useful for studying 

chronic neurotoxic effects of individual HIV proteins expressed in the CNS (Crews et al. 

2008). Overall, both models have shown several neuropathological features observed in 

human AIDS brains (e.g. synaptodendritic loss, astrogliosis, and microgliosis) and 

neurobehavioral disturbances (Carey et al. 2012; Gorantla et al. 2012; Fitting et al. 2013; 

Marks et al. 2016). The effects of cofactors in HIV infection such as Meth exposure can be 

investigated in these animal models.

One of the aims of TMARC is to explore how animal studies can inform mechanisms of 

HIV and Meth interaction effects on the brain and behavior. To this end, studies are being 

conducted using both gp120 and inducible Tat transgenic mouse models. In addition to HIV 

protein types, the key difference between the two murine models is that gp120 protein is 

constitutively over-expressed in gp120 mice from conception, while the induction of Tat 

over-expression in Tat mice requires doxycycline treatment. Hence, with inducible Tat mice 

the temporal expression of Tat can be controlled to occur at various points in the life cycle 

(e.g. adolescence, young adulthood, and older age). The temporal control of Tat expression 

offers greater experimental control in relation to Meth exposure (e.g. before/during/after 

Meth at any age). Furthermore, both murine models are tested in the same battery of 

neurobehavioral paradigms, and their suitability as models of HIV neurotoxicity can be 

directly compared.

Behavioral and cognitive tasks in mouse models have been selected to approximate 

behavioral and cognitive changes noted in humans. Neuroimaging studies in animals have 

been attempted to parallel those in humans, both in methodology (e.g. magnetic resonance 

(MR) diffusion tensor imaging) and in terms of brain regions and circuitry foci. Given that a 

range of Meth use patterns exist in humans (Cho and Melega 2002), TMARC studies have 

included Meth exposure protocols for animals to elucidate the differential effects of acute, 

chronic, and binge Meth use.

Neurobehavioral Disturbance

In human studies, the individual and combined effects of HIV infection and Meth use on 

neurocognitive functioning, behavior, and daily life functioning were evaluated in adult 

participants classified into four risk groups (i.e. HIV–/Meth–, HIV–/Meth+, HIV+/Meth–, 

and HIV+/Meth+). With regard to neurocognitive functioning, seven domains were assessed: 

information processing speed, attention/working memory, learning, delayed recall, verbal 

fluency, abstraction/executive functioning, and motor/psychomotor speed, with statistical 

correction for demographic variables (i.e. age, sex, ethnicity, and education). Both the 

number and severity of deficits across the neuropsychological battery were considered to 

generate global (neurocognitive) deficit scores (i.e. the higher the score, the poorer the 

neurocognitive performance) (Woods et al. 2004).

Meth dependence was found to increase the rates of neurocognitive impairment in HIV-

infected persons (Rippeth et al. 2004) particularly those who had advanced immune 

suppression (Carey et al. 2006). Even in the acute and early stages of HIV infection, Meth 

use was associated with neurocognitive impairment and an increased risk of clinically 
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significant challenges in real-world daily functioning (Doyle et al. 2013; Weber et al. 2013). 

In HIV-infected adults with past history of Meth dependence, Iudicello et al. (2014) showed 

that the impact of Meth on memory impairment might be more obvious in older age (> 50 

years) compared to younger age (< 40 years).

In animal studies, the individual and combined effects of gp120 expression in the brain and 

Meth exposure on learning, memory, executive function, and behavioral inhibition were 

assessed in gp120 transgenic and littermate wild-type mice (i.e. four genotype/substance 

groups: gp120–/Meth–, gp120–/Meth+, gp120+/Meth–, and gp120+/Meth+). In those 

studies that used a chronic Meth regimen, the mice received either a chronic escalating-dose 

multiple-binge Meth regimen or saline vehicle subcutaneously for 25 days. That is, the Meth

+ mice were treated three times per day (10:00, 13:15, and 17:30 h) for 14 days with 

escalating doses of Meth, starting with 0.1 mg/kg body weight and increasing to 4.0 mg/kg, 

with a stepwise increase of 0.1 mg/kg per injection. After this 14-day period, the animals 

received four daily injections of 6.0 mg/kg Meth at 2-h intervals (10:00, 12:00, 14:00, and 

16:00 h) during an 11-day binge period. This chronic Meth regimen was developed to mimic 

one of the pharmacokinetic profiles of Meth use in humans and avoid the development of 

Meth-induced hyperthermia (Kuczenski et al. 2007; Henry et al. 2013). Following varying 

periods of Meth abstinence, the mice underwent a battery of behavioral tests (Henry et al. 

2013; Henry et al. 2014; Kesby et al. 2015b;Kesby et al. 2015a).

Cognitive Function

Translational studies comparing the effects of HIV infection and Meth dependence in 

humans with those of gp120 expression and Meth exposure in mouse models are scarce. 

