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Abstract: Exposure to methamphetamine (Meth) has been classically associated with damage to
neuronal terminals. However, it is now becoming clear that addiction may also result from the
interplay between glial cells and neurons. Recently, we demonstrated that binge Meth administra-
tion promotes microgliosis and microglia pro-inflammation via astrocytic glutamate release in a
TNF/IP3R2-Ca2+-dependent manner. Here, we investigated the contribution of neuronal cells to this
process. As the crosstalk between microglia and neurons may occur by contact-dependent and/or
contact-independent mechanisms, we developed co-cultures of primary neurons and microglia in
microfluidic devices to investigate how their interaction affects Meth-induced microglia activation.
Our results show that neurons exposed to Meth do not activate microglia in a cell-autonomous
way but require astrocyte mediation. Importantly, we found that neurons can partially prevent
Meth-induced microglia activation via astrocytes, which seems to be achieved by increasing arginase
1 expression and strengthening the CD200/CD200r pathway. We also observed an increase in synap-
tic individual area, as determined by co-localization of pre- and post-synaptic markers. The present
study provides evidence that contact-dependent mechanisms between neurons and microglia can
attenuate pro-inflammatory events such as Meth-induced microglia activation.

Keywords: methamphetamine; neuron-to-microglia; neuroprotection; contact-dependent; CD200;
PSD95
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1. Introduction

Methamphetamine (Meth) is a potent and widely abused synthetic stimulant, clas-
sically recognized by its addictive potential [1]. Clinically, Meth use is associated with
important neurological changes that result in impaired judgment, psychomotor agitation,
aggression, psychosis, altered cognitive function, anxiety, and depression as well as other
negative outcomes, such as cardiac dysfunction, dysregulation of body temperature, renal
and liver failure, and higher risk of stroke (reviewed in [2]). At the cellular and molecular
level, numerous publications have reported that Meth exposure targets the dopaminergic
system, binding to the dopamine transporter (DAT) and leading to marked depletion of
dopamine (DA), mainly in the striatum, but also in other regions that receive dopaminergic
innervation, such as the hippocampus, amygdala, and frontal cortex [2,3]. Through its
interaction with the vesicular monoamine transporter 2 (VMAT-2), Meth is also recognized
to cause high oxidative stress and mitochondrial dysfunction [3]. In addition, Meth admin-
istration increases extracellular glutamate levels in the striatum and hippocampus, which
seems to synergize with DA to cause methamphetamine-induced neurotoxicity [4]. The
hippocampus is particularly affected by high glutamate release and by Meth administra-
tion, which results in impaired memory function [5,6]. Of note, antagonists of glutamate
receptors were shown to block Meth-associated toxicity and limit its negative behavioral
impact [7].

Importantly, it has become increasingly accepted that the interplay between neuronal
and glial cells is also a relevant mechanism for Meth action [8,9]. Using human cerebral
organoids, it was recently demonstrated at single-cell resolution that, upon exposure to
Meth, most upregulated pathways were associated with immune response and oxidative
stress [10]. In accordance, a single dose of Meth given to rats was sufficient to increase the
levels of pro-inflammatory cytokines in several brain regions [11].

Recently, we have shown that a binge administration of Meth leads to microgliosis
and microglia activation in a process mediated by astrocytes via glutamate release in a
TNF/IP3R2-Ca2+-dependent manner [12]. In addition, we have also shown increased
levels of pro-inflammatory cytokines IL-1ß and TNF in the striatum and hippocampus [12].
However, how Meth-induced glial reactivity may affect neurons is yet unknown.

The neuronal ability to sense the surrounding environment is crucial for maintaining
homeostasis in the brain parenchyma [13]. There is now considerable evidence showing
that immune and neuronal systems communicate through contact-dependent regulatory
molecules or other soluble factors, such as neurotransmitters, neuromodulators, cytokines,
neuropeptides, and miRNAs [13–15]. In this context, the communication between neurons
and microglia seems to critically regulate neuroinflammatory responses [14,16,17]. In fact,
it has been previously shown, in different neurological disorders, that neurons might
attenuate microglia reactivity resorting to various neuroprotective mechanisms [17,18].

Several neuroimmune regulatory proteins, highly expressed in neurons, were al-
ready shown to modulate microglial activation, including CD200, CD22, CX3CL1, and
CD95, among others [13]. Notably, receptors to these ligands are mostly restricted to
myeloid cells. In particular, the interaction of CD200 and its receptor (CD200r) seems to
act as a potent immune suppressor, promoting microglia quiescence [13]. In accordance,
CD200-deficient mice display severe progression of neuroinflammation [19]. Opposing
this, triggering the CD200/CD200r signaling pathway can limit microglia activation and
inflammatory responses by inhibiting NF-κB and mitogen-activated protein kinase (MAPK)
pathways, thus limiting the production of the inflammatory cytokines IL-1ß and IL-6 [18].
Also, CD200/CD200r signaling was shown to be involved in the spontaneous recovery of
synaptic plasticity after stroke via the inhibition of microglia activation and reduction of
inflammatory factors release [18]. Corroborating this, in animal models of Alzheimer’s
disease, restoration of neuronal CD200 improved cognitive function and prevented further
synaptic impairment [20].

In this scenario, understanding how glial activation by Meth affects the crosstalk
between glial cells and neurons will provide a more comprehensive understanding of
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the mechanisms involved in modulation of psychostimulant-induced neuroinflammation.
Here, we used primary neuronal cultures to investigate how neurons affect microglia
activation under Meth exposure. Our results reveal that contact-dependent mechanisms
between neurons and microglia, namely through CD200/CD200r signaling, attenuate
Meth-induced microglia reactivity and enhance synaptic plasticity.

2. Materials and Methods
2.1. Animals

Timely pregnant Wistar dams were necessary to obtain both 18-day embryos (E18)
and postnatal day-one or -two pups (P1–P2). All procedures were conducted following
the Directive 2010/63/EU and approved by the competent authorities, Direcção Geral
de Alimentação e Veterinária (DGAV) and i3S Animal Ethical Committee (ref.2018-13-TS
and DGAV 003891/2019-02-15). Researchers involved in animal experimentation were
FELASA certified. All efforts were made to minimize animal suffering and the number
of dams/pups used. Dams were housed under specific pathogen-free conditions and
controlled environment (20 ◦C, 45–55% humidity) with free access to food and water.

2.2. Neuronal Cell Culture

Hippocampal, striatal, and mesencephalic neurons were obtained from Wistar rat
embryos (E18) as described before [21]. Briefly, rat embryo brains were dissected in Hank’s
buffer solution (HBSS) (Gibco, ThermoFisher Scientific, Waltham, MA, USA) and enzymati-
cally treated with trypsin (1.5 mg/mL) (Gibco, ThermoFisher Scientific, Waltham, MA, USA)
for 15 min [21]. The tissue was dissociated in serum-free Neurobasal medium (Gibco, Ther-
moFisher Scientific, Waltham, MA, USA) supplemented with B27 (Gibco, ThermoFisher
Scientific, Waltham, MA, USA), glutamine (0.5 mM, Sigma-Aldrich, St. Louis, MO, USA),
and gentamycin (0.12 mg/mL) (Gibco, ThermoFisher Scientific, Waltham, MA, USA) [21].
The cells were seeded on cell culture plates coated with 0.1 mg/mL of poly-d-lysine (PDL)
(Sigma-Aldrich, St. Louis, MO, USA). Hippocampal cell cultures were supplemented with
glutamate (25 µM, Sigma-Aldrich, St. Louis, MO, USA). Hippocampal cells were cultured
at a density of 0.75 × 105/cm2 and co-cultured striatal and mesencephalic neurons were
plated at a density of 1.25 × 105/cm2 (in a proportion of 2:1 striatal to mesencephalic cells).
Cell cultures were kept at 37 ◦C in a humidified incubator with 5% CO2/95% air for 12
days in vitro (DIV). At DIV8, the medium was partially replaced.

