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Human Immunodeficiency Virus Type 1 and
Methamphetamine-Mediated Mitochondrial Damage and
Neuronal Degeneration in Human Neurons

Carmen Teodorof-Diedrich,a Stephen A. Spectora,b

aDepartment of Pediatrics, Division of Infectious Diseases, University of California San Diego, La Jolla, California, USA
bRady Children’s Hospital, San Diego, California, USA

ABSTRACT Methamphetamine, a potent psychostimulant, is a highly addictive drug
commonly used by persons living with HIV (PLWH), and its use can result in cogni-
tive impairment and memory deficits long after its use is discontinued. Although the
mechanism(s) involved with persistent neurological deficits is not fully known, mito-
chondrial dysfunction is a key component in methamphetamine neuropathology.
Specific mitochondrial autophagy (mitophagy) and mitochondrial fusion and fission
are protective quality control mechanisms that can be dysregulated in HIV infection,
and the use of methamphetamine can further negatively affect these protective cel-
lular mechanisms. Here, we observed that treatment of human primary neurons
(HPNs) with methamphetamine and HIV gp120 and Tat increase dynamin-related
protein 1 (DRP1)-dependent mitochondrial fragmentation and neuronal degenera-
tion. Methamphetamine and HIV proteins increased microtubule-associated protein 1
light chain 3 beta-II (LC3B-II) lipidation and induced sequestosome 1 (SQSTM1, p62)
translocation to damaged mitochondria. Additionally, the combination inhibited au-
tophagic flux, increased reactive oxygen species (ROS) production and mitochondrial
damage, and reduced microtubule-associated protein 2 (MAP2) dendrites in human
neurons. N-Acetylcysteine (NAC), a strong antioxidant and ROS scavenger, abrogated
DRP1-dependent mitochondrial fragmentation and neurite degeneration. Thus, we
show that methamphetamine combined with HIV proteins inhibits mitophagy and
induces neuronal damage, and NAC reverses these deleterious effects on mitochon-
drial function.

IMPORTANCE Human and animal studies show that HIV infection, combined with
the long-term use of psychostimulants, increases neuronal stress and the occurrence
of HIV-associated neurocognitive disorders (HAND). On the cellular level, mitochon-
drial function is critical for neuronal health. In this study, we show that in human
primary neurons, the combination of HIV proteins and methamphetamine in-
creases oxidative stress, DRP1-mediated mitochondrial fragmentation, and neuro-
nal injury manifested by a reduction in neuronal network and connectivity. The
use of NAC, a potent antioxidant, reversed the neurotoxic effects of HIV and
methamphetamine, suggesting a novel approach to ameliorate the effects of
HIV- and methamphetamine-associated cognitive deficits.

KEYWORDS HIV gp120, HIV Tat, human primary neurons, mitochondrial
fragmentation, mitochondrial damage, MAP2 neuronal dendrites, reactive oxygen
species, NAC

Despite the progress in human immunodeficiency virus type-1 (HIV-1) treatment
through combination antiretroviral therapy (ART), mild neurocognitive impairment

remains an important HIV-associated clinical problem for 10 to 25% of persons living
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with HIV (PLWH) (1). HIV enters the central nervous system (CNS) during the initial
stages of infection and can cause neurological dysfunction (2). The dissemination of HIV
proteins gp120 and Tat from infected cells is believed to play a principal role in
HIV-associated neurocognitive disorders (HAND). However, the mechanism(s) leading
to neurological impairment remains poorly understood (3). In addition to the direct
effects of HIV and its components, some antiretrovirals used to suppress the virus and
substance use, including methamphetamine (METH), are thought to contribute to
HAND (4).

Autophagy is a highly regulated protective mechanism responsible for clearance of
excessive or damaged proteins and cellular organelles by lysosomes (5). Dysregulation
of autophagy has been identified by our group and others in human brains and animal
models of HAND (6–10). Accumulating evidence indicates that specific elimination of
damaged mitochondria through autophagy (mitophagy) and mitochondrial dynamics
play important roles in CNS diseases (10, 11). We have previously shown that human
primary neurons (HPNs) treated with HIV gp120 and Tat viral proteins exhibit dysregu-
lated mitochondrial dynamics with enhanced fragmentation mediated by dynamin-
related protein 1 (DRP1) mitochondrial translocation. HIV proteins increased Parkin
translocation to the damaged mitochondria but mediated incomplete delivery of
mitochondria to the lysosomal compartment and blockage of the mitophagic flux (10).
Neuronal cells are sensitive to impaired autophagy, and the degradation and recycling
of damaged mitochondria through mitophagy are critical to proper neuronal function
(11). Dysfunctional mitochondria are a source of reactive oxygen species (ROS), and
mitochondrial depolarization and neuritic beading are early signs of neuronal toxicity
present under pathological conditions, including HAND (12, 13). Increasing evidence
indicates that HIV infection and methamphetamine use can potentiate mitochondrial
injury in neurons and contribute to neurocognitive morbidity (14). Methamphetamine-
induced mitochondrial fragmentation and ROS production were reported in a rat
hippocampal neural progenitor cell model and provided a potential mechanism for
methamphetamine-related neurodegenerative disorders (15). Methamphetamine has
also been found to potentiate HIV gp120-mediated autophagy in astrocytes, and
long-term treatment with methamphetamine in combination with gp120 induced
astrocyte cell death (16). Methamphetamine treatment of HIV gp120 transgenic mice
revealed increased neuronal injury, loss of neuronal dendrites, and long-lasting pre-
synaptic and postsynaptic alterations which resulted in impaired learning and memory
(17). In the current research, we hypothesized that altered mitochondrial dynamics and
autophagy associated with HIV infection and methamphetamine use would increase
cellular oxidative stress and subsequently mitochondrial damage and neuronal injury,
factors that could play an important role in the development of HAND and the
advanced aging associated with HIV infection. Our findings demonstrate that in human
primary neurons, gp120 and Tat in combination with methamphetamine induce the
disruption of the mitochondrial network, resulting in mitochondrial fragmentation, oxida-
tive stress, ROS production, and neuronal degeneration. Moreover, N-acetylcysteine (NAC),
a potent antioxidant, abrogated DRP1-induced mitochondrial fragmentation and neuronal
degeneration.

