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Abstract
Opioids, such as morphine, are the mainstay for the management of postsurgical
pain. Over the last decade there has been a dramatic increase in deaths related to
opioid overdose. While opioid abuse has been shown to result in increased neuroin-
flammation,mechanism(s) underlying this process, remain less understood. In recent
years, microRNAs have emerged as key mediators of gene expression regulating both
paracrine signaling and cellular crosstalk. MiRNAs constitute the extracellular vesi-
cle (EV) cargo and can shuttle from the donor to the recipient cells. Exposure of
human primary astrocytes to morphine resulted in induction and release of miR-
138 in the EVs isolated from conditioned media of cultured astrocytes. Released EVs
were, in turn, taken up by the microglia, leading to activation of these latter cells.
Interestingly, activation of microglia involved binding of the GUUGUGU motif of
miR138 to the endosomal toll like receptor (TLR)7, leading, in turn, to cellular acti-
vation. These findings were further corroborated in vivo in wildtype mice wherein
morphine administration resulted in increased microglial activation in the thalamus.
In TLR7−/− mice on the other hand, morphine failed to induce microglial activation.
These findings have ramifications for the development of EV-loaded anti-miRNAs as
therapeutics for alleviating neuroinflammation in opioids abusers.
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 INTRODUCTION

Opioids, such as morphine, are widely used prescription analgesics for acute postoperative pain and for moderate to severe pain,
in both the emergency as well as primary care settings (Casamayor, Didonato, Hennebert, Brazzi, & Prosen, 2018; Haroutounian,
2018). In 2017, there were a total of 191 million opioid prescriptions dispensed, with ∼58.7 prescriptions per 100 people (CDC,
2018). It has been shown that even patients that undergo a short hospital stay for surgery are at an increased risk of long-term
opioid use resulting fromdependence on opioid prescriptions (Alam, 2012). In the years 2007 to 2017, there was∼2.6 fold increase
in drug overdose deaths involving opioids ranging from 18,515 to 47,600 (NIH, 2019). Extensive opioid use was found to correlate
with severity of central nervous system (CNS) complications, including memory impairment and depression (Sullivan, 2018;
Terrett et al., 2014). Additionally, opioid such as morphine has also been shown to accelerate the rate of HIV-1 infection as well as
HIV-associated neuroinflammation (Dave, 2012; El-Hage et al., 2015; Li et al., 2003, Reddy, Pilakka-Kanthikeel, Saxena, Saiyed,
& Nair, 2012). The mechanism(s) underlying morphine-mediated potentiation of CNS disease progression and pathogenesis,
however, remain largely unknown.
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Extracellular vesicles (EVs) play an important role in cell-to-cell communication both in cellular homeostasis as well as in
disease pathogenesis (Caruso Bavisotto et al., 2019; Devhare & Ray, 2018; Men et al., 2019; Ñahui Palomino et al., 2019; Paoli-
celli, Bergamini, & Rajendran, 2019). It has been suggested that EV cargo comprising of proteins, lipids and RNAs contributes
to the cellular crosstalk via receptor–ligand interactions (Russell et al., 2019; Sun et al., 2018; Tkach & Théry, 2016). In recent
times, there has been an increased interest in exploring the source and cargo of EVs released during various pathologies such as
cancer (Eylem et al., 2020; Joyce, Kerin, & Dwyer, 2016; Lewis et al., 2018; Liu et al., 2018), neurodegenerative diseases (Gámez-
Valero, Beyer, & Borràs, 2019; Shi et al., 2014), and viral infections (Liu et al., 2019; Rodrigues, Fan, Lyon, Wan, & Hu, 2018;
Shen et al., 2017). In the CNS, EVs are found to be released by most cell types and have been implicated to play a key role in
various neurodegenerative diseases, such as Alzheimer’s Disease (Sardar Sinha et al., 2018), Parkinson’s disease (Shi et al., 2014),
Amyotrophic Lateral Sclerosis (Roy, Saucier, O’connell, & Morin, 2019) and HIV-associated neurocognitive diseases (HAND)
(Sampey et al., 2016). MiRNAs are small, evolutionarily conserved noncoding RNAs, that have been recognized as primary reg-
ulators in EV-mediated cellular crosstalk in the CNS (Gupta & Pulliam, 2014; Men et al., 2019; Selmaj, Mycko, Raine, & Selmaj,
2017; Xia et al., 2019). For example, in our previous study, we reported that miR-9 released from HIV protein transactivation of
transcription (Tat)-stimulated astrocytes could be taken up by the microglia, leading to enhanced microglial migration and, this
involved targeted regulation of PTEN expression in the microglia. This study provided the evidence of glial crosstalk involving
astrocyte-derived EV (ADEV)-miR9-mediated migration of microglia in HAND (Yang et al., 2018). In addition to viral proteins,
drugs of abuse such as opioids by themselves can also dysregulate the expression of miRNAs (Dutta & Roy, 2012; Guo et al., 2016;
Hu et al., 2019; Hu et al., 2017; Periyasamy et al., 2018; Yang et al., 2018). An interesting study by Dave and Khalili showed that
morphine-mediated inflammation and oxidative stress induced in human monocyte-derived macrophages contributed to the
expansion of HIV-1 viral reservoir in the CNS and HIV-associated dementia (Dave, 2012). The authors provided evidence that
this process was regulated by differentially expressed miRNAs, including miR-15b & miR-181b, both regulating several targets
of the proinflammatory pathways. Similarly, findings from our lab have also reported that exosome-mediated shuttling of miR-
29b regulates HIV Tat and morphine-mediated neuronal dysfunction (Hu et al., 2012). Besides their ability to directly regulate
gene transcription by binding to the 3’UTR region of the gene, some miRNAs can also directly bind to the toll-like receptors
(TLRs) via specific motifs (AU- and GU-rich 4-mers) present in their sequences (Gao, Shu, & Cui, 2018). As an example, let-7
has been shown to induce neurodegeneration by binding to TLR7 receptor in both neurons andmicroglia (Lehmann et al., 2012).
In keeping with this, studies by Yelamanchili et. al. have also demonstrated that HIV-1 infection of blood-derived macrophages
resulted in significant upregulation of miR-21 in EVs which, in turn, directly activated the TLR7-dependent necroptosis path-
way in neurons (Yelamanchili et al., 2015). Along these lines, our previous study has also demonstrated that EVs derived from
morphine-stimulated astrocytes could be taken up bymicroglia and activate the Toll-like receptor 7 (TLR-7), subsequently result-
ing in upregulated expression of long non-coding (lnc)RNA-Cox2, culminating ultimately into impairedmicroglial phagocytosis
(Hu et al., 2018).

In the current study, we demonstrate the role of yet another miRNA, miR-138, that is upregulated in the EVs released from
morphine stimulated astrocytes which, in turn, was taken up by microglial cells, leading to the activation of microglia. This
mechanism of uptake involved activation of the TLR7-NF-kB axis. Additionally, we also demonstrated that intranasal delivery
of miR-138 inhibitor alleviated microglial activation induced by morphine-stimulated astrocyte EVs. Taken together these find-
ings have ramifications for future development of EV-loaded RNA-based therapeutics for the treatment of neuroinflammatory
diseases including opioids abuse disorders.

 MATERIALS ANDMETHODS

. Animals

C57BL/6N wild type (WT) mice (male, 6–8 weeks) were purchased from Charles River Laboratories, Inc. (Wilmington, MA).
TLR7 knockout (KO) mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and bred in the UNMC animal
facility. Pregnant WT mice were purchased from Charles River Laboratories. All the animals were housed under conditions
of constant temperature and humidity on a 12-h light, 12-h dark cycle, with lights on at 07:00 am. Food and water were avail-
able ad libitum. All animal procedures were performed according to the protocols approved by the Institutional Animal Care
and Use Committee at the University of Nebraska Medical Center. Two-month-old male C57BL/6N mice were equally divided
in two groups: saline and morphine. WT or TLR7 KO mice were randomly separated to two groups (n = 4), saline and mor-
phine. The morphine group were injected intraperitoneally (i.p.) with morphine, three times a day every 8 h, at an initial dose
of 10 mg/kg with an increment of 5 mg/kg every day for 6 d. Saline groups received a comparable volume of saline (as mor-
phine group) daily. All mice were sacrificed 1 h after the last morphine/saline injection on the last day as reported previously
(Cai et al., 2016).
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. Intranasal delivery of EVs in mice

For intranasal administration of EVs, we anesthetized C57BL/6N mice and placed them in a supine position in an anesthesia
chamber. EVs (20 μg/100 μL) in saline were administered intranasally as drops with a small pipette every 2 min into alternating
nostrils of the nasal cavity for a total of 10 min.

. Cell cultures

The human astrocytic cell line A172 (no. CRL-1620; American Type Culture Collection [ATCC]) was cultured as described pre-
viously (Hu et al., 2018) and maintained in DMEMwith high glucose containing 10% heat-inactivated fetal bovine serum (FBS),
2 mM glutamine, penicillin (100 U/ml), streptomycin (100 μg/ml). In this study, A172 cells were used within 30 passages. Human
primary astrocytes were obtained from ScienCell Research Laboratories (Carlsbad, CA, USA) and were cultured in astrocyte
medium (ScienCell). Human primary astrocytes were used within 10 passages in this study.
Mouse primary astrocytes were isolated from whole brains of post-natal (1- to 3-day-old) C57BL/6N mice described as pre-

viously (Hu et al., 2017) and stained for astrocyte marker GFAP. Cells (> 97% GFAP positive) were plated onto poly-D-lysine
pre-coated cell culture flasks and maintained in DMEM (10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin).