2.3. Microglia and Astrocyte Purified Cultures Obtained from Mixed Glial Cell Cultures

The mixed glial cell cultures (MGC) were obtained from newborn Wistar pups (P1–
P2) [12,22]. The pups’ brains were dissected in HBSS with 1% Penicillin-Streptomycin (P/S)
(Gibco, ThermoFisher Scientific, Waltham, MA, USA). The meninges were removed, and
the cortex and hippocampi were collected. After complete tissue dissociation, DNAse I
(0.1 U/mL) (Irvine, CA, USA) and 0.25% trypsin (Gibco, ThermoFisher Scientific, Waltham,
MA, USA) were added and incubated for 15 min at 37 ◦C. The cells were suspended
in Dulbecco’s Modified Eagle Medium (DMEM) (1x)/Glutamax (Gibco, ThermoFisher
Scientific, Waltham, MA, USA) supplemented with 10% of FBS and 1% of P/S. The cell
suspension was distributed by T-75 flasks coated with 0.01 mg/mL of PDL at a density of
two brains/flask. The cell cultures were maintained for 10 days at 37 ◦C in a humidified
incubator with 5% CO2/95% air; the medium was partially replaced at DIV4 and then
totally replaced every 2 days.

To prepare the purified microglial cultures, MGCs were shaken at 200 rpm for 2 h in
an iNFORS HT Minitron incubator with a radius of 2.5 cm at 37 ◦C. The cell suspension
obtained was centrifuged at 1200 rpm for 10 min and suspended in Dulbecco’s Modified
Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) (Gibco, ThermoFisher Scientific,
Waltham, MA, USA) supplemented with 10% of FBS and 1% of P/S. Purified microglia
were plated at a density of 0.5 × 105/cm2. Purity of microglia cell cultures was 99% as
previously reported [23].
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To obtain purified astrocytic cultures, the MGCs were shaken at 220 rpm overnight to
remove non-astrocytic cells, and adherent cells were detached with 0.25% trypsin. The cell
suspension was centrifuged at 1200 rpm for 10 min and partially split in DMEM/Glutamax
supplemented with 10% of FBS and 1% of P/S in a non-coated flask.

Purified astrocytes were obtained after two consecutive splits. Cells were plated for
the experiment at a density of 0.5 × 105/cm2.

2.4. Microglia Incubation with Neuron-Conditioned Medium

At DIV12, the neuronal cell cultures were treated with Meth 100 µM (Sigma-Aldrich,
St. Louis, MO, USA) for 24 h [12,24]. Untreated neuron-conditioned medium (NCM Ctrl)
and conditioned medium from Meth-treated neurons (NCM Meth) were then collected,
centrifuged (1200 rpm, 1 min), and added to microglial cultures.

2.5. Co-Cultures of Neurons and Microglia in Microfluidic Devices

Co-cultures of neurons and microglia were performed in an Axon Investigation System,
adapted from [25] (AXIS150, Merck Millipore, Burlington, MA, USA). The microfluidic
devices were placed on the top of a glass coverslip (22 mm× 22 mm) coated with 0.1 mg/mL
PDL, channel side down, creating a microfluidic chamber composed of two compartments
separated by 150 µm length × 5 µm height × 10 µm width microgrooves. Neuronal
cells were plated in one of the compartments at a density of 1 × 105/device. At DIV12 for
neurons, microglial cells were plated in the opposite chamber at a density of 1× 105/device.

2.6. Astrocytic-Conditioned Medium

At DIV2, purified astrocytes were incubated with Meth 100 µM for 24 h. The medium
from untreated astrocytes (ACM Ctrl) or from Meth-treated astrocytes (ACM Meth) was
collected and centrifuged at 1200 rpm for 1 min.

2.7. Treatment of Neuron–Microglia Co-Cultures

To carry out this study, three different conditions were used: (1) Meth 100 µM was
added to the neuronal side in the microfluidic device for 24 h; (2) the conditioned media
obtained from astrocytes treated with Meth 100 µM for 24 h (ACM Meth) or from control
astrocyte cultures (ACM Ctrl) were added to the microglial/axonal compartment for 24 h;
(3) ACM Ctrl or ACM Meth were added to the microglia/axonal compartment, and Meth
100 µM was added to the neuronal compartment for 24 h.

2.8. Immunocytochemistry and Image Acquisition

Cells were fixed with 4% PFA, permeabilized with 0.25% Triton X-100, and blocked
with 3% BSA. Next, cells were incubated overnight at 4 ◦C with the primary antibody, as per
the manufacturer’s recommendations, washed, and incubated with the secondary antibody
for 1 h at RT. Then, cells were incubated with DAPI for 5 min or Hoechst 33,342 (1 µg/mL)
for 10 min for the neuronal cell viability assay. Coverslips were mounted with fluorescent
mounting media (Dako, Agilent, Santa Clara, CA, USA). Imaging was performed using a
Zeiss AxioImager Z1 fluorescence microscope equipped with an Axiocam MR v3.0 camera,
an HXP 120 light source, and a 40x/1.30 objective. The following filter sets were used
to image DAPI, Alexa 488, Alexa 568, and DyLight 650, respectively: 49—Excitation: G
365 Beam Splitter: FT 395 Emission: BP 445/50; 38HE—Excitation: BP 470/40 (HE) Beam
Splitter: FT 495 (HE) Emission: BP 525/50 (HE); 43HE—Excitation: BP 550/25 (HE) Beam
Splitter: FT 570 (HE) Emission: BP 605/70 (HE); 50—Excitation: BP 640/30 Beam Splitter:
FT 660 Emission: BP 690/50. Antibodies are detailed in Supplementary Table S1.

2.9. Phagocytic Assay

The phagocytic assay was performed as previously described [12,23]. Microglial
cultures were incubated with fluorescent latex beads 0.5 µm in diameter (Sigma-Aldrich,
St. Louis, MO, USA) for 30 min at 37 ◦C. Briefly, the beads were diluted in cell culture
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medium (1:1000); then, cells were washed then fixed with 4% PFA, and the staining for iba1
(Wako) was performed. The number of beads per cell was counted.

2.10. Fluorescence Intensity Quantification

The fluorescence intensity of microglial cells was quantified using the ImageJ soft-
ware [26], as previously reported [12]. Fluorescence channels were separated, the image
converted to 32-bit, and the background subtracted using 50%-off pixels radius by the roller-
ball algorithm. Then, cells were segmented using the Triangle algorithm with automatic
complementation for both the bottom and upper threshold ramps, with background values
set to black and foreground values set to red. Individual segmented cells were transposed
to ImageJ’s ROI manager using the “analyze particles” tool. A range between 1000 and
infinity of non-calibrated pixels defined each segmented cell. Mean gray values for the
intensities were returned for each cell individually using the multi-measure function on
ImageJ’s ROI manager.

2.11. RNA Extraction, cDNA Synthesis, and qRT-PCR

RNA from cell cultures was isolated using the PureLink®RNA Mini-Kit (ThermoFisher
Scientific, Waltham, MA, USA) according to the manufacturer’s specifications, and its
quality was checked by the Experion automated electrophoresis system (Bio-Rad, CA,
USA) [12]. Of note, in the microglial and neuronal cell cultures, the microfluidic device was
removed, and the RNA was extracted from total cell culture.

The synthesis of cDNA was performed using 500 ng of RNA through SuperScript® III
First-Strand Synthesis SuperMix (Invitrogen, Waltham, CA, USA). The qRT-PCR reactions,
using equal amounts of total RNA from each sample, were performed on the CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad), using the iTaq™ universal SYBR®

Green supermix (Bio-Rad). All primers (Sigma-Aldrich, St. Louis, MO, USA) are described
in Supplementary Table S2. Raw data were analyzed using the 2−∆CT method, with S18
serving as the internal control.

2.12. Flow Cytometry of Microglia

Cells were collected from microfluidic devices using Accutase (Gibco, ThermoFisher
Scientific, Waltham, MA, USA) for 5 min, centrifuged at 1200 rpm for 5 min, washed with
PBS 1x, and incubated with Zombie Aqua (BioLegend, CA, USA) for dead cell exclusion.
After washing, cells were fixed with 2% PFA, resuspended in FACS buffer (2% BSA in
PBS), and incubated with the antibodies described in Supplementary Table S3 for 20 min
at 4 ◦C (adapted from [12,27]. Data were acquired in a FACSCanto II flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA). Post-acquisition analysis was performed using
FlowJo software v10 (Tree Star, Ashland, OR, USA).

