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Abstract
Cocaine,aknownpsychostimulant, results inoxidativestressand inflammation.Recent studies fromourgrouphaveshownthatcocaine
induces inflammation in glial cells. Our current study was aimed at investigating whether cocaine exposure could also induce inflam-
mationinnon-glialcells suchas thepericyteswithafocusontheendoplasmicreticulum(ER)stress/autophagyaxis.Our invitrofindings
demonstrated thatexposureofpericytes tococaine resulted inupregulationof thepro-inflammatorycytokines(TNF-α, IL-1β, andIL-6)
in both the intracellular aswell as extracellular compartments, thus underpinning pericytes as yet another source of neuroinflammation.
Cocaine exposure of pericytes resulted in increased formation of autophagosomes as demonstrated by a time-dependent increase of
autophagymarkers,with a concomitantdefect in the fusionof the autophagosomewith the lysosomes.Pharmacological blockingof the
sigma 1 receptor underscored its role in cocaine-mediated activation of pericytes. Furthermore, it was also demonstrated that cocaine-
mediateddysregulationofautophagyinvolvedupstreamactivationoftheERstresspathways,withasubsequentdownstreamproduction
ofpro-inflammatorycytokines inpericytes.Thesefindingswerealsovalidated inan invivomodelwhereinpericytes in the isolatedbrain
microvessels of cocaine injectedmice (7 days) exhibited increased expression of both the autophagymarker—LC3 aswell as the pro-
inflammatory cytokine, IL-6. This is the first report describing the role of pericytes in cocaine-mediated neuroinflammation.
Interventions aimedatblockingeither the sigma-1 receptor or theupstreamERstressmediators could likelybeenvisionedaspromising
therapeutic targets for abrogating cocaine-mediated inflammation in pericytes.
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Introduction

Cocaine, one of the most commonly used street drugs, is a
powerful addictive psychostimulant which activates the brain
reward pathway [1, 2]. According to Drug Abuse Warning
Network (DAWN) report in 2011, cocaine abuse accounted
for 40% of drug misuse or abuse-related emergency depart-
ment visits [3]. Both cocaine and HIV can affect the central
nervous system (CNS). Cocaine, which can cross the blood-

brain barrier (BBB), has also been shown to result in BBB
dysfunction while also exerting its effects on multiple cells of
the CNS. In the setting of HIV-1 infection, cocaine-mediated
neuroinflammation and increased transmigration of infected/
activated leukocytes from the periphery into the brain can
ultimately lead to exacerbated neurodegeneration [4–7].

The brain neurovascular unit is mainly comprised of the
brain endothelial cells, pericytes, neurons, and glial cells, all
of which are essential for the maintenance and integrity of the
CNS [8]. Endothelial cells are the most widely studied cell type
related with BBB permeability. Numerous studies have sug-
gested that cocaine exposure leads to breach of BBB perme-
ability via downregulated expression of tight junction proteins
as well as disruption of F-actin in the endothelial cells [4, 9–11].
Cocaine has also been shown to impair neuronal morphology
and survival while also inducing glial activation, which together
could contribute to increased neuroinflammation and cognitive
impairment observed in cocaine addicts [12, 13]. The role of
non-glial cell types such as the pericytes, which also are impor-
tant cellular constituents of the neurovascular unit, however,
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has received much less attention in the context of neuroinflam-
mation. More specifically, the role of pericytes in cocaine-
mediated neuroinflammation has not been reported earlier and
constituted the focus of our study.

Pericytes are vascular mural cells that play a vital role in the
functioning of the neurovascular unit [8]. More recently, these
cells have gained attention based on their proximity and contact
with other cells of the neurovascular unit such as the endothelial
cells, the astrocyte end feet, perivascular microglia, and neurons
[14–18]. Pericytes play critical roles in themaintenance of BBB
integrity, regulation of angiogenesis, control of cerebral blood
flow (CBF), neuroinflammation, and stem cell activity [19–22].
Additionally, pericytes also play a vital role in regulating the
immunological response via modulation of the peripheral im-
mune cell transmigration across the BBB. It has been suggested
that the cell adhesion molecules such as intercellular adhesion
molecule-1 (ICAM-1) and the vascular cell adhesion molecules
(VCAM-1) expressed on the pericytes allow leukocyte rolling
and adhesion [23]. Pericytes are also known to secrete inflam-
matory mediators, which in turn, can recruit circulating leuko-
cytes to the site of inflammation [24]. Furthermore, elegant
work by Nakagawa et al. [15] has also shown that pericytes
are susceptible to infection by both X4-tropic NL4-3 as well as
R5-tropic JR-CSF HIV-1 strains, which subsequently leads to
breach of the BBB integrity [15, 25, 26]. Other novel studies by
Persidsky et al. have also demonstrated that exposure of
pericytes to various cytokines such as TNF-α/ IL-1β can result
in the dysfunction of pericytes, leading subsequently to damage
of the BBB [27]. Recently, it has also been observed that brain
pericytes show properties of immune regulation, including
responding to and expressing inflammatory molecules, present-
ing antigen, and displaying phagocytic ability [14]. Taken to-
gether, these findings underpin pericytes as key mediators of
regulation of BBB as well as neuroinflammation.

