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Abstract

The neuropathogenesis of HIV associated neurocognitive disorders (HAND) involves disruption of
in mitochondrial homeostasis and increased neuroinflammation. However, it is unknown if
alterations in mitochondrial biogenesis in the brain underlie the neuropathogenesis of HAND. In
this study, neuropathological and molecular analyses of mitochondrial biogenesis and
inflammatory pathways were performed in brain specimens from a well-characterized cohort of
HIV+ cases that were on antiretroviral regimens. /n vitro investigations using primary human
astroglia and neurons were used to probe the underlying mechanisms of mitochondrial alterations.
In frontal cortices from HAND brains compared to cognitive normal brains, total levels of
transcription factors that regulate mitochondrial biogenesis, peroxisome proliferator-activated
receptor y coactivator 1-a (PGC-1a) and transcription factor A, mitochondrial (TFAM) were
decreased. Immunohistochemical analyses revealed that TFAM was decreased in neurons and
increased in astroglia. These changes were accompanied by decreased total mitochondrial DNA
per cell and increased levels of messenger RNA for the proinflammatory cytokine interleukin
(IL)-1p. To determine how IL-1p affects astroglial bioenergetic processes and mitochondrial
activity, human astroglial cultures were exposed to recombinant IL-1f IL-1f induced
mitochondrial activity within 30 minutes of treatment, altered mitochondrial related gene
expression, altered mitochondrial morphology, enhanced ATP utilization and increased the
expression of inflammatory cytokines. WIN55,212-2, an aminoalkylindole derivative and
cannabinoid receptor agonist, blocked IL-1p-induced bioenergetic fluctuations and inflammatory
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gene expression in astroglia independent of CB1 receptors and PPARy. A PPARa antagonist
reversed the anti-inflammatory effects of WIN in human astroglia. These results show that
mitochondrial biogenesis is differentially regulated in neurons and astroglia in HAND brains and
that targeting astroglial bioenergetic processes may be a strategy to modulate neuroinflammation.

Introduction

HIV infection continues to be a major health concern in the Unites States and worldwide,
with over 1.4 and 34 million HIV-infected individuals, respectively (Ledergerber and
Battegay, 2014). HIV-associated neurocognitive disorders (HAND) persist in approximately
50% of these individuals despite effective antiretroviral therapy (ART) regimens (Heaton et
al., 2011). Confounding this problem, HIV+ patients are living longer and are therefore
facing age-related comorbidities along with the challenges of living with HIV infection and
chronic exposure to ART (Boulias et al., 2016). Effective therapeutic strategies to prevent or
reduce HAND in these patients could help millions of people, reduce dependence on
healthcare services, and have a tremendous economic impact by extending lives and
productivity.

The molecular mechanisms underlying the neuropathogenesis of HAND are likely numerous
and varied depending upon genetic and environmental factors. Some possible mechanisms
underlying HAND include premature activation of apoptosis (Kruman et al., 1998),
dysregulated autophagy (Fields et al., 2015a), increased oxidative stress (Kruman et al.,
1998), and altered calcium homeostasis (Bonavia et al., 2001). Importantly, mitochondrial
function is related to all of these and many other key processes central to brain function
(Nair et al., 2018). Indeed, disruptions in mitochondrial fission and fusion, mitophagy,
mitochondrial transport, Ca2+ signaling and apoptosis have all been implicated as etiologies
of HAND (Avdoshina et al., 2016; Fields et al., 2015b; Nooka and Ghorpade, 2017;
Teodorof-Diedrich and Spector, 2018; Thangaraj et al., 2018). However, no studies have
investigated the process of generating new mitochondria as an etiology underlying HAND.

To maintain healthy mitochondria, under a tightly regulated process, cells generate new
mitochondria through a coordinated process of nuclear and mitochondrial gene expression,
mtDNA replication, protein synthesis and lipid transfer (Ventura-Clapier et al., 2008).
Mitochondrial biogenesis requires activation of transcription factors peroxisome proliferator-
activated receptor -y coactivator 1-a (PGC-1a) and transcription factor A, mitochondrial
(TFAM), which are activated when cells need energy (adenosine triphosphate [ATP]).
Alterations in levels of PGC-1a and TFAM are implicated in several neurodegenerative
diseases including Alzheimer’s Disease (AD), Huntington’s disease (HD), and Parkinson’s
disease (PD) (Repunte-Canonigo et al., 2014; van der Walt et al., 2003; Wang et al., 2013;
Ye et al., 2012). HIV infection (Casula et al., 2005), ART(Dalakas et al., 2001), and AD are
also associated with reduced levels mitochondrial DNA (mtDNA) (Sheng et al., 2012).
Enhancing mitochondrial biogenesis (Chaturvedi and Flint Beal, 2013; Repunte-Canonigo et
al., 2014) is neuroprotective in rodent models of AD, HD, and PD. However, no studies have
investigated PGC-1a in brains of HIV-infected individuals on CART.
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While most studies have focused on how neuronal mitochondria are affected by HIV
infection and ART, few studies have examined the role of mitochondrial activity in glia
during HIV infection. Astroglia are immune-activated in HAND brains and /in vitro
stimulation of astroglia with HIV or relevant stimuli elicits inflammatory cytokine
expression and astrogliosis (Avraham et al., 2014; Fields and Ghorpade, 2012; Kaul et al.,
2001; Levine et al., 2016; Mamik et al., 2011; Tavazzi et al., 2014). Astroglia are intricately
involved in providing neurons with energy substrates (Alberini et al., 2018). Hence,
chronically stimulated astroglia may play a role in bioenergetic deficiencies and
mitochondrial dysfunction in neurons during HAND. Recent studies show that increased
mitochondrial activity in astroglia may negatively affect neuronal function in AD (Jiang and
Cadenas, 2014; Yin et al., 2016) and HAND (Natarajaseenivasan et al., 2018). Shifting
astroglial phenotype from inflammatory to anti-inflammatory may be a promising
therapeutic strategy (Clarke et al., 2018; Liddelow and Barres, 2017; Liddelow et al., 2017)
in neurodegenerative diseases. Therefore, our interest in astroglia is predicated upon
inflammatory and metabolic roles in HAND and other neurodegenerative diseases.

Strategies to modulate astroglial activation may be protective against neurodegeneration. For
example, agonists for cannabinoid receptors (CB) 1 and 2, peroxisome proliferator-activated
receptor (PPAR) y and PPARa have been shown to block inflammatory responses in
astroglia (Drew et al., 2006; Janabi, 2002; Kozela et al., 2017; Pautz et al., 2010; Xu et al.,
2006). The aminoalkylindole derivative, WIN 55,212-2 (WIN), which is in an agonist of
CB1/2, PPARYy and PPARa (Payandemehr et al., 2015), blocks inflammatory responses in
the brain of mice (Marchalant et al., 2007; Ramirez et al., 2005). WIN has been shown to be
neuroprotective and improve memory in rodent models for AD and aging (Marchalant et al.,
2008; Martin-Moreno et al., 2012; Ramirez et al., 2005). WIN also blocks inflammatory
gene expression in in vitro models for astroglia (Aguirre-Rueda et al., 2015; Sheng et al.,
2005). Anti-inflammatory molecules such as WIN provide tools to probe the role of
metabolic processes in immune-stimulated astroglia in disease and develop therapeutic
strategies.

In the present study, we investigated alterations in mitochondrial biogenesis in neurons and
astroglia in postmortem brain specimens from a well-characterized cohort of HAND
decedents that were on ART. Inflammatory stimuli were used to induce mitochondrial
activity and inflammatory gene expression in human astroglia /n vitro and WIN was used to
test the effects of an anti-inflammatory agent on these processes. Selective antagonists for
CB1, PPARYy and PPARa and siRNA targeting CB1 were used to identify the mechanisms
by which WIN affects astroglia /n vitro. Lastly, we tested the effect of immune activated
astroglia on neuronal TFAM expression /n vitro. Findings from these studies provide
information on the status of mitochondrial biogenesis in HAND brains and explore the
therapeutic potential of reducing immune activation of astroglia in neurodegenerative
disease.
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Methods
Study population

For the present study, we evaluated brain tissues from a total of 47 HIV+ donors (Table 1)
from the National NeuroAIDS Tissue Consortium (NNTC) (Institutional Review Board
[IRB] #080323). All studies adhered to the ethical guidelines of the National Institutes of
Health and the University of California, San Diego. These cases had neuromedical and
neuropsychological examinations within a median of 12 months before death. Subjects were
excluded if they had a history of CNS opportunistic infections or non-HIV-related
developmental, neurologic, psychiatric, or metabolic conditions that might affect CNS
functioning (e.g., loss of consciousness exceeding 30 minutes, psychosis, etc). HAND
diagnoses were determined from a comprehensive neuropsychological test battery
administered according to standardized protocols (Woods et al., 2004).