2.13. Quantification of Synaptic Proteins

The acquired images were analyzed using ImageJ, as described elsewhere [28–30]. The
puncta were analyzed for number, area, and intensity in the selected region, per dendritic
length. Briefly, neurite isolated segments containing both PSD95 and VGlut1 stainings
were thresholded using Li and Moments algorithms, respectively. The obtained mask
was applied on the original images to determine the fluorescence intensity and area. The
background value was then subtracted from the obtained intensity value, and this result
was multiplied by the puncta area, obtaining the intensity per area. The thresholded signals
were then used to determine the co-localization. For this, VGlut1 channel was set as binary,
and PSD95 channel was used to define the total puncta. The puncta positive for VGlut1
and PSD95 were defined as co-localized.
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2.14. Statistical Analysis

Data presentation is described in figure legends. Identification and removal of outliers
were performed with the automatic GraphPad Prism® software (version 9.1.2. for macOS)
using the ROUT (robust non-linear regression) method with Q = 5%.

Statistical analyses for qRT-PCR and flow cytometry data were performed in the
GraphPad Prism® software using paired Student’s t-test. For immunocytochemistry data,
a linear mixed model analysis was performed using SAS® Visual Statistics with REML
function, followed by Tukey–Kramer multiple comparison test, using the culture as a
random variable. The data of PSD95 positive for VGlut1 intensity do not follow the normal
distribution, so a transformation of the data was carried out using the square root function
before the linear mixed model application. Adjusted p-value was considered for these data.
Differences were considered at the significance level of p < 0.05.

3. Results
3.1. Neurons Exposed to Meth Do Not Promote Microglial Activation through Contact-Dependent
or -Independent Mechanisms

We have previously shown that the conditioned media of astrocytes (ACM) exposed
to Meth can activate microglial cells [12]. Thus, we started by evaluating the role of neurons
in the activation of microglia under the same conditions of Meth exposure. To this end, we
incubated primary microglia with conditioned media obtained from primary hippocampal
cultures treated with Meth (NCM Meth) or with conditioned media obtained from control
hippocampal cultures (NCM Ctrl) (Figure 1A) for 24 h. We found that NCM Meth did
not promote increased expression of classical microglial activation markers, such as iNOS
(Figure 1B) and iba 1 (Figure 1C). The phagocytic capacity of microglia exposed to NCM
Meth was found to be decreased (F (1540) = 4.35, p < 0.05) (Figure 1D). Furthermore, we
observed no differences in the mRNA levels of pro-inflammatory cytokines TNF, IL-1β, and
IL-6 (Figure 1E) or in the mRNA levels of anti-inflammatory cytokines IL-10 and TGF-β
(Figure 1F). We also verified that the dose of Meth used in the neuronal cultures was not
affecting cell viability (Supplementary Figure S1A).

To verify whether these results were specific for hippocampal neurons, which do not
express some of the classical targets of Meth, such as the dopamine transporter (DAT) and
the vesicular monoamine transporter (VMTA2), we repeated this evaluation using a co-
culture of striatal GABAergic neurons and dopaminergic neurons from the mesencephalic
region (Supplementary Figure S1B). Remarkably, we observed that NCM Meth from these
co-cultures also did not activate microglial cells, as it did not result in increased iNOS
expression (Supplementary Figure S1C), iba 1 intensity, or changes in phagocytic activity
(Supplementary Figure S1D). These results suggest that, upon Meth exposure, neurons do
not induce microglial activation through contact-independent mechanisms.

Since the conditioned media of neurons exposed to Meth did not induce microglia
activation, and taking into consideration that microglia and neurons also communicate
through cell-to-cell contact via several regulatory molecules [13,14], we tested the hypoth-
esis that the crosstalk between neurons and microglia under Meth exposure could be
contact-dependent. We used co-cultures of microglia and hippocampal neurons in mi-
crofluidic devices, which allow direct contact between microglia and axons, and exposed
neurons to Meth for 24 h (Figure 2A). Of note, hippocampal neurons can extend long axons
throughout the grooves that separate the two microfluidic compartments, while striatal
neurons cannot. Our findings revealed that neurons exposed to Meth did not significantly
increase iNOS expression (Figure 2B) or microglia phagocytic capacity (Figure 2D) and
only modestly increased iba1 expression (Figure 2C). Since arginase 1 can outcompete
iNOS to downregulate production of nitric oxide and is, therefore, considered a good
anti-inflammatory marker for microglia [31], we also evaluated the expression of arginase
1 in these co-cultures. However, we found that in the presence of Meth, arginase 1 was
decreased (F (1892) = 24.71, p < 0.0001) (Figure 2E). This set of results suggests that ex-
posing neurons to Meth was not sufficient to promote a robust pro-inflammatory state in



Cells 2022, 11, 355 7 of 17

microglia. To further confirm this, the mRNA expression levels of the pro-inflammatory
cytokines TNF-α, IL-1β, and IL-6 and the anti-inflammatory cytokines Il-10 and TGF-β
were evaluated. No differences were found between groups (Figure 2F,G). Together, these
data indicate that neurons exposed to Meth do not trigger pro-inflammation in microglia in
a cell-autonomous way, either through contact-dependent or -independent mechanisms.

Experimental design I

Meth100µM

Neuron-conditioned
medium

24h incubation

Neuronal cell culture Microglial cell culture

A. B. NCM Ctrl NCM Meth

iN
O

S/
D

A
PI

β3-tubulin/DAPI iba1/DAPI
C.

D.
NCM Ctrl NCM Meth

NCM MethNCM Ctrl

be
ad
s/
ib
a1

/D
A

PI

ib
a1

/D
A

PI

E.

F.

Figure 1. Neurons exposed to Meth do not promote microglial activation through contact-
independent mechanisms. (A) Experimental design I—Neuronal cell cultures from the hippocampus
were incubated with 100 µM Meth for 24 h. Following that, primary microglial cell cultures were
incubated for 24 h with the conditioned media obtained from neurons treated with Meth (NCM
Meth) or from control neuronal cell cultures (NCM Ctrl). (B) Fluorescence imaging of microglial
cells immunolabeled for iNOS (green) incubated with NCM Ctrl or NCM Meth for 24 h. Results
express the iNOS intensity (mean ± SEM) of three independent cultures (NCM Ctrl—132 cells;
NCM Meth—143 cells). (C) Fluorescence imaging of microglial cells immunolabeled for iba1 (red)
incubated with NCM Ctrl or NCM Meth for 24 h. Results express iba1 intensity (mean ± SEM) of
five independent cultures (NCM Ctrl—252 cells; NCM Meth—265 cells). (D) Fluorescence imaging of
microglial cells immunolabeled for iba1 (red) incubated with microbeads (green) and treated with
NCM Ctrl or NCM Meth for 24 h. Results represent the number of beads per cell (mean ± SEM) of
five independent cultures (NCM Ctrl—267 cells; NCM Meth—264 cells). Statistical analysis for (B–D)
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was performed using a linear mixed model followed by Tukey–Kramer comparison test (* p < 0.05).
Symbol colors represent the mean of each independent cell culture and the violin plots the variability
of all cells quantified. Scale bar: 10 µm. (E) RT-qPCR for TNF, Il-1β, and Il-6 from microglia exposed
to NCM Ctrl and NCM Meth for 24 h. (F) RT-qPCR for Il-10 and TGFβ from microglia exposed to
NCM Ctrl and NCM Meth for 24 h. In both cases, results were normalized to the S18 gene and are
expressed as the mean ± SEM of five independent cultures. Statistical analysis was performed using
paired Student’s t-test.

Experimental design II
 Control
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Neuronal cell body compartment

Axonal/Microglia compartment

Microgrooves
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/D
A

PI

 Control Meth

F.

