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Abstract

Disruption of mitochondria axonal transport, essential for the maintenance of synaptic and 

neuronal integrity and function, has been identified in neurodegenerative diseases. Whether HIV-1 

viral proteins affect mitochondria axonal transport is unknown, albeit HIV-associated 

neurocognitive disorders occur in around half of the patients living with HIV. Therefore, we 

sought to examine the effect of HIV-1 viral protein R (Vpr) on mitochondria axonal transport. 

Using mice primary neuronal cultures, we demonstrated that 4-day Vpr treatment reduced the ratio 

of moving mitochondria associated with (i) less energy (ATP) supply, (ii) reduction in Miro-1 and 

(iii) increase of α-synuclein which led to loss of microtubule stability as demonstrated by 

inconsecutive distribution of acetylated α-tubulin along the axons. Interestingly, the effect of Vpr 

on mitochondria axonal transport was partially restored in the presence of bongkrekic acid, a 

compound that negatively affected the Vpr-adenine nucleotide translocator (ANT) interaction and 

totally restored the ATP level in neurons. This indicated Vpr impaired mitochondria axonal 

transport partially related to its interaction with ANT. The above effect of Vpr was similar to the 

data obtained from hippocampal tissues isolated from 18-month-old aging mice compared to 5-

month-old mice. In accord with previous clinical findings that HIV infection prematurely ages the 

brain and increases the susceptibility to HAND, we found that Vpr induced aging markers in 

neurons. Thus, we concluded that instead of causing cell death, low concentration of HIV-1 Vpr 
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altered neuronal function related with inhibition of mitochondria axonal transport which might 

contribute to the accelerated neuronal aging.
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INTRODUCTION

The combined anti-retroviral therapy (cART) has been extremely effective in suppressing 

viral replication and extending the life expectancy of HIV-infected patients. However, 

neuropsychological studies revealed a significant number of HIV-1 infected patients 

developing neurocognitive impairment despite of reduced morbidity and mortality by the 

treatment. These impairments include learning deficit, declarative memory and executive 

function alterations (Borjabad et al., 2011; Fellows et al., 2014; Heaton et al., 2011). HIV 

viral proteins are believed to contribute to the development of HIV-associated 

neurocognitive disorder (HAND). This was confirmed in transgenic rodents expressing one 

of the HIV viral proteins that exhibited learning and memory deficits (Carey et al., 2012; 

D’Hooge et al., 1999; Jones et al., 2007). Therefore, understanding how HIV viral proteins 

contribute to learning and memory deficits is critical for reducing the neurocognitive 

impairment in HIV patients.

The virion-associated HIV-1 viral protein R (Vpr) is a multi-potent viral protein involved in 

nuclear import of the viral pre-integration complex, inducing G2-phase arrest and the 

regulation of HIV-LTR activation (Bartz et al., 1996; Forget et al., 1998; He et al., 1995; 

Jenkins et al., 1998). Recently, Vpr was shown to facilitate viral replication in the host cells 

by mediating proteasomal degradation of host restriction factors (Laguette et al., 2014; Zhou 

et al., 2015). Using different cell lines with neuronal features, studies showed that Vpr 

induces apoptosis, impairs mitochondrial function and axonal outgrowth, eventually leading 

to neuronal loss together with learning and memory deficit in Vpr-transgenic mice (Jones et 

al., 2007; Kitayama et al., 2008). Most of these studies proposed neuronal apoptosis as the 

mechanism contributing to the neurocognitive impairment (Cheng et al., 2007; Guha et al., 

2012). However, in the cART era, milder forms of neurocognitive impairment dominate, in 

which neuronal death is not commonly seen as in cases of HIV-associated dementia which 

dominated in the pre-cART era (Heikinheimo et al., 2015). Therefore, identifying non-

apoptotic mechanisms would help to control the progression of HAND.

Axonal transport is crucial for the maintenance of neuronal metabolism and synaptic 

transmission, therefore indispensable for the survival and function of neurons (Bartlett et al., 

1998; Chevalier-Larsen and Holzbaur, 2006; Maday et al., 2014). Normal function and 

dynamic of mitochondria, the “powerhouse of the cell” and “ATP reservoir”, are critical for 

the neuronal cells with tremendous energy demands. Mitochondria axonal transport 

distributes refreshed, healthy mitochondria from the cell body to the synaptic terminals and 

transports older, damaged mitochondria from the axonal terminal to the soma (Frederick and 

Shaw, 2007). This energy-consuming process depends on ATP hydrolysis and requires the 
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interaction between adaptor proteins, motor complexes and stable microtubule system 

(Schwarz, 2013). Axonal transport disruption can trigger synaptic accumulation of 

autophagosomes packed with damaged mitochondria and protein aggregates, promoting 

synaptic failure (Esteves et al., 2014). Aberrant axonal transport was observed in several 

neurodegenerative diseases such as Parkinson’s disease (PD) and Lewy’s body dementia 

(LBD), both of which have aberrant α-synuclein accumulation (Lamberts et al., 2015; 

O’Donnell et al., 2014; Volpicelli-Daley et al., 2014).

Recently, α-synuclein was found to affect vesicle transport in CNS neurons (Koch et al., 

2015). Another group found α-synuclein accumulation did not cause a generalized defect in 

axonal transport but impaired the transport of Rab7 and TrkB receptor-containing 

endosomes and autophagosomes (Volpicelli-Daley et al., 2014). These studies indicated α-

synuclein might be a negative regulator of axonal transport and targeting the early effect of 

α-synuclein accumulation like axonal transport deficiency may be a novel intervention 

against neurocognitive disorder.

In here, we aim to (i) determine whether Vpr affects mitochondria axonal transport; and to 

(ii) explore the mechanisms underlying the phenotype changes in primary neurons treated 

with low concentration of Vpr.

1.1. Cell culture, transfection and treatment

Primary neuronal cultures were prepared as previously described with minor modifications. 

Briefly, hippocampus were collected from embryonic mice of 17–18 days old (C57/BL6 

mice, Taconic farm), digested in 0.125% trypsin for 30 minutes and then rinsed twice in 

HBSS solution (Corning cellgro). Digested tissue was then triturated and dissociated into 

single cells in seeding medium (DMEM containing 4.5 g/L glucose, 10% FBS, 1 × 

glutamax, 1 × non-essential amino acids, 100 IU/ml penicillin and streptomycin, Invitrogen). 

