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Citrate shuttling in astrocytes is required
for processing cocaine-induced neuron-derived
excess peroxidated fatty acids

Kalimuthusamy Natarajaseenivasan,1,2 Alvaro Garcia,1 Prema Velusamy,3 Santhanam Shanmughapriya,3

and Dianne Langford1,4,*

SUMMARY

Disturbances in lipidmetabolism in the CNS contribute to neurodegeneration and
cognitive impairments. Through tight metabolic coupling, astrocytes provide
energy to neurons by delivering lactate and cholesterol and by taking up and
processing neuron-derived peroxidated fatty acids (pFA). Disruption of CNS lipid
homeostasis is observed in people who use cocaine and in several neurodegener-
ative disorders, including HIV. The brain’s main source of energy is aerobic glycol-
ysis, but numerous studies report a switch to b-oxidation of FAs in response to
cocaine. Unlike astrocytes, in response to cocaine, neurons cannot efficiently
consume excess pFAs for energy. Accumulation of pFA in neurons induces auto-
phagy and release of pFA. Astrocytes endocytose the pFA for oxidation as an
energy source. Our data show that blockingmitochondrial/cytosolic citrate trans-
port reduces the neurotrophic capacity of astrocytes, leading to decreased
neuronal fitness.

INTRODUCTION

Pharmacologic and neuroimaging data report that cocaine use disrupts CNS energy metabolism, alters

lipid content of the brain, and causes abnormal phospholipid metabolism and biosynthesis (Volkow,

et al., 1990, Volkow, et al., 1993; Ross et al., 2002; Nogueiras et al., 2008; Volkow et al., 2010; Kovalevich

et al., 2012a, 2012b; Boury-Jamot et al., 2016; Shao et al., 2019). Low cholesterol and FA levels in the blood

of people addicted to cocaine are associated with relapse (Buydens-Branchey and Branchey 2003; Buy-

dens-Branchey et al., 2003a; Buydens-Branchey et al., 2003b). In fact, extensive cocaine-induced changes

in brain lipidomics in rodents contribute to addiction, supporting these findings in humans (Cummings

et al., 2015; Bodzon-Kulakowska et al., 2017; Lin et al., 2017a, 2017b).

A recent systematic review discussed studies addressing proteomic and metabolic changes associated

with neurocognitive function in people with HIV (PWH) and reported alterations in several proteins andme-

tabolites related to neurochemical pathways (Williams et al., 2021). In the absence of substance use,

including cocaine, progressive disturbances in brain lipidomics as assessed via cerebrospinal fluid (CSF)

are reported that include abnormal cholesterol and sphingolipid metabolism (Haughey et al., 2004; Mielke

et al., 2010; Bandaru et al., 2013). In other studies, disruptions in normal bioenergetic pathways were re-

ported in the brains’ of PWH, and data showed that bioenergetic disruptions correlated with viral RNA

levels (Sanna et al., 2021); however, cocaine use was not considered.

Using cocaine increases the risk for HIV infection, and PWH who use cocaine have metabolic disturbances

in the brain that contribute to the progression of HIV-associated neurocognitive disorders (HAND) (Purohit

et al., 2011; Buch et al., 2012). Clinical studies in PWH and in vitro and in vivo research show that cocaine use

exacerbates HIV impairment of metabolic processes at the cellular and whole-brain levels (Ernst et al.,

2003; Ratai et al., 2011; Young et al., 2014; Dickens et al., 2015; Cotto et al., 2018b; Cotto et al., 2019;

Deme et al., 2020). Moreover, cocaine has been linked to increased HIV replication, viral activation during

latency, and disruption of innate immune responses (Tyagi et al., 2016). Despite these connections, little is

known about how cocaine contributes to disruptions in lipid and FA utilization in chronic HIV infection of

the brain or to viral dynamics in new infections.
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Astrocytes provide energetic support to neurons by direct metabolic coupling interactions that deliver

lactate and cholesterol to neurons (Tsacopoulos and Magistretti 1996, Allaman et al., 2008). Lactate gener-

ated by astrocytes is taken up by neurons and is a key metabolite for neuronal aerobic metabolism to meet

their high energetic demands (Bolanos et al., 2010; Suzuki et al., 2011). Our recent studies in human primary

neurons and astrocytes and in mice show that cocaine and the HIV protein, Tat, decrease astrocyte neuro-

trophic support and impair lipid homeostasis. In astrocytes exposed to cocaine, pyruvate is diverted

toward acetyl CoA production to the tricarboxylic acid cycle (TCA), bypassing conversion to lactate for neu-

rons (Cotto et al., 2018b). Neurons have a robust aerobic metabolism; whereas astrocytes rely primarily on

ATP generated from glycolysis (Dienel and Hertz 2001; Magistretti 2006, Bolanos et al., 2010; Suzuki et al.,

2011). Astrocytes exposed to cocaine and Tat switch from glucosemetabolism to fatty acid oxidation (FAO)

by increasing mitochondrial b-oxidation to generate more ATP (Natarajaseenivasan et al., 2018). In addi-

tion, astrocytes synthesize apolipoprotein E (ApoE) to shuttle lipids to neurons through the ATP-binding

cassette transporter, ABCa1 (Hirsch-Reinshagen et al., 2004; Yassine et al., 2016). Exposure of astrocytes

to cocaine and Tat decreases ApoE and ABCa1 levels and reduces biosynthesis of cholesterol and its trans-

fer to neurons (Cotto et al., 2018b).

Normally, this system is tightly regulated, but during challenges by cocaine or with HIV infection, astrocytes

respond by increasing their metabolism, which is energetically expensive and changes their mitochondrial

bioenergetics (Buch et al., 2012; Cisneros et al., 2018; Cotto et al., 2018b; Natarajaseenivasan et al., 2018).

For example, we showed that astrocytes exposed to cocaine and Tat switch from glucose metabolism to

b-oxidation (Natarajaseenivasan et al., 2018). On the other hand, neurons exposed to cocaine or Tat

generate excess toxic peroxidated fatty acids (pFA) due to increased ROS (Ioannou et al., 2019), induce

autophagy, quickly quench their antioxidant capacity, and expel pFA. Astrocytes take up pFA from neurons

for processing and for use as an energy source (Barber and Raben 2019). Thus, disrupted lipid metabolic

coupling between astrocytes and neurons exposed to cocaine/Tat leads to homeostatic imbalance.

Data from previous studies provide information regarding key links in the signaling pathways likely involved

in cocaine- and HIV-mediated CNS lipid metabolic disruptions.

Pyruvate is a rate-limiting factor in lactate production and acetyl-CoA for cholesterol and ATP synthesis. Thus,

directing pyruvate toward lactate production and acetyl-CoA toward cholesterol synthesis would increase

astrocyte-derived neurotrophic support. Through lipolysis, neuron-derived fatty acids (FA) are taken up by as-

trocytes and delivered to mitochondria for use as an alternative energy source. Astrocytes respond to the up-

take of pFA by upregulating genes for energy metabolism and oxidative species neutralization and by

enhancing the metabolism of lipid droplets (LD) via mitochondrial b-oxidation (Bailey et al., 2015; Liu et al.,

2015; Ioannou et al., 2018). The increased uptake and processing of pFA by astrocytes shifts them asway

from their neurotrophic capacity as shown by decreased cholesterol and lactate production, which can lead

to neuronal dysfunction (Natarajaseenivasan et al., 2018). Citrate shuttles between the cytoplasm and mito-

chondria via the citrate carrier, SLC25A1, that is responsible for balancing citrate levels in both compartments

(Mosaoa et al., 2021). SLC25A1 transports citrate between the mitochondria and cytosol, thereby regulating

citrate levels within the cell and significantly influencing acetyl-CoA and pyruvate availability. Cytosolic citrate

is a precursor for acetyl-CoA leading to cholesterol and FA synthesis (Fernandez et al., 2018; Mosaoa et al.,

2021). Mitochondrial citrate stimulates the TCA cycle and promotes oxidative phosphorylation.

