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HIV-1 transgenic rats display mitochondrial abnormalities
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Abstract

With the advent of the combination antiretroviral therapy era (CART), the development of AIDS
has been largely limited in the United States. Unfortunately, despite the development of efficacious
treatments, HIV-1 associated neurocognitive disorders (HAND) can still develop and as many
HIV-1 positive individuals age, the prevalence of HAND is likely to rise because HAND manifests
in the brain with very low levels of virus. However, the mechanism producing this viral disorder is
still debated. Interestingly, HIV-1 infection exposes neurons to proteins including Tat, Nef, Vpr
which can drastically alter mitochondrial properties. Mitochondrial dysfunction has been posited
to be a cornerstone of the development of numerous neurodegenerative diseases. Therefore, we
investigated mitochondria in an animal model of HAND. Using an HIV-1 transgenic rat model
expressing 7 of the 9 HIV-1 viral proteins, mitochondrial functional and proteomic analysis were
performed on a subset of mitochondria that are particularly sensitive to cellular changes, the
neuronal synaptic mitochondria. Quantitative mass spectroscopic studies followed by statistical
analysis revealed extensive proteome alteration in this model paralleling mitochondrial
abnormalities identified in HIV-1 animal models and HIV-1 infected humans. Novel mitochondrial
protein changes were discovered in the electron transport chain (ETC), the glycolytic pathways,
mitochondrial trafficking proteins, and proteins involved in various energy pathways, and these
findings correlated well with the function of the mitochondria as assessed by a mitochondrial
coupling and flux assay. By targeting these proteins and proteins upstream in the same pathway,
we may be able to limit the development of HAND.
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INTRODUCTION

Mitochondria are important to the proper function of neural tissue and mitochondrial
dysfunction has been implicated in the pathology of many neurodegenerative disorders
including Alzheimer’s disease [1], amyotrophic lateral sclerosis [2], Huntington’s disease
[3], and Parkinson’s disease [4]. However the role of mitochondria in the pathogenesis of
HIV-1 infection leading to HIV-1 associated neurocognitive disorders (HAND) is unclear.
This question is important because HAND displays similarities to the previously mentioned
neurodegenerative disorders including the delayed onset and increased prevalence with time.

Interestingly, despite efficacious HIV-1 treatments, HIV-1 related neurocognitive issues
persist. Long-term HIV-1 infection often manifests as HAND [5, 6] with symptoms ranging
from mild deficits to HIV-1-associated dementia. During HAND, neurons experience
synaptodendritic abnormalities and damage that can lead to cell death [6-9]. One strong
correlating factor of HAND is thought to be oxidative stress [10-12]. Because mitochondria
are the primary source of the reactive oxygen species (ROS) responsible for oxidative stress,
mitochondria abnormalities likely have a strong contribution to the pathogenesis of HAND.

Previous work has demonstrated the centrality of mitochondria to the progression of the
HIV-1 pathology. Mitochondria can directly influence the infectivity of HIV-1, the course of
HIV-1 infection, and the prevalence of side effects from the primary HIV-1 therapy,
combination antiretroviral therapy (CART). Mitochondrial DNA single nucleotide
polymorphisms (SNPs) can decrease the efficacy of infection as well as slow the resulting
AIDS progression [13]. Furthermore, depletion of mitochondrial DNA has been
demonstrated to block HIV-1 infection [14]. In those experiments, nuclear- and
mitochondria-encoded proteins were found to be able to impact the infectivity of HIV-1 both
individually and synergistically [13, 15]. The importance of mitochondria also extends to
HIV-1 treatment as mitochondrial proteins can alter the side-effects of combination
antiretroviral therapy (CART) [16]. These results demonstrate the centrality of mitochondria
to HIV-1 infection, progression, and treatment, but less research has focused on the
mitochondria in the effects of HIV-1 infection on the brain.

We hypothesized that HIV-1 viral proteins would dramatically alter the synaptic brain
mitochondria in a multifaceted manner thereby altering cellular properties. To test this
hypothesis, the synaptic mitochondrial proteome was quantified in the HIV-1 transgenic
(HIV-1 Tg) rats. The HIV-1 Tg rat expresses 7 or the 9 HIV-1 viral proteins (not Gag or Pol)
in all cells. As such, the HIV-1 Tg rat can model aspects of HAND related to the effects of
expression of HIV-1 viral proteins without productive viral infection [17-19]. Importantly 4
of the 7 HIV proteins expressed in this model (Tat, Nef, Vpr and gp120) have been shown to
induce damaging ROS [20-26].

