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Abstract
Poor antiretroviral penetration may contribute to human immunodeficiency virus (HIV) persistence within the brain and to
neurocognitive deficits in opiate abusers. To investigate this problem, HIV-1 Tat protein and morphine effects on blood–brain
barrier (BBB) permeability and drug brain penetration were explored using a conditional HIV-1 Tat transgenic mouse model. Tat
and morphine effects on the leakage of fluorescently labeled dextrans (10-, 40-, and 70-kDa) into the brain were assessed. To
evaluate effects on antiretroviral brain penetration, Tat+ and Tat−mice received three antiretroviral drugs (dolutegravir, abacavir,
and lamivudine) with or without concurrent morphine exposure. Antiretroviral and morphine brain and plasma concentrations
were determined by LC-MS/MS. Morphine exposure, and, to a lesser extent, Tat, significantly increased tracer leakage from the
vasculature into the brain. Despite enhanced BBB breakdown evidenced by increased tracer leakiness, morphine exposure led to
significantly lower abacavir concentrations within the striatum and significantly less dolutegravir within the hippocampus and
striatum (normalized to plasma). P-glycoprotein, an efflux transporter for which these drugs are substrates, expression and
function were significantly increased in the brains of morphine-exposed mice compared to mice not exposed to morphine.
These findings were consistent with lower antiretroviral concentrations in brain tissues examined. Lamivudine concentrations
were unaffected by Tat or morphine exposure. Collectively, our investigations indicate that Tat and morphine differentially alter
BBB integrity. Morphine decreased brain concentrations of specific antiretroviral drugs, perhaps via increased expression of the
drug efflux transporter, P-glycoprotein.

Keywords Dolutegravir . Abacavir . Lamivudine . Neuro-human immunodeficiency virus (neuroHIV) . P-glycoprotein . Zonula
occludens-1 .Morphine-3-β-glucuronide . Transcellular transport . Paracellular transport

Introduction

Despite the aggressive use of combination antiretroviral ther-
apy (cART), HIV infection in the nervous system (neuroHIV)
results in neurocognitive and neurobehavioral impairment in

about half of infected individuals (Sacktor et al. 2002; Ellis
et al. 2007; Tozzi et al. 2007; Cysique and Brew 2009).
Although the severity has diminished in the post-cART era,
HIV-associated neurocognitive disorders (HAND) persist as
HIV/AIDS evolves into a chronic disease (Ellis et al. 2007;
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Vivithanaporn et al. 2011). Poor central nervous system
(CNS) penetration of antiretroviral drugs likely contributes
to HIV persistence and chronic inflammation within the brain,
despite the fact that viral loads are often reduced to non-
detectable levels in peripheral circulation.

Opiate drug abuse can exacerbate the cognitive impairment
and pathologic CNS changes in HIV-infected persons. HIV
neuropathogenesis and cognitive deficits are exacerbated with
opiate co-exposure (Donahoe and Vlahov 1998; Hauser et al.
2007), potentiating HIV replication (Peterson et al. 1990,
1993, 1994; Li et al. 2002; Nath et al. 2002; Kumar et al.
2006), glial activation (El-Hage et al. 2005, 2006, 2008;
Turchan-Cholewo et al. 2009; Zou et al. 2011), neurotoxicity
(Gurwell et al. 2001; Fitting et al. 2010a, 2014), and blood–
brain barrier (BBB) breakdown (Mahajan et al. 2008; Dutta
and Roy 2012). Despite HIV and drug abuse being inextrica-
bly linked, morphine- and HIV-interactive effects on the actu-
al penetration of therapeutic drugs into the brain are not well
studied.

The BBB is a selective barrier, limiting passage of sub-
stances from blood into the brain. The BBB is composed of
microvascular endothelial cells lining brain microvessels that
are surrounded by basal lamina, astrocytic perivascular
endfeet, and pericytes, which contribute to the induction and
maintenance of BBB properties (Janzer and Raff 1987;
Dehouck et al. 1990; Hayashi et al. 1997; Dohgu et al.
2005; Abbott et al. 2006, 2010; Winger et al. 2014).
Continuous tight junction (TJ) complexes restrict movement
of water-soluble compounds between adjacent cells and force
most molecular traffic to traverse via a transcellular route.
Although small lipophilic molecules can freely diffuse
through lipid membranes (Abbott et al. 2006), specific trans-
port systems regulate transcellular traffic of small hydrophilic
molecules, influencing uptake and efflux of compounds from
the brain. These transporters can influence directional flux of
xenobiotics. Examples of drug efflux proteins responsible for
expulsion of substances from brain endothelial cell cytoplasm
back into blood are P-glycoprotein (ABCB1), breast cancer
resistance protein (BCRP, ABCG2), and select members of
the multidrug resistance protein family (MRP, ABCC)
(Wilhelm et al. 2011). Lastly, the BBB serves as an enzymatic
barrier, composed of both intracellular and extracellular en-
zymes, capable of metabolizing and inactivating many chem-
ical compounds (Abbott et al. 2006, 2010; Dauchy et al.
2009). The BBB permits maintenance of a unique extracellu-
lar microenvironment that is essential for normal CNS
function.

The rate and extent to which a drug will cross the BBB
and penetrate into the brain are influenced by the physi-
cochemical properties of drugs, including lipophilicity,
molecular weight, charge at physiologic pH, and protein
binding (Abbott et al. 2010). Additionally, depending on
the transporter(s) involved, active transport systems can

faci l i ta te or hinder brain penetra t ion of drugs.
Furthermore, BBB Bbreakdown,^ which classically refers
to tight junction disruption and/or flux of paracellular
compounds, does not necessarily predict changes in the
flux of drugs that primarily traverse the BBB by transcel-
lular (through the cells) or the net flux of drugs that tra-
verse via multiple mechanisms (Gan et al. 1993;
Troutman and Thakker 2003). Indeed, factors affecting
transcellular permeability and paracellular permeability
are thought to be independently regulated (Liebner et al.
2018).

HIV-derived cellular and viral toxins are known to alter the
integrity of the BBB. Exposure to HIV alters tight junction
expression (Dallasta et al. 1999; Boven et al. 2000;
Persidsky et al. 2006; Chaudhuri et al. 2008a, b; Eugenin
et al. 2011) and also increases transmigration of cells across
the barrier (Saukkonen et al. 1997; Persidsky et al. 1999,
2000; Eugenin 2006; Buckner et al. 2011; Eugenin et al.
2011; Williams et al. 2012; Coley et al. 2015). The HIV pro-
teins Tat (transactivator of transcription) and/or gp120 (glyco-
protein 120) decrease tight junction protein expression
(Kanmogne et al. 2002, 2007; Price et al. 2005; Shiu et al.
2007; Nakamuta et al. 2008; Louboutin et al. 2010; Louboutin
and Strayer 2012), increase transmigration of monocytes
(Weiss et al. 1999; Wu et al. 2000; Buckner et al. 2006,
2011; Williams et al. 2013, 2015), and increase barrier perme-
ability to paracellular compounds (Andras et al. 2003; András
et al. 2005; Pu et al. 2005, 2007; Zhong et al. 2008; Banerjee
et al. 2010; Gandhi et al. 2010; Xu et al. 2012; Leibrand et al.
2017).

