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Introduction: In recent years, purinergic signaling via the P2X7 receptor (P2X7R)
on microglia has repeatedly been implicated in depression genesis. However, it
remains unclear which role the human P2X7R (hP2X7R) plays in regulating both
microglia morphology and cytokine secretion upon different environmental and
immune stimuli, respectively.

Methods: For this purpose, we used primary microglial cultures derived from a
humanizedmicroglia-specific conditional P2X7R knockout mouse line to emulate
different gene-environment interactions between microglial hP2X7R and
molecular proxies of psychosocial and pathogen-derived immune stimuli.
Microglial cultures were subjected to treatments with the agonists 2′(3′)-O-(4-
benzoylbenzoyl)-ATP (BzATP) and lipopolysaccharides (LPS) combined with
specific P2X7R antagonists (JNJ-47965567, A-804598).

Results:Morphotyping revealed overall high baseline activation due to the in vitro
conditions. Both BzATP and LPS + BzATP treatment increased round/ameboid
microglia and decreased polarized and ramified morphotypes. This effect was
stronger in hP2X7R-proficient (CTRL) compared to knockout (KO)microglia. Aptly,
we found antagonism with JNJ-4796556 and A-804598 to reduce round/
ameboid microglia and increase complex morphologies only in CTRL but not
KO microglia. Single cell shape descriptor analysis confirmed the morphotyping
results. Compared to KOmicroglia, hP2X7R-targeted stimulation in CTRLs led to a
more pronounced increase in microglial roundness and circularity along with an
overall higher decrease in aspect ratio and shape complexity. JNJ-4796556 and
A-804598, on the other hand, led to opposite dynamics. In KO microglia, similar
trends were observed, yet the magnitude of responses was much smaller. Parallel
assessment of 10 cytokines demonstrated the proinflammatory properties of
hP2X7R. Following LPS + BzATP stimulation, IL-1β, IL-6, and TNFα levels were
found to be higher and IL-4 levels lower in CTRL than in KO cultures. Vice versa,
hP2X7R antagonists reduced proinflammatory cytokine levels and increased IL-4
secretion.

Discussion: Taken together, our results help disentangle the complex function of
microglial hP2X7R downstream of various immune stimuli. In addition, this is the
first study in a humanized, microglia-specific in vitro model identifying a so far
unknown potential link between microglial hP2X7R function and IL-27 levels.
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1 Introduction

Major depression is a common and multifactorial mental disorder,
which arises from complex gene-environment interactions (GBD-2017-
Collaborators, 2018; Lopizzo et al., 2015). Alarmingly, current trend
analyses report a significant and worldwide rise in depression incidence
(Moreno-Agostino et al., 2021). Aside from the well characterized impact
of genetic vulnerability and acute as well as chronic psychosocial stress
(Lopizzo et al., 2015; Gonda et al., 2018), alterations in cellular and
humoral immunity feeding into mild systemic inflammation have been
identified as important factors in depression genesis (Miller and Raison,
2016; Wohleb et al., 2016; Medina-Rodriguez et al., 2018), at least in a
subset of about 30% of patients (Raison and Miller, 2011; Nobis et al.,
2020). The latter experience elevated blood levels of proinflammatory
cytokines like tumor necrosis factor alpha (TNFα), C-reactive protein
(CRP), or interleukin (IL)-6 (Felger and Lotrich, 2013;Miller and Raison,
2016; Mac Giollabhui et al., 2020), changes in immune cell composition
and function (Miller, 2010; Miller and Raison, 2016; Drevets et al., 2022),
which are often accompanied by altered metabolic parameters (de
Kluiver et al., 2019; Lamers et al., 2020). Especially the monocyte-
macrophage system including microglia, natural killer cells (NKs),
and regulatory T cells (Treg) along with different T helper cells (Th)
display molecular and functional aberrations in depressed patients
(Miller, 2010; Suzuki et al., 2017; Beurel et al., 2020; Cattaneo et al.,
2020; Bauer and Teixeira, 2021). A recent study by Costi and colleagues,
for instance, demonstrated a relation between elevated blood-derived
immune cell reactivity in the form of cytokine release following ex vivo
lipopolysaccharides (LPS) stimulation and anhedonia as well as reward
anticipation in depression (Costi et al., 2021). This alignswith the existing
literature on the relation between cytokine burden and symptom load
(Rengasamy et al., 2021; Roohi et al., 2021; Sha et al., 2022), aswell aswith
the beneficial effects of different anti-cytokine treatments for depressive
symptoms in systemic inflammatory disorders (Köhler et al., 2014;
Kappelmann et al., 2018; Wittenberg et al., 2020). This highlights the
importance of immune mechanisms in psychiatric disorders and the
need to improve our understanding of its complex interplay with
depression genesis, clinical course, and symptom burden (Himmerich
et al., 2019).

Among the different immune pathways potentially involved in
depression genesis, purinergic signalling via the adenosine
triphosphate (ATP) selective, membrane bound ionotropic
P2X7 receptor (P2X7R) is considered a promising candidate (Di
Virgilio et al., 2017; Deussing and Arzt, 2018; Drevets et al., 2022).
Multiple studies have shown its involvement in stress-induced
inflammation, depression, and depressive-like behaviours (von
Mücke-Heim and Deussing, 2022; von Muecke-Heim et al., 2021). In
the context of mood disorder genesis (Andrejew et al., 2020; Illes et al.,
2020), both clinical and preclinical findings from mouse models
emphasize the role of chronic psychosocial stress in causing ATP
release in the central nervous system (CNS), leading to sterile
inflammation via P2X7R-depedent purinergic pathways, which
contribute to the development of depression (Franklin et al., 2018;
Iwata et al., 2016; Ribeiro et al., 2019a; Velasquez and Rappaport,
2016; von Mücke-Heim and Deussing, 2022; Wohleb et al., 2016).