RESULTS
Methamphetamine increases LC3B-II lipidation and dysregulates autophagic

flux in HIV-exposed neurons. Autophagy is a highly regulated catabolic process
important for cell survival (18). Multiple studies have shown that HIV proteins can
interfere with autophagic and mitophagic pathways that are linked to neurodegenera-
tion (6, 7, 10, 19). Our initial experiments were designed to determine if methamphet-
amine altered autophagy in primary neurons. The concentrations of methamphetamine
used were chosen based on preliminary studies showing that in binge users metham-
phetamine is a lipid-soluble molecule easily distributed and retained in the brain where
it can reach a concentration of up to 200 to 1,040 �M (20, 21). For our initial studies,
HPNs were exposed to increasing concentrations of methamphetamine for 24 h, and
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proteins were extracted and assessed for light chain 3 beta-II (LC3B-II) expression by
Western blotting. HPNs responded to methamphetamine treatment in a dose-
dependent manner, with a concentration of 100 �M resulting in a mean 3.04-fold
increase in LC3B-II lipidation (P � 0.05); methamphetamine at 300 �M showed the
maximum increase in LC3B-II expression (6.39-fold increase; P � 0.05) (Fig. 1A and B).

In previous studies, we showed that HIV gp120 and Tat block autophagic flux in
human neurons (10). To determine if methamphetamine alters the effect of HIV
proteins on autophagy, neurons were treated with 100 ng/ml HIV gp120, Tat, or a
combination of the two in the presence or absence of 300 �M methamphetamine for
24 h and with 100 nM bafilomycin A1 (BAFA1) for 8 h (Fig. 1C). A mean fold increase of

FIG 1 HIV and methamphetamine increase LC3B-II and block autophagic flux. (A and B) Methamphet-
amine (METH) dose-dependent treatment. Cell lysates were extracted with mitochondrial lysis buffer,
clarified by centrifugation, and analyzed by Western blotting using antibodies against LC3B-II. Beta-actin
(ACTB) was used as an internal control. The relative expression of LC3B-II was normalized to that of
beta-actin and analyzed by ImageJ software. Data are represented as means � standard deviations
(n � 3, P � 0.05). (C and D) LC3B-II protein expression was analyzed in cell lysates treated with gp120, Tat,
gp120 and Tat, methamphetamine, or combinations of these for 24 h and with 100 nM bafilomycin A1
(BAFA1) for 8 h prior to collection. Beta-actin was used as an internal loading control. The relative
expression of LC3B-II was normalized to that of beta-actin and analyzed by ImageJ software. Student’s
t test was performed to test the statistical significance. Data are presented as mean values � standard
deviations (n � 3 independent donors). *, P � 0.05; **, P � 0.01.
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2.4, 2.7, and 4.8 in LC3B-II lipidation was observed for gp120, Tat, and the combination,
respectively (P � 0.05 for all comparisons to the control). Methamphetamine alone or
in combination with HIV proteins resulted in a mean fold increase of 6.2, 10.7, 12.5, and
13.8, respectively (P � 0.05 for all comparisons to the control). However, no increase in
LC3B-II was observed in the presence of BAFA1, methamphetamine, and HIV proteins
compared to levels with BAFA1 treatment alone (P is nonsignificant [ns]) (Fig. 1C and D),
indicating that HIV and methamphetamine block autophagic flux and induce neuronal
dysfunction.

