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A B S T R A C T

Background: The United States is currently facing an opioid crisis. Novel tools to better comprehend dynamic
molecular changes in the brain associated with the opioid abuse are limited. Recent studies have suggested
the usefulness of plasma exosomes in better understanding CNS disorders. However, no study has ever char-
acterized exosomes (small extracellular vesicles of endocytic origin) secreted by brain cells to understand
the potential neurodegenerative effects of long-term oxycodone self-administration (SA).
Methods:MRI of Cynomolgus monkeys (Macaca fascicularis) was performed to assess alterations in gray mat-
ter volumes with oxycodone SA. We isolated total exosomes (TE) from the plasma of these monkeys; from TE,
we pulled-out neuron-derived exosomes (NDE), astrocytes-derived exosomes (ADE), and microglia-derived
exosomes (MDE) using surface biomarkers L1CAM (L1 cell adhesion molecule), GLAST (Glutamate aspartate
transporter) and TMEM119 (transmembrane protein119), respectively.
Findings: We observed a significantly lower gray matter volume of specific lobes of the brain (frontal and
parietal lobes, and right putamen) in monkeys with »3 years of oxycodone SA compared to controls. Higher
expression of neurodegenerative biomarkers (NFL and a-synuclein) correlates well with the change in brain
lobe volumes in control and oxycodone SA monkeys. We also identified a strong effect of oxycodone SA on
the loading of specific miRNAs and proteins associated with neuro-cognitive disorders. Finally, exosomes
subpopulation from oxycodone SA group activated NF-kB activity in THP1- cells.
Interpretation: These results provide evidence for the utility of brain cells-derived exosomes from plasma in
better understanding and predicting the pro-inflammatory and neurodegenerative consequence of oxyco-
done SA.
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© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Keywords:

Exosomes
Oxycodone
Neuron-derived exosomes
Astrocytes-derived exosomes
Microglia-derived exosomes
and Pharmacology, Wake For-
46, Winston-Salem, NC 27157,

iology, Wake Forest School of
ton-Salem, NC 27157, United

er), gdeep@wakehealth.edu

V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
1. Introduction

The United States is currently facing an opioid crisis. In 2017, an
estimated 1.7 million individuals suffered from opioid use disorders
(OUD) related to prescription opioid pain relievers, and 652,000 suf-
fered from a heroin use disorder. During 2017, there were more than
70,200 overdose deaths in the United States, and 47,600 of those
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Research in Context

Evidence before this study

We searched the PubMed and Google, without restrictions to
English language publication using the keywords “Opioid AND
exosomes”, “Oxycodone AND exosomes”, “Oxycodone and neu-
rodegeneration” and “Oxycodone and miRNAs”. We unbiasedly
included all the relevant studies showing the molecular and
neurodegenerative effect of opioid/oxycodone. Many studies
also demonstrated the usefulness of plasma-derived exosomes
to predict the patho-psychological changes in the brain. Fur-
thermore, studies have shown the adverse effect of opioids on
the central nervous system in experimental mouse/rat models
and human subjects. Though, in most of the studies, the neuro-
toxicity related to opioids/oxycodone was studied on isolated
brain/cells or used complicated brain imaging techniques to
understand the effects of oxycodone. We conducted the study
with the aim to explore the usefulness of specific brain cells-
derived exosomes from plasma to interpret the effect of oxyco-
done SA on neurodegeneration.

Added value of this study

Herein, we performed a prospective study correlating the brain
cells-derived exosomes, isolated from the plasma of control
and oxycodone SA monkeys, with alteration in gray matter vol-
ume of specific lobes of the brain. We observed the presence of
neurodegeneration biomarkers, including proteins and miRNAs
in exosomes isolated from plasma of monkeys exposed to oxy-
codone for »3years. This is the first study to provide evidences
that neurodegenerative effects caused by long-term oxycodone
exposure in non-human primates could be accessed by study-
ing cargos loaded in the brain cells-derived exosome subpopu-
lations isolated from the plasma.

Implications of all the available evidence

Our findings propose the potential use of exosomes as a source
of biomarkers to predict the possible neurodegenerative and
pro-inflammatory effect following oxycodone abuse. The pres-
ent study offers a novel exosomes based less invasive approach
to better understand the molecular and biological effects of
oxycodone and other drugs of abuse. The study provides evi-
dences that these plasma-based nano-tools could be used as
biosignatures of opioid addiction, as well as to assess the bene-
fits of various therapeutic interventions.
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overdose deaths involved opioids. Opioids bind to receptors in the
brain and spinal cord, disrupting pain signals but also activating brain
reward systems in the ventral striatum, elevating dopamine and
opioid peptides, as well as stress systems in the extended amygdala
[1, 2]. Oxycodone, a semi-synthetic opioid, was first synthesized in
1916, ironically in an attempt to provide a potent opioid analgesic
devoid of the dependence and abuse liability issues plaguing heroin.
Over the past two decades, oxycodone has become the opioid with
the largest increase in distribution by volume and number of pre-
scriptions [3].

The effects of opioids abuse on the central nervous system (CNS)
have been well investigated in preclinical and clinical studies [4-15].
In animal models, heroin-addicted rats demonstrated neuronal cell
death in the cerebellum [14]. Similarly, rats treated with morphine
expressed cognitive deficit [10] and apoptosis in neuronal cells [15].
Chronic oxycodone exposure in rats caused axonal degeneration, loss
of myelin basic protein, accumulation of several neurodegeneration
biomarkers (Ab and its precursor protein APP, phosphorylated tau,
and a-synuclein), and activation of pro-apoptotic machinery [11].
Several studies have also reported that opioids adversely affect glial
cells, including a decrease in myelin insulation provided by oligoden-
drocytes, activation of inflammatory astrocytes, and microglia lead-
ing to neurodegeneration [11, 12, 16]. Oxycodone SA in mice
significantly altered the synaptic plasticity gene expression in the
hippocampus [17]. In humans, leukoencephalopathy, axon demyelin-
ation, and lesions in white matter were documented mostly with her-
oin abusers [4, 5] but also in methadone, morphine, and oxycodone
over-dosed patients [6�8]. In 2010, a study investigating brain struc-
tures in prescription opioid-dependent patients demonstrated struc-
tural and functional changes in brain regions responsible for impulse
control, reward, and motivation [9]. Autopsy studies have reported
neuropathological changes in young drug abusers similar to those
seen with Alzheimer's disease (AD) [12, 13]. However, compared to
animal studies where the adverse effects of opioids are evident, simi-
lar direct correlations between opioid use and neurocognitive effects
in humans have been harder to establish due to various confounding
factors such as chronic pain (severity and duration), comorbidities,
depressive symptoms, physical activity and smoking status [18]. This
suggests the need for blood-based molecular tools to comprehend
dynamic molecular changes in the brain associated with the
opioid abuse.