However, these studies represent a powerful approach to the understanding of the 

contribution of HIV proteins to neurocognitive impairment. Kesby et al. (2015b) found 

strikingly similar profiles of learning impairment in humans and mouse models. For 

example, HIV infection in adult men, regardless of Meth dependence, was associated with 

impairment in the learning domain (Fig. 1a). Similarly, gp120 expression in male mice (7–8 

months old), regardless of Meth exposure, was associated with impairment in discrimination 

learning in the attentional-set-shifting task administered two months after the completion of 

chronic Meth exposure (Fig. 1b). A key feature of this work was the use of similar analysis 

paradigms. The human testing featured a battery of tasks analyzed using adjusted T-scores 

that included all tests (relevant to the learning domain) and were accounted for age and 

demographics. For the mouse data, stages of discrimination learning within the attentional-

set-shifting task were analyzed in an identical fashion. This analysis approach represents a 

novel way of comparing different tests and species when the same cognitive construct is 

being assessed.

In addition, this translational work by Kesby et al. (2015b) highlighted the additive effects of 

Meth dependence or exposure on learning impairment. In humans, the HIV+/Meth+ group 

had the highest proportion of learning impaired participants (66%). Similarly, the proportion 

of mice that failed to reach criteria throughout the attentional-set-shifting task was greatest 

in the gp120+/Meth+ group (54%). Accordingly, the susceptibility to, but not the severity of, 

learning impairment may be enhanced by Meth in HIV-infected individuals.
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Kesby et al. (2015a) tested male gp120 mice (5–6 months old) in a battery of behavioral 

tests beginning one week after the termination of chronic Meth exposure. The gp120 

expression disrupted associative memory performance in the object-in-place test, indicating 

contextual recognition memory impairment. Performance in the object-in-place test is 

heavily dependent on the functional integrity of medial prefrontal cortex, perirhinal cortex, 

and hippocampus circuitry (Barker et al. 2007; Barker and Warburton 2011). The gp120 

expression was also associated with alterations in reversal learning in the Barnes maze test, a 

finding similar to that observed after Tat expression in inducible Tat mice (Kesby et al. 

2016b), suggesting impairments in executive function. Meth exposure impaired spatial 

strategy during acquisition trials in the Barnes maze (indicating spatial learning deficit), with 

the gp120+/Meth+ group having the severest cognitive deficit in the final acquisition trials. 

Collectively, the findings suggest that HIV proteins and Meth may impair cognitive function 

both independently and in combination.

Behavioral Inhibition

Inhibition deficits are characterized by a reduced ability to control responses to stimuli. 

While some domains of inhibition such as exaggerated novelty seeking and perseveration are 

assessable in rodent models by quantifying activities of animals in open-field tasks, similar 

paradigms have not been utilized in human participants. A cross-species translational human 

open-field paradigm, the human Behavior Pattern Monitor (hBPM), was developed to be 

analogous to the mouse version (Young et al. 2007; Perry et al. 2009). Briefly, the hBPM is 

an unfamiliar room containing novel and engaging objects, where a participant is placed 

without instruction for a 15-minute period. Multiple domains of inhibition such as motor 

activity, novelty seeking, and behavioral self-regulation are collected via video recording and 

ambulatory monitoring of motor behavior.

Henry et al. (2011) assessed the effect of Meth dependence on inhibition deficits using the 

hBPM paradigm in 16 abstinent Meth-dependent adults and 18 control individuals. Meth-

dependent participants exhibited increased total interactions with novel objects, greater time 

spent with objects, and greater repeated (perseverative) object interactions. Greater object 

interaction was associated with more frequent Meth use in the past year. The findings 

suggest that Meth dependence is associated with impaired inhibition, specifically increased 

novelty seeking. The advantage of using the hBPM is its ability to quantify and distinguish 

among multiple domains of inhibition, which may help us illuminate nuanced 

neurocognitive features in populations at risk of HIV transmission and substance abuse. For 

example, while the Henry et al. (2011) study illustrated that chronic Meth dependence 

increased novelty seeking, a one-time dose of amphetamine in healthy human volunteers 

increased motor activity without marked effects on novelty seeking in the hBPM (Minassian 

et al. 2016). The neurobiological differences that distinguish substance use disorders can be 

further elucidated in rodent models with analogous behavioral paradigms.

Inhibition deficits in Meth dependence appear to be related to risky decision-making, which 

is an important relationship to understand given that risky behaviors may increase HIV 

transmission. In the risky gains task (Paulus et al. 2003a), participants make serial decisions 

about whether to accept or reject a monetary amount displayed on a screen. Participants can 
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either choose to collect the smallest amount (i.e. the safe choice) or wait for the next trial, in 

which the amount doubles in value but also there is a risk of monetary loss rather than gain 

(i.e. the risky choice). With this task, one can assess the relative frequency of safe and risky 

choices. In preliminary studies of HIV-infected Meth-dependent participants (Minassian and 

Bischoff-Grethe, TMARC Projects 1 and 2, unpublished data), higher motor activity in the 

hBPM (quantified by increased movement counts) was found to correlate with a riskier 

decision-making strategy (i.e. higher frequency of risky choices in a behavioral choice 

paradigm) (Pearson r = 0.66, p = 0.005, n = 16). Furthermore, riskier decision-making was 

associated with poorer neurocognitive performance among HIV-infected Meth-dependent 

participants, as illustrated by an inverse correlation between global (neurocognitive) deficit 

scores and performance scores in the Iowa Gambling Task (Pearson r = -0.48, p = 0.003, n = 

38). Elucidating specific profiles of inhibition deficits in HIV and Meth populations may aid 

the development of targeted cognitive and behavioral treatment interventions.