Cells in suspension were centrifuged at 150 g for 10 minutes and the pellet was gently re-

suspended in the seeding medium. The pellet was passed through mesh #400 to remove the 

non-dispersed tissue before seeded to plates.

Human embryonic kidney cells (HEK293) were bought from American Type Culture 

Collection (ATCC) and kept in DMEM (4.5 g/L glucose, Corning cellgro) medium with 

10% FBS (Gibco). SH-SY5Y cells were bought from ATCC and kept in DMEM/F12 

medium (Corning cellgro) with 10% FBS. Forty-eight hours after plating, 10 μM retinoic 

acid (Sigma-aldrich) was added to SH-SY5Y cells and allowed for differentiation for 3 days 

before collection.

1.2. Transfection and luciferase assay

For transfection, 4 × 106 cells (mice primary neurons) were re-suspended in Lonza P3 

medium (Cat # V4XP3012) with 3 μg endotoxin-free DS-Red expression plasmid and 

electroporated using 4D-Nucleofector™ X Unit. Cells were seeded (8 × 105) in 35 mm 

dishes or plates coated with poly-D-lysine (Sigma-aldrich). Cultures were incubated at 37°C 

incubator containing 5% CO2. Twenty-four hours later, the cells were washed with HBSS 

and the medium was replaced with neuron-specific medium (Neurobasal + 2% of B27, 1 × 

glutamax, 1 × non-essential amino acids, 50 IU/ml penicillin and streptomycin, Invitrogen). 
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The medium was changed every 3 days. Recombinant Vpr was added to the culture on days 

5 and 7 and neurons were collected or recorded on day 9.

HEK293 (2 × 105) were transfected with 0.5 μg of HIV-1 LTR-luciferase using jetPEI 

(Polyplus-transfection) for 24 hours and then treated with rVpr (75 or 150 ng/ml) for an 

additional 24 hours. HEK293 cells treated with 100 ng/ml recombinant HIV-1 Tat protein 

was used as a positive control. The cells were washed, collected and processed for luciferase 

assay using the Berthold detection system. Three independent experiments were conducted.

1.3. Live cell image acquisition

Mitochondria transport within the neuronal axons was taken using the 60× oil objective lens 

of the Leica DMI 4000B confocal microscope. A heated 37°C temperature-controlling 

chamber filled with 5% CO2 surrounding the microscope stage was used to keep the cells 

alive. Images were captured every 5 seconds for a total of 5 minutes. Kymographs were 

made using ImageJ. Mitochondria moving at a velocity higher than 0.1 μm/s were 

considered mobile. At least thirty axons were recorded.

1.4. Cytotoxicity assay

Vpr cytotoxicity was measured using Promega CytoTox-Glo kit following the 

manufacturer’s protocol with minor modifications. Briefly, 1 × 105 live cells were plated in 

each well of a 48-well plate and kept in culture for 8 days. Two hundred microliters of 

CytoTox-Glo™ reagent was added to all wells, mixed by orbital shaking and then incubated 

at room temperature for 15 minutes before measuring the luminescence for dead cells. After 

that, 200 μl of lysis reagent was added to all wells and incubated at room temperature for 15 

minutes before measuring total luminescence. Five independent experiments were 

conducted.

1.5. Cell senescence staining

Senescence was evaluated using β-galactosidase cell staining kit (Cell signaling) as 

recommended by the manufacturer. Briefly, neurons in 3.5 cm dishes were rinsed, fixed with 

1 × fixative solution for 15 minutes, and washed twice with PBS. β-galactosidase staining 

solution (930 μl 1 × staining solution with 10 μl supplement A, 10 μl supplement B and 50 

μl 20 mg/ml X-gal in DMF) was added and the cells were incubated at 37°C without CO2 

overnight. Images were taken with Nikon LED microscope the following day. Experiments 

were repeated three times.

1.6. ATP assay

ATP content was determined with the ATP Determination Kit (Molecular Probes, 

Invitrogen) following the manual. Briefly, a standard curve containing ATP concentrations 

ranging from 1 nM to 1 μM was generated before measuring ATP in the cells. 10 mM 

carbonyl cyanide m-chlorophenyl hydrazone (CCCP, Sigma-aldrich)-treated neurons were 

used as a positive control. Cultured neurons were washed in PBS and subject to at least 3 

freeze (−80°C) and thaw (37°C) cycles until most of the cell membrane broke.
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Total protein concentration was measured using the BCA kit (Pierce) and normalized 

accordingly. Normalized samples (10 μl) were mixed with 100 μl of standard reaction 

solution containing DTT, D-luciferin and firefly luciferase. Luminescence was detected with 

the Berthold detection system. The amount of ATP in the cell samples was calculated from 

the standard curve. Three independent experiments were conducted.

1.7. Brain slices preparation and immunofluorescence

Old and young mice were decapitated and brains were immediately fixed in 4% 

paraformaldehyde prepared in PBS. Twenty-four hours later, fixed brains were submerged in 

10% sucrose/PBS solution followed by 20% and 30% sucrose until the tissue sank to the 

bottom of each concentration. Transverse sections of 40 μm were prepared with Leica frozen 

microtome and kept in PBS. The cells were washed with PBS and fixed with 4% 

paraformaldehyde in PBS for 20 minutes before staining.

After washing in PBS twice and penetration in PBST (PBS with 0.2% TritonX-100) for 10 

minutes (cells) or 20 minutes (brain slices), cells or brain slices were blocked with 2% goat 

serum for 1 hour at room temperature before incubated with primary antibodies (anti-

Tom20, anti-acetyl-α-tubulin 1:100 in 1% goat serum, Santa Cruz) at 4°C overnight. The 

specimens were washed 4 times, 10 minutes each in PBST. Specimens were then incubated 

with secondary antibodies coupled with Alex-488 or Alex-594 (1:2000 dilution in PBST, 

Invitrogen) for 2 hours at room temperature. Specimens were thoroughly washed and 

mounted in mounting medium with DAPI (Vector Laboratories). The percentage of neurites 

with inconsecutive distribution of acetyl-α-tubulin was counted half-manually with the Sholl 

analysis plugin in Image J. Briefly, fluorescent pictures taken with EVOS microscope were 

converted to 8-bit grayscale pictures and skeletonized with proper threshold settings. Multi-

point selection tool was used to mark the total and broken neurites separately. The neurites 

number can be obtained through Sholl analysis plugin. Percentage of broken neurites would 

be calculated as broken neurites number/total neurites number. Three independent 

experiments were conducted.

