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Abstract

HIV-associated neurocognitive disorders (HAND) still occur in approximately 50% of HIV
patients, and therapies to combat HAND progression are urgently needed. HIV proteins are
released from infected cells and cause neuronal damage, possibly through mitochondrial
abnormalities. Altered mitochondrial fission and fusion is implicated in several neurodegenerative
disorders. Here, we hypothesized that mitochondrial fission/fusion may be dysregulated in neurons
during HAND. We have identified decreased mitochondrial fission protein (dynamin 1-like;
DNM1L) in frontal cortex tissues of HAND donors, along with enlarged and elongated
mitochondria localized to the soma of damaged neurons. Similar pathology was observed in the
brains of GFAP-gp120 tg mice. In vitro, recombinant gp120 decreased total and active DNM1L
levels, reduced the level of Mitotracker staining, and increased extracellular acidification rate
(ECAR) in primary neurons. DNM1L knockdown enhanced the effects of gp120 as measured by
reduced Mitotracker signal in the treated cells. Interestingly, overexpression of DNM1L increased
the level of Mitotracker staining in primary rat neurons and reduced neuroinflammation and
neurodegeneration in the GFAP-gp120-tg mice. These data suggest that mitochondrial biogenesis
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dynamics are shifted towards mitochondrial fusion in brains of HAND patients and this may be
due to gp120-induced reduction in DNMLL activity. Promoting mitochondrial fission during HIV
infection of the CNS may restore mitochondrial biogenesis and prevent neurodegeneration.
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Introduction

The number of human immunodeficiency virus (HIV) cases has increased to over 34 million
individuals worldwide (Brun-Vezinet and Charpentier, 2013). Combined antiretroviral
therapies (CART) have increased HIV-positive patients’ life expectancy (Samiji et al., 2013);
however, HIV-associated neurocognitive disorders (HAND) have become more prevalent or
remained at the same levels (Bingham et al., 2011; Clifford and Ances, 2013). HAND
severity varies from deficiencies that do not affect daily living, asymptomatic
neurocognitive impairment (ANI), to a more severe neurocognitive diagnosis known as HIV
Associated Dementia (HAD) (Tozzi, 2003). Despite much effort to understand the causes of
HAND, therapies targeting the specific mechanisms leading to the neuronal degeneration in
HIV-infected brains are unavailable.

Multiple mechanisms of neurotoxicity appear to be at work among individuals with HAND,
including HIV activation of apoptotic pathways (Kaul et al., 2001), dysregulation of calcium
homeostasis (Lipton, 1994; Nath et al., 2000) and oxidative stress (Nath, 2002; Norman et
al., 2008). Altered mitochondrial biogenesis (fission and fusion) is implicated in multiple
neurodegnerative disorders, such as Alzheimer’s and Parkinsons Disease (Deng et al., 2008;
Wang et al., 2013; Wang et al., 2009). Mitochondrial fission is dependent upon the GTPase
dynamin-related protein (DRP) 1, and is crucial for regulation of mitophagy as well as
general mitochondrial distribution (Taguchi et al., 2007), allowing mitochondria-organelle-
contacts, Ca+ regulation and ATP supply to distant regions such as axonal and dendritic
synapses in neurons (Berthet et al., 2014; Dickey and Strack, 2011; Li et al., 2004). DNM1L
activity is regulated through nitrosylation and phosphorylation of serines: Ser-616 for
activation, and Ser-637 for inactivation (Chang and Blackstone, 2007a; Chang and
Blackstone, 2007b; Cho et al., 2009; Nakamura et al., 2010; Taguchi et al., 2007; Yan et al.,
2015). Mitochondrial fusion requires two GTPase proteins, Mitofusin 1 and 2 (MFN) and
optic atrophy (OPA) 1 (Chan, 2006; Chen and Chan, 2005). Mitochondrial fusion may serve
as a stress response to protect cells from apoptotic cell death (Breckenridge et al., 2003) and
excessive mitophagy (Gomes et al., 2012; Gomes et al., 2011). Overactive mitochondrial
fission is associated with apoptosis (Breckenridge et al., 2003), whereas mitochondrial
fusion can mediate replenishment of mitochondrial proteins, DNA, and metabolic
intermediates, and thus quality control (Twig et al., 2008). In healthy cells balance
mitochondrial distribution and elongation, and therefore, an imbalance of fusion and/or
fission protein activity may lead to dysfunction and cell death (Scorrano, 2013).
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We recently reported that HIV-Tat promotes CDKS5 localization to the cytoplasm of neurons
and causes hyperphosphorylation of tau (Crews et al., 2011; Crews et al., 2007; Fields et al.,
2015; Patrick et al., 2011). Interestingly, Duboff et al showed that overexpression of tau
leads to mitochondrial elongation and dysfunction via DNM1L mislocalization (DuBoff et
al., 2012). Another study linked mitochondrial fusion and elongation with muscle
degeneration that was rescued by MFN knockdown or DNM1L overexpression (Deng et al.,
2008). Furthermore, HIV protein gp120 induces mitochondrial membrane permeablization
and ultimatley leads to apoptosis (Ferri et al., 2000). Further delineating mechanisms by
which HIV proteins cause mitochondrial dysfunction and subsequent neurotoxicity may
reveal new opportunities for HAND therapies.

Here, we hypothesized that HIV proteins, released from infected cells of the central nervous
system (CNS), interact with bystander neurons and cause alterations in mitochondrial
fission/fusion processes directly, or as a result of HIV-protein induced mitochondrial
dysfunction. To test this we assayed brain tissues from a well-characterized cohort of HIV+
donors for expression of key mitochondrial biogenesis proteins. We complemented these
studies with in vivo experiments using gp120 tg mice, and in vitro assays using SH-SY5Y
neuronal cells and primary rat cortical neurons exposed to the HIV protein gp120. Overall,
we observed changes in brain protein levels and mitochondrial morphology that suggest
mitochondrial dynamics are shifted towards fusion and consolidation of the organelles in the
neuronal soma of HAND donors. In vitro and in vivo studies suggest that increasing fission
activity restores mitochondrial distribution throughout the neuron and neuronal viablity.

Materials and Methods

Study population

Cell Culture

For the present study, we included a total of 27 HIV+ cases categorized by HAND severity
(normal, ANI, MND or HAD) (Table 1), from the California Neuro-Acquired immune
deficiency syndrome (AIDS) Tissue Network (CNTN) at the University of California, San
Diego. Cases had neuromedical and neuropsychological examinations within a median of 12
months before death. Most cases died as a result of acute bronchopneumonia or septicemia.
Median postmortem interval was 12 hours. Autopsy findings were consistent with AIDS and
the associated pathology was most frequently due to systemic cytomegalovirus (CMV),
Kaposi sarcoma, and liver disease. 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, substance dependence). The diagnosis of HIV-encephalitis
(HIVE) was based on the presence of microglial nodules, astrogliosis, HIV p24—positive
cells, and myelin pallor. HAND diagnoses were determined from a comprehensive
neuropsychological test battery administered according to standardized protocols (Woods et
al., 2004).

SH-SY5Y cells (rat neuroblastoma) cultured were cultured at 37°C and 5% CO5,. SH-SY5Y
neuroblastoma cells were utilized here for the neuronal phenotype (Biedler et al., 1978). SH-

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fields et al.

Antibodies

Page 4

SY5Y were grown in Dulbecco’s Modified Essential Medium (DMEM) with 10% fetal
bovine serum (FBS) and then differentiated with retinoic acid (50uM) for 6 days. Cells were
then treated with recombinant HIV proteins from NIH AIDS Reagent Program for 24 hours:
gp120 (10 or 100 ng/mL; clade E, cat# 2968), nef (10 or 100 ng/ml; cat# 11478), or Tat (10
or 100 ng/ml; cat# 2222). Cells were then isolated and lysed for analysis by western blot, or
infected with lentivirus (LV) then treated with Mitotracker Deep Red, fixed and
immunostained.

Primary cultures of cortical neurons were prepared from embryonic day 18 Sprague-Dawley
rats. The cerebral cortices were collected and triturated gently (3—4 times) in ice-cold
Hibernate E medium (Invitrogen) plus 1x B27 supplement (Invitrogen), 100 units/ml
penicillin, and 100 pg/ml streptomycin. After the tissue settled, the Hibernate E medium was
aspirated, and the tissue was triturated for 1 min in 0.1% trypsin in a Ca?*/Mg2*-free
phosphate-buffered saline solution supplemented with glucose (1.5 mm), after which trypsin
was inactivated by addition of soybean trypsin inhibitor (0.1 mg/ml). The mixture was
transferred into Hibernate E medium containing 20 units/ml DNase (Promega) in 0.2x
reaction buffer (Promega), and the cells were centrifuged at 200 x g for 1.5 min. The
supernatant was quickly aspirated, and the cells were resuspended in 10 ml of Neurobasal
(E) medium (Invitrogen) plus glutamate (0.4 ug/ml), 0.5 mm I-glutamine, penicillin, and
streptomycin (100 units/ml and 100 pg/ml, respectively), 1x B27 supplement, and 5 mm
sodium pyruvate. Once in suspension, the cells were diluted into 30 ml of the same medium
without pyruvate (initial plating medium), and the number of viable cells was determined by
trypan blue exclusion. Cells were plated on poly-d-lysine-coated Seahorse XF96 assay
plates or on glass coverslips in 12-well plates at a concentration of 25,000 cells per well or
70,000 cells per well, respectively, and kept at 37 °C in a 5% CO, incubator. After 4 days in
vitro, the initial plating medium was diluted with an equal volume of maintenance medium
of the same composition lacking glutamate and I-glutamine and supplemented with 1%
GlutaMAX-1 (Invitrogen). Cultures were fed every 3-4 days by replacement of one half the
conditioned media with fresh maintenance media. All experiments were performed with
cultures that were 13-15 days in vitro. These cultures were 91-95% neuronal, as estimated
by immunocytochemical staining according to the manufacturer’s protocols with anti-
neuronal nuclei (Chemicon, mAB377) or anti-neurofilament 200 kDa (Calbiochem, IFO6L).
Cells were then treated with recombinant HIV proteins from NIH AIDS Reagent Program-
gp120 (10 or 100 ng/mL; clade E, cat# 2968)-for 24 hours and then isolated and lysed for
analysis by western blot or infected with lentivirus (LV) and then treated with Mitotracker
Deep Red, fixed and immunostained.