MATERIALS AND METHODS

Animals

All animal experiments were conducted with HIV-1 Tg animals and litter mate controls.
This model was created using a non-infectious pro-virus expressing 7 of the 9 HIV-1 viral
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proteins and then backcrossed to the F344 strain [27]. Animals were bred in-house with
animals coming from 3 separate litters of each genotype for both experiments. For the
purposes of our experiments, all controls are wild-type non-transgenic littermates. All
animals were 320 days old at the time of the experiments. This time point was chosen
because the HIV-1 Tg rats have generally good health for the first year of life [28]. Only
male animals were used for the experiments with 3 animals being utilized for the
mitochondrial functional assays (n=3) and 4 animals being used for the mitochondrial
proteomics (n=4). All protocols were conducted within NIH-approved guidelines with the
approval and oversight of the University of Nebraska Medical Center IACUC.

Data-dependent analysis for building a library

Details on the composition of and the methods utilized to build the SWATH-MS library have
been previously published [29]. Additional samples were added to the SWATH-MS library
to enrich for synaptic mitochondrial proteins. Synaptic mitochondria from two rat brains
were digested and fractionated by isoelectric point with the resulting peptide fractions being
included in the library as performed previously.

Isolation of synaptic mitochondria for SWATH mass spectrometry and mitochondrial
functional analysis

Brains were rapidly isolated from HIV-1 Tg and litter mate control animals. The cerebellum
was removed. After extraction, brains were immediately rinsed with ice-cold PBS to remove
blood. The meninges were removed. Tissue was chopped and homogenized using a Dounce
homogenizer. Synaptic mitochondria were isolated using a synaptosomal mitochondria
preparation as previously performed [30-32]. Mitochondria for mass spectrometry were
lysed in 4% sodium dodecyl sulfate (SDS), and protein concentration was quantified using a
using a Pierce 660 assay with bovine serum albumin standards (Thermo Fisher Scientific,
Rockford, IL). Mitochondria for functional analysis were placed in a MAS buffer and treated
according to manufacturers’ protocols for the experiments.

Sample preparation for mass spectrometry

Sample preparation was conducted by using a modified version of the filter-aided sample
preparation (FASP) protocol as previously described [29, 33, 34]. In short, samples were
loaded onto a 20-um filter (Pall Corporation, Ann Arbor, MI), trypsin digested (Promega,
Madison, WI), and the resulting peptides were cleaned with an Oasis mixed-mode weak
cation exchange cartridge (Waters, Milford, MA). Peptides were quantified with a
NanoDrop (Thermo Fisher Scientific) using Scopes’ method for protein quantification [35].

Analysis of mitochondrial function

Mitochondrial function was analyzed with a Seahorse XF 24 analyzer based on the protocol
of Rogers with minor alterations [36] as previously described [37]. The concentration of
ADP and mitochondria were optimized for this assay. For the Seahorse experiments, 3
animals were used per group were utilized for mitochondrial coupling and mitochondrial
flux assays. Each biological replicate had 4 technical replicates for the experiments.
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Statistical significance was determined using a repeated measures two-way ANOVA
followed by Sidak’s post-hoc test with a=0.05. Graphs were generated in Prism.

For all assays mitochondria were isolated as described above and quantified via a Pierce
BCA Protein Assay (Thermo Scientific). Equal amounts of mitochondria were then loaded
onto Seahorse plates, centrifuged for 15 min, followed by 5 min incubation at 37°C, and
loaded onto the Seahorse XF24. For the coupling assay, mitochondria were subjected to
subsequent injections of ADP, oligomycin, FCCP and antimycin A while measuring the
oxygen consumption rate (OCR) in the presence of succinate and rotenone. OCR is an
indirect measurement of ATP production as higher oxygen consumption correlates with
increased ATP production. Treatments of mitochondria with ADP, oligomycin, FCCP and
antimycin A mimic various respiratory states. State 2, or basal respiration, is the amount of
respiration at rest or in the presence of no treatment. State 3 respiration is the ADP-
stimulated respiration in the presence of saturating substrate or during ADP treatment. State
40 is the oxygen consumption in the absence of oxidative phosphorylation as ADP
consumption at complex 4 is inhibited by oligomycin binding. State 3u is the maximal
uncoupled respiratory state of the mitochondria as denoted by treatment with FCCP (for
review of respiratory states see [38]). Antimycin A treatment mimics the absence of electron
transport by blocking complex I11 of the ETC.