1.8. Genomic DNA and Methylated DNA Immunoprecipitation (MeDIP)

Genomic DNA was extracted with Thermo Scientific GeneJET Genomic DNA Purification 

Kit (ThermoFischer) per the manufacturer’s protocol. Two micrograms of DNA was 

sonicated in TE buffer (500 μl) to receive 200–800 bp DNA fragments. Ten microliters of 

each sample were saved for later use as the input while the rest were boiled for 10 minutes 

and immediately put on ice. Add 50 μl of 10 × IP buffer (1.4 M NaCl and 0.5% Triton 

X-100) and incubate with 5 μg 5mC antibody at 4°C overnight. For each sample, wash 50 μl 

of Dyna beads 3 times with 1 × PBS containing 0.1% BSA followed by one rinse with 1 × 

IP buffer.

Fifty microliters of Dynabeads were added to each sample and rotated at room temperature 

for 2 hours. The supernatant was removed with the magnetic rack. Beads were then washed 

3 times with 500 μl of 1 × IP buffer and resuspended in 500 μl proteinase K digestion buffer 

(50 mM Tris pH 8.0, 10 mM EDTA, 0.5% SDS, 10 μl/ml proteinase K) and incubated at 

50°C with shaking for 2 hours. One volume phenol/chloroform was then added to the 
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mixture and centrifuged at the max speed for 5 min at RT. The top layer was transferred to a 

new tube. After one repeat of the phenol/chloroform extraction, two volumes of cold 100% 

ethanol, 300 mM NaAc, 2 μg glycogen were added to the mixture and incubated at 4°C 

overnight. The tubes were centrifuged at 15,000 g for 20 minutes at 4°C and then washed in 

70% ethanol. The last procedure was repeated and the DNA was resuspended in appropriate 

amount of water for PCR analysis.

1.9. Real-time PCR

Total RNA was extracted with TRIzol (Invitrogen) following the manufacturer’s protocol 

and then reverse transcribed into cDNA with the SuperScript VILO cDNA synthesis Kit 

(Invitrogen). Real-time PCR was performed using SYBR Premix Real-time PCR kit (Roche) 

per the manufacturer’s instruction. The mRNA levels were normalized against β-actin and 

presented as 2−ddCT. The primer sequences are listed below:

SNCA forward: 5′-ggctttgtcaagaaggaccag-3′, reverse: 5′-cctctgaaggcatttcataagcc-3′

β-actin forward: 5′-ggctgtattcccctccatcg-3′, reverse: 5′-cgtcccagttggtaacaatgcc-3′

PPARGC1α (MeDIP) forward 1: 5′-cagccagatatggacgtaagag-3′, reverse 1: 5′-

cacctgtctcaactgctgat-3′;

forward 2: 5′-tcaccctttgttccgtgttatt-3′, reverse 2: 5′-tgcagactcaaactggctatg-3′

1.10. Western Blot Analysis

Cells or tissue were harvested, sonicated and lysed in RIPA buffer (50 mM Tris-HCl, pH 7.5, 

150 mM NaCl, 0.5% DOC, 1% NP40, 0.1% SDS, protease inhibitor cocktails), before being 

centrifuged at 10,000g for 10 minutes at 4°C. Supernatant was collected and protein 

concentration was measured and normalized using BCA assay kit. BSA was used as the 

standard. Proteins were separated in 10% sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (BioRad). Blots 

were blocked in skim milk and then incubated overnight with primary antibodies: rabbit 

anti-Miro-1, rabbit anti-GAPDH, rabbit anti-α-synuclein (Cell signaling), mouse anti-Tom 

20, or mouse anti-acetyl-α-tubulin (Santa Cruz). Blots were then incubated with secondary 

antibodies (Invitrogen) conjugated with horseradish peroxidase for 1 hour at room 

temperature. ECL Plus (Amersham GE Healthcare) was used for detecting the bands. The 

immunoreactive bands were visualized by autoradiography and the density of the bands was 

evaluated densitometrically using ImageJ software.

1.11. Statistical Analysis

All experiments were performed at least in triplicates with independent batches of cell 

cultures. Data were expressed as means ± SEM. Two-group comparisons were analyzed by 

Student’s t-test. Multiple comparisons were analyzed by one-way ANOVA followed by the 

LSD test. *P<0.05, **P<0.01 versus mock group; #P<0.05, ##P<0.01 versus rVpr-treated 

group.
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2. RESULTS

2.1. Mitochondria transport deficiency in aging mice hippocampus

Recent clinical studies identified premature aging or premature age-related comorbidities in 

HIV-infected patients, suggesting accelerated aging as one of the possible mechanisms 

contributing to HAND (Capeau, 2011; Holt et al., 2012; Pfefferbaum et al., 2014; Thomas et 

al., 2013). While abnormal mitochondria axonal transport has been described in 

neurodegenerative diseases (Calkins et al., 2011; De Vos et al., 2008; Millecamps and Julien, 

2013; Perlson et al., 2010; Praprotnik et al., 1996; Trimmer et al., 2009), it remains unclear 

whether it contributes to the development of HAND. Therefore, we first sought to examine 

whether mitochondria axonal transport deficiency exists in aging brain.

We used 5- and 18-month-old mice since C57BL/6 mice exhibited aging-related learning 

and memory deficit from 16 months old (de Fiebre et al., 2006; Liu et al., 2003; Sanders, 

2011; Seib et al., 2013). Expression and distribution of the translocase of outer membrane 

(TOM20) were examined. TOM20 is a protein responsible for the recognition and 

translocation of cytosolic synthesized mitochondrial pre-proteins (Terada et al., 1997) and 

commonly accepted as mitochondrial marker. Immunohistochemistry assay revealed more 

mitochondria accumulation (demonstrated by positive Tom20 staining) in the cell body of 

hippocampal neurons (CA1 and CA3 areas) of 18-month-old than in the 5-month-old 

littermates (Figure 1A). We did not observe any difference in the total protein level of 

Tom20 between the hippocampus of young and aging mice as shown by Western blot 

analysis (Figure 1B and C). These results suggested that mitochondria accumulation in the 

hippocampal neurons of 18-month-old mice was probably due to transport deficiency instead 

of mitochondria quantity changes.

