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Abstract
Cocaine, an addictive psychostimulant, has a broad mechanism of action, including
the induction of a wide range of alterations in brain metabolism and mitochondrial
homeostasis. Our group recently identified a subpopulation of non-microvesicular,
non-exosomal extracellular vesicles ofmitochondrial origin (mitovesicles) and devel-
oped a method to isolate mitovesicles from brain parenchyma. We hypothesised that
the generation and secretion of mitovesicles is affected by mitochondrial abnormal-
ities induced by chronic cocaine exposure. Mitovesicles from the brain extracellular
space of cocaine-administered mice were enlarged and more numerous when com-
pared to controls, supporting a model in which mitovesicle biogenesis is enhanced
in the presence of mitochondrial alterations. This interrelationship was confirmed in
vitro. Moreover, cocaine affected mitovesicle protein composition, causing a func-
tional alteration in mitovesicle ATP production capacity. These data suggest that
mitovesicles are previously unidentified players in the biology of cocaine addiction
and that target therapies to fine-tune brainmitovesicle functionalitymay be beneficial
to mitigate the effects of chronic cocaine exposure.
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 INTRODUCTION

Cocaine is a highly addictive alkaloid extracted from the leaves of the tropical plants of the genus Erythroxylum, including
Erythroxylum coca and Erythroxylum novogranatense. The main effects of cocaine in the brain, including euphoria, are medi-
ated by the dopaminergic system (Romach et al., 1999) as cocaine inhibits dopamine reuptake from the extracellular space
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through high-affinity binding to the presynaptic dopamine transporter (known as SLC6A3 or DAT), resulting in the elevation
of dopamine extracellular levels. Nonetheless, cocaine activity is complex and includes several pan-neuronal, non-dopaminergic
changes, including global alterations in brainmetabolism andwell-established perturbations ofmitochondrial homeostasis, espe-
cially after chronic exposure (Thornton et al., 2021). In a study involving only male subjects, cocaine use reduced glucose brain
metabolism in 26 out of 29 brain regions (London et al., 1990), an effect that persisted at least 4 months after cocaine detoxifica-
tion (Volkow et al., 1992). In vitro, primary cortical neurones exposed to cocaine show reduced ATP production and decreased
mitochondrial potential (Cunha-Oliveira et al., 2006; Cunha-Oliveira et al., 2010; De Simone et al., 2016). Other studies con-
firmed that the reduction in ATP, at least in part, is a direct effect of the drug on mitochondria rather than a consequence of
perturbed cellular dynamics (Cunha-Oliveira et al., 2013a, 2013b; Yuan & Acosta, 2000; Lehrmann et al., 2003; Zhou et al., 2011;
Bhattacherjee et al., 2019; Dietrich et al., 2004). Mitochondria purified from rat liver, heart, and brain tissues and incubated in
vitro with cocainemanifest suppression ofmitochondrial energy production and oxygen consumption, likely via a direct block of
the electron transport chain (ETC) complex I enzymatic activity (Cunha-Oliveira et al., 2013a, 2013b; Yuan & Acosta, 2000). The
involvement of cocaine inmitochondrial homeostasis was further corroborated by analyses of expression of brain ETCgenes after
cocaine use or administration in humans and rodents, respectively (Bhattacherjee et al., 2019; Dietrich et al., 2004; Lehrmann
et al., 2003; Zhou et al., 2011). A single dose of cocaine is sufficient to specifically downregulate rat cortical ETC complex I sub-
units encoded by mitochondrial DNA (mtDNA) (Dietrich et al., 2004), reinforcing the idea that cocaine is actively imported
into the mitochondrial matrix where it interferes with mtDNA expression. Moreover, nuclear RNA seq-based gene expression
studies in the hippocampus of individuals with either cocaine or alcohol use disorder demonstrated that the downregulation of
ETC complex I genes, includingNdufa, is cocaine-specific and not found in the brain of people with alcohol use disorder (Zhou
et al., 2011).
Given the profound impact of cocaine on mitochondrial homeostasis after prolonged exposure, we hypothesised that the

cocaine-induced mitochondrial damage reverberates in an altered biogenesis and release of mitovesicles, a previously unap-
preciated subset of small extracellular vesicles (EVs) of mitochondrial origin that we identified for the first time in the brain
extracellular space and that we recently characterised in detail (D’Acunzo et al., 2021). Mitovesicles are unique entities when
compared to the two other known EV subpopulations, exosomes and microvesicles, and to intracellular mitochondria. Unlike
exosomes and microvesicles, mitovesicles are characterised by: (I) specific biophysical and biochemical properties, including a
higher density and a higher protein/lipid ratio; (II) the presence of a double membrane and an electron-dense core when visu-
alised by cryogenic electron microscopy (cryo-EM); (III) the lack of microvesicle- and exosome-specific proteins; (IV) a specific
lipidome, including the enrichment of the mitochondrial lipid cardiolipin; (V) the incorporation of mitochondria-specific dyes
(e.g., MitoTracker); and (VI) the ability to produce ATP via ETC in vitro (D’Acunzo et al., 2021; D’Acunzo et al., 2022). Mitovesi-
cles are also distinguishable from microvesicles by their smaller size (D’Acunzo et al., 2021; D’Acunzo et al., 2022), while the
hydrodynamic diameters of mitovesicles and exosomes largely overlap when studied by nanoparticle tracking analysis (NTA)
(D’Acunzo et al., 2021; D’Acunzo et al., 2022). However, mitovesicles are distinctively characterised by a double membrane and
an electron-dense core under cryo-EM, while exosomes and microvesicles are surrounded by a single membrane and display
a more electron-lucent lumen (D’Acunzo et al., 2021). In addition, cryo-EM shows that mitovesicles differ substantially from
their organelle of origin, given their smaller size (100–300 nm vs. 500–2000 nm of intracellular mitochondria), a narrower inter-
membrane space (IS) and the absence of cristae (D’Acunzo et al., 2021). Moreover, mass spectrometry andWestern blot analyses
demonstrated that only a specific subset of catabolic mitochondrial proteins is found in mitovesicles. Several mitochondrial
components, although abundant in intracellular mitochondria and in degradative intracellular vesicles of mitochondrial origin
(known as mitochondrial-derived vesicles or MDVs), are absent in the extracellular mitovesicle proteome, including—but not
limited to—TOMM20 and Mitofusin-2 (MFN2) (D’Acunzo et al., 2021; D’Acunzo et al., 2022; Sugiura et al., 2014). The absence
of TOMM20 in mitovesicles and its presence in intracellular mitochondria and in the majority of MDVs were later confirmed by
another group studying mitovesicle responses in brown adipose tissue upon thermic mitochondrial stressors, both in vitro and
in vivo (Rosina et al., 2022).
We have previously shown that chronic cocaine exposure alters the levels and cargo of exosomes in a sex-dependent fash-

ion (Barreto et al., 2022; Landfield et al., 2021). In addition, we (D’Acunzo et al., 2021) and others (Rosina et al., 2022) showed
higher secretion of mitovesicles into the extracellular space under conditions with mitochondrial damage, likely a compensatory
mechanism to avoid the accumulation of toxic and oxidised mitochondrial components within the cell. Thus, we investigated
intracellular levels of proteins involved in mitochondrial dynamics and the size, levels, and cargo of extracellular mitovesicles
in the brain of both male and female mice after chronic, non-contingent cocaine treatments. We demonstrate that all these
parameters are altered by cocaine, and that mitovesicle cargo loading and functionality are perturbed in male but not in female
cocaine-treated mice.
This study reveals thatmitovesicles are a previously unidentified player in the biology of chronic cocaine exposure in the brain,

and that mitovesicle alterations may contribute to metabolic responses to addictive drugs.
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 MATERIALS ANDMETHODS

. Experimental design and statistical analyses

For non-contingent chronic cocaine exposure, 2.5-month-old male and female C57BL/6J mice (RRID:IMSR_JAX:000664, Jack-
son Laboratory, Bay Harbor, ME, US) were intraperitoneally injected once daily for 12 days with either 0.9% NaCl (hereafter
saline, Hospira, Lake Forest, IL, US) as a control or cocaine-HCl dissolved in saline (Sigma-Aldrich, St. Louis, MO, US), 10 mg
per kg body weight. This dosage is sufficient to generate sex-specific behavioural responses to cocaine at the end of the treatment,
as measured by total ambulatory counts (Barreto et al., 2022; Reith et al., 2012). Mice were sacrificed by cervical dislocation 30
min after the final cocaine/saline injection, the brains quickly removed, and the two hemibrains (without the cerebellum, the
brainstem, and the olfactory bulbs) frozen at -80◦C until further processing.