Exosomes are small extracellular vesicles (»30�150 nm) that are
released by all cell types. Their biogenesis and release into the extra-
cellular environment involves the formation and fusion of clathrin-
coated vesicles with the endosome, inward budding of the mem-
brane of endosomes, cargo loading leading to the formation of multi-
vesicular endosomes (MVEs), and MVE fusion with the plasma mem-
brane. Exosome contents are protected from degradation while in cir-
culation, making these vesicles an efficient means for local and
distant intercellular communication [19]. Exosomes are present in all
biofluids and are loaded with cargo, including RNAs, proteins, lipids,
and metabolites that could relate to the cell of origin and the physio-
logic and metabolic state [20�24]. For these reasons, exosomes are
being extensively studied for the diagnosis and prognosis of diseases
such as AD, Parkinson's, multiple sclerosis, and cancer [19, 20,
24�30]. Importantly, brain cell-derived exosomes are present in the
circulation and are being examined as potential mediators of AD-
related pathological changes [31�33]. Levels of Ab and P-tau in neu-
ronal-derived exosomes predicted AD development before any clini-
cal symptoms [29, 34]. These studies suggest that brain cells-derived
exosomes could cross the blood-brain barrier (given their nano size)
and get into peripheral circulation, probably through transcellular
(through brain microvascular endothelial cells) or paracellular (junc-
tions between brain microvascular endothelial cells) pathways [35].
Importantly, the microRNAs associated with circulating exosomes
successfully diagnosed multiple sclerosis and accurately predicted
disease subtype [36]. Similarly, exosomes have also been used in pre-
dicting treatment outcomes in cancer patients [37, 38], kidney trans-
plantation [39], myocardial recovery after MitraClip repair [40], and
hepatitis C patients [41].

Exosomes isolation from several biofluids have been employed to
define molecular biomarkers associated with drug abuse and associ-
ated side effects [42�53]. Several studies have analyzed proteins and
miRNAs cargo loaded in exosomes to envisage the consequential
adverse effects of different drugs, including alcohol [46�48, 54]. In
animal studies, Li et al. identified ten key miRNAs in serum exosomes
associated with the development of addiction to methamphetamine
and ketamine in rats [45]. Hu et al. reported that astrocytes treated
with morphine and HIV Tat secreted exosomes containing miR-29b
can be taken up by the neurons resulting in neuronal death [43]. This
study also demonstrated that exosomal miR-29b was associated with
morphine's in vivo effects. Toyama et al. identified several circulating
miRNAs that were differentially expressed following oxycodone
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treatment in males and could serve as surrogates of m-opioid recep-
tor signaling [55]. Dominy et al. identified unique proteins in the
saliva of HIV+ heroin addicts associated with neurocognitive disorder,
and most of the identified proteins were associated with exosomes
[44]. Shahjin et al. identified distinct brain-derived extracellular
vesicles (EVs) miRNA signatures associated with in-utero and postna-
tal oxycodone exposure [52]. These studies suggest the utility of exo-
somes to identify molecular biomarkers associated with drug
addiction.

However, most of the studies related to drug abuse were con-
ducted either on small animals (i.e. mice, rats, etc.) or conducted after
short-term exposure to the drug. In these scenarios, it is difficult to
predict the effect of these drugs on human's especially following
long-term exposure. Here, we used non-physically dependent male
cynomolgus monkeys with »3-years of oxycodone histories to assess
the long-term effects of oxycodone SA on the volume of various brain
regions. We further characterized the brain cells (neuron, astrocytes,
and microglia) derived exosomes in plasma from both control and
oxycodone SA monkeys for various neurodegeneration biomarkers
(NFL, a-synuclein, and Ab1�42), proteome, and specific set of miR-
NAs. We also assessed the effect of NDE from control and oxycodone
SA groups on subcellular localization of glucocorticoid receptor (GR)
in astrocytes. Finally, we compared the pro-inflammatory effect of
brain cells-derived exosomes from control and the oxycodone group
in terms of their effect on NF-kB activity in monocytes. Results from
the present study suggest an exosome-based novel molecular
approach to understand the potential neurodegenerative effects of
oxycodone.

2. Methods

2.1. Subjects

Six, individually housed, adult male (10�13 years old) cynomol-
gus macaques (Macaca fascicularis) served as subjects. Three mon-
keys were experimentally naïve at the start of this study, while three
monkeys had been self-administering oxycodone for »3 years. Mon-
keys in the oxycodone SA group were surgically prepared with an
indwelling intravenous catheter as described before [56]; oxycodone
(0.001�0.17mg/kg/injection) was available under a fixed-ratio (FR)
and progressive-ratio (PR) schedules of reinforcement, Mondays thru
Fridays; FR sessions ended after 30 injections or 60-min, while PR
sessions ended after a limited hold of 30-min, which was typically
< 2 h or up to 15 injections/session. Under these conditions, animals
did not develop physical dependence on oxycodone. Under both
schedules, the dose-response curves were represented as an
inverted-U shaped functions of dose for each monkey. Typically,
doses were kept constant for at least five consecutive sessions. Total
oxycodone intakes varied from 50 to 170mg/kg. During this study,
control monkeys were trained under a concurrent schedule of rein-
forcement in which they chose between 1- and 3-g banana-flavored
pellets during daily 1-h operant sessions. These animals served as
controls for the effects of operant condition on brain cells-derived
exosomes. Monkeys lived in a temperature- and humidity-controlled
room maintained on a 14-h light/10-h dark cycle (lights on between
6:00 AM and 8:00 PM) in stainless-steel cages with ad-libitum access
to water. Monkeys were fed sufficient standard laboratory chow
(Purina LabDiet 5045, St Louis, Missouri, USA) to maintain healthy
body weights slightly below free-feeding weights and enriched daily
with fresh fruits or vegetables. In awake monkeys, while seated in
primate restraint chair, blood (2�3ml) was collected via venous fem-
oral vein in Covidien Monoject 3mL drawtubes containing EDTA (K3)
0.06ml 7.5% solution. Following blood collection, the tubes were
immediately placed on ice and within 5�10 min tubes were spun for
15min, 3000 RPM at 4 °C. Plasma was then collected and frozen in
0.5ml aliquots and stored at minus 30 °C.
2.2. Ethics

Animal housing, handling, and experimental protocols were per-
formed in accordance with the 2011 National Research Council
Guidelines for the Care and Use of Mammals in Neuroscience and
Behavioral Research and were approved by the Animal Care and Use
Committee of Wake Forest University (A18�126). Environmental
enrichment was provided as outlined in the Animal Care and Use
Committee of Wake Forest University Non-Human Primate Environ-
mental Enrichment Plan, including chew toys, mirrors, music, and
foraging feeders.