Neuromedical and neuropsychological evaluation

Participants underwent a comprehensive neuromedical evaluation that included assessment
of medical history, structured medical and neurological examinations, and the collection of
blood, cerebrospinal fluid (CSF), and urine samples, as previously described (Heaton et al.,
2010; Woods et al., 2004). Clinical data (plasma viral load [VL], postmortem interval, CD4
count, global, learning and motor deficit scores [GDS, LDS, and MDS]) were collected for
the HAND donor cohorts.

Neuropsychological evaluation was performed, and HAND diagnoses were determined via a
comprehensive neuropsychological test battery, which was constructed to maximize
sensitivity to neurocognitive deficits associated with HIV infection [see (Woods et al., 2004)
for a list of tests]. Raw tests scores were transformed into demographically adjusted T-
scores, including adjustments for age, education, gender and race. These demographically
adjusted T-scores were converted to clinical ratings to determine presence and degree of
neurocognitive impairment on seven neurocognitive domains, as previously described
(Woods et al., 2004). As part of the neuropsychological battery, participants also completed
self-report questionnaires of everyday functioning (i.e., Lawton and Brody Activities of
Daily Living questionnaire; (Lawton and Brody, 1969), and/or Patient’s Assessment of Own
Functioning; PAOFI; (Chelune and Baer, 1986; Chelune, 1986). Participant’s performance
on the neuropsychological test battery and their responses to the everyday functioning
questionnaires were utilized to assign HAND diagnoses following established criteria
(Antinori et al., 2007), i.e., HIV-associated asymptomatic neurocognitive impairment (ANI),
HIV-associated mild neurocognitive disorder (MND), and HIV-associated dementia (HAD).

ImmunoBlot

Frontal cortex tissues from human brains were homogenized and fractionated using a buffer
that facilitates separation of the membrane and cytosolic fractions (1.0 mmol/L HEPES
(Gibco, cat. no. 15630-080), 5.0 mmol/L benzamidine, 2.0 mmol/L 2-mercaptoethanol
(Gibco, cat. no. 21985), 3.0 mmol/L EDTA (Omni pur, cat. no. 4005), 0.5 mmol/L
magnesium sulfate, 0.05% sodium azide; final pH 8.8). In brief, as previously described
(Fields et al., 2013), tissues from human brain samples (0.1 g) were homogenized in 0.7 ml
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of fractionation buffer containing phosphatase and protease inhibitor cocktails (Calbiochem,
cat. no. 524624 and 539131). Samples were precleared by centrifugation at 5000 x g for 5
min at room temperature. Supernatants were retained and placed into appropriate
ultracentrifuge tubes and were centrifuged at 436,000 x g for 1 h at 4°C in a TL-100 rotor
(Beckman Coulter, Brea, CA). The supernatant was collected, as representing the cytosolic
fraction, and the pellets were resuspended in 0.2 ml of buffer and re-homogenized for the
membrane fraction.

After determination of the protein content of all samples by bicinchoninic acid assay
(Thermo Fisher Scientific, cat. no. 23225), membrane fractions were loaded (20 g total
protein/lane) on 4-12% Bis-Tris gels (Invitrogen, cat. no. WG1402BX10) and
electrophoresed in 5% HEPES running buffer and transferred onto PVDF membrane with
iBlot transfer stacks (Invitrogen, cat. no. IB24001) using NuPage transfer buffer
(ThermoFisher Scientific, cat. no NP0006). The membranes were blocked in 5% BSA in
phosphate-buffered saline-tween 20 (PBST) for 1 h. Membranes were incubated overnight at
4 °C with primary antibodies. Following visualization, blots were stripped and probed with a
mouse monoclonal antibody against p-actin (ACTB; Sigma Aldrich, cat. no. A5441) diluted
1:2000 in blocking buffer as a loading control. All blots were then washed in PBST, and
then incubated with species-specific 1gG conjugated to HRP (American Qualex, cat. no.
A102P5) diluted 1:5000 in PBST and visualized with SuperSignal West Femto Maximum
Sensitivity Substrate (ThermoFisher Scientific, cat. no. 34096). Images were obtained, and
semi-quantitative analysis was performed with the VersaDoc gel imaging system and
Quantity One software (Bio-Rad).

Immunohistochemistry and double immunofluorescence

Free-floating 40 pm thick vibratome sections of human brains were washed with phosphate
buffered saline (PBS) 3 times, pre-treated for 20 min in 3% H,0,, and blocked with 2.5%
horse serum (Vector Laboratories, cat. no. S-2012) for 1 h at room temperature. Sections
were incubated at 4 °C overnight with the primary antibody, TFAM (Invitrogen, cat. no.
PA5-23776) (Abcam, cat. no. ab23703) diluted in PBS. Sections were then incubated in
secondary antibody, Immpress HRP Anti-rabbit 1gG (Vector, cat. no. MP-7401) for 30 min,
followed by NovaRED peroxidase (HRP) substrate made with NovaRED Peroxidase (HRP)
Substrate Kit as per manufacturer’s instructions (Vector, cat. no. SK-4800). Control
experiments consisted of incubation with secondary antibody only. Tissues were mounted on
Superfrost plus slides (Fisherbrand, cat. no. 12-550-15) and coverslipped with cytoseal
(Richard Allen Scientific, cat. no. 8310-16). Immunostained sections were imaged with a
digital Olympus microscope and assessment of levels of TFAM immunoreactivity was
performed utilizing the Image- Pro Plus program (Media Cybernetics, Silver Spring, MD).
For each case a total of 3 sections (10 images per section) were analyzed in order to estimate
the average number of immunolabelled cells per unit area (mm?) and the average intensity of
the immunostaining (corrected optical density). Background levels were obtained in tissue
sections immunostained in the absence of primary antibody. Therefore: corrected optical
density = optical density — background.
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Double immunolabelling studies were performed as previously described(Spencer et al.,
2009) to determine the cellular localization of TFAM. For this purpose, vibratome sections
of human brains were immunostained with antibodies against TFAM with GFAP (Sigma
Aldrich, cat. no. G3893) and MAP2 (Santa Cruz Biotechnologies, cat# sc-32791). Sections
were then reacted with fluorescent secondary antibodies, goat anti mouse 1gG 488
(Invitrogen, cat. no. A11011) and goat anti rabbit 1gG 568 (Invitrogen, cat. no. A11036).
Sections were mounted on superfrost plus slides and cover-slipped with vectasheild (Vector,
cat. no. 1000). Sections were imaged with a Zeiss 63X (N.A. 1.4) objective on an Axiovert
35 microscope (Zeiss) with an attached MRC1024 laser scanning confocal microscope
system (BioRad, Hercules, CA). An examiner blinded to sample identification analyzed all
immunostaining.

MtDNA isolation and quantification

To determine mitochondrial DNA (mtDNA) per cell, the copies of the mitochondrial gene
Mt-ND2 were quantified and normalized to the numbers of RPP30 as previously described
(Var et al., 2016; Vitomirov et al., 2017). Since RPP30 is a stable nuclear gene with an
estimated two copies per cell, it is commonly used to control for cell numbers in tissues
(lgarashi et al., 2017; Lin et al., 2016). MtDNA was isolated from the brain tissue of HAND
donors using DNeasy Blood and Tissue kit (Qiagen, cat. nos. 69504 and 69506). Brain tissue
was cut into small pieces and placed in a microcentrifuge tube. DNA was extracted from the
tissue according to manufacturers’ instructions. DNA quantity and quality were determined
using a spectrophotometer. RPP30 (Tagman, cat. no. Hs01124518) and Mt-ND2 (Tagman,
cat. no. Hs02596874) gene expression assays were used. A master mix was prepared using 5
ul of 2x Fast Advanced Master Mix (Thermofisher Scientific, cat. no. 4444557), 0.5 ul each
of 20x target primer and ACTB primer (Applied Biosystems, cat. n0.1612290), and 2 pl of
water per sample. To a microamp fast optical plate (Applied Biosystems, cat. no. 4346907),
8 pl of master mix and 2 pl of DNA were loaded into each well. The reactions were carried
out at 48 °C for 30 min and 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and
60 °C for 1 min. Samples were analyzed in duplicate.

