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Abstract 

 

Currently over 35 million people are infected with human immunodeficiency virus 

(HIV) worldwide. Injection drug use is a major risk factor for the transmission of 

HIV. It is estimated that near 25% of HIV cases in the United States are directly 

related to injection drug use. Methadone and buprenorphine are commonly used 

opiate-substitution therapies that are frequently prescribed to HIV patients. 

Previous studies have indicated that methadone enhances HIV-1 replication in 

latently infected monocytes and microglia, raising a major concern that 

methadone and perhaps buprenorphine could play a role in peripheral HIV-1 

infection and also in the pathogenesis of HIV-associated neurocognitive 

disorders (HAND). To address these questions, we chose to examine whether 

acute and chronic methadone exposure modulate HIV-1 infectivity in a divergent 

manner. Acute exposure of methadone exacerbates HIV-1 infection, cytokine 

release and NF-κB-related molecules. In contrast, chronic exposure to 

methadone exerts a lesser effect in these paradigms. Since the use of cART has 

not declined the prevalence of HIV-1 associated neurocognitive impairments 

(HAND), we explored the possible effects of methadone and buprenorphine on 

HIV-1 infection and HIV-1-Tat-induced glia activation and dysfunction. In vitro cell 

lines models revealed that methadone and buprenorphine increase HIV-1 

infection and expression of CXCR4 and CCR5 receptors. Furthermore, the use of 

a more suitable in vitro primary mixed-glia model revealed a role of these drugs 

on the HIV-1-Tat-induced inflammatory response. Release of cytokines, such as 

RANTES and MCP-1, was enhanced after 8 hours of co-exposure of Tat and 



methadone, but not co-exposure with buprenorphine. Conversely, after 24 hours 

of co-exposure with buprenorphine, but not methadone, increased the release of 

the mentioned cytokines. Moreover, a greater increase in reactive oxygen 

species, nitric oxide, and lipid peroxidation was seen after methadone treatment 

compared to buprenorphine treatment. Interestingly, co-exposure with Tat and 

buprenorphine, but not Tat and methadone, caused a reduction in glutamate 

uptake by astrocytes, which is crucial for neurotrophic support of neurons. Our 

findings reveal that methadone and buprenorphine modulates peripheral HIV-1 

infection and HIV-Tat-induced glia dysfunction. Furthermore, this study supports 

the need to elucidate the broad mechanism in which these drugs exert a modest, 

but significant, modulation during HIV pathogenesis.   
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Chapter 1: Introduction and Background 

 

History of the HIV epidemic  

The 1980s marked the beginning of the HIV pandemic, with an unusual 

increase of opportunist infections and immune deficiency in healthy individuals 

(Gottlieb et al., 1981). The incidence of these clinical cases continued to increase 

rapidly and subsequently was termed Acquired immunodeficiency syndrome 

(AIDS) (MMWR Morbidity and mortality weekly report, (1982)). The diseased was 

transmitted by blood exposure, sexual contact, and mother-to-child transmission 

(Gallo, 2000). Researches and physicians raced to find the etiologic agent 

causing this deficiency, and in 1983 the AIDS retrovirus was successfully isolated 

(Barre-Sinoussi et al., 1983, Gallo et al., 1983), after which a single anti-retroviral 

therapy was implemented to treat the disease. Despite the newly discovered 

therapy against the retrovirus, at that time, the average survival time after 

receiving an AIDS diagnostic was from 10 to 13 months (Bacchetti et al., 1988). 

After combined efforts from researchers and physicians, the successful 

introduction of highly active antiretroviral therapy (HAART) in 1996 substantially 

altered the disease course (Collier et al., 1996, Staszewski et al., 1996). Unlike 

previous anti-retroviral therapy, HAART consisted of various combinations of a 

reverse transcriptase inhibitor, a protease inhibitor and a nucleosides reverse 

transcriptase inhibitor. The effectiveness of this therapy involves the intervention 

of different stages in the HIV-1 life cycle. Aside from the success of the presently 
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termed combined antiretroviral therapy (cART) in reducing HIV-1 morbidity and 

mortality (Mocroft et al., 1998, Ray et al., 2010); AIDS is still considered a 

pandemic. Globally, almost 35 million people were living with HIV at the end of 

2012; during that year, 3.2 million new HIV-1 diagnoses and 1.6 of AIDS deaths 

were reported (UNAIDS, 2013). HIV-1/AIDS continues to be one of greatest 

epidemic in society.     

HIV-1 structure and cycle  

HIV-1 belongs to the family of Retroviridae, subfamily Lentivirinae and 

genus Lentivirus. The genome of the retrovirus is composed of two copies of 

single-stranded ribonucleic acid (RNA) molecules. Viral RNA is reverse-

transcribed to DNA by the viral reverse transcriptase after entering a host cell 

(Turner and Summers, 1999). HIV-1 possesses accessory proteins (nef, vpr, vif, 

vpu), structural proteins (gag, pol, env) and regulatory elements such as rev and 

tat (Ferguson et al., 2002).  Early studies demonstrated that the CD4 antigen, 

principally expressed by T-lymphocytes and monocytes/macrophages, is an 

essential and specific receptor for HIV cellular entry (Dalgleish et al., 1984). In 

addition, HIV-1 utilizes various chemokine receptors, such as, chemokine 

receptor 5 (CCR5) and C-X-C chemokine receptor 4 (CXCR4) as co-receptor for 

viral entry (Doranz et al., 1996, He et al., 1997).   

The first step of the HIV replication cycle is fusion, starts with the viral 

surface glycoprotein gp120 interaction with cell receptors, after which, viral 

glycoprotein gp41 is directly inserted into the cell (Ferguson et al., 2002). 
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Following viral entry, viral RNA is transcribed into RNA by a reverse transcriptase 

enzyme that the virus carries (Pomerantz and Horn, 2003). Viral DNA can now 

be transported into the nucleus where viral enzyme integrase integrates it to the 

host cell DNA (Freed, 2001). Once the viral DNA is integrated to the host cell, the 

cell is infected for its lifetime. Successively, the transcription stage begins when 

proviral DNA is used as a template for the production new viral RNA (Stevenson, 

2003), and new viral RNA is formed and transported out of the nucleus. Viral 

proteins and enzymes are translated from viral RNA, and assembled into a bud. 

After assembly is completed, the virus buds from the cell outer membrane and a 

new viral particle is release. A final maturation step allows the viral particle to 

become infectious (Sundquist and Krausslich, 2012).  

HIV progression  

Approximately four weeks following the infection, known as acute phase, 

the majority of HIV-infected individuals present flu-like clinical symptoms 

associated with high plasma viremia, fever, lymphadenopathy, myalgia, skin 

rash, headache, and diarrhea (Moir et al., 2011). Although during acute phase 

symptoms are considered minor, there is abrupt uninhibited viral replication, 

causing permanent damage to CD4+ lymphocytes. Almost one billion new HIV 

copies are produced each day in an acutely infected person (O'Brien and 

Hendrickson, 2013). Significant decrease in viral replication marks the beginning 

of the chronic phase. During this phase viral load eventually stabilizes, known as 
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viral set point, allowing immune cells to develop a cytotoxic response against the 

virus.  

HAART is very efficient at maintaining viral load below detection, but it has 

no effect on the virus capacity to remain inactive or latent in numerous cells 

including lymphocytes, dendritic cells and glia (Saksena et al., 2010). Although 

there is a continuous renewal of both CD4+ and CD8+ T lymphocytes, 

(Montagnier, 2010), after several years, the virus gradually depletes CD4+ 

lymphocytes. CD4+ depletion is caused by persistent immune activation and 

direct HIV-induced cell death (Miedema et al., 2013). It takes numerous years 

after the primary infection to develop advanced HIV symptoms (Fauci, 1993) and 

consequently progress to AIDS. During AIDS stage, patients suffer from 

numerous opportunistic infections and chronic complications such as 

neurocognitive impairments, which lead to death.  

HIV-1 Tat 

Tat is a nonstructural viral protein composed of 86 to 104 amino acids, 

formed from two exons. Despite the high mutagenesis of HIV-1, Tat is a relatively 

a well-conserved protein (Debaisieux et al., 2012). HIV-1 Tat is produced early in 

the HIV-1 virus cycle and, when released by infected cells, not only Tat can 

interact with extracellular receptors, it can also be internalized by endocytosis 

(Chang et al., 1997, Liu et al., 2000). Tat-mediated direct toxicity lays on the 

capacity to modulate numerous cellular pathways, resulting in cellular injury 

(Eugenin et al., 2007, Kim et al., 2008), however, indirect toxicity seems to have 
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a more detrimental effects (Chang et al., 1997). 

It was demonstrated that HIV-1 Tat possess structural motifs typical of the 

β-chemokine family. Tat not only has the ability to signal through β-chemokine 

receptors, but also attracts monocytes toward virus producing cells (Albini et al., 

1998). Furthermore, HIV-1 Tat activates NF-κB, which leads to the induction of 

nitric oxide production and cytokine release in glia and monocytes (Chen et al., 

1997, Polazzi et al., 1999, Rayne et al., 2004). Furthermore, HIV-1 Tat indirectly 

potentiates NMDA-evoked increases in intracellular calcium concentration 

[Ca2+]i (Krogh et al., 2014). Additionally, HIV-1 Tat significantly impairs 

glutamate uptake by astrocytes (Zhou et al., 2004), consequently leading to 

excitotoxicity. Among other HIV-1 proteins, Tat has an important role in mediating 

central nervous system (CNS) effects in HIV-1-infected individuals (Nath et al., 

1999). In-vitro studies using Tat are closely representative of HIV in-vitro 

infection. There is vast amount of information about Tat and glia interactions; 

therefore, all of the non-infectious studies presented will use Tat treatment 

exclusively. 

HIV-1 infection in the central nervous system 

HIV invasion of the CNS strikes at an early stage of the primary infection 

(An et al., 1999). There are several theories describing the mechanism used by 

the virus to infiltrate into the brain, however, it is widely accepted that the 

invasion occurs mainly through migration of infected monocytes and lymphocytes 

from the blood into the brain (Meltzer and Gendelman, 1992, Georgsson, 1994, 
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Nath, 1999). These infected monocytes subsequently differentiated into 

perivascular macrophages, and become the main source of virus replication and 

spread in the brain (Zhou and Saksena, 2013).  

Perivascular macrophages, microglial cells and astrocytes can be actively, 

persistently or latently infected (Nath and Clements, 2011). Chemokines and 

cytokines play a crucial role hastening leukocyte transmigration and directing the 

microglia and macrophages movement to infection sites (Hazleton et al., 2010). 

Infected microglia release viral proteins and neurotoxins such as inflammatory 

cytokines, reactive oxygen species (ROS) and excess glutamate (Kaul et al., 

2001, Wang et al., 2003). While microglia are the major brain-resident cells in the 

production of new virions and viral proteins, astrocytes can be extensively 

infected with HIV as well (Churchill et al., 2009).  Infected astroglia also 

contribute to the release of neurotoxic and inflammatory molecules; however, 

one of the main consequences of HIV infection in astrocytes is the disruption of 

neurotrophic support to neurons (Nath et al., 1999, Hauser et al., 2006). 

Furthermore, these inflammatory and neurotoxic responses lead to an increase 

in neuronal injury and death (Achim et al., 1994), 

HIV-associated neurocognitive disorders (HAND) 

The use of combination antiretroviral therapy (cART) has drastically 

improved medical morbidity of HIV infection. Not only it has been successful in 

controlling viral infection but it has also decreased the incidence of HIV dementia 

(Sacktor et al., 2000). Although the more severe neurological deficits, particularly 
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associated with HIV encephalitis (HIVE) are almost inexistent, neuroinflammation 

still occurs to a significant extent (Zhou and Saksena, 2013). Therefore, HIV 

neurocognitive disorders are most closely associated to neuroinflammation rather 

than directly to viral load. Neuroinflammation levels between HIV-1 positive 

individuals, are still comparable to pre-HAART era (Anthony and Bell, 2008). 

Even though nowadays HIV dementia is more infrequent, HAND incidence 

remains high (Heaton et al., 2011), becoming a major concern in medical care of 

chronic HIV patients.  

Around 40% of HIV patients suffer from a certain level of HAND (Sacktor, 

2002). Among this population, patients may suffer from minor forms of 

neurocognitive abnormalities known as asymptomatic neurocognitive impairment 

(ANI), minor neurocognitive disorders (MNDs), considered as moderate deficits, 

and the most severe form termed HIV-1 associated dementia (HAD) (Ellis et al., 

2007). Though these impairments hold different levels of severity, common 

deficits range from disturbance in memory learning, retrieval of new information, 

psychomotor slowing, attention deficits, and disturbances in executive functions 

(Grant, 2008).  

Opiates and HIV: Interlinked epidemics  

Opiate abuse and HIV are interconnected epidemics. Estimates indicate 

that injection drug users (IDUs) accounted approximately 25% of HIV cases in 

the USA in 2011 (CDC, 2012). Opiates abusers engaged risky behaviors leading 

to a faster spread of HIV. Aside from the concern of opiates-abuse associated 
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behaviors increasing HIV, these drugs can also increase the rate of viral 

replication (Peterson et al., 1994) and hasten the progression to AIDS (Donahoe 

and Vlahov, 1998). Opiates injecting drug users (IDU) are at increased risk of 

developing neuronal and cerebrovascular disorders (Smith et al., 2014), and a 

more rapid progression of HIV-mediated cognitive disorders due (Kumar et al., 

2006). Furthermore, opiates abusers are more likely to develop HIV-1 

encephalitis (HIVE) (Bell et al., 2002).  

