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Abstract

Methamphetamine (Meth) use is known to induce complex neuroinflammatory
responses, particularly involving astrocytes and microglia. Building upon our previous
research, which demonstrated that Meth stimulates astrocytes to release tumor necro-
sis factor (TNF) and glutamate, leading to microglial activation, this study investigates
the role of the anti-inflammatory cytokine interleukin-10 (IL-10) in this process. Our
findings reveal that the presence of recombinant IL-10 (rIL-10) counteracts Meth-
induced excessive glutamate release in astrocyte cultures, which significantly reduces
microglial activation. This reduction is associated with the modulation of astrocytic
intracellular calcium (Ca®") dynamics, particularly by restricting the release of Ca?*
from the endoplasmic reticulum to the cytoplasm. Furthermore, we identify the small
Rho GTPase Cdc42 as a crucial intermediary in the astrocyte-to-microglia communication
pathway under Meth exposure. By employing a transgenic mouse model that overex-
presses IL-10 (pMT-10), we also demonstrate in vivo that IL-10 prevents Meth-induced
neuroinflammation. These findings not only enhance our understanding of Meth-related
neuroinflammatory mechanisms, but also suggest IL-10 and Cdc42 as putative therapeu-

tic targets for treating Meth-induced neuroinflammation.
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also shown to upregulate immune responses and cytokine production,

culminating in pronounced neuroinflammation in which microglia acti-

Methamphetamine (Meth) is a highly addictive psychostimulant that
poses significant public health challenges worldwide. Meth easily
crosses the blood-brain barrier (BBB) (Xue et al., 2019), and exerts its
effects through the exacerbation of monoaminergic and glutamatergic
activities (Courtney & Ray, 2014; Panenka et al., 2013), causing long-
term neuronal dysfunction and sustained behavioral consequences
(Limanagi et al., 2018). Meth is also well characterized as a powerful

oxidative stress inducer (Yang et al., 2018). More recently, Meth was

vation is dependent on astrocytes (Canedo et al., 2021; Dang
etal., 2021; Yang et al., 2018).

By demonstrating that astrocytes play such a central role in Meth-
induced neuroinflammation, our finding shifts the focus of new therapies
development from microglia to astrocytes, underscoring a crucial crosstalk
between these two glial cell types. Beyond their immunocompetent roles,
astrocytes contribute significantly to synapse formation, memory consoli-

dation, and neurotransmitter regulation, including glutamate clearance
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(Allen et al., 2012). Astrocytic glutamate signaling is intrinsically linked to
drug-seeking behavior, as observed in cocaine addiction (Scofield
et al., 2015). We previously reported that blocking glutamate receptors in
microglia effectively prevents microglial activation by astrocytes exposed
to Meth (Canedo et al., 2021). This evidence reinforces that glutamatergic
signaling is a key player in modulating drug-seeking behavior
(Tzschentke & Schmidt, 2003). Glutamate release can happen via both
calcium (Ca?*)-dependent and independent mechanisms (Harada
et al., 2015). Our prior studies have delineated Meth's ability to induce
harmful glutamate release from astrocytes, fueling microglial reactivity in
a tumor necrosis factor (TNF)- and Ca®*-dependent manner (Canedo
et al, 2021). We have shown that attenuating astrocytic Ca®" release
from the endoplasmic reticulum (ER) mitigates Meth's neuroinflammatory
effects (Canedo et al., 2021).

A critical connection exists between glutamate, cytokines, and
astrocyte-mediated microglial responses leading to neuroinflammation.
In lipopolysaccharide (LPS)-stimulated microglia, the expression of the
anti-inflammatory cytokine Interleukin (IL)-10 increases in response to
excessive glutamate release (Werry et al., 2011), suggesting a complex
interplay between neurotransmitters, cytokines, and neuroinflammatory
responses. Reactive astrocytes can exacerbate microglial inflammatory
responses through cytokines like TNF-a (Canedo et al., 2021), IL-6,
GM-CSF, CCL2, and CXCL10 (Farina et al., 2007; Wheeler et al., 2019;
Xu et al., 2017). In contrast, under IL-10 stimulation, astrocytes can
nudge microglia toward anti-inflammatory states (Norden et al., 2014).

In rats, chronic administration of Meth, resulted in decreased cir-
culating levels of IL-10, which were associated with reduced social
interaction, increased anxiety, and impaired recognition memory
(Swanepoel et al., 2018). Also in rats, overexpressing IL-10, specifically
in the nucleus accumbens, reduced self-administration of the opioid
remifentanil, though it was unclear which specific cell populations
were responding to IL-10 (Lacagnina et al., 2017). Likewise, injecting
recombinant IL-10 (rlL-10) into the basolateral amygdala attenuated
binge-like ethanol consumption in mice (Marshall et al., 2017). Of
note, epigenetic modifications in the IL-10-coding gene were corre-
lated with addictive behaviors (Schwarz et al., 2011).

In this scenario, IL-10 exhibits a promising protective potential in
Meth-induced neuroinflammation. Both microglia and astrocytes are
capable of producing IL-10 and expressing its receptor, suggesting
potential collaborative roles in neuroprotection (Burmeister &
Marriott, 2018; Lobo-Silva et al., 2016). As such, in this work, we elu-
cidate how IL-10 influences Meth-induced microglial activation by
acting on astrocytes and demonstrate the protective effect of IL-10

on neuroinflammation caused by Meth.

2 | METHODS

21 | Animals

All experiments were conducted following the Directive 2010/63/EU
and approved by the competent authorities Direcido Geral de
Alimentacio e Veterinaria (DGAV) and i3S Animal Ethical Committee

(ref. 2018-13-TS and DGAV ref. 003891/2019-02-15). Researchers
involved in animal experimentation were FELASA certified. All efforts
were made to minimize animal suffering and the number of animals
used. Mice were housed under specific pathogen-free conditions in a
controlled environment (20°C, 45%-55% humidity) with an inverted
12 h/12 h light/ dark cycle and free access to food and water. The
pMT-10 mouse was generated by inserting a construct containing
the IL-10 cDNA under the control of the inducible sheep metallopro-
tein (MT) promoter in the genome of wild-type (WT) BL/6 mice. The
MT promoter is activated in the presence of 50 MM of Zn in the
organism, administered in the drinking water. For details on the con-
struct and/or kinetics of IL-10 expression upon Zn administration
please see (Cardoso et al., 2018). The pMT-10.IL-10Ra~/~ (Cardoso
et al., 2018) mouse was generated by crossing pMT-10 (Mesquita
et al, 2008) and IL-10Ra~’~ (Pils et al., 2010) mice. These mice
respond to Zn by upregulating IL-10, but do not subsequently respond
to IL-10 due to lack of the IL-10R alpha chain (Cardoso et al., 2021).
pMT-10 and pMT-10.RIL-10Ra~’~ mice were bred at i3S under spe-
cific pathogen-free conditions.

