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Abstract

The use of antiretroviral (ARV) drugs with central nervous system (CNS) penetration effectiveness
(CPE) may be useful in the treatment of HIV-associated neurocognitive disorder (HAND) as well
as targeting a CNS reservoir in strategies to achieve a functional cure for HIV. However, increased
cognitive deficits are linked to at least one of these drugs (efavirenz). As mitochondrial
dysfunction has been found with a number of ARVSs, and as such can affect neuronal function, the
objective of this study was to assess the effects of ARV with high CPE for toxicological profiles
on presynaptic nerve terminal energy metabolism. This subcellular region is especially vulnerable
in that a constant supply of ATP is required for the proper maintenance of neurotransmitter release
and uptake supporting proper neuronal function. We evaluated the effects of acute treatment with
ten different high CPE ARVs from five different drug classes on rat cortical and striatal nerve
terminal bioenergetic function. While cortical nerve terminal bioenergetics were not altered,
striatal nerve terminals exposed to efavirenz, nevirapine, abacavir, emtricitabine, zidovudine,
darunavir, lopinavir, raltegravir, or maraviroc (but not indinavir) exhibit reduced mitochondrial
spare respiratory capacity (SRC). Further examination of efavirenz and maraviroc revealed a
concentration-dependent impairment of striatal nerve terminal maximal mitochondrial respiration
and SRC as well as a reduction of intraterminal ATP levels. Depletion of ATP at the synapse may
underlie its dysfunction and contribute to neuronal dysfunction in treated HIV infection.
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Introduction

Potent combination antiretroviral (ARV) therapies have revolutionized the care of those
infected with HIV, leading to greatly improved immune function, decreased opportunistic
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infections, and reduced prevalence of other HIV-related conditions including HIV-associated
dementia, the most severe form of neurocognitive manifestations of HIV infection (Eggers et
al, 2017; Heaton et af, 2010; Heaton et a/, 2011; Letendre, 2011; Saylor et a/, 2016).
However, HIV-associated neurocognitive disorder (HAND), characterized by a wide
spectrum of behavioral, cognitive, and motor dysfunctions, continues to affect

approximately 50% of ARV-treated patients (Heaton ef a/, 2011; Letendre, 2011; Saylor et
al, 2016; Valcour et af, 2011).

To treat or prevent HAND, one option is to use ARVs that penetrate the blood-brain barrier
to control viral replication in the brain (Letendre et a/, 2008; Letendre et a/, 2004). However,
while treating CNS infection penetration into the brain, these ARVs may compromise
central nervous system (CNS) function and contribute to the development of neurocognitive
complications (Caniglia et a/, 2014; Robertson et a/, 2012). Although the molecular
mechanisms responsible for ARV-induced CNS side effects remain elusive, growing
evidence points to disturbances in brain energy homeostasis and mitochondrial function,
particularly studied in the case of the non-nucleoside reverse transcriptase inhibitor (NNRTI)
efavirenz (Apostolova et af, 2015; Decloedt and Maartens, 2013), the long-term use of which
is associated with lower neurocognitive function in HIV infected individuals (Ma et a/,
2016). In addition to their presence in the neuronal soma, mitochondria are physically
located at the presynaptic nerve terminal, a subcellular location that requires a constant
supply of ATP for proper maintenance of active physiological events such as
neurotransmitter release and reuptake as well as establishment of electrochemical gradients.

There has been a growing body of evidence that synaptic dysfunction is a critical event in a
number of neurodegenerative diseases and neuropsychiatric disorders (Lepeta et af, 2016;
Palop et al, 2006; van Spronsen and Hoogenraad, 2010). It has been postulated that one
possible mechanism underlying such synaptic dysfunction is altered bioenergetic capacity
resulting in a depletion of ATP at the terminus (Flynn et a/, 2011). In fact, impaired spare
respiratory capacity (SRC), which can result in energy demand outpacing supply, is
associated with neuronal death (YYadava and Nicholls, 2007). In this study we evaluate the
direct effects of ten different ARV drugs with high CNS-penetration effectiveness separately
on rat nerve terminal bioenergetic function, particularly mitochondrial respiration and SRC.

Materials and methods

Reagents

The following reagents were obtained through the AIDS Reagent Program, Division of
AIDS, NIAID, NIH: Efavirenz (Cat #4624), Nevirapine (Cat #4666), Abacavir (Cat #4680),
Emtricitabine [(-) FTC] (Cat #10071), Zidovudine (Cat #3485), Darunavir (Cat #11447),
Indinavir Sulfate (Cat #8145), Lopinavir (Cat #9481), Raltegravir (Cat #11680), and
Maraviroc (Cat #11580). Stock solutions of each ARV drug were made in dimethylsulfoxide
(DMSO) and stored at —80°C (each ARV drug stock solution concentration was 50 mM,
except for abacavir and raltegravir, which were 25 mM). The final ARV dilutions for nerve
terminal treatments were prepared in the appropriate assay buffer for each experiment such
that the final concentration of DMSO was 0.1%. In vehicle control experiments, nerve
terminals were treated with 0.1% DMSO and used as comparisons in the statistical analysis.
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All other reagents were purchased from Sigma-Aldrich (St. Louis, MO), except the Pierce
BCA Protein Assay and ATP Determination Kit, which were purchased from Thermo Fisher
Scientific (Rochester, NY).