Based on self-report measures (rather than informant report, observation, or performance-

based methods), Marquine et al. (2014) found that Meth dependence was independently 

associated with greater impulsivity/disinhibition, sensation seeking, and apathy (collectively 

called frontal systems behavior), whereas HIV infection was independently associated only 

with greater apathy. No significant combined effects of HIV and Meth were observed on 

these behavioral domains. Global neurocognitive impairment was relatively independent of 

frontal systems behavior.

In animal studies, Henry et al. (2013) assessed behavioral inhibition deficits in male and 

female mice, manifesting as increased motor activity, inappropriate perseverative behavior, 

and elevated exploratory response to novel stimuli. Chronic Meth exposure alone increased 

novel object interaction, indicating behavioral disinhibition. Female gp120+/Meth+ mice 

showed the highest level of exploration (hole-poking) compared to the other female mouse 

groups. The gp120 mice exhibited less rearing and slightly less locomotion, relative to the 

wild-type mice. The findings suggest both gp120 expression and chronic Meth exposure 

modify behavioral inhibition, but such effects may be sex-dependent. Although robust 

gender differences have not been reported in human studies using the analogous behavioral 

paradigm (i.e. the hBPM), it is important to examine gender differences in HIV and Meth 

interaction effects given potential gender or estrogen-related differences in CNS HIV 

infection (Wilson et al. 2006) and Meth neurotoxicity (Dluzen et al. 2003).

Prepulse Inhibition (PPI, a measure of sensorimotor gating) is regulated by a network of 

neural structures including the dopaminergic circuitry implicated in inhibitory function. PPI 

can be assessed across species. Impaired sensorimotor inhibition, measured by PPI of the 

eyeblink startle response, was observed in HIV-infected persons with neurocognitive 

impairment (in the domain of working memory in particular) compared to cognitively intact 

HIV-infected persons (Minassian et al. 2013), suggesting that early inhibition deficits 

accompany or may even precede downstream cognitive impairment in HIV-infected 

individuals.

In animal studies, Henry et al. (2014) studied PPI of the acoustic startle response in male 

and female mice. Before the beginning of chronic Meth exposure, female gp120 mice 
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exhibited decreased PPI compared with female wild-type mice, whereas male gp120 mice 

showed increased acoustic startle response compared with the other three groups. After 

seven days of Meth withdrawal, no consistent gp120 effect was observed, but (male and 

female) Meth-exposed mice exhibited increased PPI compared with vehicle-exposed mice. 

Sensorimotor gating has also been studied in other rodent models of HIV neurotoxicity and 

Meth exposure. For example, alterations in sensorimotor gating were reported in adolescent 

male HIV-1 transgenic F344 rats with acute Meth exposure (Moran et al. 2012). As the dose 

of Meth increased, PPI of the acoustic startle response decreased in both HIV-1 transgenic 

and wild-type rat groups. The HIV-1 rats displayed a greater dose-dependency to the Meth-

induced disruption of PPI compared to the wild-type animals. There were also alterations in 

the dopaminergic system, as evidenced by lower tyrosine hydroxylase (TH) protein levels 

and higher monoamine oxidase A (MAOA) protein levels (based on Western blot analysis of 

midbrain extracts) in HIV-1 rats compared to wild-type animals in the context of acute Meth 

exposure (Moran et al. 2012). In another study, sensorimotor gating alterations were 

described in adult ovariectomized female HIV-1 transgenic Sprague–Dawley rats compared 

with wild-type animals (Moran et al. 2013). These two studies did not specifically explore 

potential sex differences in HIV-1 transgenic rat models.

The findings in rodents, along with the results in humans indicating PPI deficits in HIV-

infected persons with neurocognitive impairment (Minassian et al. 2013), suggest that 

inhibition deficits, which likely reflect HIV- and Meth-related alterations in dopaminergic 

signaling, may not occur as a global phenomenon but may emerge in association with 

higher-order cognitive deficits or biological variations, e.g. those affected by sex. The 

potential moderating effects of sex or estrogen warrant further investigation.

Social Cognition and Everyday Functioning

Social cognition in general refers to the mental operations that underlie social interactions, 

including perceiving, interpreting, and generating responses to the intention, disposition, and 

behavior of others. Although there is a growing body of literature showing that HIV 

infection and Meth use impact social cognition independently, very few studies have 

examined these effects in combination. TMARC has preliminary data on social cognition 

that suggest HIV infection in combination with Meth use may alter complex social behavior. 

An active study (TMARC Project 3) is collecting prospective data to examine these effects 

and potential relationship of social cognition deficits to behaviors in the real world. A 

critical aspect of social interactions that is affected by HIV and Meth is that individual is 

reading the emotions of others, which is typically measured as facial affect recognition. 

Preliminary data from TMARC Project 3 showed a large effect size for a comparison that 

revealed poorer facial affect recognition performance among HIV+/Meth+ individuals 

relative to HIV–/Meth– participants, with smaller effects observed for each single-risk group 

in comparison to the HIV–/Meth– group (Morgan, unpublished data).