To further verify this hypothesis, we determined the level of several proteins involved in 

mitochondria axonal transport in young and aging mice. Miro-1 is a Rho-GTPase located in 

the mitochondria outer membrane and regulates the intracellular microtubule-dependent 

transport of mitochondria through direct interaction with Milton that recruits the motor 

proteins (Glater et al., 2006; van Spronsen et al., 2013). Western blot analysis revealed 

35.6 % reduction (p<0.05) of Miro-1 in the hippocampus of 18-month-old mice compared to 

the 5-month-old mice (Figure 1B and C).

Long-range fast axonal transport of mitochondria requires microtubule stabilization 

(Grafstein and Forman, 1980; Hollenbeck, 1996). Microtubule is the polarized structure 

composed of heterodimer subunits of α- and β-tubulin (Nogales et al., 1998). Acetylated α-

tubulin, present in various microtubule structures, stabilizes the structures of all 

microtubules (Kim et al., 2012). As shown in panels B and C, the level of acetylated α-

tubulin decreased by 37.3% in the hippocampus of 18-month-old mice, suggesting that 

microtubule stability is compromised in aging brain.

Furthermore, accumulation of α-synuclein has been shown to contribute to microtubule 

destabilization (Gassowska et al., 2014; Prots et al., 2013), leading to inhibition of 

mitochondria transport (Xie and Chung, 2012). Therefore, we tested changes in α-synuclein 

protein level. Using the same protein extracts, we found that α-synuclein expression 
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increased (2 folds, p<0.05) in the hippocampus of 18-month-old compared to the 5-month-

old mice (Panels D and E). These data further supported the impairment in mitochondria 

axonal transport in aging mice hippocampus.

2.2. Determining the optimal dosage of rVpr

Withal the clinical discovery of accelerated aging signs in specific brain regions of HIV 

patients, the mechanisms, especially the contribution of different viral proteins remain 

unknown. We therefore wondered whether Vpr caused mitochondria axonal transport 

deficiency as observed in the aging brains.

We first determined whether the recombinant Vpr was functional. HEK293 cells were 

transfected with the HIV-1 promoter (LTR) for 24 hours followed by the addition of 75, 150 

ng/ml rVpr or 100 ng/ml rTat (used as a positive control). Twenty-four hours later, the cells 

were washed and processed for luciferase assay. As shown in Figure 2A, rVpr and rTat 

activated the HIV-1 promoter compared to the untreated.

Vpr has been known to kill cells since it arrests the cell cycle. However, neurons already exit 

cell cycles and are arrested in a post-mitotic state. In addition, in the cART era, viral 

replication is under control, allowing low production of viral proteins. We therefore 

wondered whether low concentration of rVpr can kill neurons or not. An MTT assay was 

performed to evaluate whether rVpr can affect cell viability in neurons or not. Primary mice 

neurons were treated with increasing concentration of rVpr (20 – 300 ng/ml) for 48 and 96 

hours, respectively. Only 300 ng/ml of rVpr reduced the cell viability by 9% at 96 hours 

(Figure 2B). No changes were observed when the cells were treated with 150 ng/ml of rVpr 

for 6 or 24 hours (data not shown).

In addition, we also performed a cytotoxicity assay measuring the activity of protease 

released from dead cells. Using the CytoTox-Glo kit, we found that 150 ng/ml of rVpr did 

not induce cytotoxic effect on the cells (panel 2C). Based on these results, 150 ng/ml of rVpr 

was used in the following experiments.

2.3. rVpr altered mitochondria axonal transport

Next, we examined whether rVpr altered mitochondria axonal transport, hence contributing 

to the development of early signs of brain aging. Primary mice neurons were transfected 

with DS-Red expression plasmid. On day 5 post-transfection, the cells were treated with 150 

ng/ml of rVpr or heat-inactivated rVpr (H/I rVpr, heated at 100 °C for 10 minutes). A second 

treatment was performed on day 7. On day 9 post-transfection, the cells were prepared for 

recording. As shown in Figure 3A and B, rVpr treatment for 4 days reduced the ratio of 

mobile mitochondria from 29% to 11%. Notice there was no significant difference in the 

ratio of moving mitochondria in neurons treated with H/I rVpr and untreated, excluding the 

possible false positive effect brought by protein addition. In comparison, 28-days-old 

neurons had only 3% mobile mitochondria (panel A). The ratio of moving mitochondria is 

presented in panel B.

These results demonstrated that instead of causing cell death, low concentration of Vpr 

impaired mitochondria axonal transport.

Wang et al. Page 8

Neuropharmacology. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4. Vpr reduced Miro-1 and disrupted microtubule system

To further confirm the effect of Vpr on mitochondria axonal transport, we examined the 

protein level of Miro-1 and acetylated α-tubulin in Vpr-treated cells. Mice primary neurons 

were treated with rVpr for 96 hours after which mitochondrial proteins were collected 

following the method described by Clayton and Shadel (Clayton and Shadel, 2014). Twenty 

micrograms of these extracts were subjected to Western blot analysis using anti-Miro-1 and 

anti-COX IV antibodies. As shown, Miro-1 protein level decreased by 33.94 % (p<0.01) in 

rVpr-treated cells compared to the Mock (panels C and D).

To examine whether Vpr destabilized the microtubule, we performed immunofluorescent 

assay for acetyl-α-tubulin. In mice, primary neurons, we observed a normal consecutive 

distribution of acetyl-α-tubulin along the neurites of the untreated cells in contrast to the 

non-consecutive distribution pattern observed in Vpr-treated cells (panel E). When 

calculating the percentage of broken neurites, we detected 19.1% of broken neurites (arrow) 

in Vpr-treated cells compared to only 4% in the untreated cells (panels E and F), suggesting 

loss of microtubule stability after rVpr treatment. To verify this observation, we performed 

Tau protein staining and found tau detached from the microtubule and accumulated in the 

cell body in Vpr-treated cells compared to the untreated (data not shown), further confirming 

that Vpr disrupted microtubule stability.

2.5. Vpr reduced ATP level in the neurons

We next explored the possible mechanism underlying Vpr-induced mitochondria axonal 

transport deficiency. Since axonal transport is an energy-dependent process that counts on 

ATP hydrolysis, we checked intracellular ATP level after Vpr treatment. Primary mice 

neurons were treated with rVpr for 24, 48 or 96 hours. Cyanide m-chlorophenyl hydrazone 

(CCCP)-treated neurons were used as a positive control. As shown in Figure 4A, ATP level 

dramatically decreased in neurons treated with rVpr for 48 (26.64 %, p<0.01) and 96 

(43.95 %, p<0.01) hours respectively but not 24 hours compared to the untreated. These 

results indicated that Vpr impaired mitochondria axonal transport related with the reduction 

in ATP.

