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Abstract 

Microparticles (MPs) are secreted by all cells, where they play a key role in intercellular communication, differentiation, 
inflammation, and cell energy transfer. P2X7 r ece ptor (P2X7R) acti v ation by extracellular ATP (eATP) causes a large MP 
release and affects their contents in a cell-specific fashion. We investigated MP release and functional impact in microglial 
cells from P2X7R-WT or P2X7R-KO mice, as well as mouse microglial cell lines characterized for high (N13-P2X7R 

High ) or low 

(N13-P2X7R 

Low ) P2X7R expression. P2X7R stimulation promoted release of a mixed MP population enriched with naked 

mitochondria. Released mitochondria were taken up and incorporated into the mitochondrial network of the recipient cells 
in a P2X7R-dependent fashion. NLRP3 and the P2X7R itself were also delivered to the recipient cells. Microparticle transfer 
increased the energy level of the recipient cells and conferred a pro-inflammatory phenotype. These data show that the 
P2X7R is a master regulator of intercellular organelle and MP trafficking in immune cells. 
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ntroduction 

nformation exchange is a vital function of all living organ-
sms, whether unicellular or multicellular. Neurotransmitters, 
ormones, growth factors, and inflammatory mediators are usu-
ll y r eleased and trav el acr oss the intercellular space as individ-
al molecules, but often they are packed in the lumen of exo-
omes/v esicles/particles, collecti v el y r eferr ed to as micr oparti-
les (MPs), to be deli v er ed to nearby or fara wa y target cells. 1 

hile exosomes originate from cytoplasmic m ulti v esicular bod-
es, extracellular vesicles are the result of plasma membrane
udding; thus, they usually contain cytoplasmic components,

ncluding mitochondria. 2 , 3 Mechanism of MP release has been
he focus of intense scrutiny over the last two decades, leading
o the identification of the crucial role played by extracellular
 TP (eA TP) acting at the P2X7 r ece ptor (P2X7R). 4–8 

It is an esta b lished fact that eATP is an ubiquitous messen-
er accumulating at sites of trauma, cancer, or inflammation
nd also acting as a modulator of neurotransmission in the cen-
ral nervous system (CNS). 9 , 10 Effects of eATP are mediated by
he well-known P2 r ece ptor famil y, nota b l y at inflammator y and
ancer sites by the P2X7R subtype. 11 Verderio and co-workers
howed pr eviousl y that astr ocyte-deri v ed eATP causes v esicle
hedding from microglia. 5 We showed a similar effect of eATP
n human dendritic cells. 6 , 7 The potent MP-r eleasing acti vity of
ATP acting at the P2X7R has become textbook knowledge ever
ince. 12 This eATP effect is of special interest because, besides
r omoting MP r elease, this n ucleotide also modulates MP con-
ents and is itself carried by the MPs. 8 , 13 The discov er y that MPs
ontain functioning mitochondria that can be transferred to the
arget cells has added an additional level of interest and com-
lexity to the pathophysiological function of these extracellular
tructures. 2 

Naked mitochondria have also been identified in the mixed
 esicle population, collecti v el y r eferr ed to as shed MPs. 8 , 14 

e r ecentl y observ ed that a massi v e r elease of mitochondria-
aden MPs as well as of naked functional mitochondria is trig-
er ed by eATP stim ulation of mouse melanoma tumor cells
ia the P2X7R. 8 The function of extracellular free mitochon-
ria is still debated; nonetheless, there is good evidence that
hese or ganelles under go cell-to-cell transfer via tubular struc-
ures, 15 MP uptake, 16 or phagocytosis and can be incorporated
nto the target cell mitochondrial network. Mitochondria trans-
er is incr easingl y r ecognized as a key pr ocess in tissue r e pair, 17 

n CNS homeostasis, 18 and in immune-cancer cell interaction,
s a determinant of immune evasion. 19 While macrophages
ppear to be a leading participant in the process of mitochon-
rial transfer, both as donors and r ecipients, 20 m uch less is
nown about that role in microglia. In the CNS, there is good
vidence that mitochondria transfer occurs between astrocytes
nd microglia, and bi-directionally between neurons and astro-
ytes, 21 but only scattered observations report an inter-microglia
itoc hondria tr ansfer. 22 Exc hange of mitoc hondria betw een

eurons and glia, or between microglial cells, is thought to be
 elev ant in a multiplicity of neuroinflammatory and neurode-
enerati v e diseases, and thus potentially exploitable for thera-
eutic purposes. 
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In the present study, we set to investigate how P2X7R expres- 
ion affects mitochondria release and micro glia-to-micro glia 
itoc hondria tr ansfer, and whether it modulates the MP car go . 

o address this issue, we used primary microglia from P2X7R- 
T or P2X7R-KO mice, as well as the N13 microglia cell line 

xpr essing high lev els of the P2X7R (N13-P2X7R 

High ), and a vari- 
nt thereof selected in our laboratory for low P2X7R expres- 
ion (N13-P2X7R 

Low ). We found that P2X7R expression on the 
onor cells str ongl y affects both basal and eATP-stimulated MP 
elease, as well as MP uptake by the target cells. The MP frac- 
ion released upon eATP stimulation contained a heterogenous 
opulation of small vesicles, mitochondria-containing vesicles, 
nd naked mitochondria. Upon interaction with the target cell, 
itochondria and MP components (including the P2X7R itself) 
 ere tr ansferred to the recipient cells. Microparticles derived 

r om N13-P2X7R 

High v er y efficientl y transferr ed the P2X7R to 
13-P2X7R 

Low , thus ena b ling r estoration of P2X7R-de pendent 
 esponses, including r ev ersib le plasma membrane permea bi- 
ization, the hallmark of P2X7R function. Furthermore, the abil- 
ty to generate m ultin ucleated giant cells (MGCs), typical his- 
ological features of chronic inflammation, was also restored. 
icroparticle-mediated transfer between microglial cells might 

e an efficient mechanism for the modulation of neuroinflam- 
ation. 

aterials and Methods 

xperimental Model and Study Participant Details 

ell Culture 
13-P2X7R 

High and N13-P2X7R 

Low cells were grown in RPMI- 
640 medium (Sigma–Aldrich, St. Louis, MO, USA) supplemented 

ith 10% heat-inacti v ated FBS (Gibco, Thermo Fisher Scien- 
ific, Waltham, MA, USA), 100 U/mL penicillin, and 100 μg/mL 
tr e ptomycin (both fr om Sigma–Aldrich, cat. # P4333) (complete 
edium). In some experiments, sucrose medium containing 