BV-2 microglial cell line was generously provided by Dr. Sanjay Maggirwar (The George Washington University, School of
Medicine and Health Sciences, Rochester, Washington, D.C., USA.) Cells were grown and routinely maintained in DMEM sup-
plemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. BV-2 cells were used under passage 20.
Mouse primary microglia cells were obtained from 1- to 3-day-old C57BL/6N or TLR7 KO newborn pups as described previ-

ously (Liao et al., 2016). After digestion and dissociation of the dissected brain cortices in Hank’s buffered salt solution supple-
mented with trypsin (0.25%), mixed glial cultures were prepared by resuspending the cell suspension in DMEM supplemented
with 10% heat-inactivated FBS, OPI supplement, 100 U/ml penicillin, and 100 μg/ml streptomycin. Cells were plated at 20 × 106
cells/flask density onto 75-cm2 cell culture flasks with culture medium replaced every 5 days. Following the first medium change,
macrophage colony-stimulating factor (M-CSF; 0.25 ng/ml; PeproTech, Rocky Hill, NJ, USA) was added to the flasks to promote
microglial proliferation. The cell medium, containing released microglia cells, was collected from each flask and centrifuged at
800 g for 5min to collect cells and plated onto cell culture plates.

HEK-Blue TLR7 and HEK-Blue Null cells were obtained from InvivoGen (San Diego, CA). Cells were cultured in DMEM
supplemented with 10% heat-inactivated FBS, 0.2% sodium bicarbonate, 100 IU/ml penicillin, 100 μg/ml streptomycin, 2 mM
L-glutamine, 30 μg/ml blasticidin, 100μg/ml zeocin, and 100 μg/ml normocin at 37 ◦C in humidified air containing 5% CO2 as
per the manufacturer’s instructions.

. Reagents

Morphine was purchased fromR&DSystems (Minneapolis,MN,USA). Chemical inhibitors including the opioid receptor antag-
onist naltrexone, endosomal TLR inhibiter Chloroquin, IKK-2 inhibitor SC514 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). DOTAP Liposomal Transfection Reagent was also purchased from Sigma-Aldrich. The mouse IL-6 / TNFα DuoSet
kits were obtained fromR&D Systems (Minneapolis, MN, USA). Exo-FectTM Exosome Transfection Kit was purchased from SBI
System Bioscience (Palo Alto, Canada).

. EV Isolation

EVs were prepared from the supernatant fluids (FBS depleted) of primary astrocytes and A172 cells by differential centrifugations
as previously described (Hu et al., 2018). Briefly, conditionedmedia was harvested, centrifuged at 1000× g for 10min to eliminate
cells, and again spun at 10,000 × g for 30 min, followed by filtration through a 0.22-μm filter to remove cell debris. EVs were
pelleted by ultracentrifugation (Beckman 32Ti rotor; Beckman Coulter, Brea, CA, USA) at 100,000 × g for 70 min. EVs were
assessed for their protein content using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Alix, TSG101 and CD63 were
detected by western blotting as exosome markers. EVs were further quantified by Nanoparticle Tracking Analysis (NTA) using
ZetaView.

. Oligos and plasmid transfection

The RNA oligos (miR-138 sequence: AGCUGGUGUUGUGAAUCAGGCCG; mutant-miR-138 sequence: AGCUGGUGAAT
UGAAUCAGGCCG) and cy5 labelled oligos were purchased from Integrated Technologies (Coralville, Iowa). EVs were loaded
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with oligos using Exo-Fect Exosome Transfection Reagent according to the manufacturer’s instructions. Anti-miR138 were
obtained from Integrated Technologies. pEF6. mCherry-TSG101 was a gift from Quan Lu (Addgene plasmid 38318). Sequences
of mouse Dicer1 siRNA oligonucleotides used in this study were: mouse Dicer1-siS1, 5’-GrUrGrUrCrArUrCrUrUrGrCrGrArUr
UrCrUrArUrUr-3’; mouse Dicer1-si AS1, 5’-UrArGrArArUrCrGrCrArArGrArUrGrArCrArCrUrUr-3’; mouse Dicer1-siS1, 5’-
CrCrArArCrUrArCrCrUrCrArUrArUrCrCrCrArUrUr-3’; mouse Dicer1-si AS2, 5’-UrGrGrGrArUrArUrGrArGrGrUrArGrUr
UrGrGrUrUr-3’.

. Western blotting

Brain tissues, treated cells or EVs were lysed using the Mammalian Cell Lysis kit (Sigma-Aldrich), as described previously (Liao
et al., 2016). Equal amounts of the proteins were electrophoresed in an SDS-polyacrylamide gel under reducing conditions fol-
lowed by transfering to PVDF membranes. Blots were blocked with 5% BSA in TBS-Tween 20. The western blots were then
probed with antibodies specific for Iba-1 (1:1000; 019–19741; Wako), Tsg101 (1:1,000; ab125011; Abcam, Cambridge, MA, USA),
Alix (1:1,000, ab117600; Abcam), CD63 (1:1,000; ab216130; Abcam), Flotillin (1:200, Cell Signaling Technology), Calnexin (1:1500;
C7617; Sigma-Aldrich), NF-κB p65 (1:2,000; ab16502; Abcam), Histone H3 (1:1,000; 9715S; Cell Signaling Technology) and β-
actin (1:5,000; A5316; Sigma-Aldrich). Secondary antibodies were alkaline phosphatase conjugated to goat anti-mouse/rabbit IgG
(1:10,000; Jackson ImmunoResearch Labs). Signals were detected by SuperSignal West Dura Extended Duration or Pico PLUS
Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA). All experiments had at least four biological replicates,
and representative blots are presented in the figures.

. Real-time PCR

For quantitative analysis of mRNA expression, comparative real-time PCR was performed with the use of Taqman Universal
PCR Master Mix (Applied Biosystems). Specific primers and probes for IL-6, TNFα, GAPDH, mature miR-138 and snRNA
RNU6B (U6) were obtained from Applied Biosystems. All reactions were run in triplicate. The amount of miRNA was obtained
by normalizing to snRNA RNU6B and relative to control as previously reported (Hu et al., 2017).

. In situ hybridization and immunostaining

Human primary astrocytes were fixed and prehybridized in hybridization buffer (50% formamide, 10mM Tris-HCl, pH 8.0,
200μgml−1 yeast tRNA, 1 × Denhardt’s solution, 600mM NaCl, 0.25% SDS, 1mM EDTA, 10% Dextran sulphate) at a con-
centration of 9 pM for the commercially available digoxigenin-labelled miR-138 probe (Exiqon, Woburn, MA). LNA-modified
miR-138, labelled at both the 5′ and 3′ ends with digoxigenin (Exiqon), was diluted to a final concentration of 2 pM in hybridiza-
tion buffer, heated to 65 ◦C for 5min and separately hybridized to the brain sections at 37 ◦C overnight. The slides were then
washed twice in hybridization buffer (without probe) at 37 ◦C, followed by washing three times in 2 × SSC and twice in 0.2 ×
SSC at 42 ◦C, followed by blocking with 1% bovine serum albumin, 3% normal goat serum in 1 × PBS for 1 h at room temperature
and incubation with anti-digoxigenin conjugated with horseradish peroxidase (1:100, Roche Diagnostics, Mannheim, Germany)
and anti-GFAP (1:400, G3893, Sigma-Aldrich) antibodies overnight at 4 ◦C. The slides were washed twice with PBS and incu-
bated with Alexa Fluor 488 goat anti-rabbit IgG (1:400, Invitrogen, Carlsbad, CA) antibody for 1 h at room temperature. This was
followed by two PBS washes and signal amplification (for the in situ, now labelled with horseradish peroxidase) using TSA Cy5
kit (PerkinElmer, Waltham, MA) according to the manufacturer’s protocol. The slides were mounted in Prolong gold anti-fade
reagent with DAPI (Invitrogen, San Diego, CA). The specificity of the miR-138 signal in FISH experiments was confirmed when
compared with a scrambled control. Unlike the miR-138, the scramble probe showed no signal in astrocytes.

. RNA Immunoprecipitation

BV-2 cells were transfectedwith the indicatedmiRNAs usingDotap and incubated at 37◦C for 20min. Cells were then extensively
washed with 1.5 ml of ice-cold PBS, collected and lysis performed through a 5min incubation with 150 μl of Polysome lysis buffer
on ice. Lysates were finally frozen in dry ice for 1 h, and then harvested at 14,000 × g for 15 min. 100 μl of each lysate was added
to 50 μl of A/G protein (Santa Cruz, Dallas, TX), which was previously preincubated with 25 μl of NT2 buffer 5% BSA for 1 h
and then with 100 μl of anti-TLR7 antibody in rotation at 4◦C overnight. Lysates were further incubated with beads (extensively
washed with NT2 buffer, according to the manufacturer’s protocol) (Myltenyi, Waltham, MA) in a final volume of 850 μl of
NT2 buffer supplemented with 1 μl of 1M DTT and 34 μl of 0.5 M EDTA. Immunoprecipitation was performed for 5 h at 4◦C
in rotation. Beads were washed 4x with NT2 buffer and were incubated with 100 μl of NT2 buffer and Proteinase K (Qiagen,
Germantown, MD) at 55 ◦C for 30 min, then RNA was extracted with Trizol and processed for real-time analysis.
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. Biotinylated miRNA Pull-Down

BV-2 cells were transfected with 5’-biotinylatedmaturemiR-138 andmut-miR-138 (20 μMfinal concentration) by Lipofectamine
RNAiMax for 24 h. For a 10 cm dish, 50 μL of pre-washed and blocked streptavidin agarose beads (Thermo Scientific) were
incubated with the cell lysates at room temperature for 2 h, according to the manufacturer’s instructions. Beads were washed for
three times and followed by adding 50 μL 2X loading buffer. The samples were heated for 5 min at 95◦C and subjected to western
blotting for detection of TLR7 using anti-TLR7 antibody.