All experiments were performed following the ‘Animal Research: Reporting In Vivo Experiments’ (ARRIVE) guidelines. Mice
were randomly allocated to saline or cocaine groups. Likewise, cage location and the order of treatments were randomly assigned.
The EV characterisation reported in this work is designed to comply with the MISEV2018 guidelines (Thery et al., 2018). In each
experiment, EVs were isolated simultaneously from one hemibrain from each experimental group (male treated with saline, male
treated with cocaine, female treated with saline, female treated with cocaine). Accordingly, isolations were performed on four
samples at a time. Given a left/right hemibrain asymmetry in metabolic responses to cocaine (Volkow et al., 1999), EVs were
always isolated from the right hemibrain, as previously described (D’Acunzo et al., 2022). The number of mice included in each
experimental group is reported in all figure legends as the variable n. No criteria have been set to exclude animals and/or data
points—thus, no datapoints were excluded from any of the analyses. Changes were considered significant when P < 0.05 (95%
confidence interval). Statistical analyses were carried out using GraphPad Prism (version 6.01, GraphPad Holdings, San Diego,
CA, US).
Mitovesicle and total EV diameters were estimated using cryo-EM (Figure 1c) and NTA (Figures 1d and 5h), showing a sim-

ilar positive skewness in the relative size distributions. This was an expected outcome as both techniques tend to overestimate
the proportion of bigger EVs and not count or lose part of the smaller ones, consistent with previous reports from our group
(D’Acunzo et al., 2021) and others (Linares et al., 2017). Morphological descriptors of Neuro-2a cell mitochondria, including area
and perimeter, were estimated using the software ImageJ (National Institute of Health, Bethesda, MD, US) (Schneider et al.,
2012), as previously described (Wiemerslage & Lee, 2016). In particular, we considered the perimeter-to-area ratio (also known
as ‘mitochondria interconnectivity index’, ‘branching index’, or ‘form factor’) (Picard et al., 2013; Wiemerslage & Lee, 2016) as
an indicator of mitochondria morphology, as previously extensively discussed and described (Picard et al., 2013; Wiemerslage &
Lee, 2016). In short, it can be geometrically demonstrated that a circle (ideally, the shape of fully fragmented mitochondria) has
the minimal perimeter possible for a given area (low branching index), while the perimeter-to-area ratio rises with increasing
frequency of concavity (high branching index) which are typically found in a network of fused mitochondria. Both mitochon-
drial area (Figure 5b) and branching index (Figure 5c) had a positive skewness, similar to cryo-EM and NTA data of EVs. This
was expected as fused mitochondria can be several μm long, while fragmented mitochondria cannot be smaller than a certain
threshold. For these reasons, significance was calculated using the Mann-Whitney U test for cryo-EM data in Figure 1c and for
mitochondria descriptors in Figure 5b,c, while statistics of the NTA data was performed using a binning system (Figure 1e), as
previously reported elsewhere in detail (D’Acunzo et al., 2019; D’Acunzo et al., 2021). For Figure 1e, the statistical analysis was
performed through two-way ANOVA (variables: treatment; size bin) followed by post-hoc Bonferroni’s multiple comparisons
test. The total number of mitovesicles analyzed under cryo-EMwas 90 for the saline group and 143 for the cocaine group, respec-
tively, while the total number of Neuro-2a mitochondria analyzed was 134 for the saline group and 161 for the cocaine group,
respectively.
For densitometry quantification of protein bands, we used the software ImageJ. All histograms were plotted as mean ± stan-

dard error of the mean (SEM). To improve clarity of the data, all datapoints are provided for each experiment, shown as smaller
dots superimposed on the relative graph. For in vivo experiments, each datapoint corresponds to the data derived from a separate
mouse. Significance was calculated by two-way ANOVA (variables: treatment; sex) with post-hoc Bonferroni’s multiple compar-
isons test. For in vitro experiments, each datapoint corresponds to a different EV isolation and/or independent replicate of the
experiment with a different batch of cells, for example, cells after different days in vitro/passage numbers.When two groups were
compared, significance was calculated using either the Student’s t-test or the Mann-Whitney U test in case of distributions that
were unequivocally found to be non-normal (as in Figure 5b,c), as described above.

For nanoflow liquid chromatography-mass spectrometry (LC-MS/MS), all data were analyzed using MaxQuant proteomics
software (version 1.5.5.1) with the Andromeda search engine (Cox et al., 2011) using a murine database (Mus musculus protein
database; Uniprot; Reviewed, 16,950 entries, [12202017]). Reporter ion mass tolerance was set to 0.01 D, the activated precursor
intensity fraction value was set to 0.75, and the false discovery rate was set to 1% for protein, peptide-spectrum match, and
site decoy fraction levels. Peptides were required to have a minimum length of seven amino acids and a mass no greater than
4,600 Da. The reporter ion intensities were defined as intensities multiplied by injection time (to obtain the total signal) for
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F IGURE  Mitovesicles isolated from the brain of cocaine-treated mice are larger than mitovesicles from saline-treated controls. (a) Representative
Western blot analyses of EVs isolated from the right hemibrain of a 3-month-old C57BL/6J male mouse and fractionated using a high-resolution OptiPrep
density step-gradient. The left hemibrain of the same mouse was homogenised and loaded in the first lane as a control to check the relative abundance of a
specific protein in EVs as compared to brain homogenate (BH). The same volume (5 μl) of each sample was loaded into each lane. Annexin A2 is a marker of
microvesicles, ALIX a marker of exosomes, and PDHE1α, COX-IV, and VDAC are markers of the mitovesicle matrix (MMx), the inner mitovesicle membrane
(IMM), and the outer mitovesicle membrane (OMM), respectively. Unrelated intracellular compartments (assessed by the Golgi marker GM130 and the
endoplasmic reticulum marker SEC61B) and potential intracellular mitovesicle contaminant such as MDVs and whole mitochondria (assessed by MFN2,
TSPO, and TOMM20), were undetectable in brain EV fractions but abundantly found in BH. KDa: kilodaltons. Uncropped, unprocessed blots are available in
Suppl. Figure 1. (b) Representative photomicrographs of fraction 8 (Fr8) EVs imaged under cryo-EM and isolated from the right hemibrain of either saline- or
cocaine-treated mice. As a control, fraction 1 (Fr1) EVs (saline-treatment) are also shown. Mitovesicles, characterised by the presence of a double membrane
and an electron dense matrix (red box inset), were enriched in Fr8 EVs in both saline- and cocaine-treated brains but not in Fr1 EVs. MMx: mitovesicle matrix.
IMM: inner mitovesicle membrane. IS: intermembrane space. OMM: outer mitovesicle membrane. Red box (lower left): area magnified in the red inset. Scale
bar: 200 nm. (c) Diameter distribution of Fr8 mitovesicles (mtVs) isolated from the right hemibrain of either saline- or cocaine-treated mice and imaged under
cryo-EM (violin plot). Number of total photomicrographs analyzed per group: 45, for a total of 90 mitovesicles for the saline- and 143 mitovesicles for the
cocaine group, respectively. Statistical test: Mann-Whitney U test. ****P < 0.0001. (d) Hydrodynamic diameter distribution of Fr8 mitovesicles (mtVs) isolated
from the right hemibrain of either saline- or cocaine-treated mice, as assessed by NTA. Both sexes were combined as we did not see any appreciable
sex-difference in the mitovesicle hydrodynamic size. The distributions were normalised to the mode, while the bell curves were obtained using a seven-point
moving average. n = 8 mice per group. (e) Hydrodynamic size analysis of Fr8 mitovesicles isolated from the right hemibrain of either saline- or cocaine-treated
mice, as estimated by NTA. Data were grouped in three size bins (bin 1: < 100 nm; bin 2: 100–150 nm; bin 3: > 150 nm) and plotted as the percentage of
mitovesicles in each mouse with a diameter that falls within one of these bins. Both sexes were combined as we did not see any appreciable sex-difference in the
mitovesicle hydrodynamic size. Bars represent mean ± SEM. n = 8 mice per group. Statistical test: two-way ANOVA (variables: treatment; size bin) with
Bonferroni’s multiple comparisons test. *P < 0.05, **P < 0.01

each isobaric labelling channel summed over all MS/MS spectra, as previously validated (Tyanova, Temu, & Cox, 2016). We also
performed separate analyses of unlabelled peptides by using the same LC-MS/MSmethod. Mass spectra were analyzed by label-
free quantitation usingMaxQuant (version 1.5.5.1) with the Andromeda search engine (Cox et al., 2011; Tyanova, Temu, Sinitcyn,
et al., 2016) and Perseus (version 1.5.6.0) (Tyanova, Temu, Sinitcyn, et al., 2016). The results of the t-test between cocaine and
control groups were displayed in a volcano plot and significant data points were determined with a permutation-based FDR
calculation based on the Benjamini-Hochberg procedure (Figure 2a).

. Cell line and culturing conditions

Murine male neuroblastoma Neuro-2a cells (ATCC Cat# CCL-131, RRID:CVCL_0470) and human female neuroblastoma SH-
SY5Y cells (ATCC Cat# CRL-2266, RRID:CVCL_0019) were purchased from the American-Type Culture Collection (ATCC,
Manassas, VA, US) and grown at 37◦C in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% v/v heat-
inactivated fetal bovine serum and 2 mMGlutaMAX (all reagents from Thermo Fisher Scientific, Waltham, MA, US) at 5% CO2
in a humidified incubator. As streptomycin inhibits mitoribosomes and alters mitochondria functionality (Wang et al., 2015), the
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F IGURE  Cocaine alters brain mitovesicle cargo and functionality. (a) LC-MS/MS analysis of EV proteins (all fractions combined) isolated from the
right hemibrain of either saline- or cocaine-treated male mice (volcano plot). Equal amounts of EV proteins were analyzed (10 μg, as estimated by the BCA
assay for total protein content). Significance was set at P < 0.05 (the demarcation line is shown). Mitovesicle proteins that are significantly different between
saline- and cocaine-treated male mice are spelled out and coloured, as follows: green, ETC Complex I subunits; red, ETC Complex V subunits; blue:
mitochondria/mitovesicle-specific carriers for small molecules and mitochondria/mitovesicle ion channels; yellow: mitovesicle proteins with miscellaneous
functions. Mitovesicle proteins that did not change significantly between the groups and therefore were used as controls in subsequent Western blot analyses
are in black. Other non-mitovesicle proteins that were significantly different between the experimental groups are in grey, while nonsignificant changes are
shown as empty grey squares. n = 3 mice per group. The full list of identified proteins is provided in Suppl. Table 1. Quality control data are available in Suppl.
Figure 6. (b) Representative Western blot analyses of equal protein amounts of Fr8 mitovesicles (mtVs) isolated from the right hemibrain of either saline- or
cocaine-treated male or female mice. The isolation was performed on four samples at a time, one for each experimental group. 0.5 μg of mitovesicle proteins
were loaded in each lane, as estimated by the BCA assay for total protein content. KDa: kilodaltons. Uncropped, unprocessed blots are available in Suppl. Figure
2a. (c–e) Densitometric quantifications of the bands corresponding to the proteins VDAC, MAO-A, OPA1 (c), the ETC Complex V subunits ATP5A1 and
ATP5B, the ETC Complex II subunit SDHB (d), and the ETC Complex I subunits NDUFA5 and NDUFB8 (e) in mitovesicle lysates analyzed by Western blot,
as specified in (b). The ETC Complex IV subunit COX-IV was used as the loading control. Graphs are plotted as a fold change over the saline-injected male