00 m m sucrose, 1 m m K 2 HPO 4 , 1 m m MgSO 4 , 5.5 m m glucose,
nd 20 m m HEPES (pH 7.4) was used. Primary mouse microglial 
ells were isolated from 2-d-old C57BL/6 mice as described by 
anz et al. 23 and Lian et al. 24 Briefly, a mixed astr ocyte/micr oglia 
opulation was seeded into cell culture flasks and incubated 

t 37 ◦C in a CO 2 incubator for 5-7 d. To obtain microglia, the 
asks were shacked, and the floating cells collected. Microglial 
ells were plated in high glucose DMEM supplemented with 

 m m GlutaMAX 

TM (Gibco, Thermo Fisher Scientific), 10% heat- 
nacti v ated FBS, 100 U/mL penicillin, and 100 μg/mL str e pto- 

ycin (complete medium). Animal experimentation was carried 

ut under authorization from the Italian Ministry of Health (n. 
44/2018-PR and n. 264/2021-PR). 

ethod Details 

icr oparticle Pr eparation 
13-P2X7R 

High and N13-P2X7R 

Low cells (5 × 10 5 cells) were 
eeded into 6-well plates in complete medium and cultured 

v ernight. Cells wer e then rinsed and further maintained in 

resh complete medium in presence or absence of 0.4 m m ATP 
or 24 h in a CO 2 incubator at 37 ◦C. Primary mixed glial cells were
ultured in T75 cm 

2 tissue culture flask in complete medium for 
-12 d. Cells were then rinsed and further maintained in com- 
lete medium (without serum) in presence or absence of 0.2 m m 

z-ATP for 12 h in a CO 2 incubator at 37 ◦C. 
Then, the cell supernatant was withdrawn and centrifuged 

t 800 × g for 10 min to r emov e floating cells and cell debris.
icr oparticles wer e then isolated by centrifugation at 10 000 × g 
or 1 h at 4 ◦C. 

taining With CellTrace TM Carboxyfluorescein Succinimidyl Ester, 
alcein/AM, MitoTracker Green, or MitoTracker Red 
ells (5 × 10 5 ) or MPs thereof were incubated in complete RPMI 
edium in the presence of CellTrace TM carboxyfluorescein suc- 

inimidyl ester (CSFE) (5 μm ) (Thermo Fisher Scientific, cat. # 
34554), calcein/AM (1 μg/mL) (Thermo Fisher Scientifc, cat. # 
1430), MitoTr ac ker Green FM (400 n m ) (Thermo F isher Scientifc,
at. # M7514), or MitoTr ac ker Red FM (400 n m ) (Thermo Fisher
cientific cat. # M22425) in a CO 2 incubator for 20 min at 37 ◦C.
t the end of this incubation cells were rinsed and resuspended 

n fresh complete RPMI medium, while MPs were washed with 

arm (37 ◦C) PBS, centrifuged at 10 000 × g for 30 min, and resus-
ended in 500 μL of either complete RPMI or sucrose medium. 
luor escence w as anal yzed in a thermostat-contr olled (37 ◦C) 
nd ma gneticall y stirr ed Car y Eclipse fluor escence spectr opho-
ometer (Ag ilent Technolog ies, Milano, Italy) or with a confocal 

icroscope (LSM Carl Zeiss, Oberkochen, Germany) equipped 

ith a plan-apochromat 63x oil immersion objecti v e. Li ving pri- 
ar y micr oglial cell ima ges wer e acquir ed with a confocal laser

canning micr oscope Ol ympus FV3000, equipped with a 60x oil 
mmersion lens (n umerical apertur e 1.4), a digital zoom of 2x, 
nd a pinhole set at 1 airy unit on thermostated (37 ◦C) and
umidity-controlled (CO 2 5%) stage. 488 nm and 561 nm exci- 

ation lasers were used to acquire Mitotr ac ker green and Mito- 
r ac ker red probes, respectively. 

xygen Consumption 
xygen consumption was measured according to the recom- 
ended protocol, “O 2 kit Abcam” (cat. # AB197243). Briefly, the 
P pellet isolated from 5 × 10 5 cells was suspended in 100 μL of

ucrose solution supplemented with 0.2 m m CaCl 2 , and trans- 
erred to a fluorimeter cuvette containing 400 μL of sucrose 
olution supplemented with 1 m m EGTA to a final volume of 
00 μL. This MP suspension was then incubated with 40 μL of 
bcam r ea g ent. Oxyg en consumption w as measur ed at the 340
nd 642 nm excitation and emission w av elengths, r especti v el y,
n the thermostat-controlled fluorescence spectrophotometer 
Ag ilent Technolog ies) described a bov e for 30 min. Carbonyl 
yanide-p-trifluoromethoxyphen ylh ydrazone (FCCP) (2.5 μm ), or 
ligom ycin (10 μg/mL) w er e added as a stim ulant or an inhibitor,
 especti v el y, of mitochondrial respiration. 

ell Proliferation Assay 
ell proliferation assay was performed using the crystal vio- 

et tec hnique . Briefly, 10 4 cells per w ell w ere plated in 12-w ell
late and cultured at 37 ◦C in a CO 2 incubator in the presence
r absence of MPs isolated from either N13-P2X7R 

High or N13- 
2X7R 

Low cells stimulated with 0.4 m m eATP. At the 0, 24, 48,
nd 72 h time points cells were fixed with 4% par aformaldehyde , 
tained with 0.1% crystal violet, extracted with acetic acid 10%, 
nd analyzed by spectrophotometry (OD 595 nm) in a microplate 
eader (Wallac Victor3 1420, PerkinElmer, Wellesley, MA, USA). 

easurement of Microparticle and Cellular ATP Content 
TP w as measur ed in MP or cell lysates with the 

uciferase/luciferin method (Enliten rluciferase/luciferin cat. # 
F2021, Pr omega, Ital y) in a Fir ezyme luminometer (Biomedica 
iagnostics Inc, Windsor, Canada). Data wer e expr essed as 
 elati v e luminescence units (RLU) and converted into ATP 
oncentration with an appropriate calibration curve. 
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easurement of Microparticle Potential 
icroparticle membrane potential ( ��m) was qualitatively
easured by monitoring the uptake of the positi v el y charged

etrameth ylrhodamine meth yl ester (TMRM) (Thermo Fisher Sci-
ntific, cat. # I34361) at a concentration of 10 n m by confocal
icroscopy at an emission wavelength of 570 nm, as previously

escribed. 25 

estern Blotting 
ells and MPs were lysed in the following lysis buffer: 300 m m
ucrose, 1 m m K 2 HPO 4 , 1 m m MgSO 4 , 5.5 m m glucose, 20 m m
EPES , 1 m m benzamidine , 1 m m phen ylmeth ylsulfon yl fluoride