It seems that there is a strong association between opiates abuse and 

HIV-1 neuropathogenesis (Anthony and Bell, 2008, Dutta and Roy, 2012, Hauser 

et al., 2012). In vitro models have shown that opiates exacerbate HIV-1 Tat 

induced neuronal cell death (Gurwell et al., 2001, Hauser et al., 2006), and it is 

well defined that the presence of glia is critical for this consequences (Zou et al., 

2011). Vast amount of evidence demonstrate that opiates aggravate glial 

dysfunction triggered by HIV infection in the brain (Stiene-Martin et al., 1993, 

Peterson et al., 1994, Nath et al., 2002, Kumar et al., 2004, El-Hage et al., 2005, 

Hauser et al., 2005, Turchan-Cholewo et al., 2006, Bruce-Keller et al., 2008, 

Hazleton et al., 2010). Glia show a synergistically increase of Tat-morphine 

mediated cytokines and chemokines production, such as MCP-1, RANTES, and 

IL-6 and intracellular calcium release (El-Hage et al., 2005). Not only opiates can 

exacerbate HIV-1-induce inflammation and neurotoxicity, these drugs can alter 

endogenous opioid peptide levels and modify the neural response to HIV, 

affecting the response of the nervous system to the virus (Nath et al., 2002).  
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Treatments for opiate dependence  

Currently, a wide variety of treatments for illicit opiate dependence are 

available, including detoxification, residential/abstinence treatments and 

behavioral interventions (Fischer et al., 2002). Opioid maintenance treatment, 

based on oral pharmacotherapy, is the most generally used, especially by HIV-1 

positive individuals. These treatments are associated with reductions in 

intravenous drug use and HIV risk behaviors, such as unsafe sexual conduct 

(Weber et al., 1990, Selwyn et al., 1992, Sorensen and Copeland, 2000, Stotts et 

al., 2009). Methadone, a full μ-opioid receptor agonist, has been the standard of 

care for illicit opioid dependence for the past 40 years (Mauger et al., 2014). A 

stabilization dose is achieved, normally between 60mg–120mg daily, and 

infrequently an increase in dose due to development of tolerance is needed 

(Bart, 2012). Estimates indicate that methadone long terminal elimination half-life 

is approximately 33 to 46 h (Wolff et al., 1997); therefore, methadone has longer 

effect than other opiates, reducing euphoria and withdrawal symptoms.  

One major inconvenient of methadone treatment is that during the initial 

stages of therapy, patients must go to a licensed clinic every day to receive their 

dose of methadone (Jerry and Collins, 2013). Hence, the introduction of 

buprenorphine, an office-based maintenance treatment broadened the 

alternatives for these patients.  Buprenorphine is a partial μ-opioid agonist and κ-

opioid antagonist (Mello and Mendelson, 1985). Buprenorphine has a higher 

affinity for the μ-receptor than other opiates, such as heroin, thus, it reduces the 
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effects of full agonists (Wesson, 2004). Nowadays, FDA-approved Suboxone®, 

the combination of sublingual buprenorphine/naloxone, seems to be a logical 

first-line office-based maintenance treatment for opioid dependence (Wesson, 

2004).  

Methadone and buprenorphine interaction with the immune system   

Opiate dependence treatments are associated with a significant reduction 

in drug- and sex-related HIV risk behaviors (Sullivan et al., 2008). Furthermore, 

theses treatments also contribute to the sustained adherence to highly active 

antiretroviral therapy (HAART) in HIV-infected IDUs (Roux et al., 2008). Although 

methadone maintenance therapy is the standard treatment for heroin addiction, 

and it is still the most effective method for addiction therapy (Toskulkao et al., 

2010) the available evidence of the effect of methadone on the immune system is 

controversial. Some studies have shown that long-term methadone normalizes 

abnormalities in cellular immunity of heroin abusers (Novick et al., 1989). 

However, in vitro and in vivo studies demonstrated that methadone suppresses 

function of monocytes, neutrophils, NK cells and T-cells, and the production of 

IFN-γ (Peterson et al., 1989, Novick et al., 1991, Chuang et al., 1993, Choi et al., 

1999). Furthermore, methadone activates HIV replication in acutely and latently 

infected human macrophages/microglia and PBMC (Li et al., 2002).  

Whereas methadone is the most widely used maintenance treatment for 

opioid addiction, the partial opioid agonist buprenorphine is a valid alternative to 

methadone-maintenance treatment of chronic heroin abuse (Neri et al., 2005). 
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The introduction of buprenorphine has broadened the number of agonist-based 

methods available to treat opioid dependence in HIV patients (Altice et al., 2006). 

Studies had suggested that buprenorphine has fewer interactions with 

antiretroviral medications (Gruber and McCance-Katz, 2010) and preserves more 

cognitive function (Mintzer et al., 2004) than methadone. Conversely, it was also 

demonstrated that buprenorphine induces potent dose-dependent, opioid 

receptor-mediated immunosuppressive effects (Carrigan et al., 2004). Despite 

methadone and buprenorphine benefits to intravenous drug users in terms of 

decreasing HIV risk behaviors there is no enough evidence whether they 

aggravate HIV infection-induced glial dysfunction. 
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Figure 1.1  

 

 

Figure 1.1 The HIV proviral genome consists of the structural genes gag, pol, 
and env. The regulatory genes are rev and tat and the accessory genes are nef, 
vpu, vif and vpr. Image taken from (Vlachakis et al., 2013).  
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Figure 1.2  

  

 

Figure 1.2 HIV-1 cycle starts with the fusion of the virus with the cell membrane. 
Following with the reverse transcription of the single-stranded viral RNA to 
double-stranded viral DNA. The viral DNA is integrated into cellular DNA and 
transcripted to viral messenger RNA. The mRNA is used to produce long chains 
of viral proteins. During assembly, HIV protease hydrolyzes the long chains of 
viral proteins into functional proteins. New virions are then assembled and bud 
off from the host cell. Image taken from (Weiss, 2003). 
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Figure 1.3  

 

 

Figure 1.3 HIV pathology progression starts with the exposure to HIV-1 and the 
infection of the CD4+ T-lymphocytes. During the acute phase, the virus titer in 
circulating blood begins to rise and CD4+ lymphocytes decline by the infection. 
Although the Immune response is active, this stage shows the highest virus titer. 
During the chronic phase, the viral load reaches a plateau level, known as 
setpoint, and patients present minimal symptoms. After several years, the virus 
gradually decreases the CD4 lymphocytes levels to below 200 CD4+ cells/mm3. 
This stage is denoted as AIDS, the patients suffer from a variety of innocuous, 
opportunistic infections and chronic complications leading to death. Image taken 
from (O'Brien and Hendrickson, 2013).  
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Figure 1.4  

 

 

Figure 1.4 During HIV infection of the brain, infected peripheral monocytes 
infiltrate through the blood brain barrier. Monocytes differentiate into microglia 
and infect adjacent microglia. Infected microglia release viral particles, 
cytokines/chemokines and cytotoxic molecules. These inflammatory signaling 
alter astrocytes function of offering metabolic and trophic support to neurons. 
Microglia-astrocyte inflammatory responses lead to neuronal injury and death. 
Image adapted from (Hauser et al., 2012). 
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Chapter 2: Chronic and Acute Effect of Methadone on HIV-1 Infection and 
Cytokine Release in Human Peripheral Blood Mononuclear Cells 

 
Introduction  

Worldwide, approximately 40 million people are infected with HIV-1. With 

the increase of HIV-1 infection cases, the problem of drug abuse among HIV-1 

patients has become a great concern. HIV-positive individuals with a history of 

IDU experienced higher rates of death and AIDS after starting cART, compared 

with individuals without a history of IDU (Murray et al., 2012). Although a number 

of studies have revealed that drug abusers have a lower survival rate (Selwyn et 

al., 1992, Lucas et al., 2006), reports indicate that effect of opiates drugs on the 

immune response is dependent on the length and condition exposure (Carpenter 

et al., 1995, Yeager et al., 1995, Avila et al., 2004), leading to paradoxical 

observations. For example, it has been shown that chronic use of opiates 

induces a state of tolerance; subsequently, withdrawal from the drug leads to 

decreased immune function (Govitrapong et al., 1998, Avila et al., 2004) and 

increased viral replication (Donahoe and Vlahov, 1998). Furthermore, opiates 

appear to contribute to a shift in the cytokine TH1/TH2 profile (Sacerdote et al., 

2003). This shift in cytokine/chemokine patterns accelerates HIV-1 progression. 

Moreover, enhanced expression of MCP-1, RANTES and IP-10 may directly 

contribute to HIV-1-induced T cell depletion, which leads to immunosuppression, 

pathogenesis and progression to AIDS (Wetzel et al., 2000).   
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Methadone is widely used by HIV-infected opiates abusers, offering 

advantages such as the decrease in the frequency of injection and needle 

sharing (Gibson et al., 1999, Sorensen and Copeland, 2000, MacArthur et al., 

2012). Methadone is a successful drug therapy for opiates abusers because of 

its slow onset and offset, which gives it low abuse liability and reinforcing effects 

(Kreek et al., 2010). Moreover, evidence has shown that long-term methadone 

treatment gradually down-regulates the expression of opiate receptors on 

immune cells, which may restore the immune response (Liu et al., 1999), 

therefore leading to a slow progression to AIDS (Weber et al., 1990, Novick et 

al., 1991). Methadone’s interaction with the immune system is unclear. Several 

studies have demonstrated that methadone treatment is associated with lower 

CD4 cell percentage and lower CD4:CD8 T-cell ratio in HIV-1 positive or HIV-1 

negative subjects (Carballo-Dieguez et al., 1994). Further studies showed that 

methadone treatment enhances HIV-1 infection in human monocytes (Li et al., 

2002). The viral infection increased may be attributed to methadone’s ability to 

activate μ-opioid receptor (MOR), inducing the CCR5 chemokine receptor on 

human lymphocytes, which facilitates viral entry (Suzuki et al., 2002).  

It is well established that cytokines and chemokines play a crucial role in 

orchestrating the HIV-1-induced immune response (Poli and Fauci, 1992, Than 

et al., 1997). Early studies had demonstrated that TNF-α induced a significant 

increase in HIV reverse transcriptase activity (Folks et al., 1989). In addition, 

elevated levels of IL-6 is associated with HIV-1 infection in peripheral blood 
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mononuclear cells (PBMC) (Breen et al., 1990). The increase of theses cytokines 

activates the transcription factor, NF-κB (Osborn et al., 1989). NF-κB acts 

synergistically with the viral tat-III gene product to enhance HIV expression in T 

cells (Nabel and Baltimore, 1987). Therefore, an increase in cytokines and 

chemokines production will activate the NF-κB cascade, subsequently leading to 

an increase in HIV-1 load. We aimed to investigate whether acute or chronic 

methadone exposures divergently modulate HIV-1 infectivity, cytokine/chemokine 

secretion and inflammatory molecules in PBMC.  

Materials and Methods  

Human blood samples  

A total of 20 blood and urine samples were collected from HIV-1 negative 

chronic methadone patients and 5 samples from HIV-1 negative non-drug 

abusers. The study was done with IRB approval from the Universidad Central del 

Caribe School of Medicine and all subjects gave informed consent before 

participating. Chronic methadone patients needed to show a history of injecting 

drug abuse and had to have been treated with a maintenance dose of 

methadone for at least one year. Patients and controls were pre-screened for the 

presence of chronic infections such as HIV-1 and Hepatitis C and presence of 

other abused drugs and were excluded from the study if any were present. In 

addition, CD4+ cell counts were performed to assure that individuals were in a 

similar immunological status (500-1000 cells/µl were considered normal ranges). 
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PBMC Isolation  

  PBMCs were obtained from HIV-1 negative chronic methadone patients 

and HIV-1 negative control individuals. Sixty milliliters of peripheral blood from 

each participant was obtained by venipuncture. Blood was centrifuged for 10 

minutes at 1,600 RPM and plasma was removed. PBMCs were isolated by 

carefully layering whole blood on Ficoll-Histopaque (Sigma). Tubes were 

centrifuged at 1600 RPM for 25 min at 20oC. Mononuclear cells were carefully 

collected from the visible clear interface. Cells were washed twice using 

phosphate buffer solution (PBS) and centrifuged at 1600 rpm for 10 min at 20oC. 

After centrifugation, cells were resuspended in 1mL of RPMI 1640 and counted. 

Cell viability was determined before and after culturing by Trypan blue exclusion 

(Sigma). PBMC were stimulated with phytohemagglutinin (PHA) (1 µg/mL) at 

37oC, 5% CO2 for 72 hours at 37oC and then washed once with RPMI 1640 and 

plated in a density of 1x106/ mL.    

HIV-1 Infection  

PHA-stimulated PBMCs were cultured in absence and presence of 

methadone (1μM) for 3 days at 37oC, 5% CO2. After incubation, cells were 

acutely infected with the HIV-1SF2 strain. PBMCs were incubated in 900 μL of 

culture medium and 100 µL of HIV-1SF2 strain (1000 TCID50/ml) for 2hr at 37oC. 

After 2 hours, 1 million PBMCs were plated for each treatment and additional 2 

mL of fresh media were added and incubated for 24 hours at 37oC, 5% CO2. 

After 24 hours, cells were washed with 2mL of phosphate buffer saline (PBS) to 
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remove unabsorbed virus. A total of 6 mL of fresh media and the respective 

treatments were added to the cells. Media was changed every 72 hours after 

infection and incubated for 6 days.  