Another domain of social cognition is theory of mind, which involves the ability to infer the 

intention, disposition, and beliefs of others (Green et al. 2008) across both emotional and 

cognitive information. Based on TMARC Project 3 pilot data (Morgan and Cattie, 

unpublished data), the HIV+/Meth+ group (compared to the HIV–/Meth– group) exhibited 
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impairment in the domain of emotional theory of mind, as measured by the Reading the 

Mind in the Eyes task (Baron-Cohen et al. 2001). This task is a typical measure that requires 

the participant to select the emotional perspective of another person based on presentation of 

eyes alone, without the benefit of other facial expression cues such as smiling, frowning, 

raising eyebrows, etc. Impairment in the domain of cognitive theory of mind [as measured 

by the Faux Pas Recognition task (Stone et al. 1998)] was shown in each of the three risk 

groups compared to the HIV–/Meth– group, with the HIV+/Meth+ group being most 

severely affected. One prior study to date demonstrated a combined effect of HIV and Meth 

on emotional, but not cognitive, theory of mind (Homer et al. 2013).

Taken together, these preliminary findings suggest that HIV infection and Meth use impair 

social cognition. This reduced emotional and cognitive resonance with others may manifest 

as real world difficulties in a variety of ways. Preliminary data have shown that among HIV-

infected individuals, deficient emotional theory of mind was associated with poor everyday 

functioning in domains that specifically involved interacting with others, such as 

communication ability and employment status, but no relationship was observed for tasks 

that did not rely upon such interactions (Grabyan, Morgan et al., unpublished data). A 

currently unexplored yet critical real world domain that may also be impacted by social 

cognition deficits is HIV-related risk behavior. For example, failure to accurately read the 

emotional and cognitive perspective of others may lead persons to engage in risky behaviors 

with individuals whom they might not trust if their emotional theory of mind was intact, 

especially in people with impaired decision-making. Although hypothetical at this time, this 

relationship can be conceptualized in the context of the somatic marker hypothesis of 

affective decision-making (Bechara and Damasio 2005). This hypothesis states that negative 

experiences are tagged with somatic markers so that the next time when a similar situation is 

encountered, the somatic marker serves as a warning about the potential danger of the 

current situation. People with deficient theory of mind may not optimally develop these 

somatic markers for social situations involving risk, in part because they are not skilled at 

reading the emotions and intentions of others, which typically serve as an important basis for 

judging the relative riskiness of activities such as sexual intercourse (particularly 

unprotected anal sex, which carries a high risk of HIV transmission).

Importantly, the relationship of impaired social cognition to HIV transmission risk may also 

operate in the opposite direction, as some consider empathy to be a dimension of social 

cognition. HIV-infected individuals with decreased empathy, which has been observed 

among Meth users, may be more likely to disregard the risk to others of engaging in 

unprotected sex (namely, transmission of HIV and/or other sexually transmitted diseases). 

Additionally, a recent review of impaired social functioning among Meth users noted that a 

major reason that people abuse Meth is to facilitate social interactions, such as decreasing 

social or sexual inhibitions and extending the duration of these interactions [see (Homer et 

al. 2008)]. As such, Meth use may be a method of self-medicating social cognition deficits, 

with the unintended consequence of elevating the riskiness of the interaction. Project 3 of 

TMARC aims to directly examine the relationship between various domains of social 

cognition ability and HIV transmission risk behavior, which may shed light on this proposed 

relationship.
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In a large cohort of 798 participants, Blackstone et al. (2013) assessed functional 

dependence including neurocognitive symptoms in daily life, instrumental and basic 

activities of daily living, and employment status. Both individual and combined effects of 

HIV infection and Meth use were observed across all measures of functional dependence. 

The frequency of global functional dependence was increased in the expected stepwise 

manner across the cohort, with the lowest in the HIV–/Meth– group (29%) and the highest in 

the HIV+/Meth+ group (69%). Within the HIV+/Meth+ group, functional dependence was 

associated with neurocognitive impairment, lower cognitive reserve, polysubstance use, and 

major depressive disorder. Collectively, the findings suggest that everyday functional 

dependence observed particularly in HIV-infected Meth users may be related to impaired 

social cognition; nonetheless, further human studies are needed to test this notion.

Sensitivity to Meth Reward

Using gp120 transgenic mice (3–4 months old), Kesby et al. (2014) investigated the effects 

of gp120 expression on associative learning, preference for Meth, and sensitivity to the 

conditioned rewarding properties of Meth. The gp120 mice exhibited no deficits in basic 

associative learning or motivation for natural reinforcer such as food pellets. In the two-

bottle choice procedure with restricted access to Meth, the gp120 mice showed greater 

preference for Meth than the wild-type mice, indicating that gp120 expression enhanced the 

primary reinforcing properties of Meth. In the conditioned place preference test assessing 

drug seeking or incentive motivation associated with Meth reward, the gp120 mice showed 

Meth-induced conditioned place preference at lower Meth doses compared with the wild-

type mice, indicating increased sensitivity to conditioned rewarding effects of Meth. Taken 

together, these findings suggest that gp120 expression alters brain reward function in 

response to Meth. A recent study in Tat transgenic mice has also demonstrated persistent 

increases in the sensitivity to Meth-induced reward enhancement (Kesby et al. 2016a), 

suggesting multiple HIV proteins may contribute to altered reward function. It is possible 

that the reward system is altered in HIV-infected individuals such that the susceptibility to 

Meth use is increased in this population.

Meth-Induced Stereotypic Behavior

The effects of repeated Meth administration were assessed on stereotypic behavior, such as 

head movement and rearing posture, as well as Meth-induced locomotor sensitization in 

adult male HIV-1 transgenic rats (3 months old) compared to wild-type animals (Liu et al. 