The following antibodies were used in immunoblot, immunohistochemistry or both:
DNMLL (Santa Cruz Biotechnology, Dallas, TX; sc-32898), MFN1 (Santa Cruz
Biotechnology; sc-50330), Phospho-DNM1L-Ser616 (Cell Signaling), beta-actin (ACTB)
(Sigma-Aldrich, St. Louis, MO; cat# A5316), TOMMA40 (Santa Cruz Biotechnology;
sc-11414), HA-Tag (Cell Signaling Technology, Danvers, MA, cat# 2367).
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Immunoblot

Frontal cortex tissues from human and mouse brains were homogenized and fractionated
using a buffer that facilitates separation of the membrane and cytosolic fractions (1.0
mmol/L HEPES, 5.0 mmol/L benzamidine, 2.0 mmol/L 2-mercaptoethanol, 3.0 mmol/L
EDTA, 0.5 mmol/L magnesium sulfate, 0.05% sodium azide; final pH 8.8). In brief, as
previously described, (Hashimoto et al., 2002) tissues from human and mouse brain samples
(0.1 g) were homogenized in 0.7 mL of fractionation buffer containing phosphatase and
protease inhibitor cocktails (Calbiochem, San Diego, CA). Samples were precleared by
centrifugation at 5000 x g for 5 minutes at room temperature. Supernatants were retained
and placed into appropriate ultracentrifuge tubes and were centrifuged at 436,000 x g for 1
hour at 4°C in a TL-100 rotor (Beckman Coulter, Brea, CA). This supernatant was collected,
as representing the cytosolic fraction, and the pellets were resuspended in 0.2 mL of buffer
and rehomogenized for the membrane fraction.

Briefly, as previously described, cells were collected by trypsin digestion and centrifugation
(Fields et al., 2013). Cell pellets were homogenized in RIPA lysis buffer by sonication and
centrifuged at 5000 x g for 5 minutes. After determination of the protein content of all
samples (human, mouse tissue and cultured cells) by BCA Protein assay (Thermo Fisher
Scientific), membrane fractions were loaded (20 pg total protein/lane) on 4-12% Bis-Tris
gels and electrophoresed in 5% HEPES running buffer, and blotted onto Immabilon-P 0.45
pum membrane using NuPage transfer buffer. The membranes were blocked in 5% BSA in
phosphate-buffered saline-tween 20 (PBST) for one hour. Membranes were incubated
overnight at 4°C with primary antibodies. Following visualization, blots were stripped and
probed with a mouse monoclonal antibody against ACTB (1:2000) as a loading control. All
blots were then washed in PBST, and then incubated with secondary species-specific
antibodies (American Qualex, 1:5000 in PBST) and visualized with enhanced
chemiluminescence reagent (ECL, Perkin-Elmer). Images were obtained and semi-
quantitative analysis was performed with the VersaDoc gel imaging system and Quantity
One software (Bio-Rad).

Immunohistochemistry and double immunolabelling

SH-SY5Y cells or primary rat neurons were grown on acid-washed, poly-d-lysine-treated
coverslips. Cells infected with control LV (LV-con) or LV expressing DNM1L-HA (LV-
DNM1L-HA, MOI = 50) were treated with HIV gp120 (100ng/ml) for 24 hours, then treated
with MitoTracker® Deep Red FM (200nM) for 45 minutes. Cells were fixed in 4%
paraformaldehyde for 20 minutes at 4° C, immunostained with anti-HA antibody and then
mounted with DAPI immunomount. The immunolabelled blind-coded slides were imaged
with a Zeiss (Oberkochen, Germany) high magnification (x63) objective (numerical
aperture, 1.4) on an Axiovert 35 microscope (Zeiss) with an attached MRC1024 laser
scanning confocal microscope system (BioRad) and analyzed with ImageJ v1.43 software
(NIH), as previously described (Crews et al., 2010). For each condition a total of 50 cells
were analyzed. All slides were processed under the same standardized conditions.

Briefly, as previously described (Masliah et al., 2003), free-floating 40 um thick vibratome
sections of human or mouse brains were washed with Tris buffered saline (TBS, pH 7.4),
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pre-treated in 3% H,0,, and blocked with 10% serum (Vector Laboratories), 3% bovine
serum albumin (Sigma), and 0.2% gelatin in TBS-Tween (TBS-T). Sections were incubated
at 4 C overnight with the primary antibodies. Sections were then incubated in secondary
antibody (1:75, Vector), followed by Avidin D-horseradish peroxidase (HRP, ABC Elite,
Vector) and reacted with diaminobenzidine (DAB, 0.2 mg/ml) in 50 mM Tris (pH 7.4) with
0.001% H,0,. Control experiments consisted of incubation with pre-immune rabbit serum.
Immunostained sections were imaged with a digital Olympus microscope and assessment of
levels of DNM1L, MFN1 and TOMM40 immunoreactivity was performed utilizing the
Image- Pro Plus program (Media Cybernetics, Silver Spring, MD). For each case a total of
three 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. In addition, double immunolabelling studies were
performed as previously described (Spencer et al., 2009) to determine the cellular
localization of DNM1L and TOMMA4O0. For this purpose, vibratome sections of human and
mouse brains were immunostained with antibodies against DNM1L (green) and antibodies
against TOMMA40 (red). Sections were then reacted with secondary antibodies tagged with
FITC to detect DNM1L and with the tyramide Red amplification system (Perkin-Elmer) to
detect TOMMA40. Sections were mounted on superfrost slides (Fisher) and cover-slipped
with media containing DAPI. 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). All experiments were conducted blind-coded,
code was broken after analysis was performed.

Mitotracker Experiments

The Mitotracker assay (MitoTracker Red, Life Technologies) was used to visualize
mitochondria in SH-SY5Y neuronal cells and primary rat neurons. Cells were infected with
LV-control or LV-DNM1L-HA for 72 hours or transfected with siRNA specific for DNM1L
and then treated with gp120 for 24 hours. Subsequently, cells were incubated with
Mitotracker (200 nM) for 45 minutes at 37 C, fixed and then immunostained for DNM1L
expression. Microscope slides 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), and analyzed with ImageJ v1.43 software
(NIH), as previously described (Crews et al., 2010).

Seahorse XF-96 Extracellular Flux Analysis

Primary rat neurons were cultured on XF-96 plates (poly-lysine-coated) as described above
for 13-15 days. Neurons were treated with gp120 (100ng/ml) for 24 hours. On the day of
analysis, the medium of the cells was changed to aCSF (120 mM NacCl, 3.5 mM KClI, 1.3
mM CaCly, 0.4 mM KH,PQOy, 1 MgCl,, 5 HEPES, 8 mM glucose and 1 mM sodium
pyruvate, pH 7.4). The cultures were then incubated in a non-CO, incubator at 37 °C to
equilibrate. Baseline measurements of ECAR were taken prior to addition of oligomycin (2
uM), followed by a titrated concentration of FCCP, and then rotenone (500 nM) together
with antimycin (1 uM) (all from Sigma). After each addition of mitochondrial inhibitor,
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three readings were taken before injection of the subsequent inhibitor. ECAR was
automatically calculated and recorded by the Seahorse XF-24 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
two independent experiments.

Generation of gp120 tg mice and LV-mediated gene delivery

For studies of mitochondrial morphology and mitochondrial fission/fusion protein
expression, an animal model of HIV-protein mediated neurotoxicity, tg mice expressing
high levels of gp120 under the control of the glial fibrillary acidic protein (GFAP) promoter,
was used (Toggas et al., 1994). These mice develop neurodegeneration accompanied by
astrogliosis, microgliosis, and memory deficits in the water maze test (Toggas et al., 1994).
The mice were sacrificed within one week of behavioral testing, and brains were removed
for biochemical analyses of frozen or fixed brain tissues.

A cohort of 8 month old mice (n= 24), GFAP-gp120 tg (n= 12) and control mice (h= 12),
were injected with 3 pl of the lentiviral preparations (2.5x107 TU) into the temporal cortex
using a 5 ul Hamilton syringe. Briefly, as previously described (Marr et al., 2003), mice
were placed under anesthesia on a Koft stereotaxic apparatus and coordinates (hippocampus:
AP 2.0 mm, lateral 1.5 mm, depth 1.3 mm; and cortex: AP .5 mm, lateral 1.5 mm, depth 1.0
mm) were determined as per the Franklin and Paxinos (1997) atlas. The lentiviral vectors
were delivered using a Hamilton syringe connected to a hydraulic system to inject the
solution at a rate of 1 ul every 2 minutes. To allow diffusion of the solution into the brain
tissue, the needle was left for an additional 5 minutes after the completion of the injection.
Mice received unilateral injections (right side) to allow comparisons against the contralateral
side, with either LV-DNML1L (n= 6), or LV-con (n=6). Additional controls were performed
by injecting Non-tg littermates with either LV-DNML1L (n= 6), or LV-control (n= 6). Mice
survived for 6 weeks after the lentiviral injection. As an additional control for LV injection,
age matched littermates were injected with LV-luciferase.

Since no differences were observed between the LV-control and the LV-luciferase all data
presented in this paper are shown with the LV-control vector. Following NIH guidelines for
the humane treatment of animals, mice were anesthetized with chloral hydrate and flush-
perfused transcardially with 0.9% saline. Brains and peripheral tissues were removed and
divided in sagittal sections. The right hemi-brain was post-fixed in phosphate-buffered 4%
PFA (pH7.4) at 4°C for 48 hours for neuropathological analysis, while the left hemibrain
was snap-frozen and stored at =70°C for subsequent RNA and protein analysis.

Construction of lentivirus vectors

The human DNM1L-HA construct was graciously provided by Drs. Ruben Dagda and
Stefan Strack. The DNM1L gene linked to the HA epitope insert was PCR amplified and
cloned into the third-generation self-inactivating lentivirus vector (Naldini et al., 1996g;
Naldini et al., 1996b) with the CMV promoter driving expression producing the vector LV-
DNM1L-HA. Lentiviruses expressing DNM1L-HA or empty vector (as controls) was
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prepared by transient transfection in 293T cells (Naldini et al., 1996a; Naldini et al., 1996b;
Tiscornia et al., 2006) (Spencer et al., 2009).