Cytokine Measurements  

  After 6 days of infection, supernatants were collected for the 

measurement of cytokines and chemokines by using multiplexed cytometric bead 

array (CBA) kits according with the manufacture (BD Bioscience, San Diego, 

CA). Briefly, supernatants (50 µL) were diluted and transferred to tubes 

containing 50 µL of mixed capture beads and phycoerythrin (PE) detection 

reagents. The mixed-capture was incubated for 3 h at room temperature in the 

dark, before adding 1 mL of wash buffer. Tubes were then centrifuged (200 x g 

for 5 min) and pellets were resuspended in wash buffer. After preparation, 

prepared samples were read in a FACSCalibur flow cytometer (Becton 

Dickinson, San Jose, CA). Analysis and statistics were performed using the CBA 

software package (Becton-Dickinson, Mountain View, CA). Cytokine and 

chemokine concentrations were expressed as pg/mL.  

Quantitative RT-PCR 

Quantitative RT-PCR was performed following the manufacturer’s 

instructions (ROCHE COBAS
 

AmpliPrep/COBAS
 

TaqMan
 

HIV-1 Test). 

Supernatants samples were prepared automatically using the AmpliPrep/COBAS 

instrument with amplification and detection using the COBAS TaqMan Analyzer. 

An automated reverse transcription, PCR amplification and detection of HIV-1 
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target RNA and HIV-1 Quantitation Standard (QS) Armored RNA was performed. 

The detection of amplified DNA is performed using a target-specific and a QS-

specific dual-labeled oligonucleotide probe that permit independent identification 

of HIV-1 amplicon and HIV-1 QS amplicon. The HIV-1 QS was added to each 

supernatant specimen and was carried through the specimen preparation, 

reverse transcription, PCR amplification and detection steps of cleaved dual-

labeled oligonucleotide detection probes. The HIV-1 RNA concentration of the 

test specimens was calculated by comparing the HIV-1 signal to the HIV-1 QS 

signal for each specimen and control.  

NF-κB and Inflammatory Molecules  

After 1 and 6 hours of treatment with HIV-1 Tat and/or methadone, cell 

lysates from acutely exposed PBMC were prepared by adding 1X Cell Lysis 

Buffer plus 1 mM phenyl-methylsulfonyl fluoride (PMSF) lysates were sonicated 

on ice. For measurement of NF-κB signaling molecules, a sandwich ELISA was 

performed following the manufacture’s directions (Cell Signaling Technology, 

Beverly, MA). Briefly, samples were incubated for 2 hours at 37°C. After 

incubation, plates were washed 4 times following the addition of the detection 

antibody for 1 hour 37°C. Plates were washed once again and a horseradish 

peroxidase-linked secondary antibody was added, followed by another set of 

washes. Tetramethylbenzidine substrate was added for 10 minutes at 37°C 

followed by a stop solution. The colorimetric reaction was allowed to develop 
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color and absorbance was read at 450 nm. The magnitude of absorbance is 

proportional to the quantity of bound target protein.  

Results  

Acute methadone treatment elevates HIV-1 infection on human PBMC 

  To assess whether an acute methadone treatment increase HIV-1 

infection, PBMCs from healthy donors were infected with HIV-1SF2 virus for 24 

hours and pre-treated with naltrexone for 30 min before treatment with 

methadone for 6 days. An acute methadone treatment significantly increases 

HIV-1 replication on PBMC (*p < 0.05 vs. control, one-way ANOVA, Tukey’s 

post-hoc). Groups receiving naltrexone pre-treatment for 30 min before exposure 

to agonist or naltrexone alone did not show significant difference between 

controls. Moreover, naltrexone was able to reverse methadone increase in viral 

load (§p < 0.05 vs. MTD, one-way ANOVA, Tukey’s post-hoc). Data are based 

on the mean ± SEM of n = 5 experiments.   

Acute methadone treatment elevates cytokine release on HIV-1 infected 

human PBMC  

PBMCs from healthy donors were infected HIV-1SF2 virus and treated with 

MTD for 6 days, at day 6 culture media was collected for cytometric bead array 

assay. Unpaired t-test analysis showed that methadone significantly increased 

TNF-α and IL-6 release on HIV infected PBMCs compared to HIV alone groups  

(*p < 0.05 vs. HIV). Data is based on the mean ± SEM of n = 5 experiments.   

 



 23 

Effect of acute methadone on NF-κB activation molecules expression on 

human PBMCs  

To explore whether methadone increased on HIV-1 infectivity and 

cytokines release is dependent of NF-κB pathways, PBMC were treated with 

combinations of MTD, and/or HIV-1 Tat for 8 hours. Methadone alone and HIV-

Tat groups showed a significantly increased p65 subunit of NF-κB expression 

when compared to control groups (*p < 0.05 vs. control, one-way ANOVA, 

Tukey’s post-hoc). In addition, co-exposure with Tat and methadone exacerbate 

the Tat-induced increase of this subunit (#p < 0.05 vs. Tat, one-way ANOVA, 

Tukey’s post-hoc). In the case of the NF-κB regulator, Phospho-IκBα (Ser32) 

expression, methadone treatment did not significantly increase protein levels of 

IκBα when compared to control. However, co-exposure with methadone 

significantly increased HIV-Tat effect on Phospho-IκBα (Ser32) expression (#p < 

0.05 vs. Tat, one-way ANOVA, Tukey’s post-hoc). Data are based on the mean ± 

SEM of n= 3 experiments.   

Effect of chronic methadone treatment in HIV-1 infection on human PBMCs 

PBMCs from chronic methadone users were infected HIV-1SF2 virus and 

treated with MTD or un-treated for 6 days, at day 6 culture media was collected 

for RT-PCR analysis. Unpaired t-test analysis showed no significant difference in 

viral load between groups that did not receive methadone treatment or groups 

treated with methadone. Data are based on the mean ± SEM of n= 20 

experiments.   
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Effect of chronic methadone treatment in cytokines release on human 

PBMCs  

PBMCs from chronic methadone users were infected HIV-1SF2 virus and 

treated with MTD or treated vehicle lacking of MTD for 6 days, at day 6 culture 

media was collected for cytometric bead array assay. Unpaired t-test analysis 

showed no significant difference in TNF-α and IL-6 release between groups that 

did not received methadone treatment and groups treated with methadone. Data 

are based on the mean ± SEM of n= 20 experiments.   

Discussion  

Methadone maintenance treatment programs remain central to the 

management of drug use in the HIV population (Durvasula and Miller, 2014). 

Although these treatments can prevent the psychosocial and physical morbidity 

of drug misuse (Weber et al., 1990), there is not enough evidence of the role of 

methadone use on HIV-1 infection.  Herein, we show that methadone acute 

treatment increased HIV-1 infection in PBMCs. These observations correlate with 

the findings of Li and colleagues (2002) where methadone treatment activates 

viral replication in latently infected peripheral blood mononuclear cells from HIV-

infected patients. Suggesting that not only methadone could activate HIV-1 

replication from latency, it can also worsen a recently acute HIV-1 infection. 

Although we did not measure CCR5 expression, others have shown that this 

receptor is uprgulated by methadone and HIV-1 replication is activated (Suzuki et 

al., 2002). Increased expression of CCR5 facilitates viral entry, but it may also be 
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a convergence point for opiate-HIV-1 interactions (Podhaizer et al., 2012).  

In addition to the increases in CCR5, we aimed to elucidate whether acute 

treatment of methadone exacerbated the release of pro-inflammatory cytokines.  

In vitro studies suggested that methadone suppresses chemokines such as IL-8, 

MIP-1β, and RANTES (Choi et al., 1999), which decrease the migration of 

neutrophils and monocytes to infection sites. With this suppression in the cellular 

immune response, the main antiviral mechanism available to cells gets 

weakened. In contrast, in vivo studies demonstrated that methadone stimulates 

immunologic hyperactivation of an immune system that was formerly inhibited by 

heroin, particularly, in the increase of plasma levels of TNF-α, IL-2β, and IL-1β 

(Neri et al., 2005). Our in-vitro studies show that methadone exposure increases 

TNF-α and IL-6 release in acutely infected PBMC. HIV-1 infection severity has 

been associated with the increases in these pro-inflammatory cytokines 

(Hazenberg et al., 2003, Naif, 2013, Van der Watt et al., 2014). It is important to 

note that HIV-1 immune pathogenesis is characterized by an imbalance in the 

cytokine profile, rather than the modulation of a specific cytokine (Clerici and 

Shearer, 1994).  

The pathogenesis of HIV is also controlled by the cellular transcription 

factor, NF-κB (Maciaszek et al., 1994). HIV-1 Tat counteracts the post-activation 

turn off of NF-κB through direct interaction with IκB-α and p65, which enhances 

the DNA binding and transcriptional activity of the NF-κB complex (Fiume et al., 

2012). Since NF-κB stimulates viral transcription and elongation (West et al., 
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2001), we aimed to explore whether methadone’s capacity to increase HIV-1 

infection is due to an interaction trough this mechanism. We report that acute 

exposure of methadone increased the expression of the p65 subunit of NF-κB 

when compared to control. Moreover, co-exposure of HIV-Tat and methadone 

exacerbate Tat-induced increases in this subunit. The phosphorylated form of IκB 

is needed for the release of NF-κB from IκB, and this release subsequently leads 

to nuclear entry and activation of NF-κB (Ghosh and Baltimore, 1990).  Although 

methadone treatment did not show an effect on phospho-IκBα (Ser32) 

expression, we observed a significant increase in its expression with Tat 

treatment. Furthermore, co-exposure with methadone exacerbates the HIV-Tat-

induced increase in phospho-IκBα (Ser32) expression. This finding suggests that 

phospho-IκBα (Ser32) is not being ubiquitinated; subsequently p65 is not being 

translocated to the nucleus. Methadone-induced increase HIV-1 infection may be 

mediated by interactions with NF-κB signaling.   

It has been suggested that prolonged methadone maintenance treatment 

is not associated with unexpected adverse effects (Novick et al., 1993). Although 

methadone treatment seems to offer a better outcome for patients (Fischer et al., 

2002), there is not direct evidence whether the long-term effect of methadone 

could modulate HIV-1 infection. In vitro studies demonstrated an impaired 

responsiveness of lymphocytes to mitogens in methadone patients (Quagliata et 

al., 1977); however, a normal T-cell proliferative response to antigens in another 

cohort of long-term methadone users (Reddy et al., 1987) was also reported. 
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Herein, we show that PBMCs from chronic methadone users shows a less acute 

viral infection when compared to viral infection with acute methadone exposure in 

PBMCs from non-users. In addition, chronic exposure to methadone does not 

exacerbate the HIV-opiate-mediated TNF-α and IL-6 release as seen in PBMCs 

from healthy donors. Although we induced an abrupt withdrawal of methadone in 

PBMCs from chronic methadone users, we did not observe a significant change 

in viral load and cytokine release from controls when compared to a continuous 

methadone exposure in cells from the same donor.   We concur with the 

suggestion of Liu and colleagues (1999) that chronic methadone treatment may 

normalize the immune response. Overall, our findings demonstrate that acute 

methadone exposure enhances HIV-1 infection through the release of pro-

inflammatory cytokines and the activation of NF-κB. In contrast, a long-term 

methadone exposure seems to normalize the peripheral immune response and 

leads to a lower extent of HIV-1 infectivity.    
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Figure 2.1  

 

 

Figure 2.1 Effect of acute methadone treatment in HIV-1 infection on human 
PBMCs. Cultures infected with HIV-1SF2 virus and treated with combinations of 
NLT (pretreatment) and/or MTD for 6 days. Analysis showed that acute 
methadone treatment significantly increased HIV-1 replication (*p < 0.05 vs. 
control, one-way ANOVA, Tukey’s post-hoc). NLX treatment was able to reverse 
the increase on viral load (§p < 0.05 vs. MTD, one-way ANOVA, Tukey’s post-
hoc). Data are based on the mean ± SEM of n = 5 experiments.  
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Figure 2.2  
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Figure 2.2 Effect of acute methadone treatment in cytokine release on HIV-1 
infected PBMCs. Cultures were infected with HIV-1SF2 virus and treated with 
MTD for 6 days. Analysis showed that methadone significantly increased TNF-α 
and IL-6 release (*p < 0.05 vs. HIV, unpaired t-test). Data are based on the mean 
± SEM of n = 5 experiments.  
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Figure 2.3  
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Figure 2.3 Effect of acute methadone on NF-κB activation molecules 
expression on human PBMCs. PBMCs were treated with combinations of MTD, 
and/or HIV-1 Tat for 8 hours. Methadone alone and HIV-Tat groups significantly 
increased p65 subunit of NF-κB expression when compared to control groups (*p 
< 0.05 vs. control, one-way ANOVA, Tukey’s post-hoc). Co-exposure with Tat 
and methadone exacerbate the Tat-induced increase of this subunit (#p < 0.05 
vs. Tat, one-way ANOVA, Tukey’s post-hoc) (A). Methadone treatment did not 
significantly increase protein levels of IκBα when compared to controls. Co-
exposure with methadone significantly increased the effect of HIV-Tat effect on 
Phospho-IκBα (Ser32) expression (#p < 0.05 vs. Tat, one-way ANOVA, Tukey’s 
post-hoc test) (B). Data are based on the mean ± SEM of n= 3 experiments.   
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Figure 2.4 

 

 

Figure 2.4 Effect of chronic methadone treatment in HIV-1 infection on 
human PBMC. Cultures were infected with HIV-1SF2 and treated with MTD for 6 
days. Unpaired t-test analysis showed no significant difference in TNF-α and IL-6 
release between controls and chronic methadone exposure groups. Data are 
based on the mean ± SEM of n = 20 experiments.   
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Figure 2.5 

 

Figure 2.5 Effect of chronic methadone treatment in cytokine release on 
human PBMCs. Cultures were infected HIV-1SF2 virus and treated with MTD for 
6 days. Unpaired t-test analysis showed no difference between HIV-1 viral load in 
controls and chronic methadone exposure groups. Data are based on the mean 
± SEM of n = 20 experiments.   
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Chapter 3: Methadone and Buprenorphine Effect on Human Glial HIV-1 

Activation and Infection 

 

Introduction  

The increase survival of HIV-1 infected individuals using cART therapy, 

has raised the prevalence of HAND (McArthur et al., 2010). Although 

antiretroviral therapy maintains viral load below detection, neuronal injury 

remains constant. This suggests that, in the absence of new viral replication, an 

additional mechanism must be involved in HAND pathogenesis. It is well 

established that glial activation due to HIV infection plays a key role in 

neurocognitive disorders (Wiley et al., 1986, Peterson et al., 1992, Hauser et al., 

2005). Macrophages and microglial are critical reservoirs of HIV and they are the 

principal site of productive infection in the brain (Churchill and Nath, 2013). 