Male Long-Evans rats were obtained from Charles River Laboratories International, Inc.
(Wilmington, MA). Rats weighing 400-450 grams were housed two per cage in an AALAC-
certified animal care facility with a constant 12 h light/dark cycle and fed standard pellet rat
chow and water ad libitum. Rats were used for nerve terminal isolations at 5-6 months of
age. All rat procedures were carried out under approved University of Nebraska Medical
Center Institutional Animal Care and Use Committee protocols.

Nerve terminal isolation

Rats were euthanized by isoflurane inhalation and decapitation, and then cortices and striata
were removed and subjected to a nerve terminal isolation using a previously described
method with slight modifications (Choi et a/, 2009; Dunkley et a/, 2008). Briefly, the cortex
and striatum were rapidly removed and transferred to separate pre-chilled Dounce
homogenizers containing Sucrose Medium: 320 mM sucrose, 1 mM EDTA, 0.25 mM
dithiothreitol, pH 7.4. The tissue was homogenized using 10 strokes. The homogenate was
centrifuged at 1,000 x g for 10 min. The supernatant was layered on top of a discontinuous
Percoll gradient (3, 10, and 23% Percoll in Sucrose Medium) and centrifuged at 31,000 x g
for 10 min. The band between 10% and 23% Percoll, which contains the nerve terminals,
was collected. The nerve terminal suspension was diluted with lonic Medium: 20 mM
HEPES, 10 mM D-Glucose, 1.2 mM NayHPO,4, 1 mM MgCl,, 5 mM NaHCO3, 5 mM KCl,
140 mM NaCl, pH 7.4 and then centrifuged at 15,000 x g for 15 min. The nerve terminal
pellet was resuspended in Incubation Medium: 3.5 mM KCI, 120 mM NaCl, 1.3 mM CacCl,,
0.4 mM KHyPOy, 1.2 mM NaySQOy, 2 mM MgSQy, 15 mM D-glucose, pH 7.4 and the
protein concentration was measured using the Pierce BCA Protein Assay.

Mitochondrial respiration

For monitoring respiration, the oxygen consumption rate of mitochondria within nerve
terminals was determined in units of picomoles of O, per minute using a microplate-based
respirometer as previously described (Choi et a/, 2009; Gerencser et al, 2009). The nerve
terminals (15 ug protein/well) were attached by centrifugation to poly-D-lysine coated 96-
well cell culture microplates (Seahorse XF®96 Analyzer; Agilent Technologies, Santa Clara,
CA). The assay buffer: 3.5 mM KCI, 120 mM NacCl, 1.3 mM CaCl,, 0.4 mM KHyPOy, 1.2
MM NaySQOy4, 2 MM MgSQO,4, 15 mM D-glucose, 10 mM pyruvate, and 4 mg/ml fatty acid-
free bovine serum albumin, pH 7.4 containing vehicle (DMSQO) or ARV drug was added to
each well. The cell culture microplate was incubated at 37°C for 2 hours prior to loading
into the XF®96 extracellular flux analyzer. Nonmitochondrial respiration, which corresponds
to the average of the three measurement values after the injection of 2 uM rotenone
(complex I inhibitor) combined with 2 uM antimycin A (complex 11 inhibitor), for each
well was subtracted from all other values for that well before calculation of the following
mitochondrial respiratory parameters: basal respiration (average of the first three
measurement values before the injection of 5 UM oligomycin, an inhibitor of complex V);
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maximal respiration (first measurement value after the injection of 4 uM carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP), an uncoupler of oxidative phosphorylation);
respiration driving proton leak (average of the three measurement values after the injection
of 5 UM oligomycin); respiration driving ATP synthesis (basal respiration minus respiration
driving proton leak); and spare respiratory capacity (SRC, maximal respiration minus basal
respiration) (Choi et a/, 2011).

Experiments testing all ten different ARV drugs: For comparisons across assay plates using
independent nerve terminal preparations for each plate, absolute rates of O, consumption
were converted to relative percent response from baseline (third measurement before
oligomycin injection) (Salabei et a/, 2014). The calculated values for each well were
averaged for 4-6 technical replicate wells on one plate to give 7= 1 biological replicate.
Respiration data are presented as the means + SEM of three independent experiments with
different nerve terminal preparations (n= 3 biological replicates, each comprising 4—6
technical replicates). For ease of visualization the respiration data is shown with the vehicle
control compared to each class of ARV drugs individually, versus all on the same graph (all
ten ARV drugs were compared to the same vehicle control as each replicate experiment was
performed on the same assay plate).