Methamphetamine increases p62 translocation and association to damaged
mitochondria in HIV-treated neurons. Exposure of brain cells to HIV proteins has
been shown to increase the expression and translocation of p62 to mitochondria,
followed by inhibition of autophagic flux and accumulation of autophagosomes (10,
22). Therefore, we next examined the combined effect of methamphetamine and HIV
proteins on p62 translocation and recruitment to the perinuclear area where damaged
mitochondria are present. An increase in expression and association of p62 to TOM20-
labeled mitochondria was observed in the presence of HIV proteins and methamphet-
amine that was enhanced in the presence of both, suggesting that methamphetamine
further increases p62/TOM20 complex formation in HIV-treated human neurons (Fig. 2A

FIG 2 HIV and methamphetamine increase p62 translocation to the damaged mitochondria. (A) In vehicle-treated
cells, confocal laser microscopy analysis shows low and diffuse cytoplasmic expression and association of p62 with
TOM20-stained mitochondria (indicated by the white arrows). (B to H) Confocal laser microscopy analysis shows
increased expression, translocation, and colocalization of p62 with TOM20-stained mitochondria (indicated by the
dashed white arrows) in HIV-, methamphetamine-, or combination-treated cells. (I to P) NAC (1 mM) pretreatment
abrogated increased p62 expression and translocation to the mitochondria in HIV-, methamphetamine-, or
combination-treated cells. Nuclei were stained with 4=,6=-diamidino-2-phenylindole (blue). Scale bar, 10 �m.
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to H). In contrast, pretreatment with 1 mM NAC, a potent antioxidant, for 1 h followed
by HIV and methamphetamine treatment for 24 h abrogated immune association of
p62 and TOM20 and reversed protein expressions to the basal levels (Fig. 2I to P). These
results suggest that treatment of neurons with HIV proteins and methamphetamine
upregulated the expression of p62 and increased its translocation to the perinuclear
area where damaged mitochondria are present. NAC pretreatment abrogated the
effects of HIV and methamphetamine on the upregulation of autophagic proteins.

Methamphetamine increases mitochondrial fragmentation in HIV-treated neu-
rons. HIV proteins are thought to promote mitochondrial dysfunction and alter mito-
chondrial morphology and dynamics in infected brains (10, 23–25). Mitochondrial
fragmentation is an early event that precedes neuronal degeneration mediated by
oxidative stress and neurotoxin production (26). Similarly, methamphetamine-induced
mitochondrial fragmentation has been reported in rat neural progenitor cells (15).
Therefore, we hypothesized that methamphetamine in combination with HIV proteins
would significantly alter mitochondrial dynamics in human neurons and increase
mitochondrial fragmentation. HPNs were treated with 100 ng/ml gp120, Tat, or both
proteins in the presence or absence of 300 �M methamphetamine for 24 h. Neuronal
mitochondria were stained using TOM20 antibody. Confocal microscopy analysis iden-
tified mitochondrial aggregation and fragmentation in HIV- and methamphetamine-
treated neuronal cells (Fig. 3A to E), a process exacerbated when HIV proteins and
methamphetamine were combined (Fig. 3A, F, G, and H).

Since ROS production can lead to mitochondrial fragmentation dysfunction (27), we
examined whether NAC has a neuroprotective effect (28). HPNs were pretreated with
1 mM NAC for 1 h, followed by exposure to HIV proteins and methamphetamine for 24
h (Fig. 3I to P). NAC pretreatment of HIV- and methamphetamine-exposed neurons
abrogated mitochondrial fragmentation (Fig. 3I to P). HPN mitochondrial size as deter-
mined by Fiji (ImageJ) (Fig. 3R) software significantly decreased for all HIV proteins and
methamphetamine exposures (P � 0.05 for all comparisons to the control), with the
greatest reduction in size occurring when HIV proteins were combined with metham-
phetamine. When cells were pretreated with NAC, mitochondrial size no longer differed
from that of the control for each HIV protein and methamphetamine when used singly
or in combination (P � 0.05 for all comparisons) (Fig. 3R).

Methamphetamine increases mitochondrial fragmentation through DRP1
translocation in HIV-treated neurons. Mitochondrial dynamics regulates mitochon-
drial morphology, distribution, and function. The balance between fusion and fission is
regulated by key proteins (29, 30) including dynamin-related protein 1 (DRP1), a GTPase
that controls mitochondrial fragmentation (31). We have shown previously that
HIV proteins gp120 and Tat trigger DRP1-mediated mitochondrial fragmentation in
HPNs, with increased expression and translocation of DRP1 to damaged mitochondria
(10). Furthermore, DRP1 has been shown to be involved in the regulation of
methamphetamine-mediated mitochondrial fragmentation in neural progenitor cells
(15). Thus, it was important to assess if HIV and methamphetamine further regulate
DRP1 expression and translocation to mitochondria in HPNs. Following exposure to HIV
proteins and methamphetamine, DRP1 expression and translocation to mitochondria
increased under all conditions. At 24 h, treatment with gp120 alone and methamphet-
amine alone resulted in mean 3.5-fold and 4.9-fold increases in DRP1 expression,
respectively (P � 0.05 for all comparisons to control) (Fig. 4A and B). The combination
of gp120 and methamphetamine induced a mean 6.3-fold increase in DRP1 expression
(P � 0.01), and NAC pretreatment abrogated DRP1 expression to the levels similar to
those for cells treated with vehicle and NAC only (P � ns for all comparisons to controls)
(Fig. 4A and B). In the same manner, treatment with Tat alone and methamphetamine
alone resulted in mean 2.8-fold and 4.7-fold increases in DRP1 expression, respectively
(P � 0.03 for all comparisons to control), and Tat in combination with methamphet-
amine induced a mean 6.2-fold increase in DRP1 expression (P � 0.01) (Fig. 4C and D).
NAC pretreatment in Tat- and methamphetamine-exposed neurons reduced DRP1
expression to levels equivalent to those of the controls (P � ns) (Fig. 4C and D). A mean
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fold increase of 6.2, 6.5, or 9.07 in DRP1 expression was observed for gp120 and Tat,
methamphetamine, and the combination treatment, respectively (P � 0.01 for all
comparisons to the control) (Fig. 4E and F); NAC pretreatment reduced DRP1 expression
to values similar to those of control-treated cells (P � ns) (Fig. 4E and F).