2.2 | IL-10 induction

IL-10 overexpression was induced via administering Zn sulfate hepta-
hydrate (ZnSQ4.7H,0) in the drinking water, as reported (Cardoso
et al., 2018). A solution of 50 nM Zn with 2% sucrose was fed to the

mice ad libitum during the experimental period.

2.3 | Meth administration to mice

Mice were subjected to a Meth binge protocol (Canedo et al., 2021)
and randomly assigned to the Meth group (4 x 5 mg/kg Meth, 2 h
apart, intraperitoneally) or the control group (4x isovolumetric saline)
and sacrificed 24 h after the first administration. Meth hydrochloride
was imported from Sigma-Aldrich (MO, USA) under a special
INFARMED license.

24 |
analysis

Microglial quantification and morphometric

Mice were anesthetized and perfused with PBS. Brains were post-
fixed for 48 h in 4% paraformaldehyde (PFA), cryoprotected using a
30% sucrose gradient, embedded in OCT, frozen, and cryosectioned
(coronally at 30 um, between Bregma positions 1.0-2.0 mm) in the
CM3050S cryostat (Leica Biosystems, Wetzlar, DE). Brain sections
were collected and stored at 4°C until further use. Brain slices (free-
floating) were selected and permeabilized with 0.2% Triton X-100 and
10% fetal bovine serum (FBS) in PBS (blocking solution) for 1 h at
room temperature (RT) as in (Canedo et al., 2021). Then, brain sec-
tions were incubated with primary antibody Iba-1 (1:500, Wako) (4°C)
in a blocking solution for 72 h under agitation. After washing, sections
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were incubated with a secondary antibody diluted in blocking solution
(1:1000, Invitrogen) conjugated to Alexa Fluor for 24 h (4°C) with agi-
tation, and nuclei were stained with DAPI. After PBS washes, sections
were mounted using Fluoroshield (Sigma-Aldrich) and visualized in a
TCS SP5 Il confocal microscope (Leica Biosystems). For microglial cell
quantification, images were acquired using a Leica HCX PL APO 40x
water-immersion lens with a z-step size of 0.33 mm. Iba-1+ cells were
counted manually using Fiji software with Z-stack projection images.
For morphometric analysis, images were acquired using a Leica HCX
PL APO 63X 1.3 glycerol-immersion lens with 4.5x digital zoom and a
z-step size of 0.33 mm. Microglia 3D reconstructions were performed
using the IMARIS software (version 10.0, Bitplane, Belfast, UK).

2.5 | Astrocytic morphometric analysis

Brain slices (free-floating) were selected and permeabilized with 0.2%
Triton X-100 10% FBS in PBS (blocking solution) for 1 h at RT. Then,
brain sections were incubated with primary antibody GFAP (1:500,
Abcam) (4°C) in blocking solution for 72 h under agitation, a marker
for mature astrocytes in the CNS, as previously described (Althammer
et al., 2020; SheikhBahaei et al., 2018). After washing, sections were
incubated with secondary antibodies diluted in blocking solution
(1:1000, Invitrogen) conjugated to Alexa Fluor for 24 h (4°C) with agi-
tation. After PBS washes, sections were mounted using Fluoroshield
(Sigma-Aldrich) and visualized in a TCS SP5 Il confocal microscope
(Leica Biosystems). Images were acquired using a Leica HCX PL APO
63X 1.3 glycerol-immersion lens with 3x digital zoom and a z-step
size of 0.33 mm. Astrocytes 3D reconstructions were performed using
the IMARIS software (version 10.1.0, Bitplane, Belfast, UK).

2.6 | Invivo synapse engulfment quantification

Brain slices (free-floating) were selected and permeabilized with 0.2%
Triton X-100 10% FBS in PBS (blocking solution) for 1 h at RT. Then,
brain sections were incubated with primary antibodies Iba-1 (1:500,
Wako), CD68 (1:500, Bio-Rad), and PSD-95 (1:500, Cell Signaling)
(4°C) in blocking solution for 72 h under agitation. After washing, sec-
tions were incubated with secondary antibodies diluted in blocking
solution (1:1000, Invitrogen) conjugated to Alexa Fluor for 24 h (4°C)
with agitation. After PBS washes, sections were mounted using Fluor-
oshield (Sigma-Aldrich) and visualized in a TCS SP5 Il confocal micro-
scope (Leica Biosystems). Images were acquired using a Leica HCX PL
APO 63x 1.3 glycerol-immersion lens with 4.5x digital zoom and a
z-step size of 0.33 mm. Images were processed and analyzed by Imaris
Software (Bitplane, Switzerland). CD68 and Iba-1 volumes were quan-
tified by applying 3D surface rendering of confocal stacks in their
respective channels, using identical settings (fixed thresholds of inten-
sity and voxel) within each experiment. For quantification of PSD95
engulfment by microglia, only PSD95 puncta present within microglial
CDé68 structures were considered. This procedure ensured that only

puncta entirely phagocytosed by microglia were included in the

analysis. To this aim, a new channel for “engulfed PSD95” was cre-
ated using the mask function in Imaris, masking the PSD95 signal
within CD68+ structures. Quantification of volumes for “engulfed
PSD95 in CD68” was performed following the “3D Surface rendering
of engulfed material” protocol, previously published by (Schafer
et al, 2014). To account for variations in cell size, the amount of
“engulfed PSD95 in CD68” was normalized to the total volume of the
phagocyte (given by Iba-1 total volume).

2.7 | Elevated plus maze

As we previously described, anxiety-like behavior was assessed using
the elevated plus maze (EPM) test (Canedo et al., 2021; Socodato
et al., 2020). The test was performed 24 h after the first Meth admin-
istration, just before the euthanasia. The test was conducted in the
dark phase of the light/dark cycle. The maze, made of opaque gray
polyvinyl, consisted of four arms arranged in a cross-shape; two
closed arms have surrounding walls (18 cm high), opposing two open
arms (all arms 37 x 6 cm). The apparatus was elevated at a height of
50 cm. Each mouse was placed on the central platform facing an open
arm and allowed to explore the maze for 5 min. The mice's movement
and location were recorded and analyzed by Smart Video Tracking
Software v 2.5 (Panlab, Harvard Apparatus).