Experiments testing only efavirenz and maraviroc: For comparisons between nerve terminal
preparations from different rats run on the same plate, rates of O, consumption for each well
were normalized to pg protein for that well determined using the Pierce BCA Protein Assay
(Thermo Fisher Scientific). The calculated values for each well were averaged for 2
technical replicate wells for each rat to give 7= 1 biological replicate. Respiration data are
presented as the means + SEM of one experiment with nerve terminal preparations from
three different rats (7= 3 biological replicates, each comprising 2 technical replicates).

Nerve terminal ATP levels were measured using the ATP Determination Kit (Thermo Fisher
Scientific). Efavirenz and maraviroc concentrations from 0 to 25 UM were prepared in assay
buffer. The nerve terminals were incubated with equivalent dilutions of DMSO, efavirenz, or
maraviroc for 2 hours at 37°C, followed by extraction of ATP (Yang et a/, 2002), and
measurement of luminescence on a SYNERGY HTX multi-mode reader (Bio-Tek
Instruments). Oligomycin (10 uM) was used to inhibit mitochondrial ATP synthase. Data are
presented as the means + SEM of one experiment with nerve terminal preparations from
three different rats (7= 3 biological replicates).

Statistical analysis

All values are expressed as mean + standard error of the mean (SEM). Significance level
was determined by performing ANOVA with Bonferonni post-hoc testing (GraphPad Prism
6 software, GraphPad Software, La Jolla, CA).
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Effects of ARV drugs on nerve terminal respiration

In order to fully evaluate the effects of acute (2 hour) treatment with different ARV drugs on
cortical and striatal nerve terminal respiration, we used a Seahorse XF®96 extracellular flux
analyzer. The mean respiration results from three independent experiments are shown for
cortical (Fig. 1 and 2, Supplementary Table S1) and striatal (Fig. 3 and 4, Supplementary
Table S2) nerve terminals following treatment with 25 uM of one of ten different ARVs
(efavirenz and nevirapine; abacavir, emtricitabine, and zidovudine; darunavir, indinavir, and
lopinavir; raltegravir; and maraviroc) that are members of five different drug classes: non-
nucleoside reverse transcriptase inhibitors (NNRTIS); nucleoside reverse transcriptase
inhibitors (NRTIs); protease inhibitors; integrase inhibitors; and entry inhibitors (CCR5
receptor antagonist), respectively, versus vehicle control. These drugs were chosen as all
have high CPE ratings (3 or 4 on a 4 point scale) (Letendre, 2011). Acute (2 hour) treatment
was used for optimal functional integrity since it is preferable to use nerve terminals within
several hours after isolation (Dunkley et a/, 2008; Whittaker, 1993; Xu et a/, 2013). Our
previous work revealed that treatment of primary rat striatal neurons with 25 uM efavirenz
for 2 hours reduced ATP levels by 66%, without inducing hon-mitochondrial cytotoxicity
(Purnell and Fox, 2014), thus, for our 2 hour treatment of nerve terminals we chose to
compare the ten different ARV drugs using this dose.

Cortical nerve terminals did not exhibit significant alterations in the assessed bioenergetic
parameters upon treatment with any of the ten different ARV drugs versus vehicle control
(Fig. 1 and 2). No significant difference in the level of baseline respiration was observed
between striatal nerve terminals treated with any of the ten different ARV drugs versus
vehicle control (Fig. 3) (Choi et a/, 2009). Further, following the addition of oligomycin,
which inhibits ATP synthase (complex V of the electron transport chain (ETC)), respiration
decreased equally in all treatment conditions (Fig. 3). However, upon addition of the
uncoupling agent FCCP, striatal nerve terminals treated with efavirenz or nevirapine (Fig.
3a), abacavir, emtricitabine, or zidovudine (Fig. 3b), darunavir or lopinavir (Fig. 3c),
raltegravir (Fig. 3d), or maraviroc (Fig. 3e) exhibited a significantly lower level of induction
of maximal respiration rate. No significant change was found with indinavir (Fig. 3c). The
increase in mitochondrial respiration was inhibited equally, in all treatment conditions, after
the addition of rotenone and antimycin A, which shut down oxidative phosphorylation by
inhibiting ETC complexes I and 111, respectively.