2.6. Vpr increased protein level of α-synuclein in neurons

Since α-synuclein accumulation is known to impair microtubule stability and contribute to 

neurological disorders (Jensen et al., 1999), we examined the level of α-synuclein after rVpr 

treatment. Cytosolic extracts of primary mice neurons treated with 150 ng/ml of rVpr 

protein for 96 hours were subject to Western blot analysis detected by anti-α-synuclein and 

anti-GAPDH antibodies. As shown in Figure 4B and C, neurons incubated with rVpr 

exhibited an increased expression of α-synuclein (3.7 folds over the Mock; p<0.01) 

compared to the untreated.

Therefore, we wondered whether the increase of α-synuclein contributed to the impaired 

mitochondria axonal transport upon Vpr treatment.

First, we sought to determine the effect of α-synuclein on microtubule stability. Human 

neuroblastoma cells (SH-SY5Y) were transfected with pcDNA6 empty vector or pcDNA6-
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α-synuclein expression plasmid. Transfection rate was almost 100% according to 

immunofluorescence staining (data not shown). Forty-eight hours post transfection and 

another 48 hours after cell differentiation the cells were collected and subjected to Western 

blot analysis. As expected, α-synuclein overexpression resulted in lower acetylated α-

tubulin level (Figure 4D, Ac-α-tubulin panel).

It has been shown that α-synuclein protein level increases and becomes more stable with age 

(Li et al., 2004), which could lead to increased p21WAF1 level, a senescence marker (Chen et 

al., 2002). Therefore, we examined the level of p21WAF1 in α-synuclein-transfected SH-

SY5Y cells. As shown in panel D (p21 panel), an increased expression of p21WAF1 was 

observed in α-synuclein transfected cells compared to cells transfected with the empty 

vector. These results confirmed the role of α-synuclein as a deregulator of microtubule 

stability which mimicked the effect of Vpr. This result also suggested α-synuclein as an 

inducer of senescence-like phenomenon.

Next, we determined whether the effect of Vpr on acetylated α-tubulin is mediated through 

α-synuclein. SH-SY5Y cells were transfected with 50 ng of scramble RNA or small RNA 

inhibitor directed against α-synuclein for 24 hours, differentiated for 48 hours and then 

treated with 150 ng/ml of rVpr protein for an additional 24 hours. Cells were collected and 

the total proteins were extracted and subject to Western blot analysis. As shown in Figure 

4E, while scramble RNA did not affect the ability of rVpr to induce α-synuclein, rVpr failed 

to increase the expression of α-synuclein in the presence of siRNA-α-synuclein (lane 3). 

Consequently, rVpr did not alter the level of acetyl-α-tubulin in the presence of siRNA-α-

synuclein (lane 3, α-tubulin panel). This experiment led to the conclusion that Vpr 

destabilized microtubule through the induction of α-synuclein.

2.7. Bongkrekic acid partially reversed the mitochondria axonal transport deficiency 
brought by rVpr

Vpr increases the mitochondria membrane permeability (MMP) through interacting with the 

adenine nucleotide translocator (ANT) via the Arginines in its helical domain III (Sabbah et 

al., 2006). Meanwhile, it has been shown that bongkrekic acid (BA) can block ANT and 

reduce MMP, preventing the ATP from leaving the mitochondria (Klingenberg, 2008). Since 

mitochondria axonal transport is an energy-consuming process that relies on ATP hydrolysis, 

we examined whether BA could restore the ATP reduction brought by Vpr. Primary neuronal 

cultures were treated with150 ng/ml rVpr protein alone or with different concentrations of 

BA. As shown in 5A, addition of 5 μM of BA reversed the ATP reduction caused by Vpr.

Next, we evaluated the effect of BA on mitochondria axonal transport. Neurons transfected 

with DS-Red expression plasmid were treated with 150 ng/ml of rVpr alone or with 5 μM of 

BA (Figure 5B). Mitochondria movement was recorded every 5 s for 5 min with the 

confocal microscope and the spatial position of mitochondria over time was presented as the 

kymographs. We observed that 5 μM of BA treatment partially restored the ratio of moving 

mitochondria from 11 % to 21 % in rVpr-treated neurons as compared to the untreated 

(29 %, p<0.05).
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Since 5 μM of BA partially restored the ratio of mobile mitochondria while the same 

concentration totally reversed the ATP reduction caused by rVpr, we examined whether the 

same dosage can affect α-synuclein expression in rVpr-treated cells. As expected, rVpr 

treatment increased the RNA level of α-synuclein RNA as obtained by qPCR assay (Figure 

5C). However, 5 μM of BA did not reverse the increase of α-synuclein brought by rVpr 

(panel C). These results suggest that Vpr deregulated mitochondria axonal transport via 

multiple mechanisms, ATP reduction caused by Vpr-ANT interaction partially contributed.

2.8. Vpr accelerated the aging process of primary neurons

Cellular dysfunction occurs when non-dividing cells like neurons fail to respond adaptively 

to age-related environmental stimuli and exhibit premature aging phenotype (Bishop et al., 

2010; Mattson and Magnus, 2006). Our data regarding mitochondria axonal transport 

impairment in rVpr-treated neurons gave us the rationale to determine whether this 

deficiency explained the premature brain aging observed and described but not fully 

understood in patients infected with HIV-1.

Therefore, we examined whether Vpr induced aging phenotype in young neurons. Neurons 

were exposed to rVpr for 96 hours after which the senescence-associated β-galactosidase 

(SABG) assay was performed. As shown in Figure 6A and B, 16.17 % (p<0.01) of rVpr-

treated neurons displayed strong positive staining for X-gal while in the mock group only 

3.89 % of neurons were positively stained. This experiment demonstrates that rVpr 

increased the activity of β-galactosidase, which occurs in old cells.

To further confirm the role of Vpr in inducing aging phenotype in primary neurons, 

p21WAF-1 level was also determined by Western blot, since p21WAF-1 is another aging 

marker as it mediates DNA damage-induced senescence-like phenotype in neurons (Jurk et 

al., 2012). As shown in panels C and D, treatment of the cells with rVpr led to an increase in 

p21WAF-1 expression by 2.05 folds (p<0.05) as measured by densitometry.

Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1α) is a key 

transcriptional factor regulating mitochondria biogenesis. Reduction in the PGC-1α 
expression and function were discovered in aging tissues like skeleton and heart, while 

interventions like caloric restriction slowed down the aging process associated with the 

activation of PGC-1α (Anderson and Prolla, 2009; Dillon et al., 2012; Lopez-Lluch et al., 

2008). Therefore, we sought to examine PGC-1α changes in rVpr-treated neurons. Using 

Western blot analysis, we observed decreased PGC-1α protein level (51.87 %, p<0.05) in 

rVpr-treated cells compared to the untreated (panels C and E).

Aging is known to be associated with epigenetic changes (Brunet and Berger, 2014). We 

observed an increase in the methylation of the PGC-1α promoter in neurons treated with 75 

or 150 ng/ml of rVpr for 48 hours through MeDIP-PCR assay (panel F). This results 

suggested that Vpr altered PGC-1α expression through increasing DNA methylation in its 

promoter. Furthermore, histone3 tri-methylated at lysine27 (H3K27Me3) is a repressive 

epigenetic marker, which drops strikingly with age (Maures et al., 2011). As shown in 

Figure 6G and H, rVpr reduced the level of H3K27Me3 in neurons (p<0.05). These results 

further confirmed that Vpr accelerated neuronal aging.
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3. DISCUSSION

With the dramatic decrease in HIV-associated dementia but increase in milder forms of 

neurocognitive disorder in the cART era, understanding neuronal deregulation mechanisms 

other than apoptosis caused by HIV viral proteins is important for HAND treatment. HIV-1 

Vpr has been identified as an HIV accessory protein toxic to neurons through indirect 

(inflammatory factors released by macrophage and microglia) and direct mechanisms 

mainly using neuron cell lines instead of primary neurons and mainly apoptosis was 

proposed as the direct mechanism (Jones et al., 2007). Our lab previously demonstrated that 

Vpr changed the small non-coding RNA (miRNA) expression profile, contributing to 

neuronal dysfunctions including deregulation of calcium homeostasis, activation of the 

oxidative stress, mitochondria dysfunction and v- synaptic retraction (Mukerjee et al., 2011; 

Rom et al., 2009). In the present study, we treated the mice primary neurons with low 

concentration of Vpr since viral replication is well under control with the cART treatment. 

We found while low concentration of Vpr did not induce cell toxicity or death, it impaired 

mitochondria axonal transport and induced senescence-like phenotype, associated with the 

signs of pre-mature brain aging observed clinically in HIV patients.

Cellular senescence causes loss of function in neurons and glial cells and is associated with 

inhibition of neuronal communication, hence contributes to brain dysfunction. Several 

factors have been shown to affect cell senescence, including diet, high blood pressure, DNA 

mutations and virus infection (Kukreja et al., 2014; Maillard et al., 2012; Meijers et al., 

2013; Murphy et al., 2014; Pfefferbaum et al., 2014). HIV-1 infection has been shown to 

accelerate senescence in cells deriving from the peripheral immune system, bone, muscle 

and brain (Cagigi et al., 2013; Erlandson et al., 2013). The molecular and cellular 

mechanisms underlying the senescence feature caused by HIV-1, as well as which viral 

protein contributes remain unclear. In the present study, we detected several commonly-

accepted senescence markers and demonstrated that HIV-1 Vpr induced cellular senescence-

like phenotype in neurons, shedding light on the involvement of senescence in HAND 

development.

Axonal transport in neurons declines with age (Milde et al., 2015; Takihara et al., 2015). 

Mitochondria is essential to maintain normal neuronal metabolism and intracellular neuronal 

communication. Defects in mitochondria axonal transport have been implicated in major 

neurological diseases such as Alzheimer’s disease (Sheng and Cai, 2012). Our data showed 

mitochondria accumulation in the cell body of hippocampal neurons, together with reduction 

of Miro-1 and Ac-α-tubulin, strongly supporting the existence of mitochondria axonal 

transport deficiency in the aging mice brain. Meanwhile, we found Vpr reduced 

mitochondria axonal transport in neurons, though less potent than colchicine, a microtubule 

destabilizer (supplementary figure, upper panel). We believed these mitochondria 

maintained most of the normal functions since we did not observe dramatic changes in Drp1 

or phosphor-Drp1, which mediate mitochondria fission, or MCU which is responsible for 

mitochondria calcium transport. On the other hand, because damaged mitochondria undergo 

selective mitophagy which is mediated by the accumulation of PINK1 in unhealthy 

mitochondria (Greene et al., 2012), we also detected PINK1 but did not see any differences 

between Vpr-treated and untreated neurons (supplementary figure). Therefore, we believe 
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that low concentration of Vpr affected mitochondria axonal transport without causing 

massive loss of mitochondria function. Loss of mitochondria supply to the synapses would 

compromise neuronal communication and the information processing, hence mitochondria 

axonal transport deficiency might well contribute to the learning and memory deficits often 

observed in patients living with HIV-1 (Au et al., 2008; Wang et al., 2015).

Further, the generally accepted mitochondria axonal transport model describes on the 

interaction of two adapter proteins Miro-1 and Milton that link the mitochondria to the 

motor complexes, which transport the mitochondria along the microtubule system (Glater et 

al., 2006; van Spronsen et al., 2013). Motor proteins use ATP hydrolysis to power their 

translocation with the cargoes along microtubule (Hirokawa et al., 2009; Hua et al., 1997; 

Verhey et al., 2011), whereas decrease in ATP level leads to reduction in mitochondria 

transport (Miller and Sheetz, 2004). Therefore, compromised mitochondria axonal transport 

in the presence of Vpr could be attributed to the ATP reduction without major cell death. 

This is in accordance with an existing research finding ATP depletion by low dosage 

treatment of sodium azide reversibly inhibited mitochondria axonal transport without 

causing cell death or axon degeneration (Hirokawa et al., 2009). Depletion of ATP in Vpr-

treated cells is not without a precedent. It has been shown that Vpr depleted ATP and caused 

mitochondria dysfunction in neuro-progenitor cells and impaired neurite outgrowth 

(Kitayama et al., 2008). Reduction of ATP secretion by Vpr was also seen in astrocytes 

(Ferrucci et al., 2012). One possible mechanism involved in reduced ATP level is Vpr enters 

the neurons and binds to the ANT, which exchanges ATP synthesized in the mitochondria 

for cytosolic ADP (Sabbah et al., 2006).