Figure 2. Neurons exposed to Meth and in direct contact with microglia do not promote its activation.
(A) Experimental design II—neuronal cell culture from the hippocampus was seeded in one side of a
microfluidic device, and the axons were allowed to extend to the other compartment for 12 days. On
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DIV12, microglial cells were seeded in the axonal compartment. On DIV13, Meth 100 µM was added
to the neuronal compartment for 24 h. (B) Fluorescence imaging of microglial cells cultured in a
microfluidic device with neurons exposed to Meth 100µM for 24 h. Microglial cells were immunolabeled
for iNOS (green), and the results express the iNOS intensity (mean± SEM) of four independent cultures
(Ctrl—297 cells; Meth—325 cells). (C) Fluorescence imaging of microglial cells immunolabeled for iba1
(red) incubated with NCM Ctrl or NCM Meth for 24 h. Results express iba1 intensity (average ± SEM)
of five independent cultures (Ctrl—199 cells; Meth—206 cells). (D) Fluorescence imaging of microglial
cells cultured in a microfluidic device with neurons exposed to Meth 100 µM for 24 h. Microglia were
incubated with microbeads (green) and immunolabeled for iba1 (red). Results represent the number
of beads per cell (mean ± SEM) of five independent cultures (Ctrl—268 cells; Meth—211 cells). (E)
Fluorescence imaging of microglial cells cultured in a microfluidic device with neurons exposed to
Meth 100 µM for 24 h. Microglial cells were immunolabeled for arginase 1 (magenta), and results
express the arginase 1 intensity (mean ± SEM) of six independent cultures (Ctrl—489 cells; Meth—410
cells). Statistical analysis for B, C, D, and E was performed using a linear mixed model followed by
Tukey–Kramer comparison test (* p < 0.05 and **** p < 0.0001). Symbol colors represent the mean of each
independent cell culture and the violin plots the variability of all cells quantified. Scale bar: 10 µm. (F)
RT-qPCR for TNF, Il-1β, and Il-6 from microglia and neuron co-culture cells, cultured in a microfluidic
device where neurons were exposed to Meth 100 µM for 24 h. (G) RT-qPCR for Il-10 and TGFβ from
microglia and neuron co-cultured cells, in a microfluidic device where neurons were exposed to Meth
100 µM for 24 h. In both cases, results were normalized to the S18 gene and are expressed as the mean
± SEM of six independent cultures. Statistical analysis was performed using paired Student’s t-test.

3.2. Microglia Activation Induced by Meth-Exposed Astrocytes Is Partially Prevented by Neurons

Since we have recently shown that Meth-induced microglial reactivity requires both
astrocyte-released TNF and glutamate [12], we next sought to verify whether this was
also the case in co-cultures of neurons and microglia. To do so, co-cultures of neurons
and microglia were performed in microfluidic devices, and conditioned media of primary
astrocytes, treated with Meth (ACM Meth) or untreated (ACM Ctrl), were added to the
microglial/axonal compartment (Figure 3A). Confirming our previous results [12], ACM
Meth increased iNOS levels in microglia (F (1729) = 120.67, p < 0.0001), independently of
the presence of primary neurons (Figure 3B). However, no significant effects were observed
in iba 1 expression (Figure 3C) or microglia phagocytic capacity (Figure 3D). Of note,
arginase 1 was concomitantly increased in ACM Meth-treated microglia (F (1591) = 59.30,
p < 0.0001) (Figure 3E). Because we previously reported that ACM Meth increased the
transcript expression of pro-inflammatory cytokines in microglia cultures [12], we also
evaluated the mRNA levels of the pro-inflammatory cytokines TNF, IL-1β, and IL-6. Inter-
estingly, no significant changes were observed (Figure 3F). The mRNA expression levels of
the anti-inflammatory cytokines IL-10 and TGF-β were also unaltered (Figure 3G). Next,
we repeated these experiments, adding Meth to the neuronal compartment while still
exposing microglia to ACM Meth (Supplementary Figure S2A). In these conditions, we also
observed an increase in both iNOS (F (1942) = 53.45, p < 0.0001) and arginase 1 expression
(F (1942) = 53.45, p < 0.0001) (Supplementary Figure S2B,D), while the phagocytic capacity
(Supplementary Figure S2C) and the cytokines’ mRNA expression levels were not affected
(Supplementary Figure S2E,F). Importantly, if we compare the present results with those
that we have previously reported when exposing microglia to ACM [12], we no longer
observe increased IL-1β and IL-6, and, although iNOS expression is still augmented, its
competitor arginase 1 is also higher. Collectively, these results suggest that Meth-induced
microglia activation via astrocytes is attenuated in the presence of neuronal cells.



Cells 2022, 11, 355 10 of 17

Experimental design I

Meth100µM

Neuronal 
conditioned

medium

24h incubation

Neuronal cell culture Microglial cell culture

A. B. NCM Ctrl NCM Meth

iN
O

S/
D

A
PI

β3-tubulin/DAPI iba1/DAPI
C.

D.
NCM Ctrl NCM Meth

NCM MethNCM Ctrl

be
ad
s/
ib
a1

/D
A

PI

ib
a1

/D
A

PI

E.

F.

Figure 3. Neurons partially prevented microglia activation via Meth-exposed astrocytes. (A) Exper-
imental design III—primary cell cultures of astrocytes were incubated with Meth 100 µM for 24 h.
Neuronal cells from the hippocampus were seeded in one side of a microfluidic device, and the axons
were allowed to extend to the other compartment for 12 days. On DIV12, microglial cells were seeded
in the axonal compartment. The conditioned media obtained from astrocytes treated with Meth (ACM
Meth) or from control astrocyte cultures (ACM Ctrl) were added to the microglia/axonal compart-
ment for 24 h. (B) Fluorescence imaging of microglial cells co-cultured with neurons and exposed to
the ACM Ctrl or ACM Meth for 24 h. Microglial cells were immunolabeled for iNOS (green), and
results express the iNOS intensity (mean ± SEM) of five independent cultures (ACM Ctrl—405 cells;
ACM Meth—329 cells). (C) Fluorescence imaging of microglial cells immunolabeled for iba1 (red)
incubated with NCM Ctrl or NCM Meth for 24 h. Results express iba1 intensity (mean ± SEM) of
four independent cultures (Ctrl—151 cells; Meth—184 cells). (D) Fluorescence imaging of microglial
cells co-cultured with neurons and incubated with ACM Ctrl or ACM Meth for 24 h. Microglia
were incubated with microbeads (green) and immunolabeled for iba1 (red). The results represent the
number of beads per cell (mean ± SEM) of five independent cultures (ACM Ctrl—183 cells; ACM
Meth—248 cells). (E) Fluorescence imaging of microglial cells co-cultured with neurons and exposed
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to ACM Ctrl or ACM Meth for 24 h. Microglial cells were immunolabeled for arginase 1 (magenta),
and results express the arginase 1 intensity (mean ± SEM) of six independent cultures quantified
(ACM Ctrl—310 cells; ACM Meth—287 cells). Statistical analysis for B, C, D, and E was performed
using a linear mixed model followed by Tukey–Kramer comparison test (**** p < 0.0001). Symbol
colors represent the mean of each independent cell culture and the violin plots the variability of all
cells quantified. Scale bar: 10 µm. (F) RT-qPCR for TNF, Il-1β, and Il-6 from microglia and neuron
co-culture cells, cultured in a microfluidic device where neurons were exposed to Meth 100 µM for
24 h. (G) RT-qPCR for Il-10 and TGFβ from microglia and neurons co-culture cells, cultured in a
microfluidic device with microglia exposed to ACM Ctrl or ACM Meth for 24 h. In both cases, results
were normalized to the S18 gene and are expressed as mean ± SEM of five independent cultures.
Statistical analysis was performed using paired Student’s t-test.