. Quanti-Blue® SEAP reporter assay

HEK-Blue mTLR7 cells are stably transfected with mTLR7, while HEK-Blue Null1-v is the parental cell line of HEK-Blue mTLR7
(does not express mTLR7). Both cells were stably transfected with the secreted alkaline phosphatase (SEAP) reporter gene under
the transcriptional control of an NF-kB response element. The level of SEAP protein released into the culture media was used
to quantify the extent of TLR7 stimulation, which also represents the levels of NF-κB activation (Miller et al., 2020). HEK-
Blue-Null1-v and HEK-Blue mTLR7 cells (1 × 104) were plated in 96-well plates and grown to 70% confluence. Cells were then
transfected with Dotap-miR138, Dotap-mut-miR138, EV-miR138, EV-mut-miR138 for 16 h. Cells were also treated with CL294,
a TLR7 agonist, as a positive control. Aliquots of the culture medium (20 μl) were removed and added to new 96-well plates
containing 180 μl of pre-warmed Quanti-Blue™, a SEAP colorimetric detection medium, as per manufacturer’s instructions.
Color was allowed to develop for 1 h, and absorbance was read at 650 nm in a Bio-Tek ® microplate reader (Burlington, VT).

. IL-/TNFα protein analysis by ELISA

Culture supernatants were collected from mouse primary microglia exposed to various treatments and assessed for expression
of IL-6 / TNFα protein using the mouse IL-6 DuoSet Kit or mouse TNF-α DuoSet Kit (R&D Systems, Minneapolis, MN).

. Immunostaining and image analysis

WT or TLR7 KO mice (n = 4) were euthanized 1 h post-injection and brains were processed for embedding in paraffin.
Formalin-fixed, paraffin-embedded (FFPE) blocks were sectioned at 4 μm and stained with antibody specific for Iba1 (1:250;
Wako) overnight at 4◦C. Next day, sections were washed with PBS for three times followed by incubation with biotinylated goat
anti-rabbit immunoglobulin G (1:200) in immunoblocking buffer at RT for 1 h and incubated with an avidin-biotin-peroxidase
kit for 1 h. Horseradish peroxidase reaction product was visualized with enhanced DAB peroxidase substrate kit. The sections
were scanned with the Ventana iScan HT slide scanner (Roche, Basel, Switzerland) at 40X magnification. The morphology of
microglia in various regions including cortex, hippocampus, thalamus, striatumwas quantified by Image J followedby themethod
described previously (Fernández-Arjona,Grondona,Granados-Durán, Fernández-Llebrez, & López-Ávalos, 2017; Young&Mor-
rison, 2018). Five or six cells per animal were used for the quantification.
Mouse primary microglia or BV2 cells cultured on coverslips were fixed with 4% formaldehyde in PBS for 20 min at RT. The

slides or coverslips were washed three times with PBS, permeabilized with 0.3% Triton X-100 for 30 min, rewashed three times,
and blocked in 10% goat serum in PBS for 2 h at RT. The following antibodies were used for immunostaining: Iba1 (1:250; Wako,
Richmond, VA), EEA1 (1:100; #3288; Cell signaling, Danvers,MA), NF-κB (1:100; ab16502; Abcam), TLR7 (1:100; ab45371; Abcam,
Cambridge,MA, 1:1000; NBP2-27332; Novus Biologicals, CO). The slides or coverslips were washed with PBS and incubated with
Alexa Fluor 488–conjugated anti-rabbit or anti-mouse (Invitrogen, San Diego, CA) for 1 h at RT. After final washing with PBS,
the slides or coverslips were mounted with mounting medium (Prolong Gold Antifade Reagent; Invitrogen). Fluorescent images
were acquired at RT on a Zeiss Observer, using a Z1 inverted microscope with a 40 × /1.3 or 63 × /1.4 oil-immersion objective.
Images were processed with the AxioVs 40 Version 4.8.0.0 software (Zeiss, San Diego, CA). Photographs were acquired with an
AxioCamMRm digital camera and were analyzed with ImageJ software.

. Adult microglia isolation

Microglia were isolated from whole brain homogenates by Percoll gradient centrifugation as reported previously (Guo et al.,
2016) with slight modifications. Briefly, the brains were homogenized in PBS (pH 7.4) by passing through a 70-μm nylon
cell strainer. Resulting homogenates were centrifuged at 600× g for 6min. Supernatants were removed and cell pellets were
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resuspended in 70% isotonic Percoll (GE-healthcare, Uppsala, Sweden) at room temperature. A discontinuous Percoll density
gradient was layered as follows: 70, 50, 35 and 0% isotonic Percoll. The gradient was centrifuged for 20min at 2000 × g and
microglia were collected from the interphase between the 70 and 50% Percoll layers. Cells were washed and then resuspended in
sterile PBS followed by flow cytometry analysis by gating the myeloid cells for the CD11b+/CD45low population.

. Statistical analysis

Statistical analysis was performed using a two-tailed Student’s t test for comparison of the two groups and one-way ANOVAwith
a Bonferroni’s post hoc test for multiple comparisons. For comparison between the two groups, an F test was used to determine
the equality of variances between groups. For comparison among multiple groups, a Brown-Forsythe test was used to determine
the equality of variances among groups. Results were judged statistically significant if P< 0.05 by ANOVA for both Student’s t test
and one-way ANOVA test. Data distribution was assumed to be normal, but this was not formally tested.

 RESULTS

. Morphine-mediated changes in microglial morphology

Microglial morphology is closely related to its function and activation status (Fernández-Arjona et al., 2017; Fernández-
Arjona, Grondona, Fernández-Llebrez, & López-Ávalos, 2019). Herein, we sought to determinemorphine-mediated activation of
microglia by examining the expression of microglial protein Iba-1 and the associated morphological changes. For this C57BL/6N
mice were injected with morphine three times a day for 7 consecutive days as described previously, followed by assessment of
microglial marker Iba1 expression by western blotting and examination of microglial morphology by immunostaining for Iba1,
in various brain regions (cortex, hippocampus, thalamus and striatum). The expression of Iba-1 was significantly upregulated in
the thalamus (Figure 1a), but not in other brain regions (Figure 1d & SFigs.1A & D) of morphine-administered mice compared
with the saline group. The fractal dimension which determines the complexity of pattern was significantly decreased in the tha-
lamus (Figure 1c), but not in the other regions (Figure 1f & SFigs.1C & F) of morphine-administered mice compared with the
saline group. Density of cells also referred to as the parameter solidity, was found to be significantly increased in the thalamus
(Figure 1c), but not in other brain regions (Figure 1f & SFig.1C & F) of morphine-administrated mice compared with the saline
group. Area of cells was also found to be significantly decreased in the thalamus (Figure 1c), striatum (Figure 1f), and cortex
(SFig.1C), but not in the hippocampus (SFig.1F) of morphine-administrated mice compared with the saline group. Perimeter,
which measures the single outline of cell shape was found to be significantly decreased in the thalamus (Figure 1c) and striatum
(Figure 1f), but not in the cortex (SFig.1C) or hippocampus (SFig.1F) of morphine-administrated mice compared with the saline
group. Span ratio which measures the ratio of the major over the minor axes of the convex hull remained unchanged in all the
regions. Additional morphological feature, Lacunarity, was found to be significantly changed only in the striatum (Figure 1f). To
further assess the effects of morphine on microglial activation, ex vivo isolated adult microglial cells from morphine or saline
administrated mice were isolated by Percoll gradient centrifugation and sorted by labeling with CD11b and CD45 using flow
cytometry. CD11bhighCD45low microglia cells were collected and assessed for expression of proinflammatory cytokines such as
TNFα/ IL-6 by real-time PCR. As shown in Figure 1g and h, expression of TNFα/ IL-6 was found to be significantly increased in
the adult microglia isolated from morphine-administrated mice compared with the saline group.