On a functional level, binding of ATP or its synthetic agonist 2′(3′)-
O-(4-benzoylbenzoyl)-ATP (BzATP) trigger rapid potassium efflux and
sodium plus calcium influx, initiating proinflammatory intracellular
pathways including, but not limited to, the NLR family pyrin domain
containing 3 (NLRP3) inflammasome (Adinolfi et al., 2018).
Downstream of these pathways, cells release proinflammatory
cytokines like IL-1β, IL-6, and TNFα (Di Virgilio et al., 2017; Junger,
2011; von Muecke-Heim et al., 2021). Aptly, P2X7R is considered a
major player in inflammation (Di Virgilio et al., 2017; Adinolfi et al.,
2018). It is expressed on immune cells and is functionally particularly
important for microglia and T cells (Junger, 2011; Jacobson and Müller,
2016; He et al., 2017; Burnstock, 2018; Rivas-Yáñez et al., 2020). In
microglia and monocytes, P2X7R activation has differential effects on
M1 andM2 states (de Torre-Minguela et al., 2016; Jiang et al., 2022). Still,
it remains largely unknown which exact role the human P2X7R
(hP2X7R) on microglia plays in regulating morphology and cytokine
expression after P2X7R-targeted stimulation or inhibition.

The present study therefore aims to shed light on these
mechanisms by use of primary microglia cultures of a humanized
microglia-specific conditional knockout mouse line (hP2RX7-
Cx3cr1) (Metzger et al., 2017). A cluster of pro- and anti-
inflammatory cytokines along with microglial morphology were
analysed at baseline as well as following both P2X7R agonistic
and antagonistic stimuli. To the best of our knowledge, this is
the first study to examine hP2X7R-expressing murine microglia
beyond the well characterized IL-1β and TNFα release on a
morphological as well as secretory level.

2 Materials and methods

2.1 Animals

Animals were housed in individually ventilated cages
(Tecniplast, IVC Green Line-GM500) under standard laboratory
conditions (21°C ± 2°C, 50% ± 5% humidity, 12:12 h light:dark cycle,
lights on at 7:00 a.m.). Food and water were provided ad libitum. All
experiments and protocols were performed in accordance with the
European Communities’ Council Directive 2010/63/EU and were
approved by the committee for the Care and Use of Laboratory
animals of the Government of Upper Bavaria, Germany.

Humanized mice expressing the human P2X7R (hP2X7R) instead
of the murine variant had been established earlier (P2rx7tm1.1(P2RX7)Jde).
The humanized P2rx7 allele is additionally equipped with loxP sites
which allow for conditional disruption of hP2X7R expression (Metzger
et al., 2017). Conditional knockout mice lacking hP2X7R in microglia
were generated by breeding homozygous floxed hP2X7R mice
(hP2rx7P2RX7/P2RX7) to the microglia-specific tamoxifen-inducible
driver line Cx3cr1-CreERT2 (Cx3cr1tm2.1(cre/ERT2)Litt; Parkhurst et al.,
2013). Mice for primary cultures were obtained from breeding
hP2rx7P2RX7/P2RX7; Cx3cr1+/+ females to hP2rx7P2RX7/P2RX7;
Cx3cr1+/CreERT2 males. Control (CTRL; hP2rx7P2RX7/P2RX7; Cx3cr1+/+)
and conditional knockout mice (KO; hP2rx7P2RX7/P2RX7;
Cx3cr1+/CreERT2) were born in a 1:1 ratio. Genotyping was performed
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by polymerase chain reaction (PCR) analysis of tail DNA using specific
primers. P2rx7: hP2X7R-mIntron1-for 5′-AGA CTG TCA CCA GCA
GCA GCT C-3′, hP2X7R-mIntron2-rev-a 5′-GCC AAG CAT TCT
ACC AGT TGA-GC-3′, hP2X7R-hExon2 rev 5′-CAC GAA GAA
AGA GTT CCC CTG C-3′, hP2X7R-KO-for 5′-GCA GTC TCT CTT
TGC CTC GT-3′, hP2X7R-KO-rev 5′-CGT CGA CTG TCT TCT
GGT CA-3′ (PCR products: wildtype = 417 bp; floxed = 298 bp;
knockout = 222 bp). Cx3cr1: Cx3cr1-Cre-14278 5′-CTC CCC CTG
AAC CTG AAA C-3′, Cx3Cr1-Cre-14277: 5′-CCC AGA CAC TCG
TTG TCC TT-3′, Cx3Cr1-Cre-14276 5′-GTC TTC ACG TTC GGT
CTG GT-3′ (PCR products: wildtype = 500 bp, Cre = 410 bp).

2.2 Primary microglia culture

Preparation of primary murine microglia cultures was
performed as previously described (Lian et al., 2016). Standard
T75 cell culture flasks (Sarstedt) were coated with 0.05 mg/mL
poly-D-lysine (PDL, 70.000 mol wt, Sigma Aldrich) followed by
three washing steps. Pups were decapitated at P1–P3 and the heads
were immediately transferred to ice-cold dissection medium
Dulbecco’s Modified Eagle’s Medium F-12 Nutrient Mixture
(DMEM/F-12) with GlutaMax™ supplement (Gibco™, Sigma
Aldrich) and 1% Penicillin/Streptomycin (P/S) (Fisher Scientific).
Brains were extracted on a horizontal-laminar flow bench under
sterile conditions. After the meninges, brainstem, cerebellum, and
white matter were removed, the remaining cortical tissue was
reduced to small pieces by use of microsurgical scissors, followed
by glass Pasteur pipette dissociation. The suspension was
centrifuged for 5 min at room temperature (RT) at 1,200 rpm.
Supernatant was discarded and neuroglial cells were seeded in
PDL coated flasks in dissection medium plus 10% heat-
inactivated fetal bovine serum (Merck), 1% non-essential amino
acids (Gibco™, Fisher Scientific), and 1% sodium pyruvate
(Gibco™, Fisher Scientific). Individual neuroglia cultures were
maintained for 14 days with two medium changes per week.

At day 15, microglia were extracted from neuroglia culture flasks
by combined enzymatic and mechanic separation. In accordance
with Saura et al. (2003) and Caldeira et al. (2014), flasks were first
incubated for 30–60 min at 37°C with 0.25% Trypsin-EDTA
(Gibco™, Fisher Scientific) diluted 1:2 with dissection medium
(Saura et al., 2003; Caldeira et al., 2014). This mild trypsinization
caused the detachment of a carpet-like layer of cells containing
mainly astrocytes, leaving microglia attached to the flask bottom. In
a second step and adapted from Woolf et al. (2021), pure 0.25%
Trypsin-EDTA was added to the flask for 5 min (Woolf et al., 2021).
In the meantime, flasks were shaken and tapped gently, resulting in
an almost complete detachment of microglia. Trypsin-EDTA was
then blocked by addition of serum-containing growthmedium. Cells
were centrifuged for 5 min at RT at 1,200 rpm and supernatant was
discarded. Quantification of cells was performed by use of the
Trypan Blue (Gibco™, Fisher Scientific) exclusion test using a
Neubauer counting chamber. At least two 16-square quadrates
were counted per flask (Strober, 2015). In the end, 5 × 104 cells
were seeded per well in 0.5 mL growth medium in 24-well plates
equipped with PDL-coated 5 mm cover slips.