The basal mitochondrial respiration (baseline respiration minus non-mitochondrial
respiration), which is composed of ATP-synthesis linked oxygen consumption (oligomycin
sensitive mitochondrial respiration) and proton leak (oligomycin insensitive mitochondrial
respiration) were calculated using established methodology (Brand, 1990; Jekabsons and
Nicholls, 2004). ARV treated striatal nerve terminals show no significant difference in any
of these parameters (Fig. 4). The addition of FCCP allows for determination of the maximal
mitochondrial respiration (FCCP-induced respiration minus non-mitochondrial respiration)
and, thereby, the spare respiratory capacity (SRC; maximal mitochondrial respiration minus
basal mitochondrial respiration, a measure of the energetic reserve to respond to increased
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demand) under these conditions. The results show that treatment with the NNRTI drugs
efavirenz and nevirapine (Fig. 4a), the NRTI drugs abacavir, emtricitabine, and zidovudine
(Fig. 4b), the protease inhibitors darunavir and lopinavir (Fig. 4c), the integrase inhibitor
raltegravir (Fig. 4d), and the entry inhibitor maraviroc (Fig. 4e) lead to a significant decrease
in maximal mitochondrial respiration and impair SRC in the striatal nerve terminals. The
nine different ARV drugs ranked in order of decreasing striatal nerve terminal SRC
impairment is as follows: lopinavir > zidovudine > abacavir > efavirenz > emtricitabine >
nevirapine > maraviroc > raltegravir > indinavir (with the latter not a significant change).

Compared with cortical nerve terminals, the striatal nerve terminals have a significantly
higher spare respiratory capacity (Fig. 5, Supplementary Table S3), in the absence of
alterations in any of the other mitochondrial parameters.

Concentration-dependent decrease in striatal mitochondrial spare respiratory capacity

Two of the ARV drugs were then chosen for further study: efavirenz due to its known
neurotoxic and neurocognitive effects, and maraviroc, as it has entered clinical trials for the
treatment of HAND. Efavirenz provoked a significant and concentration-dependent decrease
in mitochondrial SRC in striatal nerve terminals due to an impaired ability to induce
maximal mitochondrial respiration (Fig. 6a, Supplementary Table S4). At 6.25 pM, SRC is
decreased by 25%; at 12.5 uM, SRC is lowered by 29%; at 25 uM, SRC is reduced 45%.
The reduction of maximal mitochondrial respiration and SRC due to maraviroc treatment,
similar to efavirenz, was significant and concentration-dependent (Fig. 6b, Supplementary
Table S4). At 6.25 uM, SRC is decreased by 26%; at 12.5 uM, SRC is lowered by 31%; at
25 UM, SRC is reduced 35%. Of note, neither efavirenz nor maraviroc significantly altered
basal mitochondrial respiration, ATP linked respiration, or proton leakage at any of the
tested concentrations.

Efavirenz and maraviroc reduce ATP production in striatal nerve terminals

Previously, we found that ATP levels are lowered in SH-SY5Y neuroblastoma cells and in
primary rat striatal neurons after incubation with efavirenz for 2 hours (Purnell and Fox,
2014), thus we assessed levels of ATP in striatal nerve terminals after incubation with
efavirenz or maraviroc (Fig. 7). Here, in striatal nerve terminals treated with 6.25 uM
efavirenz, a 40% drop in ATP levels is seen after 2 hours. Increasing the efavirenz dose to
12.5 UM and 25 uM decreases the ATP production more than 45% and 57%, respectively.
Similarly, doses of maraviroc above 6.25 uM lower ATP levels in these nerve terminals at 2
hours. At 12.5 pM, ATP levels are decreased by 24%; at 25 pM, ATP is lowered by 50%. In
striatal nerve terminals treated with oligomycin, an inhibitor of mitochondrial ATP synthase,
ATP levels were reduced 79% revealing that in striatal nerve terminals the majority of the
ATP is produced through mitochondrial oxidative phosphorylation.

Discussion

Accumulating evidence suggests that commonly prescribed HIV ARV drugs have the
potential to induce CNS adverse effects (Robertson et a/, 2012; Treisman and Soudry, 2016),
and several lines of clinical evidence link changes in mitochondria to neuropsychiatric
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abnormalities (Anglin et a/, 2012). Mitochondrial function is closely related to synaptic
function. Here, we investigated the acute effects of ten different ARV drugs with high CPE
representative of five different drug classes on cortical (Fig. 1 and 2) and striatal (Fig. 3 and
4) presynaptic nerve terminal mitochondrial respiration. We found that exposure to nine of
the ten ARVs studied here significantly reduced the maximal mitochondrial respiration, and
thus SRC, of striatal (but not cortical) nerve terminals. Although the mechanisms underlying
the selective vulnerability of striatal as compared to cortical nerve terminals to the ARV-
induced SRC impairment remains to be elucidated, previous studies have revealed that
declines in maximal mitochondrial respiratory capacity due to other stressors (i.e. aging) are
region-specific (Pandya et a/, 2016). Additionally, metabolic poisons acting at the
mitochondrial ETC complex I (i.e. rotenone) and complex Il (i.e. 3-nitropropionic acid) tend
to selectively damage the striatum (Fern, 2003; Sauerbeck et a/, 2011). Our data revealing a
significantly higher intrinsic mitochondrial spare respiratory capacity in striatal compared to
cortical nerve terminals (Fig. 5), suggests that differences in the bioenergetics capacity may
underlie the selective vulnerability of striatal nerve terminals to ARV treatment.