Microglial neuroinflammation is commonly associated with the production of 

reactive oxygen species (ROS) and NO-dependent reactive nitrogen species 

(RNS) (Kraft and Harry, 2011). The constant release of inflammatory molecules 

by this infected microglia alters astrocyte function. The role of astrocytes role in 

HIV-1 infectivity is more controversial. Although these cells have a low frequency 

of HIV infection (Nath et al., 1995); astrocytes are indispensable for brain 

homeostasis. Thus, the interaction between activated microglia, astrocytes, and 

neurons triggers the onset of neuronal dysfunction or apoptosis and the 

progression of CNS damage (Dutta and Roy, 2012).  
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A strong relationship exists between opiate usage and HIV-1 

neuropathogenesis. Opiates have been shown to enhance HIV-1 replication in 

vitro (Peterson et al., 1994, Bell et al., 1998, Bell et al., 2002).  Opiates 

exacerbate HIV-1’s detrimental effects through interactions with glia (El-Hage et 

al., 2005, Zou et al., 2011), specially the enhancement of microglial activation 

(Arango et al., 2004). Early studies demonstrated that morphine potentiates TNF-

α production in human microglia (Peterson et al., 1994). In addition, there is 

evidence that morphine dramatically enhances HIV-Tat-induced production of IL-

6, IL-1β, IP-10, and iNOS in murine microglia (Bokhari et al., 2009). These 

inflammatory signals, specifically, the increase of TNF-α, IFN-γ and IL-1β induce 

neuronal apoptosis and death in vitro (Downen et al., 1999). Therefore, there is a 

strong connection between cytokine/chemokine release and microglia-mediated 

inflammation. In addition to the modulation of the glial inflammatory signaling, 

morphine elevates CCR5 and CXCR4 gene (Li et al., 2003, Steele et al., 2003), 

facilitating HIV entry to uninfected cells.   

The role of opiate maintenance treatments in HAND pathogenesis is not 

well understood. Previous studies have demonstrated that methadone patients 

show high rates of psychiatric comorbidity and cognitive deficits compared to 

matched controls (Darke et al., 2000). Moreover, heroin abusers show verbal 

memory deterioration during the first week of methadone-aided withdrawal 

treatment (Curran et al., 1999). It was demonstrated that methadone disrupts 

acetylcholine release and consequently impairs verbal memory to a greater 
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extent than buprenorphine (Rapeli et al., 2007). However, other studies 

concluded that both buprenorphine and methadone patients performed poorly on 

visual memory tests compared to controls (Pirastu et al., 2006). While there are 

several studies implying that methadone and buprenorphine may modulate 

cognitive functions, there is not extensive evidence regarding the role of these 

drugs on HIV-1-glia-mediated inflammation. We aimed to elucidate whether 

methadone and buprenorphine increase viral infectivity and whether this 

interaction aggravates glia infection and activation.   

Materials and Methods 

Cell lines cultures 

Human microglia cell line (CHME-5) kindly provided by Dr. Randall Davis, 

Oklahoma State University and human astrocytes cell line (U-87 MG) (ATCC, 

Manassas, VA) were cultured in Eagle’s Minimum Essential Medium (EMEM; 

ATCC, Manassas, VA), which contained penicillin/streptomycin (100 U/mL and 

100 µg/mL; Invitrogen) and 10% heat-inactivated fetal bovine serum (FBS; 

Hyclone, Logan, UT). Cell were seeded and maintained until 70-80% confluence 

was reached. 

Opiates treatment, HIV infection and Tat treatment   
 

To measure HIV-1 infectivity, human glial were acutely infected with p24 

50 pg/106 cells of a dual tropic (R4/R5) HIV-1SF2 strain obtained from National 

Institutes of Health AIDS Reagents originally isolated by Dr. Jay Levy, for 2 hours 

at 37°C in 1mL of culture media. After 2 hours of infection at 37ºC and 5% CO2, 
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an additional 2 mL of media was added and cells were cultured for 24 hours. 

After 24 hours, cells were washed with phosphate buffered saline (PBS) to 

remove unabsorbed virus. Fresh culture medium and appropriate treatments 

were added. Cells were cultured for 6 days and media was exchanged with fresh 

media containing same reagents and treatments every 72 hours. Supernatants 

and cells were collected for further analysis. Aside HIV-1 infection 

measurements, all of the testing paradigms included HIV-1 Tat exclusively. For 

HIV-1 Tat1-86 (Immunodiagnostics, Inc.; Woburn, MA) treatment, human glial cells 

were seeded until confluence was reached. A total of 1.0 mL of fresh media was 

added and the cells were treated with methadone or buprenorphine (1uM) in the 

presence or absence of 100 nM of HIV-Tat for 6, 8 or 24 hours. After incubation 

time, supernatants and cells were collected for further analysis.    

Quantitative RT-PCR 

Quantitative RT-PCR was performed following the manufacturer’s 

instructions (ROCHE COBAS
 

AmpliPrep/COBAS
 

TaqMan
 

HIV-1 Test). 

Supernatant samples were prepared automatically using the AmpliPrep/COBAS 

instrument with amplification and detection using the COBAS TaqMan Analyzer. 

An automated reverse transcription, PCR amplification and detection of HIV-1 

target RNA and HIV-1 Quantitation Standard (QS) Armored RNA was performed. 

The detection of amplified DNA is performed using a target-specific and a QS-

specific dual-labeled oligonucleotide probe that permit independent identification 

of HIV-1 amplicon and HIV-1 QS amplicon. The HIV-1 QS was added to each 
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supernatant specimen and was carried through the specimen preparation, 

reverse transcription, PCR amplification and detection steps of cleaved dual-

labeled oligonucleotide detection probes. The HIV-1 RNA concentration in the 

test specimens was calculated by comparing the HIV-1 signal to the HIV-1 QS 

signal for each specimen and control.  

Cytokines Quantification 

 Supernatants were used for the measurement of chemokines and 

TH1/Th2 cytokines by flow cytometry. Quantification was conducted by 

cytometric bead array (CBA) analysis (BD Biosciences, San Jose, CA) according 

to the manufacturer. Briefly, 50 μL of culture supernatants was diluted and 

transferred to tubes containing 50 μL of mixed capture beads and phycoerythrin 

(PE) detection reagents. Resulting solution was incubated at room temperature 

for 3 h in the dark. Samples were washed with buffer and centrifuged at 200 x g 

for 5 min. Resulting pellets were resuspended in wash buffer. Samples 

suspensions were read in a FACSCalibur flow cytometer (Becton-Dickinson). 

Analysis and statistics were performed by CBA software package (Becton-

Dickinson).  

Flow cytometry  

CXCR4 and CCR5 immunoreactivity were detected by direct 

immunofluorescence in human glial cells by using flow cytometry. Human glial 

cells were washed in PBS/0.1% BSA buffer and incubated with allophycocyanin 

(APC)-conjugated anti-CXCR4 and Alexa-488 tagged anti-CCR5 antibodies in 
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permeabilization buffer (PBS/0.1% BSA/0.1% triton X) to detect surface and 

intracellular expression. Fluorescence was measured from 10,000-gated glial 

cells per treatment in each experiment using a FACSCanto II flow cytometer (BD 

Biosciences, San Jose, CA). Autofluorescence was compensated by setting the 

detector voltage to the minimum level that discriminates between 

autofluorescence and specific immunofluorescence in both negative and positive 

controls.  

Nitric oxide quantification  
 

Nitric oxide (NO) production by glial cells was measured using the Griess 

Reagent System (Promega, Madison, WI), according with the manufacture. 

Briefly, in a 96-well plate, 50 µL of culture supernatant was dispensed into the 

well in triplicate. After adding all the culture supernatants, 50 μL of the 

sulfanilamide solution was added to all the samples and incubate for 10 minutes 

at room temperature, protected from light.  After incubation, 50 μL of the N-1-

napthylethylenediamine dihydrochloride (NED) solution was added to all the 

wells and incubate for an additional 10 minutes at room temperature, protected 

from light. Absorbance was measure within 30 minutes in the plate reader with 

filters between 520 nm and 550 nm. Concentration of NO was calculated based 

on the standard curve using known concentrations of nitrite.  
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Reactive oxygen species measurement  

Reactive oxygen species were quantified by the cell-permeable dye, 2’,7’-

dichlorofluorescein diacetate (DCF-DA). Cells were incubated for 1 with DCF-DA 

in warm PBS according to the manufacturer’s indications. Dichlorofluorescein 

(DCF) fluorescence was measured at an excitation wavelength (λex) of 485 nm 

and an emission wavelength (λem) of 520 nm using a PHERAstar plate reader 

(BMG Labtech, Cary, NC). DCF-DA, when inside the cell is hydrolyzed by 

cytosolic esterases to its non-cell-permeable form (DCF) and which fluoresces 

when in contact with the ROS/RNS species. ROS levels were estimated by 

relative DCF fluorescence. 

MDA Quantification  
 

To assess lipid peroxidation levels, Thiobarbituric Acid Reactive 

Substances (TBARS) assay Cell Biolabs, San Diego, CA) was performed 

according to the manufacture’s instructions. Briefly, human microglia cell lines 

were treated with combinations of MTD, BUP, and/or 100 nM of HIV-1 Tat for 1, 

4, 8 and 24 hours, and cells were collected and resuspended with PBS. Cells 

were homogenized on ice and samples were transferred to separate 

microcentrifuge tubes. A SDS lysis solution was added and incubated at room 

temperature for 5 minutes. After incubation, TBA reagent was added and 

incubated at 95°C for 60 minutes. Samples were cooled on ice for 5 minutes and 

centrifuged at 3000 rpm for 15 minutes. Supernatants were removed and 

transferred to a 96-well plate. Absorbance was read at 532 nm.  
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Glutamate uptake quantification 
 

Glutamate uptake was measured in human astrocytes cell line (U87), 

according to previous studies (Zou et al., 2011). Cells were pre-incubated for 60 

min at 37°C with 500 μL of Hank’s balanced salt solution (HBSS) alone or with 

combinations of 1uM methadone, buprenorphine, naloxone and/or 100 nM HIV-

Tat. Glutamate at a concentration of 1 mM was added to each well. Sample 

supernatants were collected from individual wells at 0 min-240 min time points. 

Glutamate levels were quantified using a glutamate assay kit (BioVision, 

Mountain View, CA) according to manufacture’s directions. Briefly, 10 µL to 50 

µL of supernatant will be directly diluted in the assay buffer. 100 µL of reaction 

mix will be added to the samples and the Glutamate standard. The reaction will 

be incubated at 37ºC for 30 minutes.  Optical density will be measured at 450 nm 

and glutamate concentrations will be calculated. 

Real Time PCR  

Cells were collected and total RNA was isolated using TRIzol reagent 

(Invitrogen). Total RNA was isolated using the miRNeasy Mini Kit (Qiagen; CA) 

then 1ug of RNA was used to generate cDNA by reverse transcription using the 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA) 

according to the manufacture’s instructions. After obtaining total cDNA of each 

sample a real-time PCR was performed with a volume of 20 μL containing 

SensiMix SYBR qPCR reagents (Bioline USA, MA) using a Corbett Rotor-Gene 

6000 real-time PCR system (Qiagen, CA). PCR conditions consisted of an initial 
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hold step at 95°C for 10 min followed by 40 amplification cycles of 95 °C for 10 s, 

58 °C for 30 s, and 72°C for 30s. Sequences of primers set used for the 

amplification of mu opioid receptor was 5'-CTTGGAACCCGAAAAGTCTC-3’ as 

forward and 5'-TGCCATCTAAGTGGGACAAG-3' as reverse. This set of primers 

amplified a product of 187 bp. For human kappa opioid receptor amplification the 

set of primers used was: 5'-GAAACAAGCCCTGGTGAAAT-3' as forward and  

5'-TGAGCCAAGACTGTGCTACC-3' as reverse, amplifying a product of 239bp. 

For the amplification of TLR-4 the set of primers used was 5'- 

CAGCTCTTGGTGGAAGTTGA-3' as a forward and 5’-

GCAAGAAGCATCAGGTGAAA-3' as a reverse. This set of primers amplified a 

product of191bp. For GAPDH amplification, the sequences of primers used were 

5'- CATGGCACCGTCAAGGCTGAGAA -3' as forward and  

5'- CAGTGGACTCCACGACGTACTCA -3' as reverse. The specificity of the 

amplified products was verified by melting curve analysis and agarose gel 

electrophoresis.   

Results 

Methadone and buprenorphine modulation on human microglia HIV-1 

infection  

After HIV-1SF2 infection of human microglia cell lines for 24 hours, cells 

were treated with combinations of NLX (pretreatment), MTD, and BUP for 6 days. 