PMSF), 0.2 μg/mL DNase (cat. # D5025), and 0.3 μg/mL RNase
cat. # R5875) (all Sigma–Aldrich). Proteins were separated on
uPage Bis-Tris 4%-12% precast gel (Thermo Fisher Scientific cat.
 NP0335BOX) and transferred to nitrocellulose membrane (GVS
ife Sciences cat. # I228243). After incubation for 1 h with TBS-
w een-20 (0.1%) (Sigma–Aldric h, cat. # P9416) supplemented
ith 2.5% non-fat powdered milk and 0.5% BSA to saturate
nspecific binding sites, membr anes w ere incubated overnight
ith primary antibodies at 4 ◦C. The anti-NLRP3 polyclonal

ntibod y (No vus, cat. # NBP2-12446) was diluted 1:500. The
nti-cytoc hrome C r abbit antibody (cat. # Ab 133504, Abcam),
nti-VDAC/porin rabbit polyclonal antibody (cat. # Ab 15895,
bcam), anti-TOM20 rabbit polyclonal antibody (Mer c k, cat.
 HPA011562), anti-TIM23 rabbit polyclonal antibody (Thermo
isher Scientific, cat. # PA5-71877), anti-P2X7R polyclonal anti-
ody (Mer c k, cat. # P8232), and anti-carbonic anhydr ase II poly-
lonal antibody (Mer c k, cat. # HPA001550) were used at the 1:1000
ilution. Membr anes w er e incubated with a secondar y goat anti-
abbit HRP-conjugated antibody (Thermo Fisher Scientific, cat. #
16096) at 1:3000 dilutions for 1 h at room temper ature . 

ransmission Electron Microscopy (TEM) of Isolated Microparticles 
he MP pellet obtained as described was fixed with 1%
araformaldehyde and 1.25% glutaraldehyde in 0.15 m cacody-

ate buffer, postfixed in 2% osmium tetroxide , dehydr ated by
equential passages in increasing acetone concentrations, and
ncluded in Ar aldite Dur cupan ACM (Mer c k, cat. # 44613). Ultr a-
hin sections wer e pr e par ed with the Reichert Ultracut S ultrami-
rotome, counterstained with uranyl acetate in saturated solu-
ion and lead citrate according to Reynolds, 26 and analyzed with
itac hi H800 (Hitac hi High Tec hnologies Corpor ation, Brughiero,

taly), or Thermo F isher Scientific TM Talos TM L120C tr ansmission
lectr on micr oscopes (TEM). 

mmunogold Labeling of Isolated Microparticles 
icr oparticles wer e fixed in 0.4% paraformaldehyde and perme-

bilized with 0.05% Triton X-100 at room temperature in PBS
or 20 min, followed by incubation at room temperature in 2%
SA-supplemented PBS for 20 min to block nonspecific binding.
icr oparticles wer e then incubated ov ernight with the primar y

nti-TOM20 ra bbit pol yclonal antibody (Mer c k, cat. # HPA011562)
iluted 1:100 in 0.2% BSA-containing PBS. Microparticles were
hor oughl y w ashed in PBS and bound antibodies were detected
ith protein A coated with 20-nm gold at the final dilution of

:100 in 0.2% BSA-containing PBS. Finally, MPs were rinsed in PBS
nd processed for electron microscopy. 

ucifer Yellow Uptake 
13-P2X7R 

High or N13-P2X7R 

Low were seeded in 24-well plas-
ic dishes (20 × 10 4 per well) in complete RPMI medium for
4 h. Cells were then rinsed and incubated in 300 μL of a saline
olution containing 125 m m NaCl, 5 m m KCl, 1 m m MgSO 4 , 1 m m
aH 2 PO 4 , 20 m m HEPES, 5.5 m m glucose, 250 μm sulfinpyr azone ,
 m m NaHCO 3 , and 1 m m CaCl 2 , pH 7.4, supplemented with
 mg/mL lucifer yellow . A TP was then added at the concentra-
ion of 3 m m and the monolay ers w ere incubated in a CO 2 incu-
ator (37 ◦C). After 15 min, 5 m m MgSO 4 was added to each well
o chelate excess ATP 4 −, the monolay ers w ere rinsed twice with
he a bov e saline solution and further incubated in 400 μL of
BS- and phenol r ed-fr ee RPMI for microscopy. To quantitate
ucifer yellow fluorescence, cells were lysed with 4 μL of Triton
-100 for 10 min under continuous stirring, supernatants were
ithdrawn, and fluorescence quantitated fluorimetrically at the

xcitation/emission w av elength pair 428/540. Flor escence w as
ormalized on the protein content measured by the Bradford
ethod. 

eal Time PCR 
otal RNA was extracted from cells or MPs with Trizol Reagent
Thermo Fisher Scientific, cat. # 1559626), and purified with the
ure Link RNA kit (Thermo Fisher Scientific, cat. # 12183018A)
s per the man ufactur er’s instructions. One μg of total mRNA
 as r ev erse tr anscribed with the High Capacity cDN A Reverse

ranscription Kit (Thermo Fisher Scientific, cat # 4374966). Two
icroliter of cDN A w ere used as a template for qRT-PCR. Taq-
an probes for expression of P2X7R (Thermo Fisher Scien-

ific, cat. # Mm00440578 m1) and NOD-LRR- and pyrin domain-
ontaining protein 3 (NLRP3) (Thermo Fisher Scientific, cat. #
m00840904 m1) genes and TaqMan probe for G3PDH house-

eeping gene were selected from the ready-to-use gene expres-
ion assay (Thermo Fisher Scientific, cat. # 435239E). A compar-
ti v e anal ysis using the �� CT method was used to quantitate
he fold increase of target cDNA relative to N13 cells. 

tatistical Analysis 
ata wer e anal yzed with the GraphPad Prism 9 softw ar e (Graph-
ad Softw ar e, Inc., La Jolla, CA, USA). Statistical significance was
alculated with either a two-tailed Student’s t or ANOVA test,
ssuming equal SD and variance. All data are shown as the
ean ± standard error of the mean (SEM). Differences were con-

idered significant at P < 0.05. Coding: ∗P < 0.05; ∗∗P < 0.01;
∗∗P < 0.001; ∗∗∗∗P < 0.0001. 

esults 

esting or stimulated microglial cells are known to release a
ixed population of MPs of different sizes containing both exo-

omes and plasma membrane-deri v ed extracellular v esicles. 5 , 12 

ccruing evidence supports a key role of the P2X7R in MP release
n microglia as well as in other cell types. 6 , 7 , 27 , 28 N13-P2X7R 

High 

nd N13-P2X7R 

Low microglial cells were loaded with the cyto-
lasmic marker dyes calcein/AM ( Figure 1 A-D) or CSFE ( Figure
 E-H), then rinsed and incubated in the absence or presence of
ither eATP or the more potent analogue benzoyl-A TP (Bz-A TP).
s shown in Figure 1 , N13-P2X7R 