In vitro studies of human astrocytes

This study was approved by the University of California San Diego Human Research
Protections Program. Astroglia and neurons were isolated from fetal human brain tissue
from elective terminated pregnancy between 12 and 16 weeks of gestation, acquired from
Advanced Bioscience Resources. Donors gave written informed consent for research-use of
the cells and tissue. Tissue was fragmented and mechanically dissociated using a scalpel and
washed 3 times with HBSS holding media (Gibco, cat. n0.14175-095) with 1 mM Glutamax
(Gibco, cat. no. 35050-061), 20 pg/mL Gentamicin (Gibco, cat. no. 15710-064) and 5 mM
HEPES (Gibco, cat. no. 15630-080). The tissue was homogenized with the addition of 15
mL of 0.25% trypsin EDTA (Gibco, cat. no. 25200-056) for 5 min in a 37 °C incubator.
After 5 min, 1 mL of a trypsin inhibitor (Roche, cat. no. 10109) and 24 mL of DMEM media
(Gibco, cat. no. 11960-044) with human serum (Corning, cat. no. 35-060-cl) was added.
The mixture was then centrifuged for 5 min at 4 °C to pellet the cells. Supernatant was
removed and discarded, and the cells were resuspended in 5 ml of DMEM media and
strained with a 70 uM strainer (Falcon, cat. no. 352350). The cell suspension was underlaid
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with 7 ml of a solution of filtered 8% BSA in PBS and cells were centrifuged at 1 x 104 rpm
at 4 °C for 10 min. The supernatant was removed, and the cells were resuspended in DMEM
media with human serum for astroglia or Neurobasal media (Gibco, cat. no. 21103-049) for
neurons containing 2% B27 supplement (Gibco, cat. no. 17504044), 1 mM Glutamax, and
20 pg/ml Gentamicin. Astroglia were plated at a density of 1 x 107/T75 flask and cultured as
adherent monolayers. Neurons were plated on coverslips coated with poly-ornithine (Sigma
Aldrich, cat. no. P4957) at a density of 2 x 10° cells/well and cultured as adherent
monolayers. After 1 week, the astroglia DMEM media with human serum was replaced with
DMEM media with 10% fetal bovine serum (FBS) (Gibco, cat. no. 16000044) and 1%
penicillin/ streptomycin (P/S) (Corning, cat. no. 30-001-CI-1). Every 3 days, a half media
exchange was performed on each cell type.

Immunoblot of astroglial nuclear and cytoplasmic-enriched fractions

Cells were plated on 12 well plates at 800,000 cells per well and treated for 24 or 72 hours
with Vehicle, WIN 20 uM, IL1p 10 ng/ml, or WIN and IL1B. On the day following
treatment, cells were washed with sterile PBS and detached using 0.25% trypsin EDTA
(Gibco, cat. no. 25200-056). Cells were collected using DMEM media with 10% fetal
bovine serum (FBS) (Gibco, cat. no. 16000044) and 1% penicillin/ streptomycin (P/S)
(Corning, cat. no. 30-001-CI-1). Cells were then centrifuged at 10,000 rpm for 30 seconds.
The supernatant was discarded, and cells were washed with 700 pl of PBS followed by
centrifugation at 10,000 rpm for 30 seconds. The PBS was removed and cells were lysed
using a solution of 0.1% Triton-X in PBS with the addition of protease inhibitors. Cells were
then centrifuged again at 10,000rpm for 30 seconds. The supernatant was retained as the
cytosolic-enriched fraction and the pellet, the nuclear-enriched fraction, was resuspended in
lysis buffer and sonicated. After protein concentration was determined using bicinchoninic
acid assay (Thermo Fisher Scientific, cat. no. 23225) and samples were denatured in
lamellae sample buffer (Bio Rad, cat. no. 1610747), cytosolic and nuclear fractions were
loaded (10 pg total protein/lane) on 4-15% Criterion TGX stain free gels (Bio Rad, cat. no.
5678085) and electrophoresed in Tris/Glycine/SDS running buffer (Bio Rad, cat. no. 161—
0772) and transferred onto LF PVDF membrane with Bio Rad transfer stacks and transfer
buffer (Bio Rad, cat. no 1704275) using Bio Rad Trans Blot Turbo transfer system. After the
transfer, total protein was imaged using Bio Rad ChemiDoc imager under the stain free blot
setting for normalization purposes. The membranes were then blocked in 1% casein in tris -
buffered saline (TBS) (Bio Rad, cat. no. 1610782) for 1 h. Membranes were incubated
overnight at 4 °C with primary antibodies, TFAM 1:15000 (Invitrogen, cat. no. PA5-23776),
PGC1-alpha 1:2000 (Abcam, cat. no. 54881), DRP1 1:1000 (Santa Cruz Biotechnologies,
cat. no. sc32898), and GFAP 1:500 (Santa Cruz Biotechnologies, sc9065), diluted in
blocking buffer. All blots were then washed in PBST, and then incubated with species-
specific 1gG conjugated to HRP (American Qualex, cat. no. A102P5) diluted 1:5000 in
PBST and visualized with SuperSignal West Femto Maximum Sensitivity Substrate
(ThermoFisher Scientific, cat. no. 34096). Images were obtained, and semi-quantitative
analysis was performed with the ChemiDoc gel imaging system and Quantity One software
(Bio-Rad).
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In vitro treatments

Primary astroglia were treated with WIN 55-212-2 (WIN; R&D Systems, cat. no. 1038) and
IL-1B (InvivoGen, cat. no. rcyec-hillb). Treatments were solubilized in DMSO at
concentrations of 10 mM and 20 ng/pl, respectively to create stock solutions. Treatments
were diluted in DMEM media with P/S 1% (100 1U) and FBS 10% to desired
concentrations. Astroglia treated with vehicle were treated with an equivalent amount of
DMSO as was present in the sample treated with the highest amount of solubilized WIN/
IL-1pB. Primary neurons were treated with conditioned media obtained from astrocytes
treated with Vehicle, WIN, IL-1B, and WIN+ IL-1p. Conditioned media was used to treat
the primary neurons at a 10% concentration for 72 h before fixation.

Treatment of astroglia with CB1, PPARy and PPARa selective inhibitors

Astrocytes were split into 12 well plates at 500,000 cells/well on the day prior to treatment.
To inhibit CB1, Rimonabant, (SR 141716A), (Sigma Aldrich, cat. no. SML0800) was used
at 10 pM. To inhibit PPAR gamma, GW9662 (Sigma Aldrich, cat. no. M6191) was used at a
concentration of 10 uM. To inhibit PPAR alpha, GW6471 was used at a concentration of 10
UM. Inhibitors were added to the cells to pretreat for 30 minutes followed by WIN 55,212-2
20uM for one hour and then IL1B at 10 ng/ml. Astrocytes were treated for 6 hours prior to
RNA isolation.

Transfection of astroglia with siRNA for CB1

Astrocytes were split into 12 well plates at 500,000 cells/well on the day prior to
transfection. Astrocytes were transfected using Lipofectamine 3000 (Thermo Fischer
Scientific, cat. no. L3000075) without the use of the P3000 reagent. Lipofectamine 3000 and
siRNA were diluted separately in Opti-Mem Media and then mixed together at a 1:1 ratio
and left to incubate for 15 minutes at room temperature. After 15 minutes, the si-RNA-lipid
complexes were added to the cells. CB1 siRNA (Santa Cruz Biotechnologies, cat. no. sc
39910) was used to knock down CBL in the astrocytes. For controls, we used a control
SiRNA, (Santa Cruz Biotechnologies, cat. no. sc-37007) as well as siRNA diluent only. Cells
were transfected on day one and day three before being harvested on day 5 for RNA or
protein.

Seahorse Assay

Astroglia were split into a seahorse plate at 3 x 104 cells/well and treated with Vehicle,
WIN, IL-1B, and WIN+ IL-1B for 24 h. On the following day, cultures were incubated in a
non-CO, incubator at 37 °C to equilibrate for approximately 30 minutes prior to assay.
Baseline measurements of ECAR were taken prior to addition of oligomycin (2 pM),
followed by a titrated concentration of FCCP, and then rotenone (500 nM) together with
antimycin (1 uM) (Sigm a-Aldrich, cat no. A8674). After each addition of mitochondrial
inhibitor, three readings were taken before injection of the subsequent inhibitor. ECAR was
automatically calculated and recorded by the Seahorse XFe96 software. Rates were
calculated by the Seahorse analyzer, reported as log of H* production rate and then
normalized to control for presentation. Samples were run in biological replicates of five in
four independent experiments.
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Astroglia were split into a 96 well plate at 3 x 10* cells/well. After treatment with Vehicle,
WIN, IL-1B, and WIN + IL-1p for 24 h, half of the media (50 pl) from each well was
removed. To the remaining half media and cells, 50 pl of Cell Titer Glo 2.0 (Promega, cat.
no. G9242) reagent was added. The plate was agitated for 2 min using a shaker and left to
equilibrate for 10 min. Luminescence was recorded with Tecan i-control plate reader with an
integration and settle time of 1 s each.

Electron Microscopy

Astroglia were plated on coverslips (Fischer, cat. no. 12-545-81) at a density of 2 x 104
cells/coverslip. After 24 h, cells were treated with Vehicle, WIN, IL-1p or IL-1p + WIN.
After 24h of treatment, cells were fixed in glutaraldehyde, then fixed in osmium tetroxide
and embedded in Epon Araldite. Blocks with the cells were detached from the coverslips
and mounted for sectioning with an ultramicrotome (Leica). Cells were randomly acquired
from three grids. Grids were analyzed with a Zeiss OM 10 electron microscope
(Rockenstein et al., 2001). Electron micrographs were obtained at a magnification of
25,000X.

