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Abstract

The inability to achieve adequate intracellular antiretroviral concentrations may contribute to HIV 

persistence within the brain and to neurocognitive deficits in opioid abusers. To investigate, 

intracellular antiretroviral concentrations were measured in primary human astrocytes, microglia, 

pericytes, and brain microvascular endothelial cells (BMECs), and in an immortalized brain 

endothelial cell line (hCMEC/D3). HIV-1 Tat and morphine effects on intracellular antiretroviral 

concentrations also were evaluated. After pretreatment for 24 h with vehicle, HIV-1 Tat, morphine, 

or combined Tat and morphine, cells were incubated for 1 h with equal concentrations of a mixture 

of tenofovir, emtricitabine, and dolutegravir at one of two concentrations (5 μM or 10 μM). 

Intracellular drug accumulation was measured using LC-MS/MS. Drug penetration differed 

depending on the drug, the extracellular concentration used for dosing, and cell type. Significant 

findings included: 1) Dolutegravir (at 5 μM or 10 μM) accumulated more in HBMECs than other 

cell types. 2) At 5 μM, intracellular emtricitabine levels were higher in microglia than other cell 

types; while at 10 μM, emtricitabine accumulation was greatest in HBMECs. 3) Tenofovir (5 or 10 

μM extracellular dosing) displayed greater accumulation inside HBMECs than in other cell types. 

4) After Tat and/or morphine pretreatment, the relative accumulation of antiretroviral drugs was 

greater in morphine-exposed HBMECs compared to other treatments. The opposite effect was 

observed in astrocytes in which morphine exposure decreased drug accumulation. In summary, the 
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intracellular accumulation of antiretroviral drugs differed depending on the particular drug 

involved, the concentration of the applied antiretroviral dose, and cell type targeted. Moreover, 

morphine, and to a lesser extent Tat, exposure also had differential effects on antiretroviral 

accumulation. These data highlight the complexity of optimizing brain-targeted HIV therapeutics, 

especially in the setting of chronic opioid use or misuse.
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Introduction

Despite the aggressive use of combination antiretroviral therapy (cART) and following years 

of suppressive therapy, HIV viral loads persist within the CNS [1–3]. The lack of maximally 

effective penetration of some antiretroviral drugs into the CNS likely contributes to low 

levels of ongoing HIV replication and production of viral proteins, causing chronic 

inflammation and leading to the development of neurocognitive impairment [4–6]. Opioid 

abuse can exacerbate HIV progression and increase the severity and incidence of 

neurocognitive impairment [7,8]. Several studies demonstrate that opioids can increase HIV 

and simian immunodeficiency virus (SIV) replication [9,10], alter host immune function 

[11], increase viral loads [10,12], and hasten the progression to AIDS [13–15].

The blood-brain barrier (BBB) is a selective barrier, which restricts the free movement of 

substances between the blood and the CNS. The principal cell type comprising the BBB is 

the brain microvascular endothelial cell (BMEC). Barrier properties and functions are also 

influenced by interactions with many other cell types such as astrocytes, pericytes, microglia 

and neurons, which collectively and in interaction with the endothelial cells, are termed the 

neurovascular unit [16,17]. The complex interactions within the neurovascular unit 

contribute to normal brain homeostasis and protect the brain from the extracellular 

environment [16,17].

Microglia, astrocytes, BMECs, and pericytes have been reported to harbor HIV infection. 

Microglia are a major site of productive infection within the CNS [18], while astrocytes, 

pericytes, and BMECs are typically thought to be sites of non-productive viral infection [19–

22]. Astrocytes, BMECs, and microglia express μ-opioid receptors, while μ-opioid receptor 

expression has not been detected in pericytes despite their displaying functional responses to 

morphine [23–26].

Within weeks after infection, HIV crosses the BBB and enters the CNS [27]. The CNS is a 

major HIV reservoir site and triggers the neuropathologic complications of HIV infection 

[17]. There are multiple routes by which HIV is thought to cross the BBB to enter the CNS, 

including passive diffusion of free virus either transcellularly (through the cell) or 

paracellularly (between the cells). HIV can also enter the CNS through infected monocytes 

(the “trojan horse” mechanism) or can infect the BMECs or other neurovascular unit cells, 

which causes damage to the BBB and increases the access of HIV into the CNS.
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Eradication of HIV from the CNS has remained a challenge, in part, because of poor 

penetration of antiretroviral drugs. Successful therapy requires effective therapeutic 

concentrations within each cell type that harbors HIV infection [3]. Except for entry and 

fusion inhibitors, all currently marketed antiretroviral drugs have intracellular targets. 