To measure electron flux, after a baseline measurement, mitochondria are exposed to
subsequent treatments of rotenone, succinate, antimycin A and ascorbic acid/
tetramethylphenylenediamine (ASC/TMPD). These treatments inhibit certain electron
transport subunits allowing us to measure the function of the complex I, complex Il and
complex IV when each complex act as the rate-limiting complex by providing complex-
appropriate substrates in excess such as pyruvate and malate (basal), succinate (complex 1),
or ASC/TMPD (complex V) treatment respectively after inhibition of other complexes by
rotenone (complex I) or antimycin A (complex Il1).

SWATH-MS Data-independent analysis

SWATH-MS data-independent analysis (DIA) was conducted as previously performed [29].
In short, 5 g of peptide from each sample was resuspended in 6 uL of 0.1% formic acid
(Honeywell, Muskegon, MI). Both the HIV-1 Tg and control group had four biological
replicates analyzed by SWATH DIA. Peakview (Version 1.1.0.0) was utilized to extract and
integrate the fragment ion chromatograms and generated the raw expression data for each
protein. No data processing (neither denoising nor smoothing) of any kind was applied to the
extracted ion chromatograms. Retention time was calibrated as previously stated [29] using
synthetic peptides (BiognoSYS; Zurich, Switzerland) spiked-in samples in accordance with
the manufacturer’s protocol. Quantitative analysis for each protein was set at 5 peptides and
5 transitions in accordance with previously published work [29, 39] for targeted data
extraction. Fragment ion chromatograms were extracted using an isolation window with of
10 min and 70 ppm accuracy for quantification purposes. Heat maps for representation of
proteomic data were constructed in Multiple Experiment Viewer (www.tm4.org) [40].

J Neurovirol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Villeneuve et al. Page 5

Statistical analysis

CyberT was used to perform an unpaired two-condition Bayesian analysis [41, 42]. The
Bayesian confidence value and the sliding window were set to 12 and 101, respectively. To
assess statistical difference, the posterior probability of differential expression (PPDE) was
calculated. Changes were noted as significant if the p<0.05 and cumulative PPDE = 0.95
(corresponding to a=0.05). Histograms and corresponding Pearson’s correlation coefficients
were generated in GraphPad Prism (version 6.0f).

Bioinformatic analysis

To identify enrichment of proteins, data was uploaded into Panther Biological Classification
system (http://www.pantherdb.org/) [43, 44]. Ingenuity Pathway Analysis (IPA) was utilized
to predict upstream pathway activation (http://www.ingenuity.com/products/ipa) [45]. Data
was uploaded into the software as stated previously [29]. Activation z-scores were generated
based upon the proteomic data and indicate the likelihood of activation or deactivation of
any particular pathway in IPA. To represent these data graphically, the IPA-determined z-
scores were uploaded into Multiple Experiment Viewer to build heat maps.

RESULTS

Research involving HAND commonly is reductionist in nature, focusing on a single HIV-1
viral protein. However, the HIV-1 infection involves many proteins producing a variety of
effects that may be more pronounced or dulled. As such, identification of a single cause of
HIV-1-associated neurocognitive deficits is difficult. The transgenic rat model expressing 7
of the 9 proteins of the HIV-1 provirus successfully models the various effects produced by
exposure to multiple proteins. Using this model, it is possible to examine the in vivo effects
of HIV proteins causing functional abnormalities in mitochondria and shed light on how
mitochondria elicit effects on cellular function to produce HAND.

For this experiment, the synaptic mitochondrial proteome was analyzed from HIV-1 Tg rats
and littermate transgene-negative controls. Synaptic mitochondria were the focus of the
proteomics because they are crucial to synaptic signaling [46—-49], and synaptic signaling
abnormalities are present in HIV-1-infected individuals [50-53]. In this experiment, 1003
proteins were identified and 594 proteins were annotated by MitoMiner as mitochondrial in
nature (Supplemental Table 1). We identified 241 proteins with significantly altered protein
expression with a large number of proteins being from the ETC, glycolysis-associated
pathways, energy transfer pathways or mitochondrial trafficking pathways (Supplementary
Table 1).