Sigma-1 receptor (σ-1R) is an endoplasmic reticulum
membrane protein that has been shown to directly bind with
psychostimulants such as cocaine [28]. Previous studies have
indicated a role for σ-1R in cocaine addiction [29], cocaine-
mediated neuroinflammation [30, 31], and cocaine-induced
BBB damage [4, 10]. Interestingly, σ-1R is believed to be a
potential therapeutic target owing to its involvement in
cocaine-mediated neuropathology [30, 32]. The role of σ-1R
in cocaine-induced neuroinflammation mediated by the
pericytes, however, remains elusive.

Autophagy, a cellular self-degradative process, delivers cy-
toplasmic constituents to the lysosome, which is necessary for
maintaining the cellular homeostasis and functions [33].
Autophagy has been implicated in neuroinflammation and
neurodegenerative disorders, including Alzheimer’s disease,
amyotrophic lateral sclerosis, Parkinson’s disease, and HIV-
associated neurocognitive disorders [14, 34–37]. Our previous
studies demonstrated the role of dysregulated autophagy in
cocaine-mediated induction of inflammatory mediators such

as TNF-α, IL-1β, IL-6, and CCL-2 in both the astrocytes and
microglia [13, 38].

The present study was undertaken to assess the role of non-
glial cells such as pericytes as contributors of cocaine-
mediated neuroinflammation, with the involvement of ER
stress-autophagy pathway. In this report, we demonstrated
for the first time that exposure of primary human brain vascu-
lar pericytes (HBVP) to cocaine induced ER stress-mediated
formation of autophagosomes, with a concomitant block in
the fusion of autophagosomes with the lysosomes, resulting,
in turn, to increased activation of pericytes with upregulated
expression of TNF-α, IL-1β, and IL-6. These findings were
further validated in an in vivo model of cocaine addiction.
Taken together, these findings underpin the role of pericytes
in cocaine-mediated neuroinflammation. Interventions aimed
at targeting the upstream components of the ER-stress-
autophagy pathway could thus be developed as therapeutic
strategies to dampen cocaine-mediated neuroinflammation in
cocaine addicts and/or in HIV-infected cocaine abusers.

Materials and Methods

Animals

C57BL/6 male mice were purchased from Charles River
Laboratories (Wilmington, MA, USA). All animals were
housed under conditions of constant temperature and humid-
ity on a 12-h light/12-h dark cycle, with lights on at 7:00 a.m.
Food and water were available ad libitum. All animal proce-
dures were performed according to the protocols approved by
the Institutional Animal Care and Use Committee at the
University of Nebraska Medical Center. α Animals were di-
vided into two groups (n = 6/group): (1) saline and (2) co-
caine. Cocaine was injected once daily at a dose of
20 mg/kg intraperitoneally for 7 days. One hour after the last
injection, animals were sacrificed and subjected to transcranial
perfusion with saline to remove blood from tissue and blood
vessels, followed by the microvessel isolation [39].

Cell Culture

Primary human brain vascular pericytes (HBVPs) were pur-
chased from ScienCell Research Laboratories (1800)
(Carlsbad, CA, USA) and cultured in the pericyte medium
(ScienCell) with 2% FBS (ScienCell Research Laboratories,
0010), 1% pericyte growth supplement (ScienCell Research
Laboratories, 1252), and 1% penicillin-streptomycin solution
(ScienCell Research Laboratories, 0503) in a 5% CO2-humid-
ified incubator at 37 °C. Cell culture dishes were coated with
poly-L-lysine (2 μg/cm2, ScienCell), and cells were used in
passages 2–5. Pericytes were serum starved for 12 h before
exposure to cocaine.
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Reagents

Cocaine hydrochloride (C5776), Σ-1R(σ-1 R) antagonist
BD1047 (B8562), autophagy inhibitors wortmannin
(W3144), and 3-MA (M9281) were purchased from Sigma-
Aldrich (St Louis, MO, USA). The ER stress inhibitor 4-PBA
(567616) was obtained from EMD Millipore Corporation
(Billerica, MA, USA). Autophagosome-lysosome fusion in-
hibitor bafilomycin A1 (BAF. A1). The concentrations of these
inhibitors were based on our previous reports [28–34].

The primary antibodies (2:10,000) used were the following:
BECN1 (sc-11,427), ATF6 (sc-22,799), p-EIF2α (Cell
Sig9721), EIF2α (Cell Sig 9722), p-PERK (ab192591), PERK
(ab 79483), and IRE 1α (sc-20790) were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA); LC3 (NB100-2220)
was from Novus Biological Company (Littleton, CO, USA);
BiP (610979) was from BD Biosciences (San Jose, CA, USA)
and p62 (PM045) was from MBL International (Woburn, MA,
USA); IL-6 (1:100), Desmin (1:50), and PDGFRβ (1:100) an-
tibodies were obtained from Abcam (Cambridge, MA, USA);
PDGFRβ (1:50) antibodies were ordered from Thermo Fisher
Scientific (Waltham, MA, USA); and β-actin was purchased
from Sigma-Aldrich (St Louis, MO, USA). The secondary an-
tibodies were alkaline phosphatase conjugated to goat anti
mouse/rabbit IgG, or rabbit anti Goat IgG (Jackson
ImmunoResearch Labs, West Grove, PA, USA). The secondary
antibodies for immunostaining were AlexaFluor 594-
conjugated anti-mouse (1:100), AlexaFluor 488-conjugated an-
ti-rabbit (1:200), and AlexaFluor 594-conjugated anti-rat
(1:100), AlexaFluor 594-conjugated anti-rabbit (1:200) immu-
noglobulin G (Invitrogen, Carlsbad, CA, USA).