. Role of mu-opioid receptor in upregulation of EVmiR- released from
morphine-stimulated astrocytes

The microglial morphology was initially tested to assess whether morphine could mediate activation of these cells. Once we
observed that it could, we then rationalized, that based on the fact that in the CNS, ADEVs contribute to dysfunction of multiple
cell types (Hu et al., 2012; Hu et al., 2018; Hu et al., 2020; Nogueras-Ortiz et al., 2020; Venturini et al., 2019; Willis et al., 2020;
Yang et al., 2018), that this effect on microglia, could also be involving the ADEVs. Hence after observing a phenomenon of
microglial activation, we next sought to understand the role of ADEVs in this process.We first isolated EVs from the conditioned
media (CM, FBS depleted) of mouse primary astrocytes, A172 – a human astrocytic cell line and human primary astrocytes, and
characterized the EVs (Hu et al., 2018). As shown in SFig.2A, C and E, immunoblotting of the lysates obtained after various
centrifugation steps (1000 × g, 10,000 × g, 100,000 × g pellets) identified the presence of signature exosomal markers Alix, CD63,
and TSG101, in the EV lysates (100,000 × g pellet). Calnexin was used as a negative control to assess contamination (if any) of
cell debris in ADEVs. As demonstrated the signal for calnexin was negative in all the EV lysates. Nanoparticle analysis using the
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F IGURE  Morphine-inducedmicroglial activation. (A) Representative western blot and quantification of Iba1 in thalamus lysates frommice administrated
saline or morphine (n= 4/group). (B) Representative images of Iba-1+ cells and pairwise outline shapes were used for morphological parameter measures in the
thalamus of mice administrated saline or morphine. (C) Quantification of morphological parameters such as fractal dimension, density, area, perimeter, span
ratio and lacunarity in the thalamus of mice administrated saline or morphine (n = 5 or 6 cells/animal). (D) Representative western blot and quantification of
Iba1 in the lysates of striatum of mice administrated saline or morphine (n = 4/group). (E) Representative images of Iba-1+ cells and pairwise outline shapes
were used for morphological parameter measures in the striatum of mice administrated saline or morphine. (F) Quantification of morphological parameters:
fractal dimension, density, area, perimeter, span ratio and lacunarity in the striatum of mice administrated saline or morphine (n = 5 or 6 cells/animal). (G and
H) Real-time PCR analysis of TNF-αmRNA (G) and IL-6mRNA(H) expression in adult microglia cells isolated from the brains of mice administrated saline or
morphine (n= 4/group). All data are presented as mean± SD or SEM of three or four individual experiments. *,P< 0.05; **,P< 0.01; ***,P< 0.001 versus saline
group using Student’s t test.
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ZetaView revealed a reasonable yield of EVs of the expected size (∼100 nm; SFigs. 2B, D and F). Atomic force microscopy (AFM)
image clearly demonstrated that the diameter of the isolated EVs ranged from 40–100 nm (SFig. 2G).
The next step was to examine whether ADEVs could be taken up bymicroglia. For this mouse primarymicroglial (MPM) cells

were cultured with ADEVs isolated from mouse primary astrocytes transfected with a plasmid encoding the exosomal marker
TSG101 fused with mCherry. MPMs were then immunostained for the microglial marker Iba1 and as shown in SFig.3A, EVs-
TSG101-mCherry were taken up by the microglial cells within 30 min. Next, we sought to assess whether EVs-TSG101-mCherry
could reach the endosomes, the intracellular organelles which are the site for localization of TLR7. Following incubation with
EVs-TSG101-mCherry (30min)MPMswere immunostainedwith the endosomalmarker EEA1 and, as shown in SFig. 3B,ADEVs
were found to co-localize with EEA1 in MPMs. These phenomena were matched with our previous findings (Hu et al., 2018).
In our previous study, using RNA sequencing (RNA seq) we had identified 15 of the 4-mer containing miRNAs (that function

as TLR7/8 RNA agonists) to be significantly upregulated in morphine-ADEVs compared with control-ADEVs (Ctrl-ADEVs).
Out of the upregulated miRs, miR-138 was chosen based on its significant upregulation and increased abundance in the EVs
among all the other miRs (Hu et al., 2018). We next sought to examine the expression of miR-138 in both ADEVs and intracel-
lular in the astrocytes exposed to morphine. As shown in Figure 2a and b, there was increased expression of miR-138 both in
ADEVs as well as in mouse primary astrocytes (MPAs) in response to morphine exposure. Interestingly, pre-treatment of astro-
cytes with naltrexone (opioid receptor antagonist) blocked morphine-mediated upregulation of miR-138 in both ADEVs and
in MPAs (Figure 2a and b). Furthermore, as expected, pretreatment of MPAs with GW4869 (exosome release inhibitor) allevi-
ated morphine-mediated upregulation of miR-138 in ADEVs, but not intracellularly in the cells. Similar phenomenon of miR138
upregulation in EVs and in the cells was also validated in human primary astrocytes (Figure 2c and d). These findings were fur-
ther validated by in situ hybridization (ISH) using DIG labeled-miR-138 probe, wherein increased expression of miR-138 RNA
was observed in morphine-stimulated human primary astrocytes compared with untreated cultures (Figure 2e). Pretreatment of
human primary astrocytes with naltrexonemitigatedmorphine-mediated upregulation ofmiR-138 (Figure 2e).Wenext sought to
examine whethermorphine-ADEVs played a role inmicroglial activation, and if so, whether this process involved themu-opioid
receptor. Briefly, ADEVs were isolated from conditioned media of mouse primary astrocytes treated with morphine (10 μM) for
24 h. MPMs were then exposed to either morphine or control ADEVs at a concentration of 500 EVs/cell followed by isolation of
cellular RNA which was then assessed for the expression of IL-6 and TNFα by real-time PCR. As shown in Figure 2f, exposure
of MPMs to morphine-ADEVs resulted in upregulated expression of both IL-6 and TNFα. To examine the effect of mu-opioid
receptor on morphine-ADEVs-mediated upregulation of IL-6 and TNFα expression, mouse primary astrocytes were pretreated
with naltrexone (10 μM; 1 h), followed by exposure of cells to morphine (24 h). Subsequently, naltrexone-Morphine-ADEVs and
naltrexone-Control-ADEVs were isolated from the conditioned media and exposed to MPMs. Naltrexone-Morphine-ADEVs
failed to induce the expression of IL-6 and TNFα in MPMs.

. ADEVmiR- interacts with murine TLR in the endosomes

The first step here was to examine whether ADEVs-miR138 could reach the endosomes, and if so, whether ADEVs-miR138 could
bind to TLR7. Briefly, we first loaded ADEVs with cy5 labeled miRNA-138 using Exo-Fect kit (Exo-Fect+ADEVs+cy5-miR-
138). To assess whether this method could successfully load cy5-miR138 into the ADEVs (and was not present on the surface
of ADEVs), mouse primary microglial cells were exposed to ADEV-Cy5-miR138+RNaseA (Cy5-miR138 was first loaded into
the ADEV using Exo-Fect, followed by the incubation with RNaseA) or ADEV+RNaseA-Cy5-miR138 (Cy5-miR138 was first
incubated with RNaseA followed by loading into ADEVs using Exo-Fect), and subsequently immunostaining MPMs for the
endosomal marker EEA1. As shown in SFig. 3C, in the group where Cy5-miR138 was first loaded into the ADEV followed by
incubationwith RNaseA, we foundCy5-miR138 colocalizedwith the endosomal EEA1. However, in the group of Cy5-miR138was
first incubated with RNaseA followed by loading into ADEVs, no Cy5-miR138 signals were observed. Our results thus indicated
that the Cy5-miR138 was located inside the EVs after loading Cy5-miR138 into ADEVs using the Exo-fect transfection kit. Mouse
primary microglial cells were then exposed to Exo-Fect+ADEVs+Cy5-miR138 for 30 min followed by immunostaining MPMs
for the endosomal marker EEA1. As shown in Figure 3a, there was colocalization of ADEVs-Cy5-miR138 with the endosomal
marker EEA1. In the absence of ADEVs, Cy5-miR138 could not be delivered intoMPMs using the Exo-Fect transfection reagent.
Thus, Cy5-miR138 failed to colocalizewith the endosomes. ADEVs loadedwith unstainedmiR-138was used as a negative control.
Having demonstrated that ADEVs containing miR138 could be taken up by MPMs and reach the endosomal compartment,
the next step was to examine whether ADEVs-Cy5-miR138 colocalized with TLR7 on the endosomes. MPMs exposed to Exo-
Fect-ADEVs-Cy5-miR-138 were subsequently immunostained for TLR7 and as shown in Figure 3b, there was colocalization of
ADEVs-Cy5-miR138 with TLR7. Exo-Fect+Cy5-miR138 (without ADEVs) or ADEVs loaded with unstained miR138(Exo-Fect-
ADEVs-miR138) served as negative controls.
The next logical step then was to examine the binding of miR-138 to endosomal TLR7 by RNA immunoprecipitation (RIP)

assay. Lysates of BV2microglial cells thatwere first immunoprecipitatedwith the antibody specific for TLR7 or LAMP1 (lysosomal
protein, negative control), followed by assessing for expression ofmiR138 in the immunoprecipitants by real-time PCR. As shown



LIAO et al.  of 

F IGURE  Morphine-induced upregulation of miR138 in ADEVs involves mu receptor. (A) Real-time PCR analysis of miR138 expression in EVs isolated
from mouse primary astrocytes pretreated with the exosome release inhibitor GW4869 (10 μM) or mu receptor antagonist, Naltrexone (10 μM), followed by
morphine exposure for additional 24 h. One-way ANOVA followed by Bonferroni’s post hoc test was used to determine the statistical significance among
multiple groups (n = 3). (B) Real-time PCR analysis of miR138 expression in mouse primary astrocytes pretreated with the exosome release inhibitor GW4869
(10 μM) or mu receptor antagonist Naltrexone (10 μM), followed by morphine exposure for additional 24 h. One-way ANOVA followed by Bonferroni’s post
hoc test was used to determine the statistical significance among multiple groups (n= 6). (C)Real-time PCR analysis of miR138 expression in EVs isolated from
human primary astrocytes pretreated with exosome release inhibitor GW4869 (10 μM) or mu receptor antagonist Naltrexone (10 μM), followed by morphine
exposure for additional 24 h. One-way ANOVA followed by Bonferroni’s post hoc test was used to determine the statistical significance among multiple groups
(n = 5). (D) Real-time PCR analysis of miR138 expression in human primary astrocytes pretreated with exosome release inhibitor GW4869 (10 μM) or mu
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in Figure 3c, miR-138 was highly enriched in the TLR7 co-immunoprecipitated complex compared with the IgG control and
LAMP1 co-immunoprecipitated complex. Further validation of these findings was done in HEK-TLR7 cells and similar to BV2
cells, there was enrichment of miR-138 in the TLR7 co-immunoprecipitated complex in HEK-TLR7 cells compared with the
HEK-Null cells (Figure 3d). Validation was also done by pull down assays, where BV2 cells were transfected with biotin-labelled
miR138 or biotin labeled mutant miR-138 followed by pull down using Streptavidin agarose beads. As shown in Figure 3e, there
was enrichment of TLR7 in miR-138-biotin complex compared with lysates from miR-mut-138-biotin transfected cells. These
findings alluded to a possible interaction between miR-138 and TLR7.