Electron Microscopy

Vibratome sections from human frontal cortex or GFAP-gp120 tg mouse brains were fixed,
embedded, and sectioned with the ultramicrotome. To analyze the relative changes in
average diameter of mitochondria, a total of 25 cells were analyzed per condition. Cells
were randomly acquired from three grids. Grids were analyzed with a Zeiss OM 10 electron
microscope as previously described (Rockenstein et al., 2001). Electron micrographs were
obtained at a magnification of x25,000.

Statistical analysis

Results

Clinical and

All the analyses of images were conducted on coded samples blinded to the examiner. After
the results were obtained, the code was broken and data were analyzed with the StatView
program (SAS Institute, Inc., Cary, NC). Comparisons among groups were performed with
one-way ANOVA with posthoc Tukey’s test or unpaired Student’s T test where appropriate.
All results were expressed as mean = SEM. The differences were considered to be
significant if p values were <0.05.

neuropathological characteristics of HIV+ donors

Before analyzing mitochondrial biogenesis protein levels and mitochondrial morophology
we first meticulously collected and characterized clinical and neuropathological aspects of
the HIV+ cohort. For this purpose a total of 27 CNTN autopsy cases were analyzed in order
to assess relevant differences between postmortem brain samples from HIV patients. We
characterized the cohorts by brain weight, viral load (VL) and CD4+ cell count. The HAND
cohort was predominantly male (88%) and the donors average age did not significantly vary
with increasing HAND severity (Table 1). Plasma VL was similar among the groups, but
CSF VL was highest in HAD donors (Table 1). Interestingly, the group with “normal”
cognition had the highest CD4 counts, at 272.6 (Table 1). The “ANI” and “MND” groups
had the lowest CD4 at 40.0 and 40.4, respectively, and the HAD CD4 count was in the 76.6
(Table 1).

Mitochondrial proteins are altered with increasing neuropsychological impairment and
increasing neuropathology in brains of HIV+ donors

Abnormal mitochondrial dynamics are associated with multiple neurodegenerative diseases,
as shown by altered levels of mitochondrial fission and fusion proteins (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). To determine the expression levels of mitochondrial fission/
fusion in brains of HIV+ donors, we analyzed frontal lobe lysates from HAND cases as well
as Non-HAND cases (Table 1). Brain lysate membrane fractions were analyzed for
DNMLIL, p-DNM1L-Ser616, MFN1 and ACTB levels by immunoblot. In brain lysates from
HAND cases, DNM1L and p-DNM1L-Ser616 protein band intensity decreased with
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increasing NCI, with the least being detected in HAD samples (Fig. 1 A). Densitometry
analyses of DNM1L and p-DNM1L-Ser616 bands show protein levels were decreased by
50% (Fig. 1 B) and 40% (Fig. 1 C), respectively, in brains from HAD cases compared to
Non-HAND cases. DNM1L band signal were reduced in HIVE cases compared to HIV
cases, while p-DNM1L-Ser616 bands were similar in HIV and HIVE brains (Fig. 1 A).
Densitometry analysis showed a 30% decrease in DNM1L levels (p<0.05) (Fig. 1 B) and a
20% increase in MFN1 levels (p<0.05) (Fig. 1 E) in postmortem brains of HIVE compared
to HIV+ patients.

Levels of DNM1L and MFNL1 are altered and mitochondria are elongated in neurons of
HAND patients

To determine if the biochemical alterations in DNM1L and MFN1 levels are associated with
structural changes in neuronal mitochondria, we performed immunostaining for DNM1L,
MFN1, and the mitochondrial transport protein TOMMA40 in the frontal cortex of HIV+ and
HAND patients. DNM1L signal was reduced and showed a less punctate pattern throughout
the soma of neurons in HAND patients compared to HIV+ patients (Fig. 2 A). Optical
density analysis revealed a 35% decrease (p<0.05) of DNML1L protein in neurons of HAND
patients compared to Non-HAND patients (Fig. 2 B). Conversely, MFN1 signal was
increased in the neuronal soma from HAND patients (Fig. 2 C). Measurement of signal
intensity showed a 2-fold (p<0.05) increase in MFN1 positive staining in neurons from
HAND donors compared to HIV+ (Fig. 2 D). Signal for TOMMA40 localized to large
organelle structures in neuronal soma from HAND patients, suggesting increased
mitochondrial size (Fig. 2 E) Indeed, the average size of TOMM40+ structures were 80%
larger in HAND neurons, compared to those of control HIV+ donors (Fig. 2 F).

Next, we aimed to determine if DNML1L localization to the mitochondrial membrane is
reduced in brains of HAND donors compared to Non-HAND donors. Double-
immunolabeling with DNM1L (green) and TOMMA40 (red) was performed in frontal cortex
sections from Non-HAND and HAND donors. DNML signal is robust and punctate in
Non-HAND brains; however, DNM1L signal is less intense in HAND donors (Fig. 3 A).
TOMMA4O0 signal is intense in both Non-HAND and HAND donors, but TOMMA40+ punctae
were larger in HAND tissues compared to Non-HAND (Fig. 3 A). Merged images revealed
a higher number of co-immunostained (yellow) puncta for the HIV+ patient. Quantification
analysis revealed 70% colocalization of TOMM40 and DNM1L for HIV+ and only 25% for
HAND (Fig. 3 B), suggesting reduced DNM1L associated with mitochondrial membrane in
HAND tissues.

The ultrastructure of neuronal mitochondria reveals the size of individual mitochondria as
well as the integrity of mitochondrial cristae, which can be indicative of mitochondrial
health. Hence, we sought to investigate mitochondrial morphology in HIV+ control and
HAND utilizing transmission electron microscopy (TEM). Mitochondrial morophology was
preserved in neurons from HIV+ brains, with well-formed cristae and undisrupted
mitochondria membranes (Fig 3 C). Conversely, mitochondria in HAND neurons were filled
with discontinuous cristae, electron-dense structures and damaged double-membranes (Fig.
3 D). Analysis of mitochondrial diameter revealed an increase of 80% (p<0.05) in
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mitochondrial diameter in HAND brains compared to those from Non-HAND donors. These
data suggest that decreased DNM1L in HAND leads to decreased mitochondrial fission and
increased fusion.

DNMI1L expression is decreased, MFNL1 is increased and mitochondrial size is increased in
gp120 tg mice

Animal models of HAND may provide insight to the mechanisms by which HIV proteins
cause neuronal damage and lead to neuropathology and neurocognitive deficits. To
investigate alterations in mitochondrial dynamics in an experimental model of HIV protein
neurotoxicity, immunoblot analysis was performed on cortical extracts from gp120 tg and
Non-tg mice. Lysate membrane fractions were immunoblotted for MFN1, DNM1L, and
ACTB. DNMLL band signal was more intense and larger in Non-tg mouse brains compared
to gp120 tg mice (Fig. 4 A). The band corresponding to MFN1 was stronger in the gp120 tg
mouse brains compared to those of Non-tg mice (Fig. 4 A). Densitometry analysis showed
DNMLL protein levels were decreased by 70% in gp120 tg mice (Fig. 4 B), while MFN1
levels were increased by 120% in gp120 tg animals compared to Non-tg (Fig. 4 C).

Additionally, we performed DNM1L and MFN1 immunostaining of vibratome cut sections
from gp120 tg and Non-tg mouse brains. DNM1L staining appeared to be less intense in
brain sections from gp120 tg mouse brains compared to Non-tg (Fig 4 D). Optical density
analysis showed a 35% decrease (p<0.05) in DNML1L signal in neurons of gp120 tg versus
Non-tg animals (Fig. 4 E). MFNL1 signal is more intense and punctate in neurons in gp120 tg
mice versus Non tg mice (Fig. 4 F). Quantification of signal intensity showed a 20%
increase (p<0.05) in MFNL1 optical density in gp120 tg compared to Non-tg mice (Fig. 4 G).
TOMMA40 signal was localized to large structures in neurons from gp120 tg mice (Fig. 4 H).
Using TOMMA40 signal, mitochondrial average size was increased by 30% in neurons from
gp120 tg compared to Non-tg mice (Fig. 4 1).

Next, to determine if DNM1L localization to the mitochondrial membrane is reduced in
neurons from gp120 tg mouse brains, we conducted double-immunolabeling of DNM1L
(green) and TOMMA40 (red). Confocal microscopy analysis displayed reduced quantity and
intensity of DNM1L signal in neurons of gp120 tg versus Non-tg mouse brains (Fig. 5 A).
TOMMA4O0 signal appeared to be more punctate and from larger structures in the gp120 tg
mouse brains. (Fig. 5 A). Overlap of DNM1L and TOMMA40 signal revealed more merged
puncta (yellow) in Non-tg compared to gp120 tg mice. Quantification of yellow pixel
density demonstrated a 60% decrease in co-localization in gp120 tg compared to Non-tg
animals (Fig. 5 B).

Analysis of mitochondrial ultrastructure by TEM in gp120 tg and Non-tg animals was
performed to corroborate mitochondrial damage observed in our human donor cohort.
Neurons in gp120 tg mouse brains contained large and damaged mitochondria with electron
dense regions and malformed cristae compared to Non-tg images (Fig. 5 C). Diameter
measurements revealed that mitochondrial size was significantly increased by 70% in gp120
tg mice (Fig. 5 D). These results show that neuronal mitochondria are damaged and
elongated in gp120 tg mouse brains.
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Gp120, but not nef or Tat, decreases DNM1L, p-DNM1L-Ser616 and increases MFNL1 in
neuronal cells

HIV infection of the CNS causes a cascade of events in infected cells, as well as bystander
cells. Mitochondrial alterations could be due directly to HIV proteins, or a downstream
effect of inflammation or induction of intracellular signaling pathways. We first tested three
HIV proteins- gp120, nef, and Tat for the ability to alter DNM1L levels in differentiated SH-
SY5Y neuroblastoma cells. SH-SY5Y cells were treated with 10 or 100 ng/ml gp120, nef, or
Tat for 24 hours and then collected, lysed, fractionated and resolved by SDS-PAGE. Gp120
treatment decreased the DNM1L signal in a dose dependent manner, with the lightest band
corresponding to the highest gp120 concentration (Fig. 6 A). HIV nef or Tat had no
observable effect on the DNML1L signal (Fig. 6B and C). Densitometry analysis of the
DNM1L bands confirmed that gp120 decreases DNML1L protein levels by 40%, while nef or
Tat had no significant effect on DNM1L levels (Fig. 6 D—F). In order to determine the
impact of gp120 on other fission/fusion proteins, we treated differentiated SH-SY5Y
neuronal cells with increasing concentrations (10 and 100 ng/ml) of recombinant gp120
protein. Lysate membrane fractions were collected and immunoblotted for p-DNM1L-
Ser616, MFN1, and ACTB. The band corresponding to p-DNM1L-Ser616 became more
faint and thin with increasing doses of gp120 (Fig. 6 G). The band corresponding to MFN1
became more intense and thick with increasing doses of gp120 (Fig. 6 G). Densitometry
analysis revealed a significant decrease and increase (p<0.01) of p-DNM1L-Ser616 and
MFNL1 protein, respectively, at the highest concentration of gp120 (Fig. 6 H and I). These
data show that gp120 directly or indirectly decreased DNM1L and increases MFNL1 levels in
the particulate fraction of neuronal cells.