2009). The head movement and rearing were determined daily for six days within three 

hours following intraperitoneal injection of 2.5 mg/kg body weight per day Meth or saline 

vehicle. Repeated Meth exposure induced progressive increases in stereotypic head 

movement and the number and duration of rearing in both HIV-1 rats and wild-type animals, 

but the effect of Meth was greater in the HIV-1 rats. In addition, the HIV-1 rats showed 

increased Meth-induced locomotor sensitization compared to wild-type animals, suggesting 

abnormalities in sensitivity to motivational effects of Meth.

Further, the effects of repeated Meth exposure on various domains of stereotypic behavior 

and locomotion were investigated in gp120 transgenic mice (9–13 months old) compared to 

littermate wild-type animals (Roberts et al. 2010). Mice received either intraperitoneal 
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injections of Meth at four increasing doses (1, 5, 10, and 30 mg/kg body weight) or saline 

vehicle across a period of two months. The gp120 effect was observed on certain stereotypic 

behavior such as head-up sniffing and total vertical activity, in which the gp120 mice 

exhibited higher response to Meth exposure compared to the wild-type animals. Collectively, 

the findings in both rat and mouse models suggest that Meth effects on stereotypic behavior 

may be enhanced in the presence of HIV protein expression.

Neuroimaging

In a structural MR imaging study in human participants (Jernigan et al. 2005), HIV infection 

was associated with decreased volumes of cortical, limbic, and striatal structures, while 

Meth dependence was associated with increased volumes of the parietal cortex and basal 

ganglia. Neurocognitive impairment correlated with decreased cortical volumes in HIV-

infected participants but increased cortical volumes in Meth-dependent participants.

The combined effects of HIV infection and chronic Meth use (dependence or abuse) were 

observed on cerebral metabolite abnormalities denoting neuronal injury (lower N-

acetylaspartate levels in the frontal cortex, frontal white matter, and basal ganglia) and glial 

activation (higher myo-inositol and choline levels in the frontal white matter), measured 

with proton MR spectroscopy (Chang et al. 2005). In another similar study (Taylor et al. 

2007), the effects of Meth on cerebral metabolite alterations were not evident, but Meth 

appeared to modify the effects of HIV such that plasma HIV-1 RNA levels were found to 

correlate inversely with N-acetylaspartate levels and directly with myo-inositol levels in the 

frontal white matter only in the HIV+/Meth+ group.

In preliminary human studies, Brown et al. (TMARC Neuroimaging Core, unpublished data) 

used MR diffusion tensor imaging (DTI) to examine fractional anisotropy (FA, a DTI marker 

thought to represent CNS white matter integrity) in HIV-infected persons (n = 18), Meth-

dependent participants (n = 19), and age- and education-matched control individuals (n = 

20). Whole brain DTI images were acquired axially on a 1.5T General Electric magnet using 

a 2D spin echo, echo-planar imaging protocol (number of shots = 1; number of echoes = 1; 

TR = 9.7 s; TE = minimum; field of view (FOV) = 24 cm; matrix = 96 × 96; inplane 

resolution 2.5 × 2.5 mm; 46 interleaved slices, no spaces; slice thickness = 2.5 mm; b = 0, 

1000 s/mm2; 51 gradient directions, field maps to correct image distortions). Eddy current 

distortions were corrected using FSL's eddy current routine; FSL's DTI fit was used to fit the 

tensor model to diffusion data from each voxel. FA and related DTI parameters were 

calculated from the model fitted eigenvalues. The diffusion off image was co-registered to 

the subject's T1-weighted image using an affine transformation. The T1-weighted image was 

warped into the Talairach space and the joint co-registration and Talairach transformations 

were applied to the FA and related DTI maps to move each subject's DTI images into a 

standard space.

Results from the above studies (Brown et al., TMARC Neuroimaging Core, unpublished 

data) showed that HIV infection was associated generally with reduced FA in the cerebral 

white matter compared with the control (Fig. 2a). This finding was in keeping with other 

published data (Ragin et al. 2004; Stebbins et al. 2007; Hoare et al. 2011; Leite et al. 2013). 
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However, in Meth dependence the FA varied (either increased or slightly reduced in 

comparison to that in the control) from one region to another (Fig. 2a) (Kim et al. 2009; 

Zhuang et al. 2016). Furthermore, the correlation between the cerebral white mater FA and 

the global (neurocognitive) deficit scores (GDS) was examined in each of the risk groups. In 

the majority of cerebral white matter regions, FA measures correlated inversely with GDS in 

HIV infection, but directly with GDS in Meth dependence (Fig. 2b). In other words, 

neurocognitive impairment was associated with reduced FA in HIV-infected persons [in 

agreement with other published studies (Hoare et al. 2012; Stubbe-Drger et al. 2012)] but 

with increased FA in Meth-dependent participants.