3.3. Neurons Increased Self-Protection from Meth-Induced Activation of Microglia through
Contact-Dependent Mechanisms

Because neurons can use several contact-dependent mechanisms to protect themselves
from reactive microglia [14,16], we next evaluated the expression of neuroimmune regu-
latory molecules known to downregulate the microglial pro-inflammatory response. To
do so, neurons and microglia were co-cultured in microfluidic devices, and ACM Meth or
ACM Ctrl was added to the axonal/microglial side. After 24 h, the mRNA levels of ligand–
receptor pairs relevant to the crosstalk between neurons and microglia were determined in
the axonal/microglial compartment. We found a significant increase in CD200 mRNA lev-
els (p < 0.05) without significant changes in its receptor CD200r (Figure 4A). The expression
of CD22 and its receptor CD45 was not altered (Figure 4B). We also observed an increase in
the mRNA levels of CX3CL1 that was close to reaching significance (p = 0.0565) but no dif-
ferences for its receptor CX3CR1 (Figure 4C). Concerning the pair CD95–CD95L, the mRNA
expression levels of CD95 were not altered (Figure 4D), and CD95L mRNA levels were
not detectable. To further confirm these results, we also evaluated the protein expression
of CD95 and CD200r specifically in microglia by flow cytometry, and no differences were
observed either in CD95 (Figure 4E) or in CD200r levels (Figure 4F). These results indicate
that neurons in contact with microglia activated via Meth-exposed astrocytes increased the
expression of CD200, which is a well described self-protection mechanism.
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Figure 4. Neurons increased self-protection through contact-dependent mechanisms. RT-qPCR for
ligand–receptor immunoregulatory pairs from microglia and neurons co-cultured in microfluidic
devices, where microglial cells were exposed to ACM Ctrl or ACM Meth for 24 h. (A) Results for
CD200 and CD200r, (B) CD22 and CD45, (C) CX3CL1 and CX3CR1, and (D) CD95. The results were
normalized to the S18 gene and are expressed as the mean ± SEM of five independent cultures.
Symbol colors represent the mean of each independent cell culture. Statistical analysis was performed
using paired Student’s t-test (* p < 0.05). Quantification of (E) CD95 and (F) CD200r on microglia by
flow cytometry, presented as median fluorescence intensity (MFI). Results are expressed as mean
± SEM of three independent cultures. Symbol colors represent the mean of each independent cell
culture. Statistical analysis was performed using paired Student’s t-test. Representative histograms
are shown; orange histogram represents unstained cells, gray the ACM Ctrl group, and red the ACM
Meth group.

3.4. Synaptic Proteins Expression Increases in Co-Cultures of Neurons and ACM Meth-Microglia

Since we found increased CD200 levels and the signaling of CD200/CD200r has been
associated with the modulation of microglia activation and synaptic plasticity in other
neurological diseases [18,20], we evaluated how exposure to ACM Meth was affecting
synaptic proteins. For that, we used the same co-cultures of neurons and microglia in
microfluidic devices with ACM Meth or ACM Ctrl added to the axonal/microglial side
and evaluated the expression and co-localization of PSD95 and VGlut1. PSD95 is a post-
synaptic marker and the most abundant scaffold protein of excitatory synapses, while
VGlut1 is a presynaptic maker, highly expressed in the mouse hippocampus, specifically in
excitatory synapses. Both proteins display a punctate distribution, and their co-localization
is defined as a synapse [29,30]. Compared with the ACM Ctrl condition, when ACM
Meth was added to the axonal/microglial compartment, we observed an increase in PSD95
puncta number (F (1254) = 11.92, p < 0.001), area (F (1252) = 29.38, p < 0.0001), and intensity
(F (1251) = 51.97, p < 0.0001) (Figure 5A–D) and a decrease in VGlut1 puncta numbers
(F (1258) = 5.71, p < 0.05) (Figure 5E,F). However, no significant differences were observed
in VGlut1 puncta area or intensity (Figure 5E–H). As the co-localization between both
markers is accepted as an indicator of active synapses (since both pre- and postsynaptic
terminals are present) [30], we also evaluated their co-localization and found a significant
increase in the PSD95/VGlut1-positive puncta area (F (1247) = 17.53, p < 0.0001) and
intensity (F (1244) = 49, adj p < 0.0001) (Figure 5I–L), reflecting an increase in synaptic area
in the presence of ACM Meth, but no significant differences in PSD95/VGlut1-positive
puncta numbers (Figure 5I,J). Collectively, these data show that neuronal/microglial co-
cultures present higher levels of synaptic proteins and that synapses display an increased
area of PSD95 when exposed to the ACM of Meth-treated astrocytes.
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Figure 5. Synaptic plasticity was concomitantly increased. (A) Fluorescence imaging of microglial
cells co-cultured with neurons and exposed to ACM Ctrl or ACM Meth for 24 h. Cells were im-
munolabeled for PSD95 (red), and results represent the PSD95 puncta (B) number, (C) area, and
(D) intensity. (E) Fluorescence imaging of microglial cells co-cultured with neurons and exposed
to ACM Ctrl or ACM Meth for 24 h. Microglial cells were immunolabeled for vGlut1 (green), and
results represent the Vglut1 puncta (F) number, (G) area, and (H) intensity. (I) Fluorescence imaging
of microglial cells co-cultured with neurons and exposed to ACM Ctrl or ACM Meth for 24 h. Cells
were immunolabeled for PSD95 (red) and VGlut1 (green), and results represent the (J) PSD95 plus
vGlut1-positive puncta number, (K) puncta area, and (L) puncta intensity. Symbol colors of each
graph represent the mean of each independent cell culture (n = 5) and the violin plots the variability
of all neuronal segments quantified (ACM Ctrl—149; ACM Meth—111 segments). Statistical analysis
was performed using a linear mixed model followed by Tukey–Kramer comparison test. Scale bar:
10 µm. * p < 0.05, ** p < 0.01, and **** p < 0.0001.

4. Discussion

We have recently demonstrated that an acute binge Meth exposure (4 × 5 mg/kg
with 2 h intervals) requires astrocytes to induce microglia activation through glutamate
release in a TNF/IP3R2-Ca2+-dependent manner [12]. Herein, we explored in vitro how
neurons may contribute to modulate microglia under Meth, demonstrating that contact-
dependent mechanisms between neurons and microglia seem to attenuate Meth-induced
microglia activation.

Multiple mechanisms mediating Meth-induced neurotoxicity have been widely de-
scribed, such as impairment of the dopaminergic system, increase of oxidative stress,
mitochondrial dysfunction, and glutamate excitotoxicity [2,32,33]. The primary goal of
this study was to further identify other mechanisms involved in Meth-mediated inflam-
mation that could possibly rely on neuron–glia communication. As the crosstalk between
microglia and neurons can occur by contact-dependent and/or -independent mechanisms,
we first investigated whether contact-independent mechanisms were sufficient to mediate
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microglia activation by Meth-exposed neurons. Using a strategy similar to the one we
have previously used to explore the contribution of astrocytes in Meth-induced microglia
activation [12], we verified that neuron-conditioned media obtained from neurons exposed
to Meth failed to induce a pro-inflammatory profile in primary microglia. Since these results
could be explained by the fact that hippocampal neurons lack the Meth-binding proteins
DAT and VMAT-2, we used co-cultures of striatal and dopaminergic neurons to confirm
that this was not the case. A second possibility was that direct contact between neurons
and microglia could be necessary to promote microglia activation, which we explored by
resorting to neuron–microglia co-cultures in microfluidic chambers. Interestingly, although
arginase outcompetes iNOS and limits NO production [34], it did not lead to upregulation
of iNOS, and we only found a modest increase in iba 1 and decreased arginase 1 expression
in microglial cells. These results clarified that neither direct nor indirect neuron–microglia
contact was sufficient to promote a robust inflammatory response under Meth exposure,
indicating that astrocyte mediation was, in fact, necessary, as we previously reported [12].
Confirming this, when we added ACM Meth to the axonal/microglial compartment, mi-
croglia exhibited increased iNOS expression. Nevertheless, if we compare these results with
those obtained in the absence of neurons, we verify that this response is clearly attenuated,
indicating that neurons may be promoting this attenuation.

Previous studies demonstrated that neurons may induce an anti-inflammatory profile
in microglial cells to protect themselves from excessive microglia activation [14,16]. Several
neuronal membrane proteins, including CD200, CD22, CD95, CD47, and other proteins
such as NCAM or ICAM-5, were shown to modulate microglial activation through specific
counter-receptors [14]. As an example, neurons can contribute to inhibit the lipopolysac-
charide (LPS)-induced release of NO and pro-inflammatory cytokines by glial cells [35]. As
such, understanding the role of these ligand–receptor pairs has gained increased relevance
over the last few years. Among the most explored, CD200 is highly expressed in neurons
and other cells, but its receptor, CD200r, is found predominantly in myeloid cells. Inter-
estingly, knocking out CD200 in mice leads to robust activation of microglia [36], while
overexpressing it seems to protect from different pro-inflammatory events [14]. Likewise,
the interaction of CD22 and its microglial receptor CD45 was shown to prevent LPS-induced
neuroinflammation [37]. It was also reported that neurons may induce microglial apoptosis
through increased expression of CD95L (or Fas ligand) [38], while CD95L expression in
hippocampal neurons protects them against reactive T cells [39]. In the present work, we
found increased expression of CD200 when ACM Meth was added to the axonal/microglial
compartment, which likely reflects a neuronal defense strategy against astrocyte-driven
activation of microglia. Supporting this view, in the presence of neuronal cells, ACM
Meth no longer promotes increased levels of IL-1ß and IL-6, which is compatible with the
activation of the CD200/CD200r signaling pathway and NF-κB pathway inhibition [18]. Of
note, there is still an important gap in the literature concerning which receptors may be
mediating Meth action over inflammation-related pathways [40].