2.3. Total exosomes (TE) and brain cells-derived exosomes isolation and
characterization

TE were isolated from the 500ml of plasma of control monkeys
(abbreviated as TEControl) and oxycodone SA monkeys (abbreviated as
TEOxycodone) using the ExoQuick (System Biosciences, Palo Alto Cali-
fornia, USA) precipitation method as described by us previously [22,
57]. For the isolation of cell type-specific exosomes, 400ml of strepta-
vidin magnetic beads (ThermoFisher Scientific, Waltham, MA, USA)
were washed twice with 400ml of isolation buffer (0.1% BSA in PBS)
and re-suspended in 250ml of the same buffer. For antibody labeling,
magnetic beads were incubated with 1mg of biotin-labeled antibod-
ies against cell type-specific surface proteins expressed on the exo-
somes i.e. L1CAM/CD171-Biotin (for NDE) (Cat. No. 13-1919-82,
ThermoFisher Scientific), GLAST (Cat. No. ACSA-1-Biotin, Miltenyi
Biotec, Auburn, California, USA) (for ADE) and TMEM119 (Cat. No.
853302, BioLegend, San Diego, California, USA) (for MDE), at room
temperature for 1 h with continuous mixing. TMEM119 antibody
was labeled with biotin using FluoReporter Mini-biotin-XX protein
labeling kit (Invitrogen, Carlsbad, California, USA) as recommended
by the manufacturer. Antibody labeled magnetic beads were incu-
bated overnight (»16 h) with total exosomes (500mg) at 4 °C with
continuous mixing. Beads were then magnetized and supernatant
(negative exosome population) was removed. Beads were further
washed four times with 400ml of isolation buffer before final re-sus-
pension in 200ml of the same buffer. 25ml of beads (with exosomes
attached) were aliquoted in a separate tube for flow cytometry analy-
sis to validate the specific exosomes population.

2.4. Nanoparticle tracking analysis (NTA)

Quantification of the hydrodynamic diameter distribution and
concentration of exosomes was performed using the Nanosight
NS300 (Malvern Instruments, UK) equipped with a violet laser
(405 nm) and running software version NTA3.2. The instrument was
primed using phosphate-buffered saline, pH 7.4 (PBS), and the tem-
perature was maintained at 25 °C. Accurate nanoparticle tracking
was verified using 50 nm and 200 nm polystyrene nanoparticle
standards (Malvern Instruments) prior to examination of the sam-
ples. Five measurements (30 s each) were obtained for each sample.

2.5. Western blotting

Exosome markers proteins were identified by Western blotting.
20mg of TE from both control and oxycodone SA monkeys were
pooled (n = 3/group), denatured directly in 2x sample loading buffer
and subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis on 8�12% Tris-glycine gel (as required based upon the pro-
tein molecular weight). The separated proteins were transferred on
to nitrocellulose membrane followed by blocking with 5% non-fat
milk powder (w/v) in Tris-buffered saline (10mM Tris�HCl, pH 7.5,
100mM NaCl, 0.1% Tween 20) for 1 h at room temperature. Mem-
branes were probed for the desired protein using specific primary
antibodies: CD9 (Cat. No. ab92726), CD31 (Cat. No. ab28364), Alix
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(Cat no. ab88388) (all three from Abcam, Cambridge, Massachusetts,
USA), HSP70 (Cat. No. 4872S), Calnexin (Cat no. 2679s) (both from
Cell Signaling Technology, Beverly, Massachusetts, USA). This was fol-
lowed by the appropriate peroxidase-conjugated secondary antibody
and visualized by the ECL detection system. The autoradiograms/
bands were scanned using Adobe Photoshop 6.0 (Adobe Systems, San
Jose, CA).

2.6. Flow cytometry

To validate the purity of cell-type-specific exosomes isolated
using magnetic beads, flow cytometry analysis was performed.
Briefly, magnetic beads bound exosomes were labeled with
respective fluorophore tagged antibodies at room temperature for
1 h with continuous mixing. L1CAM antibody was labeled with PE,
GLAST antibody with APC (both from BioLegend), and TMEM119
antibody with Cy5. TMEM119 antibody was labeled with Cy5 using
the Cy5 conjugation Kit (Abcam, Cambridge, Massachusetts, USA).
Following incubation, beads were washed three times with isola-
tion buffer. The supernatant was removed by magnetizing the
beads. Finally, beads were re-suspended in 200ml of PBS and ana-
lyzed by the BD Accuri C6 flow cytometer (BD Biosciences, San
Joes, California, USA). Bead-bound exosomes tagged with these
antibodies were captured with FL-2 and FL-4 channels. Data was
analyzed using BD Accuri C6 software. The specificity was tested
by adding a non-specific antibody to a specific bead-bound exo-
some population for flow analysis e.g. GLAST-APC antibody was
added to the NDE isolated using L1CAM labeled beads or L1CAM-
PE was added to ADE isolated using GLAST-labelled beads and ana-
lyzed by flow cytometry.

2.7. miRNA expression analysis

For miRNA isolation from the exosomes subpopulation, magnetic
beads (following exosomes isolation) were re-suspended in 500ml of
Trizol reagent directly and incubated at RT for 10min with intermit-
tent vortexing. Following incubation, beads were magnetized and
removed, 100ml of chloroform was added to the tube and mixed.
Tubes were centrifuged for 15min at 14,000£ g at 4°C. The top clear
layer was recovered, and after the addition of 2�3 vol of 100% etha-
nol, incubated at �80 °C for 2 hrs. RNA was further washed and
eluted (in 22ml of RNase free water) using and following the recom-
mendation of RNAeasy mini kit (Qiagen, Maryland, USA). cDNA was
synthesized with 25 ng of total RNA using Taqman advanced miRNA
cDNA synthesis kit (Applied Biosystems, Foster City, California, USA)
with 14 cycles of enrichment. All the real-time PCR analyses were
performed with "Taqman advanced miRNA assay" (Applied Biosys-
tems) using 1ml of synthesized cDNA. To normalize the miRNA
expression data Normfinder and RefFinder software were used to
identify the most stable miRNAs that can be used as reference control
to calculate DDCt values.