However, to date, little is known about intracellular antiretroviral concentrations in the 

primary cell types of the neurovascular unit. Nor is there much known about how opioid 

exposure may affect the antiretroviral concentrations. Our lab has previously demonstrated 

that morphine exposure to mice results in decreased brain concentrations of select 

antiretroviral drugs (in a region-specific manner) and also demonstrated that morphine 

exposure, and to a lesser extent HIV-1 Tat, resulted in damage to the BBB [28]. The prior 

study, however, focused on brain tissue concentrations rather than intracellular 

concentrations within specific cell types of the neurovascular unit of the BBB.

The purpose of this study was to analyze intracellular penetration of the cART regimen 

consisting of tenofovir, emtricitabine, and dolutegravir among different CNS cell types 

(primary HBMECs, astrocytes, microglia, pericytes, or an immortalized brain endothelial 

cell line, hCMEC/D3) to better understand if there are any cell type specific differences in 

intracellular accumulation. Additionally, we examined the effects of morphine and/or Tat 

exposure on the intracellular concentrations.

Methods

Chemicals and reagents

The following reagents were obtained through the National Institutes of Health (NIH) AIDS 

Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases 

(NIAID), tenofovir, emtricitabine, and dolutegravir. Tenofovir-d6 and emtricitabine-13C 
15N2 were obtained from Toronto Research Chemical Inc. (Ontario, Canada). Dolutegravir-

d5 was purchased from BDG Synthesis (Wellington, NZ). Human brain microvascular 

endothelial cells, hCMEC/D3, were generously provided by Dr. Babette Weksler of Weill 

Cornell Medical College, Cornell University, New York, NY. These cells were grown in 

EBM-2 medium (Lonza, Walkersville, MD) and supplemented as described previously [29] 

and all experiments were used between passage number 28 and 32. Primary human pericytes 

and astrocytes, as well as the appropriate culture medium were purchased from ScienCell, 

Inc. (Carlsbad, CA). Primary human microglia and medium were obtained from Celprogen, 

Inc. (Torrance, CA). Primary human brain endothelial cells and medium were purchased 

from Cell Systems, Inc. (Kirkland, WA). Recombinant HIV-1 Tat was obtained from 

ImmunoDX, Inc. (Woburn, MA). All other compounds were purchased from Fisher 

Scientific.

Treatment

All cells were grown at 5% CO2, 37°C and 95% relative humidity and when they reached 

90% confluency, were treated with Tat (100 nM) and/or morphine (500 nM) for 24 h. The 

concentration of Tat and time interval for treatment used in this study is based on previously 

published reports and it reflects the levels observed clinically [29–33]. The concentration 

and time of morphine treatment were also based on previous studies of maximal stimulation 
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of μ-opioid receptors by morphine [31,33–35]. Final concentrations of each antiretroviral 

drug within the cocktail was 5 μM or 10 μM and the final concentration of DMSO within the 

cell culture was less than 0.01% (v/v). The selected antiretroviral concentrations were based 

on the Cmax values for each drug in clinical trials [36–39]. Each cell type was treated with 

HIV-1 Tat, morphine, or combined Tat and morphine for 24 h and then treated for 1 h with a 

combination (cocktail) of three drugs: tenofovir, emtricitabine, and dolutegravir. Two 

different concentrations of the antiretroviral cocktail were used, one in which each drug of 

the three drug combination was at a final concentration of 5 μM and the other in which each 

drug of the three drug combination was at a final concentration of 10 μM. After 1 h, cells 

were rinsed, and the intracellular accumulation of each antiretroviral drug was measured.

Intracellular accumulation of antiretroviral drugs

At the end of treatments (described above), cells were washed thrice with 1 mL of ice cold 

HBSS. Ice-cold methanol was added on each well and the plates were placed on the ice for 

15 min. After cells were collected by scraping of the culture well surface, the resultant lysate 

was collected and centrifuged at 7500 rpm. Supernatant (200 μL) from each sample was 

aliquoted into a 96-well plate, and 20 μL of 50 ng/mL internal standard for each analyte was 

added. The pellet containing cell debris was incubated with 50 μL lysis buffer (NP40 + 

complete protease inhibitor) for 5 min on ice, then sonicated and analyzed for protein 

content using the BCA Protein Assay. Lysate samples were vortex mixed for 5 min at 750 

rpm and centrifuged for 15 min at 5700 rpm. 150 μL of supernatant was collected, filtered 

through a 0.45 μm pore-diameter multiscreen HTS filter plate (centrifuged for 5 min at 3500 

rpm) and dried under a steady stream of nitrogen at 45 °C. The dried extracts were 

reconstituted with 150 μL of water, vortex mixed for 10 min at 1250 rpm and re-centrifuged 

again for 15 min at 5700 rpm. 50 μL of the final extract was injected for LC-MS/MS 

analysis, as described previously [40].