Functional neuroimaging has demonstrated altered frontostriatal circuitry. In a resting-state 
functional MR study (Ipser et al. 2015), the HIV+ group (n = 15), compared to the HIV– 

group (n = 15), showed reduced dorsal caudate connectivity to frontal and parietal brain 

regions. Furthermore, reduced connectivity in the HIV+ group was observed between the 

dorsal caudate and dorsolateral prefrontal cortex, particularly in younger participants. These 

reductions were associated with cognitive impairment, as measured by global 

(neurocognitive) deficit scores. Results from task-based functional MR imaging also support 

HIV- associated alterations in frontostriatal tracts. Participants (21 HIV+ and 19 HIV–) 

performed the risky gains task during functional MR imaging (Connolly et al. 2014). While 

the two groups did not differ in terms of their behavior (i.e. exhibiting similar rates of risky 

decision-making), the HIV+ group (compared to the HIV– group) showed greater activation 

for risky choices within the caudate, anterior cingulate, and dorsolateral prefrontal cortex, 

but lower activation for safe choices within the anterior cingulate and dorsolateral prefrontal 

cortex. In addition, HIV-infected individuals with higher nadir CD4 T-cell counts 

demonstrated lower differential responses to safe versus risky choices in these regions (i.e. 

activation patterns more similar to those observed in HIV-seronegative individuals). This 

suggests that the severity of historical immunosuppression may exert a legacy effect on 

processing of risky choices in the HIV-infected brain.

An important question is whether risky behavior is driven by altered reactivity to positively 

or negatively valenced stimuli. Meth users are well known for dysfunctional decision-

making, particularly influenced by the immediately preceding choice (Paulus et al. 2003b), 

and less able to adjust their decision-making based upon short-term versus long-term gains 

(Gonzalez et al. 2007). However, the neural functioning of expectancy and receipt of gains 

and losses remains unclear. A functional MR study was conducted to examine responses 

within the striatum to a probabilistic feedback expectancy task (Bischoff-Grethe, TMARC 

Project 2, unpublished data). Participants (17 Meth+ and 23 Meth–) were given visual cues 

that were probabilistically associated with monetary gain, loss, or neutral outcomes. The 

Meth+ group had lower functional activation to loss anticipation than the Meth– group in the 

ventral striatum and posterior caudate. The Meth+ group also demonstrated greater 

activation to loss outcomes than to gain outcomes in the anterior and posterior caudate. This 

decreased response to loss anticipation, along with the greater response to loss outcomes, 

suggests an altered ability to evaluate future risks and benefits based upon prior experience, 

thereby increasing the likelihood of poorer decision-making and increased risky behavior.
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In animal studies, McKenna et al. (2016) characterized the long-lasting effects of chronic 

Meth exposure on the brain microstructure in male wild-type mice. The mice received either 

a chronic escalating-dose multiple-binge Meth regimen or saline vehicle subcutaneously for 

25 days. After 3–4 months of Meth abstinence, the mice (9–10 months old) underwent in 
vivo MR DTI. There were four patterns of differential fractional anisotropy and mean 

diffusivity response in different neuroanatomic structures when comparing Meth-exposed 

mice with vehicle-exposed animals. Of note in the Meth-exposed mouse group, mean 

diffusivity correlated inversely with calbindin-1 (a member of the high-affinity cytosolic EF-

hand family of intracellular calcium-binding proteins) immunoreactivity density in the 

dorsal hippocampus and directly with dopamine transporter immunoreactivity density in the 

caudate-putamen. The findings obtained from DTI in animal models are readily translatable 

across species. Importantly, region-specific signal alterations detected on DTI of the human 

brain may be utilized as the surrogate for brain neurochemical changes that are impractical 

to confirm directly in living humans.

Neuropathology

The effects of chronic Meth use on neuropathological changes have been investigated in 

postmortem HIV-infected brains (Langford et al. 2003; Everall et al. 2005; Chana et al. 

2006). Langford et al. (2003) reported that among HIV encephalitis brains, those of chronic 

Meth users showed higher degrees of CD45-immunoreactive microgliosis and 

synaptophysin (SYP, a presynaptic terminal marker) immunoreactivity loss in the frontal 

cortex. In addition, selective loss of calbindin-1-immunoreactive interneurons in the frontal 

cortex was described particularly in the brains of HIV-infected Meth users with evidence of 

HIV encephalitis (Langford et al. 2003), which correlated with memory impairment (Chana 

et al. 2006). Everall et al. (2005) reported that transcript expression of select interferon-

inducible genes in the frontal cortex was up-regulated in HIV encephalitis brains of Meth 

users compared with HIV encephalitis brains and HIV-infected brains (without significant 

pathology) of individuals with no history of Meth use. In all these studies, an association of 

Meth use with greater neuropathological changes was described in brains with HIV 

encephalitis. While the findings might not be applicable directly to virally suppressed 

individuals, they may be still useful in the current era of cART since the majority of people 

living with HIV are not virally suppressed (Skarbinski et al. 2015).

Recent studies using postmortem HIV-infected brains have addressed nuclear DNA 

methylation, mitochondrial DNA injury, and cerebral gliosis (Desplats et al. 2014; 

Soontornniyomkij et al. 2016; Var et al. 2016). Epigenetic changes were investigated in the 

frontal cortex of HIV-infected individuals with or without Meth dependence (Desplats et al. 

2014). Meth was associated with increased expression levels of DNMT1 gene (DNA 

(cytosine-5)-methyltransferase-1 enzyme involved in the maintenance of DNA methylation) 

and increased levels of global DNA methylation that correlated directly with HIV-1 RNA 

levels. Genome-wide profiling of DNA methylation in a subset of cases revealed differential 

methylation in select host genes involved in cellular pathways such as dopamine metabolism 

and transport. These findings suggest that HIV and Meth may act together in the brain to 

alter expression of select genes by regulating their DNA methylation.
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In a clinico-pathological study of 78 HIV-infected individuals, Soontornniyomkij et al. 