Further investigation of striatal nerve terminals following acute treatment with two of the
nine drugs identified to impair SRC: the NNRTI efavirenz and the entry inhibitor maraviroc
revealed that the effects were concentration-dependent (Fig. 6). This loss of maximal
respiratory capacity in response to FCCP uncoupling (i.e. reduced SRC) suggests that nerve
terminals within the striatum are sensitive to ARV drug exposure and may contribute to CNS
adverse effects. SRC, the ability of mitochondria to meet increased energy demand with
increased respiration, is critical for synaptic activity to avoid an energetic crisis from lack of
sufficient ATP and reduced SRC is associated with neuronal death (Yadava and Nicholls,
2007). Presynaptic nerve terminals require high levels of ATP for the maintenance of
synaptic function. We found that in striatal nerve terminals, there is a drop in ATP levels
after 2 hours of treatment with efavirenz and maraviroc (Fig. 7) indicating synaptic
dysfunction may play a role in ARV drug neurotoxicity.

One limitation of our study is the acute treatment at relatively high concentrations, whereas
those treated for HIV infection have chronic exposure (many years) at lower concentrations
(although the levels of drug that are present in the brain itself are largely unknown). The
structural and functional integrity of isolated nerve terminals is compromised within several
hours after preparation (Dunkley et a/, 2008; Whittaker, 1993; Xu et af, 2013), necessitating
the acute (2 hour) treatment paradigm. Our previous work revealed that treatment of primary
rat striatal neurons with 25 uM efavirenz for 2 hours reduced ATP levels by 66%, without
inducing non-mitochondrial cytotoxicity (Purnell and Fox, 2014), thus, for our 2 hour
treatment of nerve terminals we chose to compare the ten different ARV drugs using this
dose. Although HIV patients are rarely treated with an individual ARV drug, we chose to
examine the effects of the ten different ARV drugs separately to determine the relative
toxicity of each individual drug on nerve terminal respiration.

We note that clinically CNS side effects are indeed found. The use of the NNRTI efavirenz
is associated with both acute and chronic neurological, neuropsychiatric, and neurocognitive
abnormalities (Apostolova ef a/, 2015; Ma et al, 2016). In addition, the use of the integrase
inhibitor raltegravir has been associated with neuropsychiatric symptoms (Harris et a/, 2008;
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Teppler et al, 2011). Several of these ARVs have also been shown to lead to CNS
abnormalities in rodent models (Shah et a/, 2016). Mitochondrial effects have been
examined for a number of these ARVS, as discussed below.

Previous studies in our laboratory (Purnell and Fox, 2014), and by others have demonstrated
several toxic effects of the NNRTI efavirenz on primary neurons and cultured neuroblastoma
cell lines (Funes et a/, 2015), involving mitochondrial dysfunction. This study demonstrates
that striatal (but not cortical) nerve terminals exhibit altered mitochondrial respiratory
parameters after exposure to several different ARV drugs, including efavirenz. In striatal
nerve terminals, efavirenz provoked a concentration-dependent decrease in maximal
mitochondrial respiration and SRC (Fig. 4a). These results are consistent with findings in
SH-SY5Y neuroblastoma and U-251MG glioblastoma cells (Funes et a/, 2014; Funes et al,
2015), where acute (1 hour) treatment with efavirenz (10 and 25 pM) reduced maximal
respiration and reserve capacity. Efavirenz also reduces oxygen consumption in
mitochondria isolated from cultured astrocytes (60 uM but not 10 uM) (Brandmann et a/,
2013), and in cultured Hep3B cells (4 hours; 10, 15, 25, 50, and 100 uM but not 5 pM)
(Blas-Garcia et al, 2010). Consistent with our findings (Fig. 7), lower ATP levels have been
reported previously upon efavirenz treatment (Blas-Garcia et af, 2010; Funes et al, 2014;
Imaizumi et a/, 2015; Jin et al, 2016; Purnell and Fox, 2014). Metabolites of efavirenz have
also been implicated in dendritic spine injury in neurons (Tovar-y-Romo et a/, 2012), but it is
unlikely that such metabolites were present here. The effects on maximal mitochondrial
respiration and SRC in the striatal nerve terminals were reproduced by nevirapine (Fig. 4a),
another NNRT], although the reduction of these mitochondrial parameters was less
significant compared to efavirenz. The effect of nevirapine treatment on oxygen
consumption has been studied in human Hep3B hepatoblastoma cells; however, these cells
showed unaltered oxygen consumption when treated with nevirapine (4 hours; 10, 25, and
50 uM) (Blas-Garcia et a/, 2010). Long-term exposure (7 days) of mixed neuronal-glial
cerebrocortical cells to combination nevirapine (1 pM)/zidovudine (10 uM) reduced ATP
levels; however, treatment with either drug alone did not (Sanchez et a/, 2015).