Cre-mediated hP2RX7 inactivation was induced by 4-
hydroxytamoxifen (OH-TAM, Sigma Aldrich). OH-TAM was

dissolved in methanol and added (final concentration 1 µM/well).
OH-TAM treatment lasted 7 days and included two growth medium
changes.

2.3 Treatments with LPS, BzATP, and
selective P2X7R antagonists

To emulate different gene-environment interactions between
microglial hP2X7R and molecular proxies pf psychosocial and
pathogen-derived immune challenges, cell cultures wells were
subjected to the following treatments at day 22 after the initial
brain extraction: either 1) 30 min of 1 µM JNJ-47965567 (Sigma
Aldrich), 2) 30 min of 10 µM A-804598 (Sigma Aldrich), 3)
60 min of 200 μM BzATP (Sigma Aldrich), or 4) priming for
24 h with 100 ng/mL LPS (Sigma Aldrich) plus 60 min of 200 μM
BzATP. LPS and BzATP were dissolved in water and JNJ-
47965567 along with A-804598 were solved in pure dimethyl
sulfoxide (DMSO, Cell Signaling Technology). The added volume
of all treatment substances per well was chosen as small as
practically feasible (i.e., 0.49 µL of the JNJ-47965567 stock
solution in 500 µL medium a 0.1 %v/v; 3.2 µL of the A-
804598 stock solution in 500 µL medium a 0.6 %v/v) to avoid
DMSO-related cytotoxicity. For each animal, two separate cell
culture wells remained untreated as controls and were both used
for analysis. Concentrations of stimulations and selective P2X7R
antagonists were chosen based on previous studies to model a
solitary stress-related (i.e., stimulation with BzATP) or double hit
in the form of a bacterial plus stress-related stimulus (i.e., LPS +
BzATP) in vitro (Bradley et al., 2011; de Torre-Minguela et al.,
2016; He et al., 2017; He et al., 2021). In the end, cell culture
supernatant was aliquoted in PE tubes and stored at −20°C for
cytokine measurements. The two control wells per animal were
pooled to minimize variability.

2.4 Cytokine measurements

To study the effects of different immunomodulatory stimuli on
microglial hP2X7R-dependant cytokine release, the post-treatment
cell culture supernatants were analyzed. The following cluster of
pro- and anti-inflammatory cytokines was selected to, among other
things, allow inferences for leucocytes, NK and T cells, andmicroglia
with their proinflammatory M1 and anti-inflammatory M2 pole
(Frade and Barde, 1998; Zhang and An, 2007; Zhu et al., 2010;
Orihuela et al., 2016; Dubbelaar et al., 2018; Martinez-Sanchez et al.,
2018; Himmerich et al., 2019; Jurga et al., 2020): TNFα, INF-γ, IL-
1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17/IL-17A, IL-27. To measure
these factors in vitro, a custom-made high-sensitivity analyte kit for
murine cytokines was purchased from R&D Systems (Luminex®

Discovery Assay).
Before measurements were performed, the Luminex®

200 instrument (Invitrogen) was cleansed and calibrated
according to its operating instructions. Sample preparation and
measurements were performed strictly according to the kit
manufacturer’s specifications. In brief, the provided standards
were reconstituted to establish two separate serial dilutions
(i.e., 6 times 10 × dilution). Growth medium and calibrator

Frontiers in Pharmacology frontiersin.org03

von Mücke-Heim et al. 10.3389/fphar.2023.1148190

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1148190


diluent were added to improve the signal-to-noise ration by
correcting for fluorescent background noise caused by the
different carrier substances. Samples were mixed 1:1 (=1:
2 dilution) with the calibrator diluent (75 µL each). Next, either
50 µL of samples and standard was transferred to the 96-well plate
and 50 µL of fluorescent bead cocktail was added. The plate was
covered with aluminum foil and incubated at RT on a horizontal
shaker at 800 rpm for 2 h. Wells were cleansed 3x with wash buffer
using a magnetic plate clipped to the 96-well plate bottom. Next,
50 μL of diluted biotin-antibody cocktail was added to each well
and incubated in the dark at RT on a shaker at 800 rpm for 1 h.
Wells were washed again 3x, followed by the addition of 50 μL of
diluted Streptavidin-phycoerythrin and a 30 min incubation
period at RT on a shaker at 800 rpm. Washing was performed
another 3x and 100 μL of wash buffer was added to each well,
followed by 2 min at RT on a shaker at 800 rpm. Finally, the 96-
well plate was then transferred to the Luminex® 200 system and
measurements were commenced. Doublet discriminator gates
were set at 8,000 and 16,500, while reporter gain settings were
left at default. For quality control, triplicate measurements were
performed in two independent samples with different activation
levels (i.e., LPS + BzATP in a Cre-negative sample; control sample
of a Cre-positive animal). Results confirmed reliability of measures
(Supplementary Figure S1). Standard curves were calculated by use
of five parameters logistic regression and the provided six
standards. Based on these, cytokine concentrations (pg/mL)
were extracted and values were then doubled due to the 1:
2 dilution. Next, the background (i.e., mean cytokine
concentration of the two untreated growth medium
measurements) was subtracted. Since in some groups control
wells yielded a concentration of 0 pg/mL, each treatment well’s
value was put into relation to the mean of the group’s control wells
(x = individual value treatment/mean of group’s control wells). The
controls contained the cell culture supernatant of the two control
wells per animal in a 1:1 mixture.

2.5 Immunocytochemistry und fluorescence
microscopy

Cover slips were fixed with 4% paraformaldehyde for 30 min,
washed 3x with phosphate buffered saline (PBS) and then blocked
with 5% normal goat serum (NGS, Thermo Fisher Scientific) in 0.2%
Triton X-100 PBS for 30 min. Primary antibody incubation with
rabbit anti-Iba1 (Synaptic Systems), rat anti-CD86 (Invitrogen), or
mouse anti-cleaved-caspase 3 (Affinity) was performed over night
with a 1:500 dilution under mild agitation at 4°C in the dark. The
next morning, cover slips were washed 3x with PBS. Secondary
antibody incubation was done using 1:500 goat anti-rabbit Alexa
Fluor 488 (Invitrogen) or anti-rat Alexa Fluor 488 (Invitrogen) in
5%NGS in 0.2% Triton X-100 PBS at RT and under mild agitation in
the dark for 2 h. Lastly, cover slips were washed thrice with PBS and
mounted on standard glass slides with 20 µL of DAPI Fluoromount-
G™ (Invitrogen).