We next examined by confocal microscopy if HIV proteins in combination with
methamphetamine showed increased DRP1 translocation in the perinuclear area in

FIG 3 Methamphetamine increases mitochondrial fragmentation in HIV-treated human neurons. (A) Confocal laser
microscopy analysis showing healthy tubular mitochondrial structures (indicated by the white arrows) in vehicle-
treated cells. (B to H) Treatment for 24 h with 100 ng/ml gp120, Tat, or gp120/Tat and 300 �M methamphetamine
alone or in combination with HIV proteins. Confocal microscopy shows mitochondrial aggregation and fragmen-
tation (indicated by the dashed white arrows). Mitochondria were stained with TOM20 (red); nuclei were stained
with 4=,6=-diamidino-2-phenylindole (blue). (I to P) NAC (1 mM) pretreatment followed by HIV, methamphetamine,
and combination treatment in neuronal cells. Confocal microscopy shows recovery of the mitochondrial morphol-
ogy and network. (R) Quantitative analysis of mitochondrial size using ImageJ-Fiji software. Student’s t test was
performed to test the statistical significance. Data are presented as mean values � standard deviations (n � 3
independent donors). *, P � 0.05; **, P � 0.01. Scale bar, 10 �m.
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microtubule-associated protein 2 (MAP2)-stained neuronal cells. HIV- and metham-
phetamine-treated neurons showed increased accumulation of DRP1 to the perinuclear
area where damaged mitochondria are present (Fig. 5B to H). In contrast, vehicle-
treated neurons (Fig. 5A) and NAC-pretreated neurons exposed to HIV and metham-
phetamine showed reduced expression and translocation of DRP1, suggesting that NAC
efficiently prevented DRP1 upregulation (Fig. 5I to P).

Methamphetamine increases ROS production in HIV- and methamphetamine-
exposed neurons. Mitochondrial dysfunction is a common mechanism of ROS pro-
duction associated with many viral infections (27). HIV similarly dysregulates oxidative
stress pathways by increasing ROS production and inducing mitochondrial dysfunction

FIG 4 Increased mitochondrial fragmentation in HIV- and methamphetamine-treated neurons is DRP1 dependent.
(A, C, and E) Western blot analysis of mitochondrion-enriched fractions showing increased DRP1 expression with
gp120, Tat, methamphetamine, and combination treatments at 24 h. NAC pretreatment abrogated DRP1-increased
protein expression. (B, D, and F) Relative intensity of DRP1 protein was normalized to that of VDAC mitochondrial
protein, and each data point was normalized to the results for treatment with vehicle and analyzed using ImageJ
software. Student’s t test was performed to test the statistical significance. Data are presented as mean values �
standard deviations (n � 3 independent donors). *, P � 0.05; **, P � 0.01.
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FIG 5 Methamphetamine increases mitochondrial translocation of DRP1 in HIV-treated neurons, leading to
mitochondrial fission and altered mitochondrial dynamics. Neurons were immunostained with antibodies specific
to DRP1 (magenta) and 4=,6=-diamidino-2-phenylindole (blue) for nuclei. (A) Vehicle-treated cells display a basal
level of DRP1 expression, as shown by the white arrows. (B to H) Confocal laser microscopy analysis shows
increased expression and translocation of DRP1 to the perinuclear area, as shown by the white dashed arrows.
(I to P) NAC pretreatment abolished DRP1 translocation, association to the mitochondria, and mitochondrial
fission in HIV- and methamphetamine-treated human neuronal cells (indicated by the white arrows). Scale bar,
10 �m.
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(32, 33). Increased ROS production, triggered by HIV gp120 and Tat proteins circulating
in the blood, can alter the blood-brain barrier (27). We hypothesized that the increase
in ROS production in neurons resulting from the mitochondrial damage triggered by
HIV-specific proteins and methamphetamine in combination with HIV would increase
the oxidative stress in human neurons. Oxidative stress was measured using CellROX
deep red reagent, a cell-permeable dye that has bright fluorescence immediately after
oxidation by ROS. CellROX magenta staining increased in each of the HIV protein- and
methamphetamine-treated neurons (Fig. 6B to E) and in those with combination
treatments (Fig. 6F to H), indicating an increase of ROS species. In contrast, vehicle-
treated and NAC-pretreated HIV- and methamphetamine-exposed neurons showed
basal levels of ROS production (Fig. 6A and I to P). Following treatment with gp120, Tat,
and methamphetamine, we observed a significant corrected total cell fluorescence
(CTCF) mean increase in ROS production compared to levels in the controls, with 4.1-,
4.9-, 7.2-,10.6-, 12.7-, 14.2-, and 15.9-fold increases for gp120, Tat, gp120 plus Tat
(gp120/Tat), methamphetamine, methamphetamine/gp120, methamphetamine/Tat,
and methamphetamine/gp120/Tat, respectively (P � 0.05) (Fig. 6R). These findings
confirm that HIV gp120 and Tat in combination with methamphetamine increased
mitochondrial dysfunction and neuronal degeneration by elevating ROS production.
Pretreatment with 1 mM NAC abrogated the ROS production increase in neurons
treated with HIV proteins and methamphetamine (P � ns) (Fig. 6R). These results
emphasize that methamphetamine further increases ROS production in HIV-treated
neurons and that NAC, a ROS scavenger, has a powerful role in regulation of oxidative
stress and improvement of neuronal function.