High cells ( Figure 1 A and B), but
ot N13-P2X7R 

Low ( Figure 1 C and D), released MPs into the cul-
ure medium within a few minutes of incubation in the pres-
nce of the P2X7R agonists. Challenge with eATP ( Figure 1 E) or
z-ATP ( Figure 1 F), up to a concentration of 1 or 0.5 m m , respec-
i v el y, significantl y incr eased MP r elease fr om N13-P2X7R 

High 

ells, several fold and time-de pendentl y ( Figur e 1 H), while MP
 elease fr om N13-P2X7R 

Low w as negligib le. Micr oparticle r elease
 as linearl y r elated to the eA TP but not to the Bz-A TP concentra-

ion, argua b l y because BzATP concentrations higher than 0.3 m m
ause necrotic cell death. Both eATP- and Bz-ATP-stimulated MP
 elease w as mitigated, albeit not full y inhibited, by pr etr eatment
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Figure 1. N13 microglial cells release MPs in a P2X7R-dependent fashion. Fi v e ×10 5 N13-P2X7R High (A) or N13-P2X7R Low (C) cells were loaded with the cytoplasmic 
marker calcein/AM (1 μg/mL) in RPMI complete culture medium for 20 min, then rinsed, re-suspended in the same medium, and challenged with 0.4 m m eATP for 
15 min to trigger MP (arrow) release [(B, eATP-stimulated N13-P2X7R High ; D, eATP-stimulated N13-P2X7R Low )]. (E-H) Cells were loaded with CSFE (5 μm ) and incubated 
with increasing concentrations of eATP (E) or BzATP (F) for 60 min. (G) cells were treated with 0.3 m m o xidized ATP (o xo) for 1 h at 37 ◦C prior to stimulation with either 

eA TP or BzA TP. (H) Time course of MP r elease in the pr esence or a bsence of either 0.4 m m eATP or 0.2 m m BzATP. To measur e MP fluor escence , cell supernatants w ere 
withdrawn, centrifuged at 10 000 × g (4 ◦C) for 1 h to concentrate the MPs, and the pellet re-suspended in 500 μL of sucrose medium. Fluorescence was measured in a 
fluorimeter cuvette at the 488/520 nm wavelength pair. Data are means ± SEM of three to four experiments each performed in triplicate. ∗∗ = P < 0.01; ∗∗∗ = P < 0.001; 
∗∗∗∗ = P < 0.0001 by Student t -test (E-G), or two-way ANOVA (H). Fluorescence images were acquired with a Nikon Eclipse TE 300 inv erted fluor escence micr oscope 
equipped with a 40 × objecti v e and fluorescein filters. Bar = 10 μm. 

art/zqae019_f1.eps
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ith the potent covalent P2X7R blocker o xidized-ATP (o xo-ATP)
 Figure 1 G), as previously shown. 29 P2X7R blockade did not fully
r ev ent MP r elease due to the likel y stim ulation of P2Y r ece ptors
y ATP as well as BzATP. 30 

N13-P2X7R 

High cells were then labeled with the selective
itochondrial marker Mitotracker Green FM and left unchal-

enged ( Figure 2 A) or stimulated with eATP ( Figure 2 B). Besides
ntracellular organelles, also extracellular MPs were stained by
his dy e , suggesting that they contain mitoc hondria ( F igure 2 A
nd B , arro ws). To further c har acterize the mitoc hondrial con-
ent, MPs were isolated, as described in Materials and Methods,
rom the supernatants of resting ( Figure 2 C and D), or eATP-
tim ulated ( Figur e 2 E and F) N13-P2X7R 

High microglia, incu-
ated in the presence of either calcein/AM ( Figure 2 C and E)
r the selecti v e, potential-sensiti v e mitochondrial stain Mito-
r aker Red FM ( F igure 2 D and F), and analyzed for fluorescence
mission. Henceforth, MPs r eleased fr om N13-P2X7R 

High or N13-
2X7R 

Low microglia will be referred to as MP-P2X7R 

High or MP-
2X7R 

Low , r especti v el y. As shown in Figur e 2 G, calcein-positi v e
Ps ar e a bout twice as many as those positi v e for Mitotr ac ker

ed, suggesting that either not all calcein-positi v e MPs con-
ain mitochondria, or that calcein- and MitoTr ac ker Red-positi v e
xtracellular vesicles are separate MP populations. To verify
his latter hypothesis, we co-labeled the source N13-P2X7R 

High 

ells with both calcein/AM and MitoTr ac ker Red FM prior to
ATP c hallenge . Image merging showed that quite a few MPs
 ere y ellow, indicating co-localization, and suggested that the
P fraction contained a mixed population of naked mitochon-

ria, MPs containing mitochondria, and mitochondria-less MPs
 Figure 2 H). 

To further verify the presence of mitochondria, MPs were
xamined by transmission electron microscopy (TEM) and
a beled with imm unogold using an antibody against a spe-
ific transporter of the outer mitochondrial membrane (TOM20).
icr oparticle-P2X7R 

High , r ecov er ed fr om the supernatant of
ATP-stimulated N13-P2X7R 

High cells, contained naked mito- 
 hondria ( F igure 2 I) that w er e specificall y la beled by the anti-
 OM20 antibod y ( Figur e 2 J). Thus, as pr eviousl y shown by us and
y other investigators, 2 , 8 , 31 MPs are a rather heterogenous popu-
ation containing a plethora of intracellular molecules and even
ntracellular organelles, including mitochondria. Microparticles, 
hether r eleased spontaneousl y ( Figur e 2 K) or upon eATP stim-
lation ( Figure 2 L-N), were also strongly stained by the potential-
ensiti v e dye TMRM, a further proof of a membrane poten-
ial, negati v e inside. Accordingl y, addition of the mitochondrial
ncoupler FCCP ( Figure 2 M) or of the electron transport chain

nhibitor rotenone ( Figure 2 N) fully abrogated TMRM fluores-
ence. 