Fluorescence images were acquired on an Olympus
VS120 Slide Scanner. Per cover slip, two regions of interest
(ROI, size: ~1 mm2) were chosen at random in the DAPI
channel to avoid bias based on microglia morphology to

calculate cell numbers. The same ROIs were used for all image
analyses and the respective statistics. Images were taken with
a ×20 magnification, an exposure time of 515 ms (Iba-1/
Alexa488 channel) and a Z-range of 18 µm (spacing: 6 µm,
plane count: 3). Experimenters were blinded to genotype and
treatments during image acquisition and analyses.

2.6 Image analysis: Cell numbers and
microglia morphology

Images were analyzed using the Fiji software package (GNU
General Public License, Release 2.9.0). Microglia number were
calculated using a custom-designed macroinstruction (macro).
Due to the purity of our cultures (Figure 1), a double
discriminatory approach was unnecessary. Automated cell
counting was therefore performed in the DAPI channel. The
generated Fiji macro was validated, yielding no difference
between the manual quantification of two blinded and
independent experimenters and the automated macro results
(Supplementary Figure S2).

Since microglia are highly reactive and dynamic cells, they
respond to an array of stimuli by changes in their morphology.
The latter can thus serve as a proxy of the underlying genetic,
molecular, and functional changes as well as the environmental
circumstances (Nimmerjahn et al., 2005; Dubbelaar et al., 2018;
Fernández-Arjona et al., 2019; Jurga et al., 2020). Microglia
morphology analysis was based both on morphotype
categories and objective shape descriptors. Based on previous
observations from our lab and in the style of a related study by
He et al. (2021), microglia were classed by the respective
experimenter according to three distinct morphotypes: 1)
round or amoeboid (no processes), 2) polarized or rod-like
(length-to-width ratio ≥ 3), and ramified (≥3 extensions/
ramification). To obtain objective measures of cell shape,
maximum intensity projections (MIP) containing both DAPI
(blue) and Iba-1/Alexa488 (green) were generated and microglia
were manually delineated. The following shape descriptors were
extracted for each individual cell:

Circularity � 4π*
Area

Perimeter2
( ) Aspect ratio � Major axis

Minar axis

Roundness � 4*
Cell area

π*major axis2( ) Solidity � Cell area

Convex area

Based on morphological assumptions (i.e., resting microglia
have a small soma and many, thin, and long ramifications;
activated microglia loose or reduce ramifications and their soma
enlarges), we devised the following complexity index:

Complexity index � Perimeter

Cell area

For circularity and solidity, the interval of potential values is x ∈
[0; 1]. The interval for the aspect ratio and complexity index is x ∈ [0;
∞]. As an in vitro alternative to the often used skeletonization
approach in immunohistochemistry (Morrison et al., 2017; Young
and Morrison, 2018), we developed the aforementioned complexity
index. It rests on the assumption, that microglia are closer to the in
vivo resting state and that their shape complexity is higher, if the cell
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perimeter is long and the surface area is comparatively small. This
means, the higher the complexity index, the more complex the cell.
Within this hypothesis frame, rod-like or polarized microglia are
also labeled as more complex than round or ameboid cells. In
addition to the shape descriptors and indices, the cell area and
perimeter were extracted.

For qualitative intensity analyses, mean cellular gray values were
extracted from Iba1+/DAPI+ cells (i.e., microglia) in the Iba1/GFP-
channel of both ROIs.

2.7 Statistical analysis and Z scoring

Data are expressed as mean ± standard error of the mean (SEM)
or percentage. Statistical analysis was performed using GraphPad
Prism (Version 9.3.1). Statistical significance was defined as p <
0.05 and indexed as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001. Depending on the sample size and data structure,
analyses were performed by a two-tailed T-test with Welch
correction, a Chi2 test, a one-Way ANOVA with Turkey’s
multiple comparisons test, or the Kruskall-Wallis test (KW)
followed by Dunn’s test for multiple comaprisons. To account for
possible batch effects and experimental variability, cell numbers and
shape descriptor data were put in relation to their two individual
control wells [x = individual value treatment/mean of control wells
(n-fold) OR x = treatment value − mean of control wells (delta)].
Morphological data were trimmed and outliers were calculated from
raw values for each analysis type and excluded from group statistics
if divergence was smaller than the first quartile (Q1) − 1.7 *
interquartile range (IQR) or larger than Q3 + 1.7 * IQR. During
data collection and analysis, experimenters remained blinded.

To allow a comparison of cytokine clusters between groups, Z
tests and scores were used as previously described (Guilloux et al.,
2011; von Mücke-Heim et al., 2022):

Z test � X − μ( )
σ

Z score � Ztest1 + Ztest2 + Ztest3( )
Number of tests

In brief, Z test calculations were performed for each cytokine
and condition using hP2X7R KO sample values (X) and the CTRL
groups mean (µ) and standard deviation (σ) of the same cytokine.
Pro- and anti-inflammatory cytokine Z test results were then pooled
in pro- and anti-inflammatory Z scores per animal and treatment
condition.