Methadone and buprenorphine significantly increase HIV-1 replication (*p < 0.05 

vs. control, one-way ANOVA, Tukey’s post-hoc). Groups receiving a naloxone 
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pre-treatment for 30 min before opiate exposure did not show significant 

difference between controls. Moreover, naloxone was able to reverse the 

increase in viral load of methadone and buprenorphine co-exposure (§p < 0.05 

vs. MTD or BUP, one-way ANOVA, Tukey’s post-hoc). Data are based on the 

mean ± SEM of n = 3 experiments.   

Effect of methadone and buprenorphine treatment on CXCR4 and CCR5 co-

expression in human microglia and astrocytes  

An increase of CXC4 and CCR5 may facilitate viral entry to the cell 

(Kalinina et al., 2013). To evaluate methadone and buprenorphine effects on 

CXCR4 and CCR5 co-expression, cultures were treated with combinations of 

MTD, BUP, and/or HIV-1 Tat for 8 hours followed by flow cytometry analysis. 

Drug alone did not exert any effect in these receptors expression compared to 

controls. Moreover, CXCR4 and CCR5 co-expression did not show any change 

of expression with the interaction of Tat alone, or combination of Tat and 

methadone on both cell lines. However, co-exposure with Tat and buprenorphine 

significantly increase CXCR4 and CCR5 co-expression in human microglia and 

human astrocyte (*p < 0.05 vs. control, one-way ANOVA, Tukey’s post-hoc). We 

did not observed any significant difference between other groups. Data are 

based on the mean ± SEM of n = 3 experiments.   

 

 



 43 

Effect of methadone and buprenorphine on lipid peroxidation in human 

microglia cells 

High levels of MDA have been associated with oxidative stress and poor 

cytokines responsiveness in HIV infection. For the assessment of MDA levels in 

glia, cultures were treated with MTD, BUP, and/or HIV-1 Tat for 1, 4, 8 and 24h. 

Concentrations of malondialdehyde (MDA), which is a stable indicator of lipid 

peroxidation, were determined by TBARS assay. Shorter exposure of Tat, drugs 

alone, or co-exposure of Tat and drugs did not increased MDA levels. However, 

after 8 hours of exposure, methadone, co-exposure of Tat and methadone and 

co-exposure with Tat and buprenorphine significantly increased lipid peroxidation 

when compared to control and Tat alone groups (*p < 0.05 vs. control, one-way 

ANOVA, Tukey’s post-hoc) (#p < 0.05 vs. Tat, one-way ANOVA, Tukey’s post-

hoc). Interestingly, methadone alone showed the capacity of exacerbated MDA 

formation, while buprenorphine alone did not exert any significant difference 

when compared to control. However, it was unexpected to observe that Tat alone 

did not increased MDA production at any time of exposure.  Data indicate the 

mean concentration ± SEM of n=3.  

Effect of methadone and buprenorphine treatment on nitric oxide 

production by human microglia 

 To assess nitric oxide production microglia cells were treated with 

combinations of MTD, BUP, and/or HIV-1 Tat for 6 or 24 hours. One-way ANOVA 

and Tukey’s post-hoc analysis did not show significant difference between 
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controls and opiates alone, Tat or co-exposure of Tat and methadone or 

buprenorphine at 6 hours. Treatment was increased to 24 hours to explore 

whether a longer exposure would affect methadone and buprenorphine effect on 

nitric oxide production. Although increasing the time of exposure to 24 hours 

intensified nitric oxide release, no significant differences were detected between 

controls and treatments. Data are based on the mean ± SEM of n = 3 

experiments.   

Methadone and buprenorphine effect on intracellular ROS production  

To assess whether methadone and buprenorphine interact as well with 

ROS production, mixed-glia were treated with combinations of NLX 

(pretreatment), MTD, BUP, and/or HIV-1 Tat for 1 and 6 h. Mean DCF relative 

fluorescence units (MFI) were used as an estimate of ROS. One-way ANOVA, 

Tukey’s post-hoc analyses did not show a significant difference between control 

and any other treatment groups.  

Methadone and buprenorphine effect on glutamate uptake by astrocytes  

Glutamate uptake was measured by pre-treating human astrocytes with 

combinations of MTD, BPN, and/or HIV-1 Tat for 30 min. After pre-treatment, 

cells were challenged cells with 1 mM glutamate. Media was collected from each 

group at 0, 15, 30, 60 and 120 min for glutamate concentration quantification. 

Glutamate levels were assessed from 0 min to 120 min. After 15 minutes of 

incubation and through the duration of the assay, all treatments show a decrease 

in glutamate uptake compared to control (*p < 0.05 vs. control, repeated 
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measures ANOVA, Tukey’s post-hoc). After 60 minutes of incubation, levels of 

residual glutamate were significantly higher Tat treatment groups compared with 

methadone or buprenorphine treatments groups (§p < 0.05 vs. drug alone, 

repeated measures ANOVA, Tukey’s post-hoc), there was no significant 

difference between Tat and co-exposure of Tat and methadone or 

buprenorphine. After 120 minutes, co-exposure with Tat and methadone showed 

a decrease in glutamate uptake disruption when compared to Tat treatment and 

co-exposure with Tat and buprenorphine (¶p < 0.05 vs. Tat and Tat+ 

buprenorphine, repeated measures ANOVA, Tukey’s post-hoc). Data shown as 

concentration of glutamate (mM) ± SEM. n = 3. 

Discussion  

Due to the exacerbation of neurocognitive disorders in opioid abusers who 

are HIV-1 infected (Bell et al., 1996), it is of key importance to understand the 

underlying mechanisms by which opiates enhance these deficits. Since viral 

spread is the first tread for the initiation of HIV-mediated cognitive deficits, we 

explored whether methadone or buprenorphine modulate HIV-1 infection. Our 

findings suggest that methadone, and to a lesser extern buprenorphine modulate 

HIV infection in human glial cell lines. It is known that the upregulation of CXCR4 

and CCR5 receptors lead to an increase in viral entry, and subsequently increase 

in viral load (Moore et al., 2004).Herein, we show that co-exposure of 

buprenorphine and Tat increases the co-expression of CXCR4 and CCR5, and 

contrary to previous experimental outcomes, showing that methadone increases 
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CCR5 expression in lymphocytes (Suzuki et al., 2002), we found that co-

exposure to methadone and Tat did not change the co-expression of these 

receptors in human microglia and astrocytes. Taking together, this suggests that 

a convergent proinflammatory response and increased viral entry, rather than 

increased viral entry alone, drives the noted increase in viral replication.  

It appears that HIV-induced cognitive pathogenesis can be explored with 

the understanding of the glial inflammatory signaling. Studies have suggested 

that opiates, in particular morphine exacerbate HIV-induced cytokine and 

chemokine release by glia (Turchan-Cholewo et al., 2009, Zhao et al., 2014). We 

show that co-exposure with methadone and HIV-Tat increased TNF-α by human 

microglia cells when compared to control and Tat alone. In the other hand, co-

exposure with Tat and methadone significantly decreased TNF-α when 

compared to Tat alone. During these analyses, it was noted that cytokine release 

by the human glia cell lines was low and not specific HIV-Tat effect. Furthermore, 

we explored the effect of methadone and buprenorphine in the production of toxic 

molecule, however, we did not detect effect any effect of these drugs or HIV-Tat 

in our model. On the other hand, methadone seems to increase the levels in lipid 

peroxidation in both microglia and astrocytes.  

Besides from the exacerbated production of cytokines and toxic 

molecules, activated microglia release glutamate to a greater extent, which 

cause a dramatic elevation of neuronal calcium levels and leads to loss of 

neurites and synapses (Barger and Basile, 2001). Therefore, we explored the 
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possible modulation of methadone and buprenorphine on astrocyte glutamate 

transport. Our results demonstrate that methadone and buprenorphine show a 

modest, but significant disruption of glutamate buffering. Although, at some time 

points buprenorphine shows a slight increased in the Tat-mediated glutamate 

buffering interference, none of the difference noted were significant. Interestingly, 

after 120 minutes, methadone significantly decreases Tat effect on glutamate 

uptake and glutamate levels were significant lower than Tat treatment and co-

exposure of Tat and buprenorphine.    

During this study, several experiments showed an inconsistent or 

inexistent HIV-opiate cellular response between assay replicates. Because some 

studies demonstrate that opiates effects, in particular buprenorphine, are dose-

dependent (Sanchez et al., 2008, Eschenroeder et al., 2012), we repeated 

cytokines and infection assays with a range of opiates concentration, however 

positive effects were not noted at any dose tested. We determined that results 

discrepancies were not dose related. Furthermore, we speculated that a 

receptor-drug interaction did not occur, and explored the possibility of cellular 

receptors depletion. Real time PCR analyses did not show the expression of 

MOR and KOR in the human microglial cell line (CHME-5) or in a human 

astrocyte cell lines (U-87). Since it has been suggested that, in addition to MOR 

and KOR, opiate drugs can also activate various Toll-like receptor (TLR) 

complexes (Hutchinson et al., 2007, El-Hage et al., 2011), we were interested to 

examine whether the Toll-like receptor 4 complex (TLR-4) complex was driving 
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the responses observed. However, we did not detect TLR-4 mRNA in either the 

microglia or astroglia cell lines.  Suspecting that the genetic expression for these 

receptors was diminished with the numerous cellular passages, experiments 

were repeated with a new astrocyte cell line prior passaging. Expression of 

mRNA from MOR, KOR and TLR-4 receptors was detected in the astrocyte cell 

line. Although our negative results prompted us to hypothesize that this 

phenomenon might occur in the human microglial cell line, we were unable to 

obtain fresh CHME-5 cells from the same source, and therefore we are unable to 

determine whether there is a difference in MOR, KOR or TLR-4 mRNA 

expression between passages. While the use of these cells might be convenient 

for preliminary studies, considerable precautions should be taken when 

extrapolating in-vitro results using these cell lines to what its seen in the CNS of 

HIV-1 patients. Our results are consistent with several studies that use human 

astroglial cell lines to explore HIV-glia interactions (Speth et al., 2000, Kehn-Hall 

et al., 2011, Sharma et al., 2011, Byrne et al., 2012, Zhao et al., 2014), however, 

we reported that the constant passage of U87 cells causes the depletion of MOR, 

KOR and TLR4 messenger RNA. If these cell lines are used in future 

experiments, we strongly recommend that meticulous genetic expression 

analyses between cellular passages and replicates experiments to assure the 

presence of the receptor of interest.  
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Figure 3.1  

 

 

Figure 3.1 Effect of methadone and buprenorphine treatment on HIV-1 
infection in human microglia. Cultures infected with HIV-1SF2 virus and treated 
with combinations of NLX (pretreatment), MTD, and BUP for 6 days. Analysis 
showed that methadone and buprenorphine significantly increased HIV-1 
replication (*p < 0.05 vs. control, one-way ANOVA, Tukey’s post-hoc). Naloxone 
treatment was able to reverse the increases in viral levels (§p < 0.05 vs. MTD or 
BUP, one-way ANOVA, Tukey’s post-hoc). Data are based on the mean ± SEM 
of n = 3 experiments.   
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Figure 3.2 
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Figure 3.2 Effect of methadone and buprenorphine treatment on CXCR4 
and CCR5 co-expression in human microglia and astrocytes. Cultures were 
treated with combinations of MTD, BUP, and/or HIV-1 Tat for 8 hours. Analysis 
showed that only co-exposure of Tat and buprenorphine significantly increased 
CXCR4 and CCR5 co-expression in human microglia (*p < 0.05 vs. control, one-
way ANOVA, Tukey’s post-hoc). There was no significant difference between 
other groups (A). Astroglia treated with combination of Tat and buprenorphine 
showed a significantly increases of CXCR4 and CCR5 co-expression (*p < 0.05 
vs. control, one-way ANOVA, Tukey’s post-hoc) (B). Data is based on the mean 
± SEM of n = 3 experiments.  
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Figure 3.3 
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Figure 3.3 Effect of methadone and buprenorphine on neuroinflammatory 
signaling in human microglia. Cultures were treated MTD, BUP, and/or HIV-1 
Tat for 6 and 24 h. Co-exposure with Tat and methadone showed a significant 
increase of TNF-α compared with control (*p < 0.05 vs. control, one-way ANOVA, 
Tukey’s post-hoc) and Tat alone (# p < 0.05 vs. Tat, one-way ANOVA, Tukey’s 
post-hoc) (A). Not other significant differences were observed in the release IL-6, 
RANTES or IL-1β. The duration of treatment did not have a significant effect. 
Data are based on the mean ± SEM of n = 3 experiments.  
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Figure 3.4 
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Figure 3.4 Effect of methadone and buprenorphine on neuroinflammatory 
signaling in human astrocytes. Cultures were treated with MTD, BUP, and/or 
HIV-1 Tat for 6 and 24 h. Tat alone or co-exposure with Tat and buprenorphine 
significant increased TNF-α levels when compared with controls (*p < 0.05 vs. 
control, one-way ANOVA, Tukey’s post-hoc). Co-exposure with Tat and 
methadone significantly decreased TNF-α compared when to Tat alone (# p < 
0.05 vs. Tat, one-way ANOVA, Tukey’s post-hoc) (A). Tat alone significantly 
increased IL-6 when compared with control (*p < 0.05 vs. controls, one-way 
ANOVA, Tukey’s post-hoc). Data are based on the mean ± SEM of n = 3 
experiments. 
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Figure 3.5 
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Figure 3.5 Effect of methadone and buprenorphine on lipid peroxidation in 
human microglia. Cultures were treated with MTD, BUP, and/or HIV-1 Tat for 1, 
4, 8 and 24h. Concentrations of Malondialdehyde (MDA), which is a stable 
indicator of lipid peroxidation, were determined by TBARS assay. After 8 hours of 
exposure, methadone alone, co-exposure of Tat and methadone, or co-exposure 
with Tat and buprenorphine significantly increased lipid peroxidation when 
compared to controls or groups treated Tat alone (*p < 0.05 vs. control, one-way 
ANOVA, Tukey’s post-hoc) (#p < 0.05 vs. Tat, one-way ANOVA, Tukey’s post-
hoc).  Data are based on the mean ± SEM of n = 3 experiments.  
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Figure 3. 6 