receptor antagonist Naltrexone (10 μM), followed by morphine exposure for additional 24 h. One-way ANOVA followed by Bonferroni’s post hoc test was used
to determine the statistical significance amongmultiple groups (n= 3). (E) Representative images of ISH assay using a probe specific for miR-138 (red) combined
with an immunostaining for astrocyte marker GFAP (green) in human primary astrocytes. Scale bar, 10 μm (n = 3). (F) Real-time PCR analysis of IL-6 / TNFα
mRNAexpression inmouse primarymicroglia exposed toMorphine-ADEV isolated from astrocytes pretreatedwithmu receptor antagonist Naltrexone (10 μM),
followed by morphine exposure for additional 24 h. One-way ANOVA followed by Bonferroni’s post hoc test was used to determine the statistical significance
among multiple groups (n= 4). All data are presented as mean± SD or SEM of at least three individual experiments. *,P< 0.05; **,P< 0.01; ***,P< 0.001 versus
control group. #,P < 0.05; ###,P < 0.001 versus morphine group.

F IGURE  ADEV miR-138 interacts with murine TLR7 in the endosomes. (A) Representative fluorescence images of mouse primary microglial cells
incubated with Exo-Fect+ADEVs+Cy5-miR138 or Exo-Fect+Cy5-miR138 (without ADEVs) or Exo-Fect+ADEVs+miR138 (unstained) for 30 min followed
by immunostaining of (A) an early endosome marker (EEA1, Green) and (B) TLR7 (Green). Exo-fect+ADEVs+Cy5-miR138, Cy5-miR138 were loaded
into ADEVs using by Exo-Fect transfection kit; Exo-fect+Cy5-miR138, Cy5-miR138 were loaded using by Exo-Fect transfection kit (without ADEVs); Exo-
fect+ADEVs+miR138, unstained miR138 were loaded into ADEVs using Exo-Fect transfection kit; Bars, 50 μm (n = 3). (C) TLR7 was immunoprecipitated
from BV2 cells by IgG / TLR7 / LAMP1 antibody, followed by assessment of miR138 / U6 expression by real-time PCR. One-way ANOVA followed by Bon-
ferroni’s post hoc test was used to determine the statistical significance among multiple groups (n = 3). (D) TLR7 was immunoprecipitated from HEK-Null /
HEK-TLR7 cells by IgG/TLR7 antibody, followed by assessment of miR138 expression by real-time PCR. One-way ANOVA followed by Bonferroni’s post hoc
test was used to determine the statistical significance among multiple groups (n = 3). (E) The protein of TLR7 were pull down by miR-138-biotin / miR-mut-
138-biotin with Streptavidin agarose beads in BV2 cells. All data are presented as mean ± SD or SEM of three individual experiments. *,P < 0.05; **,P < 0.01;
***,P < 0.001 versus control group.
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. ADEVmiR- mediated nuclear translocation of NF-κB p involves TLR

Having determined the binding of miR-138 to TLR7, the next step was to assess the functionality of this binding. Herein, Dotap
(a liposomal cationic lipid used to generate liposomes; an EV mimic (Fabbri et al., 2012)) was used to encapsulate and directly
deliver miR-138 to BV2 cells. To examine the specificity of miR functionality in the recipient BV2 cells, it was important to
first examine the delivery of miRNA into these cells. BV2 cells were transfected with Dotap containing Cy5-miR138 for 30 min
followed by immunostaining the cells with Iba1, EEA1 and TLR7. Similar to the exposure of MPMs to ADEVs-Cy5-miR-138
(Figure 3), Dotap-Cy5-miR138 was also found to accumulate in the cytoplasm of BV2 cells (SFig. 4A) and co-localized with
microglial endosomes (EEA1 endosome marker) and TLR7 (SFig. 4B). Additionally, efficiency of Dotap transfection in BV2
cells was also assessed by monitoring the expression of miR138 by real-time PCR. As shown in SFig.4C, there was increased
expression of miR-138 in BV2 cells transfected with Dotap-miR138. Next, we sought to examine whether transfection of BV2
cells with Dotap-miR138 could result in nuclear translocation of NF-kB, a downstream mediator of TLR7 pathway. Briefly, BV2
cells were transfected with Dotap-miR138 mixture for various periods of time (5-180 min) and assessed for phosphorylation of
p65 and translocation of the p65 submit of NF-kB into the nucleus by western blotting. Transfection of BV-2 microglia with
Dotap-miR138 (5 pmol/well) resulted in a time-dependent increase in both phosphorylation of the NF-kB p65 and translocation
of the NF-kB p65 subunit in the nucleus with a concomitant decrease in its expression in the cytoplasm (SFig. 4D). Additional
confirmation of these findings by immunostaining also revealed enhanced translocation ofNF-kB in the nucleus in BV2 cells at 15
min postDotap-miR138 exposure (SFig. 4E). To evaluate the role of TLR7 inmiR-138 inducedNF-kB activation,HEK-Blue-TLR7
and HEK-Null cells were exposed to either Dotap-miR138 or Dotap-mut-miR138, followed by assessing the expression of NF-kB
driven reporter SEAP activity. Transfection of BV2 cells with Dotap-miR138 significantly increased SEAP activity in HEK-Blue-
TLR7 cells compared to cells loaded with Dotap alone. HEK-Null cells on the other hand, failed to respond to Dotap-miR138. In
these assays, TLR7 ligand- CL264 served as the positive control and significantly increased the SEAP activity in HEK-Blue-TLR7
cells, but not in HEK-Null cells. There was no significant change in SEAP activity of either HEK-Blue-TLR7 or HEK-Null cells
transfected with either Dotap-mut-miR138 or Dotap-control (SFig.4F).
To examine the effect of ADEV-miR138 on activation of TLR7 pathway, microglial cells isolated ex vivo from wildtype (WT)

or TLR7-knock out (KO)mice were exposed to either ADEV-miR138 or ADEV-mut-miR138 for 30mins, followed by immunos-
taining the cells for nuclear translocation ofNF-kB P65 subunit. There was enhanced translocation ofNF-kB P65 into the nucleus
of WT microglia exposed to ADEV-miR138 compared with WT microglia exposed to ADEV-mut-miR138 (Figure 4a). Addi-
tional confirmation of these findings by immunostaining also revealed enhanced translocation of NF-kB in the nucleus in human
primary microglial cells at 30 min post ADEV-miR138 or ADEV-ssRNA40 (ssRNA40: TLR7 RNA agonist) exposure compared
with human primarymicroglia exposed to ADEV-mut-miR138 or ADEV-Ctrl (Figure 4e). Additionally, there were no significant
differences in nuclear translocation of NF-KB P65 inmicroglia isolated fromTLR7-KOmice exposed to either ADEV-miR138 or
ADEV-mut-miR138 (Figure 4b). Further validation of these findings was done by assessing nuclear translocation in the nuclear
and cytoplasmic fractions ofWT and TLR7 KOmicroglial cells by western blotting. We first assessed expression of NF-kB in the
nuclear and cytoplasm lysates of mouse primary microglia exposed to ADEV-miR138 for various time points (0-3 h). As shown
in SFig. 5, ADEV-miR138 was found to increase the expression of NF-kB in the nucleus in a time-dependent manner with a
peak expression at 30 min. This was accompanied by a decreased expression in the cytoplasm. We thus chose 30 min time point
to compare the effects of ADEV-miR138 on NF-kB nuclear translocation in presence of ADEV-mut-miR138. As shown in Fig-
ure 4c, exposure ofWTmicroglial cells to ADEV-miR138 (5 pmol/well) resulted in increased translocation of NF-kB p65 subunit
in the nucleus with a concomitant decrease in its expression in the cytoplasm. As expected, there was no significant difference
in nuclear translocation of p65 in the microglia isolated from TLR7-KO mice exposed to either ADEV-miR138 or ADEV-mut-
miR138 (Figure 4d). To further evaluate the role of TLR7 in miR-138 induced NF-kB activation, HEK-Blue-TLR7 and HEK-Null
cells were exposed to either ADEV-miR138 or ADEV-mut-miR138, followed by assessing the NF-kB driven reporter SEAP activ-
ity. Exposure of HEK-Blue-TLR7 cells exposed to EV-miR138 demonstrated a significant increase in SEAP activity compared to
the cells exposed to EV-controls. HEK-Null cells failed to elicit SEAP activity in presence of either ADEV-miR138 or ADEV-
mut-MiR138. In HEK-Blue-TLR7 cells, the TLR7 ligand-CL264 served as the positive control, significantly increasing the SEAP
activity. HEK-Null cells, as expected, failed to elicit any response. There was no significant change in SEAP activity elicited by
both HEK-Blue-TLR7 or HEK-Null cells exposed to either ADEV-Ctrl or ADEV-mut-miR138 (Figure 4f).