Morphine exposure has been reported to regulate the ex-
pression of tight junction proteins (Mahajan et al. 2008; Wen
et al. 2011) and can alter transendothelial electrical resistance
(TEER; a measure of barrier integrity) (Mahajan et al. 2008),
although the findings of the effects of opiates on barrier per-
meability are inconsistent. The range of findings include
claims that morphine exposure increases BBB permeability
(a Bleaky^ barrier) (Wen et al. 2011), to those asserting there
is no change in permeability (Yousif et al. 2008; Strazza et al.
2016), or even decreased permeability to paracellular markers,
suggesting enhanced barrier function (Sharma and Ali 2006).
While the mechanisms bywhich opiates effect the paracellular
permeability of the BBB are uncertain, morphine has been
shown to disrupt tight junctional complexes in columnar epi-
thelium lining the small intestine (Meng et al. 2013). In the
small intestine, morphine acts via a signaling pathway involv-
ing the upregulation of toll-like receptor 2 (TLR2) and toll-
like receptor 4 (TLR4) and a myosin light chain kinase-
dependent redistribution of the tight junctional proteins, zonu-
la occludens-1 (ZO-1), and occludin (Meng et al. 2013).
Besides having effects on paracellular transport, morphine
exposure can also affect the expression of drug efflux trans-
porters associated with transcellular transport through the
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endothelial cell component of the BBB (Miller et al. 2008;
Yousif et al. 2008; Mahajan et al. 2008). Thus, the nature of
opiate-dependent reductions or improvements in barrier func-
tion likely result from independent actions on paracellular and
transcellular processes and are likely subject to the timing and
duration of exposure (Aquilante et al. 2000; Miller et al. 2008;
Yousif et al. 2008; Mahajan et al. 2008).

The purpose of this study was to examine the effects of the
HIV-1 protein Tat and morphine on antiretroviral penetration
into the brain in concert with measurements of any alterations
in the integrity of the BBB.We hypothesized that opiate abuse
would exacerbate HIV-1 Tat-mediated BBB breakdown, but
also that antiretroviral penetration into the brain would be
limited by Tat and/or morphine exposure. Specifically, we
examined the effects of Tat expression and morphine exposure
on ARV concentrations within the striatum and hippocampus.
There are regional differences in HIV viral loads within the
brain; post-mortem studies have demonstrated that the basal
ganglia and hippocampus are both associated with higher viral
levels than cerebellar cortex ormid-frontal cortical graymatter
(Fujimura et al. 1997; Wiley et al. 1998; Nath 2015).
Furthermore, the dorsal striatum is particularly vulnerable to
the effects of HIV (Nath 2015), and Tat-induced damage with-
in the striatum is well characterized in the Tat transgenic
mouse model (Bruce-Keller et al. 2008; Fitting et al. 2010b;
Leibrand et al. 2017). In contrast, the hippocampus exhibits a
more subtle pathology in response to Tat exposure. These
changes include marked impairments to hippocampal function
(reduces long-term potentiation in CA1 pyramidal neurons
and deficits in learning/memory), despite only slight reduc-
tions in the density of CA1 pyramidal cell dendritic spines
(Fitting et al. 2013). In the Tat transgenic and murine AIDS
(MAIDS) models, there are regional differences in cytokine
release in response to Tat exposure or viral infection and also
to morphine exposure (Fitting et al. 2010b; McLane et al.
2018). To assess the effects of Tat and morphine on ARV
concentrations within the striatum and hippocampus, mice
that conditionally expressed HIV-1 Tat (Tat+) or their control
counterparts (Tat−) were exposed to morphine or a placebo
treatment. All mice received the antiretroviral drug combina-
tion dolutegravir/abacavir/lamivudine by continuous adminis-
tration via an osmotic pump. After 5 days of antiretroviral
drug exposure, brain and plasma were collected for quantifi-
cation of antiretroviral drug concentrations. To determine the
extent of BBB leakiness, mice were exposed to Tat, with or
without morphine, and given transcardial injections of the
labeled dextrans, Cascade Blue® (10 kDa), fluorescein
(40 kDa), and Texas Red® (70 kDa).

Understanding how opioid abuse alters the penetration of
antiretroviral drugs into the brain may lead to an improved
understanding of why opioid abusers can exhibit more severe
neurocognitive impairment and may lead to the development
of better therapeutic drug regimens for neuroHIV.

Materials and methods

Subjects and housing

The use of mice in these studies was approved by the
Institutional Animal Care and Use Committee at Virginia
Commonwealth University, and the experiments were con-
ducted in accordance with ethical guidelines defined by the
National Institutes of Health (NIH Publication No. 85–23).
Adult, female mice (approximately 70 days of age) were uti-
lized for these initial studies given their capacity for a more
dynamic neuroimmune response to a range of insults com-
pared to adult males (Schwarz et al. 2012; Hanamsagar et al.
2017). Mice were generated in the vivarium at Virginia
Commonwealth University and either expressed an HIV-1
tat transgene (Tat+) or were control counterparts that lacked
the tat transgene (Tat−). Tat+ mice conditionally expressed the
HIV-1 Tat1–86 protein in a nervous system-targeted manner via
a glial fibrillary acidic protein (GFAP)-driven, tetracycline
(Tet)-on promoter, which was activated by consumption of
chow containing doxycycline. Tat− controls expressed only
the doxycycline-responsive reverse tetracycline-controlled
transcription factor as previously described (Bruce-Keller
et al. 2008; Hauser et al. 2009). All mice were placed on
doxycycline-containing chow (Dox Diet #2018; 6 g/kg) ob-
tained from Harlan Laboratories (Madison, WI) for the dura-
tion of Tat induction and then placed on regular feed. Mice
were housed four to five per cage and were maintained in a
temperature- and humidity-controlled room on a 12-h to 12-h
light/dark cycle (lights off at 18:00 h) with ad libitum access to
food and water.

Antiretroviral and morphine administration

Triumeq® (ViiV Healthcare) is a combination tablet contain-
ing abacavir (600 mg), dolutegravir (50 mg), and lamivudine
(300 mg) and was purchased from the VCU Health Systems
Pharmacy. The dosing for mice was calculated via allometric
scaling (Nair and Jacob 2016), based on an average 20 g
mouse and was as follows: abacavir 2.5 mg/day
(123.5 mg/kg/day), dolutegravir 0.2 mg/day (10.3 mg/kg/
day), and lamivudine 1.2 mg/day (61.7 mg/kg/day). In brief,
tablets were crushed to a fine power and resuspended in nor-
mal saline. After centrifugation at 1000 rpm for 5 min to pellet
tablet excipients, the supernatant was sterile filtered twice
(0.45 μm followed by 0.22 μm filter). Following filtration,
210 μL was loaded into the ALZET® osmotic pump
(Model 2001, 1 μl/h delivery). For morphine groups, mor-
phine salt pentahydrate powder was diluted directly into the
antiretroviral solution prior to loading into the pump at a con-
centration sufficient to deliver 2.0 mg/day. Drug preparations
were made in batches to minimize dosing variability.
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Morphine administration in dextran exclusion studies

For dextran exclusion studies, morphine or placebo adminis-
tration was achieved by subcutaneous implantation of 25 mg
morphine or placebo time-release pelleted implants (National
Institute on Drug Abuse, NIDA, Drug Supply System,
Rockville, MD) under aseptic conditions and 4% isoflurane
anesthesia. The use of time-release morphine pelleted im-
plants or tablets is a standard method to continuously admin-
ister morphine during a period of 5 to 7 days. The 25-mg
pelleted implants produce morphine drug concentrations in
the brain sufficient to cause tolerance (Chefer and
Shippenberg 2009) and physical dependence (Bogulavsky
et al. 2009) within 3 days in C57BL/6 mice, and these con-
centrations are comparable to plasma/tissue levels achieved in
humans who are opiate-dependent (Ghazi-Khansari et al.
2006).