2.8 | Primary cell cultures

Primary mixed glial cultures were performed as previously described
(Canedo et al., 2021). Briefly, neonatal Wistar rats were sacrificed.
The cortex, embedded in Hank's balanced salt solution (HBSS)
(Gibco™, 14170112) + 1% of PenStrep (Gibco™, 15140122), was
placed on ice. Mechanical digestion was performed until the mixture
looked homogeneous. Afterward, enzymatic digestion was completed
using DNase | and Trypsin-EDTA (0.25%) (Gibco™,25200072). The
culture medium, DMEM GlutaMAX™ (Gibco™, 10566016) with 10%
FBS, was added to inactive trypsin, and then the mixture was centri-
fuged, and the pellet was resuspended in the culture medium. Cells
were seeded in T75 flasks with supplemented DMEM GlutaMAX™-I,
constituted by 10% fetal bovine serum (FBS from Gibco™, 10270106)
Heat Inactivated, Gentamicin (120 ug/mL; BioWhittakerTM), and
Amphotericin B (0.25 pg/mL; Sigma-Aldrich). Cells were maintained at
an appropriate temperature and gas mixture (37°C and 5% CO,). After
10 days in vitro, these cell cultures should be free of neurons, menin-
geal cells, and fibroblasts and composed only of astrocytes, oligoden-
drocytes, and microglia (de Vellis & Cole, 2012).

Flasks were shaken for 2 h at 200 rpm at 37°C to obtain purified
microglia cultures. The medium from the flasks was collected and cen-
trifuged at 1200 rpm for 10 min. The supernatant was discarded, and
the pellet was suspended in warm supplemented DMEM-F12 Gluta-
MAX™ (Gibco™, 10565018). The number of live cells was determined
by gently mixing the cell mixture with trypan blue solution 0.4%
(Gibco™, 15250061). The cell suspension was then diluted in warm-
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supplemented DMEM-F12 GlutaMAX™. Cells were seeded and
placed in the incubator for 2 days. Immunolabeling with CD11b
and Hoechst showed a purity of 97% for these cultures (Figure S1A).
For purified astrocytic cells, flasks were placed in an orbital shaker
(overnight at 220 rpm at 37°C) to remove non-astrocytic cells. Next,
astrocytes were detached and split into non-coated T-flasks in DMEM
GlutaMAX™. Split cultures were re-split at least four times to obtain
purified cultures. Primary cultures of astrocytes were used between
passages 5 and 7. Immunolabeling with GFAP and Hoechst showed a

purity of 86% for these cultures (Figure S1A).

2.8.1 | Cell treatments

Astrocytes were treated to create an astrocytic conditioned medium
(ACM) as before (Canedo et al., 2021). Briefly, primary cell cultures of
astrocytes were seeded and incubated until confluence (~80%) was
reached. At that moment, cells were treated with cell culture medium
and 0, 5, 10, or 20 ng/mL of recombinant IL-10 (rIL-10) (CT+rIL-10)
or with 100 uM of Meth and 0, 5, 10, or 20 ng/mL of rIL-10 (Meth
+rlIL-10) for 24 h. After this time, the conditioned medium (ACM CT
+rlL-10 or ACM Meth+rlL-10) was collected, centrifuged for debris
removal (1200 rpm, 5 min), and frozen at —80°C until used. To assess
the effects of ACM on purified primary microglial cultures, microglial
cells were exposed to ACM CT+rlL-10 or ACM Meth+rIL-10 for 24 h
in the same concentrations described above. The rat rlL-10 (Cys167Try)

Protein was purchased from R&D Systems.

2.8.2 | Immunocytochemistry

Primary cell cultures of microglia, plated in a 96-well plate, were fix-
ated with 4% PFA (Sigma-Aldrich) for 10 min at RT. Then, cells were
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 10 min at
RT and blocked with 3% bovine serum albumin (BSA; Sigma-Aldrich)
for 1 h at RT. Fixed cells were incubated with primary antibodies
iNOS (1:200, abcam) and CDé68 (1:500, biorad) overnight at 4°C.

Cells were incubated with secondary antibodies (1:1000, Invitro-
gen), conjugated to Alexa Fluor, for 1 h at RT, and nuclei stained with
0,5 pg/mL Hoechst 33342 (Sigma-Aldrich) and HCS Cell Mask
(Invitrogen; 0.5 pg/mL) for 30 min at RT. Finally, cells were rewashed
with PBS1x and visualized at IN Cell Analyzer 2000 at an objective of
40x. The signal intensity was then quantified using Cell Profiler 4.2.

2.8.3 | Plasmids
Cells transfection was performed using 1-2 pg of each plasmid with
jetPRIME  (Polyplus transfection, lllkirch-Graffenstaden, France)
according to the manufacturer's protocol.

The glutamate release from astrocytes were measured using
pDisplay FLIPE-600n (Addgene #13545) (Okumoto et al., 2005). The
efflux of Ca®* from the ER into the cytosol of microglia was measured

using the D1ER biosensor (Addgene #36325) (Palmer et al., 2004).
The specific activity of c-Src at the plasma membrane of microglia
was measured using the Lyn Src (WT) YPet FRET probe (here men-
tioned as Src biosensor) (Addgene #78302) (Wang et al., 2005).

Raichu RhoA, Raichu-Rac1, and Raichu-Cdc42 were provided by
M. Matsuda (Yoshizaki et al., 2003).

2.84 | FRET-based live cell assay

Primary astrocytes were plated on plastic-bottom culture dishes (u-Dish
35 mm, iBidi) at a concentration of 1 x 105 cells/mL with an extra 1 mL
of supplemented DMEM GlutaMAX™. The plate was incubated for 24 h,
and after that period, the transfection mix was prepared and added to the
cells according to the manufacturer's instructions. Briefly, the transfection
mixture contained the desired DNA, JetPrime Buffer, and the JetPrime
Reagent. The cells were incubated again for 48 h, washed with HBSS, and
incubated with 1 mL of HBSS for 30 min. During this time, the stimulus
for the cells was prepared. Three different stimuli were diluted in HBSS.
Imaging was performed using a Leica DMI6000B inverted microscope as
previously described (Socodato et al., 2015; Socodato et al., 2018). The
excitation light source was a mercury metal halide bulb integrated with an
EL6000 light attenuator. High-speed, low-vibration external excitation/
emission filter wheels equipped with filter cubes for cyan fluorescent pro-
tein (CFP) (BP 427/10) and yellow fluorescent protein (YFP) (BP 504/12)
working with specific dichroic (CG1 440/520) and a separate filter cube
for monomeric red fluorescent protein (mRFP) (ex. BP580/20; DM 595;
em. 630/55) mounted into a microscope filter carrousel (Leica fast filter
wheels) and a PlanApo 63x 1.3NA glycerol immersion objective were
used for CFP and FRET images. Images were acquired with 2 x 2 binning
using a digital CMOS camera (ORCAFlash4.0 V2, Hamamatsu Photonics).
Images were exported as 16-bit tiff files and processed in FIJI software.
The background was dynamically subtracted from all slices from both
channels. Segmentation was achieved on a pixel-by-pixel basis using a
modification of the Huang algorithm. After background subtraction and
filtering, ratiometric images (CFP/FRET or FRET/CFP) were generated in
intensity-modulated display mode using the FRET images as intensity
modulators.