(Continues)
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F IGURE  (Continued)
within each isolation. Bars represent mean ± SEM. n = 5 mice per group. Statistical test: two-way ANOVA (variables: treatment; sex) with Bonferroni’s
multiple comparisons test. *P < 0.05. (f) Analysis of the ATP production capacity of mitovesicles (mtVs) isolated from the right hemibrain of either saline- or
cocaine-treated male or female mice. As a control, the sample from the saline-injected male of each isolation was treated in parallel with the ETC Complex III
and V inhibitors oligomycin and antimycin-A (OA). Mitovesicle ATP capacity was calculated as the difference in the levels of ATP (expressed as pmol) after
incubation of mitovesicles with substrates to boost oxidative phosphorylation (malate, pyruvate, ADP, Mg2+) for 10 min at 37◦C minus the basal ATP levels at
time 0, normalised to the amount of mitovesicles (expressed in μg). Bars represent mean ± SEM. n = 4 mice per group. Statistical test: two-way ANOVA
(variables: treatment; sex) with Bonferroni’s multiple comparisons test. *P < 0.05. (g) Representative Western blot analyses after loading equal amounts (10 μg,
as estimated by BCA assay) of brain homogenates (BH) from either saline- or cocaine-treated male or female mice. Three different mice per experimental
group are shown. Homogenisation was performed for all samples at the same time. S: saline-treated mouse; C: cocaine-treated mouse. KDa: kilodaltons.
Uncropped, unprocessed blots are available in Suppl. Figure 2b. (h-p) Densitometric quantifications of the bands corresponding to the proteins VDAC (h),
MAO-A (i), OPA1 (j), the ETC Complex V subunits ATP5A1 (k) and ATP5B (l), the ETC Complex II subunit SDHB (m), the ETC Complex I subunits
NDUFA5 (n) and NDUFB8 (o), and the ETC Complex IV subunit COX-IV (p) in brain homogenates (BH) analyzed by Western blot, as specified in (g).
β-actin was used as the loading control. Graphs are plotted as a fold change over the first lane of the set (saline-injected male). Bars represent mean ± SEM.
n = 6 mice per group. Statistical test: two-way ANOVA (variables: treatment; sex) with Bonferroni’s multiple comparisons test

penicillin (100 U/ml) + streptomycin (100 μg/ml) supplement from Thermo Fisher Scientific (PenStrep) usually used to limit
bacterial growth was not added to the cell culture medium. Instead, bacterial and mycoplasma contaminations were routinely
checked by staining with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific) of a spared aliquot of cells in use after
passage. The presence of extranuclear DAPI signal was considered as an indication of the presence of extranuclear DNA and as
a contamination. In case of contamination, cells were eliminated, and a new contamination-free cell stock thawed to restart the
line. Cell viability was evaluated by 0.4% w/v Trypan Blue (Sigma-Aldrich) staining (1:1 v/v dye-to-cell ratio) of an aliquot of the
cells in use. Positive (dead) cells were counted using a haemocytometer under a microscope following standard procedures. To
avoid cellular senescence and the accumulation of DNA replication errors, experiments were performed using cells at not higher
passage than #16 (starting from frozen stocks at passage #4 for Neuro-2a and passage #3 for SH-SY5Y cells).

. Brain homogenisation

Total protein levels were analyzed in left hemibrains after homogenisation. Briefly, brain tissues were homogenised in 10:1 v/w tis-
sue homogenisation buffer (0.25M sucrose, 20mMTris-HCl pH 7.4, 1mMEDTA, 1mMEGTA; all reagents fromSigma-Aldrich)
supplemented with protease inhibitors (5 μg/ml leupeptin, 5 μg/ml antipain dihydrochloride, 5 μg/ml pepstatin A, 1 mMphenyl-
methanesulfonyl fluoride, 1 μM E64; all reagents from Sigma-Aldrich) immediately before homogenisation. The procedure was
performed in ice-cold glass homogenizers with 20 complete strokes of Teflon pestles (Wheaton, DWK Life Sciences, Millville,
NJ, US). Aliquots of homogenate were stored at -80◦C until use.

. Isolation of mitovesicles from the brain extracellular space

Murine brainmitovesicles were isolated from right hemibrains as described in detail in ourmost recent protocol paper (D’Acunzo
et al., 2022). In short, after a 15-min treatment with 20 U/ml papain (Worthington, Lakewood, NJ, US) at 37◦C, the hemibrain
preparation was centrifuged at 300 g for 10 min at 4◦C, then filtered using 0.2 μm cellulose acetate syringe filters (Cat# 431219,
Corning Inc., Corning, NY, US). The clearedmixture was differentially centrifuged at 2,000 g for 10min at 4◦C and at 10,000 g for
30 min at 4◦C to eliminate undigested material and cellular debris. The resulting supernatant was ultra-centrifuged at 100,000 g
(k-factor: 207.5, 45Ti rotor type, BeckmanCoulter, Brea, CA,US) for 70min at 4◦C to obtain a crude brain EVpellet.Mitovesicles
were separated fromother small EVs and contaminant using a high-resolution iodixanol step-gradient approach (D’Acunzo et al.,
2021; D’Acunzo et al., 2022; Y. Zhang et al., 2021) through which mitovesicles were enriched in the fraction number 8 (Fr8) of the
gradient (Figure 1a). Although the secretion of both nude mitochondria and mitochondria-encapsulated microvesicles into the
extracellular space was reported before, at least in vitro (Puhm et al., 2019), the strategy employed in this study to isolate brain
mitovesicles was designed to separate and pellet these particles out from the other types of EVs. Therefore, both intracellular and
extracellular mitochondria components did not contaminate our mitovesicle-enriched pellet—see Figure 1a and D’Acunzo et al.,
2021; D’Acunzo et al., 2022.

. Isolation of EVs from conditioned media and cell lysis

Neuro-2a cells at approximatively 80% confluency in 150-mm tissue culture plates (Corning Inc.) were treated for 24 h either
with 1 mM cocaine dissolved in saline or with an equivalent volume of saline (control) in Opti-MEM (Thermo Fisher Scientific),
an EV- and serum-free optimised cell medium. This dose of cocaine is known to stimulate mitochondrial dysfunction in the
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absence of cell death (Cunha-Oliveira et al., 2010), as also confirmed by our data (Figure 5). Furthermore, Neuro-2a cells are
known to grow well in Opti-MEM without addition of serum (Li et al., 2015).
Upon treatments, cells were washed once in PBS and lysed in RIPA buffer (formulation as described; D’Acunzo et al., 2022)

supplemented with protease inhibitors (5 μg/ml leupeptin, 5 μg/ml antipain dihydrochloride, 5 μg/ml pepstatin A, 1 mMphenyl-
methanesulfonyl fluoride, 1 μME64; all reagents from Sigma-Aldrich), while the medium was collected and serially centrifuged
at 300 g for 10 min at 4◦C, at 2,000 g for 10 min at 4◦C, and at 10,000 g for 30 min at 4◦C. The resulting supernatant was ultracen-
trifuged at 100,000 g (36,000 rpm) for 70 min at 4◦C in a 45Ti rotor type (Beckman Coulter) to obtain a crude EV pellet, which
was later washed in phosphate-buffered saline (PBS, Sigma-Aldrich) and centrifuged again at 100,000 g (50,000 rpm) for 70 min
at 4◦C in a TLA-55 rotor type (k-factor: 79.9, Beckman Coulter). Washed EVs were either resuspended in PBS for NTA or lysed
in RIPA buffer for Western blot analysis. In our experimental conditions, EVs isolated from conditioned cell media had a purity
index of 5.44± 0.51 * 109 (mean± SEM) particles/μg recovered proteins, as estimated in 6 independent isolations by NTA for the
particle number and the bicinchoninic acid (BCA, Pierce, Thermo Fisher Scientific) assay for total protein content, respectively.

. Western blot analysis

Murine brain mitovesicles were analyzed by Western blotting as previously described in detail (D’Acunzo et al., 2022). For the
mitovesicle cargo analysis, equal protein amounts were loaded on 4%–20% Tris-HCl gels, as estimated by BCA assay for total
protein content. COX-IV was used as a loading control, as its amount was found unchanged between samples in a prior mass
spectrometry analysis (see Figure 2a). To investigate the number of mitovesicles (Figure 3a–e), as well as the secretion of different
EV subtypes in vitro (Figure 5l,m), equal volumes (5 μl) of EVs were loaded and the relative densitometric quantifications were
normalised to the weight of the brain tissue or to the amount of cells (expressed as μg of cell lysate) from which the EVs were
isolated. The brain homogenate (BH) analyses (Figure 4), as well as cell lysate analyses (Figure 5g), were performed on equal
protein amounts (either 5 or 1 μg, respectively), as estimated by the BCA assay, and normalised to β-actin or to the most appro-
priate loading control, including the respective total protein in the case of phospho-proteins. The primary antibodies used are
listed in Suppl. Table 2. The secondary antibodies (HRP-conjugated) were from Jackson ImmunoResearch (West Grove, PA, US).
The chemiluminescent substrate was either ECL or femto ECL (both from Pierce, Thermo Fisher Scientific) for either strong or
weak signals, respectively. All protein bands were acquired with the iBright FL1500 imaging system (Thermo Fisher Scientific).
All unprocessed, uncropped blots are shown in Suppl. Figures 1–5.