LC-MS/MS method

Details of the instrumentation and extraction procedure used were provided in our 

previously published paper [40]. Low- and high-quality control (QC) samples at 

concentrations of 2 ng/mL and 75 ng/mL were prepared in different brain cell samples to 

validate the applicability of the protocol on different brain cell types (data not shown). 

Precision and accuracy were within ±15% for all QC samples.

Statistical Analysis

Antiretroviral accumulation was assessed by calculating the drug concentration normalized 

to the protein content of cell extract (pmol/mg protein) and by the proportional change from 

baseline (% change from control) via separate 3-way repeated-measures ANOVAs. 

Between-subject’s factors included cell type (HBMECs, astrocytes, microglia, pericytes, or 

hCMEC/D3), antiretroviral condition (dolutegravir, emtricitabine, or tenofovir), and 

treatment condition (control, Tat, morphine, or combined Tat and morphine) with 

antiretroviral concentration as the within-subjects factor (5 μM or 10 μM). All interactions 

were delineated via simple main effects followed by main effect contrasts. All possible 

pairwise comparisons were assessed with alpha controlled for family-wise error. Analyses 

were considered significant when p < 0.05.
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Results

Intracellular accumulation of antiretroviral drugs significantly differed by the cell type 

examined and the type and concentration of antiretroviral used [F(8,300)=13.54, p<0.05]. 

Dolutegravir concentrations were significantly higher in HBMECs compared to any other 

cell type (p < 0.0001), irrespective of the extracellular concentration added (i.e., dosed) (5 or 

10 μM; Fig. 1A). By contrast, the accumulation of other antiretroviral drugs was 

significantly influenced by antiretroviral dosing concentration and cell type.

Unlike dolutegravir, which accumulated preferentially in HBMECs at either concentration, 

incubating cells with 5 μM emtricitabine resulted in significantly higher concentrations in 

microglia than in astrocytes (p < 0.0001) or pericytes (p = 0.005) and accumulated most 

poorly in hCMEC/D3 cells. Furthermore, intracellular emtricitabine levels in hCMEC/D3 

cells were significantly lower than those observed in all other cell types (p < 0.0001–0.02; 

Fig. 1B), except in astrocytes. By contrast, incubating cells with 10 μM emtricitabine caused 

significantly greater accumulation in HBMECs than in other cell types (p < 0.0001–0.02; 

Fig. 1B).

Treating cells with 5 μM tenofovir showed significantly greater drug accumulation in 

HBMECs than microglia (p = 0.03) or hCMEC/D3 cells (where it accumulated least; p = 

0.001). Astrocytes also demonstrated significantly greater accumulation of tenofovir than 

hCMEC/D3 cells (p = 0.003; Fig. 1C). Like other antiretrovirals examined, incubating in the 

higher concentration of tenofovir (10 μM) resulted in significantly greater accumulation of 

the drug in HBMECs than any other cell type (p = 0.003 – 0.02), except for astrocytes which 

did not differ from HBMECs.

To examine the effects of Tat and/or morphine on the relative changes in antiretroviral drug 

accumulation, intracellular accumulation of composite antiretroviral concentrations was 

converted to a percent change from its own control within the same cell type. Cell type, 

antiretroviral concentration, and morphine/Tat treatment significantly influenced the 

proportional change in antiretroviral drugs from their respective control groups 

[F(12,300)=2.636, p<0.05] (Table 2). Although Tat had few effects, relative changes in 

antiretroviral intracellular drug levels differed depending the extracellular antiretroviral 

concentration during incubation, cell type targeted and, in some instances, morphine 

exposure.

Morphine exposure significantly reduced the proportion of intracellular antiretroviral (5 μM) 

accumulation in astrocytes when administered alone (p = 0.04) or in conjunction with Tat (p 
= 0.04) compared to Tat treatment alone (Table 2). Although morphine tended to reduce the 

relative amount of antiretroviral drug accumulation in astrocytes (when they were exposed to 

5 μM antiretrovirals) compared vehicle-treated astrocytes, the effect was not significant 

(pmorphine = 0.068; pmorphine/Tat = 0.057). Neither Tat nor morphine exposure significantly 

affected the relative concentration of antiretroviral drugs in microglia, pericytes, or 

hCMEC/D3 cells (Table 2).