2.8.5 | FRET-based fixed cell assay

Primary astrocytes were seeded onto PhenoPlate96 (6055302,
Revvity) microplates at a density of 6 x 10* cells/mL in supplemented
DMEM GlutaMAX™. Following a 24-h incubation, a transfection mix
was prepared and applied to the cells per the manufacturer's guide-
lines. The transfection mixture included the desired DNA, JetPrime
Buffer, and JetPrime Reagent. Subsequently, cells were fixed with 4%
PFA for 10 min at RT. Automated image acquisition was conducted using
an Opera Phenix® Plus high-content screening (HCS) system (Rewvity) in
confocal mode, and image analysis was carried out using Harmony® high-
content analysis software (Rewvity). Initially, low-magnification (10x /0.3
NA Air) whole-well imaging of the YFP channel (ex. 488, em. 500-550)
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was performed to identify transfected cells, which were then recaptured
at high magnification (63x/1.1 NA Water) in the Cerulean channel
(ex. 405, em. 435-480) and YFP channel (ex. 405, em. 500-550) across a
z-section of 3 um (7 x 0.5 um). The acquired stacks underwent maximum
projection, and the FRET ratio (mean fluorescent intensity ratio of Ceru-
lean/YFP or YFP/Cerulean) was subsequently determined.

2.9 | Statistical analysis

Results were expressed as mean * standard error of the mean (SEM).
When comparing only two experimental groups, the paired Student t-
test with equal variance assumption was used for data with normal
distribution. A one-way analysis of variance (ANOVA) without
repeated measures was performed when comparing three or more
groups. A 95% confidence interval and statistical significance were set
at p < .05. All quantifications were performed blindly. Analysis was
achieved using the GraphPad Prism® software version 9.3.1 for win-
dows. The terminology used in graphics reads as follows:
****p < .0001; ***p < .001; **p < .01, *p < .05. p > .05 was considered

to indicate no significance and is denoted by “ns.”

3 | RESULTS

3.1 | IL-10 modulates astrocytic responses,
preventing Meth-induced microglia activation

We previously established that binge administration of Meth induces
microgliosis in vivo (Canedo et al., 2021). Notably, in vitro activation of
microglial cells did not result from direct Meth action but instead from

pro-inflammatory soluble factors produced by astrocytes in response to

Meth (Canedo et al., 2021). Given the anti-inflammatory properties of
IL-10, we questioned whether the presence of this cytokine would
reduce Meth-induced astrocyte-mediated microglial activation. To
investigate that, we used primary cell cultures. We prepared astrocyte
conditioned medium (ACM) obtained from astrocytes exposed to Meth,
spiked with a range of recombinant IL-10 (rIL-10) concentrations (ACM
Meth+rIL-10) (Lim et al., 2013). ACM obtained from astrocytes that
were not exposed to Meth with correspondent concentrations of rIL-10
(ACM CT+rlIL-10) were used as controls. Meth exposure and ranging
levels of rIL-10 did not affect the viability of astrocytic cell cultures
(Figure S1B). Microglia cultures were then exposed to these different
ACM and microglia activation was analyzed 24 h later (Figure 1a). We
found that the addition of rIL-10 (5 and 20 ng/mL) to astrocytes signifi-
cantly prevented the increase in iNOS levels in microglia caused by
ACM Meth alone (Figure 1b). Because activated microglia increase
phagocytic activity markers, we further investigated if rIL-10 interfered
with the increase in microglial CD68 expression that we previously
reported in mice exposed to Meth (Canedo et al., 2021). We found that
rIL-10 in astrocytes efficiently prevented the increase of CDé68 in
microglia triggered by ACM Meth (Figure 1c). These results suggest that
IL-10 counteracts the stimulatory effect of Meth.

Next, we investigated whether the effects of rIL-10 occurred via
astrocytes or were directly exerted on microglia. For that, microglia
cells were exposed to ACM Meth, and IL-10 was added directly to the
microglia cultures (Figure 1d). The concentration of rIL-10 chosen for
direct microglial exposure was 5 ng/mL, the lowest concentration pre-
viously demonstrated to be effective when added to astrocytes. Of
note, rIL-10 did not exert a direct protective effect on microglia acti-
vation regarding iNOS activity (Figure 1e) or CD68 expression
(Figure 1f). This suggests that the inhibitory effect of IL-10 primarily
occurs through its action on astrocytes, possibly implying that IL-10

leads to alterations in the ACM composition.

FIGURE 1 IL-10 modulates astrocytic response and prevents Meth-induced microglia activation. (a) Experimental design—primary astrocytic

cell cultures were incubated with O, 5, 10, or 20 ng/mL of rlIL-10 (CT+rlL-10) or 100 uM Meth and 0, 5, 10, or 20 ng/mL of rlL-10 (Meth+rIL-10)
for 24 h. Following that, primary microglial cultures were incubated with the conditioned medium obtained from the astrocytes maintained solely
with rIL-10 (ACM CT+-rIL-10) or Meth plus rIL-10 (ACM Meth-+rlIL-10) for 24 h. After this, microglia reactivity markers such as iNOS and CDé68
were analyzed by immunohistochemistry. Created with BioRender.com. (b) Fluorescence representative images of immunolabeling for iNOS (red)
in primary microglia exposed to ACM CT+rIL-10 or ACM Meth+rIL-10 (n = 3 independent cultures). Scale bar, 20 um. Data were normalized to
the value of control (ACM CT+rlL-10) for each concentration of rlL-10. Symbols represent mean values for each independent cell culture, and
error bars represent the standard error of the mean (SEM). Statistical analysis was conducted using a two-way analysis of variance (ANOVA) with
multiple comparisons (*p < .05, **p < .01, and ns, non-significant). (c) Fluorescence representative images of immunolabeling for CD68 (green) in
primary microglia exposed to ACM CT+rlL-10 or ACM Meth+rIL-10 (n = 3 independent cultures). Scale bar, 20 um. Data was normalized to the
value of control (ACM CT+rlL-10) for each concentration of rIL-10. Symbols represent the mean value of each independent cell culture + SEM.
Statistical analysis was conducted using a two-way ANOVA with multiple comparisons (*p < .05 and ns, non-significant). (d) Experimental design—
primary astrocytic cell cultures were incubated with cell culture medium (CT) or 100 uM Meth for 24 h. Following that, primary microglial cultures
were incubated with rIL-10 and the conditioned medium obtained from astrocytes, ACM CT or ACM Meth, for 24 h. After this, microglia
reactivity markers such as iNOS and CDé8 were analyzed by immunohistochemistry. Created with BioRender.com. (e) Fluorescence
representative images of immunolabeling for iNOS (red) in primary microglia exposed to ACM CT plus rlL-10 or ACM Meth plus rIL-10 (n = 3
independent cultures). Scale bar, 20 um. Data was normalized to the value of control (ACM CT+rIL-10) for each concentration of rlL-10. Symbols
represent the mean value of each independent cell culture + SEM. Statistical analysis was conducted using an unpaired t-test, (*p < .05,