(2016) showed that lifetime Meth dependence (based on the evaluation at the final follow-up 

visit closest to death, 18 persons with past diagnosis of Meth dependence and two persons 

with current diagnosis of Meth dependence) was associated with cerebral microgliosis 

(immunoreactivity for ionized calcium-binding adapter molecule-1 [Iba1]) in the temporo-

parietal region. This association remained significant even after statistically adjusting for 

biologically-relevant covariates including HIV encephalitis, white matter lesions, 

opportunistic diseases, HCV seropositivity, and lifetime dependence on alcohol, opiates, and 

cannabis. However, there was no significant association of lifetime Meth dependence with 

microgliosis in the frontal or putamen-internal capsule region. No significant association 

was found between lifetime Meth dependence and other neuropathological changes 

including cerebral astrogliosis (glial fibrillary acidic protein [GFAP]), synaptodendritic 

(SYP and microtubule-associated protein-2 [MAP2, a somatodendritic marker]) loss in the 

frontal cortex, cerebral β-amyloid plaque deposition, and arteriolosclerosis in the forebrain 

white matter. These findings suggest that some of the pathological changes in certain brain 

regions might be reversible and have gradually diminished following extended abstinence 

from Meth (Volkow et al. 2001; Wang et al. 2004; Nordahl et al. 2005; Sekine et al. 2008; 

Salo et al. 2011; Yang et al. 2015). It is also possible that some of the brain pathological 

changes examined in this study (Soontornniyomkij et al. 2016) might not have been induced 

by Meth in the first place (Kitamura et al. 2010; Tong et al. 2014). It is possible that 

susceptibility to Meth neurotoxicity might vary from region to region in the CNS (Wang et 

al. 2004; Kuhn et al. 2011).

While a large number of animal studies have reported the effects of acute or chronic Meth 

exposure on various neuroanatomic structures (Kuczenski et al. 2007; Krasnova and Cadet 

2009; Clark et al. 2013; Loftis and Janowsky 2014; Frank et al. 2016), to date only a few 

studies focused on the combined effects of HIV and Meth in animal models such as SIV-

infected macaques (Bortell et al. 2015), FIV-infected cats (Huitron-Resendiz et al. 2010), 

and HIV-1 gp120 transgenic mice (Hoefer et al. 2015).

Hoefer et al. (2015) exposed gp120 mice of both sexes (3–4 months old) to a chronic 

escalating-dose multiple-binge Meth regimen via subcutaneous injection route for 25 days. 

Long-lasting effects of Meth were assessed after 6–7 months of Meth abstinence. The 

Barnes maze test revealed both gp120 expression and Meth exposure impaired spatial 

learning and memory, and the combination resulted in the most compromised performance. 

Neither gp120 expression nor Meth exposure affected locomotion. Electrophysiological 

studies in hippocampal slices showed that both gp120 expression and Meth exposure were 

associated with reduced long-term potentiation of synaptic transmission. Only gp120+/Meth

+ mice displayed reduced post-tetanic potentiation. Using fluorescence 

immunohistochemistry for SYP (a presynaptic terminal marker) and MAP2 (a 

somatodendritic marker), both gp120 expression and Meth exposure were associated with 

synaptodendritic loss in the hippocampus and cerebral cortex. The pattern of gene 

expression in the brain that was affected by gp120 expression and Meth exposure suggested 

a disturbance in the composition of both gamma-aminobutyric acid (GABA) and glutamate 

neurotransmitter systems. The findings suggest that chronic toxic effects of Meth on the 

CNS are long-lasting.
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In Vitro Experimental Studies

Interactions between substances of abuse and HIV-1 gp120 and Tat proteins facilitate 

disruption of the blood-brain barrier, release of tissue necrosis factor-alpha (TNF) and other 

cytokines, up-regulation of C-C motif chemokine receptor-5 (CCR5) expression, and 

induction of oxidative stress (Martin-Thormeyer and Paul 2009). The toxic effects of either 

Meth or Tat or both on the blood-brain barrier, neurons, and glial cells have been 

investigated extensively in in vitro cell systems (Cisneros and Ghorpade 2012; Borgmann 

and Ghorpade 2015; Mediouni et al. 2015). Both Meth and Tat inhibited astroglial Wnt/β-

catenin signaling (Sharma et al. 2011; Henderson et al. 2012). In astroglia, negative 

regulators of Wnt/β-catenin signaling were found to increase the degree of permissiveness to 

HIV replication, up-regulate the expression of transcription factors involved in the 

production of pro-inflammatory cytokines and chemokines, and down-regulate glutamine 

synthetase (an enzyme catalyzing the conversion of the excitatory neurotransmitter 

glutamate and ammonia into glutamine) (Al-Harthi 2012).

Addictive psychostimulants increase extracellular dopamine in select dopaminergic 

neuroanatomic structures in the CNS (Di Chiara and Bassareo 2007; Gaskill et al. 2013). 