RNA isolation and TagMan® human inflammation array and real-time reverse transcription
polymerase chain reaction (RT2PCR)

Astroglia were split into 12 well plates at 5 x 10° cells/well for RNA isolation. After
treatment for 6 h with vehicle, WIN, IL-1B, or WIN+ IL-1pB, media were removed and the
cells were washed once with (PBS). RNA was extracted with RNeasy plus mini kit (Qiagen,
cat. no. 74136) according to manufacturer’s instructions and analyzed for purity and
concentration with a spectrophotometer. RNA was reverse transcribed into cDNA with a
high capacity cDNA Reverse Transcription Kit (Life technologies, cat. no. 4358813) as per
manufacturer’s instructions. Gene expression was determined using RT2PCR and TagMan
gene expression assays. Tagman gene expression assays were performed using the
StepOnePlus sequence-detection system (life technologies), using primers specific to 1L-6
(Tagman, cat. no. hs00174131), CB1 (Tagman, cat. n0.hs1038522), and ActB (Applied
Biosystems, cat. n0.1612290). A master mix was made using 5 pl of 2x Fast advanced
master mix (Thermofisher Scientific, cat. no. 4444557), 0.5 pl of 20X primers, and 2 pl of
water per reaction well. To each well of a microamp fast optical plate (Applied Biosystems,
cat. no. 4346907), 8 ul of master mix and 2 pl of cDNA was added (The reactions were
carried out at 48 °C for 30 min and 95 °C for 10 min, followed by 40 cycles of 95 °C for 15
s and 60 °C for 1 min). Samples were analyzed in duplicate. Fold changes were calculated
using the comparative Ct method.

For the RT2PCR, RNA was reverse transcribed into cDNA using the RT? first strand kit
(Qiagen, cat. no. 330401). The cDNA was used on RT?2 Profiler PCR array, Human
Mitochondria (Qiagen, cat. no. PAHS-087Z) plate in combination with RT2 SYBR Green
gPCR Mastermix (Qiagen, cat. no. 330529). Ct values were exported to an Excel file and
then uploaded to http://www.giagen.com/geneglobe. Samples were assigned to either control
or test groups and normalized to a reference gene. The data analysis center then calculated
fold change using the comparative Ct+ method. The data analysis center then generated
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scatter plots and heat maps, which were exported for visualization of gene expression
alterations.

Immunocytochemistry

Neurons were plated on coverslips in a 24 well plate at a density of 2 x 10° cells/well and
exposed to 20% conditioned media from astroglia. After 72 h, media was removed, and cells
were washed 3 times with PBS. Cells were fixed with 4% paraformaldehyde for 20 min at

4 °C and then washed 3 times with PBS. Cells were blocked with blocking buffer (5% NGS,
0.2% Triton-X, 1% BSA, diluted in PBS) for 1 h and incubated overnight with primary
antibodies: TFAM (Invitrogen, cat. no. PA5-23776) and MAP2 (Santa Cruz
Biotechnologies, cat# sc-32791) diluted in blocking buffer. Control wells were incubated in
blocking buffer overnight. The following day, primary antibodies were removed, and cells
were washed with PBST 3 times. Secondary antibodies, goat anti mouse IgG 488
(Invitrogen, cat. no. A11011) and goat anti rabbit 1gG 568 (Invitrogen, cat. no. A11036),
were diluted 1:500 in blocking buffer and added to the cells for 30 min. Secondary
antibodies were removed and Hoechst 3342 (Invitrogen, cat. no. H3570) was added, 1:5,000
for 5 min. Coverslips were washed with PBS 3 times and mounted on slides using
Vectashield (Vector, H-1000). Fluorescence was visualized using confocal microscopy.

Cytokine Quantification

Results

Astroglia cultures were treated with vehicle, WIN, IL-1pB, or WIN+IL-1p in 6 well plates for
24 h. Supernatant was collected and analyzed for inflammatory cytokines, TNF-a,, I1L-6,
IL-12p70, interferon (IFN) -y, IL-4, and IL-10 using V-PLEX Proinflammatory Panel 1
Human Kit (Mesoscale, cat. no. K15049D-4) as per manufacturer’s instructions. Samples
were tested in duplicate.

Mitochondrial biogenesis proteins are reduced in HAND brains on ART

Abnormal mitochondrial biogenesis is associated with multiple neurodegenerative diseases,
as shown by altered levels of PGC-1a and TFAM (Calkins et al., 2011; Tain et al., 2009;
Zuchner et al., 2004). Additionally, previous studies have shown that HIV alters
mitochondrial metabolic processes leading to oxidative stress and apoptosis (Parikh et al.,
2015; Thomas et al., 2009). PGC-1a acts as a master regulator of transcription of genes
necessary for mitochondrial biogenesis (Roy Chowdhury et al., 2012) including TFAM.
Once TFAM is translated to protein, it is translocated to mitochondria where it participates
in mtDNA replication and mtDNA gene transcription (Escriva et al., 1999). To determine the
expression levels of mitochondrial biogenesis proteins in brains of HIVV+ donors, we
analyzed frontal lobe lysates from HAND cases as well as Non-HAND cases (Table 1).
Brain lysate membrane fractions were analyzed for PGC-1a, TFAM and ACTB levels by
immunoblot. In brain lysates from HAND cases, PGC-1a and TFAM protein band intensity
decreased with increasing neurocognitive impairment (NCI), with the least being detected in
HIV-associated dementia (HAD) samples (Fig. 1 A). Densitometry analyses of PGC-1a and
TFAM bands show protein levels were decreased by 40% (Fig. 1 B) and 50% (Fig. 1 C),
respectively, in brains from HAD cases compared to Non-HAND cases. PGC-1a and TFAM
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band signals were reduced in HAND cases compared to Cognitive Normal (CN) cases.
Densitometry analysis showed a 30% and 50% decrease in PGC-1a and TFAM levels
(p<0.05) (Fig. 1, D and E) in postmortem brains of HAND compared to CN HIV+ patients.
These results suggest that transcriptional regulators of mitochondrial biogenesis are deficient
in brains of decedents that were diagnosed with HAND.

TFAM is reduced in neuronal processes and increased in astroglia in HAND frontal
cortices compared to tissue from cognitively normal individuals

TFAM is a nuclear encoded factor that stimulates mtDNA transcription and is required for
mitochondrial biogenesis to proceed. To determine if the biochemical alterations in TFAM
levels are associated with neurocognitive impairment, we performed immunostaining for
TFAM in the frontal cortex of CN HIV+ and HAND patients. TFAM signal was reduced and
showed less signal throughout the apical dendrites of neurons in HAND cases compared to
CN HIV+ cases (Fig. 2 A). Optical density analysis revealed a 35% decrease (p<0.05) of
TFAM protein in neurons of HAND cases (n=6) compared to Non-HAND cases (n=6) (Fig.
2 B). To better understand the alteration in TFAM levels the brains of HAND decedents, we
performed double immunolabeling from TFAM and two cell-specific markers: GFAP for
astroglia and MAP2 for neurons. Double-immunolabeling with TFAM (red) and MAP2
(green) was performed in frontal cortex sections from CN HIV+ cases (n=4) and HAND
cases (n=4). The signals for TFAM and MAP2 were robust throughout the neuron soma and
processes in CN HIV+ brains; however, TFAM and MAP2 signals were less intense in
brains from HAND decedents (Fig. 2 C). Quantification of TFAM and MAP2 signal
revealed a significant decrease in HAND brains compared to CN subjects (Fig. 2 D and E).
Merged images revealed a higher number of co-immunostained (yellow) regions for the CN
HIV+ patient. Quantification analysis revealed 70% colocalization of TFAM and MAP2 for
HIV+ and only 25% for HAND (Fig. 2 F), suggesting reduced TFAM in neuronal processes
in HAND tissues. In vibratome sections of frontal cortex, the signal for GFAP antibody
binding was increased in HAND samples compared to CN, as expected (Fig. 2 G). The
levels of the signal for GFAP were increased ~80% in brains from HAND decedents
compared to those from CN decedents (Fig. 2 H). Interestingly, the signal for TFAM co-
localization with GFAP was increased by 50% in brains from HAND decedents compared to
those from CN decedents (Fig. 2 1). These data suggest reduced mitochondrial biogenesis
signaling in neuronal processes is concurrent with increased mitochondrial biogenesis in
astroglia.