Interestingly, the CD200/CD200r signaling pathway was reported to increase dendritic
spine density and PSD95 [18], an essential indicator of synaptic plasticity [41,42]. ACM
Meth resulted in an increased number of PSD95 puncta, indicating higher density of PSD95
along the neurite [43], and increased area and intensity of PSD95 puncta co-localized
with VGLUT1, which is a mechanism that can allow more anchoring of receptors, such
as NMDA-R and AMPA-R, thus promoting increased synapse strength [30]. Of note, the
dynamics of PSD95 seem to respond also to glutamate variations, which we have reported
to be increased in ACM Meth [12]. On the other hand, we found decreased VGlut1 puncta
numbers, a major player in vesicular glutamate uptake, in which dysregulation in response
to Meth was previously reported [44]. Acute exposure to psychoactive substances, such
as Meth, has long been associated with high levels of synaptic plasticity, contributing
to the drug-driven effects in neuronal function [45,46]. Although the exact mechanisms
regulating Meth-associated changes in synaptic plasticity and their direct link to CD200
require further exploration, there is already enough evidence supporting the involvement
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of CD200/CD200r signaling in suppressing inflammatory responses. Interestingly, this
seems to be exerted through reduced activation of MAPK [18], which is also involved in
the regulation of classic RhoGTPases, such as RhoA, Rac1, and Cdc42, that are well known
for their roles in spine formation and maintenance [47,48].

5. Conclusions

In summary, using microfluidic chambers as an effective tool to explore contact-
dependent mechanisms between neurons and microglia, we report that hippocampal
neurons in direct contact with primary microglia counteract microglia activation by in-
creasing the expression of the neuroimmune regulatory molecule CD200. Furthermore,
our data also suggest that the activation of the CD200/CD200r signaling pathway is likely
contributing to increased synaptic plasticity. These results highlight CD200 and its receptor
as molecules with promising therapeutic potential in the field of addiction.
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Author Contributions: Conceptualization, J.B., J.B.R. and T.S.; Formal analysis, J.B., I.R., A.F.T.,
E.B.A., C.C.P., I.M.L., T.C. and T.S.; Funding acquisition, T.S.; Investigation, J.B., I.R., A.F.T., C.C.P.,
and T.S.; Methodology, J.B., I.R., A.F.T., E.B.A., C.C.P., M.M.A., M.S., C.D.F.L., A.C.L. and T.C.; Project
administration, T.S.; Supervision, J.B.R. and T.S.; Writing—original draft, J.B., C.D.F.L. and T.S.;
Writing—review and editing, J.B., I.R., A.F.T., E.B.A., C.C.P., M.M.A., M.S., A.C.L., T.C., J.B.R. and T.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by national funds through FCT—Fundação para a Ciência e a
Tecnologia, I.P., under the project UIDB/04293/2020, by FEDER—Fundo Europeu de Desenvolvi-
mento Regional—funds through the COMPETE 2020—Operational Program for Competitiveness and
Internationalisation (POCI), Portugal 2020, and by Portuguese funds through FCT—Fundação para a
Ciência e a Tecnologia/Ministério da Ciência (FCT), Tecnologia e Ensino Superior in the framework
of the project POCI-01-0145-FEDER-030647 (PTDC/SAU-TOX/30647/2017) in T.S. lab. FEDER Portu-
gal (Norte-01-0145-FEDER-000008000008—Porto Neurosciences and Neurologic Disease Research
Initiative at I3S, supported by Norte Portugal Regional Operational Program (NORTE 2020), under
the PORTUGAL 2020 Partnership Agreement, through the European Regional Development Fund
(ERDF); FCOMP-01-0124-FEDER-021333). E.B.A. and C.C.P. employment contracts are financed by
national funds through FCT in the context of CEEC (CEECIND/03675/2018 to EBA) and the program
contract described in paragraphs 4, 5, and 6 of art. 23 of Law no. 57/2016, of August 29, as amended by
Law no. 57/2017 of July 2019. J.B., I.R., A.F.T., and T.C. were supported by FCT (PD/BD/135450/2017,
2020.08365.BD, 2020.07188.BD, SFRH/BD/117148/2016). C.D.F.L. was financed in the framework of
the project PTDC/EMD-EMD/31540/2017 (POCI-01-0145-FEDER-031540).

Institutional Review Board Statement: The study was conducted following the Directive 2010/63/EU
and approved by the competent authorities, Direcção Geral de Alimentação e Veterinária (DGAV)
and i3S Animal Ethical Committee (ref.2018-13-TS and DGAV ref.003891/2019-02-15).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge the support of the following i3S Scientific Platforms: Animal
Facility, Cell Culture, and Genotyping (CCGen), Translational Cytometry Unit (TraCy), Advanced
Light Microscopy (ALM), a member of the national infrastructure PPBI-Portuguese Platform of
BioImaging (POCI-01–0145-FEDER-022122). We also acknowledge Eva Carvalho and Miguel Morais,
from Nanomaterials for Targeted Therapies group (i3S), for kindly sharing astrocytes and microglial
cells whenever necessary.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/cells11030355/s1
https://www.mdpi.com/article/10.3390/cells11030355/s1


Cells 2022, 11, 355 16 of 17

References
1. Nestler, E.J.; Luscher, C. The Molecular Basis of Drug Addiction: Linking Epigenetic to Synaptic and Circuit Mechanisms. Neuron

2019, 102, 48–59. [CrossRef]
2. Krasnova, I.N.; Cadet, J.L. Methamphetamine toxicity and messengers of death. Brain Res. Rev. 2009, 60, 379–407. [CrossRef]
3. Jayanthi, S.; Daiwile, A.P.; Cadet, J.L. Neurotoxicity of methamphetamine: Main effects and mechanisms. Exp. Neurol. 2021, 344,

113795. [CrossRef] [PubMed]
4. Tata, D.A.; Yamamoto, B.K. Interactions between methamphetamine and environmental stress: Role of oxidative stress, glutamate

and mitochondrial dysfunction. Addiction 2007, 102 (Suppl. 1), 49–60. [CrossRef]
5. Simões, P.F.; Silva, A.P.; Pereira, F.C.; Marques, E.; Grade, S.; Milhazes, N.; Borges, F.; Ribeiro, C.F.; Macedo, T.R. Methamphetamine

induces alterations on hippocampal NMDA and AMPA receptor subunit levels and impairs spatial working memory. Neuroscience
2007, 150, 433–441. [CrossRef]

6. Avila, J.A.; Memos, N.; Aslan, A.; Andrejewski, T.; Luine, V.N.; Serrano, P.A. Voluntary oral methamphetamine increases memory
deficits and contextual sensitization during abstinence associated with decreased PKMζ and increased κOR in the hippocampus
of female mice. J. Psychopharmacol. 2021, 35, 1240–1252. [CrossRef] [PubMed]

7. Miller, D.R.; Bu, M.; Gopinath, A.; Martinez, L.R.; Khoshbouei, H. Methamphetamine Dysregulation of the Central Nervous
System and Peripheral Immunity. J. Pharmacol. Exp. Ther. 2021, 379, 372. [CrossRef]

8. Cadet, J.L.; Bisagno, V. Glial-neuronal ensembles: Partners in drug addiction-associated synaptic plasticity. Front. Pharmacol. 2014,
5, 204. [CrossRef] [PubMed]