Western Blot

Treated cells were lysed using the Mammalian Cell Lysis kit
(Sigma-Aldrich, MCL1-1KT) as described previously [40].
Cell lysates were centrifuged at 12,000×g for 10 min at 4 °C,
and the protein content of the supernatant was quantified by a
BCA assay using Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific, 23227) according to the manufacturer’s pro-
tocol. Equal amounts of protein were electrophoresed in a so-
dium dodecyl sulfate-polyacrylamide gel under reducing con-
ditions followed by transfer to polyvinylidene fluoride
(Millipore, IPVH00010) membranes. Blots were blocked with
5%milk in TBST, and western blots were probed with antibod-
ies specific for BiP, ATF6, IRE 1α, p-PERK/PERK, p-EIF2α/
EIF2α, BECN1, LC3B-II, p62, and β-actin. Signals were de-
tected by Super Signal West Pico (Thermo Fisher Scientific,
34078) or Dura Chemiluminescent Substrate (Thermo Fisher
Scientific, 34076). ImageJ (v1.4.3.67; NIH, Bethesda, MD)
software was used for quantification. Normalization was done
with β-actin; an internal control and the fold change were

obtained. All experiments were repeated at least six times,
and representative blots are presented in the figures.

Enzyme-Linked Immunosorbent Assay (ELISA)

Cytokine assay: Human primary pericytes (3 × 105 cells per
well) were seeded in 6-well plates and incubated overnight at
37 °C in a humidified, 5% CO2 incubator. After overnight
serum starvation, cells were treated with different concentra-
tions (1, 10, 100 μM) of cocaine followed by collection of the
cell supernatants. For time course study, cells were exposed to
a fixed concentration of cocaine (10 μM) for varying time
points (0, 1, 3, 6, 12, 24 h) and culture fluids collected. The
cell supernatant fluids were used for IL-6 detection by ELISA
using a human IL 6 ELISA kit (ab46027; Abcam), TNF-α
detection by Human TNF alpha ELISA Kit (ab181421;
Abcam) and IL 1β detection by Human IL-1 beta ELISA
Kit (Interleukin-1 beta) (ab108865; Abcam) according to the
manufacturer’s instructions. Three independent replicates per
sample and six separate sets of experiments for each study
points were analyzed.

Reverse Transcription and Real-Time qPCR

The conditions for RT and real-time PCR assays have been
described previously [38]. Real-time customized PCR
TaqMan primers for human TNFα (Hs00174128 m1), IL-1β
(Hs01555410 m1), IL-6 (Hs00174131 m1), and GAPDH
(Hs02786624 g1) were obtained from ThermoFisher
(4331182). Total RNA was extracted with the Quick-RNA
Miniprep kit according to the manufacturer’s instructions from
ZYMO Research (Irvine, CA, USA). Quantitative analyses of
RNA were conducted using NanoDrop (Thermo Fisher
Scientific). Real-time PCR amplifications were carried out for
40 cycles (denaturation 30 s at 95 °C; annealing 1min at 60 °C).

Autophagosome-Lysosome Fusion Staining

Human pericytes were seeded in a 24-well plate containing
sterile glass coverslips (11mm) at a density of 5 × 104 cells per
well at 37 °C in a humidified, 5% CO2 incubator for 24 h. The
cells were transfected with the RFP-GFP-LC3B plasmid
(ptfLC3; Addgene plasmid no. 21074) [41] using
Lipofectamine® 2000 Reagent, according to the manufac-
turer’s protocol, for 10 h following which the culture medium
was replaced with the respective 10% heat-inactivated FBS-
DMEM and the astrocytes were then treated with different
agents. Thereafter, the pericytes were rinsed two times with
phosphate-buffered saline (PBS; Hyclone Laboratories,
SH3025801) and fixed with 4% paraformaldehyde in PBS
for 15 min at room temperature, followed by rinsing thrice
with PBS. Subsequently, the coverslips were mounted on
glass slides with ProLong Gold Antifade Reagent with
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DAPI (Molecular Probes, P36935). Fluorescent images were
taken on a Zeiss Observer using a Z1 inverted microscope
(Carl Zeiss, Thornwood, NY, USA), and the acquired images
were analyzed using the AxioVs 40 Version 4.8.0.0 software
(Carl Zeiss MicroImaging GmbH).