MtDNA is decreased and IL-1f is increased in HAND brains exposed to ART

Decreased TFAM expression in MAP2-positive processes along with increased TFAM in
GFAP-expressing cells suggests reduced neuronal mitochondrial biogenesis concomitant
with metabolically activated, pro-inflammatory astroglia. As TFAM is directly involved in
mtDNA replication, the reductions in TFAM observed in neurons may indicate reduced
levels of mtDNA in these brains. Therefore, we assessed mitochondrial-to-nuclear DNA
ratios to quantify mtDNA per cell. We measured the levels of NADH dehydrogenase subunit
MT-ND?2 to quantify mtDNA and compared this to the nuclear gene RPP30, the quantities of
which correlate with cell count. We discovered by RT-PCR that levels of mtDNA were
significantly reduced in minor neurocognitive disorder (MND) and HAD brains when
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compared to the levels of mtDNA/cell in CN brains as shown by normalized MT-ND2 (Fig.
3 A). The combined levels of mtDNA/cell in all HAND brains was reduced by ~40%
compared to levels of mtDNA/cell in CN brains, but these differences did not reach
statistical significance (Fig. 3 B).

To monitor the level of inflammatory astroglia, we gquantified the mRNA for IL-1B using
ACTB as a normalization control using RT-PCR. The levels of mRNA for IL-1p were
significantly increased in all HAND subjects compared to CN brains (Fig. 3 C). The levels
of mRNA from all HAND groups combined was 3-fold higher than in the CN group,
however, the differences did not reach significance, due to high inter-patient variability (Fig.
3 D). Nevertheless, these data suggest that the IL-1p pathway was active in the HAND
brains despite the ART regimens.

Inflammatory cytokine (IL-1B) stimulates mitochondrial energy metabolism in astroglial cell
cultures, and this is muted by treatment with WIN, independent of CB1.

Synchronous and biologically linked shifts in metabolism and immune processes are
normally thought to occur in cells of the immune system, such as macrophages, T-cells, and
natural killer cells (Lee et al., 2018; Van den Bossche et al., 2017). To determine if
alterations in metabolic function occur in immune-stimulated astroglia, we exposed primary
human astroglia to increasing doses of IL-1f (100 pg, 1 ng, 10 ng, and 20 ng/ml) for 1 h. To
determine the effects of pre-exposure of these astroglia to an anti-inflammatory molecule,
we treated cells with WIN (10 uM) for 1 h prior to IL-1 treatment. After 1h exposure to
IL-1p, astroglia were analyzed for oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) to determine shifts in oxidative phosphorylation and glycolysis,
respectively. IL-1p increased OCR and ECAR of astroglia in a dose dependent manner (Fig.
4 A and B). Astroglia treated with WIN (10 uM) for 1 h prior to treatment with IL-1f (10
ng/ml) for 1h showed no increase in OCR or ECAR compared to vehicle-treated cells (Fig. 4
C and D). These acute changes in IL-1p-treated astroglia suggest a metabolic shift is
involved in the inflammatory response and that an anti-inflammatory molecule can block
this metabolic shift.

WIN is a CB1/2 agonist and CB1 has been reported to be localized to and active on
mitochondria (Gutierrez-Rodriguez et al., 2018). To determine if WIN activities to block
IL-1b-induced mitochondrial activity are dependent on CB1, astroglia were treated with the
CB1 antagonist SR 141716A (SR) (10 uM) for one hour before treatment with WIN. After
treatment with IL-1p, astroglia were analyzed for OCR and ECAR. Treatment with SR had
no effect on the ability of WIN to block IL-1p induced increase in OCR or ECAR (Fig. 4 E
and F). These data suggest that CB1 is not involved in WIN function to block IL-1p induced
increase in OCR or ECAR.

To determine if changes in metabolic activity induced by inflammatory stimuli yielded
changes in ATP, we treated astroglia with increasing doses of IL-1p and measured cellular
ATP levels in cell lysates. IL-1f induced a significant reduction in ATP levels at
concentrations of 10 and 20ng/ml (Fig. 4 G). Pretreatment of the astroglia with WIN had no
effect on basal ATP levels, but prevented the reduction in ATP in cells exposed to IL-1p
(Fig. 4 H). Taken together, these data show that immune stimulated astroglia have an altered

Neurobiol Dis. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swinton et al.

Page 13

metabolic phenotype associated with increased mitochondrial metabolism, and that
pretreatment with a cannabinoid agonist can prevent these alterations.

IL-1p and WIN induced alterations in mitochondrial activity. To see if these treatments
caused changes in mitochondrial morphology, we performed ultrastructural analyses of the
astroglia using transmission electron microscopy (TEM). Astroglia were plated on
coverslips and treated with vehicle, WIN, IL-18, or WIN+ IL-1p. Treatment with IL-1p
caused mitochondrial elongation compared to vehicle treated cells, but pretreatment with
WIN prevented this morphological change (Fig. 4 1). When mitochondrial length was
quantified, treatment with IL-1pB showed a significant increase in mitochondrial length
compared to the vehicle. Pretreatment with WIN prevented this increase in mitochondrial
length (Fig. 4 J).

IL-18 induces PGCla expression in astroglia and it is blocked by WIN

Little is known about the role of mitochondrial biogenesis in immune activation of astroglia.
To determine the effects of IL-18 and WIN on PGCla and TFAM expression, astroglia were
exposed to IL-1p after pretreatment with WIN for 1 h. One day later nuclear and
cytoplasmic lysates were isolated from the astroglial culutres. Nuclear-enriched lysates were
analyzed for PGCla protein expression and cytoplasmic-enriched lysates were analyzed for
TFAM protein levels by immunoblot. The band corresponding to PGCla migrated to
approximately 100 kDa and the intensity of this band was quantified for densitometry
analysis and normalized to the total protein transferred to the membrane (Fig. 5 A). A
stronger band appeared at 75kDa, though the function of a 75kDa isoform of PGCla, to our
knowledge, has not been reported. Densitometry analyses of blots from three independent
astroglia lines showed that IL-1p induced a significant increase levels of PGCla compared
to levels in vehicle, WIN or WIN+ IL-1p treated astroglia (Fig. 5 B). The immunoblot for
TFAM revealed a strong band at approximately 30 kDa that was consistently more intense
than this band in vehicle, WIN or WIN + IL-1p treated astroglia (Fig. 5 C). However,
densitometry analyses showed no significant difference in TFAM compared to vehicle, WIN
or WIN_IL-1p treated astroglia (Fig. 5 D).

IL-1p alters mitochondrial gene expression that is reversed by WIN

Mitochondrial biogenesis requires the regulated expression of many mtDNA- and nuclear-
encoded genes. To determine if and to what extent IL-1f, WIN, or the combination of the
two alter mitochondrial gene expression along with TFAM, we assayed for expression of 84
mitochondrial-associated genes in RNA isolated from astroglia treated with vehicle, WIN,
IL1B or WIN + IL1pB The gene list included metabolite transporters, mitochondrial fission/
fusion proteins, proteins of the electron transport chain, and many others (supplementary
data). The cluster gram reveals the genes that were altered by over 2-fold versus vehicle-
treated cells (Fig. 6 A). In astroglia treated with IL-1, there were two significantly
upregulated genes, GRPELL, involved in mitochondrial protein import from the inner
membrane to the mitochondrial matrix, and PMAIP1, which promotes efflux of apoptogenic
proteins from the mitochondria (Fig. 6 B). In astroglia treated with WIN, TIMM17A, which
is also involved in mitochondrial protein import across the mitochondrial inner membrane
was significantly increased, and NEFL, which is a neurofilament light chain protein was
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significantly reduced in expression (Fig 6 B). In astroglia treated with WIN and IL-1p,
MSTOL, which is involved in the regulation of mitochondrial distribution and morphology,
TIMM17A, and GRPEL1 were all significantly upregulated (Fig. 6 B). These data indicate
that gene expression of mitochondrial as well as other proteins is altered in astroglia treated
with WIN, IL-1B, and a combination of the two.

WIN-mediated inhibition of IL-1p-induced inflammatory gene expression is reversed by a
PPARa antagonist

To investigate how IL-1p and WIN affect expression of inflammatory genes known to be
involved in neurodegenerative diseases, using the experiments described above, we assayed
for mMRNA expression of IL-6 a prototypical inflammatory cytokine. As expected, IL-1f
induced expression of mMRNA for IL-6 in a dose dependent manner (Fig. 7 A) and WIN
pretreatment reduced IL-1B-induced expression of mMRNA for IL-6 (Fig. 7 B). To determine
the pathway through which WIN is acting, we first treated astroglia with the CB1 antagonist,
SR 141716A (SR) (10 uM) for one hour and then with WIN for one hour before treating
with IL-1p for one day. SR had no effect on the levels of IL-6 mRNA in astroglia treated
with WIN and IL-1p (Fig. 1 C). Next, astroglia were transfected with siRNA to knock down
CB1 expression. CB1 mRNA levels were knocked down by at least 80% compared to cells
transfected with control siRNA (siCON) (Fig. 7 D). CB1 protein levels were reduced,
though not proportional with the level of mMRNA reduction (Fig. 7 E). Densitometry analysis
revealed a decrease of about 30% compared to astroglia transfected with siCON, though this
was not a significant difference (Fig. 7 F). To determine if this moderate reduction in CB1
protein levels affect the activity of WIN to inhibit IL-1p induction of inflammatory genes,
IL-6 mRNA was measured. There was no difference in levels of IL-6 mRNA between WIN-
treated astroglia that were transfected with siCON versus those transfected with siCB1 (Fig.
70).