***p < .001). (F) Fluorescence representative images of immunolabeling for CDé8 (green) in primary microglia exposed to ACM CT and rIL-10 or
ACM Meth and rIL-10 (n = 3 independent cultures). Scale bar, 20 um. Data were normalized to the value of control (ACM CT plus rlL-10) for
each concentration of rIL-10. Symbols represent the mean value of each independent cell culture + SEM. Statistical analysis was conducted using
an unpaired t-test (*p < .05).
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3.2 | IL-10 inhibits Meth-induced astrocytic
glutamate release

Meth induces a rapid and significant release of glutamate from astro-
cytes, which was implicated in subsequent microglia activation
(Canedo et al., 2021). Thus, we hypothesized that rIL-10 could exert
its inhibitory effect by reducing glutamate release from astrocytes.
We tested this hypothesis using the glutamate release FRET biosensor
FLIPE 600nSYRFACE (Okumoto et al., 2005) to monitor, in real-time,
the release of glutamate from astrocytes exposed to Meth in the pres-
ence or absence of 5 ng/mL rIL-10. In accordance with what was pre-
viously described (Canedo et al., 2021), Meth triggered a rapid and
sustained release of glutamate from astrocytes (Figure 2a). Incubation
of astrocytes with rIL-10 significantly reduced the glutamate release
triggered by Meth. In contrast, exposure to rIL-10 alone had no effect

in glutamate release (Figure 2a).

3.3 | IL-10 modulates astrocytic calcium signaling
and Cdc42 activation triggered by Meth

Astrocytes can release glutamate from intracellular pools through vari-
ous mechanisms, including Ca®"-dependent and -independent path-
ways (Harada et al., 2015). We have established that an increased
efflux of Ca?* from the ER pool to the cytosol is required for the
astrocytic glutamate release triggered by Meth (Canedo et al., 2021).
Thus, we hypothesized that IL-10 might mitigate glutamate release by
influencing the release of Ca?* from the ER. To verify this, we utilized
the D1ER FRET biosensor (Palmer et al., 2004) to detect the efflux of
Ca?" from the ER into the cytosol in astrocytes exposed to Meth.
Confirming previous results (Canedo et al., 2021), Meth caused the
release of Ca®" from the ER to the cytosol (Figure 2b), while the pres-
ence of rIL-10 led to a significant reduction of Meth-induced Ca?*
efflux, indicating an IL-10 exerted modulatory effect (Figure 2b). Addi-
tionally, rIL-10 alone led to increased Ca®* efflux from the ER
(Figure 2b).

We next investigated the molecular players underlying the effect
of IL-10 in regulating Meth-induced Ca?" release. Since Ca?* signaling
has been associated with the activity of Src-family tyrosine kinases
(SFKs) (Anguita & Villalobo, 2017; Giusti et al., 1999; Minuz
et al, 2018), we hypothesized that IL-10 could mediate calcium
release by acting on c-Src activity. First, we examined whether Meth
alone activated c-Src in astrocytes. Using a specific c-Src FRET-based
biosensor (KRas Src YPet) that does not recognize the activity of other
SFKs (Ouyang et al., 2008), we observed that Meth did not signifi-
cantly affect c-Src activity in astrocytes, as evidenced by the lack of
changes in the Donor/FRET emission ratio of the KRas Src YPet probe
(Figure S2A). In face of these results, we concluded that Src-family is
not downstream of IL-10 signaling in astrocytes.

We then addressed the involvement of the small Rho GTPases
family, specifically Cdc42, Rac1, and RhoA, which are well-known reg-
ulators of cell dynamics in response to psychostimulants and of intra-
cellular Ca®* levels (Aspenstrém, 2004; Ding et al, 2022; Inaba

et al., 2021; Narita et al., 2003), as well as of other processes known
to be involved in glutamate release from astrocytes (Malarkey &
Parpura, 2008). Although the impact of Meth on Rho GTPases has
been documented (Ru et al., 2023), its specific effects on astrocytes
remained uncharacterized. Using FRET-based biosensors in primary
astrocytes, we found that Meth induced a rapid and sustained
increase in astrocytic Cdc42 activity (Figure 2c). Importantly, IL-10
significantly prevented this Meth-induced increase in Cdc42 activa-
tion, while having no impact on Cdc42 activity on its own (Figure 2c).
Further kinetic analyses showed that Meth had no significant effect
on Racl activity (Figure S2B), suggesting that this molecule is not
involved in IL-10-action in Meth-exposed astrocytes. Analysis of the
RhoA activity under Meth exposure revealed a significant increase
between the first 5-15 min (Figure S2C). Although rIL-10 partially
prevented the Meth-induced increase in RhoA activity, rlL-10 on its
own also promoted a sustained increased in RhoA activity
(Figure S2C). Taken together, the Rho GTPase kinetics data prompted
us to conclude that Cdc42 was most likely the Rho GTPase involved
in relaying the inhibitory effects of IL-10 on astrocytes exposed
to Meth.

3.4 | Cdc42 inhibition is sufficient to prevent
astrocytic glutamate release but not Ca®* signaling

The above findings suggest that IL-10 counteracts the effects of Meth
in astrocytes (and consequently on microglia) by interfering with
Cdc42 activity, which in itself mediates Meth-activation of astrocytes.
Next, we questioned whether blocking this Rho GTPase with a phar-
macological inhibitor would impact the effect of Meth in astrocytes.
For that, we inhibited Cdc42 using Zcl278, a Cdc42-specificfic inhibi-
tor that targets the interaction between Intersectinl-long (Itsni-L)
and Cdc42 (Friesland et al., 2013). Zcl278 was previously shown not
to have adverse effects on cell viability (An et al, 2016; Liu
et al., 2015). Zcl278 effectively prevented Meth-induced activation of
Cdc42 in astrocytic cultures, whereas, as expected, Zcl278 alone
decreased Cdc42 activation (Figure 3a).