In contrast, in HBMECs dosed with the 5 μM antiretroviral drug cocktail, the proportion of 

accumulated drugs was significantly greater among cells exposed to morphine compared to 
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the other treatment groups (p = 0.02 – 0.03; Table 2). This effect was not evident at the 

higher (10 μM) antiretroviral concentration.

Discussion

It is, perhaps, not surprising that there are cell-type specific differences in intracellular 

antiretroviral concentrations. There is experimental evidence of differential penetration 

and/or differential efficacy of antiretroviral drugs between cell types. Lower intracellular 

concentrations of select antiretroviral drugs have been reported in human microglia when 

compared to lymphocytes, resulting in significantly higher half maximal effective 

concentration (EC50) values in human microglia [41]. Similarly, it has also been reported 

that nucleoside reverse transcriptase inhibitor (NRTI) drugs have significantly lower efficacy 

in astrocytes than in monocyte-derived macrophages or peripheral mononuclear blood cells 

[42]. Less is known, however, about intracellular accumulation of antiretroviral drugs among 

each of the various cell types comprising the neurovascular unit.

In the cell types examined and conditions of our study, the rank order of intracellular 

accumulation (from highest to lowest concentration) was dolutegravir > emtricitabine > 

tenofovir, with dolutegravir being significantly higher than emtricitabine and tenofovir in 

each cell type examined. These data are consistent with what has been reported in the 

literature for CNS penetration [43,44]. Furthermore, our data demonstrate, for a given 

antiretroviral drug, differential accumulation between the five cell types (Fig. 1). 

Pharmacologic factors that influence a drug’s capacity to penetrate cells include the drug’s 

physicochemical properties, such as molecular size, charge and lipophilicity, substrate 

specificity for specific transport proteins (if applicable), as well as qualitative and 

quantitative differences in the cell-specific patterns of expression and function of individual 

uptake and efflux transport proteins. It is difficult to predict the role of particular transport 

proteins in mediating the observed dissimilarities in antiretroviral accumulation among cell 

types because of differences in the expression and/or activity of each of 15 or more major 

classes of transport proteins within each of the cell types examined have not been fully 

elucidated [45–50].

The biological implications for the differential intracellular antiretroviral content in the 

context of HIV are not fully understood. However, of the cell types examined, microglia are 

the most important site of active HIV replication [18]. Low antiretroviral concentrations 

within microglia could contribute to the maintenance of the microglia as an important 

reservoir for HIV and sub-optimal inhibition of viral replication could lead to the 

development of resistant strains. Astrocytes and pericytes also harbor HIV, albeit with only 

low level replication or as latent virus [21,51]. Sustaining high intracellular levels of 

antiretroviral drugs may be important even within latently infected cells to prevent the 

emergence from latency and HIV reactivation.

When cells were incubated with 10 μM drugs, HBMECs accumulated all three antiretroviral 

drugs at higher concentrations than other cell types (Fig. 1). BMECs are the primary 

physical barrier of the neurovascular unit, which protects the brain from toxins through 

controlling the flux of compounds into the brain [17]. Moreover, HBMECs can sequester 
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drugs intracellularly within lysosomes [52] and perhaps other organellar/subcellular 

compartments, depending on the physicochemical properties of the drug. The observation of 

increased antiretroviral accumulation within the HBMECs may involve sequestration as a 

protective mechanism. Future studies would be necessary to verify this theory but are 

beyond the scope of the current study.

In our studies, we were also interested in learning whether HIV-1 Tat and/or morphine 

exposure would alter the intracellular accumulation of antiretroviral drugs. In most cell types 

examined, Tat exposure did not affect antiretroviral accumulation. In astrocytes, however, 

Tat and morphine interacted to reduce composite antiretroviral exposure was significantly 

less in Tat-treated astrocytes as compared to morphine or Tat and morphine co-exposed 

groups, but not control cells.

Morphine exposure significantly impacted the overall accumulation of antiretroviral drugs in 

astrocytes and HBMECs, and the directionality of the change depended on the cell type. 

Within astrocytes, morphine-exposure alone or in combination with Tat resulted in 

significantly lower antiretroviral accumulation (when incubated in 5 μM drugs) than 

astrocytes treated with Tat by itself. Astrocytes are well known targets of HIV-1, contribute 

to disease progression, and may harbor latent infection [51,53]. Astrocytes are also 

important cellular targets for opioid-HIV-1 interactions. They can express opioid receptors, 

and opioid drugs can disrupt intracellular calcium homeostasis and increase pro-

inflammatory cytokine release—especially in the presence of HIV proteins [33,54]. 