Our initial step in these experiments was to demonstrate our sample preparation was
reproducible. To assess this property of our samples, we performed correlation analyses of
the samples. Our results demonstrated in both the HIV-1 Tg animals and the litter mate
controls there was a high degree of correlation between identified proteins within
experimental groups (Supplementary Figure 1). Our next step in determining the
significance of our results was to determine which processes were highly represented in our
group of proteins. By uploading our proteins into the Panther classification system, the Gene
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Ontology (GO) biological processes were determined. We identified metabolic processes as
being significantly enriched (Supplementary Figure 2) and decided to focus upon the ETC
because this process is the key to mitochondrial function.

Extensive alterations were measured in the protein subunits of the ETC. Proteomic analysis
demonstrated varied expression of the ETC complex subunits (Figure 1). In complex I,
NDUFA4, NDUFA5, NDUFAS8, NDUFA12, NDUFB9, NDUFB10, NDUFC2, and NDUFS2
were found to be significantly increased in the HIV-1 Tg rat while NDUFS3 was decreased.
In complex 111, UQCRB, UQCRC1, UQCRH and UQCRQ were found to be significantly
increased in HIV-1 Tg animals. In complex 1V, two subunits were found to be increased in
HIV-1 Tg animals: COX412 and COX6A1, whereas three subunits of complex 1V were
decreased: COX411, COX5B and MTCO?2. Finally, complex V had three significantly
increased subunits in HIV-1 Tg animals: ATP5H, ATP5L and ATP50, whereas another three
were decreased: ATP5A1, ATP5B and ATP5I. These results suggest widespread
mitochondrial metabolic alterations are occurring the in the HIV-1 Tg rat model.

Although the ETC expression is indicative of mitochondrial alterations, the system is
dependent on the influx of electrons largely generated through the glycolytic pathway, the
tricarboxylic acid (TCA) cycle, and the fatty acid metabolic process. We identified a general
increase of expression of glycolytic proteins in the HIV-1 Tg animals with seven proteins
being significantly increased: ALDH2, DLAT, ENO1, GAPDH, GPI, PGK1, and TPI1
(Figure 2A). These results suggest a general increase in glycolysis and suggest ETC flux is
likely increased in HIV-1 Tg rats. In addition, while interrogating the TCA cycle (Figure 2B)
and the fatty-acid metabolic process (Figure 2C), general increases in protein expression
were noted; however, the increased expression profiles were less severe than the increase in
glycolysis proteins. In the TCA cycle, FUMH, IDH3A, ODO1 and ODP2 were significantly
increased. IDH3A is particularly important because it is a subunit of the rate-limiting
enzyme of the TCA cycle. For proteins involved in fatty acid metabolism, CPT1A, ECHB,
ECHM, ETFD and HCD2 were significantly increased while ETFA was significantly
decreased in the HIV-1 Tg rats. The fatty acid metabolism protein profiles suggest abnormal
fatty acid metabolism is occurring.

Due to the extensive alterations in the ETC, we hypothesized synaptic mitochondria in
HIV-1 Tg animals may be experiencing addition energy demands throughout the cells and as
a result, proteins involved in mechanisms to transport energy throughout the cell would be
increased. Unsurprisingly, proteins involved in transferring high energy phosphates in
through creatine transport or the malate-aspartate shuttle were largely increased in
expression (Figure 2D). Of the proteins involved in creatine energy transfer, CKB, CKMT1,
and GATM were significantly increased in HIV-1 Tg animals. As for the malate-aspartate
shuttle proteins, AATC, AATM, and MCP2 were significantly increased in HIV-1 Tg
animals. Additionally, the ADP/ATP translocases ANT1 and ANT2 displayed altered
expression profiles in HIV-1 Tg animals with ANT1 being increased whereas ANT2
decreased (Figure 2D).

Proper trafficking of mitochondria is also important in cellular homeostasis and responses to
stress. To examine whether the presence of HIV-1 proteins in the HIV-1 Tg rat could alter
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this property, proteins involved in mitochondrial trafficking and dynamics were interrogated
(Figure 3A). Of the proteins identified, the majority displayed an increase in expression
suggesting altered mitochondrial network properties. Six of these proteins were increased
significantly: DNM1, KIF2A, KLC1, MFF, MFN1, SH3G2, and SHLB2. Together these
proteins suggest altered mitochondrial dynamics and trafficking. These results are important
because the localization of mitochondria alters many properties of the neuron such as
excitability and can have profound effects on the viability of neurons.