HIV in combination with methamphetamine increases neuronal degeneration.
Mitochondrial dysfunction and dendritic beading are early signs of neuronal toxicity
present under different pathological conditions (12). Neuronal toxicity such as synap-
todendritic injury, dendritic beading, and neuronal loss are important findings in
HIV-associated neuropathology (34). HIV proteins combined with cytokines and chemo-
kines released by HIV-infected cells have been shown to induce dendritic simplification
and neuronal death (35). We therefore next examined the effects of HIV proteins with
and without methamphetamine by staining neurites with MAP2, a somatodendritic
marker, to visualize the neuritic network. Treatment with HIV proteins, methamphet-
amine, and a combination of these induced qualitative changes in HPNs, manifested as
dendritic beading and a reduction of dendritic complexity (Fig. 7B to H) compared to
levels in vehicle-treated cells (Fig. 7A). Confocal microscopy and quantitative analyses
using Fiji software revealed that the total length of neurites per cell decreased from a
mean of 460 �m in vehicle-treated cells (Fig. 8A and R) to mean values of 262.6 �m,
248.8 �m, 209.4 �m, and 211.8 �m in cells treated with gp120, Tat, gp120 and Tat, and
methamphetamine (P � 0.01 for all comparisons to control) (Fig. 8B to E and R). The
combined treatment of HIV and methamphetamine further decreased the MAP2 net-
work measured in total neurite length per cell to mean values of 179.3 �m for
gp120/methamphetamine, 165.1 �m for Tat/methamphetamine, and 140 �m for
gp120 and Tat/methamphetamine (P � 0.05 for all comparisons to controls) (Fig. 8F to
H and R). Pretreatment with NAC abrogated neuronal degeneration in HIV- and
methamphetamine-treated cells and maintained the length of the neuritic network at
values similar to those of control cells (P � ns, for all comparisons to controls) (Fig. 8I
to P and R). These results show that methamphetamine in combination with HIV
proteins increases neuronal toxicity and subsequently neuronal degeneration and that
NAC pretreatment abrogates the MAP2 network damage in human neurons.

NAC posttreatment reverses mitochondrial morphological changes and re-
duces ROS levels in HIV-treated neurons. High ROS levels play a central role in
mitochondrial fragmentation. To assess the effect of NAC on the recovery of neuronal
mitochondria after HIV protein and methamphetamine exposure, neurons were treated
to HIV proteins and/or methamphetamine for 24 h, followed by treatment with NAC for
48 h (Fig. 9A to P). Quantification of mitochondrial lengths in neurons treated with
vehicle, HIV proteins, and methamphetamine for 24 h (Fig. 9A to H and R) revealed a
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FIG 6 Methamphetamine increases mitochondrial dysfunction and damage in HIV-treated neurons by elevating
ROS production. (A to H) Neurons were treated with HIV proteins alone, methamphetamine alone, or combinations
of these. The cells were treated with 5 �M CellROX deep red reagent for 30 min before fixation. Nuclei were stained
with 4=,6=-diamidino-2-phenylindole (blue). (I to P) NAC pretreatment of HIV- and methamphetamine-treated cells.
(R) Confocal microscopy and ImageJ were used to measure the mean of the CTCF for the CellROX staining in
treated cells. Student’s t test was performed to test the statistical significance. Data are presented as mean values �
standard deviations (n � 3 independent donors). *, P � 0.05; **, P � 0.01; ***, P � 0.001. Scale bar, 10 �m.
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pattern of mitochondrial fragmentation similar to that shown in Fig. 3. Treatment with
NAC following exposure to HIV and methamphetamine (Fig. 9I to P and R) completely
reversed mitochondrial fragmentation, suggesting that elevated neurotoxic levels of
ROS can be reversed when ROS levels are decreased. To further confirm this finding, we
monitored ROS levels by measuring oxidative stress as described in the legend of Fig.
6. HIV gp120, HIV Tat, methamphetamine, and combination treatments of gp120 plus
methamphetamine, Tat plus methamphetamine, and gp120 plus Tat plus metham-
phetamine showed an increase in levels of CellROX magenta staining and a significant
CTCF mean increase in ROS production levels of 3.2-,4.5-, 8.9-, 9.6-, 11.5-, 14.2-, and
16.3-fold compared to levels for controls (P � 0.05) (Fig. 10B to H and R). Posttreatment
with NAC significantly decreased ROS production to levels similar to those of vehicle-
treated cells (P � ns) (Fig. 10I to P and R). These findings reinforce that elevated ROS
production is involved in mitochondrial fragmentation and that NAC treatment can
reverse the pathological effects of HIV and methamphetamine in neurons.