The HIV-1 transactivator protein, Tat, is a viral protein that activates viral transcription. Independently of its

transcriptional activity, Tat induces oxidative stress, mitochondrial dysfunction, and metabolic distur-

bances in the brain (Sivalingam et al., 2021). Importantly, Tat is not eliminated in HIV-infected individuals

on cART, and even in the absence of productive viral replication, a significant amount of Tat is produced

(Bayer et al., 1995; Westendorp et al., 1995; Xiao et al., 2000; Marcondes et al., 2001; Nath 2002; Jaeger

and Nath 2012).

Based on our previous data, it is likely that cocaine and Tat will impact the flux of mitochondrial and cyto-

solic citrate in astrocytes given the switch in b-oxidation (Natarajaseenivasan et al., 2018). Disruptions in

SLC25A1 functioning are linked to at least 11 different CNS diseases characterized by defective lipid utili-

zation and mitochondrial energy production (Infantino et al., 2007; Palmieri 2013, Di Noia et al., 2014; Do-

nadelli et al., 2014; Giangregorio et al., 2014; Infantino et al., 2014). Once in the cytosol, citrate is converted

to acetyl CoA and oxaloacetate, ultimately leading to cholesterol and lactate synthesis, respectively both of
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which may be transported to neurons. Despite an extensive literature showing that cocaine and HIV disrupt

astrocyte/neuron lipid exchange, there is currently a gap in our knowledge regarding the effects of cocaine

and HIV on astrocyte FA utilization and the impact that these changes have on neuronal fitness and survival.

The current study will examine the combined impact of cocaine and HIV on impaired metabolic function by

investigating how astrocyte-neuron metabolic coupling maintains brain lipid homeostasis during exposure

to the HIV protein, Tat, and cocaine. We also address how neurons that are highly sensitive to toxic pFA

accumulate pFA and roles that autophagy release of pFA play in neuronal survival during stress. Finally,

we show the uptake of pFA by astrocytes and the importance of citrate shuttling to process excess

neuron-derived pFA.

RESULTS

Cocaine and Tat increase mitochondrial reactive oxygen species in neurons

To determine if exposure to cocaine and/or the HIV protein, Tat, triggers peroxidation of FA in neurons, we

exposed neurons to HIV-1 MN Tat (50 ng/mL), cocaine (5mM), or both every 24 h for 48 h, as previously re-

ported (Kovalevich, 2012a; Kovalevich et al., 2012b; Kovalevich, 2015; Cotto et al., 2018b; Mohseni Ahooyi T

et al., 2018; Natarajaseenivasan et al., 2018). Previous studies report that cocaine and Tat alter NMDAR sub-

unit composition, synaptic redistribution, and changes in protein levels, leading to activation of neuronal

NMDA signaling and excitotoxicity (Ortinski 2014; Hu 2016). Thus, neurons treated 4 h with 500nm NMDA

were used as a control, and the lipid soluble antioxidant, a-tocopherol (50 mM), was used to block lipid per-

oxidation (Ioannou et al., 2019). Rhodamine 123 was used to label active mitochondria, and MitoSOX red

detects mitochondria-derived reactive oxygen species (ROS). Results show that cocaine and Tat, alone or in

combination, induce significant levels of mitochondrial ROS compared with untreated neurons (Figures 1A

and 1B). However, no additive or synergistic effects were observed in cocaine- + Tat-treated neurons. As

expected, a-tocopherol blocked cocaine-, Tat-, and NMDA-induced mitochondrial ROS formation.

Accumulation of peroxidated lipids induces autophagy and release of lipids from neurons

Neurons do not typically form significant numbers of LD (Schonfeld and Reiser 2013, Ioannou et al., 2019).

However, during stressful conditions including inflammation, increased levels of ROS, or in the presence of

aberrant proteins in neurodegeneration, neurons accumulate FA into LD (Pennetta and Welte 2018, Ioan-

nou et al., 2019; Farmer et al., 2020). In this context, our data show that cocaine and Tat increased neuronal

mitochondrial ROS (Figure 1) and accumulation of lipids and pFA (Figure 2). As expected, BODIPY 493/503-

labeled neurons exposed to cocaine, Tat, or both showed significantly increased levels of LD (p < 0.001)

compared with untreated control neurons (red) (Figures 2A and 2B); however, a-tocopherol prevented

accumulation of LD. In agreement with previous data (Ioannou et al., 2019), a significant fraction of total

lipids in neurons exposed to cocaine and Tat were peroxidated as determined by the lipid peroxidation

sensor assay (BD-C11, green), with cocaine driving greater ratios of peroxidation (p < 0.001) compared

with Tat (p < 0.05) (Figures 2C and 2D). Given that neurons have limited capacity to quench peroxidated

lipids, autophagy may be induced to remove toxic lipids, as previously reported (Ioannou et al., 2019).

To assess if accumulation of pFA triggered autophagic pathways, changes in levels of the autophagy

markers, LC3B-I and II, ratios, and pAMPK were measured in neurons exposed to cocaine, Tat, or

NMDA. LC3B-I levels were significantly decreased in neurons exposed to cocaine and Tat (p < 0.01),

whereas LC3B-II was significantly increased (p < 0.01), suggesting that LC3B-I was converted to LC3B-II

(Figures 3A–3D). These changes in LC3BI/II and ratios in response to Coc/Tat were prevented by the pres-

ence of a-tocopherol. Increased levels of phosphorylated AMPK (p < 0.01) in response to cocaine and Tat

accompanied these changes (Figure 3E), but once again a-tocopherol blocked phosphorylation of AMPK.

Neurons exposed to Tat, cocaine, Tat + cocaine, or NMDA with and without a-tocopherol were cultured

with BODIPY 558/568 to label lipids (Figure S1). Flow cytometric analyses of cell-free media containing flu-

orescently labeled lipids indicated that Tat alone and in combination with cocaine increased the numbers

of lipids present in the media as well as intensity of labeling (Figures S1A–S1D and S1F). NMDA used as a

positive control (Figures S1E and S1F) showed similar profiles to Tat, cocaine, and Tat + cocaine

(Figures S1B–S1D and S1F).

Peroxidated lipids are transferred from neurons to astrocytes for FAO

Accumulation (Figure 2) and release (Figures 3 and S1) of pFA by neurons exposed to Tat, cocaine, or

NMDA (Ioannou et al., 2019) are predicted to be accompanied by uptake and processing of FA by
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astrocytes. To confirm uptake of FA by astrocytes, neurons were cultured with BODIPY 558/568 for lipid

labeling (red) with and without cocaine, Tat, or both, and astrocytes were cultured with rhodamine 123

to label mitochondria (green). Cell-free neuronal conditioned media (NCM) was collected and placed

onto astrocytes +/� a-tocopherol. Unlike astrocytes exposed to NCM from untreated neurons, astrocytes

exposed to media from neurons treated with Tat, cocaine, both, or NMDA showed significantly greater up-

take of neuron-derived lipids (red) (Figures 4A and 4B) (p < 0.001). In fact, perilipin, an LD protein that pro-

tects LD from autophagy, was increased significantly in astrocytes fed LDs from neurons exposed to

cocaine and Tat (data not shown). Because autophagy can be induced in situations of increased LD pack-

aging of lipids as a means for cell survival, our observation that autophagy was increased in neurons re-

quires further investigation.