 

C
ontr

ol
Tat

M
TD

B
PN

Tat
 +

 M
TD

Tat
 +

 B
P
N

0.0

0.5

1.0

1.5

M
D

A
  
(m

M
)

60min

4h

8h

24h *
#

 

Figure 3.6 Effect of methadone and buprenorphine on lipid peroxidation in 
human astrocyte. Cultures were treated with MTD, BUP, and/or HIV-1 Tat for 1, 
4, 8 and 24h. Concentrations of Malondialdehyde (MDA), which is a stable 
indicator of lipid peroxidation, were determined by TBARS assay. After 8 hours of 
exposure, methadone, co-exposure of Tat and methadone and co-exposure with 
Tat and buprenorphine significantly increased lipid peroxidation when compared 
to control and Tat alone groups (*p < 0.05 vs. control, one-way ANOVA, Tukey’s 
post-hoc) (#p < 0.05 vs. Tat, one-way ANOVA, Tukey’s post-hoc).  Data are 
based on the mean ± SEM of n = 3 experiments.  
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Figure 3. 7 
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Figure 3.7 Effect of methadone and buprenorphine treatment in nitric oxide 
production on human glia. Cultures were treated with combinations of MTD, 
BUP, and/or HIV-1 Tat for 6 or 24 hours. Analysis did not show any significant 
difference between any treatments at any exposure time in human microglial (A) 
or human astroglial cell line (B). One-way ANOVA and Tukey’s post-hoc 
analysis, data are based on the mean ± SEM of n = 3 experiments.   
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Figure 3.8 
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Figure 3.8 Methadone and buprenorphine effect on intracellular ROS 
production by human microglia. Cultures were treated MTD, BUP, and/or HIV-
1 Tat for 1 and 6 h. Mean DCF relative fluorescence units (MFI) were used as an 
estimate of ROS. One-way ANOVA and Tukey’s post-hoc analysis did not show 
significant differences between treatments. Data is based on the mean ± SEM of 
n = 3 experiments.  
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Figure 3. 9 
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FIGURE 3.9 Methadone and buprenorphine effect on glutamate uptake by 
human astrocytes. Cultures were pre-treated with combinations of MTD, BPN, 
and/or HIV-1 Tat for 30 min, and then challenged with 1 mM glutamate. 
Glutamate levels were assessed from 0 min to 120 min. After 15 minutes, all 
treatments show a decrease in glutamate uptake compared to control (*p < 0.05 
vs. control, repeated measures ANOVA, Tukey’s post-hoc). At 60 minutes Tat-
treated groups were significantly different from groups receiving drug alone (§p < 
0.05 vs. drug alone, repeated measures ANOVA, Tukey’s post-hoc). After 120 
minutes, co-exposure to Tat and methadone caused a decrease in glutamate 
uptake disruption when compared to Tat by itself or following co-exposure to Tat 
and buprenorphine (¶p < 0.05 vs. Tat and Tat+ buprenorphine, repeated 
measures ANOVA, Tukey’s post-hoc). Data are based on the mean ± SEM of n = 
3 experiments.  
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Figure 3. 10 

 

 

Figure 3.10 MOR, KOR and TLR4 mRNA expression on human microglia 
and astrocytes. PCR products amplified using primer sets for the indicated 
MOR, KOR and TLR4 in a human microglia cell line (HMG) and in a human 
astroglial cell line (U87). Microglial or astroglial cell lines did not show MOR, KOR 
or TLR4 expression. Samples were loaded in triplicates. GAPDH served as a 
loading control. 
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Figure 3.11 

 

 

 

 
Figure 3.11 MOR, KOR and TLR4 mRNA expression on human microglia 
and astrocytes. PCR products amplified using primer sets for the indicated 
MOR, KOR and TLR4 in lower passage human microglia cell line (HMG) and 
new human astrocyte cell line (U87). New U87 showed MOR, TLR4 and to a 
lesser level KOR expression. Samples were loaded in duplicates. Note the 
expected relative sizes of the bands. GAPDH served as a loading control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 60 

Chapter 4: Methadone and Buprenorphine Modulate HIV-Tat-Mediated Glial 
Neuroinflammatory Response 

 
 
Introduction  
 

Cognitive function is impaired in around 40% of HIV-1 patients (Cysique et 

al., 2004). Patients with cognitive deficits may suffer of behavioral abnormalities, 

motor dysfunction, and in worst scenario, dementia (Ramesh et al., 2013). Since 

individuals using cART show low levels of HIV-1, it is important to consider the 

direct and indirect effects of HIV-1 Tat in the etiology of the pathology. After 

treatment, protease inhibitors from cART inhibit the cleavage of the HIV gag-pol 

polyprotein, preventing the formation infectious virus; however, these protease 

inhibitors do not prevent the formation of early viral proteins, such as Tat (Nath 

and Steiner, 2014). Therefore, while viral replication is restrained, HIV infected 

cells continue producing and releasing Tat. Interactions of HIV-Tat in the brain 

incite a positive feedback interaction between microglia and astrocytes. Infected 

macrophages induce nearby astrocytes to upregulate secretion of macrophage-

specific chemokines, leading to the release of toxic molecules and lesion 

formation (Ramesh et al., 2013).  

HIV-infected individuals who are also opiate drug show more severe 

neurocognitive and pathological abnormalities (Bell et al., 1998, Bell et al., 2002). 

Studies coincide that one of the most important mechanisms leading to 

neuroinflammation is the interaction of multiple abused drugs with glia (Nath et 
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al., 2002, Hauser et al., 2006).  Evidence has shown that morphine exacerbates 

SIV-induced increases of CCR5 receptor, nitric oxide synthase and 

proinflammatory cytokines, such as, TNF-α, IL-1b, and IL-6, in murine microglia 

(Bokhari et al., 2009). Moreover, it is established that morphine increases the 

HIV-1-Tat-induced cytokine and chemokine release in astrocytes (El-Hage et al., 

2005, El-Hage et al., 2006). Furthermore, additional studies have shown that 

morphine and HIV-1 synergistically increase intracellular calcium release and 

inhibit glutamate buffering by astrocytes (El-Hage et al., 2005, Zou et al., 2011).  

There is no clear evidence whether methadone and buprenorphine also 

interaction with the glial function. Limited studies suggest that methadone 

intensifies glia activation through the increase of TLR-4 and the expression of 

cytokines (Hutchinson et al., 2008). Furthermore, our observations in human glial 

cell-lines imply that both opiate maintenance treatment modulate several HIV 

glial response. However, there is the need to explore these interactions in a more 

suitable model. Using an in vitro mixed-glia model in which the proportion of 

astroglia and microglia are closely related to a typical brain environment, allows 

the inspection of the HIV-1-induced inflammatory response via glial crosstalk. 

Although numerous studies have described the HIV-Tat-mediated 

neuroinflammatory pathogenesis, the effects of methadone and buprenorphine in 

this context has not been considerably elucidated. Therefore, the central aim of 

this work was to examine whether methadone and buprenorphine contribute to 

the dysregulation of glial function using a mixed-glia model.  



 62 

Materials and Methods 

Primary Mixed Glia Cultures 

 Mixed glial cultures were prepared from the striata of post-natal day 0 - 1 

(P0 - P1) imprinting control region (CD1) mouse pups (ICR; Charles River 

Laboratories, Boston, MA). Approximately eight pups were decapitated, brains 

were removed from the skull and lastly the striatum was dissected away from the 

cortex. Tissue was minced and incubated in trypsin (2.5 mg/mL; Sigma-Aldrich 

Co., St. Louis, MO) and DNase (0.015 mg/mL; Sigma-Aldrich Co.) in Dulbecco’s 

Modified Eagle’s Medium (DMEM; Invitrogen Corp., Carlsbad, CA) containing 

glucose (27 mM; Sigma-Aldrich Co.), Na2HCO3 (6 mM; Invitrogen), and 

penicillin/streptomycin (100 U/mL and 100 µg/mL; Invitrogen) for 30 min. at 37°C 

and 5% CO2 / 95% air with intermediate manually mixing every 10 minutes.  

Tissue was centrifuged at 1000 x g for 5 -10 min, resuspended in 10 mL of 

media containing DMEM with the previously mentioned supplements with the 

addition of 10% heat-inactivated fetal bovine serum (FBS; Hyclone, Logan, UT). 

Tissue was triturated using 5mL pipette and filtered through 100 µm nylon mesh 

pores (BD Falcon; Bedford, MA) and then centrifuged at 1000-x g as the first 

centrifugation, resuspended in 3 mL of medium. Tissue was triturated with a 5 

mL pipette, filtered through a 40 μM cell strainer and plated at 1.5 - 2.0 × 105 

cells/cm2 on poly-L-lysine coated cell culture plates. Cell density depended of the 

type of assay to be conducted. Medium was exchanged 24h after plating and 

subsequently every 3 for approximately 10 to 14 days until. Each experiment 
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used cells from a single culture pooled from multiple pups, and was considered 

as a separate n. 

Cytokines and chemokines quantification  

For the measurement of cytokines and chemokines, conditioned medium 

from treated cells was used and assayed by ELISA for IL-1b, IL-10, IL-6, TNF-α, 

MCP-1 and RANTES (R&D Systems; Minneapolis, MN) according to the 

manufacturer’s instructions. Briefly, plates coated with cytokines antibody were 

blocked with 1% bovine serum albumin (BSA) in PBS. After 4 washes, each plate 

was incubated with culture supernatants and a series of dilution standards for a 

minimum of 2 hours. Following 4 washes, detection antibody was added to each 

plate and incubated for 2 hours. Horseradish peroxidase (1:200) was added to 

each plate and was incubated for 20 min.  Tetramethylbenzidine substrate (BD 

Pharmingen, San Diego, CA) was added to the reactions and color optical 

density was measured at 450 nm using a PHERAstar F5 plate reader 

(PerkinElmer, Inc; Waltham, MA) following the termination of the reaction.  

Glutamate uptake quantification 
 

Glutamate uptake was measured in human astrocytes cell line HTB-14 

cells according to previous studies (Zou et al., 2011). Cells were pre-incubated 

for 60 min at 37°C with 500 μL of Hank’s balanced salt solution (HBSS) alone or 

with combinations of 1 μM methadone, buprenorphine, naloxone and/or 100 nM 

HIV-Tat. Glutamate in a concentration of 1mM was added to each well. Sample 

supernatants were collected from individual wells at 0min-240min time points. 
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Glutamate levels were quantified with glutamate assay kit (BioVision, Mountain 

View, CA) according to manufacture’s directions. Briefly, 10 μL to 50 μL of 

supernatant will be directly diluted in the assay buffer. 100 μL of reaction mix will 

be added to the samples and the glutamate standard. The reaction will be 

incubated at 37ºC for 30 minutes.  Optical density will be measured at 450 nm 

and glutamate concentrations will be calculated. 

Nitric Oxide  
 

To determine nitric oxide production by glial cells we used the Griess 

Reagent System (Promega, Madison, WI), according with the manufacturer. 

Briefly, in a 96-well plate, 50 μL of culture supernatant will be dispensing into the 

well in triplicate. After adding all the culture supernatants, 50 μL of the 

sulfanilamide Solution will be added to all the samples and will be incubate for 10 

minutes at room temperature, protected from light.  After incubation, 50 μL of the 

N-1-napthylethylenediamine dihydrochloride (NED) solution will be added to all 

the wells and will be incubate for 10 minutes at room temperature, protected from 

light. Absorbance will be measure within 30 minutes in the plate reader with 

filters between 520 nm and 550 nm. Concentration of NO was calculated based 

on the standard curve using known concentrations of nitrite.  

Reactive Oxygen Species 

Reactive oxygen species were quantified by the cell-permeable dye, 2’,7’-

dichlorofluorescein diacetate (DCF-DA). Cells were incubated for 1 with DCF-DA 

in warm PBS according to the manufacturer’s indications. After incubation, cells 
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were treated with combinations of NLX (pretreatment), MTD, BUP, and/or HIV-1 

Tat for 8 h. Dichlorofluorescein (DCF) fluorescence was measured at an 

excitation wavelength (λex) of 485 nm and an emission wavelength (λem) of 520 

nm using a PHERAstar plate reader (BMG Labtech, Cary, NC). DCF-DA is 

hydrolyzed by cytosolic esterases on the cells to a non-cell-permeable form 

(DCF). Fluoresce is detected when DCF is in contact with ROS/RSN produced 

by the cell. ROS levels were estimated by relative DCF fluorescence. 

MDA Quantification  
 

To assess lipid peroxidation levels, Thiobarbituric Acid Reactive 

Substances (TBARS) assay was performed according to the manufacture’s 

instructions (Cell Biolabs, San Diego, CA). Briefly, mixed-glia were treated with 

combinations of NLX (pretreatment), MTD, BUP, and/or HIV-1 Tat for 8 h and 

cells were collected and resuspended with PBS. Cells were homogenized on ice 

and samples were transferred to separate microcentrifuge tubes. A SDS lysis 

solution was added and incubated at room temperature for 5 minutes. After 

incubation, TBA reagent was added and incubated at 95°C for 60 minutes. 