As additional c har acterization, w e pr obed by Western b lot-
ing the MP fraction for canonical mitochondrial markers, for
he inflammasome protein NLRP3, and for the P2X7R itself.
icr oparticle-P2X7R 

Low compar ed to MP-P2X7R 

High had a lower
ontent of Cyt C, VDAC1, TOM20, and TIM23, as well as of NLRP3
nd P2X7R ( Figure 3 A-H). Challenge of the N13-P2X7R 

High or N13-
2X7R 

Low cells with eATP or BzATP caused a marked increase in
he content of mitochondrial markers, P2X7R and NLRP3 in MP-
2X7R 

High , but a significantly lower one in MP-P2X7R 

Low . 
A highl y heter ogenous MP population containing v esicles of

arious sizes and mitochondria was also released by primary
icr oglia (Supplementar y Figur e S1 ). Inter estingl y, MPs r eleased

r om P2X7R-KO micr oglia contained less material compar ed
o those from P2X7R-WT, and mitoc hondria w er e distinctl y
maller, as pr eviousl y shown by our la borator y. 32 Stim ulation
ith BzATP (or with ATP) also increased the MP content of P2X7R
nd of the mitochondrial markers TIM23 and TOM20 (Supple-
entar y Figur e S2 ). An increase in the MP content of these mark-

rs was also caused by BzATP stimulation of P2X7R-KO microglia,
uggesting that also other P2 r ece ptors, likel y P2Y r ece ptors, con-
ribute to BzATP-stimulated mitochondria release. 30 

Besides NLRP3 and P2X7R proteins, MPs also contained their
 especti v e mRN As ( F igure 3 I and J). Challenge of N13-P2X7R 

High 

ith eATP had a differential effect on the NLRP3 and P2X7R
RNA content in both the source cells and in the released MP-

2X7R 

High , as NLRP3 mRNA was increased while P2X7R mRNA
 as decr eased ( Figur e 3 I and J). Again, changes in NLRP3 or

2X7R mRNA levels in the eATP-stimulated MP-P2X7R 

Low were
e gligible . 

Despite the identification of mitochondria in the MP fraction
y morphological, biochemical, and imm unola beling techniques
nd demonstration of a FCCP-sensiti v e membrane potential, the
ormal proof that mitochondria in the MP fraction were able to
upport respiration and associated oxidative phosphorylation
OxPhos) was still required. Thus, we investigated whether MPs
upport O 2 consumption sensiti v e to canonical mitochondrial
oisons such as FCCP and oligomycin. We were unable to use the
eaHorse technology since it was impossible to make MP adhere
o the bottom of SeaHorse dishes without damaging the MPs
hemselves; thus, we turned to a fluorometric technique based
n O 2 quenching of the Abcam r ea gent (see Materials and Meth-
ds). Microparticles exhibited a basal oxygen consumption that
as further stimulated by FCCP and fully blocked by oligomycin,

hus confirming its dependency on ATP synthesis ( Figure 3 K). In
 gr eement with the higher mitochondrial content, unstimulated
P-P2X7R 

High accumulated an about 10-fold higher iATP content
ompar ed to MP-P2X7R 

Low ( Figur e 3 L). The iATP content of MP-
2X7R 

High , and to a lesser extent that of MP-P2X7R 

Low , was fur-
her enhanced by stimulation with eA TP or Bz-A TP of the respec-
i v e source cells prior to the MP collection ( Figure 3 L). 

We next investigated the fate of the released MPs to ver-
fy whether, as r e ported in other cell types, they might be
aken up by target microglial cells. Donor N13-P2X7R 

High or N13-
2X7R 

Low cells (5 × 10 5 ) were labeled with Mitotr ac ker Green
M. Then, MPs released over a 24-h incubation were recov-
red as described in Materials and Methods, and the same dose
f MPs administered either to unlabeled N13-P2X7R 

High or to
nlabeled N13-P2X7R 

Low “target” cells. Unlabeled N13-P2X7R 

High 

ells were incubated for 24 h with Mitotracker Green FM-labeled
P-P2X7R 

High , rinsed, and then analyzed ( Figure 4 A). This pro-
onged co-incubation caused a strong staining of intracellular
esicular and filamentous structures in the recipient unlabeled
13-P2X7R 

High . Alternati v el y, unla beled N13-P2X7R 

Low cells wer e
ncubated with Mitotr ac ker Gr een-la beled MP-P2X7R 

High . In this
ase, staining of intracellular structures was much weaker.
hen, unlabeled N13-P2X7R 

High cells were challenged with Mito-
r ac ker Gr een-la beled MP-P2X7R 

Low , and finally, N13-P2X7R 

Low 

 ere c hallenged with Mitotr ac ker Gr een-la beled MP-P2X7R 

Low .
n both these latter cases, staining of intracellular organelles in
he recipient cells was very weak, albeit slightly stronger when
13-P2X7R 

High w ere c hallenged with MP-P2X7R 

Low . 
To verify that mitochondria in the MP fraction transferred

o the target cells were able to fuse with the endogenous
itoc hondrial netw ork, recipient N13-P2X7R 

High ( F igure 4 B,
pper panels) or N13-P2X7R 

Low cells ( Figure 4 B, lower panels)
er e la beled with Mitotr ac ker Red FM, and co-incubated in

he presence of Mitotr ac ker Green FM-labeled MP-P2X7R 

High .
ithin 6 h, nearly all the added MPs were taken up by N13-

2X7R 

High but not by N13-P2X7R 

Low . Image mer ging sho wed an
lmost perfect colocalization with the endogenous, red-stained

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae019#supplementary-data
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Figure 2. Released MPs contain mitochondria. N13-P2X7R High (A, B) cells (10 5 ) were seeded onto 13-mm-diameter round glass coverslip and stained with the mitochon- 
drial selecti v e dy e MitoTr ac ker Green FM (200 n m ) for 15 min at 37 ◦C. The cov erslips wer e then placed on the heated (37 ◦C) sta ge of a Nikon inv erted micr oscope as 
described in the legend to Figure 1 , and either left unchallenged (A) or stimulated with 0.4 m m eATP for 5 min (B). Yellow arrows indicate MitoTr ac ker Green FM-stained 

MPs. In panels C-F, supernatants from resting (C, D) or 0.4 m m eATP-stimulated (E, F) N13-P2X7 High were stained with calcein/AM (C, E) or MitoTr ac ker Red FM (D, F) and 
analyzed with a Zeiss LSM510 confocal microscope equipped with a 63 × oil immersion plan-apochromat objective. (G) Calcein/AM- or MitoTracker Red FM-positi v e 
MPs r eleased fr om r esting or eATP-stim ulated N13-P2X7 High r eleased ov er a 60-min timespan were quantitated. (H) Microparticles released over a 24 h incubation 
period from eATP (0.4 m m )-challenged N13-P2X7R High cells co-labeled MitoTr ac ker Red FM (200 n m ) and calcein/AM (1 μm ), were isolated as described in Materials and 

Methods and analyzed by confocal microscopy with rodhamine (upper) or fluorescein (middle) filters, and merged (lower). Microparticles isolated from N13-P2X7R High 

wer e anal yzed by TEM without (I) or with (J) imm unogold la beling with an antibody a gainst the specific mitochondrial pr otein TOM20. Micr oparticles isolated fr om 

resting (K) or 0.4 m m eATP-stimulated (L-N) N13-P2X7R High were stained with TMRM and analyzed by confocal microscopy. 2.5 μm FCCP (M), or 200 n m rotenone (N) were 

also added. Bars = 20 μm (A-F), 10 μm (H, K-N). Data are means ± SEM from three independent experiments each performed in triplicate. ∗∗∗∗ P < 0.0001 by unpaired t 
test. 