LC3B-II Turnover and p62 Degradation Assay

Human pericytes were seeded in a 6-well plate at a density of
3 × 105 cells per well at 37 °C in a humidified, 5% CO2 incu-
bator for 24 h. Next day, cells were treated with either 500 nM
of cocaine or left untreated (control). Four hours before har-
vesting, the cells were treated with BAF (400 nM) (in control
and cocaine-exposed cells). These cells were processed fur-
ther for western blot analysis of LC3B-II and p62.

Isolation of Brain Microvessels

Brain microvessels were isolated as described previously [4].
Briefly, the brains of mice administered either saline or co-
caine were removed and immediately immersed in ice-cold

isolation buffer A (103 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, and 15 mM
HEPES, pH 7.4). The choroid plexus, meninges, cerebellum,
and brain stem were removed followed by homogenization of
the brain in 2.5 mL of isolation buffer B (25 mM NaHCO3,
10 mM glucose, 1 mM Na+ pyruvate, and10 g/L dextran,
pH 7.4) with complete protease inhibitors. Six milliliters of
dextran (26%) was then added to the homogenates followed
by centrifugation at 5800g for 20 min. Cell pellets were resus-
pended in isolation buffer B and filtered through a 70-μm
mesh filter (Becton Dickinson, Franklin Lakes, NJ, USA).
Filtered homogenates were re-pelleted by centrifugation and
were used for staining by smearing on glass slides.

Immunofluorescence Staining

Brain microvessels smeared on glass slides and HBVPS
seeded on glass coverslips were fixed with 4% formalde-
hyde in PBS for 20 min at room temperature (RT) followed
by three washes with PBS, permeabilized with 0.3% Triton
X-100 for 30 min, rewashed thrice, and blocked in 10% goat

Fig. 1 Cocaine-mediated secretion of proinflammatory cytokines in
human pericytes. qPCR analysis showing the dose- (A) and time-
dependent (B) upregulation of proinflammatory cytokines, such as
TNF-α, IL-1β, and IL 6 in human primary pericytes exposed to cocaine.
ELISA showing dose- (C) and time-dependent (D) upregulated expres-
sion of the cytokines TNF-α, IL 1β, and IL 6 in human primary pericytes

exposed to cocaine. GAPDH was used as an internal control for mRNA
expression of cytokines. Data are presented as mean ± SEM; the mean is
derived from six independent experiments (n = 6). One-way ANOVA
followed by Bonferroni post hoc test was used to determine the statistical
significance between multiple groups: *P < 0.05 vs. control

Mol Neurobiol (2019) 56:3576–3590 3579



serum in PBS for 2 h at RT. The following antibodies were
used for immunostaining: rabbit LC3 antibodies, rat
PDGFRβ antibodies, rabbit IL-6 antibodies, and mouse
Desmin antibodies. Both PDGFRβ and Desmin were used
to stain the pericytes for confirmation. The slides were in-
cubated with primary antibodies overnight at 4 °C, followed
by three times PBS washing and incubated with AlexaFluor
594-conjugated anti-mouse, AlexaFluor 488-conjugated an-
ti-rabbit, AlexaFluor 594-conjugated, anti-rabbit or
AlexaFluor 594-conjugated anti-rat immunoglobulin G

(IgG) for 1 h at RT. After a final wash with PBS, the
slides/coverslips were mounted with mounting medium
(Prolong Gold Anti-fade Reagent; Invitrogen, Grand
Island, NY, USA). Fluorescent images were acquired at RT
on a Zeiss Observer using a Z1 inverted microscope with a
(×40/0.3) or (×63/0.3) oil objective. Images were processed
using the AxioVs 40 Version 4.8.0.0 software (Carl Zeiss
MicroImaging GmbH). Photographs were acquired with an
AxioCam MRm digital camera and were analyzed with
ImageJ software (v1.4.3.67; NIH, Bethesda, MD).

Fig. 2 Cocaine-mediated initiation of autophagy and ER stress in human
primary pericytes (HBVP). Representative western blots showing time-
dependent upregulation of BiP (A), ATF 6 (B), IRE 1α (C), p-PERK/
PERK (D), p-EIF/EIF (E), BECN1 (F), LC3B-II (G), and p62 (H) in
HBVP exposed to cocaine (10 μM) for the indicated time points. β-

Actin was used as a loading control for all experiments. Data are present-
ed asmean ± SEM; themean is derived from six independent experiments
(n = 6). One-way ANOVA followed by Bonferroni post hoc test was used
to determine the statistical significance between multiple groups:
*P < 0.05 vs. control
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Statistical Analysis

The data are represented as mean ± SEM. Statistical analysis
was performed using one-way ANOVA followed by
Bonferroni post hoc test for multiple groups or Student’s t test
for two groups using the GraphPad Prism software (version
5). Statistical analysis where probability levels were less than
0.05 were considered statistically significant.