Citrate shuttling in astrocytes is required to process cocaine-induced neuron-derived excess

peroxidated fatty acids

Previous studies report that astrocytes are the main source of citrate in the CNS (Westergaard

et al., 2017). Our previous data show that upon exposure to cocaine or Tat, astrocytes switch from

A

B

Figure 1. Tat and cocaine exposure induces mitochondrial reactive oxygen species production (mROS) in neurons

Human primary neurons exposed to Tat (50 ng/mL), cocaine (5 mM), both Tat and cocaine, or NMDA (100 mM) either in the

presence or in the absence of a-tocopherol (50 mM) were labeled with the mROS indicator, MitoSOX.

(A and B) Representative confocal images of neurons labeled with MitoSOX red and (B) quantification of MitoSOX

fluorescence intensity. Increased mROS generation was detected in neurons exposed to Tat, cocaine, or NMDA;

however, treatment with a-tocopherol (an ROS quencher) quenched mROS generation. Neurons with no exposure to Tat,

cocaine, or NMDA were used as control. ***p<0.001.
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glucose to FA oxidation (Natarajaseenivasan et al., 2018). Given that SLC25A1 transports citrate

from the cytosol into the mitochondria for entrance into the TCA cycle, we reasoned that loss of

citrate transport in response to increased pFA uptake would impact b-oxidation. To assess the impor-

tance of citrate shuttling in the processing of neuron-derived pFA, SLC25A1 was knocked down (KD)

in astrocytes, and cells were then exposed to neuron-conditioned media (NCM) from untreated neu-

rons or neurons exposed to cocaine, Tat, or both. Western analyses confirm KD of SCL25A1

(Figures 5A and 5B). Astrocytes were cultured in the presence of BODIPY 493/503 (green) with

SCL25A1 KD or Scr siRNA and exposed to NCM (Figure 5C). In SLC25A1 KD astrocytes, significantly

increased accumulation of lipids was observed compared with astrocytes with scrambled siRNA

(Figures 5C and 5D), suggesting decreased lipid processing. Our previous studies showed that

exposure of astrocytes directly to cocaine and Tat decreased the cholesterol synthesis (Cotto et al.,

2018b). Normal levels of cholesterol in astrocytes triggers LXR activation, leading to the transcription

of target genes involved in cholesterol trafficking and efflux, including ApoE, SREBP, and several

ATP-binding cassette transporter proteins, including ABCa1 (Cotto et al., 2018b). Knockdown of

SLC25A1 in astrocytes treated with NCM from neurons exposed to Tat, cocaine, or both had decreased

intracellular and extracellular cholesterol (Figures 5F and 5G) as well as lower levels of ApoE (Figure 5H).

These data support the importance of citrate shuttling to maintain lipid processing and normal choles-

terol levels.

A B

DC

Figure 2. Tat and cocaine exposure results in lipid accumulation and fatty acid peroxidation in neurons

Control or N2A neurons exposed to Tat (50 ng/mL) and/or cocaine (5 mM) or NMDA (100 mM) either in the presence or in

the absence of a-tocopherol (50 mM) (an ROS quencher) were labeled with BODIPY 493/503 (green) for total lipids (1 mM)

(A and B) or BD-C11 for peroxidated lipids (C and D), and accumulation of lipids was measured using confocal

microscopy.

(A and B) Representative confocal images of neurons labeled with BODIPY 493/503 (green) to show total lipids and

(B) quantification of the number of lipids/cell showing increased accumulation of lipids in neurons exposed to Tat,

cocaine, and NMDA. Treatment with tocopherol prevented lipid accumulation.

(C) Representative confocal images of neurons labeled with BODIPY C11 for unperoxidated lipids (red) and the shift to

peroxidated lipids (green).

(D) Quantification of BD-C11 ratio (green to red) in neurons shows increased peroxidation of lipids in Tat-, cocaine-, and

NMDA-treated neurons. Treatment with a-tocopherol prevented lipid peroxidation. Data indicate Mean G SEM;

***p < 0.001, **p < 0.01, *p < 0.05; n = 3 coverslips with analyses of 5 cells per coverslip for all experiments.
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Citrate shuttling is important for mitochondrial respiration in astrocytes during neuronal

challenge with Tat and cocaine

Our previous data also show that direct exposure of astrocytes to Tat and cocaine induces a switch in astro-

cyte metabolism from glucose to fatty acid oxidation (Natarajaseenivasan et al., 2018). To investigate if bio-

energetic disruptions were observed in astrocytes exposed to NCM from untreated neurons or neurons

exposed to cocaine, Tat, or both in the presence or absence of SCL25A1, mitochondrial oxygen consump-

tion rates were assessed. Supplementary data show that neurons exposed to Tat, cocaine, or both where

palmitate was used as an FA substrate showed minimal response to oligomycin, FCCC, or rotenone (Fig-

ure S2). In fact, in cocaine- and in Tat + cocaine-treated neurons, basal oxygen consumption rate (OCR),

maximal OCR, and ATP couple respiration were significantly decreased (p < 0.001) compared with un-

treated and Tat-treated neurons (Figures S2A–S2D). On the other hand, basal OCR, maximal OCR, and

ATP production were increased significantly in astrocytes treated with media from neurons exposed to

Tat, cocaine, or both (Figures S2E–S2G), with no change in nonmitochondrial respiration (Figure S2H),

and as previously reported (Natarajaseenivasan et al., 2018). Palmitate was used as the substrate for

FAO, and BSA was used as the non-FA substrate. The FAO inhibitor, etomoxir, blocked FAO production

in the presence of palmitate.

As predicted, basal and maximal oxygen consumption rates and ATP-coupled respiration were

increased in astrocytes exposed to NCM from Tat-/Coc-treated neurons (Figures 6A and 6C–6E). On

the other hand, blocking citrate transport by KD SLC25A1 (Figure 6B) prevented increased basal and

maximal oxygen consumption rates and ATP-coupled respiration induced by exposure of astrocytes

to NCM from Tat-/Coc-treated neurons (Figures 6C–6E) in astrocytes. Nonmitochondrial respiration

was not affected by NCM or SCL25A1 KD in any conditions (Figure 6F). These data support an impor-

tant role for citrate shuttling in mitochondrial respiration during neuronal challenge with Tat and

cocaine.

A B C

D E

Figure 3. Accumulation of peroxidated lipids induces autophagy in human neurons

Control or neurons exposed to Tat (50 ng/mL) and/or cocaine (5 mM) or NMDA (100 mM) either in the presence or in the

absence of a-tocopherol (50 mM) (an ROS quencher) were western blotted for the autophagy markers LC3B and pAMPK.