MPTP blockers such as bongkrekic acid was shown to exert neuroprotective effect against 

neuronal death caused by ischemia and NMDA-induced excitatory toxicity (Budd et al., 

2000; Muranyi and Li, 2005). In the NMDAR-mediated excitotoxicity model, BA binds to 

ANT, inhibits its permeability, and prevents the drop in mitochondria membrane potential 

and ATP level which precedes cell death. Similarly, we found BA reduced the loss of ATP 

caused by Vpr. However, BA treatment only partially reversed mitochondria transport 

deficiency even though the same dosage could totally reverse ATP loss. This suggested a 

combination and multi-target treatment promising for the premature aging in HAND.

In addition to reducing energy supply for mitochondria axonal transport, we also found Vpr 

increased α-synuclein level, which was not related to the Vpr helical domain III that 

interacts with ANT. Aberrant α-synuclein accumulation has been found in aged substantia 

nigra neurons, patients with Parkinson’s disease, AD or Lewy bodies dementia (Chu and 

Kordower, 2007; Jellinger, 2004). Further, it has been shown that α-synuclein level increases 

in the absence of mitochondrial energy and in cells lacking PGC-1α, and high expression of 

α-synuclein in dorsal root ganglion neurons disrupts the microtubule network (Lee et al., 

2006). These publications are in coherent with our data shown in Figures 3 and 5. Our 

finding that α-synuclein accumulated with age in the hippocampus suggested its 

involvement in aging. Overexpression of α-synuclein in the SH-SY5Y cells induced the 

aging markers, further supporting its contribution to age-related learning and memory deficit 

and its involvement in Vpr-induced accelerated aging. Our study demonstrated for the first 

time the induction of α-synuclein by Vpr and its contribution to cellular senescence, 
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suggesting compounds potent to reduce α-synuclein production or accumulation used in 

combination with BA could be promising for the treatment of HAND.

Unlike resting proliferative cells, post-mitotic neurons have high level of DNMTs. This 

allows neurons turning ON/OFF activity-regulated genes through DNA methylation 

changes, leading to synaptic plasticity initiation and long-term memory formation. In our 

study, neuronal epigenetic pattern reprogramming was found. We believe this epigenetic 

reprogramming occurs in specific genes since we did not see global genomic methylation 

level changes with representative measure of methylation in Line-1 repetitive sequences and 

CCGG sites (data not shown). One of these specific genes was PGC-1α, the reduced 

expression of which could be explained by loss of CpG methylation at its promoter area. 

This might be related with the increase of α-synuclein, which was found to bind to the 

PGC-1α promoter and to contribute to the loss of mitochondrial function (Siddiqui et al., 

2012). Our finding is in accordance with existing findings that loss of mitochondria energy 

disrupts cellular metabolism and DNA methylation, leading to cellular senescence 

(Hanzelmann et al., 2015; Minocherhomji et al., 2012).

Besides DNA methylation, chromatin marks associated with promoters and gene expression 

have also shown strong link to neurocognitive and psychiatric disorders (Rando and 

Simmons, 2015). Ablation of Kmt2a, a histone methyltransferase regulating H3 lysine 4 

methylation, was shown to increase anxiety (Shen et al., 2016). On the other hand, loss of 

EZH2, a histone methyltransferase catalyzing H3 lysine 27 methylation, impaired spatial 

learning and memory, contextual fear memory and pattern separation (Zhang et al., 2014). 

Hence, the reduction in H3K27Me3 after Vpr treatment predicted gene expression profile 

change, which probably led to neurocognitive impairment. Therefore, we concluded that Vpr 

impaired mitochondria axonal transport and accelerated neuronal senescence via multiple 

mechanisms including less energy production and α-synuclein increase, with epigenetic 

regulations involved.

Finally, the experiments were performed in vitro and additional in vivo studies will be 

performed in the future to determine the impact of Vpr and/or α-synuclein on mitochondria 

axonal transport. Further, we previously demonstrated the ability of Vpr mutant (R73S) to 

overcome the effect of wild-type Vpr (Sawaya et al., 2000). Therefore, using an animal 

model to determine whether Vpr (injected directly into the hippocampus or delivered using a 

lentivirus) alters mitochondria axonal transport in the presence of its dominant negative 

protein will be provide interesting in vivo data. Note that Vpr-transgenic mice do not 

provide a good model to use due to the complications arising from Vpr diffusion into the 

whole body causing the mice to die shortly after Vpr induction.

In summary, our data showed a novel mechanism through which HIV-1 Vpr accelerated 

neuronal aging without promoting cell death. These results further explain the persistence of 

cognitive impairment or HAND (learning deficit and working memory impairment) in HIV 

patients treated with cART. Intervention in Vpr-induced aberrant protein expression and 

mitochondria transport deficiency may be a therapeutic target for HAND.

Wang et al. Page 14

Neuropharmacology. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CONCLUSION

Acceleration of normal aging processes and facilitation of age-associated diseases were seen 

in HIV-infected patients, indicating aging as a probable mechanism underlying HAND. We 

found Vpr accelerated the aging process of primary neurons, associated with less energy and 

increase of α-synuclein that inhibited mitochondria axonal transport, as well as 

hypermethylation of the promoter of one mitochondrial protein. Intervention in Vpr-induced 

aberrant methylation shift, protein changes and mitochondria transport deficiency may be a 

therapeutic target for HAND.
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HIGHLIGHTS

HIV-1 Vpr impaired mitochondria axonal transport.

HIV-1 Vpr altered mitochondria axonal transport related to intracellular ATP 

reduction.

Elevated α-synuclein level also contributed to the effect of Vpr.

Low concentration of HIV-1 Vpr accelerated neuronal aging instead of causing 

cell death.
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Figure 1. Alteration of mitochondria axonal transport in aging mice
(A) Fixed mice hippocampal slides were stained with antibody against Tom20 (red), a 

mitochondria outer membrane protein used as a mitochondria marker. Mitochondria 

accumulated around the cell body area (close to the nuclei DAPI) in CA1 and CA3 areas, 

demonstrating mitochondria transport deficiency. (B, C) Reduction in Miro-1 and acetyl-α-

tubulin were observed in aging mice hippocampus. No change was observed in Tom-20. β-

actin and COX IV were used as loading controls. (D) α-synuclein increased in the 

hippocampus of 18-month-old mice (n = 5).
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Figure 2. Determining the optimal dosage of rVpr
(A) HEK293 cells were transfected with the HIV-1 promoter expression plasmid and then 

treated with 75 and 150 ng/ml of rVpr or 100 ng/ml of rTat. Luciferase assay was performed 

and the results are displayed as a histogram. rVpr activated HIV-LTR as rTat did, suggesting 

the recombinant Vpr was functional. (B) MTT assay exhibited no cell viability changes in 

neurons treated with 20, 75, 150 ng/ml rVpr for 48 or 96 hours compared to the untreated. 