2.8. Enzyme�linked immunosorbent assay (ELISA)

Following isolation of cell type-specific exosomes isolation using
magnetic beads, exosomes were lysed by adding RIPA buffer directly
to the beads. Magnetic beads were then magnetized and removed,
and exosomes lysate was collected and quantified using the BCA
method. For total exosomes, RIPA buffer was added to the exosomes
and incubated on ice for 30 min with intermittent vortexing. 5mg of
exosomes lysate was used to identify the neurodegeneration markers
using ELISA Kits i.e. a-synuclein (Invitrogen, Carlsbad, California,
USA), Ab1�42 (R&D Systems, Minneapolis, Minnesota, USA), NFL
(Abbexa, Houston, Texas, USA) and p-Tau (pS199), p-Tau (pT231)
(both from Invitrogen, Carlsbad, California, USA) as per the manufac-
turers' recommendation. The samples were analyzed in duplicates
from independent experiments. The absolute concentration of the
marker proteins were calculated from the respective standards and
data are represented in pg/ml or ng/ml.

2.9. Immuno-cytochemistry

Normal human astrocytes cells were purchased from Lonza
(Lonza, California, USA) and maintained in AGM astrocyte growth
medium (Lonza, USA) as per the vendor’s recommendations. To
assess the effect of NDE treatment on GR, astrocytes were seeded on
poly-lysine coated coverslip in 6 well plate at a density of 10,000
cells/cm2. Cells were treated with 5£ 108 NDEControl or NDEOxycodone

and incubated for 24 h. Following incubation, cells were fixed with
chilled acetone for 10min at �20 °C. Coverslips with cells were
washed three times with PBST (PBS with 0.1% tween-20) and incu-
bated with antibody against GR (Cat. no.12041S, Cell Signaling Tech-
nology, Massachusetts, USA) at 1:200 dilution, overnight at 4 °C. Cells
were further washed three times with PBST and incubated with sec-
ondary antibody tagged with Alexa fluor 647 (Cell Signaling Technol-
ogy, USA) at 1:200 dilution for 1 h at RT. Finally, cells were washed
three times with PBST and mounted on a glass slide with antifade
mounting with DAPI (Vector Laboratories, California, USA). Slides
were imaged with Olympus FV1200 spectral laser scanning confocal
microscope with 40X oil objective lens.

2.10. NF-kB activation assay

For the analysis of the inflammatory response of NDE, ADE, and
MDE, the NF-kB activation assay was performed on THP-1 Lucia NF-
kB monocyte cells (purchased from InvivoGen, San Diego, California,
USA). The cell line was not validated but all the experiments were
performed at early cell passages only. The THP-1 Lucia NF-kB cell line
contains a stable NF-kB inducible Lucia reporter construct which is
secreted to the growth medium. THP-1 Lucia cells were maintained
in RPMI 1640 media supplemented with 2mM L-glutamine, 25mM
HEPES, 10% heat-inactivated fetal bovine serum and Pen-Strep
(100 U/ml-100mg/ml). Cells were maintained by passaging every
3�4 days by inoculating 0.5�1 £ 106 cells to fresh medium. For NF-
kB activation assay, cells were seeded at 50,000 cells per well in a 96
well plate and co-cultured with 10mg of (NDEControl, NDEOxycodone,
ADEControl, ADEOxycodone, MDEControl, and MDEOxycodone) for 16�18 h.
After incubation, 20ml of media was taken in 96 well black-walled
clear bottom imaging plate (BD Falcon, Tewksbury, Massachusetts,
USA). The activity of secreted luciferase was detected using QUANTi-
Luc Gold, luminescence detection reagent (InvivoGen, San Diego, Cal-
ifornia, USA) as per the manufacturers' recommendation.

2.11. Proteomics analysis

LC-MS grade Water (Cat. Num. W6�4), acetonitrile (Cat. Num.
A955�4), LC-MS grade formic acid (Cat. Num. A117�50), and MS
grade trypsin protease (Cat. Num. 90059) were purchased from Ther-
moFisher Scientific (Waltham, MA, USA).

Exosomes suspended in PBS were lysed by the addition of an
equal volume of 2x radioimmunoprecipitation (RIPA) buffer contain-
ing protease inhibitor cocktail. The protein extract (10mg) was sub-
jected to reducing alkylation with 10mM dithiothreitol and 30mM
iodoacetamide followed by protein precipitation with cold acetone.
The protein pellet was then suspended in 50mM ammonium bicar-
bonate and proteolytically digested with 0.4mg of trypsin at 37 °C
overnight. Peptides were purified using a C18 spin column and pre-
pared in 5% (v/v) ACN containing 1% (v/v) formic acid for LC-MS/MS
analysis.

Peptides were analyzed on an LC-MS/MS system consisting of an
Orbitrap Velos Pro-Mass Spectrometer (Thermo Scientific, Waltham,
MA) and a Dionex Ultimate-3000 nano-UPLC system (Thermo
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Scientific, Waltham, MA) equipped with an Acclaim PepMap 100
(C18, 5mm, 100 A

�
, 100mm x 2 cm) trap column and an Acclaim Pep-

Map RSLC (C18, 2mm, 100 A
�
, 75mm x 50 cm) analytical column. MS

spectra were acquired by the top ten data-dependent scans with a
dynamic exclusion option of 30 s enabled.

Spectra were searched using Sequest HT within the Proteome Dis-
coverer v2.2 (Thermo Scientific, Waltham, MA) and UniProt human
protein FASTA database (20,258 annotated entries, Feb 2018). Search
parameters were as follows: FT-trap instrument, parent mass error
tolerance of 10 ppm, fragment mass error tolerance of 0.6 Da (monoi-
sotopic), variable modifications of 16 Da (oxidation) on methionine,
and fixed modification of 57 Da (carbamidomethylation) on cysteine.
Signal-to-noise ratio (STN) was determined following similar
approaches as published [58]. Proteomics data was analyzed
using Ingenuity Pathway Analysis (IPA) (QIAGEN Inc., https://www.
qiagenbioinformatics.com/products/ingenuitypathway-analysis) as
described earlier [59].
2.12. MRI