Accordingly, morphine-mediated decreases in antiretroviral penetration within astrocytes, as 

observed in our studies, may decrease antiviral efficacy, thereby enhancing their 

vulnerability to HIV and limiting their ability to support neurons.

In contrast, within HBMEC cells, morphine exposure significantly increased antiretroviral 

accumulation in HBMECs compared to vehicle, Tat, or combined Tat and morphine-treated 

HBMEC cells. Morphine exposure can augment the expression of platelet derived growth 

factor within human brain microvascular endothelial cells and compromise barrier function 

in vitro [55]. Morphine exposure also can increase P-glycoprotein expression in primary 

human brain microvascular endothelial cells, perhaps through increased trafficking from 

nuclear stores to the plasma membrane [56] or through activation of the NMDA/cyclo-

oxygenase-2 cascade [57], while decreasing the expression of ZO-1 and occludin junctional 

proteins [58]. The mechanisms by which morphine altered antiretroviral concentrations 

within these studies was not examined, however, future studies examining the extent and 

mechanism(s) by which morphine exposure differentially affects the expression and function 

of individual drug transporters are warranted.

We have previously demonstrated μ-opioid receptor (MOR-1) expression in human 

astrocytes and microglia [23,24]. In contrast, μ-opioid receptor expression was not detected 

in pericytes. Interestingly, HBMEC cells were found to express the novel μ-opioid receptor 

splice variant, MOR1-K but not the canonical MOR-1 [23]. MOR-1K is preferentially found 

in the brain, is expressed intracellularly and couples to G∝S and stimulates the release of 

nitric oxide and increases intracellular calcium. Thus, the differential responses to morphine 

exposure by each cell type observed in these studies may be a consequence of the variability 
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in μ-opioid receptor expression and the associated function. Furthermore, even within a 

particular class of cell, the functional consequences of μ-opioid receptor activation are 

highly contextual and influenced by regional differences, the duration of exposure, and stage 

of development, and may also depend on other factors such as ongoing physiological or 

pathological processes [59,60].

Besides Tat negating morphine-dependent increases in 5 μM antiretroviral accumulation in 

HBMECs (Table 2), few interactions between Tat and morphine were observed in these 

studies. While several studies [33,58,61] have demonstrated that morphine can exacerbate 

the inflammatory effects of Tat, this is not consistently observed in isolated cell types and 

may differ among brain regions. For example, morphine-driven positive proinflammatory 

feedback between μ-opioid receptor-expressing astroglia and microglia results in spiraling 

inflammation that is not seen with either glial type alone [15]. Morphine can exacerbate Tat-

dependent cytokine release from astrocyte-enriched cultures from striatum [32,33], but this 

is not observed in astrocyte-enriched cultures isolated from the cerebral cortex, cerebellum, 

or spinal cord [62].

It is perhaps not surprising that we found a significant discordance in the concentration of 

antiretroviral drugs in immortalized hCMEC/D3 cells and primary HBMECs. hCMEC/D3 

cells are widely used, well characterized, and are convenient to model some aspects of 

human BBB structure and function. This cell line retains the expression of several 

transporters and receptors expressed in the human BBB in vivo [63], at least up to passage 

number 38 [64]. Nonetheless, some significant differences between hCMEC/D3 and primary 

cells have also been reported, which may contribute to discrepancies with primary 

endothelial cells. Although hCMEC/D3 cell monolayers express characteristic tight junction 

proteins, the levels of expression of claudin-5, junctional adhesion molecule (JAM)-2, 

glucose transporter (Glut)-1 and the insulin receptor are lower than in isolated primary 

microvessels [65]. Claudin-5 is important for junctional tightness and the lower expression 

levels may contribute to overall decreased cell-to-cell junctional adhesiveness that has been 

observed in the hCMEC/D3 cells [63]. Another critical difference between the two cell types 

is that the profile of expression of endocytosis-related genes differs markedly between 

primary brain microvascular endothelial cells and hCMEC/D3 cells [66]. Manipulation of 

culture conditions, including the activation of the Wnt/β-catenin pathway, activation of 

nuclear receptors, or using microfluidics to mimic the shear force associated with blood flow 

can tighten the barrier properties [63] and may also alter the experimental outcome. 