art/zqae019_f2.eps
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Figure 3. Micr oparticle-P2X7R High compar ed to MP-P2X7R Low expr ess higher lev els of NLRP3, P2X7R and mitochondrial markers. N13-P2X7R High and N13-P2X7R Low cells 
were plated in 75 cm2 culture flasks and stimulated with 0.4 m m eATP or 0.2 m m BzATP for 24 h. At the end of this incubation, MPs were isolated and processed for 

Western Blotting analysis (A, B) as described in Materials and Methods. Carbonic anhydrase was used as a loading control. Densitometry (C-H) was performed with 
Ima geJ softw ar e . mRN A w as isolated fr om contr ol or eATP-stim ulated (0.4 m m ) MPs (P2X7R, I), (NLRP3, J), and from MPs released during a 24-h incubation. CTRL: control 
resting cells. (K) Oxygen consumption by MP-P2X7R High in the absence or presence of FCCP or oligomycin. Control (CTRL): O 2 consumption in the absence of MPs. (L) 

Intracellular A TP (iA TP) content of MP-P2X7R High and MP-P2X7R Low . A TP w as measur ed as described in Materials and Methods. Data ar e means ± SEM fr om thr ee to 
four independent experiments. ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001; ∗∗∗∗ P < 0.0001 by unpaired t test. 

art/zqae019_f3.eps


Falzoni et al. 9 

Figure 4. Released mitochondria are taken up by target N13 microglial cells in a P2X7R-dependent fashion. (A) Unlabeled N13-P2X7R High or N13-P2X7R Low were let adhere 

to 24-well dishes, rinsed, and further incubated in complete RPMI medium for 24 h with MitoTr ac ker Green FM-labeled MP-P2X7R High or MP-P2X7R Low previously isolated 
from MitoTr ac ker Gr een FM-la beled source N13 cells (see Materials and Methods). At the end of this incubation, the monolay ers w er e rinsed to r emov e extracellular 
MPs, fresh medium was added, and the cells analyzed by confocal microscopy as described in the legend to Figure 1 . (B) N13-P2X7R High (upper panel) or N13-P2X7R Low 

(low er panel) w ere loaded with MitoTr ac ker Red FM (400 n m ) at 37 ◦C for 20 min, then thor oughl y rinsed and further incubated at 37 ◦C in complete RPMI medium for 

24 h with MP-P2X7R High released from MitoTr ac ker Green-stained N13-P2X7R High . At the end of this incubation period cells were analyzed by confocal microscopy. 
(C) Intracellular ATP content of N13-P2X7R High or N13-P2X7R Low after 3 or 24 h (1 d) of co-incubation with MP-P2X7R High . (D) WB of control or MP-P2X7R High -pulsed 
N13-P2X7R High or N13-P2X7R Low cell lysates. Actin was used as loading control. (E-G) Densitometric analysis. Isolation of MP-P2X7R High and co-incubation with either 

N13-P2X7R High or N13-P2X7R Low were performed as described in Materials and Methods. (A) Bar = 20 μm; B, bar = 10 μm. ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001; ∗∗∗∗ P < 0.0001 
by unpaired t test. 
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itoc hondrial netw ork in N13-P2X7R 

High but far less in N13-
2X7R 

Low cells (merge). Mitochondria uptake also enhanced the
otal ATP content of the recipient cells, but especially of the
13-P2X7R 

High , since iATP levels in these cells after a 24 h (1 d)
ncubation in the presence of MPs almost doub led ( Figur e 4 C).
urthermore, co-incubation of N13-P2X7R 

High or N13-P2X7R 

Low 

ith MP-P2X7R 

High increased the TIM23, TOM20, and P2X7R
ontent of the recipient cells ( Figure 4 D-G). 

Transfer of mitochondria also occurred in primary microglia.
ecipient cells from P2X7R-WT mice were challenged with
Ps isolated from N13P2X7 High cells ( Figure 5 A), and after 6 h

xamined for MP uptake. Imag e merg ing showed a substantial
o-localization, suggesting fusion of the supplemented mito-
hondria with the endogenous mitochondrial network. Then,
P-N13P2X7 Low wer e administer ed to micr oglia fr om P2X7R-
T mice, but in this case little uptake occurred, and merg-

ng showed almost no colocalization ( Figure 5 B). Micr oglia fr om
2X7-KO mice showed v er y little MP uptake and no colocal-
zation, whether challenged with MP-P2X7R 

High or MP-P2X7R 

Low 

 Figure 5 C-D). We were forced to use in these experiments MPs
riginating from the N13 cell line rather than from primary
icroglia because the amount of MPs r eleased fr om primar y

ells was too small to allow visualization of a r e pr oducib le
ptake. 

To rule out the possibility that spillover of green or red flu-
rescence might at least partially confuse the mitochondria
ptake and colocalization analysis, we run control experiments
ith single fluor ochr ome-la beled cells showing that ther e w as
 bsolutel y no spillov er of r ed fluor escence into the gr een chan-
el and vice versa (Supplementary Figure S3 ). 

Next, we verified whether MPs challenge could modify cell
esponses. Cells with high P2X7R expression exhibit the pecu-
iar r ev ersib le permea bilization of the plasma membrane trig-
er ed by exposur e to eATP, 33–35 a feature witnessed by lucifer
ellow uptake by N13-P2X7R 

High cells ( Figure 6 A). In contrast,
13-P2X7R 

Low micr oglia w as r efractor y to eATP-mediated per-
eabilization, as shown by near-absent dye uptake ( Figure
 C). Incubation in the presence of MP-P2X7R 

High only slightly
nhanced the already high lucifer yellow uptake in N13-
2X7R 

High cells ( Figure 6 B) but had a significant impact on this
ye uptake in N13-P2X7R 

Low cells ( Figure 6 D). Measurement of
ell-associated fluorescence shows that incubation in the pres-
nce of MP-P2X7R 

High almost doubled lucifer yellow uptake by
13-P2X7R 

Low cells ( Figure 6 E). In addition, incubation of N13-
2X7R 

High cells in the presence of MP-P2X7R 

High almost dou-
 led their pr olifer ation r ate , both at the 48 and 72 h time points
 Figure 6 F). The effect of the incubation of N13-P2X7R 

High with
P-P2X7R 

Low w as m uch smaller, albeit still statistically signifi-
ant ( Figure 6 F). N13-P2X7R 

Low cells showed a lower basal prolif-
r ation r ate compared to N13-P2X7R 

High , a well-known feature
f P2X7R-less cells, 36–38 and their pr oliferation w as enhanced by

ncubation with MP-P2X7R 

High and to a lesser extent with MP-
2X7R 

Low ( Figure 6 G). 
Expression of the P2X7R confers several inflammatory fea-

ur es to monon uclear pha gocytes, among which is the ability
o generate MGCs, 39 typical of c hronic gr anulomatous inflam-

ation. We pr eviousl y showed that P2X7R-less phagocytes are
na b le to undergo spontaneous fusion, 39 , 40 thus we investi-
ated whether fusion of N13 micr oglia w as enhanced after incu-
ation with MPs isolated from either N13-P2X7R 