9. Miguel-Hidalgo, J.J. The role of glial cells in drug abuse. Curr. Drug Abuse Rev. 2009, 2, 76–82. [CrossRef]
10. Dang, J.; Tiwari, S.K.; Agrawal, K.; Hui, H.; Qin, Y.; Rana, T.M. Glial cell diversity and methamphetamine-induced neuroinflam-

mation in human cerebral organoids. Mol. Psychiatry 2021, 26, 1194–1207. [CrossRef]
11. Frank, M.G.; Adhikary, S.; Sobesky, J.L.; Weber, M.D.; Watkins, L.R.; Maier, S.F. The danger-associated molecular pattern HMGB1

mediates the neuroinflammatory effects of methamphetamine. Brain Behav. Immun. 2016, 51, 99–108. [CrossRef]
12. Canedo, T.; Portugal, C.C.; Socodato, R.; Almeida, T.O.; Terceiro, A.F.; Bravo, J.; Silva, A.I.; Magalhaes, J.D.; Guerra-Gomes,

S.; Oliveira, J.F.; et al. Astrocyte-derived TNF and glutamate critically modulate microglia activation by methamphetamine.
Neuropsychopharmacology 2021, 46, 2358–2370. [CrossRef] [PubMed]

13. Chavarria, A.; Cardenas, G. Neuronal influence behind the central nervous system regulation of the immune cells. Front. Integr.
Neurosci. 2013, 7, 64. [CrossRef]

14. Tian, L.; Rauvala, H.; Gahmberg, C.G. Neuronal regulation of immune responses in the central nervous system. Trends Immunol.
2009, 30, 91–99. [CrossRef] [PubMed]

15. Brás, J.P.; Bravo, J.; Freitas, J.; Barbosa, M.A.; Santos, S.G.; Summavielle, T.; Almeida, M.I. TNF-alpha-induced microglia activation
requires miR-342: Impact on NF-kB signaling and neurotoxicity. Cell Death Dis. 2020, 11, 415. [CrossRef]

16. Biber, K.; Neumann, H.; Inoue, K.; Boddeke, H.W. Neuronal ‘On’ and ‘Off’ signals control microglia. Trends Neurosci. 2007, 30,
596–602. [CrossRef] [PubMed]

17. Hernangomez, M.; Klusakova, I.; Joukal, M.; Hradilova-Svizenska, I.; Guaza, C.; Dubovy, P. CD200R1 agonist attenuates glial
activation, inflammatory reactions, and hypersensitivity immediately after its intrathecal application in a rat neuropathic pain
model. J. Neuroinflammation 2016, 13, 43. [CrossRef] [PubMed]

18. Sun, H.; He, X.; Tao, X.; Hou, T.; Chen, M.; He, M.; Liao, H. The CD200/CD200R signaling pathway contributes to spontaneous
functional recovery by enhancing synaptic plasticity after stroke. J. Neuroinflammation 2020, 17, 171. [CrossRef]

19. Denieffe, S.; Kelly, R.J.; McDonald, C.; Lyons, A.; Lynch, M.A. Classical activation of microglia in CD200-deficient mice is
a consequence of blood brain barrier permeability and infiltration of peripheral cells. Brain Behav. Immun. 2013, 34, 86–97.
[CrossRef]

20. Feng, D.; Huang, A.; Yan, W.; Chen, D. CD200 dysfunction in neuron contributes to synaptic deficits and cognitive impairment.
Biochem. Biophys. Res. Commun. 2019, 516, 1053–1059. [CrossRef]

21. Braz, S.O.; Cruz, A.; Lobo, A.; Bravo, J.; Moreira-Ribeiro, J.; Pereira-Castro, I.; Freitas, J.; Relvas, J.B.; Summavielle, T.; Moreira, A.
Expression of Rac1 alternative 3′ UTRs is a cell specific mechanism with a function in dendrite outgrowth in cortical neurons.
Biochim. Biophys. Acta Gene Regul Mech. 2017, 1860, 685–694. [CrossRef] [PubMed]

22. Chen, Y.; Balasubramaniyan, V.; Peng, J.; Hurlock, E.C.; Tallquist, M.; Li, J.; Lu, Q.R. Isolation and culture of rat and mouse
oligodendrocyte precursor cells. Nat. Protoc. 2007, 2, 1044–1051. [CrossRef] [PubMed]

23. Socodato, R.; Portugal, C.C.; Domith, I.; Oliveira, N.A.; Coreixas, V.S.; Loiola, E.C.; Martins, T.; Santiago, A.R.; Paes-de-Carvalho,
R.; Ambrosio, A.F.; et al. c-Src function is necessary and sufficient for triggering microglial cell activation. Glia 2015, 63, 497–511.
[CrossRef] [PubMed]

24. Bortell, N.; Basova, L.; Semenova, S.; Fox, H.S.; Ravasi, T.; Marcondes, M.C. Astrocyte-specific overexpressed gene signatures in
response to methamphetamine exposure in vitro. J. Neuroinflammation 2017, 14, 49. [CrossRef] [PubMed]

25. Lopes, C.D.; Gomes, C.P.; Neto, E.; Sampaio, P.; Aguiar, P.; Pego, A.P. Microfluidic-based platform to mimic the in vivo peripheral
administration of neurotropic nanoparticles. Nanomedicine (Lond) 2016, 11, 3205–3221. [CrossRef]

26. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

http://doi.org/10.1016/j.neuron.2019.01.016
http://doi.org/10.1016/j.brainresrev.2009.03.002
http://doi.org/10.1016/j.expneurol.2021.113795
http://www.ncbi.nlm.nih.gov/pubmed/34186102
http://doi.org/10.1111/j.1360-0443.2007.01770.x
http://doi.org/10.1016/j.neuroscience.2007.09.044
http://doi.org/10.1177/02698811211048285
http://www.ncbi.nlm.nih.gov/pubmed/34587831
http://doi.org/10.1124/jpet.121.000767
http://doi.org/10.3389/fphar.2014.00204
http://www.ncbi.nlm.nih.gov/pubmed/25228881
http://doi.org/10.2174/1874473710902010076
http://doi.org/10.1038/s41380-020-0676-x
http://doi.org/10.1016/j.bbi.2015.08.001
http://doi.org/10.1038/s41386-021-01139-7
http://www.ncbi.nlm.nih.gov/pubmed/34400780
http://doi.org/10.3389/fnint.2013.00064
http://doi.org/10.1016/j.it.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19144568
http://doi.org/10.1038/s41419-020-2626-6
http://doi.org/10.1016/j.tins.2007.08.007
http://www.ncbi.nlm.nih.gov/pubmed/17950926
http://doi.org/10.1186/s12974-016-0508-8
http://www.ncbi.nlm.nih.gov/pubmed/26891688
http://doi.org/10.1186/s12974-020-01845-x
http://doi.org/10.1016/j.bbi.2013.07.174
http://doi.org/10.1016/j.bbrc.2019.06.134
http://doi.org/10.1016/j.bbagrm.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28274785
http://doi.org/10.1038/nprot.2007.149
http://www.ncbi.nlm.nih.gov/pubmed/17546009
http://doi.org/10.1002/glia.22767
http://www.ncbi.nlm.nih.gov/pubmed/25421817
http://doi.org/10.1186/s12974-017-0825-6
http://www.ncbi.nlm.nih.gov/pubmed/28279172
http://doi.org/10.2217/nnm-2016-0247
http://doi.org/10.1038/nmeth.2019


Cells 2022, 11, 355 17 of 17

27. Andrade, E.B.; Magalhaes, A.; Puga, A.; Costa, M.; Bravo, J.; Portugal, C.C.; Ribeiro, A.; Correia-Neves, M.; Faustino, A.; Firon, A.;
et al. A mouse model reproducing the pathophysiology of neonatal group B streptococcal infection. Nat. Commun. 2018, 9, 3138.
[CrossRef] [PubMed]

28. Santos, S.D.; Iuliano, O.; Ribeiro, L.; Veran, J.; Ferreira, J.S.; Rio, P.; Mulle, C.; Duarte, C.B.; Carvalho, A.L. Contactin-associated
protein 1 (Caspr1) regulates the traffic and synaptic content of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)-type glutamate receptors. J. Biol. Chem. 2012, 287, 6868–6877. [CrossRef]

29. Verstraelen, P.; Garcia-Diaz Barriga, G.; Verschuuren, M.; Asselbergh, B.; Nuydens, R.; Larsen, P.H.; Timmermans, J.P.; De Vos,
W.H. Systematic Quantification of Synapses in Primary Neuronal Culture. iScience 2020, 23, 101542. [CrossRef]