Briefly, mice were anesthetized with isoflurane (4% induc-
tion, 2% maintenance). A small mid-scapular entry was made
through the skin and either a time-release 25-mg morphine or
placebo pellet (dextran exclusion studies) or an ALZET® os-
motic pump delivering 2.0 mg morphine/day or placebo (an-
tiretroviral and morphine accumulation studies) was im-
planted. Bupivacaine was applied to all surgical sites immedi-
ately post-op. Sample sizes range from six to nine mice per
group for dextran exclusion studies and antiretroviral accumu-
lation studies.

Assessment of blood–brain barrier permeability

To assess the influence of HIV-1 Tat and morphine on BBB
integrity, Tat+ and Tat− mice received doxycycline chow (to
induce Tat expression, if applicable) for 14 days followed by a
5-day no-doxycycline washout period. At the conclusion of
the 5-day washout period, Tat+ and Tat− mice were subcuta-
neously implanted with either morphine or placebo pellets.
Five days after pellet implantation, mice were transcardially
infused with either 10 mL of dextran solution in phosphate-
buffered saline (PBS) containing 10 kDa dextrans conjugated
to Cascade Blue® (0.1 mg/mL), 40 kDa dextrans conjugated
to fluorescein (0.1 mg/mL), and 70 kDa dextrans conjugated
to Texas Red® (0.1 mg/mL) over 5 min or with 10 μL
∼44 kDa HRP (5 mg/mL; 5 min prior to perfusion with
15 mL PBS followed by 20 mL 4% paraformaldehyde)
(Leibrand et al. 2017). BBB permeability was assessed via
multiple methods: Na-F and Texas Red-labeled dextran were
measured in brain homogenates, whereas HRP brain penetra-
tion was measured immunohistochemically in whole-brain
sections. Brains were homogenized in a 10× volume of 50%
trichloroacetic acid, centrifuged at 5000×g at 4 °C for 10 min,
and then the supernatant was neutralized with 5 MNaOH (1:8
ratio) per prior methods (Ramirez et al. 2012; Leibrand et al.
2017). Cascade Blue, fluorescein, and Texas Red-labeled

dextrans were measured via spectrophotometry (Cascade
Blue®-dextrans: 380/460 nm, ex/em; fluorescein-dextrans:
485/520 nm, ex/em; and Texas Red®-dextrans: 575/620 nm,
ex/em) using a PHERAStar FS Plus microplate reader (BMG
Labtech) on glass-bottom multi-well cell culture plates.
Dextran data were expressed as fold change in fluorescent
intensity/well (500 μL volume) compared to Tat− placebo-
pelleted control mice (Hawkins and Egleton 2006; Leibrand
et al. 2017). For HRP experiments, frozen coronal slices
(40 μm-thick) were labeled with primary anti-HRP and visu-
alized via appropriate secondary antibody conjugated to Alexa
Fluor 647 (Alexa 647, Thermo Fisher, Rockford, IL; far-red
fluorescence) as previously described (Leibrand et al. 2017).
Briefly, slices were counterstained with Hoechst 33342 nucle-
ar stain (Thermo Fisher; blue fluorescence) and imaged as
described (Marks et al. 2016; Leibrand et al. 2017). HRP
signal was normalized to background (signal intensity in the
off-tissue area of the tiled image). HRP signal above back-
ground levels indicates BBB disruption and leakage of HRP
into the brain (Ben-Zvi et al. 2014). Tiled images of HRP and
Hoechst dual-labeled sections in the dorsal striatum were ac-
quired from within a single z-plane (∼ 0.50 μm-depth) within
5 μm from the surface of the section. HRP immunofluores-
cence was detected in the far-red range (Alexa 647) using
diode laser excitation (637 nm) with a 640-nm long-pass filter.
All images were acquired using a Zeiss LSM700 confocal
microscope (Oberkochen, Germany) equipped with a 20 ×
1.0 NA objective. During image acquisition, the laser intensi-
ty, detector gain, and all other parameters were held constant
within an identical volume of tissue across all treatment
groups.

Antiretroviral accumulation in dorsal striatum
and hippocampus

To assess the effects of HIV-1 Tat and morphine on antiretro-
viral accumulation in the dorsal striatum and hippocampus,
Tat+ and Tat− mice received doxycycline chow (for Tat in-
duction) for 14 days followed by a 5-day period in which
doxycycline was not administered to clear the antibiotic from
the system. Prior (Ngwainmbi et al. 2014) and unpublished
studies indicate that Tat mRNA expression remains elevated
(including that detected in striatum and hippocampus) for at
least 3 weeks after withholding doxycycline. On day 5 of the
doxycycline washout period, Tat+ and Tat−mice were subcu-
taneously implanted with anALZET® osmotic pump contain-
ing antiretroviral drug combination dolutegravir/abacavir/
lamivudine (Triumeq®) with or without morphine. Mice were
continuously exposed to dolutegravir, abacavir, and
lamivudine ± morphine for 5 days to allow drugs to reach
steady state (corresponding to day 10 of experiment). After a
5-day drug exposure, the mice were anesthetized under
isoflurane and transcardially perfused with PBS. The dorsal
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striatum (caudate/putamen) and hippocampus were isolated,
weighed, and snap-frozen until analysis.

LC-MS/MS me thods we re used to quan t i f y
dolutegravir, abacavir, and lamivudine in mouse plasma
and tissues. Frozen tissues were weighed, then homoge-
nized in Precellys® hard tissue grinding kit tubes
(Cayman Chemical, MI, USA) with cold 70:30 acetoni-
trile to 1 mM ammonium phosphate buffer (pH 7.4).
Analytes were extracted from plasma and tissue homoge-
nates following protein precipitation with the following
stable isotopically labeled internal standards: abacavir-
d4 , lamivudine-15N-d2, and dolutegravir-13C-d5.
Chromatographic separation of analytes and internal stan-
dards from matrix components was achieved using
reverse-phase chromatography on a Waters Atlantis T3
(50 × 2.1 mm, 3 μm) column for abacavir and lamivudine
or a Waters XTERRA MS C18 (50 × 2.1 mm, 3.5 μm)
column for dolutegravir. Analytes were detected on an
AB Sciex API-5000 triple quadrupole mass spectrometer
using electrospray ionization in the positive ion mode for
abacavir and lamivudine or atmospheric pressure chemi-
cal ionization (APCI) in the positive ion mode for
dolutegravir. The calibrated ranges for abacavir,
lamivudine, and dolutegravir were 1–200 ng/mL, 0.125–
50 ng/mL, and 0.025–50 ng/mL of tissue homogenate,
respect ively. The cal ibrated range for abacavir,
lamivudine, and dolutegravir in plasma was 1–
10,000 ng/mL, 1–4000 ng/mL, and 50–10,000 ng/mL,
respectively. Precision and accuracy was ± 20% (25% at
the lower limit of quantification; LLOQ). All antiretrovi-
ral data are expressed as a brain tissue-to-plasma ratio to
normalize for systemic exposure.