To clarify if Meth-induced Cdc42 activation was involved in
astrocytic glutamate release, we inhibited Cdc42 and evaluated
whether this could prevent the release of glutamate. We observed
that treatment with Zcl278 led to a significant reduction in the Meth-
induced glutamate release from astrocytes (Figure 3b). Together with
the IL-10 data, this strongly suggests that, in astrocytes, Meth-
induced glutamate release is dependent on the activation of Cdc42.

Cdc42, alongside other Rho GTPases, is recognized for its role in
orchestrating intracellular Ca?* dynamics (Aspenstrém, 2004; Costello
et al., 1999; Djouder et al., 2000). Specifically, Cdc42 has been
described to activate Ca®" signaling pathways, thereby facilitating the
exocytosis of secretory granules (Hong-Geller & Cerione, 2000). Thus,
we next investigated whether Meth-induced Ca®" release from the ER
depended on Cdc42 activation. Inhibition of Cdc42 by Zcl278 did not
affect Ca®* release in a significant way (Figure 3c and Figure S2D).

Based on these data, we concluded that IL-10 protective action on
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FIGURE 2 IL-10 inhibits Meth-induced astrocytic glutamate release preventing Ca?* efflux and Cdc42 increased activity. (a)Primary
astrocytes expressing the glutamate release FRET biosensor (FLIPE) were incubated in control medium (CT), and exposed to 100 uM Meth, Meth
+rlIL-10 (5 ng/mL) or IL-10 (5 ng/mL) alone. The time-lapse Donor/FRET ratio changes for the FLIPE biosensor (normalized at O min) were color-
coded according to the scale. Scale bars 20 um. Data were based on n = 9 to 11 cells, pooled across 4 independent experiments. Symbols
represent mean values 4+ standard error of the mean (SEM). The arrow indicates the time point in which treatments were administered. A two-
way analysis of variance (ANOVA) was performed to evaluate the interaction between the treatment and the time-points (***p < .001). (b)
Primary astrocytes expressing the endoplasmic reticulum calcium release FRET biosensor (D1ER) were incubated in CT and exposed to 100 uM
Meth, Meth+rIL-10 (5 ng/mL) or IL-10 (5 ng/mL) alone for 5, 10, 15, or 20 min. FRET/Donor ratio changes for the D1ER biosensor (normalized
to control cells) are shown according to the scale. Scale bar, 50 um. Symbols represent mean values + SEM of n = 550 to 598 cells pooled across
three independent experiments. A two-way ANOVA was performed to evaluate the interaction between treatment and time-points (*p < .05). (c)
Primary astrocytes expressing Raichu-Cdc42 biosensor were incubated in CT and exposed to 100 uM Meth, Meth+rlL-10 (5 ng/mL) or IL-10

(5 ng/mL) alone for 5, 10, 15, or 20 min. FRET/Donor ratio changes for the Raichu-Cdc42 biosensor (normalized to control cells) are shown
according to the scale. Scale bar, 50 um. Symbols represent mean values + SEM for n = 550 to 598 cells pooled across 3 independent
experiments. A two-way ANOVA was performed to evaluate the interaction between the treatment and the time-points (***p < .001).
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FIGURE 3 Cdc42 inhibition is sufficient to prevent glutamate release from astrocytes. (a) Primary astrocytes expressing Raichu-Cdc42
biosensor were incubated in control medium (CT) and exposed to 100 uM Meth, Meth+Zcl278 (50 uM), or Zcl278 (50 uM). FRET/Donor ratio
changes for the Raichu-Cdc42 biosensor (normalized to control cells) were evaluated at 15 min and are shown according to the scale. Scale bar,
50 um. Symbols represent mean values + standard error of the mean (SEM) of n = 18 to 50 cells from 3 independent experiments. Statistical
analysis was conducted using a two-way analysis of variance (ANOVA) with multiple comparisons (*p < .05, **p < .01, and ns, non-significant).

(b) Primary astrocytes expressing the glutamate release FRET biosensor (FLIPE) were incubated in CT, and exposed to 100 uM Meth, Meth
+Zcl278 (5,0 uM) or Zcl278 (50 uM). Donor/FRET ratio changes (normalized for control cells) were evaluated at 15 min and are shown according
to the scale. Scale bar, 50 um. Symbols represent mean values = SEM, for n = 379 to 412 cells from 3 to 4 independent experiments. Statistical
analysis was conducted using two-way ANOVA with multiple comparisons (*p < .05, and ns, non-significant). (c) Primary astrocytes expressing the
endoplasmic reticulum calcium release FRET biosensor (D1ER) were incubated in CT, and exposed to 100 uM Meth, Meth+Zcl278 (5,0 uM) or
Zcl278 (50 uM). Donor/FRET ratio changes (normalized for control cells) were evaluated at 15 min and are shown according to the scale. Scale
bar, 50 um. Symbols represent mean values + SEM, for n = 50 to 599 cells pooled across 3-5 independent experiments. A two-way ANOVA was
performed to evaluate the interaction between the treatment and the time-points, (***p < .001, and ns, non-significant).
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FIGURE 4 Meth causes astrocyte morphological alterations and IL-10 is sufficient to counteract them. (a) Imaris (Bitplane)-based 3D
reconstructions of representative astrocytes from hippocampal sections obtained from mice administered with binge saline (CT) or Meth. Scale
bar, 10 um. (b) Sholl analysis of astrocytes (15-18 cells/group from n = 3 mice per group. Data were analyzed by two-way analysis of variance
(ANOVA) corrected for multiple comparisons using the Bonferroni multiple comparison post hoc test, ****p < .0001, ***p < .001, ** p < .01, or

*p < .05 when comparing the pMT-10 —Zn CT with pMT-10 —Zn Meth conditions, and #### p < .0001 or ## p < .01 when comparing pMT-10
—Zn Meth with pMT-10 +Zn Meth conditions. (c) Graph display (mean + standard error of the mean) of Imaris-based automated quantification of
astrocytic territorial area. Statistical analysis was conducted using one-way ANOVA (*p < .05; ****p < .0001 and ns, non-significant).

Cdc42 Meth-induced activation is either downstream of Ca®" release,
or Ca*-independent.