. ADEVmiR- activates microglia via TLR-NF-kB signaling pathway

Wenext sought to determinewhetherMorphine-ADEV containingmiR138 could inducemicroglial activation, and if so, whether
TLR7-NF-kB signaling pathway was involved in this process. BV2 cells were exposed to EVs released from either control or
morphine-stimulated astrocytes (Ctrl-ADEV / Morphine-ADEV), followed by assessing the expression of IL-6 and TNF-α by
real-time PCR. Exposure of BV2 cells to Morphine-ADEV resulted in significantly increased expression of IL-6 and TNF-α
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F IGURE  ADEV miR-138 induces nuclear translocation of NF-κB p65 involving TLR7. (A) Wild type mouse microglial cells were exposed to ADEVs-
miR-138 or ADEVs-mut-miR-138, followed by immunostaining with antibody specific for NF-κB. Bars, 30 μm.White arrows, NF-κB nuclear translocated cells.
The quantification of NF-κB fluorescence intensity in the nucleus versus non- nucleus (n = 3, three images were analyzed for each experiment). (B) TLR7 KO
mouse microglial cells were exposed to either ADEVs-miR-138 or ADEVs-mut-miR-138, followed by immunostaining with antibody specific for NF-κB. Bars,
10 μm. The quantification of NF-κB fluorescence intensity in the nucleus versus non- nucleus (n = 3, three images were analyzed for each experiment). (C)
Representative western blot and quantification results of NF-κB p65 in the lysates of nuclear and cytoplasmic fractions isolated from wild type mouse microglial
cells exposed to ADEVs-miR-138 or ADEVs-mut-miR-138 for 30 min (n = 3). (D) Representative western blot and quantification results of NF-κB p65 in the
nuclear and cytoplasmic fractions isolated from TLR7 KO mouse microglial cells exposed to ADEVs-miR-138 or ADEVs-mut-miR-138 for 30 min (n = 3).
(E) Human primary microglial cells were exposed to ADEVs-miR-138, ADEVs-mut-miR-138 or ADEVs-ssRNA40 (ssRNA40, TLR7 RNA agonist), followed
by immunostaining with antibody specific for NF-κB p65. Bars, 30 μm. White arrows: cells with NF-κB p65 translocation in the nucleus. The quantification
of NF-κB fluorescence intensity in the nucleus versus non- nucleus (n = 3, three images were analyzed for each experiment). (F) SEAP activity in HEK-Null /
HEK-TLR7 cells exposed to ADEVs-miR-138 or ADEVs-mut-miR-138 or CL264 (n= 3, two wells were analyzed for each experiment). All data are presented as
mean ± SD or SEM of three independent experiments. *,P < 0.05; **,P < 0.01; ***,P < 0.001 versus control group.

mRNA compared with cells exposed to Ctrl-ADEVs (SFig. 6A). Here single stranded (ss)RNA40, anHIV-derived 20-mer single-
stranded oligoribonucleotide with a GU-rich sequence, that is a TLR7 agonist, served as a positive control. To validate the role
of miR138 in morphine-ADEVs-mediated upregulation of IL-6/TNFα in microglial cells, MPMs were transfected with either
anti-miR138 inhibitor or a scrambled oligo for 24 h, followed by exposure of cells to either morphine-ADEV or Ctrl-ADEV
and assessed for the expression of IL-6/TNFα mRNA by real-time PCR. As shown in Figure 5a, transfection of MPMs with
anti-miR138 ameliorated morphine-ADEV-mediated upregulation of IL-6 and TNFαmRNA.

Next, we sought to examine the direct effect of miR138 on microglial activation. For this BV-2 cell were transfected with
Dotap-miR138 (5 pmol/well; 4 h) and assessed for the expression of IL-6 and TNFα mRNAs. Transfection of BV-2 cells with
Dotap-miR138 resulted in increased mRNA expression levels of IL-6/TNFα compared to Dotap-Ctrl. Dotap-mut-miR138 failed
to induce the expression of IL-6 and TNFαmRNA levels in BV2 cells (SFig. 6B). Having determined the direct effect of Dotap-
miR138 on cell activation, we next sought to examine the effect of ADEV-miR138 on activation of microglia. To distinguish the
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F IGURE  ADEV miR-138 activates microglia via the TLR7-NF-kB signaling pathway. (A) Real-time PCR analysis of IL-6 and TNF-α in mouse primary
microglial cells transfected with anti-miR138 for 24 h followed by exposure to Morphine-ADEV for additional 4 h (n = 4). (B) Real-time PCR analysis of IL-6
and TNF-α in mouse primary microglial cells exposed to ADEV-miR138+RNaseA (miR138 was first loaded into the ADEV followed by the incubation with
RNase) or ADEV+RNaseA+miR138 (miR138 was first incubated with RNase followed by transfection into ADEV) (n= 3). (C) Real-time PCR analysis of IL-6 in
WT/ TLR7 KO microglial cells exposed to Ctrl-ADEV or morphine-ADEV isolated from mouse primary astrocytes transfected with Dicer-siRNA/siRNA-Ctrl
for 24 h, followed by the morphine exposure for an additional 24 h (n = 3). (D) Real-time PCR analysis of TNF-α in WT/ TLR7 KO microglial cells exposed to
Ctrl-ADEV or morphine-ADEV isolated from mouse primary astrocytes transfected with Dicer-siRNA/siRNA-Ctrl, followed by morphine exposure. IL-6 was



 of  LIAO et al.

role of EV-RNA from that of extracellular RNA species not present in the EVs in mediating cellular activation, ADEVs-miR138
were incubated with RNase (ADEV-miR138+RNaseA) followed by exposure of MPMs to the ADEVs-miR138. Cells were then
assessed for the expression of IL-6/TNFα by real-time PCR. As shown in Figure 5b, ADEV-miR138 incubated with RNase was
able to induce the expression of IL-6/TNFα in MPMs as expected. Interestingly, EVs wherein miR138 was preincubated with
RNase prior to loading into ADEVs (ADEV-RNaseA-miR138), failed to induce the expression of IL-6/TNFα in MPMs.

To examine the specificity of miR-138 binding to TLR7 leading, in turn, to microglial activation, microglia fromWT or TLR7-
KO mice were transfected with Dotap-miR-138, Dotap-scrambled oligo, Dotap-miR-196a (lacking the TLR7 binding motif and
used here as a negative control) or LPS (positive control) for 4 h and assessed for the expression of IL-6 and TNF-α mRNAs.
As shown in SFigs. 6C-D, transfection of WT microglia with Dotap-miR-138 or exposure of WT microglia to LPS resulted in
significantly increased expression of pro-inflammatory cytokine mRNAs. Cells transfected with Dotap loaded with an irrelevant
miRNA that does not bind toTLR7 such asDotap-miR-196a, failed to induce expression of inflammatory cytokines. Furthermore,
microglia from TLR7 KOmice failed to up-regulate the expression of IL-6/TNFα, while LPS treatment, as expected, induced the
expression of inflammatory cytokines. To further validate whether miR-138-mediated induction of IL-6 and TNFα was reg-
ulated translationally, microglia from WT or TLR7-KO mice were transfected with either Dotap-miR-138, Dotap-scrambled
oligo, Dotap-miR-196a or LPS for 24 h, followed by assessing supernatant fluids for the expression of IL-6 and TNFα protein by
ELISA. As shown in SFigs. 6E & F, transfection ofWTmicroglia with Dotap-miR-138 or LPS resulted in release and up-regulated
expression of inflammatory cytokines while exposure of these cells to Dotap-miR-196a failed to exert this effect. In microglia
isolated from TLR7 KO mice, Dotap-miR138 failed to induce up-regulation of IL-6 or TNFα.

To further investigate whether morphine-ADEV-mediated activation of microglia was attributed to the miRNA cargo in the
EVs, mouse primary astrocytes were transfected with either Dicer-siRNA or scrambled siRNA for 24 h followed by exposure
of cells to morphine for additional 24 h. Subsequently, ADEVs were isolated from the conditioned media and incubated with
microglia isolated from either WT or TLR7-KO mice. Four hours later, cell lysates were assessed for the expression of IL-6 and
TNFα by real-time PCR. ADEVs isolated from Dicer siRNA transfected astrocytes stimulated with morphine failed to induce
proinflammatory cytokines compared with ADEVs isolated from morphine-stimulated astrocytes transfected with scrambled
siRNA oligos in microglia fromWTmice. In the microglia isolated from TLR7 KO mice, on the other hand, morphine-ADEVs
isolated from either Dicer-siRNA or scrambled-siRNA transfected astrocytes failed to induce the expression of IL-6 or TNFα
mRNA (Figure 5c and d).

To confirm whether increased expression of IL-6 and TNFαmRNA also translated into increased protein expression of these
cytokines, parallel studies involving assessment of supernatant fluids for the expression of cytokines by ELISA were also car-
ried out. Similar to the real-time PCR results, morphine-ADEVs isolated from siRNA-Ctrl transfected astrocytes induced the
expression of IL-6/ TNFαmRNA inWTmicroglia compared withWTmicroglia exposed to Ctrl-ADEVs.Morphine-ADEV iso-
lated from siRNA Dicer transfected astrocytes on the other hand, failed to induce the expression of IL-6/ TNFα proteins in WT
microglia (Figure 5e and g). Furthermore, morphine-ADEVs isolated from siRNA-Ctrl transfected astrocytes failed to induce
IL-6/ TNFα protein levels in microglia isolated form TLR7-KO mice (Figure 5f and h).