Morphine and morphine metabolite accumulation
in dorsal striatum and hippocampus

In the same mice in which antiretroviral concentrations were
quantified, the contralateral brain regions were used for quan-
tification of morphine concentrations. LC-MS/MS methods
were used to quantify morphine and the major mouse
glucuronidated metabolite, morphine-3-β-glucuronide
(M3G). Frozen samples were weighed and thawed at ambient
temperature. A 0.5 mL aliquot of water was added to each
tissue or plasma sample. Each sample underwent homogeni-
zation with a micro-tissue tearor for 30 s. Following centrifu-
gation, the sample supernatant was loaded onto pre-
conditioned solid phase extraction cartridges (Waters HLB,
Waters Corporation, Milford, MS). Samples were washed
with 5% methanol and then eluted into a 96-well plate with
95%methanol (twice). Eluent was then dried under a nitrogen
stream at 55 °C. Samples were then reconstituted with 0.1 mL
of mobile phase prior to a 20 μL injection undergoing liquid
chromatography tandem mass spectrometry (LC-MS/MS).

Morphine and its glucuronide metabolites were separated
using hydrophilic interaction chromatography (HILIC) with
a Polaris Silica 2.0 × 30 mm, 5 μm (Agilent, Santa Clara,
CA, USA) HPLC column under gradient conditions. Each
analyte and stable isotopic internal standard employed the
following selected reaction monitoring transitions: 286.0 >
165.0 (morphine), 462.0 > 286.0 (M3G), 462.0 > 286.0 mor-
phine-6-β-glucoronide (M6G), 289.0 > 165.00 (morphine-
d3), 465.0 > 289.0 (M3G-d3), and 465.0 > 289.0 (M6G-d3).
The linear range of the two analytes was 0.50–50 ng/mL and
1–100 ng/mL, for morphine and morphine-3-β-glucuronide,
respectively. Precision and accuracy acceptance criteria were
± 15% (20% at the lower limit of quantification; LLOQ).

Western blotting

Protein expressionwithin striatum, hippocampus, and liver (as
a positive control) were analyzed by immunoblotting using
standard techniques. Brain tissue samples were homogenized
in lysis buffer containing protease inhibitor (Roche,
Indianapolis, IN). Homogenized lysates were incubated at
4 °C for 30 min with end-over-end mixing. Liver samples
were also subjected to lysis buffer containing protease inhib-
itor (Roche, Indianapolis, IN) but using a Precellys 24 homog-
enizer (Bertin Technologies, Aix-en-Provence, France) at
three rounds of 10 s of bead-beating at 6000 rpm at 4 °C with
ceramic beads (1.4 mm diameter, Mobio Laboratories,
Carlsbad, CA). Cell debris from both brain and liver tissue
samples were removed by centrifugation at 12,000 rpm for
15 min at 4 °C. Supernatants were transferred to new tubes
stored at −80 °C until ready for use. Protein concentrations
were quantified using the BCA protein assay (Pierce,
Rockford, IL). Thirty micrograms of cell lysate was loaded
on a 12%Mini-Protean TGX gel (Bio-Rad, Hercules, CA) for
all proteins except for Tat− transgenic mouse liver positive
control, for which 10 μg was used. Following electrophoresis
and transfer to polyvinylidene difluoride (PVDF), the mem-
brane was blocked in 5% non-fat milk solution and incubated
overnight with appropriate primary antibody. Antibodies used
include mouse anti-β-actin (1:4000; Sigma-Aldrich; catalog
number A1978) and mouse anti-P-glycoprotein (C219;
1 μg/ml dilution; Calbiochem, Billerica, MA; catalog number
517310). Blots were then incubated at RT for 1 h with horse-
radish peroxidase-conjugated anti-mouse (1:20,000) second-
ary antibody. Signals were enhanced using chemilumines-
cence using the SuperSignal West Femto system (Thermo
Fisher Scientific) and detected by exposure to the ChemiDoc
system (Bio-Rad). The chemiluminescence signal intensity
was quantified using ImageLab software (Bio-Rad). All pro-
tein expression data is expressed as relative density, which
was calculated by the ratio of the absolute density of P-
glycoprotein to that of β-actin absolute density.
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In vivo assessment of P-glycoprotein function

The effect of morphine exposure on P-glycoprotein function
was assessed by examining regional differences in the accu-
mulation of quinidine, a P-glycoprotein substrate ± the P-
glycoprotein inhibitor, PSC-833. Morphine (64 mg/mL) or
vehicle (controls) was administered to mice by osmotic pump
for 5 days. After 5 days of morphine or vehicle exposure,
animals were administered quinidine (40 mg/kg, IP) for 1 h
prior to sacrifice. To inhibit P-glycoprotein, PSC833, diluted
in a mixture of Kolliphor® EL, ethanol, and saline, was ad-
ministered (10 mg/kg by oral gavage) 1 h prior to quinidine
administration (Kusuhara et al. 1997; Hubensack et al. 2008;
Binkhathlan et al. 2010; Alhaddad et al. 2012). After sacrifice,
brains were immediately harvested, weighed, and frozen at
−80 °C until analysis. Quinidine concentrations were mea-
sured by LC-MS/MS (Miyata et al. 2016).

Quinidine analytical method using liquid chromatography
tandem mass spectrometry (LC-MS/MS)

The determination of quinidine in mouse plasma and tissue
was adapted from previously published methods (Ye et al.
2011; Achanti and Katta 2017). For LC-MS/MS analysis of
plasma samples, 200 μL PBS and 25 μL of internal standard
(500 ng/mL imipramine) was added to each sample and were
mixed by vortex for 30 s. In order to precipitate the proteins,
250 μL of 1:1 methanol to acetonitrile with 0.2% formic acid
was added to each sample and mixed by vortex for 2 min.
Samples were centrifuged at 14,000 rpm (10,956 g) for
5 min, and 200 μL of the supernatant was transferred to a
1.5 mL microcentrifuge tube with a 0.45-μm filter insert
(Pall Corporation, New York, USA). Samples were centri-
fuged a final time at 14,000 rpm (10,956 g) for 5 min to filter
the supernatant. The filtered solution was transferred to 96-
well plate for analysis by LC-MS/MS.

For tissue samples, striatum and hippocampus brain re-
gions were analyzed along with plasma. Samples were thawed
and centrifuged at 3000 rpm (2095 g). To each tissue sample,
200 μL of PBS was added, and the sample was then vortex
mixed for 30 s. The tissue was homogenized at a gradually
increasing speed for 30 s using a micro-tissue tearor, then
centrifuged at 3000 rpm (2095 g) for 2 min. The supernatant
was transferred to 1.5 mL microtube and 25 μL of internal
standard (500 ng/mL imipramine), and 250 μL of 1:1 metha-
nol to acetonitrile with 0.2% formic acid was added to each
sample and mixed via vortex for 2 min. Samples were then
centrifuged at 14,000 rpm (10,956 g) for 5 min. Two hundred
microliters of the supernatant was transferred to a microfilter
tube (0.45 μm) and centrifuged a final time at 14,000 rpm
(10,956 g) for 5 min. The filtered solution was transferred to
96-well plate for analysis by LC-MS/MS.

Chromatographic separation was achieved using a Waters
Acquity HPLC with a Zorbax SB-C18 2.1 × 50 mm 1.8 μm
column (Agilent) and a gradient mobile phase (0.2% formic
acid mobile phase A, acetonitrile mobile phase B). Flowwas a
constant 0.250 μL/mL, with 100%A from 0 to 0.5 min. From
2.5 to 3.5 min, the composition changed to 95% mobile phase
B, and 50:50 mobile phase A and B from 3.6 min to 4.5 min.
From 4.6 min to 5.6 min, initial conditions were re-established
with 100% acetonitrile. The LC-MS/MS method employed
was positive electrospray ionization and the following MRM
transitions were used: quinidine (1) 325.2 > 251.1 and (2)
325.2 > 172.0 (quantification), and imipramine 281.2 > 86.1.
Results were processed using Analyst 1.5.2, on an AB Sciex
4000 QTrap hybrid linear ion trap tandem mass spectrometer.
The linear range for the methods was 1–5000 ng/mL as deter-
mined using a linear, 1/x regression method.