. Tandemmass tag (TMT) labelling of peptides followed by LC-MS/MS

Saline and cocaine total EV samples (n= 3malemice per group) were solubilised with 8Murea (Bio-Rad Laboratories, Hercules,
CA, US) and processed as described elsewhere (Villen & Gygi, 2008). TMT labelling of purified peptides and the remaining
proteomics procedures were performed as previously described (Erdjument-Bromage et al., 2018; Huang et al., 2017) with minor
adjustments, as follows. TMT Label 126, 127N, 127C, 128N, 128C, 129N, 129C, 130N, 130C, and 131 (TMT10 plexMass Tag Labeling
Kit, Thermo Fisher Scientific) were added to each sample at a w/w label/peptide ratio of 12:1 and mixed briefly by vortexing. The
mixture was incubated at room temperature for 1 h, quenched with 10 μl 5% w/v hydroxylamine (Sigma-Aldrich), and then
acidified with 10 μl 10% v/v formic acid (Thermo Fisher Scientific). An aliquot from each reaction was desalted with Empore
C18 High Performance Extraction Disks (3 M, St. Paul, MN, US). The eluted peptides were partially dried under vacuum and
analyzed by LC-MS/MS with a Q Exactive High Field Orbitrap mass spectrometer (Thermo Fisher Scientific) to determine
labelling efficiencies—which were found to be 97%–98%. To ensure equal amounts of labelled peptides, samples were mixed and
analyzed in test runs by LC-MS/MS. The final sample mixture containing mixed TMT channels was prepared by readjusting the
volume of each sample so that they contained equal amounts of labelled peptides (Suppl. Figure 6). The mixture was desalted by
using a Sep-Pak tC18 1 cc Vac Cartridge (Waters Corporation, Milford, MA, US). Eluted peptides were analyzed in replicates by
using LC with a Thermo Easy nLC 1000 system coupled online to a Q Exactive HF with a NanoFlex source (both systems from
Thermo Fisher Scientific), as previously described (Huang et al., 2017).

. Transmission electron microscopy (TEM) imaging of mitochondria

Neuro-2a cells were cultured in a six-well dish and treated for 24 h either with 1 mM cocaine or with an equivalent volume
of saline (control) in Opti-MEM, washed in PBS, fixed in EM fixative (0.1 M sodium cacodylate, 2.5% w/v glutaraldehyde, 2%
w/v paraformaldehyde, pH 7.4, all reagents from Electron Microscopy Sciences, Hatfield, PA, US) and left at 4◦C for at least
24 h. Cells were then treated with 1% w/v osmium tetroxide (Electron Microscopy Sciences) for 45 min and washed twice before
being incubated with 1% w/v uranyl acetate (Electron Microscopy Sciences) overnight at 4◦C. Cells were again washed twice
and incubated with increasing concentrations of ethanol for 15 min each before being infiltrated with increasing concentration
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F IGURE  Mitovesicle extracellular levels are enhanced in the brain of cocaine-intoxicated mice. (a) Representative Western blot analyses of equal
volumes (5 μl) of brain extracellular vesicle (EV) lysates from either saline- or cocaine-treated male or female mice after high-resolution iodixanol
step-gradient separation (Fractions 1–3, 4–6, and 7–8 combined). The isolation was performed on four samples at a time, one right hemibrain for each
experimental group. EV fractions 1–3 were enriched in microvesicles, fractions 4–6 in exosomes, fractions 7–8 in mitovesicles (mtVs). SyproRuby total protein
stain is shown as a control. KDa: kilodaltons. Uncropped, unprocessed blots are available in Suppl. Figure 4a. (b-e) Densitometric quantifications of the bands
corresponding to the proteins COX-IV (b), Sideroflexin-5 (c), OCIAD2 (d), and NipSnap1 (e) in brain extracellular vesicle (EV) lysates analyzed by Western
blot, as specified in (a). Quantifications were performed combining the signal from all the fractions, normalised to the weight of the brain tissue from which
EVs were isolated. Graphs are plotted as a fold change over the saline-injected male within each isolation. Bars represent mean ± SEM. n = 4 mice per group.
Statistical test: two-way ANOVA (variables: treatment; sex) with Bonferroni’s multiple comparisons test. *P < 0.05, **P < 0.01. (f) Particle number
quantification of mitovesicles isolated from the right hemibrain of either saline- or cocaine-treated male or female mice, as estimated by NTA. Fraction 8 (Fr8)
mitovesicles alone were considered in this analysis given the higher mitovesicle purity of this sample when compared to fractions 7–8 combined. The number
of Fr8 EVs (expressed as 100 million EVs) was normalised for each experimental group to the to the weight of the brain tissue from which EVs were isolated
(expressed in mg). Bars represent mean ± SEM. n = 6 mice per group. Statistical test: two-way ANOVA (variables: treatment; sex) with Bonferroni’s multiple
comparisons test. *P < 0.05, **P < 0.01. (g) Quantification of mitovesicles isolated from the right hemibrain of either saline- or cocaine-treated male or female
mice, as estimated by the BCA assay for total protein content. Fraction 8 (Fr8) EVs alone were considered in this analysis given the higher mitovesicle purity of
this sample when compared to fractions 7–8 combined. The amount of proteins found in Fr8 EVs (expressed as ng) was normalised for each experimental
group to the to the weight of the brain tissue from which EVs were isolated (expressed in mg). Bars represent mean ± SEM. n = 5 mice per group. Statistical
test: two-way ANOVA (variables: treatment; sex) with Bonferroni’s multiple comparisons test. *P < 0.05. (h) Representative Western blot analyses of equal
amounts (10 μg protein, as estimated by BCA assay) of brain homogenates (BH) from either saline- or cocaine-treated male or female mice. 3 different mice per
experimental group are shown. Homogenisation was performed for all samples at the same time. S: saline-treated mouse; C: cocaine-treated mouse. KDa:
kilodaltons. Uncropped, unprocessed blots are available in Suppl. Figure 4b. (i-k) Densitometric quantifications of the bands corresponding to the proteins
Sideroflexin-5 (i), OCIAD2 (j), and NipSnap1 (k) in brain homogenates (BH) analyzed by Western blot, as specified in (h). β-actin was used as the loading
control. Graphs are plotted as a fold change over the first lane of the set (male, saline condition #1). Bars represent mean ± SEM. n = 6 mice per group.
Statistical test: two-way ANOVA (variables: treatment; sex) with Bonferroni’s multiple comparisons test

of Spurr resin (Electron Microscopy Sciences) for 1 h each. Finally, cells were left in 100% Spurr resin overnight. Excess Spurr
resin was drained from the wells and a BEEM capsule (Electron Microscopy Sciences), which was filled with 100% Spurr resin,
was inverted and placed over the cells. The plate with capsules was polymerised in an oven at 65◦C overnight. Next day, the
BEEM capsules were removed and sectioned using a Diatome diamond knife (Ted Pella Inc., Redding, CA, US) and a Reichert
Ultracut S ultramicrotome (Leica, Wetzlar, Germany). 70-nm-thick sections were collected onto 75 mesh formvar and carbon-
coated grids (Ted Pella Inc.). The grids were then incubated with 1% w/v uranyl acetate, washed, and finally incubated with lead
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F IGURE  Cocaine alters the levels of proteins involved in the regulation of mitochondrial dynamics in the brain. (a) Representative Western blot
analyses of equal amounts (5 μg protein, as estimated by BCA assay) of brain homogenates (BH) from either saline- or cocaine-treated male or female mice.
Three different mice per experimental group are shown. Homogenisation was performed for all samples at the same time. S: saline-treated mouse; C:
cocaine-treated mouse. KDa: kilodaltons. Uncropped, unprocessed blots are available in Suppl. Figure 4. (b-i) Densitometric quantifications of the bands
corresponding to the phospho-protein p-DRP1 (position 616) (b), the phospho-protein p-TBK1 (position 172) (c), and the proteins Parkin (d), Ubiquitin (e),
LC3 B (f), Cathepsin D (g), as well as the phospho-protein p-mTOR (position 2448) (h) in brain homogenates (BH) analyzed by Western blot, as specified in
(a). β-actin was used as the loading control, while phospho-proteins were normalised to the total, unphosphorylated counterparts. Graphs are plotted as a fold
change over the first lane of the set (saline-injected male). Bars represent mean ± SEM. n = 6 mice per group. Statistical test: two-way ANOVA (variables:
treatment; sex) with Bonferroni’s multiple comparisons test. *P < 0.05, **P < 0.01
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F IGURE  Cocaine effects on mitochondria, EVs, and mitovesicles of Neuro-2a cells in vitro. (a) Representative photomicrographs of fixed Neuro-2a
cells treated or not with 1 mM cocaine for 24 h and imaged under transmission electron microscopy. Note the presence of mitochondria with altered cristae
morphology in cocaine-treated cells. Scale bar: 500 nm. (b-c) Area distribution (b) and branching index (c) of Neuro-2a cell mitochondria treated or not with
1 mM cocaine for 24 h and imaged as in (a). Distributions are shown as violin plots (full line: median; dashed lines: 1st and 3rd quartiles). Number of
mitochondria analyzed: 134 for the saline group and 161 for the cocaine group, respectively. Statistical test: Mann-Whitney U test. ****P < 0.0001. (d-e) Flow
cytometry analysis of Neuro-2a cells treated either with saline (upper rows) or with 1 mM cocaine (lower rows) for 24 h and stained either with TMRE (d) or
MTDR (e). Both panels show the gating strategy (left columns), the representative fluorescence distribution of one experiment (right upper columns; the cell
count on the y-axis was normalised to the mode of the distribution, while the x-axis is in a log10 scale, indicated with ‘Log’) and the mean fluorescence intensity
(MFI) per cell, expressed as arbitrary units (A.U., right lower columns). For TMRE staining, the gated population of cells and the relative TMRE intensity of
one experiment are shown (with the x-axis in a log10 scale, indicated with ‘Log’, middle columns). Autofluorescence controls (cells without dye) were performed
for each experiment; dashed lines indicate the maxima recorded for these controls. SSC-H: side scatter—height. FSC-H: forward scatter—height. Bars represent
mean ± SEM. n = either 6 (d) or 4 (e) independent experiments. Statistical test: Student’s t-test. *P < 0.05, **P < 0.01. (f) Representative TEM