(A–E) Representative western blot and (B–D) quantification of the normalized LC3B-I (B), LC3B-II (C), LC3B-I/LC3B-II ratios

(D), and pAMPK (E) protein levels indicate increased autophagy in neurons exposed to Tat/cocaine/NMDA. Data indicate

Mean G SEM; ***p < 0.001, **p < 0.01, *p < 0.05; n = 3 independent experiments.
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Knocking down SLC25A1 limits the neurotrophic capacity of astrocytes

To further assess the potential importance of citrate shuttling in astrocytes challenged with processing

neuron-derived pFA, SLC25A1 was knocked down (KD) in astrocytes; we utilized a transwell culture system.

Astrocytes were plated onto the upper chamber of a transwell, and untreated neurons were plated onto the

well below in the lower chamber. In a separate experiment, NCM was collected from untreated neurons or

neurons exposed to cocaine, Tat, or both. NCM containing neuron-derived LD/pFA (as shown in Figure S1)

was then placed onto astrocytes cultured in the upper transwell chamber. After 24 h in co-culture with as-

trocytes, neurons were collected from the bottom chamber for analyses of neuronal fitness (Figures 7A, 7D,

and 7E) and survival (Figure 7F). More efficient processing of pFA by astrocytes with functioning SLC25A1

provided neuronal protection as indicated by decreased levels of PSD95, MAP2, and ATP (Figures 7C–7E),

whereas, without SLC25A1, astrocyte neurotrophic capacity was diminished as indicated by decreased

levels of the post-synaptic marker PSD95, the dendritic marker MAP2, and ATP production.

Astrocytes were then assessed for intracellular and extracellular lactate levels, LDH activity, ATP produc-

tion, and viability. Lactate levels and LDH activity were not altered in astrocytes treated with NCM, regard-

less of the presence or absence of SLC25A1 (Figures S3A–S3C); however, ATP levels were significantly

decreased in astrocytes where SLC25A1 was KD (Figure S3D).

DISCUSSION

Tight metabolic coupling between neurons and astrocytes is critical for the overall health of the brain.

Although neurons expend a considerable amount of ATP on neurotransmission, astrocytes provide neu-

rons with metabolic substrates and antioxidants (Belanger and Magistretti 2009; Belanger et al., 2011).

This metabolic support allows neurons to allocate more cellular resources to sustaining high activity rates

during information processing (Farese and Walther 2009; Guo et al., 2009; Walther and Farese 2009). An

important area in neuron-astrocyte interactions relates to the metabolism of FAs. FAs are components

of phospholipids in cellular membranes and are stored within cells as energy-rich triacylglycerides localized

A B

Figure 4. Cocaine and/or Tat exposure facilitates transfer of lipids from neurons to astrocytes

Control rat neurons or neurons exposed to Tat (50 ng/mL) and/or cocaine (5 mM) or NMDA (100 mM) in the presence or

absence of a-tocopherol (50 mM) (an ROS quencher) were cultured with BODIPY 558/568 (1 mM) for lipid labeling. After

incubation, the cell-free neuronal media was collected and rat astrocytes were cultured with this media for 16 h. The

transfer of lipid droplets from neurons to astrocytes was observed by confocal microscopy. The astrocyte mitochondria

were stained with rhodamine 123 (488 nm), and lipid droplets from neurons were stained red (561 nm).

(A and B) Representative confocal images of astrocytes treated with neuronal-conditionedmedia and (B) quantification of

the number of red C-12 positive lipid droplets per astrocyte (LD/astrocyte) showing increased transfer of lipids from

neurons exposed to Tat, cocaine, or NMDA to astrocytes. Media from a-tocopherol-treated neurons with or without

exposure to Tat, cocaine, or NMDA showed no lipid transfer. Data indicateMeanG SEM; ***p < 0.001; n = 3 independent

coverslips and 5 cells/coverslip were analyzed. *p<0.05.
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E F

G H

Figure 5. Conditioned media from Tat- and/or cocaine-treated neurons alters astrocytic cholesterol homeostasis

SLC25A1 was knocked down (KD) in rat astrocytes, and nontargeting scrambled siRNA (Scr siRNA) was used as a control.

Astrocytes were then cultured with cell-free rat neuronal media (NCM) collected from either untreated or control or

neurons exposed to Tat and/or cocaine. (A–D) Protein levels were assessed by western analyses for SLC25A1.

(A) Representative western blot and

(B) and quantification of the protein abundance SLC25A1 KD astrocytes.

(C and D) Astrocytes with SCL25A1 knocked down and cultured in the presence of BODIPY 493/503 (green) to label lipids

show increased lipid accumulation compared with Scr siRNA upon exposure to Tat/cocaine NCM.

(E and F) Scr siRNA and SLC25A1 KD astrocytes treated with control or Tat/cocaine NCMwere stained with Filipin III (blue)

to visualize the intracellular cholesterol levels. Representative fluorescence microscopy images (E) and quantification of
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to LDs. Under normal conditions, LDs are mostly found in liver and adipose tissues, and activity responds to

changes in cellular signaling. Cells other than adipocytes, including neurons, can form LDs in response to

cellular inflammations and stress (Teixeira et al., 2021). Evidence from multiple studies report the accumu-

lation of LDs in the brain during normal aging, as well as in conditions of increased oxidative stress and

inflammation (Meng et al., 2015; Shimabukuro et al., 2016; Kwon et al., 2017; Liu, 2017a, 2017b; Islam

et al., 2019; Marschallinger and al., 2020) and in several neurodegenerative diseases, including amyotro-

phic lateral sclerosis, Huntington, Parkinson, and Alzheimer diseases (Farmer et al., 2020). In addition,

changes in cholesterol and FA levels in the blood of people addicted to cocaine are associated with relapse

(Buydens-Branchey and Branchey 2003; Buydens-Branchey et al., 2003a; Buydens-Branchey et al., 2003b).

Although this manuscript focuses on astrocyte-neuron metabolic coupling, the contributions of microglia

to the regulation of lipid processing during stressful conditions of energy deficit should be considered.

Healthy microglia clear lipids via cell surface scavenger receptors; however, aged or pro-inflammatory mi-

croglia accumulate cholesterol and other neutral lipids. In fact, our previous studies have shown that

cocaine self-administration in rats increases microglial activation and that microglial-derived methyl-

CpG-binding protein 2 (MeCP2) is a sensitive target of cocaine (Cotto et al., 2018a). MeCP2 negatively

regulates the expression of brain-derived neurotrophic factor (BDNF). In the presence of cocaine,

MeCP2 dissociates from the BDNF promoter, resulting in increased release of BDNF release, which may

contribute to cocaine-induced synaptic plasticity. In the context of metabolic reprogramming and lipid

processing during disease, evidence for microglial contributions in Alzheimer disease, multiple sclerosis,

and schizophrenia is reported (Loving and Bruce 2020). Increased microglial expression of genes involved

in lipid and lipoprotein metabolism including ApoE and lipoprotein lipase point to a role for microglia in

neurodegenerative disease (Keren-Shaul et al., 2017). Studies in animal models addressing effects of both

chronic HIV infection and cocaine use on brain metabolic reprogramming are needed to understand how

all cellular components affect lipid production and processing. Investigations are currently underway in the

Eco-HIV mouse with and without chronic cocaine administration to assess changes in CNS bioenergetics at

global, cellular, and molecular levels.