Samples were cooled on ice for 5 minutes and centrifuge at 3000 rpm for 15 

minutes. Supernatants were removed and transferred to a 96-well plate. 

Absorbance was read at 532nm.  
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Results  

Effects of 8 hours of HIV-1 Tat and/or buprenorphine and methadone on 

cytokine release  

TNF-, IL-6, RANTES, MCP-1 production was assessed in mixed-glia 

after 8 of treatment with naloxone (pre-treatment), HIV-1 Tat (100 nM) and/or 

buprenorphine and methadone (1.0 μM) (Fig. 4.1). For MCP-1, treatments with 

Tat alone, and combined with buprenorphine or methadone were significantly 

different from control (p < 0.05). None of opiates alone revealed significance from 

control. Co-exposure to HIV-1 Tat and methadone, but not buprenorphine, 

significantly increased MCP-1 release compared to Tat alone (p < 0.05). 

Naloxone (1.0 μM) was able to decrease MCP-1 release (p < 0.05) when added 

with Tat and methadone but naloxone did not block combined Tat and 

buprenorphine-induced increases in MCP-1. For RANTES, treatments with Tat 

alone, and combined with buprenorphine or methadone were significantly 

different from control (p < 0.05). None of opiates alone revealed significance from 

control. Co-exposure to HIV-1 Tat and methadone, but not buprenorphine 

revealed significant difference to Tat alone treatment. Naloxone (1.0 uM) was 

able to decrease RANTES release (p < 0.05) when co-exposed to Tat and 

methadone but no effect was noted for co-exposure of Tat and buprenorphine. 

For IL-6, all treatments were significantly different from control (p < 0.05) except 

for the opiate alone treatments. Co-exposure of HIV-1 Tat and opiates drugs did 

not revealed significant difference to the Tat alone treatment. For TNF-a, 
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treatments with Tat alone, and combined with buprenorphine or methadone were 

significantly different from control (p < 0.05).  Tat and methadone, but not 

buprenorphine, significantly decreased TNF-a release compared to Tat alone (p 

< 0.05). Naloxone (1.0 μM) was able to significantly reverse this effect (p < 0.05). 

Effects of 24 hours of HIV-1 Tat and/or buprenorphine and methadone on 

cytokine release  

TNF-, IL-6, RANTES, MCP-1 production was assessed in mixed-glia 

after 24 of treatment with naloxone (pre-treatment), HIV-1 Tat (100 nM) and/or 

buprenorphine and methadone (1.0 μM). For MCP-1, treatments with Tat alone, 

and combined with buprenorphine or methadone were significantly different from 

control (p < 0.05). None of opiates alone revealed significance from control. Co-

exposure to HIV-1 Tat and buprenorphine, but not methadone, significantly 

increased MCP-1 release compared to Tat alone (p < 0.05). Naloxone (1.0 μM) 

was able to decrease MCP-1 release (p < 0.05) when added with Tat and 

buprenorphine but naloxone did not block combined Tat and methadone-induced 

increases in MCP-1. For RANTES, treatments with Tat alone, and combined with 

buprenorphine or methadone were significantly different from control (p < 0.05). 

None of opiates alone revealed significance from control. Co-exposure to HIV-1 

Tat and buprenorphine, but not methadone revealed significant difference to Tat 

alone treatment. Naloxone (1.0 μM) was able to decrease RANTES release (p < 

0.05) when co-exposed to Tat and buprenorphine but no effect was noted for co-

exposure of Tat and methadone. For IL-6, all treatments were significantly 
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different from control (p < 0.05) except for the opiate alone treatments. Co-

exposure of HIV-1 Tat and opiates drugs did not revealed significant difference to 

the Tat alone treatment. For TNF-α, treatments with Tat alone, and combined 

with buprenorphine or methadone were significantly different from control (p < 

0.05).  Co-exposure of HIV-1 Tat and opioid drugs did not revealed significant 

difference to the Tat alone treatment.  

Effect of methadone and buprenorphine effect on glutamate uptake by 

astrocytes 

To assess whether methadone and buprenorphine and/or Tat impair the 

ability of astroglia within the mixed-glial cultures to uptake glutamate, we 

challenged the cells with an excess of glutamate (1 mM) and measured the 

glutamate remaining in the media for 240 min. Glutamate levels remained high 

through the first 15 minutes of measurement, there was no different between 

each treatments. After 15 min, glutamate levels were hastily decreased in control 

and opiates alone groups. During 30 minutes time point throughout 240 min, 

glutamate was depleted in the control group and glutamate uptake was 

significantly diminished in Tat alone, and Tat combined with buprenorphine or 

methadone groups compared to control group (p < 0.05). None of the opiates 

alone groups revealed significance from control. Co-exposure of HIV-1 Tat and 

opiates drugs did not revealed significant difference in glutamate levels 

compared to the Tat alone treatment. Although, Tat and buprenorphine group 

buffering was significantly (p < 0.05) higher than Tat and methadone group.  
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Methadone and buprenorphine effect on nitric oxide production 

During inflammatory processes in the CNS, nitric oxide production is one 

of the mechanisms in which activated microglia and astrocyte affect neuron 

viability (Bal-Price and Brown, 2001). To measured nitric oxide production, 

cultures were treated with combinations of NLX (pretreatment), MTD, BUP, 

and/or HIV-1 Tat for 8 h. Concentrations of nitrite, which is one of two primary 

stable breakdown products of nitric oxide was measured by a colorimetric 

reaction. Tat, and co-exposure of Tat and methadone or buprenorphine 

significantly increase nitrite production when compared to control (*p < 0.05 vs. 

Control and drugs alone, one-way ANOVA, Tukey’s post-hoc). However, either 

methadone or buprenorphine did not increase the HIV-Tat-mediated nitric oxide 

production.  

 

Methadone and buprenorphine effect on intracellular ROS production  

Evidence demonstrated that morphine exacerbate Tat-induced ROS 

production in mixed-glial culture model (Zou et al., 2011). To assess weather 

methadone and buprenorphine interact as well with ROS production, mixed-glia 

were treated with combinations of NLX (pretreatment), MTD, BUP, and/or HIV-1 

Tat for 8 h. Mean DCF relative fluorescence units (MFI) were used as an 

estimate of ROS. Methadone or buprenorphine alone did not show a significant 

increase on ROS production when compared to control. Tat lone groups showed 

an increase on ROS production compared to control and drugs alone groups (*P 
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< 0.05 vs. control and drugs alone, one-way ANOVA, Tukey’s post-hoc). 

Methadone shows the capacity to increase Tat-induced ROS production (#p < 

0.05 vs. Tat, one-way ANOVA, Tukey’s post-hoc), while buprenorphine did not 

show significant interaction with Tat effect. Pre-treatment with naloxone was able 

to reverse the effect of co-exposure with methadone and Tat (§p < 0.05 vs. Tat 

+MTD, one-way ANOVA, Tukey’s post-hoc).  

Methadone and buprenorphine effect on lipid peroxidation 

Levels of malondialdehyde (MDA), a lipid peroxidation product, and 

indicator of oxidative stress are found to be higher in HIV-1 the periphery of HIV-

1 positive individuals and patients suffering from neuroinflammatory diseases 

(Sonnerborg et al., 1988, Romero et al., 1998, Gil et al., 2003). To measure MDA 

levels, mixed-glia were treated with combinations of NLX (pretreatment), MTD, 

BUP, and/or HIV-1 Tat for 8 h. Concentrations of malondialdehyde (MDA), were 

determined by ELISA. Analyses show that Tat alone and combination of Tat and 

drugs significantly increase MDA levels compared to controls and drugs alone 

groups (*p < 0.05 vs. Control and drugs alone, one-way ANOVA, Tukey’s post-

hoc). Methadone significantly exacerbates Tat-induced increase MDA levels 

compared (#p < 0.05 vs. Tat, one-way ANOVA, Tukey’s post-hoc), while 

buprenorphine did not show any significant difference when compare to Tat. Pre-

treatment with naloxone significantly decrease the effect of methadone on Tat-

induced MDA levels (§p < 0.05 vs. Tat +MTD, one-way ANOVA, Tukey’s post-

hoc).  
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Discussion  

The use of pharmacologic treatments for opiates abuse in individuals 

living with HIV/AIDS have not been consistently studied (Durvasula and Miller, 

2014). While opiate abuse drugs seem to modulate neurocognitive deficits due to 

HIV (Nath et al., 2002, Hauser et al., 2005, Kumar et al., 2006), it is imperative to 

investigate the effect of opiates substitution treatments in these disorders. Our 

results suggest that there are differences between methadone and 

buprenorphine modulation on HIV-Tat-induced glia signaling. Herein, we report 

that methadone treatment for 8 hours increased the HIV-Tat-induced release of 

MCP-1 and RANTES. Interestingly, after a 24-hour exposure of methadone, the 

increase in these cytokines seems to reverse and levels are not significant 

different from Tat. On the other hand, within this 24-hour exposure time, 

buprenorphine shows an increase in the release of MCP-1 and RANTES. Studies 

have demonstrated that increase in the production of the chemokine RANTES 

contributes to the Tat-induced inflammatory signaling, including the exacerbation 

of MCP-1 expression (El-Hage et al., 2008a). MCP-1 levels are elevated in the 

CNS of patients with AIDS dementia (Wesselingh et al., 1993), suggesting that 

this chemokine plays an important role in this pathogenesis. Astrocytes are a 

major source of MCP-1 (Bethel-Brown et al., 2012), and increased release of 

MCP-1 has been related to BBB disruption and the migration of uninfected 

microglia and astrocytes to sites of HIV-infected leukocyte infiltration and active 

infection (Eugenin et al., 2006). Others have shown that morphine potentiates 
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Tat-induced cytokine release by increasing [Ca2+]i, which increases NF-κB 

activation and cytokine production (El-Hage et al., 2008b). In accordance with 

these observations and our current studies, we suggest that methadone and 

buprenorphine could also play a role on these mechanisms.  

Furthermore, alteration of cytokines profile may disrupt additional glial 

functions. It is known that activated microglia secrete TNF-α that may exert direct 

neurotoxicity effects; however, a more detrimental effect of TNF-α expression in 

the brain is its capacity to stimulate extensive microglial glutamate release 

(Takeuchi et al., 2006). Furthermore, HIV-1 Tat and morphine have been shown 

to exacerbate this release (Gupta et al., 2010).  Although astrocytes play a 

crucial role in buffering glutamate excess in the brain, TNF-α expression 

potentially contributes to the disruption of glutamate uptake (Zou and Crews, 

2005, Boycott et al., 2008). Our data reveal that co-exposure of Tat and 

methadone significant decrease TNF-α release.  These observations correlate 

with our glutamate uptake studies, in which methadone treatment decreased Tat-

induced disruption of glutamate uptake. On the other hand, buprenorphine 

increased HIV-Tat-induced glutamate buffering disruption. Although this model 

allows for the measurement of residuals glutamate levels, it does not distinguish 

whether these changes are due to glutamate release or glutamate uptake 

disruption. Previously, Zou and colleagues (2011) used this paradigm and 

showed that the presence of glutamate transporter inhibitors eliminate Tat and 

morphine effect on glutamate levels, suggesting that Tat and morphine 
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specifically inhibit glutamate transport, rather than enhancing glutamate release. 

Taken together, our data shows that buprenorphine increased Tat-induced 

glutamate uptake interference, while methadone decreased this Tat-induced 

disruption.  

Oxidative stress induction by activated glia may also control intracellular 

inflammatory signaling and lead to neurotoxicity (Droge, 2002). Furthermore, 

several studies have demonstrated that morphine increases Tat-related oxidative 

stress generation (Hauser et al., 1998, Turchan-Cholewo et al., 2009). We 

assessed whether methadone or buprenorphine aggravate Tat-mediated 

oxidative stress. Nitric oxide (NO) produced by glial cells have been involved in 

the neuropathogenesis of HIV (Kong et al., 1996). We did not observe an 

exacerbation of Tat-induced nitric oxide production by either methadone or 

buprenorphine. On the other hand, ROS quantification shows that methadone 

exacerbates Tat-induces ROS production; this increment was reversed by 

naloxone. Buprenorphine did not show modulation in the production of ROS. It is 

possible that these observations resulted from the divergent agonist interactions 

with MOR. MOR antagonists own specific differences in the ability to activate 

phospholipase D2 (PLD2), which cause MOR internalization (Koch et al., 2005). 

MOR agonists that activate PLD2 and further induce MOR endocytosis, such as 

methadone, strongly induce NADH/NADPH-mediated ROS synthesis, while 

agonists that do not induce PLD2 activation and do not cause MOR endocytosis, 

such as buprenorphine, fail to activate ROS synthesis (Koch et al., 2009).   



 74 

Furthermore, studies in rhesus macaques showed a significant 

relationship between morphine-dependent SIV/SHIV infection severity and the 

rate and extent of MDA increase (Perez-Casanova et al., 2007). Correlating with 

these observations, our in-vitro paradigms showed that methadone significantly 

increases Tat-dependent exacerbation of MDA levels; this increased was 

reversed by the pre-treatment with naloxone, however, buprenorphine did not 

showed a significant increase in Tat-dependent MDA production.  

Taken together, we show that methadone modulates a rapid HIV-Tat 

response of cytokine release, while buprenorphine modulates a more delayed 

inflammatory signaling. Furthermore, methadone show a significant exacerbation 

in Tat-induced oxidative stress, however, buprenorphine interacts in the 

interference of glutamate uptake. We show basic differences in the effect of 

opiate dependence treatment on the HIV-Tat-induced inflammatory response. 