To validate the cytokine Z score results, shape descriptor-
based Z scores with similar directionality derived from roundness
for pro-inflammatory and aspect ratio for anti-inflammatory
clusters were added. As described above, hP2X7R KO sample
values (X) and the CTRL groups mean (µ) and standard deviation
(σ) of the respective shape descriptor were used to obtain shape
descriptor Z scores. Lastly, the cytokine and shape descriptor Z
scores were then summarized into a pro-inflammatory (ProIF) or
anti-inflammatory (AntiIF) combined Z score per animal as
follows:

ProIFZ score� Zscore IL−1, IL−6,TNF( )+Zscore roundness( )
2

AntiIF Z score � Z score IL − 4, IL − 10( ) + Z score aspect ratio( )
2

3 Results

3.1 Mild trypsinization yields high-quality
microglia cultures

We used the two-step mild trypsinization approach to isolate
primary microglia (Saura et al., 2003; Woolf et al., 2021). In
comparison to the shaking and tapping method (Lian et al.,
2016), mild trypsinization yielded almost 9-fold more cells
(Figure 1A). With the two-step trypsinization protocol we
obtained cultures of high purity (≥98% of cells were microglia)
and vitality (Figures 1B, C). Cultured microglia appeared healthy

FIGURE 1
Purity and vitality of microglia based on two different isolation methods irrespective of genotype. Comparison of microglia yield from tapping and
two-step mild trypsinization: (A) The total number of cells, (B) the proportion of microglia and (C) vital cells after 14 days of culturing after microglia
enrichment. Data are expressed as mean ± S.E.M, T-test with Welch correction; tapping: n = 33, mild trypsinization: n = 25; n = 10 ROIs.
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and, as known from primarymurine cultures with serum-containing
medium, less ramified than in the in vivo situation. As previously
described (He et al., 2021), we were also able to identify three distinct
and different microglia morphotypes. In addition, we detected large
andmultinucleated cells (Figure 2A). However, since multinucleated
cells were present only in about 5% of all ROIs, quantitative
statistical analysis was not done (Figure 2B).

3.2 hP2X7R evokes changes of microglia
numbers and morphology

At baseline, cell counts did not differ between microglial cultures
isolated from hP2X7R proficient (CTRL) and P2X7R deficient (KO)
animals, respectively (79 ± 61/µm2 in CTRLs and 82 ± 57/µm2; p >
0.05 in T-test with Welch correction). Following stimulation with

FIGURE 2
Morphotypes of microglia in primary cell cultures. (A) Representative images of the four main microglia morphotypes identified in primary cultures.
(B) Percentage of ROIs with multinucleated Iba1-positive microglia in all samples irrespective of genotype.

FIGURE 3
Cell count and area dynamics following hP2X7R-targeting treatments (i.e., BzATP, LPS + BzATP, JNJ-47965567, or A-804598). (A) Comparison of
microglia cell number changes in relation to untreated genotype-matched control wells (visual red reference line: 1 = no difference) after treatment
between CTRL and KO microglia. Cell counts were corrected per group by the respective untreated within-genotype controls. The hP2X7R-proficient
group (CTRL) is displayed in white, the hP2X7R-knockout group (KO) is shown is grey. Data are expressed as mean + S.E.M, KWwith Dunn’s test, n =
7–10mice per group (A-804598 in hP2X7Rwildtype animals n = 4). (B) Between-genotype comparison of microglia cell area changes following pro- and
anti-inflammatory treatments. Cell areas were corrected per group by the respective untreated within-genotype controls. The hP2X7R-proficient group
(CTRL) is displayed in white, the hP2X7R-knockout group (KO) is shown is grey. Data are expressed as mean + S.E.M, KWwith Dunn’s test, *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001, n = 8–11 mice with 813–1989 cells per group (except: A-804598 in CTRL group, n = 5 mice and 654 cells).
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BzATP, cell numbers increased by 33% in CTRL but not in KO
cultures (Figure 3A). Whereas, the combined LPS + BzATP
stimulation resulted in a 27% decline in CTRL and a minimal
incline in KO cultures (Figure 3A). To uncover the reason for
these observations, immunohistochemistry was performed: mean
cellular intensity revealed higher values for cleaved caspase-3 and
CD86 in LPS + BzATP treated CTRL compared to KO cultures
(Supplementary Figure S3). This suggests moreM1-polarization and
apoptotic activity in double stimulated CTRL compared to KO
cultures and a direct contribution of hP2X7R. The P2X7R
antagonist-treated groups, on the other hand, showed higher cell
counts in both genotypes. The difference was most prominent in
JNJ-47965567-treated CTRL cells with a two-fold increment
compared to controls. This increase, however, was mostly driven
by one culture (5.3-fold gain), which also explains the high standard
error in this group. Overall, changes in microglia numbers did not
reach statistical significance (Figure 3A). The cell area, on the other
hand, was significantly different in CTRL and KO animals in all
treatment groups expect in the LPS + BzATP treated wells (Figures
3A, B). Mean indexed cell size decreased in the BzATP group as well
as in the P2X7R antagonist conditions in both genotypes, but the
extent of the decrease was more pronounced in CTRL cultures. This
is interesting, since the absolute cell area mean was about 20% lower
in CTRL microglia already at baseline (448 ± 210 μm2 in CTRLs and
553 ± 243 μm2).

Morphotyping revealed that most microglia were round or
ameboid in all conditions and that polarized or ramified
phenotypes were rare (at baseline % round/ameboid: CTRL =
78.6%, and KO = 82.6%) (Figures 4A, B). In both groups,
stimulation with BzATP and even more stimulation with LPS +
BzATP caused a significant increase of round or ameboid microglia
and a subsequent decrease of the other two morphotypes. While the

increase was similar for the LPS + BzATP condition in both groups,
BzATP had a stronger effect in CTRL cells. Both P2X7R antagonists
caused a significant reduction of round or ameboid microglia and a
gain of polarized and ramified cells in CTRL cultures. Whereas, no
relevant changes were found in this respect in the KO groups
(Figures 4A, B).

At baseline, the mean cell perimeter was comparable in CTRL
and KOmicroglia (100 ± 32 µm in CTRLs and 107 ± 37 µm in KOs).
Shape descriptor analysis revealed a relative cell perimeter decrease
in both genotype groups and in all conditions (Figure 5A). Based on
the axiom that microglia activation generally leads to an overall
reduction in ramification, this observation is in line with the trend
found in the cell area analysis. However, is has to be noted, that the
cell area and cell perimeter do not have a simple or linear relation,
but very much depend on the experimental condition and the
general microenvironment. In agreement with the trend seen in
morphotyping, roundness and circularity increase in parallel
following BzATP and LPS + BzATP, but decrease after JNJ-
47965567 or A-804598 treatment in CTRL cultures. Similar yet
less severe dynamics were found in KO cultures (Figures 5B, C). The
reverse phenomenon was found with regard to the aspect ratio
(Figure 5D). This is not surprising, since roundness and aspect ratio
are mathematically related (roundness = 1/aspect ratio). While
solidity increased in the CTRL BzATP and LPS + BzATP
condition, it remained stable in the JNJ-47965567, and decreased
in the A-804598 treated microglia. In KO cultures, on the other
hand, the solidity increased in all conditions (Figure 5E). Lastly, the
newly devised complexity index was attenuated in response to
BzATP and LPS + BzATP in both groups. Surprisingly, the
decremental effect of BzATP is decimal in CTRL compared to
KO cultures. This difference is driven mainly by the data
obtained from a single animal and well, respectively. If removed