(Continues)
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F IGURE  (Continued)
photomicrographs (negative stain) of fixed EVs secreted by Neuro-2a cells, displaying EV typical cup-shaped morphology and the absence of contaminating
membranes and cell debris. Scale bar: 200 nm. (g) Representative Western blot analyses of equal amounts (1 μg proteins, as estimated by BCA assay) of
Neuro-2a cell lysates (‘Cells’ lanes) and Neuro-2a EV lysates (‘EVs’ lanes). 2 independent experiments are shown as Latin numbers I and II. KDa: kilodaltons;
mtVs: mitovesicles. Uncropped, unprocessed blots are available in Suppl. Figure 5a. (h) Hydrodynamic diameter distribution of EVs secreted by Neuro-2a cells
treated or not with 1 mM cocaine for 24 h, as assessed by NTA. The distributions were normalised to the mode, while the bell curves were obtained using a
nine-point moving average. n = 7 independent EV isolations per experimental group. (i) Particle number quantification of EVs secreted by Neuro-2a cells
treated or not with 1 mM cocaine for 24 h, as estimated by NTA. The number of EVs (expressed as million EVs) was normalised for each isolation to the total
amount of cells from which EVs were recovered (expressed as μg of cell lysate). Bars represent mean ± SEM. n = 6 independent EV isolations per
experimental group. Statistical test: Student’s t-test. **P < 0.01. (j) Quantification of EVs secreted by Neuro-2a cells treated or not with 1 mM cocaine for 24 h, as
estimated by the BCA assay for total protein content. The amount of proteins found in EVs (expressed as ng) was normalised for each isolation to the total
amount of cells from which EVs were recovered (expressed as μg of cell lysate). Bars represent mean ± SEM. n = 6 independent EV isolations per
experimental group. Statistical test: Student’s t-test. ** P < 0.01. (k) Quantification of the protein content per single Neuro-2a EV upon treatment or not with
1 mM cocaine for 24 h, calculated as the ratio between the amount of protein (as estimated by the BCA assay for total protein content and expressed as ng) and
the number of EVs (as estimated by NTA and expressed as million EVs) for each isolation. Bars represent mean ± SEM. n = 6 independent EV isolations per
experimental group. Statistical test: Student’s t-test. * P < 0.05. (l) Representative Western blot analyses of equal volumes (5 μl) of EVs isolated from the cell
culture medium of either Neuro-2a or SH-SY5Y cells treated or not with 1 mM cocaine for 24 h. Each lane corresponds to an independent EV isolation. S: EVs
from saline-treated cells; C: EVs from cocaine-treated cells; KDa: kilodaltons; mtVs: mitovesicles. Uncropped, unprocessed blots are available in Suppl. Figure
5b. (m) Densitometric quantifications of the bands corresponding to the proteins HSP60 and ALIX in EV lysates analyzed by Western blot, as specified in (l).
Graphs are plotted as a fold change over the signal found in the first lane (EVs from saline-treated cells). Bars represent mean ± SEM. n = 6 independent EV
isolations per experimental group. Statistical test: Student’s t-test. *P < 0.05, **P < 0.01

citrate (Electron Microscopy Sciences) before being washed once more. The cells were imaged on a Talos L120C transmission
electronmicroscope (Thermo Fisher Scientific) operating at 120 kV and the images collected with a Ceta camera (Thermo Fisher
Scientific).

. Flow cytometric measurement of mitochondrial mass and membrane potential

Neuro-2a cells were cultured in 35 mm tissue culture dishes at a density of 4 × 105 cells and treated for 24 h either with
1 mM cocaine or with an equivalent volume of saline (control) in Opti-MEM. Subsequently, cells were trypsinised and col-
lected in DMEM at the concentration of 106 cells/ml. These suspensions were incubated in a water bath at 37◦C for 30 min with
MitoTracker Deep Red FM (hereafter MTDR, Thermo Fisher Scientific) at a final concentration of 200 nM, or with tetramethyl-
rhodamine ethyl ester (hereafter TMRE, Thermo Fisher Scientific) at a final concentration of 400 nM, following manufacturer’s
instructions. Flow cytometry analyses were carried out on a BigFoot cell sorter (Thermo Fischer Scientific) using the standard
100 μm nozzle tip with a pressure of 30 psi (pound-force per square inch). MTDR was acquired using a 640 nm laser with a
670/30 nm bandpass filter, while TMRE was excited with a 561 nm laser and acquired with a 575/15 nm bandpass filter, both
measured on a linear scale. 10,000 events (cells) were acquired for each experimental condition and for each replicate. Data were
analyzed using the built-in Sasquatch software (Thermo Fisher Scientific) in order to obtain the mean fluorescence intensity
(MFI) for each mitochondrial dye.

. Other EV analyses

Murine brainmitovesicles and EVs from conditioned cell media were analyzed by cryo-EM, TEM, NTA, and ATP determination
assays as previously described in detail (D’Acunzo et al., 2021; D’Acunzo et al., 2022). Per MISEV2018 guidelines, the level of EVs,
including mitovesicles, should be determined using at least two unbiased, independent methods (Thery et al., 2018). Therefore,
to estimate the number of secreted mitovesicles and of total EVs from conditioned media we performed both NTA (Figures 3f
and 5i) and the BCA assay for total protein content (Figures 3g and 5j) following manufacturer’s instructions, as previously
described (D’Acunzo et al., 2021; Gauthier et al., 2017; Peng et al., 2019). For in vivo experiments, both NTA and BCA data were
normalised to the weight of the brain tissue from which mitovesicles were isolated. For in vitro experiments, NTA and BCA data
were normalised to the total amount of proteins found in cell lysates, an indirect measure of the number of producing cells.

 RESULTS

. Cocaine stimulates the production of enlarged mitovesicles

To study the impact of chronic cocaine exposure onmitovesicle biology, we injected intraperitoneally male and female C57BL/6J
mice, starting at 2.5 months of age, once-daily for 12 days with either saline or cocaine (10 mg/kg body weight). EVs were
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isolated from the right hemibrains of these mice and fractionated through a high-resolution density gradient to separate EV
subpopulations, as previously described by us (Barreto et al., 2022; D’Acunzo et al., 2021, 2022) and others (Jeppesen et al., 2019).

As assessed byWestern blot analysis (Figure 1a), with our fractionation systemmicrovesicle proteins, such as AnnexinA2, were
enriched in low-density fractions (with the highest signal in fractions 1–3) while exosome proteins, such as ALIX, were mainly
found in the intermediate-density fractions 4–6 (with a minor presence in fractions 3 and 7), consistent with previous reports
(Barreto et al., 2022; Jeppesen et al., 2019; D’Acunzo et al., 2021, 2022). The brain EVs in the highest density fractions, particularly
in Fr8, were largely negative for microvesicle and exosome proteins and contained mitovesicles, as assessed by the levels of mito-
chondrial proteins such as PDHE1α, found in the mitovesicle matrix (MMx), COX-IV, found in the inner mitovesicle membrane
(IMM), and VDAC, found in the outer mitovesicle membrane (OMM). These mitovesicle proteins were not only enriched in
Fr8 EVs as opposed to other EV fractions, but also when Fr8 EVs were compared to the respective left hemibrain homogenates
(Figure 1a, BH lane) in which the signal derivesmostly from intracellularmitochondria. Small EVs, includingmitovesicles, have a
higher surface/volume ratio compared to the organelles fromwhich they originate, implying a higher membranous/luminal pro-
tein ratio in mitovesicles than in mitochondria. In agreement with that, the enrichment of mitovesicle proteins in Fr8 brain EVs
as compared with brain homogenates was more prominent for IMM and OMM proteins than for MMx proteins. As a negative
control, we also confirmed the absence in our brain EV preparations of proteins from unrelated intracellular compartments—an
indication of EV purity. Among others, we checked for the Golgi apparatus (assessed by the Golgi protein GM130), the endo-
plasmic reticulum (assessed by SEC61B, a subunit of the translocon complex), and potential intracellular mitovesicle-related
contaminants such as MDVs and whole mitochondria, assessed by the mitochondrial proteins MFN2, TSPO, and TOMM20
(Figure 1a). The latter are abundantly found within a cell (and, accordingly, in brain homogenates), but are not secreted into the
extracellular space viamitovesicles, as these EVs carry only a restricted, mostly catabolic set ofmitochondrial proteins (D’Acunzo
et al., 2021).
The isolation of mitovesicles in Fr8 was further corroborated by cryo-EM (Figure 1b). Under cryo-EM, mitovesicles are easily

detectable since they are uniquely characterised by a very dense MMx, a concentrical double membrane (IMM and OMM,
respectively), a narrow (<6 nm) intermembrane space (IS), and the absence of cristae (D’Acunzo et al., 2021). Consistent with
the Western blot data, we found EVs with all these features in Fr8 but not in the other fractions.
Measurement of the diameter of the brainmitovesicles observed by cryo-EM revealed that mitovesicles isolated from the brain

of mice treated with cocaine were bigger than mitovesicles isolated from saline-treated mice (Figure 1b,c). This difference in size
was confirmed by NTA (Figure 1d,e), suggesting that, once incorporated into mitochondria, cocaine stimulates the production
of abnormally large vesicles.