Studies show that periods of high neuronal stress induce peroxidation of FAs and formation of LDs in neu-

rons due to ROS triggering c-Jun-N-terminal kinase (JNK) and sterol regulatory-binding protein (SREBP)

activity, followed by accumulation of LDs in astrocytes (Bailey et al., 2015; Liu et al., 2015). Because neurons

have a low capacity for FA consumption in mitochondria, pFAs become toxic andmust be expelled (Schon-

feld and Reiser 2013, Sultana et al., 2013). In contrast to neurons, astrocytes store energy in the form of LDs

and can effectively manage oxidative stress (Belanger andMagistretti 2009, Belanger et al., 2011), suggest-

ing that the transfer of pFAs from neurons to astrocytes may benefit both cell types. In fact, Ioannou et al.,

demonstrated that stressed neurons expel toxic FAs in association with ApoE-positive lipid particles and

that nearby astrocytes endocytose these LDs (Ioannou et al., 2018, Ioannou et al., 2019). In astrocytes,

the LDs are broken down, and liberated FAs are fed into the mitochondria as fuel for oxidative phosphor-

ylation (Ioannou et al., 2019). In this context, our studies sought to determine whether cocaine and HIV

contribute to neuronal-pFA accumulation and uptake by astrocytes as a result of astrocyte-neuron lipid

metabolic crosstalk. Our data show that cocaine and the HIV protein, Tat, increase the accumulation

and release of pFA from neurons. In turn, we show that astrocytes take up the pFAs expelled by neurons

and increase FA-dependent oxygen consumption rate and ATP production. Importantly, this was not

observed in astrocytes exposed to cocaine and/or Tat. In addition to transfer of pFA from neurons to as-

trocytes as a means to manage oxidative stress, autophagy as well plays an important role in neuronal

oxidative stress relief. In fact, because lipid metabolism is involved in the formation of autophagic mem-

branes during stress (Xie et al., 2020), understanding the potential contribution of changes observed in

neuronal pFA accumulation, processing, and expulsion requires consideration of autophagy as a means

to degrade pFAs. Because autophagy can be induced in situations of increased LD formation as a means

for cell survival, our observation that autophagy was increased in neurons requires further investigation. On

Figure 5. Continued

Filipin fluorescence (F) show decreased accumulation of cholesterol in KD SCL25A1 astrocytes exposed to Tat and/or

cocaine NCM.

(G and H) Extracellular cholesterol and ApoE protein levels were quantified in astrocyte media using ApoE ELISA and

Amplex Red cholesterol assay, respectively. Astrocytes exposed to Tat and/or cocaine NCM show increased levels of

cholesterol and ApoE, but knocking down SLC25A1 reduced cholesterol and ApoE levels. Data indicate Mean G SEM;

***p < 0.001, *p < 0.05; 3 independent coverslips with 15–20 cells/coverslip analyzed.
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the other hand, perilipin, an LD protein that protects LD from autophagy, was increased significantly in as-

trocytes fed LDs from neurons exposed to cocaine and Tat (data not shown), further supporting addition

studies into the role versus autophagy in neuron versus astrocyte response to cocaine and Tat.

In this context, pyruvate is the rate-limiting factor in the production of lactate and acetyl Co-A for FA, choles-

terol, and ATP synthesis. To maintain sufficient levels of metabolic substrates in the cytosol and mitochondria,

the SCL25A1 transporter shuttles citrate from the mitochondria and vice versa. Citrate is converted back to

acetyl CoA that can then be used for FA synthesis. In the mitochondria, acetyl CoA + oxaloacetic acid is cata-

lyzed into citrate that then enters the TCA cycle for ATPproduction. Thus, SLC25A1 is required for citrate trans-

port, oxidative phosphorylation, and FA oxidation. Our data confirmed the importance of citrate transport for

astrocytes to maintain a neurotrophic phenotype in the presence of cocaine and Tat.

Data show that CNS metabolic disturbances observed in PWH and in cocaine users are exacerbated in

PWH who use cocaine. Disruption of this tightly coordinated coupling to metabolize FAs likely contributes

to the increased astrocytic energy metabolism and neuronal energy deficit reported during detrimental

synergy between HIV infection and cocaine use.

A B

C D

E F

Figure 6. Citrate shuttling is important for mitochondrial respiration in astrocytes during neuronal challengewith

Tat and cocaine

Rat astrocytes transfected with siRNAs against SLC25A1 or control nontargeting/scrambled siRNA (Scr siRNA) were

cultured with cell-free neuronal-conditioned media (NCM) collected from untreated neurons or neurons exposed to Tat

(50 ng/mL) and/or cocaine (5 mM).

(A and B) Mean traces of oxygen consumption rate (OCR) in astrocytes using palmitate as a substrate and after sequential

exposure to oligomycin (a), FCCP (b), and rotenone/antimycin (c) shows reduced fatty acid oxidation (FAO) in astrocytes

where SLC25A1 is knocked down.

(C–F) Quantification of basal OCR, (D) maximal OCR, (E) ATP-coupled respiration, and (F) nonmitochondrial respiration.

Data indicate Mean G SEM; ***p < 0.001, **p < 0.01, *p < 0.05; n = 24 independent wells of a 96 well plate.

ll
OPEN ACCESS

10 iScience 25, 105407, November 18, 2022

iScience
Article



We sought to determine how cocaine and HIV contribute to uncoupling of astrocyte-neuron metabolic

crosstalk. Our data show that cocaine and the HIV protein, Tat, increase the accumulation and release of

pFA from neurons. In turn, we show that astrocytes take up the pFA expelled by neurons and increased

oxygen consumption rate and ATP production.

Pyruvate is a rate-limiting factor in the production of lactate and acetyl CoA for fatty acid, cholesterol, and

ATP synthesis (Graphical Abstract). To maintain sufficient levels of metabolic substrates in the cytosol and

the mitochondria, the SCL25A1 transporter carries citrate from the mitochondria into the cytosol and vice

versa. Citrate is converted back to acetyl CoA that can be utilized for FA synthesis. In the mitochondria,

acetyl CoA + oxaloacetic acid is catalyzed into citrate that then enters into the TCA cycle for ATP produc-

tion. The citrate carrier, SLC25A1, is required for citrate transport oxidative phosphorylation and FAO. In

the cases of cocaine and Tat in astrocytes, conversion of pyruvate to acetyl CoA and oxygen consumption

A B

C D

FE

Figure 7. Knocking down SLC25A1 limits the neurotrophic capacity of astrocytes and decreases neuronal

viability

Rat astrocytes and neurons were co-cultured using a transwell system. SLC25A1 was KD in astrocytes nontargeting/

scrambled siRNA (Scr siRNA) as a control. Astrocytes were cultured on the upper chamber of a transwell. Neurons were

plated onto the wells below and were untreated or exposed to cocaine, Tat, or both. Neuronal-conditioned media (NCM)

was added to the upper chambers containing astrocytes, and after 24 h, neurons were collected from the bottom

chamber for analyses.

(A–E) Representative western blot of neuronal lysates with antibodies against

(B) SLC25A1, (C) PSD95, and (D) MAP2 shows decreased neuronal markers and (E) less ATP production in the absence of

SLC25A1.

(F) Neurons were stained with Hoechst (5 mg/mL) and propidium iodide (PI, 1 mg/mL) and cell death was assessed by

confocal microscopy. Neurons co-cultured with SLC25A1 KD astrocytes show an increased % of PI positive cells. Data

indicate Mean G SEM; ***p < 0.001, **p < 0.01, *p < 0.05; n = 6 independent experiments with quantification of at least

10 fields/condition from each replicate.
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rate and ATP production increase significantly, thereby utilizing mitochondrial citrate for oxidation rather

than FA acid production in the cytosol. Our data showed the importance of citrate transport for astrocytes

to maintain a neurotrophic phenotype in the presence of cocaine or Tat.