3.5 | Invivo IL-10 prevents Meth-induced
neuroinflammation and compromised risk assessment

To investigate the protective role of IL-10 in an in vivo model of Meth
administration, we used a transgenic mouse model of IL-10 overex-
pression under the control of the metallothionein promoter, desig-
nated pMT-10 mouse (Cardoso et al., 2018). IL-10 expression in these
mice reaches detectable concentrations in the serum as early as
3 days following zinc (Zn) sulfate administration in the drinking water,
a regimen previously established (Cardoso et al., 2018). These levels
are furthermore comparable to IL-10 levels observed in IL-10-treated
humans (Huhn et al., 1996; Huhn et al., 1997).

pMT-10 animals were exposed to Zn for 3 consecutive days, fol-
lowed by Meth administration (Figure S3A). Considering the

substantial decrease in IL-10 levels seen upon cessation of Zn admin-
istration (Cardoso et al., 2018), Zn treatment (and control water) was
continued during the Meth administration period.

We have demonstrated that increased levels of IL-10 in vitro pre-
vent the effects of Meth in an astrocytic- and Cdc42 dependent way.
Since Cdc42 was previously shown to influence astrocytic function
and morphology (Robel et al., 2011), we investigated the impact of
Meth and IL-10 in astrocyte morphology in vivo, using the pMT-10
mouse. Following Meth administration, we observed a notable alter-
ation in astrocytes morphology, characterized by hypertrophy
(Figure 4a), increased ramification (Figure 4b), and complexity
(Figure 4c). Overexpression of IL-10 successfully prevented these
changes in astrocytes, leading to a morphology comparable to control
conditions (Figure 4a-c).

Our previous research has established that, in a mechanism medi-
ated by astrocytes, acute Meth administration induces robust micro-
gliosis and activation of a pro-inflammatory profile in WT mice

(Canedo et al., 2021). Here, we found that elevating IL-10 levels
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prevents the Meth-induced expansion of Ibal+ cells within the hippo-
campus (Figure 5a). Furthermore, the changes in microglial morphol-
ogy induced by Meth and characterized by decreased territorial
volume (Figure 5b) and less ramified shape (Figure S3B), were also
mitigated by IL-10.

Microglial cells are pivotal in surveilling the brain and in pruning
synapses (Paolicelli et al., 2011). To assess the impact of Meth adminis-
tration on synapse elimination by microglia and the potential mitigating
effects of IL-10, we analyzed the amount of PSD95 within microglial
phagolysosomes. Meth administration resulted in significantly higher
PSD95 puncta co-localizing in CD68+ structures of microglia cells com-
pared to control, suggesting increased synapse elimination (Figure 5c).
IL-10 effectively prevented these alterations (Figure 5c).

Meth is also known to impact behavior, including loss of risk
assessment capacity (Canedo et al., 2021). To evaluate this, pMT-10
mice exposed to Meth were tested in the EPM, a well-established par-
adigm for evaluating anxiety-like behaviors (Walf & Frye, 2007). After
Meth administration, mice exhibited a significant increase in the time
and distance traveled within the open arms of the maze (Figure 5d),
indicating compromised risk assessment. Notably, IL-10 prevented
these behavioral changes (Figure 5d). Of note, the effects of Zn
administration on pMT-10 mice were mediated by IL-10, as in pMT-
10 mice lacking a functional IL-10 receptor (pMTlO.IL-lOR(x’/’), the
protective effect of IL-10 over Meth-induced behavior alterations,
was no longer observed (Figure 5d).

Collectively, these findings underscore the protective role of IL-
10 in mitigating Meth-induced neuroinflammation and behavioral
alterations, highlighting its potential therapeutic significance in the

context of substance abuse.

4 | DISCUSSION

Growing evidence suggests that neuroinflammation plays a pivotal role
in Meth's pathophysiology (Shi et al., 2022). Several authors have
shown that Meth exposure induces astrocytic reactivity (Dang
et al.,, 2021; Escartin et al., 2021), which is closely linked to increased
neurotoxicity and neuroinflammation, both in vitro (Bortell et al., 2017)
and in vivo (Narita et al., 2006). In humans, Meth use leads to microglia

activation (Sekine et al., 2008). However, as we have previously

reported, Meth does not induce a pro-inflammatory state in primary
microglia in a cell-autonomous way, requiring an astrocytes-to-microglia
crosstalk (Canedo et al, 2021). Here, we show that the anti-
inflammatory cytokine IL-10 prevents Meth-induced microglia activa-
tion by acting on astrocytes. Our current findings highlight that Meth-
induced glutamate release is mediated by Ca®>" and Cdc42 activation.
Importantly, we have demonstrated that the protective effect of IL-10
is also manifested through its action on Cdc42, preventing glutamate
release. This new insight not only improves our understanding of the
intricate mechanisms underlying Meth-action but also emphasizes the
prospective therapeutic relevance of IL-10 in modulating these path-
ways. The present results successfully demonstrate that elevated levels
of IL-10 in animals exposed to Meth can play a crucial role in preventing
microglial activation. This significant finding suggests a potential thera-
peutic avenue, as manipulating IL-10 levels could offer a strategy to mit-
igate the adverse effects of Meth exposure on microglia activation.

We have demonstrated that the presence of IL-10 in astrocyte
cultures exposed to Meth effectively reduced microglial activation,
evidenced by decreased CD68 and iNOS markers. Concurrently,
direct IL-10 addition to microglia showed no discernible effect. These
findings align with previous reports where transgenic IL-10 produc-
tion by astrocytes downregulated microglial activation after injury
(Recasens et al., 2019). Of note, this notion of astrocyte-mediated
IL-10-attenuation of microglia activation, seems to be supported by a
higher abundance of IL-10 receptors in astrocytes, compared to
microglia, that makes them more sensitive to IL-10 (Norden
et al., 2014; Recasens et al., 2019).

Our previous research indicated that Meth-induced microglial acti-
vation is linked to increased glutamate release, as blocking glutamate
receptors in microglia prevented their activation (Canedo et al., 2021).
Thus, we hypothesized that the protective effect of IL-10 may operate
by inhibiting this glutamate release. Employing FRET analysis, we
observed in real-time that IL-10 mitigated Meth-triggered astrocytic
glutamate release, underscoring IL-10's role as a modulator of
astrocyte-mediated glutamate release (Figure 6b). The protective role
of IL-10 over glutamate toxicity has been previously described, IL-10
prevented glutamate-mediated cell death (Bachis et al., 2001), and pro-
tected neurons against glutamate-induced excitotoxicity by normalizing
intracellular Ca®" levels through the PI3K-AKT pathway (Sharma
et al., 2011; Tukhovskaya et al., 2014; Turovskaya et al., 2012), which

FIGURE 5 IL-10 prevents Meth-induced neuroinflammation and loss of risk-assessment in the pMT-10 mouse. (a) Representative confocal
imaging of hippocampal sections from pMT-10 mice administered with binge saline (CT) or Meth and immunostained for Ibal (green) and DAPI
(magenta). Scale bar, 50 um. Graph displays (mean + standard error of the mean[SEM]) the number of Ibal+ cells per mm? (9 sections/animal
from N = 3-5 mice per group). Statistical analysis was conducted using one-way analysis of variance (ANOVA) (**p < .01 and ns, non-significant).
(b) Imaris (Bitplane)-based 3D reconstructions of representative microglia from hippocampal sections obtained from mice administered with binge
saline (CT) or Meth. Graph displays (mean + SEM) of Imaris-based automated quantification of microglial territorial cell volume (n = 15-18 cells/
group from N = 3 mice per group). Statistical analysis was conducted using one-way ANOVA (***p < .001 and ns, non-significant).