Gp1l20 increases mitochondrial size and decreases overall mitochondrial staining in
neuronal cells; this effect is reversed by DNM1L overexpression and exacerbated by
DNM1L knockdown

DNM1L mediates mitochondrial fission, and DNM1L activity may be induced by gp120
directly or as a compensatory mechanism in response to deleterious effects of gp120 on the
neuronal cell. To determine if gp120 acutely causes mitochondrial morphology and activity
alterations in our neuronal model, we infected SH-SY5Y cells with LV-DNM1L-HA (Fig. 7
A) for 72 hours and then treated with 100ng/ml gp120 for 24 hours, followed by incubation
with Mitotracker Red. We then fixed and permeablized the cells, immunostained for
DNM1L and visualized mitochondria that were capable of sequestering the potentiometric
Mitotracker Red. Infected cells were lysed and immunoblotted for DNM1L overexpression
with anti-HA antibody; a strong band corresponding to DNM1L was detected in LV-
DNM1L-HA-infected cells (Fig. 7 B). LV-Control infected cells displayed evenly
distributed mitochondria and DNMA1L signal (green), but when treated with gp120 the
Mitotracker staining was clearly accumulated in large structures with less intense red signal
overall (Fig. 7 C). DNMLL signal (green) was weakened in gp120-treated cells and less
colocalized with Mitotracker signal (Fig. 7 D). In LV-DNMLL infected cells, overall
DNM1L immunostaining was increased along with Mitotracker signal (Fig. 5 D and E).
DNMLL and Mitotracker signal were equivalent in LV-DNM1L-infected cells treated with
vehicle or gp120 (Fig. 7 D and E). In LV-Control infected cells, gp120 caused a significant
decrease in DNML1L (Fig. 7 D) and Mitotracker signal (Fig. 7 C); however, DNM1L
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overexpression rescued DNM1L (Fig. 7 D) and Mitotracker signal (Fig. 7 E). These data
suggest increasing DNM1L expression and mitochondrial fission may counteract the
negative effects that gp120 causes on neuronal cells.

As a proof of principal, we performed an experiment to knockdown DNM1L expression
using siRNA specific for DNM1L. We transfected SH-SY5Y cells with control siRNA
(SiCON) or siRNA specific for DNM1L (siDNM1L) for 48 hours and then treated with
100ng/ml gp120 for 24 hours, followed by incubation with Mitotracker Red. We then fixed
and permeablized the cells, immunostained for DNM1L and visualized mitochondria
capable of accumulating Mitotracker Red. Transfected cells were lysed and immunoblotted
for DNM1L overexpression; a strong band corresponding to DNM1L was detected in
siCON transfected cells, but a weak band corresponding to DNM1L was detected in
siDNML1L transfected cells (Fig. 8 A). siCON transfected cells displayed evenly distributed
mitochondria and DNM1L signal (green), but when treated with gp120 the Mitotracker
staining was clearly accumulated in large structures with less red signal overall (Fig. 8 B).
DNMLAL signal (green) was weakened in gp120-treated cells and less colocalized with
Mitotracker signal (Fig. 8 B). In sibNM1L infected cells, overall DNM1L signal was
decreased along with Mitotracker signal (Fig. 8 B). Quantification of DNMLL staining
showed that gp120 reduced DNM1L signal by 25% in siCON transfected cells and by 50%
in sSiDNM1L transfected cells (Fig. 8 C). Quantification of Mitotracker staining showed that
gp120 reduced DNM1L signal by 20% in siCON-transfected cells and by 65% in sSiDNM1L
transfected cells (Fig. 8 D). These data suggest reducing DNM1L expression and
mitochondrial fission may worsen the negative effects that gp120 causes on neuronal cells.

Gp120 decreases DNMI1L expression, increases mitochondrial size, increases H* and
decreases Mitotracker Red staining in primary rat neurons; this effect is reversed by
DNM1L overexpression

Primary rat neurons serve as a model more relevant to human disease compared to cell lines
such as SH-SY5Y. In order to determine the direct impact of gp120 on neurons, we treated
primary rat neurons with increasing concentrations (10 and 100 ng/ml) of recombinant
gp120 protein. Lysate membrane fractions were collected and immunoblotted for DNM1L,
MFNZ1, and ACTB. The band corresponding to DNM1L became more faint and thin with
increasing doses of gp120 (Fig. 9 A). Interestingly, the band corresponding to MFN1 was
also reduced in size and density with increasing doses of gp120 (Fig. 9 B). Densitometry
analysis revealed a significant decrease (p<0.01) of DNM1L and MFNL1 protein,
respectively, at the highest concentration (Fig. 9 C). These data show that gp120 directly or
indirectly decreased DNM1L and MFNL1 levels in the particulate fraction of primary rat
neurons.

Mitochondria produce ATP through oxidative phosphorylation via the ETC; however, when
oxygen supplies are short or the ETC is not functioning properly, glycolysis compensates for
the lack of ATP. Lactate is a by-product of glycolysis, and hence, glycolytic activity may be
indirectly measured through ECAR (H* production rate). Indeed, measurements of
extracellular pH have long been used as an indicator of glycolytic activity in cultured cells
(Balaban and Bader, 1984; Divakaruni et al., 2014). To determine if neurons increase ECAR
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in response to gp120, primary rat neurons were treated with gp120 (100ng/ml) for 24h and
then ECAR and respiration was measured on a Seahorse Extracellular Flux Analyzer. The
maximal ECAR following addition of oligomycin (when oxidative phosphorylation is
blocked) increased in response gp120 ECAR by 23% (p<0.01; Fig. 9 D). Under these
conditions, the maximal uncoupler-stimulated respiratory rates did not change significantly.
These data suggest that treatment with gp120 enhances the glycolytic capacity of primary
cortical neurons.

To determine if gp120 acutely causes alterations in mitochondrial morphology and staining
with a potentiometric dye in primary rat neurons, we infected primary cultures with LV-
DNM1L-HA for 72 hours and then treated with 100ng/ml gp120 for 24 hours, followed by
incubation with Mitotracker Red. We then fixed and permeablized the cells, immunostained
for DNML1L and visualized active mitochondria for Mitotracker signal. Infected cells were
lysed and immunoblotted for DNM1L overexpression with anti-HA antibody; a strong band
corresponding to DNM1L was detected in LV-DNM1L-HA-infected cells (Fig. 9 E). LV-
Control infected cells displayed evenly distributed mitochondria and DNM1L signal (green),
but when treated with gp120 the Mitotracker signal was clearly accumulated in large
structures with less Mitotracker signal overall (Fig. 9 F). In LV-Control infected cells,
DNMLL signal (green) was weakened (p<0.05) by gp120-treatment (Fig. 9 G). In LV-
DNML1L infected cells, overall DNM1L signal was increased along with and DNM1L signal
remained high (p<0.01) following gp120 treatment (Fig. 9 F). In LV-Control infected cells,
Mitotracker signal (red) was less intense (p<0.05) after gp120-treatment (Fig. 9 G);
however, DNM1L overexpression restored Mitotracker signal in gp120-treated cells (Fig. 9
H). These data suggest increasing DNM1L expression and mitochondrial fission may
counteract the negative effects that gp120 causes on neuronal cells.

LV-mediated DNM1L overexpression reduces mitochondrial size, neurodegeneration and
neuroinflammation in GFAP-gp120 tg mouse brains

Given the study results on neuronal cell lines and primary rat neurons showing a protective
effect of DNM1L against gp120, we next sought to determine if increasing DNM1L levels
in GFAP-gp120 tg mouse brains reduces the neuropathology associated with this
NeuroAIDS model. We sterotaxically infected LV-DNM1L-HA in to the brain. Two weeks
post-injection, mice were euthanized and brains were processed for immunohistochemical
analysis. Non-tg and GFAP-gp120 -tg mouse brains that were infected with LV-Con showed
no signal when immunostained for the HA epitope; however, the signal was intense around
the site of injection in brains of the Non-tg and GFAP-gp120 -tg mice infected with LV-
DNM1L-HA (Fig. 10 A). Optical density for HA immunostaining was increased 17-fold in
mice infected with LV-DNM1L-HA compared to the mice infected with LV-Con (Fig. 10
B). To determine the localization and size of mitochondria, we immunostained vibratome
sections of the mouse brains with antibody for TOMMA40 (green). TOMMA40 signal is
punctate and evenly distributed throughout the image in Non-tg mouse brains (Fig. 10 C).
TOMMA40 signal is associated with large and less numerous organelles in the GFAP-gp120
tg mouse brains that were infected with LV-con; however, the TOMMA40 signal, in GFAP-
gp120 tg mouse brains infected with LV-DNM1L-HA, is more dispersed, numerous and
associated with visibly smaller organelles (Fig. 10 C). Analysis of the average size of the
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TOMMA40 puncta show that mitochondria are reduced by 20% in Non-tg mouse brains
infected with LV-DNM1L-HA (Fig. 10 D). Conversely, TOMM40+ puncta are 50% larger
in GFAP-gp120 tg mouse brains compared to the TOMMA40+ puncta in corresponding Non-
tag brains (Fig. 10 D). These data suggest that gp120-induced reduction in DNM1L levels
and activity leads to increased mitochondria size and consolidation of the organelles.