Low or N13-
2X7R 

High . Multinucleated giant cell formation was measured in
13-P2X7R 

High cultures incubated for 48 h alone ( Figure 7 A), in
he presence of MP-P2X7R 

Low ( Figure 7 B), or MP-P2X7R 

High ( Figure
 C). As shown quantitati v el y in Figure 6 D, fusion increased over
ime to finally decline after 48 h, as pr eviousl y documented, 39 

ikely due to the accelerated necrosis of the MGCs. Fusion was
ccelerated significantly by co-incubation with MP-P2X7R 

High 

ut not with MP-P2X7R 

Low ( Figure 7 D); however, co-incubation
n the presence of MP-P2X7R 

High also accelerated MGC necro-
is ( Figure 7 C). Contrary to N13-P2X7R 

High , N13-P2X7R 

Low cells
er e una b le to generate MGCs spontaneousl y ( Figur e 7 E); how-

ver, their fusion was greatly enhanced by the presence of
P-P2X7R 

High ( Figure 7 G), but not MP-P2X7R 

Low ( Figure 7 F).
he strong potentiation of MGC formation promoted by co-

ncubation in the presence of MP-P2X7R 

High was quantitated
n Figure 7 H. 

iscussion 

e show here that the P2X7R is a master regulator of exchange
f functioning mitochondria and MP by microglia. Intercellular
r ansfer of mitoc hondria via differ ent r outes (tunneling nan-
tubes, MPs, connexins, and uptake of secreted naked mito-
hondria) is a novel means of information transfer acti v e in
ost tissues, including e pithelia, neur onal cells, imm une cells,

nd cancer cells. 41 This mechanism appears to fulfill different
eeds, such as disposal of damaged mitochondria but also refur-
ishment of stressed cells with healthy mitochondria. This may
a ve important pathoph ysiological implications, as the supply
f cancer cells with functioning mitochondria has been shown
o enhance tumor ability to escape immune surveillance. 19 Fur-
hermore, the transfer of potent damage-associated molecular
atterns (DAMPs) such as mitochondrial DNA and cytochrome C

s inher entl y pr one to ignite or amplify inflammation. 
In the brain, an organ eminentl y susce ptib le to mitochondrial

ysfunction and thus heavily affected by mitochondriopathies,
itoc hondrial tr ansfer might have a v er y important pathophys-

ological role . Likewise , mitoc hondria are implicated in neuroin-
ammation. 42 Accruing evidence shows that astrocytes transfer
itochondria to neurons, 17 and vice versa that damaged mito-

 hondria are tr ansferred from neurons to astrocytes. 18 Microglia
s also a b le to exchange mitochondria with astrocytes 43 or with
ther microglial cells. 22 The rationale for such exchange activ-

ty seems to be, on the one hand, the acceleration of dysfunc-
ional mitochondria disposal and, on the other, the pr opa gation
f pr o-inflammator y signals. Of r elev ance, r esults by Watson et
l. 44 suggest that microglia are highly effective in the in vitro
nd in vi v o tr ansfer of mitoc hondria to glioblastoma tumors,
hus increasing tumorigenicity. This is in line with the observa-
ions by Sengupta and co-workers showing the potent cancer-
romoting effect of mitochondria transfer from immune to can-
er cells. 19 

Macr opha ges ar e heavil y inv olv ed in the transcellular mito-
 hondria exc hange , both as donor and recipient cells. This has
een shown to occur in the adipose tissue, lungs, heart, and

ikely in the bone marrow via sever al mec hanisms, i.e ., phago-
ytosis, tunneling nanotubes, or extracellular vesicle uptake. 20 

lthough inter cellular mitoc hondria tr ansfer also occurs in the
NS , the mec hanism of mitoc hondria release and uptake by
icroglia has been little investigated. 

Mitoc hondria tr ansfer is a pow erful mean for the modula-
ion of inflammation. Uptake of stem cell-deri v ed mitochondria
y macr opha ges pr omotes M2 polarization and downmodulates
nflammation. 45 Furthermore, in the adipose tissue under phys-
ological conditions an intense intercellular mitochondria traf-
cking occurs between adipocytes and macr opha ges. 46 Paradox-

cally, the main product of mitochondrial metabolic activity, i.e.,

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae019#supplementary-data
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Figure 5. Released mitochondria are taken up by primary microglia in a P2X7R-dependent fashion. Mitotr ac ker Red-labelled microglial cells from P2X7R-WT or P2X7R- 
KO mice were let adhere to 24-well dishes, rinsed, and further incubated in complete RPMI medium for 24 h with MitoTr ac ker Gr een FM-la beled MP-P2X7R High or 

MP-P2X7R Low pr eviousl y isolated fr om MitoTr ac ker Gr een FM-la beled source N13 cells (Materials and Methods). At the end of this incubation, the monolay ers w ere 
rinsed to r emov e extracellular MPs, fresh medium was added, and the cells analyzed by confocal microscopy as described in the legend to Figure 1 . Bars = 5 μm. 
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Figure 6. Fusion of MP-P2X7R High with the recipient cells r estor es eATP-mediated plasma membrane permeabilization and increases the proliferation rate in a P2X7R- 
dependent fashion. Fluorescence (A-D, upper panels) or phase contrast (A-D, lower panels) images of eATP-stimulated lucifer yellow uptake of control (A) or MP- 
P2X7R High -challenged (B) N13-P2X7R High , or control (C) or MP-P2X7R High -c hallenged (D) N13-P2X7R Low . Cells w ere incubated in complete RPMI medium at 37 ◦C in a 

CO 2 incubator in the a bsence or pr esence of MP-P2X7R High for 24 h, then rinsed, further incubated in complete RPMI at 37 ◦C, and challenged with 3 m m eATP in the 
presence of 1 mg/mL lucifer yellow. At the end of this incubation, the monolayers were thoroughly rinsed, incubated in fresh complete RPMI medium and analyzed 
by fluorescence microscopy with a IMT-2 Olympus phase/fluorescence microscope equipped with 20 × objective. (E) Lucifer yellow fluor escence w as quantitated as 
described in Materials and Methods. N13-P2X7R High (F) or N13-P2X7R Low (G) were seeded at 37 ◦C in a CO 2 incubator in 24-well plastic dishes in complete RPMI medium. 