Monkeys were sedated with 15mg/kg ketamine HCl (IM) and
transported to the MRI Center where they were imaged under iso-
flurane (3% induction, 1.5% maintenance) anesthesia. Structural brain
imaging data were collected using a 3 Tesla Siemens MAGNETOM
Skyra (Siemens Healthcare, Erlangen, Germany) with a pediatric 32-
channel head coil. Anatomical images were acquired using a T1-
weighted MPRAGE sequence: TR = 2700ms, TE = 3.32ms, inversion
time = 880, FOV = 128£ 128mm, 192 slices of 0.5mm thickness, res-
olution = 0.5mm isotropic. The Radiology Informatics and Image
Processing Laboratory (RIIPL) conducted structural image processing
and analysis based on their NHP imaging pipeline [60, 61]. Briefly,
bias field correction, denoising, and intensity normalization were
performed using the N4BiasFieldCorrection function of Advanced
Normalization Tools (ANTs, Penn Image Computing and Science Labo-
ratory, University of Pennsylvania, PA). Next, an initial whole-head
study-specific template (SST) was created for the purpose of skull
stripping using ANTs (antsMultivariateTemplateConstruction.sh)
after rigid-body alignment to a UNC Primate Atlas [61]. Following
skull-stripping, the UNC Template brain was registered to the SST
brain and transformed the UNC parcellation map, brain mask, and
segmentation priors to the SST using deformable registration. The
full parcellation consisted of separate definitions for the left and right
hemisphere for the subcortical, frontal, prefrontal, cingulate, parietal,
occipital, auditory, visual, and limbic temporal lobes, as well as the
brainstem and cerebellum. Cortical labels in the parcellation map
included gray matter, white matter, and cerebrospinal fluid (CSF);
and subcortical structures, including the hippocampus, amygdala,
caudate, and putamen.
2.13. Statistical analysis

All the experiments for ELISA and miRNAs expression analyses
were performed in triplicates and repeated 2�3 times. Values were
plotted as average using GraphPad Prism 7.0 software (La Jolla, CA).
Statistical significance was calculated by unpaired t-tests. Signifi-
cance was considered at p<0.05. Correlations between gray matter
brain volumes and neurodegenerative markers were calculated using
Spearman's rank correlation coefficient estimates in SAS 9.4 software
(SAS Inc., Cary, North Carolina, USA).
2.14. Role of funding source

The funders had no role in study design, data collection, data anal-
ysis, interpretation or writing of the report.
3. Results

3.1. Effect of oxycodone SA on the gray matter volume of various brain
regions

We first characterized the effect of oxycodone SA on gray matter
volume of various brain regions of interest namely, both right and
left, occipital, temporal auditory, subcortical, frontal, cerebellum,
insula, cingulate, parietal, prefrontal, temporal visual, temporal lim-
bic, pons and medulla, hippocampus, amygdala, caudate, and puta-
men. As shown in Fig. 1, gray matter volume was significantly lower
in the oxycodone SA group compared to controls in the frontal lobe
(left and right), putamen (right), and parietal lobe (left and right).

3.2. Characterization of exosomes

Total exosomes (TE) were isolated from the plasma of control
(n = 3) and oxycodone SA monkeys (n = 3) by ExoQuick precipitation
method, and exosome populations were abbreviated as TEControl and
TEOxycodone, respectively. The size and concentration of TEControl and
TEOxycodone was analyzed by NTA. As shown in Fig. 2A, the mean size
of TEOxycodone (133.2 nm) was significantly larger compared to TECon-
trol (102.6 nm), however, no significant difference in the exosome
concentration (number per ml) was observed between the two
groups (Fig. 2B). The concentration and size distribution for each exo-
some sample (TEControl and TEOxycodone) is presented in Supplemen-
tary Fig. S1. TEControl and TEOxycodone were also characterized for
exosomal biomarker proteins CD9, CD31, Alix, and HSP70 (Fig. 2D).
We did not observe any expression of endoplasmic reticulum protein
Calnexin, which is usually not present in exosomes.

Next, unique surface protein biomarkers were employed to isolate
three different exosomes subpopulations from TEControl and TEOxyco-
done: L1CAM to isolate neuron-derived exosomes (NDE), GLAST to iso-
late astrocyte-derived exosomes (ADE), and TMEM119 to isolate
microglia-derived exosome (MDE). Each exosome population was
characterized by flow cytometry (FACS) (Fig. 2D). For flow analysis,
exosomes were labeled with specific fluorophore tagged antibodies
and analyzed by BD Accuri C6 flow cytometer. Black peaks in Fig. 2D
represent the fluorescence from beads only, and green and purple
peaks represent the shift in fluorescence because of the binding of fluo-
rophore antibody to the exosomes from control and oxycodone SA ani-
mals, respectively. The purity of exosome populations was confirmed
by labeling NDE with GLAST antibody and ADE with the L1CAM anti-
body, in both cases no detectable cross-contamination between the
exosomes subpopulations was observed (Supplementary Figure S2).

3.3. Effect of oxycodone SA on neurodegeneration biomarkers in
exosomes

Next, by ELISA method, we analyzed the TE, NDE, ADE, and MDE
from control and oxycodone SA monkeys for NFL, a-synuclein, and
Ab1�42 expression, established biomarkers for neurodegeneration.
As shown in Fig. 3, TEControl and TEOxycodone, as well as MDEcontrol and
MDEoxycodone, did not show significant differences in the levels of any
neurodegeneration marker. However, a significantly higher NFL level
was observed in NDEOxycodone (Fig. 3A). Similarly, significantly higher
level of a-synuclein was observed in NDEOxycodone and ADEOxycodone

(Fig. 3B). Interestingly, relatively low expression of Ab1�42 was
observed in both NDEOxycodone and ADEOxycodone compared to NDECon-
trol and ADEControl, respectively (Fig. 3C). We also analyzed the expres-
sion of p-Tau (pS199) and p-Tau (pT231), but no detectable
expression was observed in any of the exosomes population (data
not shown). Finally, we performed a correlation analysis with neuro-
degeneration markers and the brain gray matter volumes for both
control and oxycodone SA monkeys. We did not observe any signifi-
cant correlation between TE_Ab1�42 and TE_NFL with any of the