To determine if DNML1L overexpression, via lentiviral vector infections, reduces neuronal
mitochondrial size and/or neuropathology associated with the GFAP-gp120 tg model, we
immunostained vibratome sections with GFAP and MAP2 antibodies as indicators of
astrogliosis and neurodegeneration. GFAP signal is low throughout brain tissues of Non-tg
mice, both LV-con and LV-DNM1L-HA infected (Fig. 11 A). Conversely, GFAP signal is
intense and more abundant in the GFAP-gp120 tg mouse brains, as previously reported (Fig.
11 A) (Toggas et al., 1994). GFAP-gp120 tg mice infected with LV-DNM1L-HA presented
GFAP staining much less intense and less dispersed compared to GFAP-gp120 tg mice
infected with LV-con (Fig. 11 A). Optically density analysis of GFAP signal shows the
astrogliosis is similar in both groups of Non-tg mouse brains; however, LV-DNM1L-HA
infusion reduced GFAP signal by 30% in the GFAP-gp120-tg mouse brains (Fig. 11 B).

Next, we performed immunostaining of brain tissues with MAP2 to analyze neuronal
integrity in the Non-tg and GFAP-gp120 tg mice. MAP2 signal (green) is uniformly staining
pyramidal neurons throughout brain tissues of Non-tg mice, both LV-con and LV-DNM1L-
HA infected (Fig. 11 C). Conversely, MAP2 signal is reduced and more sparse in the GFAP-
gp120 tg mouse brains, as previously reported (Toggas et al., 1994) (Fig. 11 C).
Remarkably, GFAP-gp120-tg mice infected with LV-DNM1L-HA presented MAP2 signal
in similar intensity as the Non-tg mouse brains (Fig. 11 C). Optically density analysis of the
area of the neutrophil staining for MAP2 shows equivalent signal in both groups of Non-tg
mouse brains; however, MAP2 signal is reduced by 20% in GFAP-gp120 tg mouse brains
that were infected with LV-con compared to Non-tg mouse brains (Fig. 11 D). DNM1L
overexpression increases MAP2 signal area by 15% in GFAP-gp120 tg mouse brains,
compared to those infected with LV-con (Fig. 11 D). These data suggest that maintaining
mitochondrial fission in GFAP-gp120 tg mouse brains may reduce neuroinflammation and
neuroinflammation.

Discussion

In the current study we report, for the first time, DNM1L and p-DNM1L-Ser616 protein
levels are significantly reduced in brains of HAND donors compared to Non-HAND donors.
These changes were reflected in degenerating neurons of HAND donors, and were
associated with large and damaged mitochondria. Furthermore, GFAP-gp120 tg mouse
brains had decreased DNML1L, increased MFN1, and elongated mitochondria with damaged
cristae compared to Non-tg animals. In vitro, gp120 treatment reduced total and active
DNM1L expression, increased MFN1, and reduced staining with potentiometric
mitochondrial dye (Mitotracker Red) in neuronal cells. Gp120 treatment similarly reduced
DNMLL levels in primary rat neurons, concomitant with increased capacity for extracellular
acidification. Remarkably, DNM1L overexpression reversed neuroinflammation and
neurodegeneration in the GFAP-gp120 tg mice and restored the intensity of Mitotracker
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staining to levels similar to control in primary rat neurons. Our results indicate that gp120
induced mitochondrial fusion, possibly, as a compensatory, but deleterious response that
further exacerbates HIV-induced neuroinflammation and neurodegeneration. These findings
are consistent with a recent study that showed DNM1L overexpression reverses HIV protein
VPR-induced mitochondrial destruction (Huang et al., 2012).

Several neurodegenerative diseases are associated with abnormal mitochondrial dynamics,
shown by altered regulation of mitochondrial fission and fusion proteins and mitochondrial
distribution (Calkins et al., 2011; Tain et al., 2009; Zuchner et al., 2004). In Parkinson’s
disease, loss of parkin or PINK activity leads to impaired quality control by the fusion/
fission machinery resulting in neuronal cell death (Tain et al., 2009). Decreased
mitochondrial fission and fusion proteins have been reported in brains of Alzheimer’s
disease patients (Wang et al., 2009). Previous studies have shown that HIV derived proteins
alter the mitochondrial caspase machinery, regulate calcium levels and alter glutamate
toxicity leading to oxidative stress and apoptosis in neurons (Bonavia et al., 2001; Catani et
al., 2000; Perfettini et al., 2005; Singh et al., 2005; Thomas et al., 2009). The data presented
here are consistent with reports of altered mitochondrial homeostasis in neurodegenerative
disorders, but are distinct in that increased mitochondrial fusion is the predominant
observation. The question remains whether this fusion is the primary cause of, or a response
to, neurodegeneration caused by HIV infection of the CNS. In either case, our data suggest
excessive mitochondrial fusion in response to gp120 contributes to neurodegeneration.
Understanding the mechanisms by which HIV associated proteins alter mitochondrial
biogenesis and function may be crucial for understanding the causes of neurodegeneration in
HIV infected patients.

We hypothesized that mitochondrial dynamics are altered in HAND cases compared to Non-
HAND cases, due to the close association between mitochondrial morphology and metabolic
functions. For instance high mitochondrial fragmentation occurs in cells that undergo
apoptosis (Breckenridge et al., 2003), whereas mitochondrial fusion is crucial for sharing of
mitochondrial contents and the rescue of damaged mitochondria (Twig et al., 2008).
Mitochondria are typically in the post-fission state whereas fusion is a very selective process
of quality control (Twig et al., 2008). TEM visualization of neuronal mitochondrial
morphology revealed elongated and damaged mitochondria in HAND patients, which may
suggest DNM1L is decreased and MFNL1 is increased in an effort to salvage damaged
mitochondria. Interestingly, and similar to our results, Twig et al. found that decrease of
fission proteins resulted in an accumulation of damaged mitochondrial material and reduced
respiratory function (Twig et al., 2008). Mitochondrial fission has been linked to autophagy
and apoptosis, since damaged and depolarized mitochondria undergo mitophagy after fission
and, as mentioned before, apoptosis can be induced by extensive mitochondrial
fragmentation. It has been shown that increased fusion prevents autophagy and apoptosis,
functioning as a rescue mechanism to transient cell stress (Chen et al., 2005, 2007; Gomes et
al., 2011). Consequently the following question arises; should increased mitochondrial
fusion in this case need to be interpreted as an accumulation of damaged mitochondrial
components resulting from inefficient removal through mitophagy-coupled fission? Or does
mitochondrial fusion serve as a buffering mechanism compensating damage induced by HIV
proteins? The reduction in total and active forms of the mitochondrial fission protein
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DNML1L in both HAND and HIVE brains suggests that mitochondrial fission is either
coordinately reduced by cell signaling to promote rescue of mitochondria and the cell, or
this reduction is causing neurodegeneration through accumulation of otherwise mitophagy-
bound organelles. It is also possible that both scenarios may be true and contribute to
neurodegeneration. Glycogen synthase kinase (GSK) 3 has been shown to activate DNM1L
GTPase activity (Yan et al., 2015). Conversely, cCAMP-dependent protein kinase (PKA)
attenuates DNM1L activity through phosphorylation (Chang and Blackstone, 2007a); hence,
gp120 may induce alterations in these pathways that lead to the DNM1L expression
observed in this cohort of HAND donors. It is note worthy that the donors classified as
“Normal” had the highest CD4 counts of all donors and lower viral loads than donors with
HAD (table). This may suggest that HIV replication, and hence gp120 level, is controlled in
these patients, resulting in less neuronal damage. It will be important to determine which
aspect of HIV infection is causing the neuronal mitochondrial damage in the CNS.

Animal models of HAND are valuable tools used to dissect the mechanisms by which HIV
induces neurodegeneration in the CNS. The GFAP-gp120 tg mouse model is associated with
behavioral deficits, neurodegeneration and neuroinflammation (Toggas et al., 1994).
Multiple cellular pathways are disrupted in this model including autophagy and the CDK5
signaling pathway (Fields et al., 2013; Lee et al., 2013). Consistent with these reports, our
data show that, specifically, mitochondrial cristae are malformed and mitochondria are
elongated in damaged neurons in this model. Moreover, DNM1L and MFN1 expression
levels are decreased and increased, respectively, suggesting gp120 is sufficient to induce
these changes. Interestingly, a previous study reported that DNM1L heterozygote knockout
mice had no synaptic or mitochondrial deficiencies (Manczak et al., 2012), and another
showed that DNMLL inhibition attenuated neurotoxicity in mouse models of Parkinson’s
disease (Rappold et al., 2014). This may suggest that the impact of DNM1L levels is
contextual. In the case of gp120 expression in the brain, gp120-induced mitochondrial
toxicity may promote mitochondrial fusion to a deleterious level and thereby result in the
pathology observed in the GFAP-gp120 tg mouse brains. Hence, it will be important to
determine how gp120 directly causes these neuronal changes, and if changes in infected
cells may also alter mitochondrial function in bystander neurons.