FIGURE 4
Manual morphotyping of microglial phenotype. Within-group comparison of (A) CTRL and (B) KO microglia morphology proportion changes
between the baseline and after hP2X7R-targeting treatments (i.e., BzATP, LPS + BzATP, JNJ-47965567, A-804598). Data are expressed as % of total Iba1-
positive cells per genotype and treatment condition including the untreated genotype controls. Chi2 Test for the proportion of [round/ameboid] vs.
[polarized + ramified microglia] between the CTRL or KO group’s untreated control wells and the respective treatment conditions, *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001, n = 8–11 mice with 952–3,428 cell per group (except: A-804598 in CTRL groups, n = 5 mice and 933 cells).
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FIGURE 5
Microglia shape descriptors after hP2X7R-targeting treatments (i.e., BzATP, LPS + BzATP, JNJ-47965567, A-804598). Graphs show between-
genotype and treatment comparisons of (A) cell perimeter, (B,C) roundness and circularity, (D) aspect ratio, (E) solidity, and (F) the complexity index.
Shape descriptor valueswere corrected per group by the respective untreatedwithin-genotype control well means. The hP2X7R-proficient group (CTRL)
is displayed in white, the hP2X7R-knockout group (KO) is shown is grey. Data are expressed as mean + S.E.M, KW with Dunn’s test, *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001, n = 8–11 mice per group (except: A-804598 in CTRL group, n = 5 mice). Cells per group (CTRL A-804598):
perimeter = 831–2,131 (666); roundness = 815–2039 (645); circularity = 836–2,132 (666); aspect ratio = 785–1997 (616); solidity = 777–2072 (657);
complexity = 800–2093 (651).
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FIGURE 6
Cytokine secretion alterations following the different hP2X7R-targeting treatments (i.e., BzATP, LPS + BzATP, JNJ-47965567, A-804598). Graphs
show the n-fold changes measured in cell culture supernatant of CTRL and KOmicroglia cultures side by side. For each of the ten cytokines (TNFα, INF-γ,
IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17/IL-17A, IL-27), a stimulation (_S) and an antagonism (_A) graph is shown. All cytokine levels were first corrected by
the untreated within-genotype control well means and n-fold changes were then calculated per group and treatment condition. The hP2X7R-
proficient group (CTRL) is displayed in white the hP2X7R-knockout group (KO) is shown is grey. Comparisons were performed between the two
genotypes for each of the treatments. Data are expressed as mean + S.E.M, T-test with Welch correction, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001, n = 5–7 mice per group.
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from the analysis, no difference can be found in the BzATP
condition between CTRL and KO cultures. In the P2X7R
antagonist treatment, complexity increases in CTRL but not in
KO cultures (Figure 5F). In line with the between-genotype
findings, within-genotype comparison confirmed hP2X7R-
dependent dynamics (Supplementary Figure S4).

3.3 Cytokine levels are altered by hP2X7R-
tageted stimulation and inhibition

To study the effects of different immunomodulatory stimuli on
microglial hP2X7R-dependant cytokine release, we measured ten

cytokines (TNFα, INF-γ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17/
IL-17A, IL-27) in cell culture supernatant using the Luminex®
technology (Figure 6). At baseline, cytokine levels between CTRL
and KO cultures did not differ significantly. Following stimulation
with BzATP, a minor and not statistically significant increase of IL-
1β levels was seen in CTRL but not in KO cultures. BzATP also
caused a decrease of IL-4 levels (9-fold decrease in CTRL; 6-fold in
KO cultures). Changes, however, did not reach statistical
significance. After 24 h of priming with 100 ng/mL LPS and 1 h
of BzATP, considerable n-fold changes in cytokine levels were
detected in both groups for TNFα, IL-6, and IL-27. In this
respect, CTRL cultures showed consistently higher levels than
KO cultures. The L-1β level increase was significantly different

FIGURE 7
Z scores of pro- and anti-inflammatory cytokine clusters. Pro-inflammatory Z scores are coloured in dark grey, anti-inflammatory ones in light grey.
(A) Z scores of all pro- or anti-inflammatory cytokines per KO animal and treatment condition in relation to the CTRL sample. (B) Z scores of only the core
pro- or anti-inflammatory cytokines per KO well and treatment condition in relation to the CTRL sample. Data are expressed as mean + S.E.M, one-way
ANOVA with Turkey’s multiple comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n = 5–7 mice per group.
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between CTRL and KO cultures (p < 0.05). In the P2X7R antagonist
conditions, on the other hand, no statistically significant differences
were found. Still, a slight trend was observed: in both genotypes
treated with either one of the two P2X7R antagonists, the levels of
TNFα, INF-γ, and partially IL-6—all highly proinflammatory
cytokines–were found to have a mean coefficient of ≤ 1. This
equals a drop below within-genotype untreated control well
levels, which indicates anti-inflammatory properties of the
inhibitors and khP2X7R knockout. Aptly, antagonist application
increased IL-4 quantity in CTRL but not KO cultures by 2-fold.

In line with the single cytokine results comparing genotypes and
treatments, Z score calculations referring to all (Figure 7A) or core
(Figure 7B) proinflammatory and anti-inflammatory cytokines
confirmed the differences between CTRL and KO cultures: except
for the BzATP condition in the anti-inflammatory Z scores,
hP2X7R-targeted stimulation led to a weaker increase of pro-
inflammatory cytokine cluster in KO compared to CTRL
microglia, while hP2X7R-targeting inhibition led to a stronger
decrease of the same cytokines in KO compared to CTRL
microglia. A corresponding trend was found for the anti-
inflammatory Z scores. In the BzATP condition, however, the
drop of anti-inflammatory cytokines IL-4, Il-10 ± IL-27 was
overall half a standard deviation less in KO compared to CTRL
cultures (Figures 7A, B—right). Though not statistically significant,
this corroborates the stronger anti-inflammatory mechanisms and
pathways in the absence of a functional hP2X7R. The augmented
cytokine and shape descriptor Z scores confirmed these observations
(Figure 8). For the combined ProIF Z score, a statistically significant

difference between KO and CTRLs was found for comparing LPS +
BzATP with the JNJ-47965567 condition (p < 0.05) (Figure 8A).
Similarly, the AntiIF combined Z scores revealed a significant
difference for the comparison of the BzATP and LPS + BzATP
treatment with the A-804598 condition (p < 0.01 and < 0.05,
respectively) (Figure 8B). These findings demonstrate the
importance of hP2X7R in mediating the effects of both sterile
(BzATP) and pathogen plus sterile (LPS + BzATP) stress. The
synopsis of the single cytokines and related Z scores with the
results of the combined ProIF and AntiIF Z scoring (Figures
6–8) confirms the modulatory role of microglial hP2X7R on a
secretory, morphological, and combined level in the context of
different immunomodulatory stimuli.