. Brain mitovesicle protein composition and ATP production capacity are altered by cocaine in
a sex-specific fashion

Comparison of the proteome of the EVs released into the brain extracellular space using LC-MS/MS revealed differences in
multiple proteins between cocaine-injected and saline-injectedmalemice (Figure 2a and Suppl. Table 1). Several proteins inmale
brain EVs whose levels were altered after chronic cocaine administration in vivo were involved in neurotransmission, including
neurotransmitter-related metabolic enzymes (GAD2), synaptic proteins (SV2B), axon morphology regulators (FLRT3, GNG7,
CPNE1, EMB, PPP3R1), and ion channels (ATP1A2, SCN2B, CACNG3, SLC9A3R1, SLC1A2, Suppl. Table 1). This finding is
consistent with a model in which brain EVs contribute to complex synaptic alterations in recipient cells upon long-term cocaine
exposure. Moreover, the presence of higher levels of the protein FLRT3 in brain EVs of cocaine-treated male mice (Suppl. Table
1) mirrors the change found in human hippocampi of males with cocaine use disorder (Mash et al., 2007), suggesting that brain
EVs can potentially be valuable diagnostic tools to predict perturbations found within a cell. The most numerically prominent
differences found in our LC-MS/MS analysis were, however, mitovesicle-related (Figure 2a). Eighteen mitovesicle proteins were
at lower levels in brain EVs of cocaine-treated male mice when compared to saline-treated controls: three out of 45 (∼7%)
subunits of the ETC complex I, six out 15 (40%) subunits of the ETC complex V (also known as ATP synthase), two OMM
pores for small hydrophilic molecules, including pyruvate, ATP, and ADP (VDAC and VDAC2), two IMM antiport carriers for
respiratory substrates (SLC25A11 and SLC25A12), one IMM amino acid transporter (SFXN3), oneMMx enzyme involved in fatty
acid metabolism (ACSL6), one MMx enzyme of the Krebs’ cycle (DLST), and two multifunctional proteins (PHB and C1QBP).
No differences in the levels of ETC complex II, complex III, or complex IV subunits were found.
Western blot analyses were used to validate the differences identified by LC-MS/MS and to investigate whether there were sex-

differences in the response to cocaine (Figure 2b–e). Most of themitovesicle proteins affected by cocaine treatment were involved
in bioenergetic pathways, either directly (ETC complex subunits and other metabolic enzymes) or indirectly (metabolite/ion
channels, uniporters, and antiporters). Thus, we focused our attention on the levels of proteins involved in ATP production (ETC
complex subunits) and indirect modulators (VDAC), as assessed byWestern blot analyses of equal amounts (0.5 μg total protein)
of mitovesicle lysates. Given its importance in the regulation of dopamine levels, we also explored the possibility that MAO-A
(a neuronal mitochondrial protein involved in the degradation of monoaminergic neurotransmitters including norepinephrine,



D’ACUNZO et al.  of 

serotonin, and dopamine; Cho et al., 2021), was differentially found in mitovesicles isolated from the brain of cocaine- or saline-
treatedmice (Figure 2b–e).Western blot data confirmed that cocaine impaired the loading intomitovesicles in the brain of males
of VDAC,MAO-A, several ETC complex V subunits (ATP5A1, ATP5B) and specific ETC complex I subunits (NDUFA5), but not
others (NDUFB8). The ETC complex II and complex IV tested (SDHB, COX-IV) and the IMM/IS proteinOPA1were unchanged,
consistent with the LC-MS/MS data (Figure 2a–e). In mitovesicles isolated from female brains, the only differentially present
protein wasMAO-A, indicating that cocaine causes both sex-dependent (VDAC, ATP5A1, ATP5B, NDUFA5) and -independent
(MAO-A) alterations in mitovesicle composition.
We previously demonstrated that mitovesicles can produce ATP in vitro through the same ETC complexes altered by cocaine

(D’Acunzo et al., 2021), including complex V. Accordingly, we hypothesised that mitovesicles isolated from the brain of male, but
not female mice chronically exposed to cocaine would be specifically impaired in their ability to produce energy when compared
to saline controls. The measurement of the amount of ATP produced in vitro after incubation of mitovesicles for 10 min at
37◦C with oxidative phosphorylation substrates and cofactors (malate, pyruvate, ADP, Mg2+) confirmed the sex difference in
energy production bymitovesicles (Figure 2f).We then checked whethermitovesicle cargo alterations were due to sex-dependent
downregulation of the cognate intracellular proteins. No differences in the expression levels of these proteins were identified in
the respective brain homogenates (Figure 2g–p), suggesting that mitovesicle composition abnormalities induced by cocaine are
EV-specific and do not passively mirror similar changes in the cells of origin.

. Cocaine causes accumulation of mitovesicles in the brain extracellular space

To explore the possibility that cocaine perturbs the levels of mitovesicles released into the brain extracellular space upon chronic
exposure (Figure 3a–g), equal volumes of brain EV lysates isolated from either saline- or cocaine-treated male or female mice
were loaded on a polyacrylamide gel and checked formitovesicle markers byWestern blot analysis (Figure 3a–e).When equal EV
volumes (μl lysates) instead of equal EV amounts (μg total protein) are loaded, theWestern blotting signal of a desired protein is
dependent on both the quantity of the protein per EV and on the amount of EVs positive for the protein analyzed. However, when
the quantity of a specific protein per EV is not altered (as is COX-IV in our experimental conditions, see Figure 2b), the signal is
solely proportional to the levels of EVs bearing that specific protein. Thus, we investigated the levels of four mitovesicle proteins
(COX-IV, Sideroflexin-5, NipSnap1, OCIAD2) which showed that: (I) their mitovesicle cargo loading was invariant between the
groups, as assessed by our LC-MS/MS-analysis (Suppl. Table 1) or by Western blotting data loading equal amounts of mitovesi-
cles (Figure 2b); and (II) their intracellular expression level was unaltered, as demonstrated by Western blot analysis of brain
homogenates (Figures 2p and 3h–k). COX-IV is ubiquitously expressed and as such can be considered a pan-mitovesicle marker.
Sideroflexin-5 expression is astrocyte-specific, while NipSnap1 and OCIAD2 are expressed exclusively in neurones (Fecher et al.,
2019). Accordingly, these proteins can be used to evaluate the relative amount in the extracellular space of the whole mitovesicle
population, of astrocytic mitovesicles, and of neuronal mitovesicles, respectively. As a control of the sex-specific effect of cocaine
on EVs, we assessed ALIX (whose levels are proportional to the number of exosomes, as previously shown; Barreto et al., 2022).
While ALIX protein levels were lower in males chronically exposed to cocaine and unaltered in females, as previously shown
(Barreto et al., 2022), the levels of all mitovesicle markers were higher in cocaine-treated mice of both sexes when compared to
controls (Figure 3a–e). The largest fold change was detected for COX-IV (roughly +150%, Figure 3b) while Sideroflexin-5 was
roughly +50% (Figure 3c) and OCIAD2 roughly +80% (Figure 3d), consistent with COX-IV presence in both Sideroflexin-5-
positive and OCIAD2-positive mitovesicles. The higher number of mitovesicles in the brain extracellular space of both male
and female mice upon chronic cocaine exposure was further confirmed by NTA (Figure 3f) and total protein quantification
(Figure 3g).
Altogether, these data show that neuronal-derived and astrocytic-derived mitovesicles are found at higher levels in the brain

extracellular space of both male and female mice when treated daily with cocaine for 12 days.

. After repetitive cocaine exposure, murine brains display molecular signs of mitochondrial
abnormalities

Wehave previously shown both in vitro and in vivo thatmitovesicle secretion is enhancedwhen damagedmitochondria accumu-
late (D’Acunzo et al., 2021), likely a homeostatic mechanism to eliminate detrimental mitochondrial material from the cell and
mitigate the intracellular production of reactive oxygen species (ROS). Cocaine is a well-established inducer of mitochondrial
impairment in all brain areas, especially after prolonged exposure (as reviewed in Thornton et al., 2021), and cocaine validated
biological activities include the stimulation of mitochondrial fission via phosphorylation of DRP1 and a block of mitophagy
(Funakoshi et al., 2019; Thangaraj et al., 2020; Wen et al., 2022), an intracellular quality control pro-survival mechanism that
reduces the mass of damagedmitochondria (D’Acunzo et al., 2019; Di Rita, D’Acunzo, et al., 2018; Di Rita, Peschiaroli, et al., 2018;
Di Rita et al., 2021).
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With this in mind, we hypothesised that chronic cocaine exposure would stimulate alterations of proteins and pathways
involved in mitochondrial homeostasis, leading to the secretion of higher levels of mitovesicles into the brain extracellular space
of both male and female mice (Figure 3a–g). Accordingly, we analyzed the levels of a master regulator of mitochondrial fission,
DRP1, as well as its activation status (p-DRP1, serine 616), in the brain homogenates of mice chronically treated with cocaine.
When phosphorylated at position 616, DRP1 is activated, leading to higher mitochondrial fission and potentially neuronal death,
as has been extensively demonstrated (Chandra et al., 2017; Gao et al., 2022; D. I. Kim et al., 2016; Luo et al., 2017; Roe &Qi, 2018).
We found that, upon cocaine administration, DRP1 protein levels did not change, while its active phosphorylated form increased
in both male and female mice (Figure 4a–c).
In addition, we explored in both sexes the levels of key mitophagy proteins upon chronic cocaine exposure. Analysis of the

active form of themitophagymaster regulator TBK1 (p-TBK1, serine 172; Heo et al., 2015; Heo et al., 2018; Richter et al., 2016), the
effector protein Parkin, and the mitophagy-recruiting protein Ubiquitin, which decorates the surface of damaged mitochondria
targeted for degradation (Richter et al., 2016), revealed that these proteins and post-translational modifications were upregulated
in cocaine-treated brains when compared to saline-treated controls (Figure 4a and d–f). However, consistent with previous in
vitro reports (Thangaraj et al., 2020), markers of autophagy progression (lipidation and activation of the autophagosome protein
LC3B, phosphorylation of the autophagymaster regulatormTOR, serine 2448; Tomaipitinca et al., 2021) and of lysosomal activity
(cleavage of the immature lysosomal proteolytic enzyme cathepsin D into its mature form; Zaidi et al., 2008) did not differ
between the groups (Figure 4a and g–i), suggesting no stimulation of autophagy.
Thus, analysis of the brain of cocaine-intoxicated male and female mice revealed the presence of sex-independent changes

in proteins that are crucial for maintenance of mitochondrial homeostasis. These data are consistent with the presence of
cocaine-induced mitochondrial alterations under our experimental conditions and are in full agreement with what was pre-
viously published by other independent groups (Funakoshi et al., 2019; Thangaraj et al., 2020; Thornton et al., 2021; Wen et al.,
2022).