Our studies suggest that both methadone and buprenorphine modulate the Tat-

induced glial inflammatory response in a different manner. Further studies are 

needed to elucidate the specific mechanisms involved in these interactions.  
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Figure 4.1  
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Figure 4.1. Effect of methadone and buprenorphine on neuroinflammatory 
signaling following 8-hour exposure. Cultures were treated with combinations 
of NLX (pretreatment), MTD, BUP, and/or HIV-1 Tat for 8 h. Co-exposure with 
Tat and methadone show a significant increase of MCP-1 (A) and RANTES (B) 
release compared with Tat alone (# p < 0.05 vs. Tat, one-way ANOVA, Tukey’s 
post-hoc), while buprenorphine did not show significant difference when 
compared to Tat. Pre-treatment with naloxone reverse Tat and methadone co-
exposure effect (§p < 0.05 vs. Tat + MTD, one-way ANOVA, Tukey’s post-hoc). 
Tat alone, Tat and co-exposure with Tat and drugs significantly increased IL-6 
(C) when compared to control and drugs alone (*p < 0.05 vs. Control and drugs 
alone, one-way ANOVA, Tukey’s post-hoc), while co-exposure with Tat and 
drugs did not show any significant increase when compared to Tat alone. 
Methadone co-exposure with Tat significant decreased Tat-induced TNF-α (D) 
release (# p < 0.05 vs. Tat, one-way ANOVA, Tukey’s post-hoc). Data are shown 
as mean concentration ± SEM. n=3. 
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Figure 4.2  
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Figure 4.2. Effect of methadone and buprenorphine on neuroinflammatory 
signaling following 24-h of exposure. Cultures were treated with combinations 
of NLX (pretreatment), MTD, BUP, and/or HIV-1 Tat for 8 h. Co-exposure with 
Tat and buprenorphine show a significant increase of MCP-1 (A) and RANTES 
(B) release compared with Tat alone (# p < 0.05 vs. Tat, one-way ANOVA, 
Tukey’s post-hoc), while methadone did not show significant difference when 
compared to Tat. Pre-treatment with naloxone reverse Tat and buprenorphine 
co-exposure effect (§p < 0.05 vs. Tat + BUP, one-way ANOVA, Tukey’s post-
hoc). Tat alone, Tat and co-exposure with Tat and drugs significantly increased 
IL-6 (C) and TNF-α (D) when compared to control and drugs alone (*p < 0.05 vs. 
Control and drugs alone), while co-exposure with Tat and drugs did not show any 
significant increase when compared to Tat alone. Data are shown as mean 
concentration ± SEM. n=3. 
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Figure 4.3  
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Figure 4.3. Methadone and buprenorphine disruption on glutamate uptake 
by astrocytes. Cultures were pre-treated with combinations of MTD, BPN, 
and/or HIV-1 Tat for 30 min, and then challenged with 1 mM glutamate. 
Glutamate levels were assessed from 0 min to 240 min. Tat alone and 
combination of Tat and methadone or buprenorphine significantly decreased 
glutamate buffering compared to control and drug alone groups (*p < 0.05 vs. 
Control and drugs alone, repeated measures ANOVA, Tukey’s post-hoc), 
Although co-exposure of Tat and buprenorphine decreased glutamate uptake, 
this effect was not significant from Tat alone. Moreover, disruption of glutamate 
buffering by co-exposure of Tat and buprenorphine was significant higher than 
co-exposure of Tat and methadone (§p < 0.05 vs. Tat + MTD repeated measures 
ANOVA, Tukey’s post-hoc). Data shown as concentration of glutamate (mM) ± 
SEM of n=4. 
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Figure 4.4  
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Figure 4.4. Methadone and buprenorphine effect on nitric oxide production. 
Cultures were treated with combinations of NLX (pretreatment), MTD, BUP, 
and/or HIV-1 Tat for 8 h. Concentrations of nitric oxide were determined by 
Griess reaction. Tat alone and co-exposure of Tat and drugs significantly 
increased nitric oxide production when compared with control (*p < 0.05 vs. 
control and drugs alone, one-way ANOVA, Tukey’s post-hoc).  Data indicate the 
mean concentration ± SEM of n=3. 
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Figure 4.5  
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Figure 4.5. Methadone and buprenorphine effect on intracellular ROS 
production. Cultures were treated with combinations of NLX (pretreatment), 
MTD, BUP, and/or HIV-1 Tat for 8 h. Mean DCF relative fluorescence units (MFI) 
were used as an estimate of ROS. Tat alone, and co-exposure with drugs 
increased ROS production when compared to control and drugs alone (*p < 0.05 
vs. control and drugs alone, one-way ANOVA, Tukey’s post-hoc). Co-exposure of 
Tat and methadone was significant different when compared to Tat alone (#p < 
0.05 vs. Tat, one-way ANOVA, Tukey’s post-hoc), Naloxone pre-treatment 
significantly decreased methadone effect on Tat-induced ROS production (§P < 
0.05 vs. Tat +MTD, one-way ANOVA, Tukey’s post-hoc). Data indicate the mean 
concentration ± SEM of n=3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 80 

Figure 4.6  
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Figure 4.6. Methadone and buprenorphine effect on lipid peroxidation. 
Cultures were treated with combinations of NLX (pretreatment), MTD, BUP, 
and/or HIV-1 Tat for 8 h. Concentrations of Malondialdehyde (MDA), were 
determined by TBARS assay. Tat alone, and co-exposure with drugs increased 
ROS production when compared to control and drugs alone (*p < 0.05 vs. control 
and drugs alone, one-way ANOVA, Tukey’s post-hoc). Co-exposure of Tat and 
methadone was significant different when compared to Tat alone (#p < 0.05 vs. 
Tat, one-way ANOVA, Tukey’s post-hoc), Naloxone pre-treatment significantly 
decreased methadone effect on Tat-induced lipid peroxidation (§P < 0.05 vs. Tat 
+MTD, one-way ANOVA, Tukey’s post-hoc). Data indicate the mean 
concentration ± SEM of n=3. 
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Chapter 5: Conclusions 

 

The goal of these studies was to assess the role of methadone and 

buprenorphine on HIV-1-induced inflammatory responses in the CNS. Since glia 

are the principal resident CNS that is infected by HIV-1 and a critical site of 

opiate drug action in the context of HIV infection (Zou et al., 2011). HIV-opiate 

interactions were assessed in glia in these studies. The use of methadone and, 

more recently, buprenorphine to treat opiate-abusing HIV patients is prevalent. 

Therefore, it is imperative to understand the interaction that these drugs may 

have with the HIV-induced inflammatory response. Since HIV-1 infection is 

primarily spread from the periphery, and CD4+ lymphocytes are critical target 

cells for viral replication. The first effort of this work was to discern between the 

possible immunomodulation of an acute and chronic methadone exposure in 

peripheral mononuclear blood cells. Since studies in peripheral cells show that 

methadone enhances the activation and replication of HIV in latently infected 

PBMC from HIV patients (Li et al., 2002), we were interested in exploring 

whether methadone was capable of exacerbating an acute HIV infection, rather 

than a chronic and latent infection.  

Our findings reveal that acute methadone treatment intensifies viral 

replication in PBMC from healthy donors. Moreover, corresponding with these 

observations, we show that methadone increases the release of inflammatory 

cytokines TNF-α and IL-6, which are strongly related to HIV infection and 
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immune activation in the periphery (Duh et al., 1989, Michihiko et al., 1989, 

Breen et al., 1990, Roy et al., 1998, Roux et al., 2000). In addition to the release 

of cytokines, NF-κB expression and activation play an essential role on HIV-1 

infectivity (Baeuerle and Baltimore, 1996, Pitha, 2011). We show that methadone 

exacerbates the Tat-induced increase in the expression of p65 subunit of NF-κB 

and phospho-IκBα (Ser32). These molecules are tightly related to the activation 

and transport into the nucleus and activation of NF-κB.  

Furthermore, we aimed to explore these testing paradigms on PBMC from 

chronic methadone users. Studies revealed that patients on long-term, stabilized 

methadone-maintenance treatments did not show significantly different NK cell 

activity and absolute B- and T-cell subsets compared to normal control subjects 

(Novick et al., 1989). We demonstrate that ex vivo chronic methadone exposure 

shows lesser levels of viral load and cytokine release when compared with acute 

methadone treatments in healthy donors. Moreover, contrary of what we 

expected, an abrupt withdrawal of chronic exposure did not show increase in 

HIV-1 infection or cytokines release in PBMC, suggesting that immunological 

activation is gradually and not abruptly achieved after methadone withdrawal.  

Despite that the introduction of cART has substantially controlled HIV-1 

replication, neuroinflammatory pathology is still prevalent among HIV-1 patients 

(Sacktor, 2002). Furthermore, it has been shown that opiate abuse hastens these 

deficits (Hauser et al., 2012). Therefore, we extend our analysis to a human glial 

cell lines models. This examination reveals that methadone and buprenorphine 
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significantly increase HIV-1 infection in human microglia. Buprenorphine showed 

a stronger interaction with the expression of CXCR4 and CCR5 and in glutamate 

buffering by astrocytes. Although, our cell line model did not allow us to clearly 

detect the effects of methadone and buprenorphine on the inflammatory signaling 

orchestrated by cytokines and oxidative stress, this model was useful for gaining 

preliminary insights into basic glial metabolism and the pattern of expression of 

other surface receptors.  

In the murine mixed-glia model, a more evidently HIV-Tat-opiate 

interaction was observed. Methadone modulates Tat-induced cytokines release, 

while a longer exposure normalized the cytokine release profile. In contrast, a 

shorter exposure of buprenorphine did not exert effect in the Tat-related cytokine 

signaling, however, longer exposure exacerbate the Tat-induced cytokine 

increase. Furthermore, Methadone seems to exacerbate Tat-induced oxidative 

stress levels, while this response is affected to a lesser extend by buprenorphine. 

Conversely, our glutamate uptake assessments show that co-exposure of Tat 

with buprenorphine exerts a more pronounced disruption of glutamate uptake 

when compared to co-exposure with methadone. Extracellular levels of 

glutamate are tightly controlled by glutamate transporters and glutamine 

synthase in astrocytes (Schousboe et al., 1997),  an interference in glutamate 

transport leads to excess levels of extracellular glutamate and cause neuronal 

injury. These observations suggest that even though methadone increases the 

production of neurotoxic molecules, buprenorphine’s modulation on glutamate 
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uptake and cytokines release seems to be more related to the exacerbation of 

Tat-induced neurotoxicity. 

While methadone exerts its effects primarily through interactions with 

MOR (Regan et al., 2012), buprenorphine shows divergent  effects by agonist 

interactions with MOR and antagonist interactions with KOR (Robinson, 2006, 

George and Day, 2007). It has been suggested that MOR activation by opiates 

leads to an increase of HIV-1 infectivity (Peterson et al., 1990, Chao et al., 

1996b), whereas KOR activation decreases HIV-1 expression in human CD4+ 

lymphocytes, macrophages and microglia (Chao et al., 1996a, Chao et al., 2001, 

Peterson et al., 2001). Our findings on HIV-1 infectivity correlate with these 

observations and we report that buprenorphine exerts a more modest effect on 

HIV-1 infection compared to methadone. However, it is essential to keep in mind 

that the neuroinflammatory signaling does not need constant viral production.  

Buprenorphine has a high affinity combined with a slow dissociation from 

the μ-receptor, which results in milder withdrawal symptoms upon discontinuation 

compared to methadone (Amass et al., 2004). Although this capacity is 

advantageous for the overall withdrawal state in the patient, a longer interaction 

with the μ-receptor could lead to more rapid μ-receptor activation. In addition to 

the pronounced receptor affinity that buprenorphine possess, another important 

aspect that needs to be noted is that buprenorphine can exert a strong dose-

dependent effect. High-dose buprenorphine maintenance produces near maximal 

μ-opioid receptor occupation (Greenwald et al., 2003). Novel studies in 
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oligodendrocytes show that low concentrations of buprenorphine activate the 

high affinity MOR, whereas at high concentrations buprenorphine can occupy 

MOR and the low affinity nociceptin/orphanin FQ receptor (NOP) (Eschenroeder 

et al., 2012). In addition, buprenorphine seems to alter myelination and axonal 

growth in the developing rat brain in a dose-time dependent manner (Sanchez et 

al., 2008). Buprenorphine’s capacity to interact not only with, more commonly 

known MOR and KOR, but also with delta opioid receptor (DOR) and opioid 

receptor-like (ORL-1) (Lutfy et al., 2003, Wee et al., 2012) makes difficult the 

understanding of its mechanism of action.  

It is clear that methadone and buprenorphine treatment decrease HIV risk 

behaviors among opiate abusers (Longshore et al., 1993, Metzger et al., 1998, 

Gowing et al., 2006, Gowing et al., 2008, Sullivan et al., 2008). Therefore, 

methadone and buprenorphine treatments are currently a safer option compared 

to the use of drug of abuse. However, the data presented in this dissertation 

correlates with previous evidence, which established that these maintenance 

treatments possess the ability to modulate HIV-1-mediated inflammatory 

response in the periphery. In addition, we demonstrate that methadone and 

buprenorphine exacerbate HIV-Tat-induced glia dysfunction. Furthermore, this 

supports the need to elucidate the broad mechanism in which these drugs exert 

a modest, but significant, modulation during HIV pathogenesis. This may be 

impetus for the improvement of treatment interventions for the increasing 

population of opiate abusing, HIV-infected individuals.  
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