HIV can cause neuronal damage by inducing inflammation in infected microglia or
bystander astrocytes or through direct interactions of HIV proteins with bystander neurons
(Benos et al., 1994; Lipton, 1992; Walsh et al., 2014). Several HIV proteins lead to
mitochondrial damage: transactivator of transcription (Tat) increases reactive oxygen
species and alters mitochondrial membrane potentional (Nath et al., 2000). In addition, Viral
Protein R (VPR) has been suggested to act on the mitochondrial permeability transition pore
(MPTP) (Ferri et al., 2000; Jacotot et al., 2000), although the components of the pore as
defined at the time have since been questioned (Bernardi and Di Lisa, 2015). Additionally,
gp120 interacts with NMDA, chemokine receptors and lipid rafts on neurons leading to
mitochondrial depolarization (Berth et al., 2015; Catani et al., 2000; Corasaniti et al., 1996).
Endocytosed gp120 is trafficked throughout neuronal soma and axons, and may lead to
direct neuronal damage (Bachis et al., 2006; Berth et al., 2015). Evidence is accumulating
that HIV proteins, Tat and gp120, alter CDKS5 signaling, which can lead to tau
hyperphosphorylation, actin stabilization, and reduced DNM1L activity (Fields et al., 2015;
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Lee et al., 2013). In collaboration with Mocchetti’s group, we recently reported that gp120
binds to TUBB3, a subunit of microtubules in neurons, and that this impedes mitochondrial
trafficking and leads to increased mitochondrial size (submitted to Molecular
Neurodegeneration). The current data are consistent with the increase in mitochondrial size.
Interestingly, we show that gp120 decreased total and active DNM1L in human neuronal
cells and primary rat neurons as early as 24 hours after exposure. It is possible that the
gp120 could activate the MPTP and induce mitochondrial swelling, and increasing DNM1L
may facilitate recycling of these damaged mitochondria via mitophagy. Future studies on
induction of MTPT in response to gp120 will be necessary to rule out this possibility.
Nevertheless, these current data suggest that gp120 may cause the decreased DNM1L
observed in HAND, HIVE and the GFAP gp120 tg mouse CNS neurons. Unlike in the
neuroblastoma cell line, gp120 induced a reduction in MFN1 concomitantly with reduced
DNMLAL levels in primary rat neurons, suggesting that primary neurons may cease both
mitochondrial fission and fusion in response to gp120. Increased ECAR by gp120-treated
primary rat neurons suggests a rise in energy needs that is not being met by oxidative
phosphorylation. Paradoxically, we observed no significant change, but an upward trend in
maximal oxygen consumption rates that was highly variable. This may suggest that gp120
induces an energetic stress, and glycolytic capacity increases in order to meet neuronal ATP
demands. Future studies will focus on the precise gp120-induced mechanisms at work in
primary neurons. It will be particularly important to determine if gp120 affects turnover of
mitochondria or mitochondrial proteins and if this can be modulated via DNM1L levels.

The notion that excessive mitochondrial fusion is induced by HIV and contributes to HAND
is supported by our data showing that DNM1L gene delivery increased the Mitotracker
staining of mitochondria and reduced accumulation of large perinuclear mitochondria in
gp120-treated neuronal cells and primary rat neurons. Indeed, previous studies have shown
that loss of mitochondrial fission depletes axonal mitochondria in neurons (Berthet et al.,
2014). This is in contrast to a recent study that reported knockdown or chemical inhibition
of DNM1L reduced gp120-induced pain sensation in the sciatic nerve of rats (Kanda et al.,
2015). One possible, and simplistic explanation is that increased mitochondrial fission in the
CNS of GFAP-gp120 tg mice helps to maintain neuronal function in an inflammatory
environment that would otherwise minimize neuronal activity during response to the insult.
In peripheral nerves, such as the sciatic, increased DNM1L may oversensitize the nerve in
response to gp120, and thereby lead to the sensation of pain. The opposing gp120-induced
responses of DNM1L in the CNS and the periphery are intriguing and deserve futher
investigation. DNM1L overexpression may reduce neuroinflammation and
neurodegeneration in the GFAP-gp120 tg mouse model by maintaining distribution and
quality control of mitochondria in neurons. This could be attributed to two DNM1L
activities: 1) DNM1L may mediate increased mitophagy and clear damaged mitochondria;
or 2) DNM1L may increase the number of mitochondria to a level that ensures proper
distribution to active synapses and circumvents gp120 block of mitochondria trafficking on
microtubules. Given that increased DNM1L appears to improve resistance to gp120-induced
neurotoxicity, gp120 may increase fusion, through decreased DNM1L and increased MFN1,
to a level that prevents proper neuron function. It will be interesting to see if blocking gp120
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interaction with TUBB3 or altering cell signaling pathways in the GFAP-gp120 tg model
will prevent neurodegeneration and behavioral deficits.

Conclusions

Overall, these data, along with the accompanying report, reveal a distinct alteration in
mitochondrial morphology associated with HIV infection of the CNS and evidence that
gp120 mediates these changes via altered mitochondrial fission/fusion and translocation
along microtubules. The increase in mitochondria size is associated with severe HAND, and
the alterations in fission/fusion machinery are observed early in neuronal models for HIV
protein-mediated neurodegeneration. These data suggest that an imbalance in mitochondrial
fission/fusion dynamics may be a compensatory mechanism that contributes to
neurodegeneration in HAND patients. Furthermore, balancing DNM1L and MFN1
expression levels or activation status may rectify complications observed in GFAP-gp120 tg
and other HAND mouse models with the end goal of treating HAND. Future studies will
focus on the pathway through which gp120 induces alterations in mitochondrial fission/
fusion dynamics.
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References

Bachis A, et al. Axonal transport of human immunodeficiency virus type 1 envelope protein
glycoprotein 120 is found in association with neuronal apoptosis. J Neurosci. 2006; 26:6771-80.
[PubMed: 16793884]

Balaban RS, Bader JP. Studies on the relationship between glycolysis and (Na+ + K+)-ATPase in
cultured cells. Biochim Biophys Acta. 1984; 804:419-26. [PubMed: 6087923]

Benos DJ, et al. Cytokines and HIV envelope glycoprotein gp120 stimulate Na*/H* exchange in
astrocytes. J Biol Chem. 1994; 269:13811-13816. [PubMed: 8188658]

Bernardi P, Di Lisa F. The mitochondrial permeability transition pore: molecular nature and role as a
target in cardioprotection. J Mol Cell Cardiol. 2015; 78:100-6. [PubMed: 25268651]

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fields et al.

Page 19

Berth S, et al. Internalization and axonal transport of the HIV glycoprotein gp120. ASN Neuro. 2015;
7

Berthet A, et al. Loss of mitochondrial fission depletes axonal mitochondria in midbrain dopamine
neurons. J Neurosci. 2014; 34:14304-17. [PubMed: 25339743]

Biedler JL, et al. Multiple neurotransmitter synthesis by human neuroblastoma cell lines and clones.
Cancer Res. 1978; 38:3751-7. [PubMed: 29704]

Bingham R, et al. HIV encephalitis despite suppressed viraemia: a case of compartmentalized viral
escape. Int J STD AIDS. 2011; 22:608-9. [PubMed: 21998185]

Bonavia R, et al. HIV-1 Tat causes apoptotic death and calcium homeostasis alterations in rat neurons.
Biochem Biophys Res Commun. 2001; 288:301-8. [PubMed: 11606043]

Breckenridge DG, et al. Caspase cleavage product of BAP31 induces mitochondrial fission through
endoplasmic reticulum calcium signals, enhancing cytochrome c release to the cytosol. J Cell Biol.
2003; 160:1115-27. [PubMed: 12668660]

Brun-Vezinet F, Charpentier C. Update on the human immunodeficiency virus. Med Mal Infect. 2013;
43:177-84. [PubMed: 23628423]

Calkins MJ, et al. Impaired mitochondrial biogenesis, defective axonal transport of mitochondria,
abnormal mitochondrial dynamics and synaptic degeneration in a mouse model of Alzheimer’s
disease. Hum Mol Genet. 2011; 20:4515-29. [PubMed: 21873260]

Catani MV, et al. gp120 induces cell death in human neuroblastoma cells through the CXCR4 and
CCR5 chemokine receptors. J Neurochem. 2000; 74:2373-9. [PubMed: 10820198]

Chan DC. Mitochondrial fusion and fission in mammals. Annu Rev Cell Dev Biol. 2006; 22:79-99.
[PubMed: 16704336]

Chang CR, Blackstone C. Cyclic AMP-dependent protein kinase phosphorylation of Drp1l regulates its
GTPase activity and mitochondrial morphology. J Biol Chem. 2007a; 282:21583-7. [PubMed:
17553808]

Chang CR, Blackstone C. Drpl phosphorylation and mitochondrial regulation. EMBO Rep. 2007b;
8:1088-9. author reply 1089-90. [PubMed: 18059302]

Chen H, Chan DC. Emerging functions of mammalian mitochondrial fusion and fission. Hum Mol
Genet. 2005; 14(Spec No 2):R283-9. [PubMed: 16244327]

Cho DH, et al. S-nitrosylation of Drpl mediates beta-amyloid-related mitochondrial fission and
neuronal injury. Science. 2009; 324:102-5. [PubMed: 19342591]

Clifford DB, Ances BM. HIV-associated neurocognitive disorder. Lancet Infect Dis. 2013; 13:976-86.
[PubMed: 24156898]

Corasaniti MT, et al. NMDA and HIV-1 coat protein, GP120, produce necrotic but not apoptotic cell
death in human CHP100 neuroblastoma cultures via a mechanism involving calpain. Biochem
Biophys Res Commun. 1996; 229:299-304. [PubMed: 8954122]

Crews L, et al. Modulation of aberrant CDKS5 signaling rescues impaired neurogenesis in models of
Alzheimer’s disease. Cell Death Dis. 2011; 2:€120. [PubMed: 21368891]

Crews, L., et al. CDKS5 hyperactivation interferes with neuronal differentiation in models of
Alzheimer’s disease. Society for Neuroscience Annual Meeting; San Diego, CA. 2007.

Crews L, et al. Selective molecular alterations in the autophagy pathway in patients with Lewy body
disease and in models of alpha-synucleinopathy. PLoS One. 2010; 5:9313. [PubMed: 20174468]

Deng H, et al. The Parkinson’s disease genes pink1 and parkin promote mitochondrial fission and/or
inhibit fusion in Drosophila. Proc Natl Acad Sci U S A. 2008; 105:14503-8. [PubMed: 18799731]

Dickey AS, Strack S. PKA/AKAP1 and PP2A/Bbeta2 regulate neuronal morphogenesis via Drpl
phosphorylation and mitochondrial bioenergetics. J Neurosci. 2011; 31:15716-26. [PubMed:
22049414]

Divakaruni AS, et al. Analysis and interpretation of microplate-based oxygen consumption and pH
data. Methods Enzymol. 2014; 547:309-54. [PubMed: 25416364]

DuBoff B, et al. Tau promotes neurodegeneration via DRP1 mislocalization in vivo. Neuron. 2012;
75:618-32. [PubMed: 22920254]

Ferri KF, et al. Mitochondrial control of cell death induced by HIV-1-encoded proteins. Ann N 'Y
Acad Sci. 2000; 926:149-64. [PubMed: 11193032]

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fields et al.