Lastly and on a more general note, measurements revealed low
absolute cytokine concentrations in cell culture supernatants with
no significant differences between CTRL and KO cultures at baseline
(Supplementary Figure S5).

4 Discussion

To further characterize the role of microglial hP2X7R signaling
in mediating the cellular and humoral response following
stimulation or selective P2X7R antagonism, we have used
fluorescence-based single cell morphotyping as well as cytokine
measurements in primary murine microglia cultures. The novelty
of our approach lies in the use of a genetically engineered mouse
model possessing a humanized P2X7R together with detailed

FIGURE 8
Combined Z scores of (A) three core pro-inflammatory cytokines IL-1β, IL-6, and TNFα and microglial roundness (displayed in dark grey) and (B) of
two core anti-inflammatory cytokines IL-4 and IL-10 and the aspect ratio of microglia per KO animal and treatment condition in relation to the CTRL
sample. Data are expressed as mean + S.E.M, one-way ANOVA with Turkey’s multiple comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001, n = 5–7 mice per group.
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morphological analyses and measurements of so far unchartered
cytokines. This combinatory method allowed us to generate
meaningful and new insight into hP2X7R properties and the
consequences of its absence in different treatment conditions,
which is vital for further in vivo and clinical studies. We were
able to demonstrate that hP2X7R influences microglia morphology
as well as cell count, area, perimeter, roundness, circularity, aspect
ratio, solidity, and complexity following stimulation as well as
selective antagonism. Cytokine quantification confirmed the
effects of hP2X7R, primarily following stimulation via LPS and/
or BzATP, in the form of TNFα, IL-1β, IL-6, and IL-27 level increase
and IL-4 level decrease. To the best of our knowledge, this is the first
detailed in vitro characterization of both morphological and
cytokine changes in hP2X7R-expressing microglia after selective
immune stimulation or inhibition.

In contrast to the in vivo situation (Kozlowski and Weimer,
2012; Leyh et al., 2021), we found microglial cell area to be increased
in both genotypes. In addition, KO microglia were about 25% larger
than WT cells at baseline. The mean microglial cell perimeter was,
however, relatively low compared to the in vivo situation. Our
findings are, though somewhat different from the in vivo
condition, in line with previous publications evaluating microglial
morphology in primary murine cell cultures (Caldeira et al., 2014).
The observed combination of an increased cell area and a small
perimeter together with the high proportion of round or ameboid
microglia at baseline indicate that our in vitro microglia are
somewhat activated compared to resting in vivo cells. Whether
the observed morphological observation is exclusively indicative
of a rather proinflammatory M1 polarization remains unclear. It has
been shown that, compared to naive cells, a higher cell area is
associated with a more M2-like phenotype, while a smaller cell area
is commonly found in M1 polarized macrophages (Rostam et al.,
2017). Whether this observation also transfers to murine microglia,
especially in the in vitro situation, is not known. The classical
ameboid morphology of microglia is however, at least in vivo,
associated with an increased phagocytotic capacity,
proinflammatory cytokine release, and therefore M1 polarization
(Tam and Ma, 2014). Aptly, immunohistochemistry-based machine
learning approaches have shown that ameboid microglia
(i.e., activated morphotype) are associated with a small cell area
and perimeter as well as an increased solidity in the murine cortex
and hippocampus (Leyh et al., 2021). Since the employed procedure
of microglia isolation from neonatal mice as well as the in vitro
culturing is unphysiological and thus a strong contextual stimulus,
observing morphologically activated microglia (i.e., round or
ameboid) is not surprising and must be considered an inherent
methodological drawback of primary cell cultures, especially in
serum-containing growth medium (Montilla et al., 2020). In line
with this argument and similar to our findings, previous studies that
have made use of serum-containing medium have shown that
microglia lose the majority of their ramifications in vitro
(Caldeira et al., 2014; He et al., 2017; He et al., 2021; Hu et al.,
2022). This phenomenon of “deramification” can be partially
prevented with a serum-free growth medium, which contains
TGF-β2, cholesterol, and macrophage colony-stimulating factor
(TIC factors) to sustain microglia survival (Bohlen et al., 2017;
Montilla et al., 2020). Some scholar have even argued that TIC
medium is closer to the in vivo and thus physiological condition

(i.e., the cerebrospinal fluid), since it contains only low protein and
bioactive factor levels (Montilla et al., 2020). In opposition to this
argument we reason, that both the serum-containing as well as TIC
medium have inherent advantages and drawbacks. For instance,
while serum-containing growth medium sustains and
simultaneously activates cultured microglia, the serum-free TIC
medium of Bohlen et al. (2017) artificially antagonizes the effects
of the isolation procedure and culturing condition by forcing cells
back into a more ramified and less activated state using TGF-β2.
This TIC environment might bias experiments on inflammatory
properties of microglia. Both methods are thus, by definition, non-
physiological conditions and therefore skew observations in one or
the other way (Montilla et al., 2020). However, if factoring in the
methodological drawbacks into the experimental framework and
data interpretation, both approaches can yield meaningful results.
Since our primary study objective was to characterize the
inflammatory effects of microglial hP2X7R under different
conditions in vitro, an anti-inflammatory environment in the
form of the TIC growth medium was deemed unsuitable. This
decision was further corroborated by findings from in vitro
experiments with serum-containing medium, which have shown
that method-related inflammation drops significantly after 10 days
in vitro (Caldeira et al., 2014).