Results

Cocaine Increases the Expression of Pro-inflammatory
Cytokines in Human Primary Pericytes

We initially sought to determine whether exposure of human
brain primary pericytes (HBVP) to cocaine could result in
production of pro-inflammatory cytokines. Cells were ex-
posed to varying concentrations of cocaine (1, 10, and
100 μM) for 6 h. As shown in Fig. 1a, cocaine significantly
(p < 0.05) increased the mRNA expression of pro-
inflammatory cytokines (TNF-α, IL-1β, and IL-6) in a dose-
dependent manner with a maximal expression at a dose of
10 μM. The dose of 10 μM dose was thus chosen for all the
subsequent experiments. It should be noted that this concen-
tration of cocaine is in keeping with the cocaine concentra-
tions in postmortem brains of chronic cocaine users, which are
found to be > 100 μM [42]. We next sought to determine the
optimal time of cocaine exposure for the induction of pro-
inflammatory cytokines. As shown in Fig. 1b, cocaine
(10 μM) exposure resulted in a significant increase in the
mRNA expression of proinflammatory cytokines (P < 0.05),
with maximal expression at 12 h following cocaine exposure.
From the dose- and time-course studies, the optimal dose and
time of cocaine for pericytes to elicit an inflammatory re-
sponse was 10 μM at 12 h. This dose and time of cocaine
exposure was thus maintained for all subsequent experiments.
ELISA data also showed significant (P < 0.05) dose- and
time-dependent upregulation of the expression of pro-
inflammatory cytokines in the supernatants of pericytes ex-
posed to cocaine (Fig. 1c, d). For HBVP purity, cultures were
stained for pericyte markers—PDGFR-β and Desmin
(Supplementary Fig. 1).

Cocaine Induces ER Stress and Autophagy Initiation
in Human Primary Pericytes

Several studies have demonstrated the role of ER stress and
autophagy in neuroinflammation [13, 38, 40]. Additionally,
cocaine exposure has also been reported to induce autophagy
in both microglia and astrocytes [13, 38]. We thus next sought
to examine whether exposure of HBVPs to cocaine could lead
to induction of ER stress (BiP, ATF 6, IRE 1α, p-PERK,

PERK, p-EIF 2α, and EIF 2α) as well as autophagymediators
(BECN 1, LC3B-II, p62). As shown in Fig. 2a–e, cocaine
exposure significantly (P < 0.05) upregulated the expression
of ER stress markers BiP (Fig. 2a), ATF 6 (Fig. 2b), IRE 1α
(Fig. 2c), p-PERK/PERK (Fig. 2d), p-EIF 2α/EIF 2α (Fig. 2e)
as well as the autophagy markers BECN1 (Fig. 2f), LC3B-II
(Fig. 2g) thus implicating cocaine mediated induction of both
ER stress and autophagy in HBVPs. Intriguingly, expression
of p62, a marker for autophagy flux, was found to increase
time-dependently in HBVPs following cocaine exposure,
thereby indicating a defective autophagic flux in cells follow-
ing cocaine exposure (Fig. 2h).

Cocaine Inhibits Autophagic Flux in Human Primary
Pericytes

Based on our findings in Fig. 2, demonstrating cocaine-
mediated induction of autophagosomes and a concomitant
defect in autopahgic flux in HBVPs, we next sought to further
validate the mechanism(s) involved in the autophagosome-
lysosomal fusion defect. For this, we next assessed the autoph-
agic flux using the LC3B-II turnover assay as well as the p62
degradation assay in pericytes exposed to cocaine. The
ubiquitin-binding adaptor protein p62 gets selectively inte-
grated into the phagophores by directly binding to the
LC3B-II protein which aids in the turnover of ubiquitinated
proteins, while itself getting degraded by autophagy.
Accumulation of p62 protein can thus be considered as an
indicator of autophagic flux inhibition. HBVPs were exposed
to cocaine (10 μM) followed by exposure of cells to
bafilomycin A1 (BAF)—an inhibitor of autophagosome-
lysosome fusion that was added at a saturating concentration
of 400 nM during the last 4 h prior to cell harvesting followed
by assessing the accumulation of LC3B-II and p62 proteins.
As shown in Fig. 3a, b, exposure of HBVPs to cocaine follow-
ed by BAF exposure resulted in significantly (P < 0.05) in-
creased accumulation of LC3B-II/p62 proteins compared with
cells not exposed to cocaine. Interestingly, similar to BAF-

Fig. 3 Cocaine-mediated dysregulated autophagy in human primary
pericytes (HBVP). Representative western blots showing protein levels
of LC3B-II (A) and p62 (B) in humanHBVP exposed to cocaine (10μM)
for 12 h followed by treatment with 400 nMBAF, which was added in the
last 4 h of the 12-h treatment period. C Representative fluorescent pho-
tomicrographs showing the LC3B-II puncta formation in HBVP cells
transfected with tandem fluorescent-tagged LC3B-II plasmid and treated
with 10 μM cocaine for 12 h, 400 nM BAF—last 4 h of the 12-h treat-
ment period and 10 nM rapamycin for 24 h. Quantitative analyses of
yellow, red, and green puncta (D) formation in different experimental
groups of tandem fluorescent-tagged LC3B-II plasmid transfected
HBVP. Scale bar 10 μm. β-Actin was used as a loading control for all
experiments. Data are presented as mean ± SEM; the mean is derived
from six independent experiments (n = 6). Baf. A1 bafilomycin A1. One-
way ANOVA followed by Bonferroni post hoc test was used to determine
the statistical significance. *P < 0.05 vs control
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treated HBVPs, there was also an increased accumulation of
LC3B-II/ p62 in HBVPs exposed to cocaine alone, likely
underscoring cocaine-mediated inhibition of the autophagic
flux.