30. McLeod, F.; Marzo, A.; Podpolny, M.; Galli, S.; Salinas, P. Evaluation of Synapse Density in Hippocampal Rodent Brain Slices. J.
Vis. Exp. 2017, 128, 56153. [CrossRef]

31. Cherry, J.D.; Olschowka, J.A.; O’Banion, M.K. Neuroinflammation and M2 microglia: The good, the bad, and the inflamed. J.
Neuroinflammation 2014, 11, 98. [CrossRef]

32. Yu, S.; Zhu, L.; Shen, Q.; Bai, X.; Di, X. Recent advances in methamphetamine neurotoxicity mechanisms and its molecular
pathophysiology. Behav. Neurol. 2015, 2015, 103969. [CrossRef]

33. Shin, E.J.; Dang, D.K.; Tran, T.V.; Tran, H.Q.; Jeong, J.H.; Nah, S.Y.; Jang, C.G.; Yamada, K.; Nabeshima, T.; Kim, H.C. Current
understanding of methamphetamine-associated dopaminergic neurodegeneration and psychotoxic behaviors. Arch. Pharm. Res.
2017, 40, 403–428. [CrossRef]

34. Krystofova, J.; Pathipati, P.; Russ, J.; Sheldon, A.; Ferriero, D. The Arginase Pathway in Neonatal Brain Hypoxia-Ischemia. Dev.
Neurosci. 2018, 40, 437–450. [CrossRef] [PubMed]

35. Chang, R.C.; Hudson, P.; Wilson, B.; Liu, B.; Abel, H.; Hemperly, J.; Hong, J.S. Immune modulatory effects of neural cell adhesion
molecules on lipopolysaccharide-induced nitric oxide production by cultured glia. Brain Res. Mol. Brain Res. 2000, 81, 197–201.
[CrossRef]

36. Hoek, R.M.; Ruuls, S.R.; Murphy, C.A.; Wright, G.J.; Goddard, R.; Zurawski, S.M.; Blom, B.; Homola, M.E.; Streit, W.J.; Brown,
M.H.; et al. Down-regulation of the macrophage lineage through interaction with OX2 (CD200). Science 2000, 290, 1768–1771.
[CrossRef]

37. Mott, R.T.; Ait-Ghezala, G.; Town, T.; Mori, T.; Vendrame, M.; Zeng, J.; Ehrhart, J.; Mullan, M.; Tan, J. Neuronal expression of
CD22: Novel mechanism for inhibiting microglial proinflammatory cytokine production. Glia 2004, 46, 369–379. [CrossRef]

38. Beier, C.P.; Wischhusen, J.; Gleichmann, M.; Gerhardt, E.; Pekanovic, A.; Krueger, A.; Taylor, V.; Suter, U.; Krammer, P.H.;
Endres, M.; et al. FasL (CD95L/APO-1L) resistance of neurons mediated by phosphatidylinositol 3-kinase-Akt/protein kinase
B-dependent expression of lifeguard/neuronal membrane protein 35. J. Neurosci. 2005, 25, 6765–6774. [CrossRef]

39. Medana, I.; Li, Z.; Flugel, A.; Tschopp, J.; Wekerle, H.; Neumann, H. Fas ligand (CD95L) protects neurons against perforin-
mediated T lymphocyte cytotoxicity. J. Immunol. 2001, 167, 674–681. [CrossRef]

40. Shi, S.; Chen, T.; Zhao, M. The Crosstalk Between Neurons and Glia in Methamphetamine-Induced Neuroinflammation.
Neurochem. Res. 2022. [CrossRef]

41. Taft, C.E.; Turrigiano, G.G. PSD-95 promotes the stabilization of young synaptic contacts. Philos Trans. R Soc. Lond B Biol Sci 2014,
369, 20130134. [CrossRef]

42. El-Husseini, A.E.; Schnell, E.; Chetkovich, D.M.; Nicoll, R.A.; Bredt, D.S. PSD-95 involvement in maturation of excitatory synapses.
Science 2000, 290, 1364–1368. [CrossRef] [PubMed]

43. Berry, K.P.; Nedivi, E. Spine Dynamics: Are They All the Same? Neuron 2017, 96, 43–55. [CrossRef] [PubMed]
44. Mark, K.A.; Quinton, M.S.; Russek, S.J.; Yamamoto, B.K. Dynamic changes in vesicular glutamate transporter 1 function and

expression related to methamphetamine-induced glutamate release. J. Neurosci. 2007, 27, 6823–6831. [CrossRef] [PubMed]
45. Dietz, D.M.; Dietz, K.C.; Nestler, E.J.; Russo, S.J. Molecular mechanisms of psychostimulant-induced structural plasticity.

Pharmacopsychiatry 2009, 42 (Suppl. 1), S69–S78. [CrossRef] [PubMed]
46. Kutlu, M.G.; Gould, T.J. Effects of drugs of abuse on hippocampal plasticity and hippocampus-dependent learning and memory:

Contributions to development and maintenance of addiction. Learn. Mem. 2016, 23, 515–533. [CrossRef]
47. Nakahata, Y.; Yasuda, R. Plasticity of Spine Structure: Local Signaling, Translation and Cytoskeletal Reorganization. Front.

Synaptic Neurosci. 2018, 10, 29. [CrossRef]
48. Murakoshi, H.; Wang, H.; Yasuda, R. Local, persistent activation of Rho GTPases during plasticity of single dendritic spines.

Nature 2011, 472, 100–104. [CrossRef]

http://doi.org/10.1038/s41467-018-05492-y
http://www.ncbi.nlm.nih.gov/pubmed/30087335
http://doi.org/10.1074/jbc.M111.322909
http://doi.org/10.1016/j.isci.2020.101542
http://doi.org/10.3791/56153
http://doi.org/10.1186/1742-2094-11-98
http://doi.org/10.1155/2015/103969
http://doi.org/10.1007/s12272-017-0897-y
http://doi.org/10.1159/000496467
http://www.ncbi.nlm.nih.gov/pubmed/30995639
http://doi.org/10.1016/S0169-328X(00)00175-3
http://doi.org/10.1126/science.290.5497.1768
http://doi.org/10.1002/glia.20009
http://doi.org/10.1523/JNEUROSCI.1700-05.2005
http://doi.org/10.4049/jimmunol.167.2.674
http://doi.org/10.1007/s11064-021-03513-9
http://doi.org/10.1098/rstb.2013.0134
http://doi.org/10.1126/science.290.5495.1364
http://www.ncbi.nlm.nih.gov/pubmed/11082065
http://doi.org/10.1016/j.neuron.2017.08.008
http://www.ncbi.nlm.nih.gov/pubmed/28957675
http://doi.org/10.1523/JNEUROSCI.0013-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17581970
http://doi.org/10.1055/s-0029-1202847
http://www.ncbi.nlm.nih.gov/pubmed/19434558
http://doi.org/10.1101/lm.042192.116
http://doi.org/10.3389/fnsyn.2018.00029
http://doi.org/10.1038/nature09823

	Introduction 
	Materials and Methods 
	Animals 
	Neuronal Cell Culture 
	Microglia and Astrocyte Purified Cultures Obtained from Mixed Glial Cell Cultures 
	Microglia Incubation with Neuron-Conditioned Medium 
	Co-Cultures of Neurons and Microglia in Microfluidic Devices 
	Astrocytic-Conditioned Medium 
	Treatment of Neuron–Microglia Co-Cultures 
	Immunocytochemistry and Image Acquisition 
	Phagocytic Assay 
	Fluorescence Intensity Quantification 
	RNA Extraction, cDNA Synthesis, and qRT-PCR 
	Flow Cytometry of Microglia 
	Quantification of Synaptic Proteins 
	Statistical Analysis 

	Results 
	Neurons Exposed to Meth Do Not Promote Microglial Activation through Contact-Dependent or -Independent Mechanisms 
	Microglia Activation Induced by Meth-Exposed Astrocytes Is Partially Prevented by Neurons 
	Neurons Increased Self-Protection from Meth-Induced Activation of Microglia through Contact-Dependent Mechanisms 
	Synaptic Proteins Expression Increases in Co-Cultures of Neurons and ACM Meth-Microglia 

	Discussion 
	Conclusions 
	References