Although we observed considerable alteration in trafficking proteins suggesting altered
dynamics and distribution, it was unclear if the trafficking changes could be related to
mitochondrial autophagy, or mitophagy. To interrogate this process, we identified known
autophagy regulators (Figure 3B) as well as V-type ATPases (Figure 3C) which would be
present interacting with mitochondria during lysosomal fusion, the final stage of autophagy.
Interestingly, within the V-type ATPases, the majority displayed increased expression with
two significantly increased in HIV-1 Tg animals: ATP6V1B2 and ATP6V1E1. However, the
results for the autophagy proteins were varied with SQSTM1 and MAPLC3B being
decreased while MAPLC3A was increased. Together, these results largely suggest
mitochondria are getting primed for autophagy as denoted by increased MAPLC3A and
trafficked to lysosomes as denoted by the increases in ATP6V1B2 and ATP6V1EL.

Because the proteomic analysis suggested altered energy dynamics within synaptic
mitochondria, the functional properties of synaptic mitochondria were interrogated with a
Seahorse Bioanalyzer. Analysis of the mitochondrial respiratory states through the
mitochondrial coupling assay demonstrated that HIV-1 Tg animals had higher oxygen
consumption than controls during State 2 (Basal), State 3 (ADP), State 3u (FCCP) and State
4 (Oligomycin), although the difference did not reach statistical significance (Figure 4A).
No changes were observed in the respiratory control ratio (RCR) (Figure 4B), a general
measure of ETC coupling, or proton leak (Figure 4D), a measure of the inner mitochondrial
membrane function. However, the respiratory reserve capacity, the ability of the
mitochondria to respond to a demand for increased energy production, was increased in
HIV-1 Tg animals (Figure 3B). These results largely suggest the synaptic mitochondria have
a greater ability to respond to insults as denoted by an increased reserve capacity.
Additionally, when mitochondrial ETC complex function was assessed, significant
alterations were observed in Complex 1 (Basal), Complex 111 (Succinate), and Complex IV
(Asc/TMPD) demonstrating the ETC is functionally different in HIV-1 Tg rats (Figure 5).
These results demonstrate that electron flux is greatly increased in the HIV-1 Tg animals
increasing the ability of the HIV-1 Tg animals to generate ATP.

To gain further insight into mechanism regulating mitochondrial dysfunction within the
context of HAND, analysis of upstream regulators that may drive the proteomic alterations
was performed with IPA. Upstream analysis can reveal which network signaling pathways
are contributing the most heavily to the observed phenotype or, as is our case, the phenotype
in the HIV-1 Tq rat (Figure 6). In our analysis, we identified one network of pathways
involved in mitochondrial biogenesis. The network pathways involved included MTOR,
PPARG, PGC1A, TFAM, TFEB, and THRB. Two other network pathways impacting
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mitochondrial function included ADORA2A and FMR1. Together, these pathways are
predicted to elicit the observed mitochondrial alterations.

DISCUSSION

These experiments demonstrated significant mitochondria changes associated with the
presence of HIV-1 proteins. Many alterations in the ETC were observed including, in
general, increased expression of ETC complexes. These results suggest HIV-1 viral proteins
directly enhance ETC protein expression, and mitochondria exposed to HIV-1 viral proteins
experience a higher energy demand requiring increased ETC subunit expression. The
electron flux assay further support the hypothesis that HIV-1 Tg rat mitochondria consume
more oxygen. In the electron flux assay, HIV-1 Tg rat mitochondria had a higher capacity to
generate ATP. These results are not wholly unexpected. Research on various illnesses has
demonstrated mitochondria commonly increase oxygen production for ATP production
when cellular damage occurs leading to increased ROS production and cellular dysfunction.
These mechanisms are likely the mechanisms observed in these experiments.