Previous studies report that cocaine and Tat alter NMDAR subunit composition, synaptic redistribution, and

changes in protein levels, leading to activation of neuronal NMDA signaling and excitotoxicity (Ortinski

2014; Hu 2016). Cocaine appears to drive the generation of pFA generation and autophagy in neurons;

whereas, in astrocytes treated with neuron-conditioned medium, cocaine drives lipid droplet formation and

uptake of neuron-derived lipids, ATP-coupled respiration, and increased expression of SLC25A1. Tat, on

the other hand, in general had less impact on lipid metabolism than cocaine. Likewise, little to no additive ef-

fects were observed with cocaine and Tat together. Of note, the choice of Tat from among the HIV compo-

nentswas based upon its well-established stimulation of inflammatory cytokine andROSproduction, induction

of cytotoxicity, and presumed presence in the brain in people with HIV with undetectable plasma virus (Sabat-

ier et al., 1991; Cheng et al., 1998; Haughey et al., 2001; Li et al., 2009). This evidence makes it all the more sur-

prising that cocaine and Tat failed to exert additive or synergistic effects on either neurons or astrocytes.

Given that exposure of cells to NMDA largely reflected trends observed from cocaine treatment alone,

studies to address similarities among upstream mechanisms for cocaine and NMDA are warranted. In

fact, because cocaine, Tat, and NMDA have similar effects, other neurodegenerative diseases including

Alzheimer disease, whereby NMDA is implicated as a major contributor to neuronal dysfunction (Malinow

2012, Zhou and Sheng 2013, Avila et al., 2017; Foster et al., 2017; Wang and Reddy 2017, Liu et al., 2019),

may show similar changes in lipid metabolism.

Limitations of the study

A possible limitation of our study includes cocaine treatment resulted in significantly more total lipids/cells

than Tat alone. However, when cocaine and Tat are given together, the total lipid droplet (LD) number goes

back to levels near those observed in Tat alone. We observed a linear correlation between lipid peroxida-

tion and LD accumulation. In addition, our FACS analysis of the conditioned media from Tat or Tat +

cocaine shows increased release of lipids in culture media. The increased release of lipids in the culture

media explains a decrease in intracellular LD accumulation or lipid peroxidation in neurons treated with

Tat or Tat + cocaine. Another possible limitation is that we have not addressed calcium changes in these

SCL25A1 KD astrocytes. Given that the sigma receptor-1 plays an important role in organellar and cellular

changes in calcium in response to cocaine, we consider these are important future research avenues that

will show why there is an increased release of lipids in Tat- or Tat + cocaine-treated neurons compared with

cocaine-alone-treated neurons and the impact of the calcium changes.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GFAP Cell Signaling Technology Cat# 3670S; RRID: AB_561049

MAP2 Cell Signaling Technology Cat# 4542S; RRID: AB_10693782

Iba-1 Wako Cat# 016-20001: RRID: AB_839506

SLC25A1 Thermo Fisher Scientific Cat# 15235-1-AP; RRID: AB_2254794

PSD95 Abcam Cat# ab18258; RRID: AB_444362

LXRa-b Santa Cruz Biotechnology Cat# sc-377260

b-Actin Santa Cruz Biotechnology Cat# sc-47778

LDLR Santa Cruz Biotechnology Cat# sc-18823; RRID: AB_627881

LC3BI and LC3BII Sigma-Aldrich Cat# SAB5700049

pAMPK Cell Signaling Technology Cat# 2535S; RRID: AB_331250

AMPK Cell Signaling Technology Cat# 2532S; RRID: AB_331250

Chemicals, peptides, and recombinant proteins

HBSS Thermo Fisher Scientific Cat# 14175095

Trypsin Thermo Fisher Scientific Cat# 25200056

Papain Sigma-Aldrich Cat# P4762

FBS Thermo Fisher Scientific Cat# 12483020

DMEM: F12 Thermo Fisher Scientific Cat# 10565018

L-glutamine Thermo Fisher Scientific Cat# A1286001

Gentamicin Thermo Fisher Scientific Cat# 15710064

Insulin Sigma-Aldrich Cat# I2643

B-27 Thermo Fisher Scientific Cat# 17504044

Horse serum Thermo Fisher Scientific Cat# 16050122

Neurobasal media Thermo Fisher Scientific Cat# 21103049

Poly-D-lysine Sigma-Aldrich Cat# P6407

5-fluorodeoxyuridine (FDU) Sigma-Aldrich Cat# F0503

Uridine Sigma-Aldrich Cat# U3750

MEM Thermo Fisher Scientific Cat# 11095080

Retinoic acid Sigma-Aldrich Cat# R2625

Tat ImmunoDX Cat# 1032

Cocaine Sigma-Aldrich Cat# C5776

NMDA Sigma-Aldrich Cat# M3262

a-tocopherol Thermo Fisher Scientific Cat# 421031000

siRNA (SLC25A1) Horizon Discovery Biosciences Limited Cat# L-007468

MitoSOX Red Thermo Fisher Scientific Cat# N36008

BODIPY� 493/503 Thermo Fisher Scientific Cat# D3922

BODIPY 581/591 C11 Thermo Fisher Scientific Cat# D3861

BODIPY 558/568 C12 Thermo Fisher Scientific Cat# D3835

Rhodamine 123 Thermo Fisher Scientific Cat# R302

Palmitate Sigma-Aldrich Cat# P0500

BSA Sigma-Aldrich Cat# A9418

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents and resources may be directed to and will be fulfilled by the

lead contact, Dr. Dianne Langford (Dianne.langford@temple.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The original data reported in this paper is available from the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Etomoxir Sigma-Aldrich Cat# E1905

Oligomycin Agilent Technologies Cat# 103015-100

FCCP Agilent Technologies Cat# 103015-100

Rotenone Agilent Technologies Cat# 103015-100

Antimycin A Agilent Technologies Cat# 103015-100

RIPA buffer Thermo Fisher Scientific Cat# 89900

Complete protease inhibitor cocktail Thermo Fisher Scientific Cat# 87785

Halt phosphatase inhibitor cocktail Thermo Fisher Scientific Cat# 78420

4-12% Bis-Tris polyacrylamide gel Thermo Fisher Scientific Cat# WG1402A

iBlot 2 NC regular stacks Thermo Fisher Scientific Cat# IB23001

Hoechst 33342 Thermo Fisher Scientific Cat# H21492

Propidium iodide Thermo Fisher Scientific Cat# J66764-MC

Critical commercial assays

Lactate Sigma-Aldrich Cat# MAK064

LDH Sigma-Aldrich Cat# MAK066

Extracellular cholesterol Invitrogen Cat# A12216

Intracellular cholesterol Abcam Cat# ab133116

Apolipoprotein E human ELISA kit Thermo Fisher Scientific Cat# EHAPOE

CellTiter-Glo luminescent assay Promega Cat# G7570

Experimental models: Cell lines

Human astrocytes Comprehensive NeuroAIDS

Center at Temple University

N/A

Human neurons Comprehensive NeuroAIDS

Center at Temple University

N/A

Rat astrocytes Comprehensive NeuroAIDS

Center at Temple University

N/A

Rat neurons Comprehensive NeuroAIDS

Center at Temple University

N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij

Prism statistics GraphPad Version 9.4.1

SigmaPlot Spw Version 11.0

ll
OPEN ACCESS

iScience 25, 105407, November 18, 2022 17

iScience
Article

mailto:Dianne.langford@temple.edu
https://imagej.nih.gov/ij


EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human primary astrocytes and neurons

Human primary astrocytes and neurons were obtained from the Comprehensive NeuroAIDS Center at

Temple University, as previously described (Cotto et al., 2018b; Natarajaseenivasan et al., 2018). Human

fetal brain tissue (gestational age, 16–18 weeks) was obtained from elective abortion procedures per-

formed in full compliance with National Institutes of Health and Temple University human subjects board

guidelines. Briefly, the tissue was washed with cold Hanks balanced salt solution (HBSS), and meninges and

blood vessels were removed. Tissue in HBSS was digested with 0.25% trypsin (Sigma Chemical Co., St.