DISCUSSION

The pathogenesis of HIV-associated neurocognitive disorders in the ART era is
multifactorial, with viral, antiretroviral, inflammatory, genetic, and environmental fac-
tors potentially contributing to the development and persistence of CNS impairment.
The use of drugs of abuse, including methamphetamine, is common among PLWH and
can alter the CNS effects of HIV (36). Methamphetamine has been associated with
neurotoxicity, blood-brain barrier damage, neurodegeneration, and impairment of
cognitive function (15, 37, 38). The methamphetamine effects on the brain neurochem-
istry and function are due to the high distribution and retention of this lipid-soluble
molecule in high-lipid-content tissues like the brain (20). In binge users, the brain-to-
serum concentration can reach a ratio of 13:1, which is the equivalent of 200 to 1,040
�M methamphetamine accumulated in the brain (20, 21). Additionally, methamphet-
amine use has been associated with increased risk for HIV transmission, immune
dysfunction, and accelerated HIV/AIDS disease progression (39). Animal and human
studies have shown that methamphetamine in combination with HIV increases neuro-
nal injury and oxidative stress in the brain (36, 40). Additionally, in vivo studies have
identified increased synaptodendritic damage, astrogliosis and microgliosis, and neu-
robehavioral changes in HIV gp120 and Tat transgenic mice treated with methamphet-
amine (36, 41).

FIG 7 Methamphetamine increases neuronal toxicity in HIV-treated human primary neurons. MAP2 antibody was used for
staining neuronal dendrites. (A) Confocal laser microscopy showing a healthy MAP2 dendritic network (as indicated by the
white arrows). (B to H) HIV, methamphetamine, and combination treatments induced dendritic beading and dendritic size
reduction (as indicated by the white dashed arrows). Scale bar, 10 �m.
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Previously, we showed that in human neurons HIV proteins alter mitochondrial
dynamics, induce incomplete mitophagy, and block the clearance of damaged mito-
chondria. Here, we report that methamphetamine potentiates the effects of HIV
proteins on mitochondrial damage in human neurons. Our findings show that meth-
amphetamine exposure of neurons in combination with HIV increases LC3B-II lipidation,
blocks autophagic flux, and inhibits the elimination of damaged mitochondria. Com-
bined exposure to HIV and methamphetamine increased DRP1-dependent mitochon-
drial fragmentation and p62 translocation and aggregation to damaged mitochondria,
indicating impairment of mitochondrial turnover. Methamphetamine and HIV also
increased neuronal oxidative stress by increasing ROS production, resulting in altera-
tion of the neuronal network as determined by the reduction in neurite length.

Previous studies have shown that modifications in mitochondrial morphology and
function are correlated with ROS induction. NAC (a ROS scavenger) reduced ROS
production, and methamphetamine induced hyperthermia in mice (42, 43). Studies in
Drosophila pinpointed the importance of ROS for mitochondrial and tissue dynamics
and for ROS-induced mitochondrial fragmentation. Conversely, suppressing ROS re-
sulted in a transition to tubular mitochondrial morphology (43, 44). In cells, mitochon-
drial dynamics are mediated by dynamin-related GTPases like mitofusin 1 (MFN1) and
MFN2 for fusion and DRP1 for fission or fragmentation (45, 46). Other antioxidants like
Trolox have been reported to increase glutathione-and mitofusin-dependent mito-
chondrial filamentation (47). Neurons are sensitive to ROS-mediated damage, and ROS

FIG 8 Quantitative analysis of MAP2 dendritic network. (A) Confocal analysis shows that vehicle-treated cells display a
healthy neuronal network (as indicated by the white arrows). (B to H) Confocal analysis of MAP2 dendritic network showing
a reduction of the neuronal dendrites in HIV, methamphetamine, or combination treatments (as indicated by the white
dashed arrows). (I to P) NAC pretreatment abrogated dendritic reduction in HIV- and methamphetamine-treated neurons
(indicated by the white arrows). For panels A to P and panel R, Fiji software analysis was used to process and analyze
confocal images by applying thresholding and skeletonization functions. The Simple Neurite Tracer function was used to
quantify the length of the neuronal dendrites. Student’s t test was performed to test the statistical significance. Data are
presented as mean values � standard deviations (n � 3 independent donors). *, P � 0.05; **, P � 0.01; ***, P � 0.001. Scale
bar, 50 �m.
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exposure induces changes in the calcium homeostasis, mitochondrial dysfunction, and
microtubule destabilization along with the appearance of neurite beading and neurite
degeneration (48). Treatment with antioxidants like vitamin E has been shown to
prevent neuronal degeneration (48).