To test for the involvement of PPARy and PPARa in the anti-inflammatory effects of WIN,
astroglia were pretreated with GW9662 and GW6471, respectively. Pretreatment of astroglia
with GW9662 followed by treatment with IL-1p caused a significant increase in IL-6 mMRNA
compared to treatment with IL-1f alone, consistent with an anti-inflammatory role of
PPAR-y in astroglia (Fig. 7 H). However, GW9662 had no effect on the anti-inflammatory
effect of WIN (Fig. 7 H). Pretreatment of astroglia with GW6471 followed by treatment
with IL-1p caused a significant increase in IL-6 mMRNA compared to treatment with IL-1
alone, consistent with an anti-inflammatory role of PPARa in astroglia (Fig. 7 1).
Pretreatment with GW6471 completely restored IL-1b-induced IL6 mRNA levels in WIN
treated astroglia compared to those treated with WIN and no GW6471 (Fig. 7 I). These data
suggest that WIN is signaling through PPARa to block IL-6 mRNA expression.

WIN blocks IL-1B-induced expression of multiple inflammatory cytokines in astroglia.

To determine if these changes in mMRNA are reflected in the proteins being secreted by the
astroglia, we collected supernatants and analyzed them for expression of 6 cytokines by
MesoScale Electro-chemiluminescent Assay. IL-1p induced expression of all cytokines
tested. IL-1p induced a ~1000-fold increase in IL-6 protein levels, but WIN pretreatment
reduced these levels by ~95% (Fig. 8 A). TNF-a protein levels climbed 30-fold with I1L-18,
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and WIN pretreatment reduced these levels by ~60% (Fig. 8 B). IL-1p induced a 14-fold
increase in IL-12p70 protein levels, while WIN inhibited this by ~70% (Fig. 8 C). Although
IL-1B induced a 800-fold increase in IFNy protein levels, WIN pretreatment further
increased IFNy by ~30% (Fig. 8 D). IL-1p induced a six-fold increase in IL-4 protein levels,
that WIN reduced by ~65% (Fig. 8 E). IL-10 protein levels increased by 3-fold with IL-1p,
and WIN pretreatment reduced this by ~40% (Fig. 8 F). These data suggest that along with
reducing mitochondrial activity, WIN reduces inflammatory and anti-inflammatory gene
expression with the exception of INFy, further supporting the role of immune-stimulated
astroglia in inflammation.

Conditioned media from IL-1f-treated astroglia reduces neuronal TFAM and MAP2
expression, and this is reversed by WIN

Several reports have shown that inflammatory cytokine-activated astroglia are toxic to
neurons (Sama et al., 2008; Ye et al., 2013). However, the effect that IL-1p-activated
astroglia have on mitochondrial biogenesis in neurons has not been explored. To test if
IL-1pB-activated astroglia may affect neuronal mitochondrial biogenesis, and further, if WIN
may block this effect, we treated primary human neurons with the conditioned media
collected from astroglia treated with WIN, IL1p or WIN + IL-1p for 72 hours. Neurons were
exposed to 20% CM for 72 h, fixed, and then immunostained for TFAM (red) and MAP2
(green) and then analyzed by confocal microscopy. The signal for TFAM was punctate
throughout the neuronal processes in vehicle-treated cells, however, the signal for TFAM
was much weaker in neurons exposed to CM from IL-1p-treated astrocytes (Fig 9 A). No
changes in TFAM intensity compared to vehicle-treated cells were apparent in cells treated
with WIN or WIN+IL-1p (Fig. 9 A). The signal for MAP2 was also reduced in IL-1p-
treated cells (Fig. 9 A). Quantification of the pixel intensity for TFAM showed that CM from
IL-1p-treated astroglia reduced TFAM signal by ~40%, while WIN blocked this effect (Fig.
9 B). Similarly, quantification of the pixel intensity for MAP2 showed that CM from IL-1p-
treated astroglia reduced TFAM signal by ~30%, and WIN also blocked this effect (Fig. 9
C). These data suggest that IL-1p-activated astroglia in culture can reduce neuronal TFAM
and possibly mitochondrial biogenesis, and exposure to WIN blocks this effect.

Discussion

This study provides evidence of a mechanistic link between reduced mitochondrial
biogenesis in neurons and increased metabolic activity and inflammation in astroglia in
brains from HIV+ individuals that were on ART regimens and diagnosed with HAND
(Schematic). This mechanism was further supported by an overall decrease in the quantity of
mtDNA per cell and increases in inflammatory gene expression in HAND brains when
compared to CN. /n vitro experiments showed that human astroglia undergo rapid and robust
shifts in metabolic activity in response to inflammatory stimuli that are commonly expressed
in HAND. IL-1p induced increased energy demand in astroglia as indicated by alterations in
OCR, ECAR, ATP production, PGC1la expression. These changes in metabolic function are
accompanied by increased expression of genes for mitochondrial, metabolic, and
inflammatory pathways, and morphological changes. Importantly, exposing the astroglia to
an anti-inflammatory molecule, WIN, blocks the increases in metabolic activity and
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alterations in mitochondrial morphology as well as inflammatory gene expression
(Schematic). The anti-inflammatory activity of WIN was inhibited by a PPARa antagonist.
Moreover, WIN blocks neurotoxicity and reverses reductions in the expression TFAM in
neurons exposed to CM from stimulated astroglia, suggesting that molecules that block
increases in astroglial metabolic function and inflammatory gene expression may have a
therapeutic role against neurotoxicity and alterations in neuronal bioenergetic capacity.
These findings identify alterations that are consistent with multiple studies that suggest a
mechanism in which mitochondrial biogenesis and bioenergetic capacity of neurons is
compromised in neurodegenerative diseases with strong neuroinflammatory signatures
(Jiang and Cadenas, 2014; Yin et al., 2016).

Previous studies have shown that dysfunctional mitochondrial dynamics (fission and fusion),
mitochondrial transport, mitophagy and the production of reactive oxygen species are
implicated in HAND during the ART era (Avdoshina et al., 2016; Bonavia et al., 2001;
Fields et al., 2015b; Huang et al., 2012; Kitayama et al., 2008; McArthur et al., 2010;
Teodorof-Diedrich and Spector, 2018; Thangaraj et al., 2018). However, no studies have
investigated the role mitochondrial biogenesis in HAND brains. The findings presented here
are consistent with studies in other neurodegenerative diseases such as AD and HD, in which
mitochondrial biogenesis proteins TFAM and PGCla are reduced in the brains (Repunte-
Canonigo et al., 2014; van der Walt et al., 2003; Wang et al., 2013; Ye et al., 2012):. Due to
the alterations in mitochondrial biogenesis, mitochondrial dynamics and mitophagy,
mitochondria provide promising therapeutic targets for preventing neurocognitive decline in
HAND in the ART era.

Astroglia, the most numerous cell type in the brain (Tower and Young, 1973), regulate
metabolism (Alberini et al., 2018), inflammation (Sofroniew, 2015), and neuronal function
(Alberini et al., 2018; Khakh and Sofroniew, 2015). Astrogliosis remains a hallmark of the
HIV-infected brain in the cART era (Levine et al., 2016). However, little is known about how
metabolic changes regulating astroglial function may contribute to the neuropathogenesis of
HIV. The findings presented here are consistent with recent studies (Jiang and Cadenas,
2014; Natarajaseenivasan et al., 2018) that aged, activated, and immune-stimulated astroglia
consume more energy than non-activated astroglia (Jiang and Cadenas, 2014; Yin et al.,
2016), and switch from primarily depending on glycolysis to oxidative phosphorylation in
the context of AD (Jiang and Cadenas, 2014; Natarajaseenivasan et al., 2018). Our findings
show that these changes in astroglia may depend upon fluctuations in the expression of
metabolic and mitochondrial genes. Moreover, similar to our findings, the metabolic switch
to oxidative phosphorylation also proved to be toxic to neurons that were exposed to CM
from activated astroglia (Natarajaseenivasan et al., 2018). The current findings that TFAM
was reduced in neurons and increased in astroglia in HAND brains are consistent with a
reduction in metabolic activity in neurons and an increase in metabolic activity in astroglia.
IL-1B-induced expression of PGCla in astroglia is consistent with a the findings of a study
that showed lipopolysaccharide and interferon-y induce mitochondrial biogenesis (Wang et
al., 2014). These observations of enhanced mitochondrial biogenesis support increased
bioenergetic needs in astoglia, which is consistent with our findings that intracellular ATP
levels are reduced as ECAR and OCR are increased concomitant with increased cytokine
production. Astroglia may be using the increased ATP more rapidly that it is produced
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through oxidative phosphorylation. This metabolic switch by astroglia may be comparable,
though not perfectly analogous to changes in macrophages, which undergo metabolic shifts
that precede differentiation into an inflammatory or anti-inflammatory phenotype (\Van den
Bossche et al., 2017). Indeed, the anti-inflammatory molecule WIN blocked IL-1p-induced
metabolic changes. While these studies do not link the increases in astroglial metabolism to
increased inflammatory signaling, they do provide evidence that they two are activated
simultaneously an inhibited simultaneously by WIN. Hence, metabolic regulation of
astroglia may serve as a novel therapeutic target to protect bioenergetic capacity of neurons
in inflammatory environments. However, the mechanisms through which IL-1p induces and
WIN blocks increased metabolism in astroglia deserves further investigation.