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis


Fig. 1. Effect of oxycodone self-administration (SA) on gray matter volume. Axial and coronal slices through brain demonstrate percent difference in gray matter volume among
oxycodone SA monkeys (n = 3) compared to controls (n = 3) according to the color bar (% difference compared to control computed from quantitative gray matter volume provided
on the graphs), with red indicating relatively large and blue indicating relatively small% difference in gray matter volume. Gray matter volume was significantly (p<0.05) lower
among oxycodone SA monkeys compared to controls in the frontal lobes (Left Frontal p = 0.007, t ratio=5.104, degree of freedom (df)=4; Right Frontal p = 0.016, t ratio=4, df=4), pari-
etal lobes (Right Parietal p = 0.0082, t ratio= 4.87, df=4; Left Parietal, p = 0.030, t ratio= 3.29, df=4), and putamen (p = 0.03, t ratio=3.194, df=4) .
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analyzed brain lobe gray matter volumes. TE_a-synuclein showed a
negative correlation with right frontal and left parietal gray matter
volume. Interestingly, NDE_ Ab1�42 levels showed a positive corre-
lation with left amygdala gray matter volume. Further, we observed a
negative correlation between NDE_NFL levels and frontal lobe (right
and left), left parietal lobe, and left putamen gray matter volume
(Table 1). A similar strong negative correlation was observed
between the levels of NDE_a-synuclein and right frontal and left
parietal. ADE_ Ab1�42 showed a positive correlation with the left
putamen, amygdala (right and left). ADE_a-synuclein levels also
showed statistically significant negative correlations with the right
frontal lobe, left frontal lobe, and left parietal lobe gray matter vol-
ume. MDE_Ab1�42 levels showed a positive correlation with left cin-
gulate and left parietal (Table 1).

3.4. Effect of oxycodone on a panel of miRNAs associated with cognition,
depression, anxiety, and neurodegeneration

Next, the effect of oxycodone SA was examined on the expression
of nine miRNAs (Let7a-5p, miR16�5p, miR-18�5p, miR107, miR-
125�5p, miR-144�3p, miR-210�3p, miR-339�3p, and miR-
361�5p), which are known to be associated with neurocognitive dys-
functions and neurodegeneration or show differential expression fol-
lowing oxycodone treatment [55, 62-66]. miR-125�5p, as confirmed
by RefFinder and Normfinder software, was found to be the most sta-
ble miRNA expressed in all three exosome subpopulations and used
for normalization (Supplementary Fig. S3). As shown in Fig. 4, the
expression of different miRNAs varied depending upon the exosome
type. For example, miR16�5p, miR-18�5p, and miR-339�3p were
significantly lower and miR-361�5p, and miR-144�3p were signifi-
cantly higher in NDEOxycodone compared to NDEControl (Fig. 4A). Simi-
larly, miR16�5p was significantly lower while miR-107, miR-
339�3p, and miR-144�3p were significantly higher in ADEOxycodone

compared to ADEControl (Fig. 4B). Also, miR16�5p, and miR-361�5p
were significantly lower; and Let7a-5p, miR-107, miR-339�3p, and
miR-144�3p were significantly higher in MDEOxycodone compared to
MDEControl (Fig. 4C). However, we could not detect the expression of
miR-210 in any of the exosomes populations.
3.5. Exosomes are loaded with unique proteins

Next, we characterized the proteins loaded in exosomes. Mass
spectrometry analyses identified in total 160 proteins in NDE, 161 in
ADE, 237 in MDE, and 175 proteins loaded in TE. NDEOxycodone

showed a higher expression of 33 proteins compared to NDEControl

(STN�0.3) and decreased loading of 75 proteins (STN � �0.3). ADEOx-
ycodone showed a higher expression of 80 proteins compared to ADE-
Control (STN �0.3) and decreased loading of 17 proteins (STN � �0.3).
MDEOxycodone showed a higher expression of 46 proteins compared to
NDEControl (STN �0.3) and decreased loading of 96 proteins (STN �
�0.3). TEOxycodone showed a higher expression of 23 proteins com-
pared to TEControl (STN �0.3) and decreased loading of 92 proteins
(STN � �0.3).



Fig. 3. Effect of oxycodone SA on neurodegeneration biomarkers in exosomes. Protein expression of neurodegeneration biomarkers (NFL, a-synuclein and Ab1�42) was ana-
lyzed in total exosomes, NDE, ADE, and MDE from control and oxycodone SA monkeys by ELISA. Each experiment was performed in triplicate. Concentrations of each marker was
calculated by generating a standard curve. The data are presented as mean§SD. *p<0.05; #p<0.01 *p<0.05 (NFL: t ratio= 2.868, df=4); #p<0.01 (a-synuclein, NDE: t ratio= 11.69;
ADE: t ratio= 5.992, df=4).

Fig. 2. Characterization of exosomes. (a-b) Total exosomes were analyzed for size distribution and concentration by nanoparticle tracking analysis (NTA). Exosomes samples were
analyzed in three independent experiments in both control and oxycodone SA monkeys (n = 3/group). Exosome size and concentration are presented as mean§SEM of three inde-
pendent experiments *p<0.01 (t ratio=3.12, degree of freedom (df)=16). (c) Characterization of exosomal biomarker proteins by immunoblotting. (d) NDE, ADE, and MDE were iso-
lated from total exosomes using biotin-tagged specific antibodies and streptavidin-tagged magnetic beads as described in the methods. Exosomes were labeled with specific
fluorophore tagged antibodies and images acquired on BD Accuri C6 flow cytometer. Representative FACS images are shown..
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Next, higher abundance proteins (STN �0.3) in the oxycodone SA
group were analyzed by IPA, and their association with various dis-
eases and disorders are presented in Fig. 5A. Higher expression of
proteins in TE, NDE, ADE, and MDE in response to oxycodone SA are
summarized in Supplementary Table S1A and S1B. NDEOxycodone

showed association with neurological and psychological disorders,
while ADEOxycodone, MDEOxycodone, and TEOxycodone were associated
with immunological and inflammatory diseases (Fig. 5A). Further, IPA
analyses of higher proteins (STN �0.3) in NDEOxycodone identified the
following top-upstream regulators: MAPT (p-value=9.24E-17); APP
(p-value=6.31E-14); and PSEN1 (p-value=5.69E-13) (Fig. 5B), which
are widely known to be involved in neurological disorders [67-70].
The top-network of proteins altered in NDEOxycodone is shown in
Fig. 5C. Interestingly, several of these molecules (CREB, ERK1/2, TGFb,
and S100B, etc.) are widely known for their role in addiction-related
molecular circuitries [71�73]. Similarly, IPA analyses of proteins with
higher abundance in ADEOxycodone (STN �0.3) showed enrichment in
proteins associated with the following major pathways: glucocorti-
coid receptor signaling; gluconeogenesis; glycolysis; complement
system; and TCA cycle (Fig. 5D). Major canonical pathways associated
with higher abundant proteins in NDEOxycodone, MDEOxycodone, and
TEOxycodone are shown in Supplementary Fig. S4.