Page 20

Fields J, et al. Age-dependent molecular alterations in the autophagy pathway in HIVE patients and in
a gp120 tg mouse model: reversal with beclin-1 gene transfer. J Neurovirol. 2013; 19:89-101.
[PubMed: 23341224]

Fields JA, et al. Mechanisms of HIV-1 Tat neurotoxicity via CDKS5 translocation and hyper-activation:
role in HIV-associated neurocognitive disorders. Curr HIV Res. 2015; 13:43-54. [PubMed:
25760044]

Gomes AP, et al. Berberine protects against high fat diet-induced dysfunction in muscle mitochondria
by inducing SIRT1-dependent mitochondrial biogenesis. Biochim Biophys Acta. 2012; 1822:185—
95. [PubMed: 22027215]

Gomes LC, et al. During autophagy mitochondria elongate, are spared from degradation and sustain
cell viability. Nat Cell Biol. 2011; 13:589-98. [PubMed: 21478857]

Hashimoto M, et al. Fibroblast growth factor 1 regulates signaling via the GSK3{beta} pathway:
implications for neuroprotection. J Biol Chem. 2002; 277:32985-32991. [PubMed: 12095987]

Huang CY, et al. HIV-1 Vpr triggers mitochondrial destruction by impairing Mfn2-mediated ER-
mitochondria interaction. PLoS One. 2012; 7:€33657. [PubMed: 22438978]

Jacotot E, et al. The HIV-1 viral protein R induces apoptosis via a direct effect on the mitochondrial
permeability transition pore. J Exp Med. 2000; 191:33-46. [PubMed: 10620603]

Kanda H, et al. Inhibition of Mitochondrial Fission Protein Reduced Mechanical Allodynia and
Suppressed Spinal Mitochondrial Superoxide Induced by Perineural Human Immunodeficiency
Virus gp120 in Rats. Anesth Analg. 2015

Kaul M, et al. Pathways to neuronal injury and apoptosis in HI\VV-associated dementia. Nature. 2001;
410:988-94. [PubMed: 11309629]

Lee MH, et al. Impaired neurogenesis and neurite outgrowth in an HIV-gp120 transgenic model is
reversed by exercise via BDNF production and Cdk5 regulation. J Neurovirol. 2013; 19:418-431.
[PubMed: 23982957]

Li Z, et al. The importance of dendritic mitochondria in the morphogenesis and plasticity of spines and
synapses. Cell. 2004; 119:873-87. [PubMed: 15607982]

Lipton S. Requirement for macrophages in neuronal injury induced by HIV envelope protein gp120.
NeuroReport. 1992; 3:913-915. [PubMed: 1421098]

Lipton SA. AIDS-related dementia and calcium homeostasis. Ann N Y Acad Sci. 1994; 747:205-24.
[PubMed: 7847672]

Manczak M, et al. Dynamin-related protein 1 heterozygote knockout mice do not have synaptic and
mitochondrial deficiencies. Biochim Biophys Acta. 2012; 1822:862-74. [PubMed: 22387883]

Marr RA, et al. Neprilysin gene transfer reduces human amyloid pathology in transgenic mice. J
Neurosci. 2003; 23:1992-6. [PubMed: 12657655]

Masliah E, et al. Abetal-42 promotes cholinergic sprouting in patients with AD and Lewy body
variant of AD. Neurology. 2003; 61:206-11. [PubMed: 12874400]

Nakamura T, et al. S-nitrosylation of Drpl links excessive mitochondrial fission to neuronal injury in
neurodegeneration. Mitochondrion. 2010; 10:573-8. [PubMed: 20447471]

Naldini L, et al. Efficient transfer, integration, and sustained long-term expression of the transgene in
adult rat brains injected with a lentiviral vector. Proc Natl Acad Sci U S A. 1996a; 93:11382-8.
[PubMed: 8876144]

Naldini L, et al. In vivo gene delivery and stable transduction of nondividing cells by a lentiviral
vector. Science. 1996b; 272:263-7. [PubMed: 8602510]

Nath A. Human immunodeficiency virus (HIV) proteins in neuropathogenesis of HIV dementia. J
Infect Dis. 2002; 186(Suppl 2):5S193-8. [PubMed: 12424697]

Nath A, et al. Synergistic neurotoxicity by human immunodeficiency virus proteins Tat and gp120:
protection by memantine. Ann Neurol. 2000; 47:186-94. [PubMed: 10665489]

Norman JP, et al. HIV-1 Tat activates neuronal ryanodine receptors with rapid induction of the
unfolded protein response and mitochondrial hyperpolarization. PLoS One. 2008; 3:e3731.
[PubMed: 19009018]

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fields et al.

Page 21

Parikh NI, et al. Lipoprotein concentration, particle number, size and cholesterol efflux capacity are
associated with mitochondrial oxidative stress and function in an HIV positive cohort.
Atherosclerosis. 2015; 239:50-4. [PubMed: 25574857]

Patrick C, et al. Increased CDKS5 Expression in HIV Encephalitis Contributes to Neurodegeneration
via Tau Phosphorylation and Is Reversed with Roscovitine. Am J Pathol. 2011; 178:1646-61.
[PubMed: 21435449]

Perfettini JL, et al. Mechanisms of apoptosis induction by the HIV-1 envelope. Cell Death Differ.
2005; 12(Suppl 1):916-23. [PubMed: 15719026]

Rappold PM, et al. Drp1 inhibition attenuates neurotoxicity and dopamine release deficits in vivo. Nat
Commun. 2014; 5:5244. [PubMed: 25370169]

Rockenstein E, et al. Early formation of mature amyloid-b proteins deposits in a mutant APP
transgenic model depends on levels of Ab1-42. J neurosci Res. 2001; 66:573-582. [PubMed:
11746377]

Samji H, et al. Closing the gap: increases in life expectancy among treated HIV-positive individuals in
the United States and Canada. PLoS One. 2013; 8:e81355. [PubMed: 24367482]

Scorrano L. Keeping mitochondria in shape: a matter of life and death. Eur J Clin Invest. 2013;
43:886-93. [PubMed: 23869410]

Singh IN, et al. Differential involvement of p38 and JNK MAP kinases in HIVV-1 Tat and gp120-
induced apoptosis and neurite degeneration in striatal neurons. Neuroscience. 2005; 135:781-90.
[PubMed: 16111829]

Spencer B, et al. Beclin 1 gene transfer activates autophagy and ameliorates the neurodegenerative
pathology in alpha-synuclein models of Parkinson’s and Lewy body diseases. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 2009; 29:13578-88. [PubMed:
19864570]

Taguchi N, et al. Mitotic phosphorylation of dynamin-related GTPase Drpl participates in
mitochondrial fission. J Biol Chem. 2007; 282:11521-9. [PubMed: 17301055]

Tain LS, et al. Rapamycin activation of 4E-BP prevents parkinsonian dopaminergic neuron loss. Nat
Neurosci. 2009; 12:1129-35. [PubMed: 19684592]

Thomas S, et al. Mitochondria influence Fas expression in gp120-induced apoptosis of neuronal cells.
Int J Neurosci. 2009; 119:157-65. [PubMed: 19125371]

Tiscornia G, et al. Design and cloning of lentiviral vectors expressing small interfering RNAs. Nat
Protoc. 2006; 1:234-40. [PubMed: 17406238]

Toggas SM, et al. Central nervous system damage produced by expression of the HIV-1 coat protein
gp120 in transgenic mice. Nature. 1994; 367:188-93. [PubMed: 8114918]

Tozzi, V.; Uccella, I.; Larussa, D.; Lorenzini, P.; Bossolasco, S.; Bongiovanni, M.; Moretti, F.;
Zannoni, P.; Vigo, B.; Mazzarello, G.; Artioli, S.; Monforte, A.; Cingolani, A.; Cinque, P.;
Antinori, A. Characteristics and factors associated with HIV-1 related neurocognitive disorders
during HAART era. In; Khalili, K., editor. J NeuroVirol; 5th International Symposium of
NeuroVirology, HIV Molecular and Clinical Neuroscience Workshop; Baltimore, MD: Taylor and
Francis; 2003. p. 10

Twig G, et al. Fission and selective fusion govern mitochondrial segregation and elimination by
autophagy. EMBO J. 2008; 27:433-46. [PubMed: 18200046]

Walsh JG, et al. Rapid inflammasome activation in microglia contributes to brain disease in HI\V/
AIDS. Retrovirology. 2014; 11:35. [PubMed: 24886384]

Wang DB, et al. Declines in Drp1 and parkin expression underlie DNA damage-induced changes in
mitochondrial length and neuronal death. J Neurosci. 2013; 33:1357-65. [PubMed: 23345212]

Wang X, et al. Impaired balance of mitochondrial fission and fusion in Alzheimer’s disease. J
Neurosci. 2009; 29:9090-103. [PubMed: 19605646]

Woods SP, et al. Interrater reliability of clinical ratings and neurocognitive diagnoses in HIV. J Clin
Exp Neuropsychol. 2004; 26:759-78. [PubMed: 15370374]

Yan J, et al. Blockage of GSK3beta-mediated Drpl phosphorylation provides neuroprotection in
neuronal and mouse models of Alzheimer’s disease. Neurobiol Aging. 2015; 36:211-27.
[PubMed: 25192600]

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Fields et al.

Page 22

Zuchner S, et al. Mutations in the mitochondrial GTPase mitofusin 2 cause Charcot-Marie-Tooth
neuropathy type 2A. Nat Genet. 2004; 36:449-51. [PubMed: 15064763]

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Fields et al.