Wenext validated our findings in humanprimary astrocytes andmicroglial cells.Humanprimarymicroglial cellswere exposed
to ADEVs isolated from either morphine stimulated or control human primary astrocytes and assessed for the expression of
IL-6 and TNFα mRNA by real-time PCR. As shown in Figure 5i, there was increased expression of IL-6 and TNFα mRNA in
human primarymicroglia exposed tomorphine-ADEVs compared with ADEVs isolated astrocytes not exposed tomorphine. To
validate whether morphine-ADEV mediated upregulation of IL-6 and TNFα mRNA involved miR-138-TLR7-NF-kB signaling
axis, human primary microglial cells were pretreated with either chloroquine (TLR7 inhibitor) or SC-514 (NF-kB inhibitor)
followed by transfection of cells with Dotap-miR-138. As expected, cells transfected with Dotap-miR138 demonstrated induced
expression of IL-6 and TNFαmRNA, and furthermore, pretreatment of cells with either chloroquine or SC-514 abrogated miR-
Dotap-miR-138-mediated up-regulation of the cytokine mRNAs (SFig. 6G). These studies were also performed using ADEV-
miR-138 and as shown in Figure 5j, and similar to Dotap-miR-138, ADEV-miR-138 also induced activation of microglia which
was significantly inhibited by both chloroquine and SC-514.

assayed by ELISA in supernatant fluids ofWT (E) or TLR7 KO (F)microglial cells cultured for 24 h in the absence or presence of Ctrl-ADEV ormorphine-ADEV
isolated frommouse primary astrocytes transfected with Dicer-siRNA/siRNA-Ctrl and followed by morphine exposure (n= 4-6). TNF-αwas assayed by ELISA
in the supernatant fluids of WT (G) or TLR7 KO (H) microglial cells cultured for 24 h in the absence or presence of Ctrl-ADEV or morphine-ADEV isolated
from mouse primary astrocytes transfected with Dicer-siRNA/siRNA-Ctrl, followed by the morphine exposure (n = 4). (I) Real-time PCR analysis of IL-6 /
TNF-α in human primary microglial cells treated with Ctrl-ADEVs / Morphine-ADEVs isolated from human primary astrocytes exposed to morphine for 24 h
(n = 3). (J) Real-time PCR analysis of IL-6 / TNF-α in human primary microglial cells pretreated with endosomal TLR inhibiter Chloroquine, IKK-2 inhibitor
SC514 for 1 h, followed by exposure to ADEVs-miR-138 and EVs-mut-miR-138 for additional 4 h (n = 3). All data are presented as mean ± SD or SEM of three
or four individual experiments. *,P < 0.05; **,P < 0.01; ***,P < 0.001 versus control group. #,P < 0.05; ##,P < 0.01 versus ADEVs-miR138 group.
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. Morphine-induced microglial activation involves TLR in vivo

Based on the fact that there was significant increase in expression of Iba-1 coupled with morphological changes in the microglia
primarily in the thalamus region of morphine-administered C57BL/6N mice, and since TLR7 played a critical role in microglial
activation in response to morphine-ADEVs, we next sought to determine the role of TLR7 in increased microglial activation
and also to determine microglial morphological changes in the thalamus of morphine- administered mice. For this WT and
TLR7-KO mice were injected with morphine three times a day for 7 consecutive days, followed by assessing the expression
of microglial marker Iba1 in the thalamus by western blotting. In parallel, microglial morphological changes in the thalamus
were also examined by immunostaining with Iba1. As shown in Figure 6a, Iba-1 expression was significantly upregulated in the
thalamus (Figure 6a) ofWTmice versus TLR7-KOmice administratedmorphine. Saline administeredWTandTLR7KOanimals
failed to demonstrate upregulation of Iba-1 (Figure 6b). For examining microglial morphological changes, in Figure 6c and d we
evaluated the same parameters as described earlier in Figure 1b and c. The fractal dimension, area, and perimeter of microglia
were significantly decreased in the thalamus ofWTmice administrated morphine. There were no significant differences in these
parameters in the thalamus of TLR7-KOmice administrated either morphine or saline. Density of Iba-1+ cells were found to be
significantly increased in the thalamus of WT mice administrated morphine, In contrast there was no change in the density in
TLR7-KO mice administrated either morphine or saline (Figure 6d).
Further validation of the role of TLR7 in morphine-mediated activation of microglia involved isolating adult microglial cells

ex vivo from TLR7 KO mice administrated either saline or morphine followed by sorting the cells by labeling with CD11b and
CD45 antibodies using flow cytometry. Enriched CD11bhighCD45low microglial cells were assessed for the expression of IL-6 and
TNFαmRNA by real-time PCR. As shown in Figure 6e, morphine failed to induce the expression of IL-6 or TNFα ex vivo adult
microglia isolated from TLR7 KO mice.
Next step was to examine the involvement of ADEV-miR138 in morphine-mediated activation of microglia in vivo. For this

one group ofWTmice were intranasally administered either Ctrl-ADEVs or morphine-ADEVs, and another group of mice were
pretreated daily intranasally with ADEVs loaded with anti-miR138 1 h prior to intranasal delivery of morphine-ADEVs for 7
consecutive days. One hour after the last intranasal delivery of Ctrl-ADVEs or morphine-ADEVs on day 7, mice were sacrificed
followed by isolation of adult microglia that were subsequently assessed for the expression of IL-6 and TNFα by real-time PCR.
As shown in Figure 6f, and as expected, expression levels of both IL-6 and TNFα were found to be significantly increased in the
ex vivo adult microglia isolated from mice treated with morphine-ADEVs compared with animals treated with Ctrl-ADEVs. In
contrast, microglia isolated from morphine-ADEVs administered mice treated with ADEV-anti-miR138 failed to demonstrate
induced expression of proinflammatory cytokines.

 DISCUSSION

Morphine has been reported to accelerate progression ofHAND involving activation of astrocytes andmicroglia and also enhance
neuronal injury in the CNS (Dutta et al., 2012; El-Hage et al., 2008; Fernández-Arjona et al., 2017; Fitting et al., 2014; Gurwell
et al., 2001; Hahn et al., 2016) EV-associated miRNAs, the well-studied constituents of the EV cargo, are known to play critical
roles in cell-to-cell communication, leading to impairment of cellular functions. For example, in our earlier study, we have shown
that both morphine and HIV Trans-Activator of Transcription (Tat) protein upregulated the expression of miR-29b in ADEVs,
which, in turn, was taken up by neurons leading to neuronal apoptosis (Hu et al., 2012). Along these lines, studies by Yelamanchili
et al. have also demonstrated that HIV-1 infection of blood-derived macrophages led to significant upregulation of miR-21,
which upon uptake by the neurons resulted in activation of the TLR7-dependent necroptosis pathway (Yelamanchili et al., 2015).
TLRs that are expressed in most cell types of the CNS, play a crucial role in the initiation of host immune responses following
exposure to noxious stimuli, including but not limited to, HIV-1 infection (Hernández, Stevenson, Latz, & Urcuqui-Inchima,
2012), Alzheimer’s Disease (Gambuzza et al., 2014) and Parkinson’s Disease (Dzamko et al., 2017). Role of TLR signaling has also
been reported in morphine-mediated activation of microglia, likely contributing to increased progression of neuropathogenesis
in HAND commonly observed in HIV-infected opioids abusers (Dutta et al., 2012). In our previous findings we demonstrated
that EVs derived from morphine-stimulated astrocytes could be taken up by microglia, leading, in turn, activation of the TLR7
signaling pathway, ultimately impacting impairment of microglial phagocytosis (Hu et al., 2018). In the current study, for the first
time we demonstrate that upregulation ofmiR138 inmorphine-stimulated astrocyte EVs can be shuttled intomicroglia, resulting
in activation of these latter cells. In agreement with the in vitro results, our in vivo data also demonstrated increased activation
of microglia that was accompanied with morphological alterations in the thalamus of morphine-administered mice.
It has been well documented that microglial morphology and functions are closely related (Fernández-Arjona et al., 2017;