The anti-inflammatory activity of WIN has been reported in models for astroglia and
microglia in /n vitroand in vivo settings. However, there is some inconsistency in the studies
regarding the signaling pathways through which WIN acts. Our report confirms findings
from other groups that show WIN blocks the expression of inflammatory genes in astroglia
exposed to recombinant IL-1p (Curran et al., 2005; Sheng et al., 2005) and a similar effect
is also observed in astroglia treated with recombinant amyloid (A)B1_42 (Aguirre-Rueda et
al., 2015). Curran et al found, similar to our results, that WIN inhibits IL-1B-induced mRNA
expression of IL-8, intercellular adhesion molecule (ICAM) 1, and vascular cell adhesion
molecule 1 independent of CB1 or CB2 receptors (Curran et al., 2005). These findings are
inconsistent with another study that showed CB1 and CB2 antagonists partially suppressed
the effect of WIN to block IL-1p induction of inducible NO synthase (iNOS) (Sheng et al.,
2005). It may be that the IL-1p signaling pathway leading to iNOS expression is
independent of the pathway leading to IL-1p induced IL-8, ICAM and VCAM expression.
The findings by Sheng et al also differed from Curran et al and our study by showing strong
CB2 expression in human fetal astroglia (Curran et al., 2005; Sheng et al., 2005), as CB2
was undetectable in all of the astrocyte cultures used in our study as measured by RT2PCR
and immunostaining. Another study showed that WIN prevents the effects of ABy_42 on
primary astrocytes and increases expression of PPARy, although the astrocytes were derived
from rats (Aguirre-Rueda et al., 2015). Consistent with the anti-inflammatory effect of
PPARY, we found that a PPARy antagonist increased IL-1B-induced IL-6 expression but
had no effect on the function of WIN. Our studies provide the first evidence that PPARa is
involved in the anti-inflammatory effects of WIN on IL-1p activated human astroglia. These
findings suggest that PPARa in astroglia maybe a promising therapeutic target in HAND
and other neurodegenerative diseases involving IL-1f. More detailed mechanistic studies
that knockdown or overexpress PPARa in astroglia will help to better understand the role of
PPARa in neuroinflammation. Neuropathological studies of PPARa expression in astroglia
and microglia in control and diseased brains could be useful to develop therapeutic strategies
that target the nuclear receptor.

Activated astroglia have been shown to be neurotoxic in number of different model systems
and especially in HIV-associated neurological disorders (Natarajaseenivasan et al., 2018;
Sama et al., 2008; Ton and Xiong, 2013). The neurotoxicity of IL-1p treated astroglia was
reported by Sama et al to act through the calcineurin/NFAT pathway (Sama et al., 2008).
Importantly, PPARa has been shown to interact with calcineurin and NFAT, though in
cardiac cells (Li et al., 2007; Schaeffer et al., 2004). No studies, to our knowledge, have

Neurobiol Dis. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swinton et al.

Page 18

investigated the effect that activated astroglia have on neuronal mitochondrial biogenesis and
specifically TFAM. Our findings are consistent with a study that found that IL-1p and TNFa
treated astrocytes are neurotoxic through glutamate production (Ye et al., 2013). Our
findings also indicate for the first time that pre-treating astroglial cultures with WIN /n vitro
can reduce the neurotoxicity and prevent loss of TFAM signal after exposure to CM from
IL-1B-treated astroglia. This finding could have implications for HAND given the clear
reduction of neuronal TFAM observed in postmortem brain tissues from HIV+ people with
neurocognitive impairment. Future studies are needed to identify the factors secreted from
(neurotoxic factors) or sequestered by (bioenergetic substrate) astroglia that result in TFAM
down regulation in neurons and whether that precedes loss of MAP2 staining and dendritic
simplification.

The cannabinoids A%- tetrahydrocannabinol (THC) and cannabidiol (CBD) have shown
neuroprotective and anti-inflammatory properties and also interact with PPAR receptors
(reviewed in (Maroon and Bost, 2018)). THC has been shown to increase transcriptional
activity of PPARa (Takeda et al., 2014) and selective antagonists of PPARa blocked THC-
induced effects (Fishbein-Kaminietsky et al., 2014). THC and CBD bind directly to PPARy
(Granja et al., 2012) and induce PPARy transcriptional activity (O’Sullivan and Kendall,
2010; O’Sullivan et al., 2009; O’Sullivan et al., 2005). These studies suggest that THC and
CBD may also serve as probes to better understand neurodegenerative mechanisms
involving inflammation and therapeutic strategies targeting PPARs.

This study is limited in that the findings in the postmortem human brain tissues are largely
associative and the mechanisms underlying reduced neuronal TFAM have not been
identified. It is also noteworthy that while the postmortem tissues analyzed here were from
cases that were exposed to ART, regimens change rapidly as newer drugs have come to
market. Also, many of these cases may have lived with HIV before the wide-spread
implementation of combination ART, which is not the situation for many people currently
living with HIV and the findings must be viewed in this context. However, /n vitro models
showed that astroglia activated by IL-1p can induce changes similar to those observed in the
human tissues (reduced neuronal TFAM). Importantly, other brain cells, mainly microglia,
are involved in neuroimmune signaling in the brain and this study only focuses on the role of
astroglia. While these studies do implicate PPARa as a mediator of the anti-inflammatory
activity of WIN, how WIN modulates metabolic and mitochondrial activity in astroglia is
still unknown. This mechanism will be important when developing therapeutics targeting
metabolic function in immune activated astroglia.

Our study identifies alterations in mitochondrial biogenesis as a potential mechanism
contributing to the neuropathogenesis of HAND in people exposed to ART. Importantly,
these shifts in metabolic activity may be cell dependent and indicate that therapies designed
to target PPARa in astroglia may be neuroprotective HAND patients. These findings support
the recent interest in astroglia as mediators of neurodegenerative diseases (Clarke et al.,
2018; Hamby and Sofroniew, 2010). Future studies are needed to develop therapies aimed at
astroglia to reduce neuroinflammation and restore immunometabolic balance in the brain.
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Highlights

Mitochondrial biogenesis is reduced in brains of HI\VV+ cases with
neurocognitive impairment compared to cognitive normal controls from
CART era

Transcription factor A, mitochondrial colocalization with neurons is reduced
but colocalization with astroglia is increased in HIV+ brains with
neurocognitive impairment

IL-1pB increases PGC-1a expression, oxygen consumption rate and
extracellular acidification rate in human astroglia

An aminoalkylindole derivative, WIN 55-212-2, blocks IL-1p-induced
oxygen consumption and glycolysis in astroglia in the presence of a CB1
antagonist

WIN 55-212-2 blockage of IL-1p-induced inflammatory gene expression in
human astroglia is dependent upon PPARa
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Figure 1. Mitochondrial biogenesis proteins are reduced in HAND brains on ART.
(A) Immunoblot of HAND donor frontal lobe lysates with antibodies specific for PGC-1a

and TFAM, normalized to ACTB. (B and C) Quantification of PGC-1a and TFAM band
intensity stratified by HAND diagnosis. (D and E) Quantification of PGC-1a and TFAM
band intensity stratified by CN vs. HAND. Statistical significance was determined by an

unpaired ftest. *, p<0.05, **, p<0.01.
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Figure 2. TFAM is reduced in neuronal processes and increased in astroglia in HAND frontal
cortices compared to tissue from cognitively normal individuals.