We next wanted to validate cocaine-mediated inhibition of
autophagic flux in HBVPs using the tandem fluorescent-
tagged LC3B reporter plasmid transfection. Cells that exhibit
normal autophagosome formation express both RFP (red) and
GFP (green) tagged LC3B, while upon fusion with the lyso-
somes, (due to the acidic pH) the GFP degrades, and RFP is
more predominant (Fig. 3c). HBVPs were transfected with a
tandem fluorescently tagged LC3B plasmid, followed by ex-
posure of cells to either 10 μM cocaine or BAF (400 nM) or
10 nM rapamycin (inducer of autophagy), and subsequently
assessed for the presence of red and green fluorescent LC3B
puncta by immunofluorescence imaging. Interestingly, and as
expected, cocaine exposure significantly (P < 0.05) increased
the formation of both red and green LC3B puncta formation
(yellow puncta for the merged) in HBVP (Fig. 3d) compared
to control cells. Compared to control cells, BAF exposure
resulted in the formation of yellow puncta, which was com-
parable to the cocaine-alone group. On the other hand,
rapamycin (a known inducer of autophagy)-exposed HBVPs
showed significantly (P < 0.05) increased red puncta, indicat-
ing the effective fusion of autophagosomes with the lyso-
somes. These data underscore cocaine-mediated initiation of
autophagosome formation, followed by defects in fusion of
autophagosome with the lysosome in pericytes.

Cocaine-Mediated Initiation of Autophagy Involves
Upstream Activation of ER Stress in Human Primary
Pericytes

Next, we sought to determine whether there existed a link
between ER stress and the activation of autophagy in
cocaine-exposed HBVPs. Herein, HBVPs were either
pretreated with wortmannin (100 nM), a pharmacological in-
hibitor of autophagy (involving inhibition of the PI3K signal-
ing), for 1 h followed by exposure of cells to 10 μM cocaine.
Wortmannin pre-treatment in cocaine-exposed cells resulted
in a significant decrease (P < 0.05) in the expression of au-
tophagy markers—BECN1 and LC3B-II (p62 remaining un-
changed), while the expression of the ER stress markers (BiP,
ATF 6, IRE 1α, p-PERK/ PERK, p-EIF 2α/EIF 2α) remained
unchanged compared with the cocaine-exposed group
(Fig. 4a–h), thereby indicating that activation of ER stress
was upstream of autophagy signaling. Additionally, pre-
treatment of wortmannin also resulted in significant reduction
(P < 0.05) of expression of proinflammatory cytokine
(TNF-α, IL 1β, and IL-6) mRNAs (Fig. 4i), thus underpin-
ning the involvement of upstream autophagy signaling in the
regulation of inflammation in HBVP.

Based on our findings that cocaine exposure resulted
in the induction of ER stress-mediated autophagy, we
next sought to validate our findings using the pharmaco-
logical approach. For this, cells were pretreated with the
pharmacological inhibitor of ER stress-sodium 4-
phenylbutyrate (4-PBA; 10 μM for 1 h) followed by
exposure of cells to cocaine and assessment of ER stress
and autophagy mediators as well as expression of cyto-
kines. In cells pretreated with 4-PBA, cocaine exposure
resulted in significant inhibition (P < 0.05) of expression
of the ER stress mediators (BiP, ATF 6, IRE 1α, p-
PERK/PERK, p-EIF 2α/EIF 2α) (Fig. 5a–e) as well as
the autophagy mediators (BECN1, LC3B-II)—with no
change in the expression of p62 (Fig. 5f–h). Similar to
these findings, expression of proinflammatory cytokine
mRNA was also inhibited (Fig. 5i), thereby confirming
cocaine-mediated activation of the ER stress pathways,
which in turn initiates autophagy, followed by defective
autophagosome-lysosome fusion, leading to induction of
proinflammatory cytokines in HBVP.

Cocaine-Mediated Defective Autophagy in Human
Primary Pericytes Involves σ-1R

Next, we sought to determine whether cocaine-mediated
induction of cytokines via the ER stress-impaired au-
tophagy signaling involved activation of σ-1R.
Pretreatment of HBVPs with the sigma receptor
antagonist-BD 1047 (for 1 h) followed by cocaine ex-
posure (10 μM) resulted in a significant (P < 0.05) de-
crease in the expression of ER stress mediators (BiP,
ATF 6, IRE 1α, p-PERK/PERK, p-EIF 2α/EIF 2α) as
shown in Fig. 6a–e as well as a decrease in autophagy
mediators—BECN1 and LC3B-II (Fig. 6f, g)—and a
decrease in the expression of proinflammatory cytokine
mRNAs (Fig. 6i), compared with pericytes exposed to
cocaine alone. The expression of p62 on the one hand
remained unchanged in cells pretreated with BD1047
(Fig. 6h), Overall, these findings underscore the up-
stream involvement of σ-1Rin cocaine-induced ER
stress, impaired autophagy, and generation of proinflam-
matory cytokines.