The importance of oxidative stress in driving the pathogenesis of HIV/
methamphetamine-driven neurotoxicity is further supported by the beneficial ef-
fects of the antioxidant NAC. Both pre- and posttreatment with NAC abrogated
HIV/methamphetamine-induced mitochondrial and neuronal toxicity, as determined by
the prevention of MAP2 neurite length reduction, DRP1-mediated mitochondrial frag-

FIG 8 (Continued)
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FIG 9 Mitochondrial shape and network disruption are reversed by NAC posttreatment in HIV-treated cells. (A)
Confocal laser microscopy analysis showing healthy tubular mitochondrial structures (indicated by the white
arrows) in vehicle-treated cells. (B to H) Cells were treated for 24 h with 100 ng/ml gp120, Tat, or gp120/Tat and
300 �M methamphetamine alone or in combination with HIV proteins. Confocal microscopy shows mitochondrial
aggregation and fragmentation (indicated by the dashed white arrows). Mitochondria were stained with TOM20
(red); 4=,6=-diamidino-2-phenylindole (blue) was used to stain nuclei. (I to P) HIV- and methamphetamine-exposed
neurons after treatment for 48 h with NAC. Confocal microscopy shows the recovery of the mitochondrial size

(Continued on next page)
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mentation, and increased ROS production. NAC, a glutathione precursor, is an old drug
with neuroprotective properties that has been used to treat a number of psychiatric
and neurological conditions (49, 50). NAC is able to cross the blood-brain barrier and
directly improve mitochondrial and neuronal function when oxidative stress is present
(51, 52).

The present study suggests that ROS production is involved in mitochondrial
fragmentation and neuronal degeneration in HIV- and methamphetamine-treated
human neurons and that NAC prevented and reversed these harmful neuronal effects.
We do not exclude the potential role of NAC in the regulation of mitochondrial
dynamics by decreasing ROS production and DRP1 levels in human neurons. Mitochon-
dria can adopt a variety of shapes depending on the cell type and metabolic state.
However, despite the recent progress in live-cell microscopy, it is still unclear how
mitochondrial morphology affects mitochondrial function (46). Since redox homeosta-
sis and mitochondrial morphology are interrelated, antioxidants have been reported to
stimulate MFN2-dependent mitochondrial filamentation (44, 53), reinforcing the po-
tential role of NAC in regulating mitochondrial morphology.

Mitochondrial health is critical to the function of neurons, whereas mitochondrial
dysfunction and aberrant mitophagy have been associated with a wide range of
neurodegenerative diseases and premature aging (54). Exposure of neurons to HIV Tat
has been associated with altered mitochondrial oxidative phosphorylation (OXPHOS)
enzyme activity and impaired neuronal synaptic function. Moreover, recent studies
have identified that HIV is associated with mitochondrial changes that affect brain
structure independent of ART or age (55). The association of impaired mitophagy in the
presence of HIV proteins that is increased by the presence of methamphetamine
suggests that the combination may also be associated with the accelerated aging
observed in HIV-infected persons receiving ART.

Our findings have potential therapeutic implications for PLWH with neurocognitive
impairment and methamphetamine use (56). Although the goal should be to counsel
PLWH to reduce their substance use, targeting mitochondria by controlling ROS
production through intracellular delivery of an antioxidant such as NAC could control
the progression of mitochondrial dysfunction and CNS impairment in this group of
patients (57). In this regard, NAC has been shown to have beneficial effects on HIV
infection in chronic and acute experimental infection models (50, 58) and, thus, further
supports clinical trials to examine the benefits of such treatment.

In summary, we have determined that the combination of HIV gp120 or Tat with
methamphetamine increases mitochondrial DRP1-dependent fragmentation and neu-
ronal degeneration with inhibition of mitophagy. We further demonstrate that NAC, an
antioxidant and ROS scavenger, is able to prevent and treat these effects in neurons,
suggesting a potential therapeutic target to reduce ROS and the effects of HIV and
methamphetamine on the CNS.

MATERIALS AND METHODS
Chemical reagents and antibodies. Chemicals used were (�)-methamphetamine hydrochloride

(Millipore Sigma), bafilomycin A1 (Enzo Life Sciences), and CellROX deep red reagent (Thermo Fisher
Scientific). Primary antibodies used included the following: rabbit monoclonal anti-DRP1 (Novus Biolog-
icals), rabbit monoclonal anti-voltage-dependent anion channel protein (VDAC) (Cell Signaling), mouse
monoclonal anti-SQSTM1/p62 (Abcam), mouse monoclonal anti-TOM20 (BD Biosciences, Santa Cruz
Biotechnologies), rabbit polyclonal anti-TOM20 (Santa Cruz Biotechnology), mouse monoclonal anti-actin
(Millipore Sigma), and chicken monoclonal anti-MAP2 (Novus Biologicals). Secondary antibodies used for
immunofluorescence experiments were Alexa Fluor 488, 568, and 647 donkey and goat anti-mouse,
anti-rabbit, and anti-chicken IgG (Invitrogen). HIV-1 IIIB gp120 (no. 11784) and HIV-1 IIIB Tat (no. 2222)
recombinant proteins were obtained from the NIH AIDS Reagent Program. The HIV protein concentra-
tions used are consistent with the concentrations used in other studies in which the physiological roles