However previous results have demonstrated HIV-1 Tat and Nef proteins decrease the
amount of ATP produced [54]. There are two possible explanations for the conflicting
results. First, it is likely that the observed increase in mitochondrial flux in these
experiments is not directly related to ATP production. The flux assay cannot differentiate
between oxygen consumed for ROS and ATP production. Therefore, it is possible the
increase we observed would largely contribute to ROS generation. More support for this
theory could be found in the coupling assay. The coupling assay shows the fraction of
oxygen utilized for ATP production over the amount used for other cellular processes. While
the fraction remains the same, the values are almost twice as high in the HIV-1 Tg rats
suggesting more oxygen is consumed for ROS production. Another piece of evidence
supporting the theory that HIV-1 Tg rat mitochondria are producing more ROS could be
found in the reserve capacity. Reserve capacity was found to be elevated in HIV-1 Tg rats.
Because the reserve capacity could be thought of as the ability of mitochondria to increase
oxygen consumption, and we found that the coupling is identical between HIV-1 Tg and
control animals, the potential increase in reserve capacity would largely contribute to ROS
generation. Secondly, all of our experiments were conducted by providing mitochondria
excess substrates for the ETC. If may be that other pathways feeding into the ETC are
hindered in a way to block substrate entrance into the ETC. In the case of this study, the first
hypothesis for discontinuity is the most likely as increased ROS is consistent with other data.

Despite the increased mitochondrial energy production, not all mitochondrial ETC subunits
were increased. In Complex I, IV and V, certain ETC subunits were significantly decreased
(Figure 1). These results suggest (1) the cell may experience subunit switching to optimize
for increased ATP production and/or decrease electron flux regulation, and (2) the increased
subunit directly lead to increased electron flux. Because the significance of a decrease of
ETC subunit expression (Figure 1) in the presence of mitochondrial functional increases
(Figure 5) is unclear, further research is necessary to elucidate the matter. However, these
results are still promising in helping tease apart the individual contribution of various
subunits to the flux of electrons in different cellular environments.

J Neurovirol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Villeneuve et al.

Page 9

Interestingly, we did not find evidence of elevated proton leak (Figure 4D), an indirect
measure of oxidative stress, despite increased levels of proteins that are commonly elevated
in states of enhanced oxidative stress. While appearing somewhat discordant, there is a
complex relationship between proton leak and ROS, with ROS inducing proton leak but
proton leak leading to a decrease in ROS production. Examining the relationship is further
complicated as a result of how proton leak is calculated in this experiment. In this
experiment, proton leak was calculated in the absence of complex I function as all the
mitochondrial coupling experiments were performed in the presence of rotenone. However,
complex I and complex 111 both are important for contributing to proton leak and generating
ROS. Therefore, the loss of complex | leak may have negated any significance despite a
trend indicating increased proton leak in HIV-1 Tg rats.

In addition to the function of the ETC, it is important to look at indicators of substrates
entering the ETC. To gain an indirect measure of substrates entering the ETC, we quantified
the proteins involved in the glycolytic processes. Our experiments found an increase in
glycolytic proteins associated with the mitochondria (Figure 2A) suggesting there is an
increase in substrate availability to generate electrons. Previous work on glycolysis levels in
cells exposed to HIV-1 viral proteins have produced varied results. In a variety of cells,
exposure to certain HIV-1 viral proteins /n vitro or HIV-1 virus in vivoresults in increased
glycolysis [55-57]. Conversely, isolates of blood from HIV-1 infected individual have also
demonstrated decreased glycolysis [58]. However in respect to this experiment, any
alteration of substrate availability could affect the ability of mitochondria to respond to
various stimuli. Our data suggest HIV-1 viral proteins increase glycolysis in the brain
synaptic mitochondria of the HIV-1 Tg rat model, and the increase in glycolytic proteins
likely represents a shift in the metabolic processes in the synapses of neurons.

The proteomic interrogation of the TCA cycle and the fatty acid metabolic pathway agrees
with the glycolysis data suggesting increased electron flux. In both of these pathways,
certain proteins were significantly increased. In the TCA cycle, IDH3A, the rate-limiting
enzyme of the process, was increased further increased flux through this pathway. These
results largely agree with previous data suggesting the TCA cycle is abnormal in the HIV-1-
infected CD4+ T cells [59, 60]. While it is unclear at this time whether the increase in TCA
enzymes translates into smaller or larger metabolic pools, these data suggest there is a
change in the TCA metabolite pools.