Cocaine-Dependent Mice Exhibit Impaired Autophagy
and Inflammation in the Pericytes of Isolated Brain
Microvessels

To validate our in vitro findings demonstrating the role of the
ER stress-autophagy axis in cocaine-mediated induction of
proinflammatory cytokines in pericytes, we next sought to
assess the expression of autophagy marker LC3 as well as
the pro inflammatory cytokine IL-6 in the pericytes present
in the microvessels isolated from the brains of cocaine-
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injected mice (20 mg/kg/day, i.p. for 7 days). Our findings
demonstrated a significant (P < 0.05) upregulation of LC 3
puncta formation (Fig. 7a, b, e, f) in the pericytes (in brain
microvessels) of cocaine-administered mice, along with the
upregulation of the proinflammatory cytokine IL-6 in the
pericytes (Fig. 7c, d, g, h) compared with the saline-injected
mice. These in vivo data validated our cell culture findings
implying cocaine-mediated activation of autophagy and gen-
eration of proinflammatory cytokines in the pericytes.

Discussion

Cocaine abuse leads to psychostimulation [43] resulting in al-
tered functioning of the CNS [44]. Intermittent cocaine use is
also known to exert several adverse effects in the CNS includ-
ing, but not limited, to inhibition of monoamine reuptake, par-
ticularly through binding of dopamine transporter [2], neuronal
death in mice cortical neurons [45], and enhanced BBB perme-
ability [46], thereby contributing to enhanced entry of

Fig. 4 Cocaine-mediated dysregulated autophagy involves upstream
activation of ER stress in HBVP. Representative western blots showing
the protein levels of BiP (A), ATF 6 (B), IRE 1α (C), p-PERK/PERK (D),
p-EIF/EIF (E), BECN1 (F), LC3B-II (G), and p62 (H) in HBVP
pretreated with 100 nM wortmannin for 1 h followed by 10 μM cocaine
exposure for 12 h. I RT-qPCR showing relative expression of proinflam-
matory cytokines such as TNF-α, IL 1β, and IL 6 mRNA in HBVP

pretreated with 100 nM wortmannin for 1 h followed by 10 μM cocaine
exposure for 6 h. Data are presented as mean ± SEM; the mean is derived
from six independent experiments (n = 6). Coc cocaine, Wort.
wortmannin. One-way ANOVA followed by Bonferroni post hoc test
was used to determine the statistical significance: *P < 0.05 vs. control;
#P < 0.05 vs. cocaine
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peripheral cells into the CNS [46]. Additionally, cocaine abuse
has also been considered to be an important comorbidity for the
progression of HIV-associated neurological disorders [7, 9, 47].
Cocaine has also been well documented to be a potent mediator
of oxidative stress and inflammation [13, 38, 48], resulting in
glial cell activation, leading, in turn, to neuroinflammation [13,
38, 49, 50]. Pericytes, one of the important components of
BBB, have gained recent attention for their vital roles in the
maintenance of the BBB [51–53]. While pericytes have been
implicated as a source of neuroinflammation [14], their

activation by drugs of abuse such as cocaine has never been
explored before. The goal of the current work was to elucidate
the molecular mechanism(s) by which cocaine induces neuro-
inflammation mediated by pericytes.

In line with the previous findings from our lab in glial cells,
our current findings demonstrated that cocaine exposure re-
sulted in induced expression of proinflammatory cytokines
both in vitro as well as in vivo in pericytes, thereby implicat-
ing these cells as yet another important source of neuroinflam-
mation in the CNS. Pericytes are key players in the

Fig. 5 Cocaine-mediated dysregulated autophagy involves upstream
activation of ER stress in HBVP. Representative western blots showing
the protein levels of BiP (A), ATF 6 (B), IRE 1α (C), p-PERK/PERK (D),
p-EIF/EIF (E), BECN1 (F), LC3B-II (G), and p62 (H) in HBVP
pretreated with 10 μM 4-PBA for 1 h followed by 10 μM cocaine expo-
sure for 12 h. IRT-qPCR showing relative expression of proinflammatory

cytokines such as TNF-α, IL 1β, and IL 6 mRNA in HBVP pretreated
with 10 μM 4-PBA for 1 h followed by 10 μM cocaine exposure for 6 h.
Data are presented as mean ± SEM; the mean is derived from six inde-
pendent experiments (n = 6). Coc cocaine. One-way ANOVA followed
by Bonferroni post hoc test was used to determine the statistical signifi-
cance: *P < 0.05 vs. control; #P < 0.05 vs. cocaine
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maintenance and integrity of the BBB and blood spinal cord
barrier (BSB). It is likely that cocaine-mediated generation of
inflammatory mediators by pericytes could, in turn,
dysregulate the pericyte-endothelial interactions, resulting in
breach of the BBB as well as the BSB [14].