Statistical analyses

Dependent measures for BBB permeability and antiretroviral
drug accumulation were assessed by two-way analyses of var-
iance (ANOVA). Fisher’s protected least significant difference
post hoc tests determined group differences following main
effects. Interactions were determined via simple main effects
and main effect contrasts with error controlled for multiple
comparisons. Morphine content was assessed via Student’s
two-tailed t tests. All comparisons were considered significant
when p < 0.05.

Results

HIV-1 Tat and morphine independently disrupt
the blood–brain barrier of mice

Following 14 days of Tat induction, there was a significant
interaction with Tat and morphine for accumulation of the
smallest tracer, the 10-kDa Cascade Blue®-conjugated dex-
tran [F(1,26) = 5.09, p < 0.05]. The accumulation of 10 kDa
dextran was significantly increased among Tat+ mice com-
pared to their Tat− counterparts (p = 0.02; Fig. 1a).
Moreover, morphine exposure significantly increased
10 kDa dextran accumulation in Tat−mouse brains, compared
to those that received placebo pellets (p = 0.047; Fig. 1a).
There was no additive effect of Tat and morphine co-
exposure on dextran leakage into the brain.

With the larger tracers, significant main effects for mor-
phine were observed. Morphine exposure significantly in-
creased brain accumulation of the 40 kDa-labeled fluoresce-
in-conjugated dextran [F(1,26) = 6.19, p = 0.02] (Fig. 1b), as
well as the 70 kDa-labeled Texas Red®-conjugated dextran
[F(1,26) = 5.70, p = 0.02], irrespective of Tat exposure
(Fig. 1c).
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The negative control for the assay was fluorescence in
mouse brain tissue with no exposure to dextrans.
Preliminary studies demonstrated fluorescence of the negative
control tissue (no dextran exposure) to be equivalent to fluo-
rescence of Tat− placebo with transcardial infusion of dextran
where the fold change in fluorescence intensity in negative
control tissue was 1.017 ± 0.024 at 380/460 nm, ex/em
(Cascade Blue®-conjugated dextran, p = 0.5386), 1.005 ±
0.011 at 485/520 nm, ex/em (fluorescein-conjugated dextran,
p = 0.7896), and 1.007 ± 0.035 at 575/620 nm, ex/em (Texas
Red®-conjugated dextran, p = 0.8907. Additionally, the assay
demonstrated a linearity of response over 40 to 400 μg/mL
concentration of the dextran solution in blank brain homoge-
nates spiked with dextrans just prior to analysis (positive
control).

Effects of HIV-1 Tat and/or morphine on HRP leakiness
into the striatum

At 5 min following an intracardiac injection of HRP, HRP
extravasation from capillaries/post-capillary venules into the
perivascular space and/or parenchyma of the striatum was
evident in morphine and/or Tat-exposed mice, to a far greater
extent than seen in placebo-treated Tat− (control) mice
(Fig. 2). The increases of HRP leakiness confirm a previous
report in the striata of Tat+ mice (Leibrand et al. 2017).
Although the extent of HRP extravasation into the striatal
perivascular space/parenchyma tended to appear greater with
morphine than Tat exposure (arrowheads; Fig. 2b, d), a quan-
titative assessment is necessary to confirm this perception.
Despite some variability among capillaries/venules within a
single tissue section in all treatment groups, morphine and/or

Tat exposure clearly increased HRP leakiness compared to
Tat− controls.

Effects of HIV-1 Tat and morphine exposure
on cellular/subcellular localization of ZO-1

In placebo-treated Tat− (control) mice, ZO-1 was often
observed in discrete locations within endothelial cells of
capillaries and venules within the striatum and hippocam-
pus (not shown)—delineating a key aspect of the structur-
al BBB (Fig. 3). Morphine exposure tended to cause a
diffuse pattern of ZO-1 immunoreactivity within the cyto-
plasm of endothelial cells in Tat− mice, rather than at
discrete locations associated with tight junctions as seen
in placebo-treated Tat− mice (Fig. 3b). By contrast, fol-
lowing Tat induction, ZO-1 tended to fragment into dis-
crete foci within the endothelium (Fig. 3c). A fragmented,
rather than a diffuse distribution of ZO-1 was evident
even with concurrent morphine exposure—suggesting an
overriding influence of Tat on the subcellular distribution
of ZO-1 (Fig. 3d). Importantly, although morphine and
Tat tended to cause the diffuse or punctate patterns of
ZO-1 distribution described above and shown in Fig. 3,
there was some variability in the subcellular distribution
of ZO-1 among adjacent microvessels within a single
brain region and tissue section, suggesting the intracellu-
lar trafficking and turnover of ZO-1 is highly dynamic
and perhaps dependent on highly localized differences in
the CNS microenvironment. Moreover, while the striatum
and hippocampus were both affected by morphine and
Tat, a more systematic approach is necessary to fully ap-
preciate the timing and nature of morphine- and Tat-
dependent alterations in ZO-1 in each brain region.

Fig. 1 Effects of HIV-1 Tat and morphine on BBB leakiness after 14-day
Tat induction. There was a significant increase in the 10 kDa (Cascade
Blue®) tracer leakage into the brain in Tat+ placebo as compared to Tat−
placebo mice (*p < 0.05). The 10-kDa tracer was also significantly
increased in Tat− mouse brains upon exposure to morphine as
compared to Tat− placebo mice (*p < 0.05) (a). There was a significant
main effect of morphine, resulting in reduced integrity of the BBB and

increased leakage of the higher molecular weight (40 kDa and 70 kDa)
tracers in morphine-exposed groups as compared to the those groups
(Tat+ and Tat− together) not exposed to morphine (placebo) (#p < 0.05;
significant main effect of morphine) (b, c). Data represent the fold change
in mean fluorescence intensity ± SEM; n = 8 Tat−/placebo, n = 6 Tat+/
placebo, n = 9 Tat−/morphine, and n = 7 Tat+/morphine mice
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Morphine alters antiretroviral drug penetration
into the brain

Morphine exposure significantly influenced antiretroviral ac-
cumulation in the brain (Fig. 4). The greatest influence was
observed for morphine to significantly decrease the tissue-to-
plasma ratio of dolutegravir within the striatum [F(1,28) =
17.43, p = 0.0004] (Fig. 4a) and the hippocampus [F(1,28) =
13.80, p = 0.0009] (Fig. 4d), irrespective of Tat exposure.
Morphine exposure also significantly decreased the tissue-
to-plasma ratio of abacavir in the striatum (but not hippocam-
pus), irrespective of Tat exposure [F(1,28) = 8.87, p = 0.007]

(Fig. 4b). No effects were observed on the tissue-to-plasma
ratio of lamivudine (Fig. 4c, f).