Accordingly, some caution is warranted when interpreting data generated using hCMEC/D3 

cells as the model for the BBB.

Nucleoside reverse transcriptase inhibitors (NRTIs), such as tenofovir and emtricitabine, 

need to be converted to their di- and tri-phosphorylated forms, respectively, to be 

pharmacologically active [67,68]. The studies herein measured only intracellular 

concentrations of the parent drug, not their phosphorylated, active forms. Therefore, we may 

have overlooked potential effects of Tat and/or morphine on the phosphorylation, and thus 

activation, of these drugs. However, this is unlikely because it typically takes up to 18 h for 

antiretroviral drugs to become phosphorylated intracellularly [69], while our experiments 

only lasted 1 h. Regardless, future studies that include NRTI drugs should examine the 
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effects of Tat and morphine treatment on total concentrations of the inactive, and di- and tri-

phosphorylated forms of each drug.

Overall, our findings demonstrate that the accumulation of antiretroviral drugs in the CNS 

differ in cell-type specific manner, and that morphine, and to a lesser extent Tat, can 

uniquely influence antiretroviral levels in each cell type. Since reservoirs of both active and 

latent HIV infection can be differentially established within distinct CNS cell types early 

during the disease, it is important to determine the bioavailability of individual 

antiretrovirals in each cell type. Moreover, exposure to HIV-1 Tat or morphine further 

affected antiretroviral concentrations in a cell-type specific manner, which highlights the 

complexity and challenges in developing brain-targeted HIV-1 therapeutics, especially in 

individuals who abuse opioids. Our studies examined these phenomena within isolated cell 

types of the neurovascular unit. Future studies, beyond the scope of the present findings, are 

warranted to begin to understand the complexities of drug transport through the 

neurovascular unit, and how each individual cell type influences the kinetics of drug flux 

and the behavior of other cell types within the neurovascular unit.
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Highlights

• Intracellular antiretroviral accumulation within cells of the neurovascular unit 

differs depending on drug and cell type

• In response to morphine exposure, there is decreased intracellular exposure of 

antiretroviral drugs within astrocytes

• In response to morphine exposure, there is increased intracellular exposure of 

antiretroviral drugs within HBMECs
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Figure 1. 
Intracellular content of each antiretroviral drugs across all five cell types. Each cell type was 

incubated in a medium containing a 5 or 10 μM cocktail of dolutegravir, emtricitabine, and 

tenofovir for 1 h, at which time the cells were harvested via methanol extraction and stored 

at −80 °C until LC-MS/MS analysis. (A) Dolutegravir intracellular concentrations were 

significantly higher in HBMECs than all other cell types examined (*). (B) Intracellular 

accumulation of emtricitabine was significantly higher in microglia as compared to 

astrocytes, pericytes and hCMEC/D3 cells exposed to 5 μM dosing concentration (%). 

Intracellular concentrations of emtricitabine were lowest with hCMEC/D3 cells, which was 

significantly lower as compared to HBMECs, pericytes, and microglia (#). In contrast, in 

cells exposed to 10 μM emtricitabine-containing medium, the achieved intracellular 

emtricitabine concentrations were highest in the HBMECs as compared to the other cell 

types examined (@). (C) Tenofovir, which had the lowest intracellular concentrations as 

compared to dolutegravir or emtricitabine, displayed the greatest accumulation in HBMECs. 

HBMECs accumulated significantly greater amounts than microglia or hCMEC/D3 cells (+) 

when they were incubated in 5 μM tenofovir. At 10 μM, HBMECs showed a significantly 

greater capacity to accumulate tenofovir intracellularly than microglia, pericytes and 

hCMEC/D3 cells where intracellular tenofovir concentrations remained lower (^). Data are 

expressed as mean ± SEM (picomoles/mg of protein) for n = 6 independent experiments (p < 

0.05 for each comparison).

Patel et al. Page 15

Neurosci Lett. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Patel et al. Page 16

Ta
b

le
 1

.

In
tr

ac
el

lu
la

r 
C

on
ce

nt
ra

tio
ns

 o
f 

A
nt

ir
et

ro
vi

ra
l D

ru
gs

 u
nd

er
 C

on
tr

ol
 C

on
di

tio
ns

A
st

ro
cy

te
s

P
er

ic
yt

es
M

ic
ro

gl
ia

H
B

M
E

C
hC

M
E

C
/D

3

5 
μM

10
 μ

M
5 

μM
10

 μ
M

5 
μM

10
 μ

M
5 

μM
10

 μ
M

5 
μM

10
 μ

M

Te
no

fo
vi

r
2.