Various reports implicate the role of defective autophagy as
an upstream signaling pathway in the generation of inflamma-
tory response. For example, there are reports indicating that
macrophages of Atg16l1 knockout mice produced more IL-
1β following stimulation with LPS and this was attributed to

exaggerated activation of caspase1 in the Atg16l 1-deficient
mice [54]. Furthermore, genetic association studies have also
suggested that defects in autophagy can confer susceptibility
to several autoimmune and inflammatory disorders, particu-
larly the inflammatory bowel disease [55]. Cocaine exposure
has been shown to induce autophagy in microglia [38], astro-
cytes [13], neurons [56], and in vivo in the striatum of mice
brain [13]. Our previous findings have also demonstrated that
cocaine exposure resulted in neuroinflammation via the ER
stress-autophagy axis [13, 38]. The present study

Fig. 6 Cocaine-mediated ER stress-dysregulated autophagy-mediat-
ed inflammation involves σ-1Rin HBVP. Representative western
blots showing the protein levels of BiP (A), ATF 6 (B), IRE 1α
(C), p-PERK/PERK (D), p-EIF/EIF (E), BECN1 (F), LC3B-II
(G), and p62 (H) in HBVP pretreated with 10 μM BD 1047 for
1 h followed by 10 μM cocaine exposure for 12 h. I RT-qPCR
showing relative expression of proinflammatory cytokines such as

TNF-α, IL 1β, and IL 6 mRNA in HBVP pretreated with 10 μM
BD 1047 for 1 h followed by 10 μM cocaine exposure for 6 h.
Data are presented as mean ± SEM; the mean is derived from six
independent experiments (n = 6). Coc cocaine. One-way ANOVA
followed by Bonferroni post hoc test was used to determine the
statistical significance: *P < 0.05 vs. control; #P < 0.05 vs. cocaine
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demonstrated that cocaine exposure resulted in initiation of
autophagy signaling with the formation of autophagosomes

in pericytes with a subsequent block in the fusion of
autophagosomes with the lysosomes. These findings were

Fig. 7 Cocaine-dependent mice express autophagy and inflammatory
markers in i so la ted bra in mic rovesse l s . Represen ta t ive
immunohistochemistry images demonstrating the expression of LC3
(A, B) and IL 6 (C, D) in the microvessels of cocaine administered
mice. Scale bar 50 μm. Quantitative expression of LC3 (E, F) and IL 6

(G, H) in the microvessels of cocaine-administered mice. Data are pre-
sented as mean ± SEM; the mean is derived from six independent exper-
iments (n = 6). Student’s t test was used to determine the statistical sig-
nificance: *P < 0.05 vs. saline
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also confirmed using the LC3B-II turnover assay as well as
the p62 degradation assay in pericytes. Our findings are in
agreement with the reports in other cells demonstrating the
ability of cocaine to inhibit autophagic fusion [13, 49], which
then culminates into neuroinflammation [13, 38].

Several studies have demonstrated the regulatory role of ER
stress pathways in regulating the induction of autophagy
[57–61]. In the present study, we also demonstrated that in
pericytes, cocaine-mediated impaired autophagy was linked to
activation of the ER stress pathways and this was further vali-
dated using the pharmacological inhibition approach with 4-
PBA—a pharmacological inhibitor of ER stress, as well as
wortmannin—a pharmacological inhibitor of autophagy signal-
ing, both of which resulted in abrogation of cocaine-mediated
autophagy and induction of pro-inflammatory cytokines, with no
effect on the expression of upstream ER stress mediators. These
findings are in agreement with our previous report in glial cells
demonstrating the role of cocaine-mediated induction of ER
stress/autophagy axis in inflammation [13, 38]. Furthermore,
the present study also validated the role of σ-1R in cocaine-
mediated induction of ER stress/autophagy and inflammation.
Role of σ-1R in cocaine-mediated effects is in agreement with
previously published findings [5, 12, 31, 62–65].

We also validated our cell culture findings in microvessels
isolated from cocaine-administered mice brain. Our in vivo
study demonstrated that that cocaine-administered mice ex-
hibited increased expression of the autophagy marker LC3

which, in turn, colocalized with pericytes in the isolated
microvessels. Interestingly, pericytes in the isolated
microvessels also expressed increased levels of the cytokine
IL-6. These in vivo findings validate the role of pericytes as
yet another source of neuroinflmamatory cytokines in the con-
text of cocaine abuse. Figure 8 summarizes our findings on the
mechanism(s) by which cocaine induces neuroinflammation
mediated by ER stress-dysregulated autophagic pathway.

While much attention is garnered on the glial cells in the
context of cocaine addiction [13, 38, 49], based on the current
findings, it can be envisioned that pericyte activation could
also contribute to future development of drug addiction.
These novel findings for the first time implicate pericytes as
a source of neuroinflamamtion in the brain both via direct
interactions with cocaine, and likely via their deleterious indi-
rect effects on the endothelium, which, in turn, could lead to
an exacerbated influx of peripheral leukocytes into the CNS.
Taken together, disruption of the cerebrovascular unit by
pericytes could further catalyze neurodegeneration via cascad-
ing effect of the cytokine storm as well as via the influx of
inflammatory cells into the brain, thereby contributing to dis-
ease severity. Interventions aimed at blocking pathway(s) in-
volved in cocaine-mediated activation of pericytes could thus
be considered as future therapeutic strategies for dampening
cocaine-mediated neuroinflammation.
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