. EVs from Neuro-a cells treated with cocaine in vitro mirror the EV and mitovesicle
alterations found in the brain extracellular space of mice in vivo

For a direct study of the interrelationship between cocaine-inducedmitochondria alterations andmitovesicle secretion, undiffer-
entiatedmurine neuroblastomaNeuro-2a cells were incubated with cocaine or saline as controls for 24 h and the resulting effects
onmitochondria (Figure 5a–e) and EVs (Figure 5f–m) analyzed. Unlike the human cognate SH-SY5Y cells (Cheung et al., 2009),
untransfected Neuro-2a cells do not express the dopamine transporter Dat (L. Zhang et al., 1998) and do not show dopamine
uptake in vitro (L. Zhang et al., 1998), and therefore were used here to study cocaine-induced but dopamine-dispensable cell alter-
ations, includingmitochondrial (Funakoshi et al., 2019) and endosomal/exosomal (Barreto et al., 2022) perturbations. Moreover,
as Neuro-2a cells were originally isolated from male mice and oestrogens were never added to cell culture media in our experi-
ments, these cells are potentially ideal to reproduce changes induced by cocaine in EVs in the brain extracellular space of male
mice, including a reduction in exosome secretion (Barreto et al., 2022).
Cocaine treatment did not induce cell death: the percentage of dead cells, as assessed by Trypan Blue staining in 6 independent

experiments, was 5.94 ± 1.79 versus 5.63 ± 1.89% (mean ± SEM; P = 0.9150) for saline- and cocaine-treated cells, respectively.
However, consistent withwhat previously reported (Funakoshi et al., 2019), cocaine-treated cells displayed signs ofmitochondrial
alterations (Figure 5a–e). TEM investigation revealed thatmitochondria of cocaine-treated cells weremore numerous (Figure 5a),
showed with a higher frequency the presence of disrupted cristae (55% of cocaine-treated cell mitochondria did not display
normal cristaemorphology, Figure 5a), were smaller (Figure 5a,b), and less branched (Figure 5c). Furthermore, themitochondrial
potential across the MIM (ΔΨm) was higher in cells treated with cocaine when compared to controls, as assessed in living cells
by the MFI emitted by TMRE, a ΔΨm-dependent fluorophore (Figure 5d). Lastly, as assessed by the MFI emitted by MTDR,
the total mass of mitochondria per cell was higher in cocaine- versus saline-treated cells (Figure 5e), an indication of a reduced
mitochondrial turnover. Altogether, these data demonstrate that cocaine elicited a complex network of mitochondrial alterations
that led to the intracellular accumulation (Figure 5e) of abnormal (Figure 5a–d) mitochondria.

We next examined the impact of cocaine on small EVs released by Neuro-2a cells (Figure 5f–m). Owing to the paucity of the
sample, small EVs from conditioned media were not fractionated using the density gradient separation method described above
for brain EVs. Therefore, our analyses focused on the total pool of small EVs released by Neuro-2a cells (Figure 5f). As assessed
by Western blot analyses, these EVs were enriched in exosomes (see the enrichment of ALIX in EVs as compared to cell lysate,
Figure 5g), and contained mitovesicles (under physiological conditions, ∼1% of the total EV population, D’Acunzo et al., 2021;
‘HSP60’ line in Figure 5g). Prolonged (24 h) cocaine exposure did not cause a global change in the size of total EVs, as assessed by
NTA in 6 independent isolations (Figure 5h): the median hydrodynamic diameters of EVs from saline- and cocaine-treated cells
were 111.4 ± 3.09 versus 111.7 ± 3.26 nm, respectively (mean ± SEM, P = 0.8664, full distribution profile shown in Figure 5h),
consistent with TEM data (Figure 5f). However, the conditionedmedia of Neuro-2a cells exposed to cocaine contained a reduced
number of EVs when compared to controls, as assessed by NTA (Figure 5i) and total EV protein quantification (Figure 5j),
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suggesting a cocaine-mediated reduction in the release of EVs. Given that Neuro-2a cells were never exposed to female sex
hormones in our experiments, we posited that this effect of cocaine was mainly due to a block in the secretion of exosomes, as
we previously reported in the brain of male mice chronically exposed to cocaine (Barreto et al., 2022) and further confirmed in
this study (Figure 3a, line ‘ALIX’).
According to our in vivo data (Figure 3a–g and Barreto et al., 2022) cocaine reduced secretion of exosomes and stimulated

higher secretion of mitovesicles. To demonstrate that this biological activity on EV release observed in vivo occurred also in
vitro, we quantified the average amount of proteins per single EV, calculated as a ratio of protein amount to EV number, as
estimated by BCA and NTA, respectively (Figure 5k). We found about three-fold higher average amount in EVs secreted by
cocaine-treated cells (Figure 5k). As exosomes are characterised by a lower protein amount per single EV when compared to
mitovesicles (D’Acunzo et al., 2021), data shown in Figure 5k suggest that more mitovesicles and less exosomes are released in
the presence of cocaine as compared to saline controls.
In order to confirm this speculation, equal volumes of EVs produced by either saline- or cocaine-treated cells were loaded

on a polyacrylamide gel and analyzed by Western blotting (Figure 5l,m), as discussed above for EVs isolated from the brain
extracellular space in vivo (Figure 3a). We found higher levels of the mitovesicle marker HSP60 (around 200% higher signal, an
amplitude consistent with our brain Western blot data when a pan-mitovesicle marker was analyzed, Figures 5l,m and 3a,b) and
lower levels of the exosome marker ALIX (Figure 5l,m) in EVs from the cultured media of cocaine-treated cells as compared to
saline controls. Similar results were obtained for SH-SY5Y cells (Figure 5l, last two lanes), revealing that the mitovesicle response
elicited by cocaine occurs also in human cells.

 DISCUSSION

Our in-depth analysis of the effect of repeated cocaine treatment (once daily for 12 days) on brain mitovesicles revealed higher
mitovesicle levels in the brain extracellular space of treated mice in both males and females, for both neuronal and astrocytic
mitovesicles, and in several brain areas, given that mitovesicles were isolated from whole hemibrains (Figure 3a–e). Neuro-2a
and SH-SY5Y cells treated with cocaine displayed similar results (Figure 5l,m). This is in agreement with the previously reported
observation that cocaine can be incorporated into mitochondria of multiple cell types, as shown for cardiomyocytes (Yuan &
Acosta, 2000), hepatocytes (Cunha-Oliveira et al., 2013a), and endothelial cells (He et al., 2000), where it induces mitochondrial
dysfunction regardless of the presence of dopamine or the transporter DAT.
Higher levels of mitovesicles in the brain extracellular space can be either a result of a higher mitovesicle generation and/or

secretion by producing cells, reduced mitovesicle uptake by recipient cells, or reduced clearance from the brain into the circula-
tion. As the levels of cocaine within mitochondria increase with dosage frequency (Funakoshi et al., 2019), we posited that the
pathway affected was the mitovesicle biogenesis, although we cannot exclude stimulating effects of cocaine on the exocytosis of
pre-formedmitovesicles. Our in vitro data (Figure 5l,m) supported this speculation. Furthermore, brain mitovesicles of cocaine-
treated mice were larger than controls (Figure 1), indicating interference of cocaine at the stage of mitovesicle production rather
than secretion. Mitovesicles with a greater volume contain more material than smaller mitovesicles. Accordingly, the secretion
of bigger mitovesicles (Figure 1) may work in synergy with the secretion of more mitovesicles (Figure 3) to eliminate a greater
quantity of mitochondrial constituents when compared to the same number of smaller mitovesicles in order to attempt restoring
normal mitochondrial physiology.
This hypothesis assumes compromised mitochondrial homeostasis after repetitive cocaine exposure, a cocaine-induced effect