(C) Cytotoxicity assay using primary neurons treated with 150 ng/ml of rVpr. Data is 

displayed as a histogram. 150 ng/ml of rVpr did not exert cytotoxicity effect on primary 

neurons. (n=5)
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Figure 3. HIV-1 Vpr inhibited mitochondria axonal transport
(A, B) Primary neurons were transfected with DS-Red expression plasmid. On days 5 and 7 

post transfections the cells were treated with rVpr or heat-inactivated rVpr (H/I). A 

representative kymograph is shown (A) and the percentage of moving mitochondria is 

displayed as a histogram (B). rVpr impaired mitochondria axonal transport. (C) 20 μg of 

protein extracts prepared from mock or from rVpr-treated neurons were subjected to 

Western blot analysis using anti-Miro-1 antibodies. COX IV was used as a control for equal 

protein loading. (D) Differential protein expression was calculated using densitometry and 

displayed as a histogram. rVpr reduced Miro-1 level in neurons. (E, F) Fluorescence assay 

showing compromised microtubule stability in rVpr-treated neurons detected by anti-acetyl-

α-tubulin. Percentage of broken neurites is displayed as a histogram. Three independent 

experiments were conducted.
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Figure 4. Mechanisms underlying Vpr induced mitochondria axonal transport deficiency
(A). Decreased ATP level was observed in primary mice neurons treated with 150 ng/ml of 

rVpr for 24, 48 or 96 hours or treated with CCCP (used as a positive control). (B, C) Protein 

extracts were prepared from primary mice neurons treated with 150 ng/mL of rVpr for 96 

hours. 20 μg of extracts were subjected to Western blot analysis using anti-α-synuclein or -

GAPDH (used for equal proteins loading) antibodies. Western blot bands were measured 

using densitometry and presented as a histogram (C). rVpr increased α-synuclein level in 

primary neurons. (D, E) Protein extracts were prepared from differentiated SH-SY5Y cells 

transfected with α-synuclein expression plasmid or an empty vector (D) or with specific or 

non-specific siRNA directed against α-synuclein and then treated with 150 ng/mL of rVpr 

for 24 hours (E). 20 μg of extracts were subjected to Western blot analysis using anti-α-

synuclein, -p21WAF1, -Ac-α-tubulin or -GAPDH (used for equal protein loading) antibodies 

as shown in D and F. At least three independent experiments were conducted.
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Figure 5. Bongkrekic acid (BA) partially restored the effect of Vpr
(A) Primary mice neurons were treated with 150 ng/ml of rVpr alone or along with 

increasing concentration of BA (1 or 5 μM) for 96 hours. ATP level was measured through 

luciferase assay and the fold changes is shown as the histogram. 5 μM BA rescued the ATP 

loss brought by rVpr. (B) Kymographs of mitochondria movement in axons of primary 

neurons (untreated/mock, treated with rVpr or BA+rVpr). Ratio of moving mitochondria 

compared to the mock is shown as histogram (right panel). 5 μM BA partially restored the 

percentage of moving mitochondria when co-treated with rVpr. (C) SNCA expression was 

measured by qPCR using total RNA extracted from primary mice neurons treated with rVpr 

or rVpr + BA. Fold changes are displayed as histograms. 5 μM BA did not affect the 

increase in SNCA expression caused by rVpr. At least three independent experiments were 

conducted. **p<0.01 compared to the mock group, #p<0.05 compared to the rVpr group 

(one-way ANOVA test).
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Figure 6. rVpr induced aging phenotype in mice primary neurons
(A) Primary mice neurons untreated or treated with 150 ng/ml of rVpr were subjected to β-

galactosidase assay using X-gal staining and the percentage of positive stained neurons is 

displayed in a histogram (B). rVpr treatment for 96 hours increased β-galactosidase activity 

in neurons. (C – E) Protein extracts were prepared from primary mice neurons treated with 

150 ng/mL of rVpr for 96 hours. 20 μg of extracts were subjected to Western blot analysis 

using anti-p21WAF1, -PGC-1α, or -β-actin (used for equal proteins loading) antibodies as 

shown. Western blot bands were measured using densitometry and presented as a histogram 

(D and E). Induction of p21WAF1 and decline in PGC-1α were observed in rVpr-treated 

neurons. (F) Using primary mice neurons, PGC-1α gene promoter methylation was 

measured using MeDIP assay in neurons treated with 75 or 150 ng/ml of rVpr. 150 ng/ml of 

rVpr dramatically increased the methylation in PGC-1α gene promoter area. (G, H) Protein 

extracts were prepared from primary mice neurons treated with 150 ng/mL of rVpr for 96 

hours. 20 μg of extracts were subjected to Western blot analysis using anti-H3K27me3, or -

β-actin (used for equal proteins loading) antibodies as shown. Western blot bands were 

measured using densitometry and presented as a histogram. Decrease in H3K27me3 was 

observed in rVpr-treated neurons. (n=4)

Wang et al. Page 27

Neuropharmacology. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	1.1. Cell culture, transfection and treatment
	1.2. Transfection and luciferase assay
	1.3. Live cell image acquisition
	1.4. Cytotoxicity assay
	1.5. Cell senescence staining
	1.6. ATP assay
	1.7. Brain slices preparation and immunofluorescence
	1.8. Genomic DNA and Methylated DNA Immunoprecipitation (MeDIP)
	1.9. Real-time PCR
	1.10. Western Blot Analysis
	1.11. Statistical Analysis

	2. RESULTS
	2.1. Mitochondria transport deficiency in aging mice hippocampus
	2.2. Determining the optimal dosage of rVpr
	2.3. rVpr altered mitochondria axonal transport
	2.4. Vpr reduced Miro-1 and disrupted microtubule system
	2.5. Vpr reduced ATP level in the neurons
	2.6. Vpr increased protein level of α-synuclein in neurons
	2.7. Bongkrekic acid partially reversed the mitochondria axonal transport deficiency brought by rVpr
	2.8. Vpr accelerated the aging process of primary neurons

	3. DISCUSSION
	CONCLUSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