Fernández-Arjona et al., 2019), however, most studies are often focused on proinflammatory cytokine release and Iba1 expres-
sion as indices of microglial activation; alterations in microglial morphology are often reported separately and not in conjunc-
tion with these indices (Bowyer et al., 2020; Liu et al., 2020; Zhang, Zhang, & You, 2018). In the present study we examined
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F IGURE  Morphine-induced microglial activation involves activation of TLR7. (A) Representative western blot and quantification of Iba1 in the lysates
from the thalamus of WT mice administrated saline or morphine (n = 4/group). (B) Representative western blot and quantification of Iba1 in the thalamus
lysates of TLR7 KO mice administrated saline or morphine (n = 4/group). (C) Representative images of Iba-1+ cells and pairwise outline shapes were used
for morphological parameters measures in the thalamus of WT or TLR7 KO mice administrated saline or morphine. (D) Quantification of morphological
parameters: fractal dimension, density, area, perimeter, span ratio and lacunarity in the thalamus ofWT and TLR7 KOmice administrated saline or morphine (5
or 6 cells/animal). (E) Real-time PCR analysis of IL-6 /TNFαmRNA expression in adult microglial cells isolated from the brains of TLR7 KOmice administrated
morphine (n= 4). (F) Real-time PCR analysis of IL-6 /TNFαmRNA expression in adult microglial cells isolated from the brains of mice administrated EV-anti-
miR138 followed by Ctrl-ADEV/Morphine-ADEVs (n = 4). All data are presented as mean ± SD or SEM of four independent experiments. *,P < 0.05; **,P <
0.01; ***,P < 0.001 versus saline group, ###,P < 0.001 versus morphine-ADEV group.
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the expression of microglial marker Iba1 in various brain regions of WT or TLR7 KO mice administered either morphine or
saline. Expression of microglial activation marker, Iba-1 was found to be significantly upregulated preferentially in the thala-
mus of WT mice administered morphine compared to saline controls. There were no significant differences in Iba-1 expression
in TLR7-KO mice administered either morphine or saline. Besides the Iba-1 expression levels, we also examined a set of six
key morphological parameters to evaluate changes in microglial morphology in response to morphine. These included, fractal
dimension, density, area, perimeter, span ratio, lacunarity. Four of the six morphological parameters (fractal dimension, density,
area, and perimeter) were found to be significantly altered in the thalamus of WT mice administered morphine compared to
saline controls. As expected, this phenomenon was not observed in TLR7 KO mice administered morphine. These findings are
in agreement with earlier reports describing thalamus as the preferred region of morphine action in the CNS (Emmers, 1984;
Hutchinson et al., 2009; Lee et al., 2018; Matzeu, Zamora-Martinez, & Martin-Fardon, 2014). There are several reports impli-
cating by in situ hybridization and immunohistochemical location that thalamus has the highest distribution and density of the
mu-opioid receptor (Herkenham & Pert, 1982; Sim, Selley, & Childers, 1995; Wang et al., 1993), which likely could explain the
microglial morphological changes preferentially observed in this region in our current study.We examined the proinflammatory
cytokine IL6 / TNFα mRNA levels in isolated adult microglia from brains of mice administered either morphine or saline, as
an indicator of microglial activation (Wang, Tan, Yu, & Tan, 2015). TNFα and IL6 are considered as the major proinflammatory
cytokines induced by the TLR agonist (Wu et al., 2015), and, have been reported to be upregulated via activation of TLR7 (Mcnitt
& Lukefahr, 1990). We found that morphine induced the expression of IL-6 or TNFα in ex vivo adult microglia isolated from
WTmice, but not TLR7 KO mice.
MicroRNAs (miRNAs) have emerged as key regulators of gene regulation controlling almost every cellular process (Ambros,

2003; Bartel, 2004). MiRNAs control gene expression at the post-transcription level by regulating degradation of target mRNAs
or by regulating translational repression (Bartel, 2009; Filipowicz, Bhattacharyya, & Sonenberg, 2008; Xiang et al., 2019). Intrigu-
ingly, single-stranded RNAs have also been shown to activate innate cellular TLRs leading to generation of inflammatory
cytokines and activation of NF-kB pathway, critical for mediating inflammatory responses (Zhang et al., 2016). It has been previ-
ously reported that certain miRNAs contain “immunostimulatory” G/U rich sequences; specifically, uridine clusters that define
the innate stimulatory activity of RNA (Heil, 2004). These G/U rich sequences can bind to TLRs and specifically activate TLR7
in mice (Fabbri et al., 2012) & TLR8 in humans (Akira, Takeda, & Kaisho, 2001). Several miRNAs carrying these specific motifs
have been shown to activate the TLR signaling pathways (Fabbri et al., 2012; Lehmann et al., 2012; Yelamanchili et al., 2015). For
example, a report identified extracellular miR let-7, containing a TLR7 bindingmotif, was shown to be a potent activator of TLR7
signaling in macrophages & microglia (Lehmann et al., 2012). In addition, miR-21 and miR-29a also have been demonstrated to
directly bind to TLR7/8 resulting in release of proinflammatory cytokines in macrophages (Fabbri et al., 2012). Similar to this
study, our findings also demonstrate that miR-138 released inmorphine-stimulated astrocyte EVs, was taken up by themicroglia,
resulting in activation of TLR7/8 signaling pathway via the interaction of miR138 withTLR7. It must be noted that miR-138 is a
GU-rich single-stranded RNA with a high potential to bind with TLR7.
Having found the enrichment ofmiR-138 inmorphine-ADEVs, and its activation ofmicroglia via the TLR7 signaling pathway,

we next sought to examine the binding ofmiR-138 to endosomal TLR7 by RNA immunoprecipitation (RIP) assay.We foundmiR-
138 highly enriched in the TLR7 co-immunoprecipitated complex compared with the IgG control. This phenomenon was also
validated in the HEK-TLR7 cells, wherein we found enrichment of miR-138 in the TLR7 co-immunoprecipitated complex in
HEK-TLR7 cells compared with the HEK-Null cells. Furthermore, we also validated the interaction of miR138 and TLR7 by pull
down assay using biotin-labelledmiR138. There was enrichment of TLR7 inmiR-138-biotin complex compared with lysates from
miR-mut-138-biotin transfected cells. These findings thus confirm the ability of EV-miR-138 to activate microglia via interaction
and activation of the TLR pathway. It must be pointed out though that our studies do not explain how miR-138 is transported to
the endosomes and remains an area of future investigations.
Our findings offer novel insights into the key function of EV miRNAs in mediating neuroinflammation, underscoring a criti-

cal role of miR-138 released frommorphine-stimulated astrocytes. Besides miR138, other EV-miRNAs are also implicated in the
onset of neuroinflammation in various neuroinflammatory response. For example, Francesc Ibáñez et.al demonstrated that dur-
ing ethanol exposure, dysregulation of ADEV-miRNAs such asmiR-146a, miR-182 andmiR-200b resulted in apoptotic cell death
in neurons, leading, in turn, to an amplified neuroinflammatory response (Ibáñez,Montesinos, Ureña-Peralta, Guerri, & Pascual,
2019). Furthermore, ADEV-miRNAs released from activated astrocytes have also been implicated as potential neuroinflamma-
tory biomarkers in traumatic brain injury (TBI) (Gayen, Bhomia, Balakathiresan, & Knollmann-Ritschel, 2020). Additionally,
in a mouse model of TBI, increased levels of miRNA-21 have been reported in EVs compared with the EVs from control mice,
and this, in turn, was suggested to induce microglial activation with implications for the pathophysiological responses observed
in TBI (Harrison et al., 2016). Our findings point to the activation of innate cellular receptors by miRNAs and is in line with
yet another mechanism by which the EV cargoes can impact the functions of recipient cells. This mechanism highlights the
intricate pathways used by donor cells to affect functioning of the distant neighboring cells. In our previous study we found
14 additional EV-miRNAs besides miR138, that contained the TLR7/8 binding motifs and that were significantly upregulated
in morphine-ADEVs compared with control-ADEVs. All these EV-miRNAs could activate TLR7 and contribute to morphine-
ADEV-mediatedmicroglial activation. Interestingly,miR138was also found to be upregulated in the basal ganglia of SIV-infected
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F IGURE  Schematic diagram demonstrating signaling pathways involved in Morphine-ADEV-mediated microglial activation. Morphine induces the
expression of miR138 in morphine-stimulated astrocyte-derived EVs, which can be taken up by microglial cells. Morphine-ADEVs containing miR138, in turn,
activates the TLR7-NF-kB axis and induces the expression and release of IL6 / TNFα, ultimately leading to microglial activation.

rhesus macaques compared with the uninfected controls using miRNA array analysis, in our previous study, thereby suggesting
that miR138 could also play role in SIV infection-mediated neuroinflammation (Hu et al., 2019). The underlying mechanism(s)
as well as the role of ADEV-miR138 in the process warrants further investigation.
Functional implications of morphine-mediated activation of microglia involving morphine-ADEV and its reversal was also

validated using an in vivomodel. For thiswild typemicewere intranasally delivered eitherCtrl-ADEVs ormorphine-ADEVs, and
another group ofmice pretreated with intranasally delivered ADEVs loaded with anti-miR138 prior to intranasal delivery of mice
with morphine-ADEVs daily, for 7 consecutive days. Our findings demonstrated that intranasal delivery of morphine-ADEVs in
WTmice resulted in microglial activation and furthermore, that pretreatment of mice with intranasal delivery of ADEV-loaded
anti-miR138 resulted in restoration of morphine-ADEV mediated microglial activation. These findings are in agreement with
the recent studies implicating the role of EVmiRNAs as mediators of cellular activation (Bian et al., 2019; Chaudhuri et al., 2018;
Vu et al., 2019).

In summary, our findings demonstrate a novel molecular pathway of morphine-mediated induction of microglial activation,
involving release of miRNA and uptake of EV by microglia and activation of endosomal TLR7 (Figure 7). These findings could
have implications for HIV-1-infected heroin abusers that are known to have increased risk of neuroinflammation and can also
have ramifications for the development of EV-loaded RNA-based therapeutics for the treatment of neuroinflammation in opioids
abusers. These findings could also have applications for treatment of individuals who are on chronic pain killers such as cancer
patients or the elderly with susceptibility to neurodegenerative diseases where morphine could exacerbate neuroinflammation
and worsen disease pathogenesis. While the role of morphine in peripheral pathogenesis is well studied (Kim et al., 2016; Vasko,
Henney, Oldham, Brawley, &Morrow, 1966; Wang et al., 2018; Zhang et al., 2019), highlighting its role in tissues such as the CNS,
is of prime importance and warrants further investigations.
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