After an overnight incubation, a suspension of either MP-P2X7R High or MP-P2X7R Low was added to each gi v en cell type, and incubation carried out at 37 ◦C in a CO 2 
incubator for further 72 h. Cell n umber w as quantitated by crystal violet (see Materials and Methods). Bars = 50 μm. ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001; ∗∗∗∗ P < 0.0001 
by unpaired t test. 
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TP, is also a powerful and omnipresent inflammatory media-
or 47 , 48 and a most potent stimulant of extracellular vesicle (or
P) r elease fr om brain micr oglia. 5 This seems to be an inte gr ated

r o-inflammator y system, as eATP acting at P2X7R, a plasma
embrane r ece ptor highl y expr essed by monon uclear pha go-

ytes, microglia included, promotes MP release. 35 , 49 

The low MP release from N13-P2X7R 

Low reported in the
resent study confirms that in microglia P2X7R expression is a
trong, albeit not absolute, requirement for MP release stimu-
ated by eATP, or by its more potent agonist Bz-ATP. In fact, P2Y
 ece ptors ar e also likel y to participate in this process. This con-
lusion is supported by the incomplete inhibition of MP shed-
ing by the poorl y selecti v e P2X7R anta gonist oxoATP shown

n this study, or by the highly selective anti-P2X7R monoclonal
ntibody L4 pr eviousl y r e ported by us. 6 The MP population is
ighl y heter ogenous, including small (about 100-200 nm) and

arge (100-1000 nm) MPs as well as naked mitochondria. Expres-
ion of the P2X7R on the donor cell heavily affects the MP mito-
hondria content, as MP-P2X7R 

Low showed a much lower level
f all specific mitochondrial markers compared to MP-P2X7R 

High 

nd accordingly had a lower content of ATP. The reason for
he reduced mitochondria content in MP-P2X7R 

Low might be
wofold: on the one hand, N13-P2X7R 

Low have a lower mitochon-
rial metabolism 

32 and content compared to N13-P2X7R 

High , on
he other mitochondria trapping within the budding MPs or

itochondria extrusion might be less efficient in N13-P2X7R 

Low 

icroglia. It has been proposed that the dispatch via MPs might
e a mean to dispose of malfunctioning mitochondria. How-
ver, our data show that MP-associated mitochondria are mostly
unctional. In fact, functionality is a key feature of the trans-
erred mitochondria since their uptake and incorporation in
he endogenous mitochondrial network impr ov ed the energy

etabolism in recipient cells. Indeed, a 24-h incubation of N13-
2X7R 

High microglia in the presence of MP-P2X7R 

High caused a
ear doubling of the iATP content in the recipient cells, thus
roving that supply of healthy mitochondria increases energy

evels in these cells. 
The MP cargo includes many bioacti v e molecules besides

ntracellular organelles, e.g., NLRP3 and P2X7R proteins as well
s their r especti v e mRNAs, thus suggesting that the MP uptake
ay increase the overall pro-inflammatory activity of the recip-

ent cells. This is clearly shown by the conferment of P2X7R-
e pendent r esponses to N13-P2X7R 

Low cells, possib l y due to
he direct transfer of P2X7R, which is then dir ectl y incorpo-
ated into the plasma membrane. Another possibility is the
ranslation of the MP-deli v er ed mRNA. Co-incubation with MP-
2X7R 

High incr eased P2X7R pr otein lev els in N13-P2X7R 

Low cells
nd made them susce ptib le to eATP-mediated r ev ersib le plasma
embrane permeabilization, the hallmark of P2X7R activity.
dditional functional responses of recipient cells, such as pro-

ifer ation, w ere dr astically affected by coincubation with MP-
2X7R 

High . The two-fold increase in proliferation might be due
o the increased cell energetics as well as to enhanced P2X7R
xpr ession. Suppl y of functioning (“healthy”) mitochondria w as
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Figure 7. Microparticle fusion with the recipient cells enhances MGC formation in a P2X7R-dependent fashion. N13-P2X7R High were incubated in 24-well plastic dishes 
at 37 ◦C in complete RPMI medium for 48 h as such (A) or in the presence of either MP-P2X7R Low (B) or MP-P2X7R High (C). Time course of MGC formation shown as 

fusion index in N13-P2X7R High monolayers incubated in the presence of MP-P2X7R Low , MP-P2X7R High , or left unchallenged (D). N13-P2X7R Low were incubated in 24-well 
plastic dishes at 37 ◦C in complete RPMI medium for 48 h as such (E) or in the presence of either MP-P2X7R Low (F) or MP-P2X7R High (G). Time course of MGC formation 
in N13-P2X7R Low monolayers incubated in the presence of MP-P2X7R Low , MP-P2X7R High , or left unchallenged (H). Fusion index was calculated as follows: (number of 

nuclei within MGC/total number of nuclei) × 100. All pictures were taken with an Olympus microscope, as described in the legend to Figure 6 .Bars = 10 μm. ∗∗ P < 0.01; 
∗∗∗ P < 0.001; ∗∗∗∗ P < 0.0001 by unpaired t test. 
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hown to potentiate some key macr opha ge functions such as
2 polarization and phagocytosis, 45 , 50 likely to occur due to the

ncreased iATP content. Also, increased P2X7R expression due to
P deli v er y might concur in the stimulation of cell growth, since

asal acti v ation of this r ece ptor has tr ophic/gr owth-pr omoting
ffect. 36 

Among the most striking albeit often neglected proper-
ies of mononuclear phagocytes, microglia included, is their
bility to undergo extensive cell fusion to generate MGCs, a
allmark of chronic granulomatous inflammation. 39 Ability to
ndergo spontaneous fusion in the absence of stimulation with

nflammatory cytokines is fully dependent on P2X7R expres-
ion. 39 , 51 Incubation with MP-P2X7R 

High enhanced fusion in N13-
2X7R 

High cultures and more interestingly, conferred this ability
o N13-P2X7R 

Low that are normally unable to fuse. This is yet
nother demonstration of the efficient MP-mediated transfer of
ioacti v e molecules, and of their ability to promote a range of

nflammator y r esponses. 
To achieve optimal transfer of the MP car go , expression of

2X7R on the plasma membrane of both the recipient and donor
ells is needed. This might be due to the well-documented fuso-
enic effect of the P2X7R present on the membranes of both
nteractors, 39 or possib l y due to a higher phagocytic activity of
2X7R-expressing cells. Furthermore, the P2X7R is known to pro-
ote phagocytosis and enhance pinocytosis in microglia, 52 , 53 

hus increasing uptake of the MP car go . 
In conclusion, these data show that the P2X7R is a key deter-

inant of MP tr affic king in mouse microglia being needed both
n the donor and recipient cells. P2X7R-expressing MPs effi-
iently transfer their mitochondrial cargo to the target cells, thus
nhancing their energetics and modulating their key function-
lities. Gi v en the r ole of eATP and P2X7R in inflammation, these
ndings help to better understand the complex modulation of
icroglia functions in neuroinflammation and neurode gener a-

ion. 
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