that was previously shown by several research groups (Funakoshi et al., 2019; Thangaraj et al., 2020; Wen et al., 2022; reviewed in
Thornton et al., 2021), and found in the in vitro (Figure 5) and in vivo (Figure 4) experiments described here. In particular, mito-
chondria hyperpolarisation in cocaine-treated cells (Figure 5d) indicated an accumulation of H+ protons in the IMS, suggesting
a downstream block of oxidative phosphorylation (as previously reported; Cunha-Oliveira et al., 2013a, 2013b; Yuan & Acosta,
2000) at the level of the ETC Complex V, where, under physiological conditions, the H+ gradient is dissipated to generate ATP. A
dysfunction in the ETC Complex V was found in mitovesicles isolated from the brain of male mice chronically intoxicated with
cocaine (Figure 2a,d,f), reinforcing the concept that brain EVs are potential predictors of brain cell perturbations.ΔΨm is amaster
regulator of mitochondrial homeostasis and changes in ΔΨm greatly affect mitochondria functionality. For instance, a decrease
in ΔΨm is necessary to induce mitophagy, regardless of the accumulation of ROS or other kinds of mitochondrial damage
(Narendra et al., 2008; Narendra et al., 2010). If mitochondria are not depolarised, mitophagy is not induced, as PINK1 does not
accumulate on theMOMand Parkin is not recruited onto themitochondrial surface (Narendra et al., 2008; Narendra et al., 2010).
Furthermore, the amount of H2O2 generated within mitochondria depends on ΔΨm levels, and even subtle increases in ΔΨm
cause a sharp increment in mitochondrial H2O2 (Korshunov et al., 1997). Consequently, the higher ΔΨm induced by cocaine
(Figure 5d) may be the primary cause of several cocaine-related mitochondria effects, including (I) an enlarged mitochondrial
mass (Figure 5e), a likely consequence of the lower mitochondria removal rate due to the inability to trigger mitophagy (not
induced without a reduction ofΔΨm); (II) higher generation ofmitochondrial ROS, includingH202, an effect of cocaine that was
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previously described (reviewed in Thornton et al., 2021); (III) lower ATP production, as described (Cunha-Oliveira et al., 2013a,
2013b; Yuan & Acosta, 2000), owing to an impairment in the ETC Complex V activity; and ultimately (IV) higher mitovesicle
production, owing to a larger mass of mitochondria from which mitovesicle originate, and impaired mitovesicle cargo loading,
likely owing to functional and morphological deficits (Figure 5a–e). In vivo, we found that the levels of regulators of mitochon-
drial homeostasis, such as DRP1, TBK1, and Parkin, in mice chronically exposed to cocaine were altered in a sex-independent
fashion, while the levels of autophagy/lysosomal markers LC3 B-II, cathepsin D, and p-mTOR were unchanged (Figure 4),
consistent with stimulation of mitophagy inducers, but not of autophagy/mitophagy progression. These data are consistent
with our in vitro data and with previous reports of cocaine-intoxicated primary cells, showing upregulation of several upstream
mitophagy proteins, including Parkin, and a parallel block of downstream autophagy-lysosomal pathways, effectively blocking
mitophagy flux and leading to traffic jam (Thangaraj et al., 2020). Altogether, our data suggest that autophagy/mitophagy
impairment (and consequent accumulation of mitochondrial mass), in concert with higher ΔΨm, may be the driver of the
enhanced mitovesicle production and secretion, and is in agreement with a large body of evidence linking the loading and
secretion of mitochondrial material via EVs with a block in intracellular mitochondrial quality control systems, including
mitophagy, as a causative event (Beatriz et al., 2022; Crewe et al., 2021; Phinney et al., 2015; Picca et al., 2020; Rosina et al., 2022).
The most studied molecular target of cocaine, the dopamine transporter DAT, is not expressed by Neuro-2a cells (L. Zhang

et al., 1998). This suggests that DAT is not required in order to elicit cocaine-induced mitochondria and mitovesicle changes. In
vivo,Dat is expressed at relevant levels exclusively by dopaminergic neurones (Ciliax et al., 1999; Turiault et al., 2007), which are
found mainly in the mesencephalon in the substantia nigra pars compacta and in the ventral tegmental area (Ciliax et al., 1999;
Turiault et al., 2007). DAT is not found in astrocytes and in pyramidal neurones of the forebrain (Block et al., 2015), with the
exception of the relatively scarce dopaminergic neurones found in the olfactory bulbs (Cave & Baker, 2009). Accordingly, it is
conceivable that DAT-dependent cellular effects of cocaine are restricted to a numericallyminor subset of neurones located in the
midbrain and to the areas where they establish synapses, mostly the nucleus accumbens and other zones of the striatum (Ciliax
et al., 1999). The evidence that the effects of chronic cocaine exposure were found in mitovesicles isolated from whole forebrains
(Figure 3), including astrocytic mitovesicles (Figure 3a–c), and in mitochondria of total brain homogenates (Figure 4), suggests
that cocaine affectedmitochondria/mitovesicle homeostasis of a large proportion of cells in the forebrain and that themechanism
responsible for these alterationsmay be at least in part DAT- and dopamine-independent. This conclusion is supported by (I) our
in vitro data using a cell line that does not expressDat (Figure 5), (II) the previously reported global reduction in brainmetabolism
in all forebrain regions (and not just the dopaminergic circuitry) of men with cocaine use disorder (London et al., 1990), as
well as (III) the ATP production impairment induced by cocaine on cell-free isolated mitochondria in vitro (Cunha-Oliveira
et al., 2013a, 2013b; Yuan & Acosta, 2000), demonstrating that cocaine triggers effects directly on mitochondria in a dopamine-
dispensable fashion. Moreover, the brain of Dat knock-out (Dat-KO) mice treated with cocaine showed reduced metabolism
and ATP production capacity when compared to the brain of saline controls (Thanos et al., 2008), mirroring data obtained
in humans (London et al., 1990). Although this effect is attenuated when compared to Dat+/+ mice, the persistent presence of
metabolic effects of cocaine in the brain ofDat-KOmice demonstrates that this phenomenon is partially dopamine-independent
(Thanos et al., 2008).

An effect of chronic cocaine exposure on mitovesicle generation is also supported by the finding that numerous proteins
were found at a lower level in mitovesicles isolated from cocaine-intoxicated brains when compared to controls (Figure 2a–e),
suggesting a cocaine-dependent impairment of mitovesicle cargo loading during mitovesicle biogenesis. The amounts of several
mitovesicle proteinswere perturbed by cocaine in a sex-dependent fashion. Inmalemitovesicles, but not female, we found a selec-
tive reduction of VDAC (a carrier of small hydrophilic molecules, including pyruvate and other energy-producing molecules,
across the OMM) and of ETC complex I/V subunits induced by the drug (Figure 2a–e), causing a functional alteration in the
ATP production capacity of male mitovesicles (Figure 2f). Given that there were no differences in the levels of the same pro-
teins in brain homogenates (Figure 2g–p) we concluded that the sex-specific impairments of mitovesicles were not due to the
downregulation of the expression of cargo proteins within brain cells but were related exclusively to mitovesicle cargo loading.
Unlike males, females did not show any difference induced by cocaine in the energy production capacity of brain mitovesicles

(Figure 2), suggesting a sex-dependent protective mechanism that restores, at least partially, the physiological mitochondrial
activity and ATP production in the brain of female, but not male, individuals with cocaine use disorder. Unfortunately, the
majority of data in the field are collected only from male subjects, and our data show that studies of the bioenergetic effects of
cocaine on the brain of female subjects should be conducted. Although beyond the scope of this work, we hypothesise a role
for testosterone in the findings presented here. It was shown that cocaine can increase the quantity of testosterone in the blood
of female, but not male, rhesus monkeys and human subjects (Heesch et al., 1996; Mello et al., 2004; Mendelson et al., 2003).
Testosterone is a positive master regulator of metabolism and has a protective function on brain mitochondria (Gaignard et al.,
2017; Toro-Urrego et al., 2016; Yan et al., 2017; Yan et al., 2021). Thus, it is possible that the higher testosterone levels induced
by cocaine boost oxidative phosphorylation and mitochondrial health in the brain of females but not males and partially avoid
bioenergetic and cargo changes in mitovesicles.
A sex-independent effect of cocaine was found for MAO-A, levels of which were lower in mitovesicles isolated from the

brain of both male and female treated mice compared to sex-matched saline controls (Figure 2b,c). This would result in higher
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intracellular retention of MAO-A in both sexes. MAO-A is the main monoamine neurotransmitter-degrading enzyme in the
brain (including dopamine) and is specifically expressed by dopaminergic and other monoaminergic neurones (Cho et al., 2021).
It produces H2O2 as a byproduct (Cho et al., 2021), suggesting that an elevation in MAO-A intracellular levels as a consequence
of its lower elimination from the cell via mitovesicles, can contribute to the toxic effects of cocaine on themonoaminergic system,
both as a ROS-generating agent, and as a monoamine network modifier. Furthermore, mitovesicle-bound, extracellular MAO-A
is enzymatically active (D’Acunzo et al., 2021), and can potentially alleviate the higher dopamine levels that accumulate in the
brain extracellular space of individuals with cocaine use disorder due to DAT inhibition. Accordingly, monoaminergic neurones
would benefit from a higher release of this enzyme from the cell. Thus, it is conceivable that the cocaine-dependent impairment in
MAO-A loading onto the surface of mitovesicles is a previously unidentified mechanism by which cocaine exacerbates its action
in the brain and should be explored as a novel therapeutic target for addiction intervention. Furthermore, these data suggest
that mitovesicles and specifically MAO-A extracellular levels can be useful as biomarkers to assess the status of monoaminergic
neurons during cocaine chronic exposure, and perhaps to monitor the restoration to normal levels during withdrawal/recover.
The hypothesis that mitovesicle exocytosis may act as a homeostatic mechanism to alleviate mitochondrial stress is consis-

tent with earlier findings in other murine models of disease and physiological dysfunctions with mitochondrial abnormalities,
including in aged mice when compared to younger counterparts (Kim et al., 2022). Furthermore, we previously found a simi-
lar correlation between brain hypometabolism, higher levels of mitovesicles, and a mitovesicle-specific downregulation in ETC
complex subunits in a mouse model of Down syndrome (D’Acunzo et al., 2021; Zammit et al., 2020), indicating a similar com-
plex and generalised interconnection between intracellular and extracellular pathways involved in mitochondrial quality control
when the homeostasis is altered, regardless of the source of the insult. Thus, mitovesicles may be a previously unidentified player
in the biology of cocaine addiction and therapies to fine tune brainmitovesicle functionality should be explored to restore normal
metabolism and mitigate the effects of chronic cocaine exposure.
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