Tat exposure reduces morphine accumulation
in hippocampus

The effects of Tat exposure on the both tissue-to-plasma ratios
and raw concentrations of morphine and its M3G metabolite
in plasma (Table 1), striatum, and hippocampus (Table 2) were
investigated. In Tat+mice, there was a trend towards increased
morphine concentrations in plasma (p = 0.059) compared to
their Tat− counterparts (Fig. 5a). In contrast, there was a

Fig. 2 Effects of HIV-1 Tat and/
or morphine exposure on
horseradish peroxidase (HRP)
extravasation from the
vasculature into the perivascular
space and/or parenchyma in the
striatum (a–d). HRP antigenicity
was detected by indirect
immunofluorescence (red) in
tissue sections counterstained
with Hoechst 33342 (blue) to
reveal cell nuclei and visualized
by differential interference
contrast (DIC)-enhanced confocal
microscopy. HRP extravasation
into the striatal perivascular
space/parenchyma was especially
prevalent in morphine-exposed
mice (arrowheads; left-hand
panels in b and d). The dotted
lines (············) indicate the
approximate edge of the
capillaries/post-capillary venules;
while intermittent dotted lines (· · ·
· · · ·) indicate the approximate
edge of a partly sectioned blood
vessel that appears partially
outside the plane of section. The
asterisks (*) indicate white matter
tracts within the striatum.
Representative samples from ≥
n = 4 mice per group. All images
are the same magnification. Scale
bar = 10 μm
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significant decrease in the tissue-to-plasma morphine ratio
within the hippocampus of Tat+ (p = 0.0499), compared to
Tat−, mice (Fig. 5c). No significant changes in morphine con-
centrations were noted in the striatum (Fig. 5b). There were
also no significant differences in plasma M3G concentrations
between Tat+ and Tat−mice (Table 1). M3G concentrations in
brain tissue in Tat−mice were often below the assay’s limit of
quantification; only 1 of 12 Tat− brain tissue samples was
quantifiable (0 in striatum and 1 in hippocampus). In Tat+
mice, 3/9 and 7/9 samples were quantified in striatum and
hippocampus, respectively. Because of the limited number

of quantifiable samples in brain tissue, statistical comparisons
of M3G in brain tissue were not possible (Table 2).

P-glycoprotein expression and function are increased
by morphine exposure

Irrespective of Tat status, exposure to morphine significantly
increased P-glycoprotein expression in both striatum
[F(1,12) = 4.75, p = 0.0499] (Fig. 6a, c) and hippocampus
[F(1,12) = 4.81, p = 0.0487] (Fig. 6b, d) compared to
placebo-treated groups. There were no significant differences

Fig. 3 Effects of HIV-1 Tat and/
or morphine exposure on the
cellular/subcellular localization of
ZO-1 immunofluorescence within
the endothelial cells of capillaries
and post-capillary venules in the
striatum (a–d). ZO-1 antigenicity
was detected by indirect
immunofluorescence (green) in
tissue sections counterstained
with Hoechst 33342 (blue) to
reveal cell nuclei and visualized
by differential interference
contrast (DIC)-enhanced confocal
microscopy. Morphine exposure
frequently resulted in a diffuse
pattern of ZO-1 immunoreactivity
within the cytoplasm of
endothelial cells in Tat− mice (b),
rather than at discrete locations
associated with tight junctions as
seen in placebo-treated Tat− mice
(a). By contrast, ZO-1 tended to
fragment into discrete foci within
the endothelium of Tat+ mice
following doxycycline induction
(c). In the presence of Tat, ZO-1
displayed a fragmented
distribution irrespective of
morphine co-exposure (d),
suggesting an overriding
influence of Tat on the subcellular
distribution of ZO-1. The dotted
lines (············) indicate the
approximate edge of capillaries/
post-capillary venules; the
intermittent dotted lines (· · · · · · ·)
indicate the approximate edge of a
partially sectioned blood vessel.
The asterisks (*) indicate white
matter tracts within the striatum.
Representative samples from ≥
n = 4 mice per group. All images
are the same magnification. Scale
bar = 10 μm
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in basal P-glycoprotein expression levels between striatum
and hippocampus in either Tat− placebo mice (p = 0.9727;
Fig. 6e) or in Tat+ placebo mice (p = 0.3460; Fig. 6f) at base-
line (prior to the start of treatment).

To further examine morphine’s effect on P-glycoprotein, P-
glycoprotein function was examined using quinidine as the P-
glycoprotein substrate. Within both the striatum and hippo-
campus, morphine-treated mice had significantly less quini-
dine accumulation than the placebo-treated controls (Table 3).
Furthermore, when P-glycoprotein was inhibited by pre-
administration of the inhibitor PSC833, there were significant

increases in quinidine accumulation within each brain region.
The accumulation ratio represents a ratio of the concentration
of quinidine in the brain region with P-glycoprotein inhibition
to the concentration of quinidine in the absence of P-
glycoprotein inhibition. Accumulation ratios for placebo-
treated striatum and hippocampus were 9.1 and 11.5, respec-
tively, whereas in the morphine-treated groups, the accumula-
tion ratios were 66.9 and 64, respectively, which further sup-
ports the hypothesis that morphine treatment results in in-
creases in functional P-glycoprotein within the striatum and
hippocampus.

Fig. 4 Antiretroviral tissue-to-plasma ratios in striatum and
hippocampus. Irrespective of Tat exposure, morphine significantly
reduced the levels of striatal and hippocampal dolutegravir (a, d) and
striatal abacavir (b), but not lamivudine (c, f), compared to placebo

(*p < 0.05; main effect for morphine). Data represent the tissue-to-
plasma ratios ± SEM sampled from n = 9 Tat−/placebo, n = 9 Tat+/place-
bo, n = 6 Tat−/morphine, and n = 8 Tat+/morphine mice

Table 1 Raw concentrations of antiretroviral drugs, morphine and its M3G metabolite within plasma. These data are expressed as concentration (not
the tissue-to-plasma ratios). Data are presented as mean ± SEM

Plasma
Drug concentration (ng/mL)

Placebo Morphine

Drug Tat– Tat+ Tat− Tat+

Dolutegravir 433.2 ± 80.9 485.7 ± 60.9 634.5 ± 63.0 537.7 ± 26.2

Abacavir 1790.6 ± 607.0 1519.6 ± 184.4 1326.7 ± 84.8 1311.1 ± 62

Lamivudine 829.7 ± 320.9 500.6 ± 66.8 471.3 ± 60.2 507.8 ± 33.2

Morphine – – 232.1 ± 44.5 555.5 ± 122.7

M3G – – 2297.6 ± 369.3 2714.6 ± 279.0

Sample sizes for each experimental group was as follows: n = 9 Tat−/placebo, n = 9 Tat+/placebo, n = 6 Tat−/morphine, and n = 9 Tat+/morphine mice
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Discussion

The data from these studies support four main findings. The
experimental results demonstrate that (1) morphine, and to a
lesser extent Tat, can result in damage to the blood–brain
barrier of mice, (2) morphine exposure causes decreased pen-
etration of select antiretroviral drugs within the brain, (3) the
antiretroviral concentration changes may be caused by
morphine-dependent increases in P-glycoprotein expression
and function within the brain, and, finally (4) Tat exposure
results in altered distribution of morphine with a tendency
for higher concentrations in plasma but significantly lower
plasma-normalized concentrations within the hippocampus
of Tat+ mice.