FIG 9 Legend (Continued)
following NAC posttreatment. (R) Quantitative analysis of mitochondrial size using ImageJ-Fiji software. Student’s
t test was performed to test the statistical significance. Data are presented as mean values � standard deviations
(n � 3 independent donors). *, P � 0.05. Scale bar, 10 �m.
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FIG 10 Increased ROS production is abrogated by NAC posttreatment in HIV-treated neuronal cells. (A to H)
Neurons were treated with vehicle, HIV proteins alone, methamphetamine alone, or combinations, followed by 48
h of NAC posttreatment (I to P). Cells were treated with 5 �M CellROX deep red reagent for 30 min before fixation.
Nuclei were stained with 4=,6=-diamidino-2-phenylindole (blue). (R) Confocal microscopy and ImageJ were used to
measure the mean of the CTCF for the CellROX staining in treated cells. Student’s t test was performed to test the
statistical significance. Data are presented as mean values � standard deviations (n � 3 independent donors). *,
P � 0.05; **, P � 0.01; ***, P � 0.001. Scale bar, 10 �m.
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of HIV gp120 and Tat were examined in tissues where the localized concentration is expected to be
greater than that detected in serum from HIV-infected individuals (7, 25, 59–63). The NAC concentration
used is consistent with the concentrations used in other neuronal studies showing that 1 mM NAC has
a neuroprotective effect and does not significantly increase cell toxicity (64–69).

Cell culture, immunofluorescence, and imaging. To isolate human primary neurons (HPNs) we
used forebrain fetal tissue (90 to 130 days of gestation) obtained from Advanced Bioscience Resources
(Alameda, CA) and from the University of Washington, School of Medicine (Seattle, WA), according to the
University of California San Diego Institutional Review Board guidelines, and processed as previously de-
scribed (10, 70, 71). After 2 weeks in culture, isolated human neurons are fully differentiated and have
functional synapses similar to those of mature neurons (10, 70, 72). Neurons were seeded at 105 cells per well
on poly-D-lysine/laminin-coated glass coverslips (Corning) in 24-well plates and kept in neurobasal medium
(Gibco) supplemented with B-27 (Gibco), 2 mM GlutaMAX (Gibco), and 10 �g/ml gentamicin (Gibco) for
2 weeks, with a change of medium every 3 days (71). For immunostaining experiments, a 4% paraformalde-
hyde (PFA) solution (Electron Microscopy Sciences) with sucrose in phosphate-buffered saline (PBS) was used
for cell fixation, and 0.25% Triton X-100 solution in PBS was used to perform cell permeabilization (71). Cells
were incubated with the specific primary antibodies, followed by Alexa Fluor-conjugated secondary antibod-
ies. Microscopic images were obtained using Olympus FluoView FV1000 confocal microscopy and minimally
processed using Adobe Photoshop. Mitochondrial size quantification was performed using Fiji-ImageJ
software. For neurite size quantification, Simple Neurite Tracer (Fiji-ImageJ) software was used.

Western blot analysis. For immunoblotting experiments, neurons were seeded at 5 � 105 per well
in poly-D-lysine/laminin-coated six-well dishes (Corning) and maintained as described above. A mito-
chondrion isolation kit for cultured cells (Thermo Fisher Scientific) was used to prepare mitochondrion-
enriched fractions according to the supplier’s instructions. Extracted cell lysates were clarified by
centrifugation, subjected to SDS-PAGE, and then transferred to nitrocellulose (NC) membranes or
polyvinylidene difluoride (PVDF) membranes using a Bolt Western blotting system (Thermo Fisher
Scientific). Membranes were blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich) in PBS
supplemented with 0.1% Tween 20 (Sigma-Aldrich) and incubated with primary antibodies, followed by
detection with a Western Breeze immunodetection kit (Thermo Fisher Scientific).

ROS detection assay. CellROX oxidative stress reagents were used to measure reactive oxygen
species (ROS) in fixed cells according to the manufacturer’s protocol. ImageJ/Fiji was used to measure
corrected total cell fluorescence (CTCF). CTCF was calculated using the following formula: CTCF �
integrated density �(area of selected cell � mean fluorescence of background readings). To calculate
the final average fluorescence intensity value, CTCF was divided by the total number of cells.

Analysis. Paired Student’s t tests were used to analyze the statistical significance for all data. A P
value of �0.05 were considered statistically significant.

Ethics statement. The use of normal human fetal brain was approved by the Human Research
Protection Program of the University of California, San Diego (project no. 150172XX; IRB exempt), in
accordance with the requirements of the Code of Federal Regulation on the Protection of Human
subjects [45 CFR§46.102 (f)].
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