The circulating CD14+/CD16+ monocyte subpopulation plays a critical role in HIV 

neuropathogenesis (Ellery et al. 2007; Fischer-Smith et al. 2008; Buckner et al. 2011). In an 

in vitro study by Coley et al. (2015), dopamine, as well as the D1-like dopamine receptor 

agonist SKF38393, increased migration and adhesion of CD14+/CD16+ monocytes 

(expressing all five dopamine receptors). In prior reports, dopamine increased the number of 

HIV-infected cells in primary cultures of human monocyte-derived macrophages (Gaskill et 

al. 2009) and the production of monocyte chemoattractant protein-1 (MCP1, also known as 

C-C motif chemokine ligand-2 [CCL2]) by macrophages (Gaskill et al. 2012). Collectively, 

these findings suggest that once CD14+/CD16+ monocytes transmigrate across the blood-

brain barrier into the CNS parenchyma in response to chemokines, elevated extracellular 

dopamine in the brain (inherent to the context of Meth use) can promote the accumulation of 

CD14+/CD16+ monocytes in dopaminergic brain regions, thereby facilitating HIV 

persistence in the CNS, as well as local neuroinflammation.

Summary

Through a multidisciplinary and translational approach, the TMARC group is elucidating 

the complex patterns of adverse effects on brain structure and function due to HIV infection, 

Meth use, and their combination. Employing human and mouse studies in parallel allows for 

a unique opportunity to compare across these studies and to capitalize on the strengths of 

one approach to inform the other. For example, human studies provide the most direct and 

generalizable window into the target population. Nonetheless, the inherently quasi-

experimental or associative nature of the human studies with significant variability of key 

features (e.g. host genetic profile, HIV-1 genetic variant, and degree of Meth use) limits the 

investigation of mechanisms of CNS injury. To complement this work, the mouse models 

adopted by TMARC allow for experimental control that facilitates targeted examination of 

the factors involved in neural injury and neurobehavioral disturbance. The use of two 

transgenic mouse models (i.e. HIV-1 gp120 and inducible Tat), with differences in the type 
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and temporal characteristics of HIV protein expression in the CNS, can further pinpoint the 

role of these proteins in CNS damage and their possible additive or synergistic effects with 

Meth.

Most findings from TMARC animal studies described in the present report are derived from 

gp120 transgenic mice in the first funding cycle. Studies using inducible Tat transgenic mice 

are being conducted in the second cycle, and the results are about to emerge (Kesby et al. 

2016a; Kesby et al. 2016b). Findings from both humans and animal models thus far support 

the notion that combined HIV infection and Meth use increase the likelihood of neural 

injury in the CNS. The neurobehavioral effects include cognitive impairment and increased 

tendencies toward impaired behavioral inhibition and social cognition. These 

neurobehavioral impairments are relevant to important behaviors that affect personal and 

social risks, e.g. worse medication adherence, riskier behaviors, and greater likelihood of 

HIV transmission. The mechanistic underpinnings of neurobehavioral disturbance may 

include electrochemical alterations in neuronal circuitries, injury to white matter 

microstructures, and damage to synapses and dendrites, and ultimately selective neuronal 

loss. Mechanisms of combined HIV- and Meth-induced CNS injury may include increased 

trafficking of macrophages into the brain mediated by dopamine, favoring 

neuroinflammation, and possibly development of a viral reservoir in the brain.

Continuation of TMARC work will allow us to determine the relative strengths and 

limitations of the rodent models with respect to reproducing HIV- and Meth-associated 

neurobehavioral deficits. In addition to clarifying the neurotoxic mechanisms, the animal 

models may be helpful in exploring neuroprotective measures. As the older HIV-infected 

population is growing (Centers for Disease Control and Prevention 2014), TMARC Projects 

are also examining the effect of aging as another cofactor. It is of interest to study the 

potential influence of suppressive cART on neurobehavioral outcomes in HIV-infected Meth 

users (Massanella et al. 2015). Utilization of research methodologies that are translatable 

across species is instrumental in generating new knowledge with clinical translational value.
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Fig. 1. 
Translational evidence of neurobehavioral disturbance. Learning functions assessed in 

humans (adult men, n = 29–36 per group) and mice (adult male, n = 6–10 per group). (a) In 

humans, demographically adjusted T-scores for learning tasks were lower in HIV-infected 

persons compared to HIV-seronegative participants, regardless of lifetime methamphetamine 

(Meth) dependence. (b) In mice, dimension-adjusted T-scores for discrimination learning in 

the attentional-set-shifting task were lower in HIV-1 gp120 transgenic mice than in wild-

type mice, regardless of Meth exposure. The data are expressed as mean ± standard error of 

the mean, * p < 0.05. Adapted with permission from (Kesby et al. 2015b).
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Fig. 2. 
Preliminary studies using magnetic resonance diffusion tensor imaging in humans. (a) Each 

of the HIV-infected (n = 18) and methamphetamine (Meth)-dependent (n = 19) case groups 

is compared with the age- and education-matched control (CTL, n = 20) group. The 

fractional anisotropy (FA) in the cerebral white matter of the HIV group is generally lower 

than in the CTL group. In the Meth group, however, the FA varies (either increased or 

slightly reduced in comparison to that in the CTL group) from region to region. (b) The 

correlation between the cerebral white mater FA and the global (neurocognitive) deficit 

scores (GDS) is examined in each of the risk groups. In the majority of cerebral white matter 

regions, FA measures correlate inversely with GDS in the HIV group, but directly with GDS 

in the Meth group. Note that these observed correlations occur on different brain slices for 

the two separate groups.
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