Tat andmorphine act independently to cause damage
to BBB integrity

Our findings suggest that Tat and morphine can independently
disrupt the integrity of the BBB. Tat and morphine disrupted
ZO-1 expression, although perhaps through independent
mechanisms (Fig. 3). Furthermore, although Tat exposure

caused damage to the BBB (Figs. 1 and 2), morphine exposure
resulted in more damage to the BBB, as evidenced by leakage
of larger tracermolecules into the brain. Using in vitromodels,
others have examined the effects of Tat and morphine on trac-
er molecule flux across a barrier model, tight junction protein
expression, and transmigration of immune cells. While some
studies have demonstrated Tat and morphine exposure alters
junctional protein expression (Mahajan et al. 2008; Wen et al.
2011), decreases trans-epithelial electrical resistance (TEER)
(Mahajan et al. 2008), increases efflux protein expression (P-
glycoprotein, multidrug resistance protein-1) (Hayashi et al.
2005, 2006; Mahajan et al. 2008), and increases transmigra-
tion (Mahajan et al. 2008), others have concluded that Tat or
morphine do not increase BBB permeability through tracer
leakage, nor affect P-glycoprotein within the brain (Sharma
and Ali 2006; Yousif et al. 2008; Strazza et al. 2016). Our lab
previously demonstrated that following Tat induction, there is
a size-limited leakage of tracers into the brain; the 0.4-kDa and
44-kDa tracers freely leaked into the brain, while the larger
70-kDa tracer was excluded from entry (Leibrand et al. 2017).
These findings are largely recapitulated within the current
study, with additional information regarding the impact of

Table 2 Raw concentrations of antiretroviral drugs, and morphine and its M3G metabolite within striatum and hippocampus

Drug Striatum
Drug concentration (ng/mg)

Hippocampus
Drug concentration (ng/mg)

Placebo Morphine Placebo Morphine

Tat− Tat+ Tat− Tat+ Tat− Tat+ Tat− Tat+

Dolutegravir 4.6 ± 1.1 5.3 ± 1.4 3.4 ± 1.0 2.4 ± 0.6 4.8 ± 1.1 5.8 ± 1.1 3.7 ± 0.4 3.7 ± 0.4

Abacavir 134.4 ± 26.1 165.8 ± 24.6 99.9 ± 10.6† 93.2 ± 5.9† 129.2 ± 26.4 163.1 ± 25.7 110.1 ± 11.5 100.2 ± 6.0

Lamivudine 25.9 ± 3.5 26.7 ± 4.9 21.5 ± 4.0 19.4 ± 1.6 27.3 ± 3.4 26.3 ± 4.5 20.8 ± 1.8 26.0 ± 3.0

Morphine 259.0 ± 107.6 322.7 ± 94.2 143.9 ± 31.1 113.2 ± 20.1

M3G ----% 31.6 ± 33.5# 21.7* 41.8 ± 12.1^

These data are expressed as concentration (not the tissue-to-plasma ratios). † p < 0.05; significant main effect of morphine. Data are presented asmean ± SEM

Morphine-3-β-glucuronide (M3G) samples in brain tissue were often below limit of quantification (10 ng/g). The following are numbers of samples for
each treatment group that were quantified for M3G; Tat+; # n = 3 (of 9), ^n = 7 (of 9) and Tat−; % n = 0 (of 6), and *n = 1 (of 6)

Fig. 5 Morphine plasma concentrations and tissue-to-plasma ratios in
striatum and hippocampus. Morphine concentrations were measured by
LC-MS/MS in both plasma and brain tissue. There was a strong trend
towards significantly increased morphine plasma concentrations in Tat+

mice as compared to their Tat− counterparts (a). Tat exposure
significantly decreased the morphine tissue-to-plasma ratio in the hippo-
campus (c) but not in the striatum (b) (*p < 0.05). Data represent the
tissue-to-plasma ratios ± SEM sampled from n = 6 Tat−, n = 9 Tat+ mice
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morphine exposure, with the exception that the intermediate
sized tracer did not display significant extravasation into the
brain parenchyma in Tat-exposed mice. There were some dif-
ferences between the two studies. For example, the length of
the Tat induction period and the introduction of a 5-day wash-
out period before starting ARV ±morphine treatments in the
current study may contribute to this discrepancy. The washout
period was designed to minimize any potential pharmacoki-
netic drug-drug interactions between doxycycline and the an-
tiretroviral drugs ±morphine cocktail. The specific pharmaco-
kinetic, metabolic, and excretion profiles of each drug sug-
gested limited potential for drug-doxycycline interactions;
however, any unexpected interactions would potentially have
confounded our results. Tat mRNA expression remains ele-
vated in the striatum even after doxycycline has been removed
for 4 weeks (Knapp and Xu, unpublished); therefore, it was
expected that Tat levels would remain elevated over the entire

study. However, we cannot rule out that some repair or recov-
ery of the barrier may have occurred. There is also the possi-
bility that regional differences in Tat expression levels may
drive regional variation in Tat-associated increases in BBB
leakiness. However, additional studies would need to be per-
formed to confirm that Tat-associated increases in BBB leak-
iness are regionally selective. Regardless, the findings within
this study demonstrate that morphine exposure resulted in
greater breakdown of the BBB than did Tat exposure.
Independent of Tat exposure, morphine promoted significant
leakage of even the largest tracer (70 kDa).

Morphine exposure increased BBB leakiness
but decreased ARV brain concentrations

Morphine exposure resulted in decreased ARV brain concen-
trations, despite increased BBB leakiness. Initially, it might

Fig. 6 P-glycoprotein (P-gp) expression levels in the striatum and
hippocampus. Western blots of P-glycoprotein levels in the striatum (a,
c) and hippocampus (b, d) of Tat− or Tat+ mice with or without morphine
co-exposure. There was a main effect of morphine in both tissue types.
Exposure to morphine, irrespective of Tat status, significantly increased
P-glycoprotein expression in striatum (*p < 0.05; main effect of
morphine) and hippocampus (*p < 0.05; main effect of morphine)
compared with the non-morphine–exposed groups. Data represent the
relative density of P-glycoprotein (absolute density of P-glycoprotein
over the absolute density of β-actin) ± SEM, n = 4 Tat−/placebo, n = 4

Tat+/placebo, n = 4 Tat−/morphine, and n = 4 Tat+/morphine mice. As a
negative control, baseline P-glycoprotein levels were also assessed in
mice that were genetically Tat− or Tat+ but for which neither Tat
induction nor morphine exposure had occurred. There were no
statistically significant differences in regional expression of P-
glycoprotein between striatum and hippocampus in Tat− mice or Tat+
mice at baseline (prior to Tat induction and morphine exposure; e, f).
Data represent the relative density of P-glycoprotein ± SEM sampled
from n = 4 Tat−/placebo/striatum, n = 4 Tat−/placebo/hippocampus, n =
4 Tat+/placebo/striatum, n = 4 Tat+/placebo/hippocampus
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seem paradoxical that morphine exposure increases the pene-
tration of the dextran tracers, while decreasing the penetration
of dolutegravir and abacavir without affecting the accumula-
tion of lamivudine within the brain. The dextran tracers used
in this study, however, traverse the BBB by passage between
endothelial cells, i.e., via paracellular flux. Alterations in
paracellular flux are mediated by disruption of tight junctional
proteins between endothelial cells. In contrast, the overall
brain penetration of the antiretroviral drugs studied herein is
more likely to be influenced by mechanisms influencing pas-
sage through endothelial cells (i.e., transcellular flux). In gen-
eral, drug penetration across lipid bilayers of the plasma mem-
brane is influenced by the drug’s physicochemical properties
(such as lipophilicity, size, and protein binding), as well as by
active transport processes. Abacavir and lamivudine entry into
cells is partially mediated by passive permeability, but is also
driven by the active uptake transport proteins organic cation
transporters (OCT), OCT1, OCT2, and OCT3 (Yuen et al.
2008; Minuesa et al. 2009; Reis et al. 2013; Casado et al.
2014). Dolutegravir, a highly protein-bound (99%) lipophilic
drug, has a high intrinsic passive membrane permeability
(Reese et al. 2013) but its overall flux is also influenced by
active efflux transport systems. Efflux proteins, such as P-
glycoprotein, can be a major determinant to a drug’s overall
CNS penetration (Polli et al. 1999; Edwards et al. 2002).
Although multiple uptake and efflux transporters are
expressed in the mouse BBB (Miller 2010), the efflux protein,
P-glycoprotein, is the only transporter for which dolutegravir
and abacavir are both substrates (Shaik et al. 2007; Reese et al.
2013). Therefore, we investigated the role of morphine in
influencing P-glycoprotein expression and function as a po-
tential mechanism for the observed decreases in dolutegravir
and abacavir concentrations. Increased P-glycoprotein expres-
sion within the striatum and hippocampus of morphine-
exposed mice was observed (Fig. 6). In vivo functional studies