08
 ±

 0
.5

9
3.

36
 ±

 0
.6

9
1.

08
 ±

 0
.3

0
2.

83
 ±

 1
.0

7
0.

65
 ±

 0
.2

3
1.

03
 ±

 0
.1

2
1.

05
 ±

 0
.4

1
2.

83
 ±

 1
.0

2
0.

40
 ±

 0
.0

9
0.

82
 ±

 0
.1

5

E
m

tr
ic

ita
bi

ne
3.

61
 ±

 0
.6

8
6.

29
 ±

 1
.8

5
4.

10
 ±

 1
.1

6
7.

21
 ±

 1
.3

0
4.

99
 ±

 0
.8

9
9.

45
 ±

 1
.0

2
3.

26
 ±

 0
.4

4
10

.5
2 

±
 2

.7
3

1.
89

 ±
 0

.1
3

5.
68

 ±
 0

.9
9

D
ol

ut
eg

ra
vi

r
12

.0
6 

±
 3

.3
5

35
.5

5 
±

 7
.8

2
13

.1
9 

±
 4

.3
9

35
.4

6 
±

 1
1.

54
11

.4
1 

±
 5

.6
0

18
.3

6 
±

 2
.9

0
47

.7
6 

±
 7

.9
8

15
1.

22
 ±

 2
8.

98
7.

88
 ±

 0
.9

2
27

.7
0 

±
 6

.3
4

In
tr

ac
el

lu
la

r 
co

nt
en

t (
pi

co
m

ol
e/

m
g 

pr
ot

ei
n)

 o
f 

ea
ch

 a
nt

ir
et

ro
vi

ra
l d

ru
g 

w
he

n 
gi

ve
n 

in
 th

e 
cu

ltu
re

 m
ed

iu
m

 a
s 

a 
5 

or
 1

0 
μM

 c
oc

kt
ai

l. 
D

at
a 

ar
e 

re
pr

es
en

te
d 

at
 m

ea
ns

 ±
 S

E
M

, n
=

 6
.

Neurosci Lett. Author manuscript; available in PMC 2020 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Patel et al. Page 17

Ta
b

le
 2

.

M
or

ph
in

e 
an

d 
H

IV
-1

 T
at

 e
ff

ec
ts

 o
n 

th
e 

re
la

tiv
e 

ch
an

ge
s 

in
 a

nt
ir

et
ro

vi
ra

l i
nt

ra
ce

llu
la

r 
ac

cu
m

ul
at

io
n 

am
on

g 
fi

ve
 c

el
l t

yp
es

A
st

ro
cy

te
s

P
er

ic
yt

es
M

ic
ro

gl
ia

H
B

M
E

C
hC

M
E

C
/D

3

5 
μM

10
 μ

M
5 

μM
10

 μ
M

5 
μM

10
 μ

M
5 

μM
10

 μ
M

5 
μM

10
 μ

M

C
on

tr
ol

0.
00

 ±
 1

3.
79

0.
00

 ±
 1

3.
17

0.
00

 ±
 1

6.
25

0.
00

 ±
 1

6.
61

0.
00

 ±
 1

9.
78

0.
00

 ±
 6

.9
8

0.
00

 ±
 1

4.
04

0.
00

 ±
 1

5.
14

0.
00

 ±
 8

.2
4

0.
00

 ±
 1

0.
65

Ta
t

2.
95

 ±
 1

6.
31

14
.4

6 
±

 1
3.

59
−

22
.0

9 
±

 1
1.

05
−

16
.6

3 
±

 1
9.

11
26

.3
6 

±
 1

5.
83

−
20

.4
6 

±
 3

.9
1

7.
38

 ±
 1

8.
06

−
7.

46
 ±

 1
5.

17
−

21
.8

4 
±

 5
.1

4
−

10
.8

8 
±

 7
.1

8

M
or

ph
in

e
* −

35
.8

8 
±

 6
.9

4
−

4.
15

 ±
 8

.8
2

7.
00

 ±
 1

6.
15

−
30

.0
0 

±
 1

0.
79

11
.0

1±
 1

8.
17

−
11

.0
4±

 4
.6

1
# 1

63
.4

 ±
 8

1.
15

67
.5

7 
±

 6
3.

84
−

19
.3

0 
±

 5
.9

6
17

.5
9 

±
 2

4.
85

Ta
t +

 M
or

ph
in

e
* −

37
.1

5 
±

 6
.7

8
−

7.
20

 ±
 6

.1
8

2.
11

 ±
 1

3.
43

−
32

.8
0 

±
 9

.0
8

0.
28

 ±
 1

0.
25

−
13

.2
0 

±
 7

.3
4

5.
71

 ±
 1

5.
62

19
3.