Page 23

Highlights

e Reduced mitochondrial fission and increased fusion proteins in brains of HAND
donors

» Increased mitochondrial size and damage in brains of HAND donors

e HIV gp120 induces mitochondrial fusion and decreases fission proteins in vivo
and in vitro

»  Overexpressing mitochondrial fission proteins ameliorates gp120-induced
neurodegeneration in vivo
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Figure 1. Total and active isoforms of mitochondrial fission protein, DNM1L, are decreased in
brains of HAND cases compared to Non-HAND

Frontal cortex lysates from HIV+ donors were analyzed for mitochondrial fission/fusion
protein expression by immunoblot. (A) Immunoblot for DNM1L, pDNM1L-616, MFN1 and
ACTB from frontal cortex membrane fractions of HAND and Non-HAND cases. (B-D)
Band densitometry quantification for DNM1L, pDNM1L-616, and MFN1 normalized to
ACTB from frontal cortex membrane fractions (*p<0.05, **p<0.01 by student t-test; 27
donors). (E) Immunoblot for DNM1L, p-DNM1L-616, MFN1 and ACTB from frontal
cortex membrane fractions of HIV and HIVE brains. (F-H) Band densitometry
quantification for DNM1L, pDNM1L-616 and MFN1 normalized to ACTB from frontal
cortex membrane fractions from frontal cortex membrane fractions of HIV and HIVE donor
brains (*p<0.05 by one-way ANOVA,; n= 13 donors).
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Figure 2. DNM1L and MFNL1 alterations are localized to damaged neurons in HAND brains
Vibratome sections of frontal cortex from Non-HAND(HIV+) and HAND cases were

analyzed for DNM1L and MFN1 expression and mitochondrial morphology by bright-field
microscopy. (A and B) DNML1L signal in neurons of Non-HAND and HAND brains, and
optical density quantification. (C and D) MFNL1 signal in neurons of Non-HAND and
HAND brains brains, and optical density quantification. (E and F) TOMMA40 signal in
neurons of Non-HAND and HAND brains brains, and quatification of average size of
TOMMA40+ puncta. (*p<0.05 by student t-test; n= 14, 7 HIV+ and 7 HAND)
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Figure 3. DNML1L localization to mitochondria is reduced in neurons and neuronal mitochondria
size is increased in HAND patients

Vibratome sections of frontal cortex from Non-HAND (HIV+) and HAND cases were
analyzed for DNM1L and TOMMA40 expression by confocal microscopy and mitochondrial
morphology by transmission electron microscopy. (A and B) Immunofluorescent signal for
DNML1L (green) and TOMMA40 (red) and quantification of the colocalization of the two
signals. (C) Ultrastructure images by TEM of neuronal mitochondria from Non-HAND and
HAND brains donors. (D) Average quantification of diameter of neuronal mitochondria in
Non-HAND and HAND brains donor brains. (*p<0.05 by student t-test; n= 14, 7 HIV+ and
7 HAND)
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Figure 4. DNM1L is decreased, MFNL1 is increased and mitochondria size is increased in
damaged neurons of gp120 tg mice

Lysates and vibratome sections of frontal cortex from Non tg and gp120 tg mouse brains
were analyzed for DNM1L and MFN1 expression and mitochondrial morphology by
immunoblot and bright-field microscopy. (A) Brain lysates were immunoblotted for
DNML1L, MFN1 and ACTB. (B and C) DNM1L and MFN1 band intensity was quantified
and normalized to ACTB signal. (D and E) DNMLL signal in neurons of Non-tg and gp120-
tg mouse brains, and optical density quantification. (F and G) MFN1 signal in neurons of
Non-tg and gp120-tg mouse brains and optical density quantification. (H and I) TOMM40
signal in neurons of Non tg and gp120 tg mouse brains, and quatification of average size of
punta. (*p<0.05 by student t-test; n= 10, 5 Non tg and 5 GFAP gp120 tg)
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Figure 5. DNML1L localization to mitochondria is reduced in neurons and neuronal mitochondria

size is increased in GFAP-gp120 tg mouse brains

Vibratome sections of Non tg and GFAP-gp120 tg mouse brains were analyzed for DNM1L
and TOMMA40 expression by confocal microscopy and mitochondrial morphology by
transmission electron microscopy. (A and B) Immunofluorescent signal for DNM1L (green)
and TOMMA40 (red) and quantification of the colocalization of the two signals. (C)
Ultrastructure images by TEM of neuronal mitochondria from Non-tg and gp120 tg mouse
brains. (D) Average quantification of diameter of neuronal mitochondria in Non tg and
gp120 tg mouse brains. (*p<0.05 by student t-test; n= 10, 5 Non tg and 5 GFAP-gp120 tg)
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Figure 6. HIV gp120, but not nef or Tat, decreases total and active DNM1L and increases
neuronal MFN1 expression in vitro

Differentiated SH-SY5Y neuroblastoma cells were treated with increasing doses of
recombinant gp120 (10 and 100 ng/ml), nef (10 and 100 ng/ml) or Tat (10 and 100 ng/ml)
for 24 h and then analyzed for DNM1L, p-DNM1L-616, MFN1 and ACTB expression by
immunoblot. (A—C) Immunoblot of SH-SY5Y membrane fraction lysates for DNM1L. (D-
F) Quantification of densitometry of DNM1L band signals normalized to ACTB. (G)
Immunoblot of SH-SY5Y membrane fraction lysates for p-DNM1L, MFN1 and ACTB. (H
and I) Quantification of densitometry of p-DNM1L and MFN1 band signals normalized to
ACTB. (*p<0.05, **p<0.01 by one-way ANOVA; two biological replicates were tested in
three independent experiments).
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Figure 7. Overexpression of DNM1L increases Mitotracker signal and alters mitochondria shape
in gp120-treated SH-SY5Y neuronal cells

Differentiated SH-SY5Y neuroblastoma cells were cultured on glass coverslips, infected
with LV-DNM1L-HA or transfected with DNM1L specific siRNA and then treated with 100
ng/ml of gp120 for 24 h. Cells were then treated with Mitotracker red, fixed and analyzed
for DNM1L expression and Mitotracker signal by confocal microscopy. (A) LV-DNM1L-
HA construct schematic. (B) Anti-HA and ACTB immunoblot of lysates from LV-DNM1L-
HA-infected SH-SY5Y neuronal cells. (C) Confocal images of LV-control- or LV-DRP-1-
infected SH-SY5Y neuronal cells that were treated with vehicle or gp120 and then incubated
with mitotracker (red) and immunostained for DNM1L. (D) Quantification of DNM1L
immunostaining pixel intensity. (E) Quantification of Mitotracker red pixel intensity.
(*p<0.05, **p<0.01 by one-way ANOVA, two biological replicates were tested in two
independent experiments)

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fields et al.

A sicontrol + -
si DNM1L - +
DNM1L- s s -81kDa

ACTB- QPP 42kDa

sicontrol

DNM1L Merged

Mitotracker

Vehicle gp120 Vehicle

Page 31
C
[ Vehicle
£ . gp120
c
8
£
3
X
-8
sicontrol siDNM1L
D Mitotracker Red
—_— [ Vehicle
200 # N gp120

-
@
S

Pixel intensity
a
=3
o

50

o

sicontrol siDNM1L

Figure 8. Knockdown of DNM1L reduces Mitotracker signal and increases mitochondria size

gpl20-treated SH-SY5Y neuronal cells

Differentiated SH-SY5Y neuroblastoma cells were cultured on glass coverslips, transfected
with siRNA specific for DNM1L and then treated with 100 ng/ml of gp120 for 24 h. (A)
Anti-DNM1L and ACTB immunoblot of lysates from siRNA-transfected SH-SY5Y
neuronal cells. (B) Confocal images of siRNA-transfected SH-SY5Y neuronal cells that
were treated with vehicle or gp120 and then incubated with mitotracker (red) and
immunostained for DNML1L. (C) Quantification of DNM1L immunostaining pixel intensity.
(D) Quantification of Mitotracker red pixel intensity. (*p<0.05, **p<0.01 by one-way
ANOVA,; two biological replicates were tested in two independent experiments)
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Figure 9. gp120 decreases DNM1L expression, increases ECAR and decreases Mitotracker Red
staining in primary rat neurons; overexpression DNM1L reverses these effects

Differentiated primary rat neurons were treated with 10 and 100 ng/ml of gp120 for 24 h and
then analyzed for DNM1L, p-DNM1L-616, MFN1 and ACTB expression by immunoblot.
(A) Immunoblot of primary rat neuron membrane fraction lysates for DNM1L, MFN1 and
ACTB. (B and C) Quantification of densitometry of DNM1L and MFN1 band signals
normalized to ACTB. (*p<0.05, *p<0.01 by one-way ANOVA). (D) ECAR following the
addition of oligomycin, and maximal rates of uncoupler-stimulated respiration (normalized
to controls) were measured on a Seahorse Extracellular Flux Analyzer. (data are mean + St.
Dev.; **p=0.01 by unpaired t-test on the square root of the normalized data; p=0.23 for
maximal respiration). (E) Anti-HA and ACTB immunoblot of lysates from LV-DNM1L-
HA-infected primary rat neurons. (F) Confocal images of LV-control- or LV-DNM1L-
infected primary rat neurons that were treated with vehicle or gp120 and then incubated with
mitotracker (red) and immunostained for DNML1L. (G) Quantification of DNM1L
immunostaining pixel intensity. (H) Quantification of Mitotracker red pixel intensity.
(*p<0.05, **p<0.01 by one-way ANOVA, two biological replicates were tested in two
independent experiments)
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Figure 10. Lentivirus-mediated delivery of DNM1L to Non tg and gp120 tg mouse brains
increases DNM1L levels and decreases the mitochondrial size

Non-tg and gp120 tg mice were stereotaxically infused with L\VVCon or LVDNM1L-HA.
Vibratome sections were then analyzed for DNM1L expression and TOMMA40 signal by
brightfield and confocal microscopy, respectively. (A) Brightfield images of vibratome
sections from Non tg and GFAP-gp120 tg mouse brains immunostained for HA-tag epitope.
(B) Quantification of HA signal optical density from Non-tg and GFAP-gp120 tg mouse
brains. (C) Confocal images of vibratome sections from Non tg and GFAP-gp120 tg mouse
brains immunostained for TOMMA40. (D) Quantification of Average mitochondria size as
estimated by TOMMA40+ puncta. (*p<0.05, **p<0.01 by two-way ANOVA,; n= 20, 10 Non

tg and 10 gp120 tg)
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Figure 11. Lentivirus-mediated delivery of DNM1L reduces astrogliosis and neurodegeneration
in gp120 tg mouse brains

Non tg and gp120 tg mice were stereotaxically infused with L\VCon or LVDNM1L-HA.
Vibratome sections were then analyzed for GFAP and MAP2 expression by brightfield and
confocal microscopy, respectively. (A) Brightfield images of vibratome sections from Non
tg and GFAP-gp120 tg mouse brains immunostained for GFAP. (B) Quantification of GFAP
signal optical density from Non tg and GFAP-gp120 tg mouse brains. (C) Confocal images
of vibratome sections from Non tg and GFAP-gp120 tg mouse brains immunostained for
MAP2. (D) Quantification of Average mitochondria size as estimated by TOMMA40+ puncta.
(*p<0.05, *p<0.01 by two-way ANOVA ; n=20, 10 Non tg and 10 gp120 tg)
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