The NRTI drugs abacavir, emtricitabine, and zidovudine significantly reduced maximal
mitochondrial respiration and the associated SRC in striatal nerve terminals (Fig. 4b). The
significance of the reductions caused by these NRTI drugs was similar to efavirenz. The
purine analogue abacavir reduces oxygen consumption in Hep3B cells when treated acutely
(Blas-Garcia et al, 2016). Acute treatment with the pyrimidine analogues emtricitabine and
zidovudine also lowered Hep3B cell oxygen consumption (Blas-Garcia et a/, 2016).
Zidovudine treatment has also been shown to reduce the rate of oxygen consumption in
human umbilical vein endothelial cells (HUVEC) (Jiang et a/, 2007), in adipocytes (3T3-
F442A white and T37i brown) (Viengchareun et af, 2007), and in vascular smooth muscle
cells (VSMC) (Hebert et a/, 2004). Further, zidovudine inhibits respiration of mitochondria
from rat skeletal muscle and brain (Modica-Napolitano, 1993), and has been shown to lower
cellular ATP levels (Nagiah et a/, 2015; Viengchareun et al, 2007).
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Protease inhibitors

The protease inhibitors darunavir and lopinavir, but not indinavir, were found to cause a
significant loss of maximal mitochondrial respiration and SRC in striatal nerve terminals
(Fig. 4c). The effect of darunavir on oxygen consumption has not been previously reported;
however, no alterations in mitochondrial membrane potential or reactive oxygen species
production were observed when Hep3B or primary rat cortical neurons were treated with
darunavir (Blas-Garcia et a/, 2014). The effect of lopinavir alone on oxygen consumption
rate had not been previously reported; however, alterations in mouse hepatocyte
mitochondrial respiration following treatment with the protease inhibitor combination
lopinavir and ritonavir have been observed (El Hoss et a/, 2015). Treatment of HUVEC
(Jiang et al, 2007) and VSMC (Hebert et a/, 2004) with indinavir significantly decreased the
rate of oxygen consumption. Further, 3T3-F442A white and T37i brown adipocytes exposed
to indinavir results in decreased mitochondrial respiration and reduced ATP levels
(Viengchareun et a/, 2007).

Integrase inhibitor

The effect of treatment with the integrase inhibitor raltegravir on mitochondrial respiration
has not been studied. We found that treatment of striatal nerve terminals with raltegravir
impaired maximal mitochondrial respiration and reduced SRC (Fig. 4d). A slight reduction
in mitochondrial membrane potential was reported in Hep3B cells following raltegravir
treatment, although the generation of reactive oxygen species (ROS) was unaltered (Blas-
Garcia et al, 2014). Primary rat cortical neurons exhibited no changes in mitochondrial
membrane potential or ROS levels after exposure to raltegravir (Blas-Garcia et a/, 2014).