Similar to the changes observed in the TCA cycle, alterations were found in the protein
expression profile of several proteins involved in fatty acid metabolism. CPT1A is important
for the import of fatty acids to the mitochondria. HCD2, ECHB, and ECHM are important
for oxidative steps with HCD2 and ECHB processing fatty acids of differing lengths. ETFA
and ETFD are important for transferring the resultant electrons to the ETC. Alterations in
any of these pathways would alter the metabolism of a cell. Our results suggest (1) fatty acid
transport is abnormal suggesting storage and processing of fatty acids is altered, (2) the
length of the fatty acids being metabolized is being altered, and (3) transfer of the resulting
electrons to the ETC is being changed. While our results are consistent with previous results
[61], our results are novel as they demonstrate that active replication is not necessary to
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inflict changes in the fatty acid metabolic pathway and demonstrate a profound impact of the
HIV-1 viral proteins on a subset of highly active mitochondria within the brain.

Data on proteins involved in trafficking and generating high energy substrates largely
suggest an altered mitochondrial energy transfer. There is an almost ubiquitous increase in
expression of various proteins involved in energy transfer suggesting (1) there is increased
energy demand resulting from the presence of HIV-1 proteins and (2) there is an altered
energy state in these cells. Proteins involved in generating creatine phosphate and in the
malate shuttle are increased specifically demonstrating enhanced shuttling of energy
throughout the cell. The increased energy demand is likely a result of the damage generated
by the viral proteins directly or indirectly through ROS. The altered energy state in the
mitochondria is consistent with our ETC and glycolysis findings and further demonstrate the
toll HIV-1 viral proteins have on synaptic mitochondria.

Mitochondrial function is regulated by many facets of the cell. One particularly
underappreciated mode of mitochondrial regulation comes in the form of localization.
Mitochondria in a neuron must be distributed to areas of high energy demand. In a neuron,
this is particularly important as these cells have long processes, distancing the synapse from
the soma. Furthermore the brain is almost wholly dependent on oxidative phosphorylation
for ATP production, and has high energy demands. Intertwined with mitochondrial
trafficking is mitochondrial dynamics. Mitochondrial dynamics refers to the process of
remodeling the mitochondria to optimize the mitochondria for energy production, transport,
or degradation. Interestingly, mitochondrial trafficking proteins were increased in the
synapse. This leads to the possibility that the neuron is experiencing an altered energy state,
and the mitochondria are mobilizing to better respond to these alternative demands. These
characteristics may drive or be a results of certain pathologies associated with synaptic
signaling in the neurons of HIV-1 infected patients.

Inspection of the proteins involved in mitochondrial dynamics revealed MFN1, a major
mitochondrial fusion protein, is increased in HIV-1 Tg animals. This finding is particularly
interesting because MFN1 has been demonstrated to regulate cellular responses and
electrical activity of neurons by altering the metabolic response [62]. Likely, the
overexpression of MFN1 would lead to extensive mitochondrial networks around the
synapse which in turn could minimize damage caused by HIV-1 viral protein induced
excitotoxicity. It is likely this expression pattern is a neuroprotective feature meant to
minimize the damage a cell would endure.

An alternative explanation of the increased trafficking proteins is to enhance mitochondrial
autophagy or mitophagy. To assess whether the increase in trafficking protein prevalence
was related to mitophagy, we quantified the V-Type ATPases which would only be increased
in mitochondrial proteomics if the mitochondria were interacting with lysosomes and
mitophagy adaptors. We found mixed expression results in the V-type ATPases and
mitophagy proteins. The low protein expression profiles of these proteins may be indicative
of the model in which we are investigating synaptic proteins is inadequate to answer any
questions on mitophagy. However, further work focusing on these groups of proteins in the
context of HIV-1 infection is necessary.
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Although the mitochondrial proteomics provide additional insight for HAND, the
mechanisms regulating mitochondrial dysfunction are not directly revealed by mitochondrial
proteomics. With IPA, prediction of pathways regulating mitochondrial proteomic alterations
is possible. Using IPA, several pathways involved in regulating mitochondrial biogenesis
such as MTOR, PPARG, PGC1A, TFAM, TFEB, and THRB were identified. Interestingly,
the alterations observed in these pathways are conflicting. While PGC1A, TFAM, and TFEB
are decreased suggesting decreased biogenesis, MTOR, PPARG, and THRB are increased
suggesting increased biogenesis. These results may suggest dysfunction mitochondrial
biogenesis is occurring in the HIV-1 Tg model and a more directed biogenesis pathways is
occurring in this specific subset of mitochondria.