(c) Representative 3D surface rendering showing volume reconstruction of Ibal+ (magenta), CD68 (green), and PSD95 (red). Scale bar, 7 um. The
graph displays (mean + SEM) relative quantification of engulfed PSD95 within CD68 per microglia (n = 14-23 cells/group from N = 3 mice per
group). Statistical analysis was conducted using one-way ANOVA (**p < .01 and ns, non-significant). (d) Animals were evaluated in the EPM 24 h
after binge saline (CT) or Meth. Graphs represent mean + SEM for CT and Meth-treated mice, displayed significant differences in time spent in
open arms and distance traveled in open arms (n = 4-10 animals per group). Statistical analysis was conducted using one-way ANOVA, (*p < .05,
**p < .01, ***p < .001, ****p < .0001 and ns, non-significant).

85U80]7 SUOWILIOD A1) 3|cedldde ay Aq peusenob ke sejo e VO ‘@SN JO S9N 10} Aeiq1T8UlUO 48] UO (SUORIPUCD-pUR-SLUBIALI0D A8 |Im" AfeIq 1 U1 |UO//SANY) SUORIPUOD Pue SWie | 83Ul S " [7202/0T/¥0] uo AriqiT8uIluO 8|1 ‘0L0d 0Q 001UdBM|0d ds153 A 25tz e!6/200T 0T/I0p/Woo" A8 |1M A Reid 1 jpuljuo//Sdny Wwoly papeojumod ‘8 ‘420z ‘9ETT860T



SILVA ET AL.

(@)

Meth administration Meth + IL-10 treatment

+IL-10

Microglia alterations

- Microgliosis

- Morphology alterations

- Increased synaptic prunning

————> Prevention of:
e microgliosis
* morphology alterations
e synaptic prunning

Risk taking e risk taking
- Elevated plus maze
(b) Sensitized Astrocyte Microglia activation
\\a v
Meth —_— . (V‘/\ .\Jﬁ/

IL-10 prevents microglia
activation by inhibiting
Cdc42 activation

Glutamate
release

ER

FIGURE 6 IL-10 prevents microgliosis and behavior impairment by inhibiting Cdc42. (a) Meth exposure causes microgliosis, altered microglia
morphology and increased synaptic pruning. Meth also alters animal behavior, impairing risk-assessment. IL-10 prevents these Meth-induced
effects. Created with BioRender.com. (b) In astrocytes Meth exposure triggers Ca®* mobilization from the ER into the cytosol, leading to an
elevation in intracellular Ca?* levels. Consequently, this heightened Ca®>* concentration promotes the release of glutamate into the extracellular
milieu, promoting the activation of microglia cells. IL-10 exerts its regulatory influence by inhibiting both Ca®* efflux and Cdc42 activity in
astrocytes and consequently, preventing the release of glutamate and activation of microglia cells. Created with BioRender.com.
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fits with our results showing that, in astrocytes, IL-10 can prevent
Meth-induced glutamate release in a Ca?*-dependent manner.

Our investigation into the interplay between IL-10, Rho GTPases,
and Ca?" signaling has unveiled novel insights into the pathways trig-
gered by Meth in astrocytes. Rho GTPases, including RhoA, Rac1, and
Cdc42, regulate various cellular processes, including cytoskeletal
dynamics and vesicle trafficking (Heasman & Ridley, 2008), and
extending to the modulation of intracellular Ca%t levels (Jin
et al., 2005). In our hands, Cdc42 emerged as a critical player in Meth-
induced astrocytic glutamate release. Meth led to a rapid and sus-
tained elevation in Cdc42 activity, which IL-10 effectively prevented.
This was concurrent with a significant decrease in glutamate release.
Using the Cdc42 inhibitor Zcl278, we confirmed the crucial role of
Cdc42 in these processes. Despite its considerable impact on gluta-
mate exocytosis, the partial reduction of ER Ca?" release upon Cdc42
inhibition suggests that Cdc42 contributes to glutamate release but
does not solely determine Ca®* dynamics. This highlights the need for
further studies to establish causative relationships. Additionally, our
study revealed that Meth exposure alone did not significantly affect
c-Src activity in astrocytes. Thus, the reduction in Ca* release from
the ER following IL-10 treatment suggests that IL-10's influence may
occur through alternative pathways (Figure 6b).

These in vitro findings are further supported by evidence demon-
strating that the in vivo protective effects of IL-10 in Meth-exposure
may be mediated through astrocytes. Elevated IL-10 levels appear to
effectively counteract Meth-induced changes in astrocyte morphol-
ogy that are associated to reactive astrogliosis (Escartin et al., 2021).
Using the IP3R2 KO mouse, we have previously demonstrated that
astrocytic-Ca®* release mediates Meth-induced changes in microglia
and anxiety-like behavior (Canedo et al., 2021). Corroborating our
in vitro data, here, we further show that the IL-10 protective effect
in vivo, importantly reduces Meth-induced reactivity in astrocytes.

IL-10 has previously been recognized for its significance in brain
disorders such as depression (Mesquita et al., 2008). Here, using a trans-
genic mouse model that enabled us to modulate IL-10 levels in a time-
controlled manner, we highlighted the crucial role of IL-10 in mitigating
in vivo Meth-induced microglial alterations, including microgliosis,
changes in microglial morphology, and increased synaptic pruning by
microglia. IL-10, also counteracted the Meth-induced changes observed
in the EPM, preventing the behaviors associated with decreased
anxiety-like levels and impaired risk assessment (Figure 6a). Together
with previous reports showing that overexpressing IL-10 could decrease
opioid self-administration in rats (Lacagnina et al., 2017), or that rIL-10
attenuated ethanol consumption in mice (Marshall et al., 2017), the pre-
sent results evidence the promising therapeutical potential of IL-10 in
drug associated disorders. Importantly, our results add relevant mechanis-
tical detail into IL-10 action, confirming its role in Ca?*-mediated gluta-
mate release, and revealing Cdc42 as another interesting therapeutical
target in drug related disorders.
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