3.6. NDEoxycodone induces glucocorticoid receptor (GR) translocation to
the nucleus and systemic pro-inflammatory response

Based upon the strong association of ADEOxycodone protein cargo
with GR signaling (Fig. 5D), we next assessed the effects of NDE on
GR nuclear translocation in astrocytes. Astrocyte cells were treated
with 5£ 108 NDE isolated from both control and oxycodone SA
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monkeys, and GR subcellular localization was analyzed by confocal
microscopy. As shown in representative photomicrographs in Fig. 6A
(also see Supplementary Fig. S5), astrocytes treated with NDEoxycodone

showed robust nuclear translocation of GR, suggesting its activation.
The quantification of fluorescent images showed an approximately
two-fold higher translocation of GR to the nucleus following NDEoxy-
codone treatment (Fig. 6B).

Since we consistently observed inflammatory disease associated
with overabundant proteins in exosomes from the oxycodone SA
group, next, we assessed the effect of exosomes treatment on the NF-
kB activity in monocytes, as a molecular surrogate of inflammation.
As shown in Fig. 6C, treatment with NDEOxycodone, ADEOxycodone, and
MDEOxycodone strongly induced the NF-kB activity in THP1 cells com-
pared to NDEControl, ADEControl, and MDEControl, respectively.

4. Discussion

In the present study, we assessed the usefulness of plasma exo-
somes to serve as nano-tools to better understand the molecular
alterations and biological effects of long-term oxycodone abuse. The
main findings are: (a) distinct brain cells-derived exosome popula-
tions (NDE, ADE, and MDE) could be isolated from plasma and offer
valuable information about neurodegeneration biomarkers compared
to TE; (b) exosomal cargo (protein and miRNA) could provide molec-
ular mechanistic information about systemic and CNS-related
adverse effects of oxycodone SA; (c) brain cells-derived exosomes
could mediate systemic pro-inflammatory effects of oxycodone SA;
and (d) oxycodone SA negatively affects gray matter volume of spe-
cific lobes of the brain which correlates with the neurodegenerative
biomarkers (e.g., NFL) detected in NDE and ADE (Fig. 6D).

Several prior studies have suggested the potential neurodegener-
ative effects of opioid abuse [9, 12, 13]. Opiate-mediated depression
of respiration could potentially lead to hypoxic brain injury and vas-
cular changes, including the breakdown of the blood-brain barrier,
associated with significant structural alterations, neuroinflammation,
and predisposition to neurodegenerative diseases [9, 12, 13]. Ramage
et al. characterized the brain of opiate abusers and concluded that
hyper-phosphorylated tau and b-amyloid precursor protein (b-APP)
deposition was increased in the brains of young drug abusers, possi-
bly due to hypoxic-ischemic injury, microglial associated cytokine
release, and drug-associated neurotoxicity [13]. However, we could
not detect the expression of master hypoximir miR-210 in any of the
exosomes subpopulation (data not shown). In a subsequent study,
the same group concluded that drug users show early Alzheimer's
disease-related brain pathology, which could be the basis for cogni-
tive impairment [12], although these studies were performed in the
postmortem brain. In this regard, results from the present study are
significant as neurodegeneration biomarkers (NFL, a-synuclein, and
Ab1�42) were detected in brain cells-derived exosomes (NDE, ADE,
and MDE) from the plasma which significantly correlated with vol-
ume changes in several brain lobes (Fig. 3 and Table 1). Also, differen-
tial cargos (proteins and miRNAs) loaded in the exosomes isolated
from oxycodone SA monkeys provide essential insight into the neu-
ropathological/pro-inflammatory consequential effects of oxycodone.
Opioids, including oxycodone, have been correlated with alterations
in brain structures and neurodegeneration, resulting in dementia or
cognitive decline [11, 18], as opioid receptors are distributed
throughout the brain, including the cognitive regions of the frontal
and parietal lobe. In the present study, we have identified higher
expression of NFL in NDEoxycodone and a-synuclein in NDEoxycodone

and ADEoxycodone, which negatively correlates with frontal and parie-
tal lobes' volume and suggests the usefulness of these exosomes in
predicting neurodegeneration and cognitive impairment following
long-term oxycodone SA. Further, this observation is corroborated
with the previous study by Rohrer et al. that showed a correlation of
serum concentration of NFL with frontal lobe atrophy rate [74]. These



Fig. 4. Effect of oxycodone SA on a panel of miRNAs in exosomes. Expression profiling miRNAs in NDE, ADE, and MDE was performed by real-time PCR. Exosomal miRNA expres-
sion profiling of oxycodone treated monkeys was calculated by normalizing expression with control monkeys (DCt). miR-125�5p was used as a reference to calculate the fold
change (DDCt method). Experiments were run in triplicates. * p<p.001,df=4, #p<0.05, df=4.
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observations offer a novel opportunity to use plasma exosomes as
biomarkers to assess the adverse neurocognitive and neurodegenera-
tive effects of opioids and other drugs on CNS as well as to follow the
outcome of any intervention.

Exosomes are secreted by all cell types and play a key role in local
and distant intercellular communication via their unique cargo (e.g.,
proteins, miRNA, and metabolites, etc.). In the present study, we
characterized the proteins loaded in exosomes by mass spectrometry.
The detailed analyses of exosomal cargo proteins identified several
interesting proteins involved in neurological disorders, inflammation,
and stress signaling. The over-abundant proteins loaded in NDEOxyco-
done suggested an association with neurological disease and several
upstream regulators (MAPT, APP, and PSEN1) commonly associated
with AD. Mass spectrometry analysis of NDEOxycodone also revealed
the enrichment of HSPA8/HSC70, which along with HSP90 is required
for GR signaling activation [75]. We also confirmed the potential of
NDEOxycodone in eliciting GR nuclear translocation in astrocytes, which
suggests a possibility that NDEoxycodone could induce a stress response
Fig. 5. Exosomal proteome analyses by IPA. (a) Disease and disorders associated with ove
Upstream regulators and top-network associated with overabundant proteins in NDEOxycodon
in neighboring astrocytes. Similarly, over-abundant proteins, includ-
ing HSPA5 loaded in ADEOxycodone showed a strong correlation with
GR signaling, which is associated with stress response in astrocytes
[76]. We also observed that the over-abundant proteins loaded in
TEOxycodone were associated with inflammation and immunological
disorders and diseases. Moreover, the NDEOxycodone and ADEoxycodone

showed higher expression of a-synuclein, which has previously been
correlated with higher systemic immune activation in patients of Par-
kinson's disease [77, 78]. In mass spectrometry analysis, we observed
loading of several proteins in exosome, which are reported to have a
pro-inflammatory response, i.e., glial fibrillary acidic protein [79],
ficolin-2 [80], thrombospondin-1 [81], Fibulin-1 [82], S100A8 [83]
and gelsolin [84]. Interestingly, in line with this differential loading of
pro-inflammatory proteins in NDEOxycodone, ADEOxycodone, and MDEOx-
ycodone, we observed that these exosomes strongly induced the NF-kB
activity in THP-1 cells, suggesting a strong systemic pro-inflamma-
tory effects of exosomes secreted by neurons, astrocytes, and micro-
glia in response to oxycodone. However, the direct effect of
rabundant proteins in NDEOxycodone, ADEOxycodone, MDEOxycodone, and TEOxycodone. (b-c)
e. (d) Canonical pathway associated with overabundant proteins in ADEOxycodone.