Entry inhibitor

There have been no reports of specific CNS toxicity with the CCR5 receptor antagonist
maraviroc to date. Of note chemokines and their receptors (such as CCR5) are suggested to
be involved in physiological neuroglial communication (Park et a/, 2009), neuronal
differentiation (Park et a/, 2009), and neuronal survival under pro-apoptotic conditions
(Meucci et al, 1998). Further, loss of dopaminergic neurons (Choi et a/, 2013) and increased
brain damage after ischemic stroke (Sorce et a/, 2010) has been reported in CCR5-deficient
mice. Thus, under certain conditions, loss of CCR5 function (i.e. maraviroc treatment) may
be detrimental. Similar to darunavir and raltegravir, the effect of maraviroc treatment on
mitochondrial respiration has not been reported. Here, we found that maraviroc reduced
maximal mitochondrial respiration and SRC in striatal nerve terminals (Fig. 4e). Further
examination of maraviroc revealed a concentration-dependent impairment of striatal nerve
terminal maximal mitochondrial respiration and SRC (Fig. 6) as well as a reduction of
intraterminal ATP levels (Fig. 7). Interestingly, maraviroc has shown preliminary beneficial
effects on cognition in HAND (Gates et a/, 2016; Ndhlovu et a/, 2014), and clinical trials
using maraviroc for HAND are underway (ClinicalTrials.gov Identifiers NCT02159027 and
NCT02519777), under the hypothesis that such treatment will be beneficial to
neuropsychological/neurocognitive performance. Such studies will help ascertain the true
effects of maraviroc on the CNS in HAND.
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It is interesting that drugs representing five completely different categories of ARV drugs led
to similar alterations in striatal nerve terminal mitochondrial function. Specifically, when
administered alone, nine drugs compromised maximal mitochondrial respiration and SRC in
striatal (but not cortical) nerve terminals. Although the upstream mechanism(s) causing
mitochondrial injury may not be the same, the downstream mitochondrial dysfunction
identified here (i.e. impaired maximal mitochondrial respiration and SRC) represents a
common pathway by which these ARV drugs may initiate neuronal dysfunction. Several of
the ARV drugs tested here have been shown previously to dissipate the mitochondrial
membrane potential, including efavirenz (Blas-Garcia et al, 2014; Funes et al, 2014; Jin et
al, 2016; Purnell and Fox, 2014), emtricitabine (Groener et a/, 2011), indinavir (Jiang et a/,
2007), lopinavir (Groener et af, 2011), and zidovudine (Caron et a/, 2004; Jiang et al, 2007;
Nagiah et a/, 2015). The mitochondrial membrane potential is a central regulator of cell
health, it provides the charge gradient required for mitochondrial calcium sequestration and
ATP generation, and also regulates ROS production (Perry et a/, 2011). Mitochondrial ROS
generation underlies oxidative damage in many diseases and several ARV drugs have been
shown to increase ROS levels including efavirenz (Blas-Garcia et a/, 2010; Imaizumi et al,
2015), abacavir (Wang et a/, 2009a), zidovudine (Lagathu et a/, 2007; Nagiah et a/, 2015;
Valenti et al, 2002; Wang et al, 2009a), indinavir (Lagathu et a/, 2007; Wang et al, 2009a;
Wang et al, 2009b), and lopinavir (Deng et a/, 2010; Lagathu et a/, 2007; Taura et al, 2013).
Future studies will be required to investigate the upstream mechanism(s) underlying the
ARV-induced SRC impairment and selective vulnerability of striatal nerve terminals.

Our results support the notion that alterations in mitochondrial function contribute to ARV
neurotoxicity. The observation of impaired striatal nerve terminal SRC upon exposure to
several different ARV drugs suggests that presynaptic mitochondrial dysfunction may
underlie adverse CNS side effects seen in HIV patients undergoing combination ARV
therapy.
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Fig. 1.
Effect of ARV drug treatment on cortical nerve terminal respiration. The OCR was measured

in cortical nerve terminals exposed to vehicle or 25 UM ARV drug for 2 hours. Left:
Graphical representation of the relative OCR responses over time expressed as a percent
response from baseline (third measurement, before oligomycin injection); sequential
additions are indicated as O (5 uM oligomycin), F (4 uM FCCP), and R/A (2 uM rotenone
and 2 pM antimycin A). Right: Quantification of the mean OCR in cortical nerve terminals
exposed to (a) NNRTIs (efavirenz or nevirapine), (b) NRTIs (abacavir, emtricitabine, or
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zidovudine), (c) protease inhibitors (darunavir, indinavir, or lopinavir), (d) integrase inhibitor
(raltegravir), or (e) entry inhibitor (maraviroc) is shown for respiration under baseline
conditions (B) and after the sequential additions (O, F, and R/A). Data (mean £ SEM; n=3)
were compared with those for vehicle control and the complete data set was analyzed by
ANOVA with Bonferroni post-hoc test. For ease of visualization the data is presented with
the vehicle control compared to each class of ARV drugs individually.
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Fig. 2.
Effect of ARV drug treatment on mitochondrial respiration. Mitochondrial respiratory

parameters calculated from the OCR (Figure 1) in cortical nerve terminals exposed for 2
hours to vehicle or 25 uM ARV drug (a) NNRTIs (efavirenz or nevirapine), (b) NRTIs
(abacavir, emtricitabine, or zidovudine), (c) protease inhibitors (darunavir, indinavir, or
lopinavir), (d) integrase inhibitor (raltegravir), or (€) entry inhibitor (maraviroc) is shown for
basal mitochondrial respiration (B minus R/A), ATP linked respiration (B minus O), proton
leak (O minus R/A), maximal mitochondrial respiration (F minus R/A), and SRC (F minus
B). Data (mean £ SEM; /7= 3) were compared with those for vehicle control and the
complete data set was analyzed by ANOVA with Bonferroni post-hoc test. For ease of
visualization the data is presented with the vehicle control compared to each class of ARV
drugs individually.
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Fig. 3.