(A and B) Immunostaining of TFAM in the frontal cortices of HAND (n=6) and CN (n=6)
brain tissue and its quantification. (C) Double-immunostaining of TFAM and MAP2 in
frontal cortices of HAND (n=4) and CN (n=4) brain tissue. (D-F) Quantification of TFAM
signal, MAP2 signal, and % colocalization of TFAM/MAP2 signal. (G) Double-
immunostaining of GFAP and TFAM in the frontal cortices of HAND and CN brain tissue.
(H and I) Quantification of GFAP and % TFAM/GFAP colocalization. Statistical
significance was determined by an unpaired #test. *, p<0.05, **, p<0.01.
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Figure 3. mtDNA is decreased and IL-1p is increased in HAND brains exposed to ART.
DNA was isolated from HAND donors’ brains and mtDNA and IL1p was measured. (A and

B) Quantification of mtDNA copies/cell stratified by HAND diagnosis and CN vs. HAND.
(C and D) RNA was isolated from HAND donors’ brains and reverse transcribed to cDNA.
Fold change of IL-1B was measured using RT2PCR with ACTB as a normalization control.
The fold change in IL-1p expression stratified by HAND diagnosis and CN v. HAND was
quantified. Statistical significance was determined by an unpaired ftest. *, p<0.05.
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Figure 4. Inflammatory cytokine (IL-1p) stimulates mitochondrial energy metabolism in
astroglial cell cultures, and this is muted by treatment with WIN, independent of CB1.

(A and B) OCR and ECAR maximum levels in astroglia after exposure for 30 minutes to an
increasing dose response of IL-1p. (C and D) OCR and ECAR maximum levels in astroglia
after they were treated with treated with IL-1p or WIN alone or treated with WIN before
IL-1B treatment. (E and F) OCR and ECAR maximum levels after pretreatment with CB1
antagonist (SR 141716A) and then treatment with WIN and IL-1p. (G and H)
Quantification of lumincescence using ATP assay on astroglial lysates treated with
increasing doses of IL-1b. (H) Quantification of lumincescence using ATP assay on
astroglial lysates treated with vehicle, IL-1p or WIN alone or with WIN and then IL-18. (I)
Electron micrograph images of astroglia treated with vehicle, IL-1 or WIN alone or with
WIN and then IL-1p. (J) Quantification of average mitochondrion length. All graphs plot
mean + SEM. All experiments were performed in three independent experiments using at
least two astroglial lines with different genetic background. Data were analyzed by one-way
ANOVA.
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Figure 5. IL-1pB induces PGC-1a expression in astroglia and this is blocked by WIN
Astroglia were treated with vehicle, IL-18 or WIN alone or with WIN and then IL-1p for

one day and then nuclear and cytoplasmic-enriched lysates were analyzed by immunoblot
for PGCla and TFAM expression, respectively. (A) Image of immunoblot of PGCla in
nuclear-enriched lysates and image of the total protein transferred to the membrane. (B).
Quantification of PGC-1a band densitometry normalized to total protein densitometry. (C)
Image of immunoblot of TFAM in cytoplasmic-enriched lysates and image of the total
protein transferred to the membrane. (D) Quantification of PGC-1a band densitometry
normalized to total protein densitometry. All graphs plot mean = SEM. All experiments were
performed in three independent experiments using at least two astroglial lines with different
genetic background. Data were analyzed by one-way ANOVA.
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Change | Value | Change | Value | Change | Value
MSTO1 348 |(0.135| 208 |0.362| 524 |0.013
TIMM17A | 2.06 |0.127 162 |0.036| 2.88 |0.020
GRPEL1 2.09 |0.025 1.51 0.258| 228 |0.003
NEFL -200 0069 -489 |0.017| -5.88 | 0.007
PMAIP1 426 |0.005| 1067 [0.119| 9.28 |[0.113

Figure 6. IL-1B alters mitochondrial gene expression, and this is reversed by WIN.
Astroglia were treated with Vehicle, WIN, IL-1p, and WIN+IL-18 for or 24 h. RNA was

isolated from the astroglia and analyzed for 84 mitochondrial genes using Human
Mitochondria RT?2 Profiler PCR array. (A) A heat map of gene expression alterations when
astroglia are treated with vehicle, WIN, IL-1B, and WIN+IL-1p. (B) A table of genes with
the most significant expression changes in all three of the treatment groups (significant p
values indicated in red) indicates common points of gene regulation. Data were analyzed by
one-way ANOVA.
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Figure 7. WIN-mediated inhibition of IL-1p-induced inflammatory gene expression is reversed
by PPARa antagonist.

(A) IL-6 mRNA fold-change after 6 hours in astroglia treated with an increasing dose
response of IL-1pB. (B) IL-6 mRNA fold-change after 6 hours in astroglia treated with
vehicle, WIN, IL-1p, and WIN+IL-18. (C) IL-6 mRNA fold-change after 6 hours in
astroglia treated with with vehicle, WIN, IL-1p, WIN+IL-1p and SR+WIN+ IL-1p. (D) IL-6
mRNA fold-change after 6 hours in astroglia first transfected with control siRNA or CB1-
specific sSiRNA and then vehicle, WIN, IL-1p, and WIN+IL-1p. (E) Immunoblot for CB1 in
astroglia first transfected with control siRNA or CB1-specific sSiRNA. (F) Quantification of
CB1 band densitometry normalized to total protein densitometry. (G) IL-6 mRNA fold-
change after 6 hours in astroglia first transfected with control sSiRNA or CB1-specific SIRNA
and then vehicle, WIN, IL-1B, and WIN+IL-1B. (H) IL-6 mRNA fold-change after 6 hours
in astroglia treated with with vehicle, WIN, IL-1p, WIN+IL-1p and GW9662+WIN+ IL-18.
(I) IL-6 mRNA fold-change after 6 hours in astroglia treated with vehicle, WIN, IL-18, WIN
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+IL-1p and GW6471+WIN+ IL-1p. All graphs plot mean £ SEM. All experiments were
performed in three independent experiments using at least two astroglial lines with different
genetic background. Data were analyzed by one-way ANOVA.

Neurobiol Dis. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swinton et al.

Page 33

A B
IL-6 TNF-a.
11009%+%p<0.0001 40
Kkk k *kkk
Fkk K -
- ] —l— 'é‘ 20+
€ 1000 | £ |
3’ 100 g 1 T
G T 3 2T
= s
20 _ g
10 —I—
0 T T T 0- T él T
R & R RS N
é(‘\o A\ @ x\\; 42’40\ ¥ \\; \s x\\;
K\
$\w\ @\é
c IL-12p70 D IFNy
20+ *
y . *kk 2000 *p<0.05 Ii—r
% —l_ =1 10004
15 % il
%10- 8 sy
X £
g il £ T
0 _:- T T T 0- T T T
R R ¥ R & R
I AR o
K\ X
& &
E IL-4 F IL-10
B- *kk 5-
dkkk 4 x
e
? 1 E |
s 2
o 44 Qo T
Y 2 2
- 4
— =
N od

Figure 8. IL-1B alters inflammatory gene expression, and
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this is reversed by WIN.

Astroglia were treated with vehicle, WIN, IL-1p, and WIN+IL-1p for one day and then

supernatants were analyzed by Mesoscale Discovery el

ectrochemiluminescent assay. (A-F)

Levels of cytokines in the supernatant: IL-6 (A), TNF-a (B), IL-12p70 (C), IFN+y (D), IL-4
(E) and IL-10 (F). All graphs plot mean + SEM. All experiments were performed in three

independent experiments using at least two astroglial li
background. Data were analyzed by one-way ANOVA.

nes with different genetic
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Figure 9. Conditioned media from IL-1p-treated astroglia reduces neuronal TFAM and MAP2
expression, and this is reversed by WIN.

(A) Astroglia were treated with vehicle, WIN, IL-1p, and WIN+IL-1p for one day.
Astroglial conditioned media was collected and used to treat primary neurons that were
grown on glass coverslips, which were then fixed and immunostained for TFAM (red) and
MAP?2 (green). (B) Signal quantification of TFAM in primary neurons. (C) Signal
quantification of MAP2 in primary neurons. All experiments were performed in three
independent experiments using at least two astroglial lines and neuron lines with different
genetic background. Data were analyzed by one-way ANOVA.
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Schematic:
(A) Findings from postmortem brain specimens from HAND cases reveal overall reduced

levels of molecules associated with mitochondrial biogenesis. However, mitochondrial
biogenesis may be increased in activated astroglia along with inflammatory cytokines in the
brain. Studies by other groups (Jiang and Cadenas, 2014; Natarajaseenivasan et al., 2018;
Yin et al., 2016) have shown that activated astroglia, compared in non-activated astroglia,
may produce less energy substrate to neurons and this may be neurotoxic. (B) Analyses of
metabolic and mitochondrial changes in cytokine-activated astroglia, revealed human rapid
changes in ECAR and OCAR and increased mitochondrial biogenesis concurrent with
increased inflammatory gene expression. Similar to the findings in brain tissues, TFAM was
reduced in neurons treated with CM from these IL-1B-activated astroglia. Importantly, a
known anti-inflammatory molecule, WIN inhibited the metabolic and mitochondrial changes
in the astroglia and the reduction is neuronal TFAM. WIN also inhibited inflammatory gene
expression in the IL-1B-activated astroglia via PPARa. These studies provide support for
targeting astroglia to restore neuronal bioenergetics.
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