Undoubtedly, the presence of the HIV-1 Tg rat in which 7 of the 9 HIV-1 viral proteins are
expressed raise questions about the relevance of the model. Interestingly, much of the
proteomic data has been corroborated by previous publications for on the ETC [10-12] and
glycolyic pathway [55-57] albeit in alternative cell types or animal models. Together these
data suggest the HIV-1 viral proteins produce chronically dysfunctional mitochondria, and
these mitochondrial alterations can contribute to the HAND functional pathology.

CONCLUSION

In vivo expression of HIV-1 viral proteins result a large number of mitochondrial proteomic
alterations as well as mitochondrial functional changes. These results highlight the
susceptibility of neuronal mitochondria to damage in HIV-1 infected individuals. We
identified changes in metabolic pathways and energy transfer while identifying specific
proteins which could be directly responsible for the observed alterations. Further, our work
has highlighted certain pathways as targets to limit the dysfunctional mitochondria.
Targeting these pathways may be useful for treatment option of HIV-1 infected individuals
to alleviate HAND symptoms.
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Figure 1. Electron transport chain subunit alterationsin synaptic mitochondria of HIV-1 Tgrats

Heat map displaying the log, change in protein expression of mitochondrial electron
transport chain subunits between HIV-1 Tg and litter mate control synaptic protein as

quantified via SWATH mass spectrometry. All values are displayed on a log, scale. Names

in red denote significantly different proteins (p<0.05 and cumulative PPDE>0.95) as

assessed by CyberT. n=4 biological replicates.
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Figure 2. Glycaolytic, tricyclic carboxylic acid (TCA) cycle, and energy transfer protein
expression profilesin synaptic mitochondria of HIV-1 Tgrats

Heat map displaying the log, change in protein expression of proteins involved in (A)
glycolysis, (B) the TCA cycle, and (C) energy transfer proteins between HIV-1 Tg and litter
mate control synaptic protein as quantified via SWATH mass spectrometry. All values are
displayed on a log, scale. Names in red denote significantly different proteins (p<0.05 and
cumulative PPDE>0.95) as assessed by CyberT. n=4 biological replicates.
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Figure 3. Proteins expression of various processesin synaptic mitochondria of HIV-1 Tgrats
Heat map displaying the log, change in protein expression of mitochondrial (A) dynamics/

trafficking, (B) V-type ATPases, and (C) autophagy-related proteins between HIV-1 Tg and
litter mate control synaptic protein as quantified via SWATH mass spectrometry. All values
are displayed on a log, scale. Names in red denote significantly different proteins (p<0.05
and cumulative PPDE>0.95) as assessed by CyberT. n=4 biological replicates.
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Figure 4. Mitochondrial functional coupling in the HIV-1 Tgrat brain synaptic mitochondria
Mitochondrial oxygen consumption rate was determined using a Seahorse XF24 analyzer.

For coupling (A), mitochondria were administered subsequent injections of ADP,
oligomycin, FCCP, and antimycin A in the presence of succinate and rotenone. Based upon
the coupling, the respiratory control ratios (RCR) (B) were calculated
(RCR=OCRFCCP/QCROligomycin) - Additionally, mitochondrial proton leak (C) (Proton leak
= QCROligomycin_gCRANtimycin A) and the reserve capacity (D) (OCRFCCP-OCRBasal) were
calculated. Listed p-values correspond to values generated by two-way repeated measures
ANOVA. *: p<0.05 on Sidak’s post-hoc comparison test. For all experiments, n=3 biological
replicates.
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Figure 5. Assessment of electron transport chain complex function in HIV-1 Tgrat brain
synaptic mitochondria

Assessment of the electron transport chain complexes of HIV-1 Tg rats as assessed by
oxygen consumption rate (OCR) and measured by a Seahorse XF24 analyzer. Mitochondrial
were treated to subsequent injections of rotenone, succinate, antimycin A and TMPD/asc
while measuring OCR. Statistical significance was assessed by a repeated-measures two-
way ANOVA followed by Sidak’s post-hoc test. *: p<0.05 on Sidak’s post-hoc comparison
test. n=3 biological replicates.
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Figure 6. Protein network dysregulation in the HIV-1 Tg rat brain synaptic mitochondria as
predicted by Ingenuity Pathways Analysis

Proteomic data was uploaded into Ingenuity Pathways Analysis (IPA) and activation z-
scores were generated indicating the activation or deactivation of a particular pathway. n=4

biological replicates.
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