Louis, Mo.) or papain (20 mg/ml) for 30 min at 37�C for isolation of glia or neurons, respectively. The

digestion was neutralized with fetal bovine serum (FBS), and the tissue was further dissociated to obtain

single-cell suspensions. For glial cultures, cells were plated in mixed glial growth media (DMEM:F12 media

supplemented with insulin, FBS, L-glutamine, and gentamicin). The mixed culture was maintained under at

37⁰C 5% CO2 for 5 days at which time the media was replaced. To enrich for astrocytes, flasks were placed

on an orbital shaker for 14–18 h at 200 rpm at 37⁰C 5% CO2. Detached cells constituted the microglial

component of the culture and were removed. Astrocytes that remained after shaking were fed with

astrocyte media consisting of DMEM:F12 media supplemented with insulin, FBS, L-glutamine, and genta-

micin. Purity of astrocytes were confirmed by immunocytochemical (ICC) labeling with anti-glial fibrillary

acid protein (GFAP) and lack of MAP2 or neurofilament. For neurons, the tissue was washed with HBSS, re-

suspended in NM5 media (neurobasal media supplemented with 5% horse serum, 1% B27, 1% glutamax,

gentamycin), and further dissociated by repeated pipetting to obtain single-cell suspensions. The cell sus-

pension was passed through a 70-micron cell strainer and cells were counted. The single-cell suspension

was plated at a density of �3.0 3 106 cells/poly-D lysine coated 60 mm dish in NM5 media. Twenty-four

hours later, cultures were refed with a complete change of neurobasal media without horse serum

(NM0). Four days later, half of the media was removed and replaced with neurobasal media (NM0) supple-

mented with 1.25uM FDU and 1.5uM uridine. Purity of cultures was assessed by immunolabeling with an-

tibodies for MAP2, GFAP, and Iba-1.

Rat primary astrocytes and neurons

Animal care and experimental procedures were conducted according to the Guide for the Care and Use

of Laboratory Animals. The Institutional Animal Care and Use Committee of Temple University approved

experimental protocols. Brain tissue was harvested from embryonic day 15-18 Sprague–Dawley rat em-

bryos. For glial cultures, cells were plated in mixed glial growth media (DMEM:F12 media supplemented

with insulin, FBS, L-glutamine, and gentamicin). The mixed culture was maintained under at 37⁰C 5% CO2

for 5 days at which time the media was replaced. To enrich for astrocytes, flasks were placed on an orbital

shaker for 14–18 h at 200 rpm at 37⁰C 5% CO2. Detached cells constituted the microglial component of

the culture and were removed. Astrocytes that remained after shaking were fed with astrocyte media

consisting of DMEM:F12 media supplemented with insulin, FBS, L-glutamine, and gentamicin. Purity

of astrocytes were confirmed by immunocytochemical (ICC) labeling with anti-glial fibrillary acid protein

(GFAP) and lack of MAP2 or neurofilament. To enrich for neurons, a single-cell suspension was plated at

a density of approximately 1.8 3 106 cells/60 mm dish coated with poly-D lysine in neurobasal media with

B27 supplement, horse serum, and gentamicin (NM5). After approximately 2h, media was removed and

neurons were refed with neurobasal media. Twenty-four hours later, cultures were refed with a complete

change of neurobasal media lacking horse serum (NM0). Four days later, one-fourth of the media was

removed and replaced with neurobasal media (NM0) supplemented with 5-fluorodeoxyuridine (FDU). Pu-

rity of neurons was confirmed by ICC labeling with anti-MAP2/neurofilament (neurons) or lack of GFAP

labeling.

N2a neurons

The mouse neuroblastoma cell line Neuro-2a (ATCC CCL131) cells were grown in Modified Eagle Medium

(MEM; Corning), supplemented with 10% fetal bovine serum (HyClone) and 1% antibiotic antimycotic so-

lution (10,000 units penicillin, 10 mg streptomycin and 25 mg amphotericin B/mL; Sigma-Aldrich, USA). For

cell differentiation, approximately 18h after initial plating, complete media was replaced with MEM differ-

entiation media containing 2% FBS, 20 mM retinoic acid and 1% antibiotic antimycotic solution. The cells

were incubated with differentiating media for 72h and ICC confirmation before experiments were

conducted.
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METHOD DETAILS

Cellular co-cultures and treatments

Rat primary neurons or N2a neurons were exposed to 50 ng/mL recombinant Tat (rTat, ImmunoDX LLC,

Woburn, WA) and/or 5 mM cocaine hydrochloride (Sigma-Aldrich) for 48h. Primary neurons or N2a not

exposed to Tat or cocaine served as controls. In some experiments, rat neurons were treated with

NMDA (100 mM) for 4 h as a positive control for lipid accumulation and peroxidation (Ioannou et al.,

2019) or a-tocopherol (50 mM) was used to quench reactive oxygen species. In some experiments, rat neu-

rons were cultured onto 0.4mmpore transwell inserts (COSTAR Corning, Kennebunk, ME) and rat astrocytes

were cultured on the plate below, where cells could communicate via soluble factors, but direct contact was

prevented as previously described (Cotto et al., 2018b; Natarajaseenivasan et al., 2018). Using the transwell

system, neurons cultured onto the transwell filter were exposed to Tat/cocaine.

RNAi

Astrocytes (0.5 3 106/well) grown on six-well plates were transfected with pools of 5 distinct siRNAs against

SLC25A1 (ON-TARGETplus SMARTpool, Dharmacon, USA) (50 nM) using RNAiMAX transfection reagent

(ThermoScientific). As a control, non-targeting/scrambled siRNA (Scr siRNA) duplexes (Dharmacon) were

used. Forty-eight hours post-transfection, the cells were exposed to control neuronal conditioned media

or media from neurons exposed to Tat/cocaine for 16h.

Mitochondrial reactive oxygen species (mROS) measurement

Rat primary neurons or N2a neurons were plated on Poly-D-lysine coated glass coverslips. Neurons were

exposed to 50 ng/mL rTat and/or 5 mM cocaine hydrochloride for 48h either in the presence or absence

of a-tocopherol (50 mM). Neurons exposed to NMDA (100 mM) for 4h or neurons with no treatment were

used as controls. After 4h NMDA, no treatment control or 48h Tat/coc neurons were loaded with the mito-

chondrial superoxide sensitive fluorophore MitoSOX Red (Life Technologies; 5 mM) in NM0 or MEM me-

dium at 37⁰C for 30 min. Neurons were then washed and imaged using a Carl Zeiss LSM 810 with a 633

oil immersion objective at 561 nm as described previously. MitoSOX fluorescence was quantified using

Graph software and plotted as arbitrary units in GraphPad Prism 9 software. For MitoSOX fluorescence

was quantified on ImageJ using Oval elliptical or brush selection. Approximately 5 oval spots/cell were

quantified for fluorescence intensity and analyzed.