demonstrated that morphine-exposed mice also had increased
P-glycoprotein activity. Mice exposed to morphine had signif-
icantly lower total tissue concentrations of quinidine (a P-
glycoprotein substrate) in striatum and hippocampus as com-
pared to the striatum and hippocampus of control mice.
Furthermore, when P-glycoprotein activity was inhibited by
PSC833, significant increases in quinidine concentrations in
the brain were observed (Table 3). Although a role for other
mechanisms, such as alterations in metabolism or other trans-
port pathways were not examined herein, these data support
the hypothesis that morphine exposure increases P-
glycoprotein expression and function in striatum and hippo-
campus, which results in decreased tissue concentrations of P-
glycoprotein substrates, such as dolutegravir and abacavir.

Other acute and/or chronic morphine exposure studies have
reported increases in P-glycoprotein mRNA (Mahajan et al.
2008; Yousif et al. 2012) and protein expression within the
brain and decreases in antinociceptive responses in rats
(Aquilante et al. 2000; Bauer et al. 2004). However, not all
studies consistently find increases in P-glycoprotein after mor-
phine exposure (Yousif et al. 2008; Schaefer et al. 2018). In
contrast to dolutegravir and abacavir, lamivudine is not a
known substrate for P-glycoprotein and lamivudine concen-
trations in the brain were not influenced by morphine expo-
sure. Other drug transporters, such as breast cancer resistance
protein (BCRP), are also involved in the efflux of the
antiretrovirals we studied. However, because P-glycoprotein
is the only efflux transporter in common between dolutegravir
and abacavir, a role of BCRP in mediating the observed
changes in dolutegravir and abacavir concentrations in the
present study is less likely (Giri et al. 2008; Kis et al. 2010;
Reese et al. 2013). The implications for these findings are
broad. If morphine exposure results in decreased brain con-
centrations of P-glycoprotein substrates, the efficacy of any
CNS active, P-glycoprotein substrate drug, whether for the

Table 3 The effects of morphine on P-glycoprotein function within the striatum and hippocampus

Tissue Treatment Experimental condition Quinidine concentration (ng/g) mean ± SEM Accumulation ratio

Striatum Placebo Alone 310 ± 110 9.1

Placebo + P-gp inhibitor (PSC833) 2835 ± 1002*

Morphine Alone 60 ± 21^ 66.9

Morphine + P-gp inhibitor (PSC833) 4016 ± 2315*

Hippocampus Placebo Alone 290 ± 103 11.5

Placebo + P-gp inhibitor (PSC833) 3345 ± 1183*

Morphine Alone 69 ± 25^^ 64.0

Morphine + P-gp inhibitor (PSC833) 4414 ± 1561*

Accumulation ratio is the ratio of amount of quinidine in the brain region with P-glycoprotein (P-gp) inhibition to the amount of quinidine in the absence
of P-gp inhibition, for each treatment group

*Represents a significant difference between amount of quinidine in PSC833 and no PSC833 within the same treatment group, p < 0.05

^Comparison of quinidine concentrations within the striatum in morphine vs placebo-treated mice, p < 0.05

^^Comparison of quinidine concentrations within the hippocampus in morphine vs placebo-treated mice, p < 0.05. n = 8 mice for each group
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treatment of HIVor any other therapeutic indication, may be
reduced in patients who use opioids.

Tat altered morphine distribution within brain
and plasma

Tat exposure resulted in altered morphine distribution within
the plasma and brain tissue as compared to control mice.
Plasma morphine concentrations in Tat+ mice were 2.4-fold
higher than those in Tat− mice, although this did not reach
statistical significance (p = 0.059). It is not clear what factors
are driving this potential increase in plasma morphine concen-
trations, although, because there were no significant differ-
ences in M3G levels between Tat+ and Tat− mice, it does
not appear to be due to changes in the rate of metabolite
formation in the systemic circulation. Unlike humans, mice
do not produce the bioactive M6G metabolite so alterations
in the conversion morphine to M6G are not a factor. Plasma
M3G concentrations were not significantly influenced by Tat
status, nor was the molar morphine-to-M3G ratio within plas-
ma significantly different between Tat+ (mean ± SEM; 0.33 ±
0.07) and Tat− (0.18 ± 0.04) mice. Morphine and M3G con-
centrations were also measured in striatum and hippocampus
and were much lower than those observed in plasma. In the
Tat− mice, only one of the 12 brain samples had M3G con-
centrations above the assay’s lower limit of quantification
(10 ng/g). For the Tat+ mice, 10 of the 18 brain samples were
quantifiable, with a mean (SD) concentration of 39.76
(19.25) ng/mg tissue. This may suggest that Tat-exposed mice
have higher brain concentrations of M3G but additional stud-
ies will be necessary to more fully understand Tat’s influence
on morphine distribution in the brain and in the plasma.

Based on regional differences in BBB structure and func-
tion at baseline, and on known regional differences in re-
sponse to Tat and/or morphine (Fitting et al. 2010b), and on
phenotypic variability in the responsiveness of astroglia and
neurons within the same brain region (Stiene-Martin et al.
1998; Marks et al. 2016; Schier et al. 2017), it is not surprising
that there would be regional differences in the effects of mor-
phine and Tat on the concentration of antiretroviral drugs,
morphine, and its M3G metabolite.

Throughout this study, total, not unbound, and antiretrovi-
ral concentrations were measured; therefore, we do not have a
precise estimate of free drug within the brain. However, the
focus of the present studies was to assess the directionality of
effects of Tat and morphine exposure on drug concentrations.
Because ARV concentrations were measured at steady state,
and because we have no evidence to suggest that either Tat or
morphine would cause ARV displacement from its protein
binding sites, the impact on ARV tissue concentrations is ex-
pected to be proportional between total and unbound concen-
trations. Future studies should include measurement of intra-
cellular total and di- and tri-phosphorylated forms of

nucleoside(tide) reverse transcriptase inhibitors (NRTIs), such
as abacavir and lamivudine, to better understand whether Tat
and/or morphine are affecting the activation of the NRTI drugs
within cells.

Conclusions

We have demonstrated complex and regionally dependent ef-
fects of an opiate with abuse liability and HIV-1 Tat to affect
CNS accumulation of antiretroviral drugs. Our findings sug-
gest that any CNS active drug that is a P-glycoprotein sub-
strate may be less effective in patients who are taking opioids.
To more fully understand the functional impact of altered
brain concentrations, future studies may include an infectious
HIV model in order to assess the impact of morphine admin-
istration on antiviral efficacy.
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