Fig. 6. Effect of exosomes from oxycodone SA monkeys on GR sub-cellular localization in astrocytes and NF-kB activity in THP1 monocytes. (a) Normal human astrocytes
were treated with NDE from both control and oxycodone SA monkeys and incubated for 24 h. Cells were fixed and labeled with GR antibody followed by Alexa fluor 647 tagged sec-
ondary antibody. Cells were imaged with Olympus FV1200 spectral laser scanning confocal microscope with 40x objective lens. Insets show a magnified portion of a part of the
image. (b) 8�10 images of all the treated groups were captured, and the percentage nuclear translocation of GR was calculated by Image J software. *p<0.01(represented as mean §
SD) t ratio= 5.169, df= 4. (c) THP-1 cells were treated with NDE, ADE, or MDE (10 ug/well) isolated from the plasma of control and oxycodone SA monkeys. NF-kB activity was mea-
sured after 18 h. Experiments were performed in duplicate for 3 samples in each group. *p<0.0001; #p<0.0005 (represented as mean § SD) (NDE t ratio= 6.512, ADE t ratio= 8.393,
MDE t ratio= 5.268, df= 10. (d) Schematic representation showing the oxycodone adverse effects, and usefulness of plasma exosomes in predicting the neurodegenerative and pro-
inflammatory response of oxycodone SA.
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oxycodone on astrocytes, microglia, or monocytes could not be ruled
out, and also, exosomes and other secretions of each cell type could
affect the other cells.

Besides proteins, exosomes are also loaded with miRNAs, and we
observed significant modulatory effects of oxycodone on the expres-
sion of specific exosomal miRNAs associated with neurodegenera-
tion, cognition, anxiety, and depression. We consistently observed
higher expression of Let-7a-5p miRNA, and higher expression of this
miRNA has previously been reported following opioid exposure [55].
Let-7 miRNA was reported to be involved in pathways of apoptosis,
autophagy, cell cycle regulation, glycolysis/gluconeogenesis, MAPK
signaling pathway, and PI3K-Akt signaling pathway. Knockdown of
Let-7 miRNA was shown to reduce the expression of a-synuclein
expression [85]. Moreover, higher expression of Let-7 has frequently
been observed in C. elegans model of Parkinson's disease [85, 86].
Lehmann et al. showed elevated levels of Let-7 levels in the CSF of AD
patients and also reported that Let-7 is capable of activating intrinsic
cell death pathways in cultured neurons via Toll-like receptor 7 [62].
Such stimulation could result in increased production of inflamma-
tory cytokines by microglia that corroborate with our observation
that MDEOxycodone induces NF-kB activity in monocytes. miR-16�5p,
another miRNA that showed consistent expression, was found to be
significantly lower in NDEOxycodone, ADEOxycodone, and MDEOxycodone.
Decreased expression of miR-16�5p was reported in SH-SY5Y cells
after the treatment of amyloid b [87]. Also, expression of miR-16�5p
was detected in the serum of AD patients, and its expression was
reduced with the increase in the Braak stage of AD [88]. In line with
our data, expression of miR-16�5p was also found to be downregu-
lated following 24 h exposure of hydromorphone and oxycodone in
healthy male subjects [55]. Similarly, the expression of miR-107 was
reported to be reduced in Ab-treated cells, and its overexpression
reversed Ab-induced injury [89]. Furthermore, the expression of
miR-107 was down-regulated in dementia patients [90] and has
been suggested as a potential blood-based biomarker for disease risk
and progression of AD [91]. These reports support our observation
that lower expression of miR-107 in NDEOxycodone could be associated
with neurodegeneration. These results suggest the usefulness of exo-
somal miRNAs to serve as biosignatures of opioid abuse as well as
associated adverse effects such as neurodegeneration, anxiety, and
depression.

There are few limitations of this study, including a low number of
replicates (n = 3 for both control and oxycodone), even though the
current data suggest the potential of exosomes to distinguish
between control and oxycodone SA monkeys. Although unlikely,
another potential limitation of the study was that the control mon-
keys did not have an indwelling intravenous catheter, to control for
the possibility that some of the group differences were due to inflam-
matory responses due to the » 3 years of catheter implantation. Also,
it is difficult to determine whether the exosomes isolated based on
specific surface marker proteins (L1CAM, GLAST, and TMEM119) are
from central and/or peripheral regions; these exosomes can still pres-
ent a potential tool to predict the consequential neurodegenerative
and pro-inflammatory effect of oxycodone SA. In addition, it is diffi-
cult to establish the direct functional impact of the circulating exo-
somes derived from the brain cells on other organs and also among
the neuronal network given the complexity of cellular populations
involved in their release and uptake. Moreover, with the current
technical limitations it is difficult to predict the target cell types
which possibly could uptake the brain cells-derived exosomes, how-
ever the exosomes derived from studied brain cells (NDE, ADE and
MDE) were found to be loaded with proteins and miRNAs that can
have implications in inflammatory responses and neurodegeneration,
so it can be concluded that these exosomes can evoke systemic
inflammatory response and propagate the neurodegenerative signal-
ing. However, we agree that a detailed study with a larger cohort is
needed to establish exosomes as potential blood-based biomarkers
to study the effect of oxycodone SA. Furthermore, we need to study
expression of these neurodegeneration biomarkers in cerebrospinal
fluid (CSF) and/or molecular brain imaging, wherever possible, (e.g.
PET imaging by PiB tracer for Ab).

In summary, the present study offers a novel approach to better
understand the molecular and biological effects of oxycodone and
other drugs of abuse in a less invasive manner. The exosomes derived
from brain cells following oxycodone SA can also serve the surrogate
biomarkers to predict the patho-physiological status of the host brain
cells. These plasma-based nano-tools could be used to identify
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molecular biosignature of opioid addiction, as well as to assess the
efficacy of various therapeutic interventions.
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