1duosnue Joyiny

Effect of ARV drug treatment on striatal nerve terminal respiration. The OCR was measured
in striatal nerve terminals exposed to vehicle or 25 uM ARV drug for 2 hours. Left:
Graphical representation of the relative OCR responses over time expressed as a percent
response from baseline (third measurement, before oligomycin injection); sequential
additions are indicated as O (5 uM oligomycin), F (4 uM FCCP), and R/A (2 uM rotenone
and 2 pM antimycin A). Right: Quantification of the mean OCR in striatal nerve terminals
exposed to (a) NNRTIs (efavirenz or nevirapine), (b) NRTIs (abacavir, emtricitabine, or
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zidovudine), (c) protease inhibitors (darunavir, indinavir, or lopinavir), (d) integrase inhibitor
(raltegravir), or (e) entry inhibitor (maraviroc) is shown for respiration under baseline
conditions (B) and after the sequential additions (O, F, and R/A). Data (mean £ SEM; n=3)
were compared with those for vehicle control and the complete data set was analyzed by
ANOVA with Bonferroni post-hoc test; significance versus control: *p < 0.05, **p < 0.01,
*** < 0.001. For ease of visualization the data is presented with the vehicle control
compared to each class of ARV drugs individually.
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Fig. 4.

Efgfect of ARV drug treatment on mitochondrial respiration. Mitochondrial respiratory
parameters calculated from the OCR (Figure 3) in striatal nerve terminals exposed for 2
hours to vehicle or 25 uM ARV drug (a) NNRTIs (efavirenz or nevirapine), (b) NRTIs
(abacavir, emtricitabine, or zidovudine), (c) protease inhibitors (darunavir, indinavir, or
lopinavir), (d) integrase inhibitor (raltegravir), or (€) entry inhibitor (maraviroc) is shown for
basal mitochondrial respiration (B minus R/A), ATP linked respiration (B minus O), proton
leak (O minus R/A), maximal mitochondrial respiration (F minus R/A), and SRC (F minus
B). Data (mean £ SEM; /7= 3) were compared with those for vehicle control and the
complete data set was analyzed by ANOVA with Bonferroni post-hoc test; significance
versus control: p<0.05, **p < 0.01, ***p < 0.001. For ease of visualization the data is
presented with the vehicle control compared to each class of ARV drugs individually.
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Fig. 5.
Cortical versus striatal nerve terminal respiration. The OCR was measured in cortical and

striatal nerve terminals exposed to vehicle for 2 hours. Left: Graphical representation of the
relative OCR responses over time expressed as a percent response from baseline (third
measurement, before oligomycin injection); sequential additions are indicated as O (5 uM
oligomycin), F (4 uM FCCP), and R/A (2 uM rotenone and 2 uM antimycin A). Middle:
Quantification of the mean OCR is shown for respiration under baseline conditions (B) and
after the sequential additions (O, F, and R/A). Right: Mitochondrial respiratory parameters
calculated from the OCR is shown for basal mitochondrial respiration (B minus R/A), ATP
linked respiration (B minus O), proton leak (O minus R/A), maximal mitochondrial
respiration (F minus R/A), and SRC (F minus B). Striatal nerve terminal data (mean + SEM;
n=3) were compared with those for cortical nerve terminals and the complete data set was
analyzed by ANOVA with Bonferroni post-hoc test; significance versus cortical: *p < 0.05.
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Fig. 6.
Dose-dependence of the efavirenz and maraviroc induced respiratory alterations. The OCR

was measured in striatal nerve terminals exposed to vehicle or 6.25, 12.5, and 25 uM (a)
efavirenz or (b) maraviroc for 2 hours. Left: Graphical representation of the relative OCR
responses over time expressed as a percent response from baseline (third measurement,
before oligomycin injection); sequential additions are indicated as O (5 uM oligomycin), F
(4 pM FCCP), and R/A (2 uM rotenone and 2 uM antimycin A). Middle: Quantification of
the mean OCR in striatal nerve terminals exposed to (a) efavirenz or (b) maraviroc is shown
for respiration under baseline conditions (B) and after the sequential additions (O, F, and
R/A). Right: Mitochondrial respiratory parameters calculated from the OCR in striatal nerve
terminals exposed for 2 hours to vehicle or 25 uM (a) efavirenz or (b) maraviroc is shown
for basal mitochondrial respiration (B minus R/A), ATP linked respiration (B minus O),
proton leak (O minus R/A), maximal mitochondrial respiration (F minus R/A), and SRC (F
minus B). Data (mean + SEM; n= 3) were compared with those for vehicle control and the
complete data set was analyzed by ANOVA with Bonferroni post-hoc test; significance
versus control: *p < 0.05, **p < 0.01, ***p < 0.001. For ease of visualization the data is
presented with the vehicle control compared to each ARV drug individually.
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Fig. 7.

A‘?P production in striatal nerve terminals. ATP assay in striatal nerve terminals exposed to
vehicle, 10 uM oligomycin, or 6.25, 12.5, and 25 uM efavirenz or maraviroc for 2 hours.
Data (mean £ SEM; n= 3) were compared with those for vehicle control and was analyzed
by ANOVA with Bonferroni post-hoc test; significance versus control: *p < 0.05, ***p <

Fkkk

0.001 """ p<0.0001.
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