Lipid peroxidation assay

For the lipid hydroperoxide assay, rat neurons were grown on Poly-D-lysine coated glass coverslips. Cells

were exposed to 50 ng/mL Tat and/or 5 mM cocaine hydrochloride for 48h or NMDA (100 mM) for 4h with or

without a-tocopherol (50 mM). Untreated neurons were used as controls. After appropriate incubation

times, neurons were stained with BODIPY 581/591 C11 (2 mM) in NM0/MEM medium for 30 min at 37⁰C.

Neurons were then washed and imaged using a Carl Zeiss LSM 810 with a 633 oil immersion objective

at 591 and 488 nm, as described previously (Ioannou et al., 2019). Relative lipid peroxidation was detected

by the ratio of green fluorescence intensity over red fluorescence intensity from background subtracted im-

ages using ImageJ software for analyses.

Fatty acid transfer assays

Rat neurons exposed to Tat/cocaine/NMDAwere incubated with BODIPY 558/568 C12 (Red-C12) (2 mM) for

16 h. After 16h of incubation, the cell-free neuronal media were collected and analyzed using flow cytom-

etry (Guava easyCyte FlowCytometer) to quantify the transfer of fatty acids to the extracellular media. Stan-

dard FACS analysis was performed using a 561 nm laser. FACS analysis was performed using an unstained

media control for determining appropriate gates. The concentration of Red C-12 positive particles was

plotted on a logarithmic scale using Flow-Jo software. Astrocytes plated on 0.2% gelatin coated glass cov-

erslips were exposed to neuronal conditioned media for 16 h. After 16 h astrocytes were loaded with

Rhodamine 123 (1 mM) at 37⁰C for 30 min to stain astrocytic mitochondria. Cells were then washed and

imaged using a Carl Zeiss LSM 810 with a 633 oil immersion objective at 488 and 561 nm. The number

of Red- C12 positive lipid droplets per astrocyte was quantified and plotted in GraphPad Prism 9 software.

Lipid staining in neurons/N2A/astrocytes

Rat neurons were cultured on Poly-D-lysine (for neurons) coated glass coverslips. Neurons were exposed to

50 ng/mL recombinant Tat (rTat, ImmunoDX LLC, Woburn, WA) and/or 5 mM cocaine hydrochloride

ll
OPEN ACCESS

iScience 25, 105407, November 18, 2022 19

iScience
Article



(Sigma-Aldrich) for 48 h. Neurons exposed to NMDA (100 mM) for 4 h or cells with no treatment were used as

controls. Scr siRNA and SLC25A1 KD astrocytes cultured on 0.2% gelatin coated glass coverslips were

exposed to neuronal conditioned media for 16h and cells with no treatment were used as controls. After

the specified incubation time, control and treated neurons/N2A/astrocytes were loaded with BODIPY

493/503 (1 mg/mL) in NM0/MEM/medium for 30 min. Cells were washed and images were acquired using

a Carl Zeiss 810 confocal microscope using a 633 oil objective at 488 nm. Images were quantified for the

size and number of lipid droplets using ImageJ software.

Mitochondrial fatty acid oxidation measurements

Neurons or astrocytes were plated in Poly-D-lysine coated 96 well Seahorse culture plates. Oxygen consump-

tion rate (OCR) wasmeasured at 37⁰C in an XF96 extracellular flux analyzer (Seahorse Bioscience). For themea-

surement of FAO coupled OCR, cells were glucose depleted overnight and exogenous palmitate (1mM) was

used as fatty acid substrate for the OCR measurement. Carnitine palmitoyl transferase-1 inhibitor, Etomoxir

(40 mM) was also used to monitor endogenous fatty acid utilization. Neurons, N2A or astrocytes were sequen-

tially challenged with 2 mM oligomycin, 0.5 mM FCCP, and 0.5 mM rotenone plus antimycin A at indicated time

points tomeasure basal andmaximal respiration, ATP production, proton leak, spare respiratory capacity, and

non-mitochondrial respiration as described (Natarajaseenivasan et al., 2018).

Western blotting and analyses

Cell extracts were prepared from neurons and from astrocytes using RIPA buffer (50 mM Tris-HCl, pH 7.4,

150 mMNaCl, 0.25% deoxycholic acid, 1 mMEDTA, 1%NP-40, protease inhibitor cocktail (Complete, Roche),

and Halt phosphatase inhibitor cocktail (Thermo Scientific). Equal amounts of protein (25 mg/lane) were sepa-

rated on 4–12% Bis-Tris polyacrylamide gel, transferred to a nitrocellulosemembrane using iBlot 2 NC regular

stacks (Thermo Scientific), and probed with antibodies specific for SLC25A1 (1:500, Invitrogen), MAP2 (1:1000,

Cell Signaling), PS D95 (1:1000, Abcam), b-actin (1:4000, Santa Cruz), LXRa-b (1:500, Santa Cruz), and LDLR

(1:500, SantaCruz). For detection of autophagy induction neuronal lysates were prepared and immunoblotted

with antibodies specific for LC3BIand LCBII (1:5000, Sigma-Aldrich), pAMPK (1:1000, Cell Signaling), and

AMPK (1:1000, Cell Signaling), as described above.

Metabolite analyses of conditioned media and cells

Lactate (MAK064, Sigma-Aldrich), LDH (MAK066, Sigma-Aldrich), extracellular cholesterol (Amplex red

cholesterol assay kit A12216, Invitrogen), intracellular cholesterol (cholesterol assay kit, cell-based,

ab133116 Abcam), and ApoE (Apolipoprotein E human ELISA kit, EHAPOE, Invitrogen) concentrations

or activity in media or in cells were measured following the manufacturer’s instructions.

ATP measurement

Total ATP was assessed in neurons and astrocytes using the CellTiter-Glo luminescent assay (Promega) ac-

cording to the manufacturer’s instructions and as described previously (Natarajaseenivasan et al., 2018).

PI staining for cell death assay

Cells grown on poly-D-lysine or 0.2% gelatin coated coverslips and exposed to Tat and/or cocaine (neu-

rons) or neuronal conditioned media (astrocytes) were loaded Hoechst 33,342 (100 mg/mL) and propidium

iodide (0.5 mg/mL) for 10min in NM0/MEM/astrocyte media at 37⁰C. Images were acquired with a Carl Zeiss

810 LSM using a 633 oil objective at 405 and 561 nm. Images were quantified for percentages of PI positive

cells using ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Data from multiple experiments (R3) were quantified and expressed as Mean G SE, and differences be-

tween groups were analyzed using the two-tailed paired Student’s t test or, when not normally distributed,

a nonparametric Mann–Whitney U-test (Wilcoxon Rank-Sum Test) for two groups. Differences in means

among multiple datasets were analyzed using one-way ANOVA with Tukey correction performed. A p %

0.05 was considered significant in all analyses. The data were computed either with GraphPad Prism version

9.0 or SigmaPlot 11.0 software.
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