63
 ±

 1
36

.8
6

−
14

.6
7 

±
 8

.8
7

2.
88

 ±
 8

.7
5

E
ac

h 
ce

ll 
ty

pe
s 

w
as

 tr
ea

te
d 

w
ith

 H
IV

-1
 T

at
 (

10
0 

nM
),

 m
or

ph
in

e 
(5

00
 n

M
),

 o
r 

co
m

bi
ne

d 
Ta

t a
nd

 m
or

ph
in

e 
fo

r 
24

 h
 a

nd
 th

en
 tr

ea
te

d 
w

ith
 c

om
bi

ne
d 

an
tir

et
ro

vi
ra

ls
 a

t 5
 μ

M
 o

r 
10

 μ
M

 f
or

 1
 h

 p
ri

or
 to

 c
el

l 
ha

rv
es

tin
g.

 D
at

a 
ar

e 
ex

pr
es

se
d 

as
 a

 p
er

ce
nt

 o
f 

co
nt

ro
l o

f 
th

e 
in

tr
ac

el
lu

la
r 

ac
cu

m
ul

at
io

n 
of

 th
e 

an
tir

et
ro

vi
ra

l d
ru

gs
, a

s 
a 

co
m

po
si

te
 v

al
ue

.

* In
 a

st
ro

cy
te

s,
 m

or
ph

in
e 

ad
m

in
is

te
re

d 
al

on
e 

or
 w

ith
 T

at
 h

ad
 s

ig
ni

fi
ca

nt
ly

 lo
w

er
 in

tr
ac

el
lu

la
r 

ac
cu

m
ul

at
io

n 
th

an
 c

el
ls

 tr
ea

te
d 

w
ith

 T
at

 o
nl

y 
fo

r 
th

e 
5 

μM
 a

nt
ir

et
ro

vi
ra

l t
re

at
m

en
t c

on
ce

nt
ra

tio
ns

. A
lth

ou
gh

 in
 

as
tr

oc
yt

es
, m

or
ph

in
e 

ex
po

su
re

 a
ls

o 
te

nd
ed

 to
 r

ed
uc

e 
th

e 
re

la
tiv

e 
am

ou
nt

 o
f 

an
tir

et
ro

vi
ra

l a
cc

um
ul

at
io

n 
as

 c
om

pa
re

d 
to

 p
la

ce
bo

 c
on

tr
ol

s,
 th

is
 e

ff
ec

t w
as

 n
ot

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

.

# In
 H

B
M

E
C

s,
 m

or
ph

in
e 

ex
po

su
re

 r
es

ul
te

d 
in

 a
 s

ig
ni

fi
ca

nt
ly

 g
re

at
er

 r
el

at
iv

e 
am

ou
nt

 o
f 

in
tr

ac
el

lu
la

r 
an

tir
et

ro
vi

ra
l a

cc
um

ul
at

io
n 

th
an

 p
la

ce
bo

 c
on

tr
ol

s,
 T

at
 o

r 
Ta

t +
 m

or
ph

in
e 

tr
ea

te
d 

ce
lls

 (
at

 th
e 

5 
μM

 
an

tir
et

ro
vi

ra
l t

re
at

m
en

t c
on

ce
nt

ra
tio

n)
. N

o 
si

gn
if

ic
an

t e
ff

ec
ts

 o
f 

Ta
t o

r 
m

or
ph

in
e 

on
 a

nt
ir

et
ro

vi
ra

l i
nt

ra
ce

llu
la

r 
co

nc
en

tr
at

io
ns

 in
 p

er
ic

yt
es

, m
ic

ro
gl

ia
 o

r 
hC

M
E

C
/D

3 
ce

lls
. A

ll 
da

ta
 a

re
 e

xp
re

ss
ed

 a
s 

m
ea

n 
±

 
SE

M
 (

pe
rc

en
t o

f 
co

nt
ro

l)
 f

or
 n

=
6 

ex
pe

ri
m

en
ts

 (
p<

0.
05

).

Neurosci Lett. Author manuscript; available in PMC 2020 November 01.


	Abstract
	Introduction
	Methods
	Chemicals and reagents
	Treatment
	Intracellular accumulation of antiretroviral drugs
	LC-MS/MS method
	Statistical Analysis

	Results
	Discussion
	References
	Figure 1.
	Table 1.
	Table 2.