As to be expected from prior studies, our morphotyping and
shape descriptor analysis revealed that most microglia were rather
large and round with little to no ramifications in both genotypes and
all conditions. Irrespective of this clearly shifted morphological
baseline, we were able to identify a distinct and, compared to
CTRL cells, hP2X7R-potentiated increase in morphological and
secretory activation towards a more M1 polarized phenotype
(i.e., increase in round or ameboid cells, decrease in area and
perimeter, increase in roundness/circularity and a decrease in
aspect ratio, increase in solidity, reduction of complexity, increase
of CD86 intensity in the LPS + BzATP condition, inflammatory
cytokine release including IL-1β). This agrees with findings from
earlier studies, which have found IL-1 β expression to be associated
with a proinflammatory morphotype including a decrease in cell
area and perimeter as well as an increase in circularity (Fernández-
Arjona et al., 2019). Our findings further agree with the triangle
TNFα, IL-1β, and IL-6, which is the typical secretory cluster seen in
M1 polarization (Orihuela et al., 2016). This becomes even more
evident when considering the cytokine dynamics beyond TNFα, IL-
1β, and IL-6, namely, the decrease of the anti-inflammatory IL-4 and
IL-10 following BzATP in both genotype groups as well as the
increase following antagonist application in CTRL cells. IL-4 has a
strong anti-inflammatory effect on microglia, triggers
M2 polarization, and promotes neuronal stem cell survival and
proliferation (Zuiderwijk-Sick et al., 2021; Jiang et al., 2022). This
combination of P2X7R amplified humoral inflammation and
morphological activation and, vice versa, P2X7R inhibition
induced anti-inflammatory cytokine secretion and a trend
towards a resting morphotype emphasizes the role of hP2X7R in
inflammation regulation. This is highly important, since P2X7R has
been hypothesized to mediate psychosocial stress induced
neuroinflammation and ultimately depression and depressive-like
behaviours, respectively (von Mücke-Heim and Deussing, 2022; von
Muecke-Heim et al., 2021). Accordingly, clinical trials have
demonstrated the effect of gain-of-function single nucleotide
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polymorphisms (SNPs) on depression (Andrejew et al., 2020;
Ribeiro et al., 2019a; Urbina-Treviño et al., 2022; von Mücke-
Heim and Deussing, 2022), which fits the hypothesis of an
increased immune activation along with defective inflammation
resolution mechanisms in depression (Debnath et al., 2021). Our
cytokine findings are furthermore in line with the well-known
connection between toll-like receptor mediated LPS effects in
pro-IL-1β production and P2X7R induced caspase-1 activation in
amplifying mature IL-1β release (Ferrari et al., 2006; Mingam et al.,
2008). Also, the shift towards ameboid morphology and elevated
cytokines TNFα, IL-1β, IL-6 were found in related studies using LPS
+ BzATP (de Torre-Minguela et al., 2016; He et al., 2021). These
findings are also conceptually in agreement with studies using
BzATP and LPS as well as P2X7R antagonists in vivo and
in vitro (Andrejew et al., 2020; Ribeiro et al., 2019a; Ribeiro
et al., 2019b; von Muecke-Heim et al., 2021). Accordingly, and
beyond these well-known proinflammatory effects, we were able to
identify an increase of complex phenotypes (i.e., polarized and
ramified microglia, reduction in roundness and circularity and
solidity, increased complexity) as well as a tendential decrease in
inflammatory cytokines after JNJ-4796556 and A-804598
application. Cluster findings in the form of cytokine and
combined cytokine-morphology Z score analyses confirmed the
findings from morphotyping, shape descriptor extraction, and
single cytokine comparison. With regard to the observed
microglia area and perimeter dynamics in CTRL microglia, we
argue that stimulation caused the cells to be activated and to
polarize towards a small and ameboid morphotype, while P2X7R
antagonism resulted in a similar yet less pronounced trend without
the increase of round or ameboid cells. Based on the evidence
presented above and considering the shifted baseline and
morphotyping results, respectively, the cell area and perimeter
decrease in stimulation conditions likely equals a trend towards
M1-like activation, while the P2X7R antagonism resembles a trend
towards polarized or rod-like cells and thus more M2-like microglia.
This aligns with findings from prior studies, which have shown that
M2 microglia exhibit an elongated morphology (i.e., rod-like/
polarized morphology) and even express typical M2 surface
markers accompanied by a reduced secretion of inflammatory
cytokines when forced in a polarized shape (McWhorter et al.,
2013). And even though the concept of M1 and M2 polarization has
been criticized for being a too simplistic approach towards microglia
phenotypes (Ransohoff, 2016), it provides a useful framework of
activation with two maxima. The latter is a helpful tool to dissect
inflammation in an experimental setting (Orihuela et al., 2016; Jurga
et al., 2020). Keeping this and all the observed morphological and
secretory phenomena in mind, our data demonstrate the effect of
hP2X7R on microglia on the continuum between ramified or
resting, rod-like or polarized, and round or ameboid microglia
(Tam and Ma, 2014; Jurga et al., 2020). It has, however, also
been demonstrated that P2X7R is part of inflammation
resolution via pathways other than NLRP3 and NFκB signaling
in resting and M2 macrophages (de Torre-Minguela et al., 2016).
This highlights the complexity of interpreting P2X7R-related
dynamics in cell culture as well as in specific diseases and
inflammatory stages (von Mücke-Heim and Deussing, 2022),
which also relates to our findings. However, though we consider
our findings overall conclusive, especially taking into account the

detailed morphological analyses, our cytokine data have limitations
with regards to the sample size and the multiplex analyte kit used for
cytokine measurements. Therefore, we would suggest future studies
to increase the sample size and to employ high-sensitivity ELISA-
based assays for quantification of cytokines combined with
intracellular pathway analyses (e.g., NFκB or PPAR δ) to best
determine the role of hP2X7R in M1 and M2 polarization (Wang
et al., 2014). Though it is established that antigen-presenting cells
including microglia secret IL-27 (Kawanokuchi et al., 2013), this is,
to the best of our knowledge, the first report of hP2X7R changed IL-
27 secretion in the context of microglia and hP2X7R. Though IL-27
was initially classed as proinflammatory by promoting TNFα release
and its relation with IL-6 signaling (Yoshida and Hunter, 2015),
novel evidence has highlighted its function as a negative regulator of
Th1, Th2, Th9, and Th17 function (Kawanokuchi et al., 2013;
Yoshida and Hunter, 2015). Novel results even indicate a role of
IL-27 in increasing Treg function (Yoshida and Hunter, 2015; Le
et al., 2020), which suggests a role of IL-27 in inflammation
resolution (Yoshida and Hunter, 2015; Lalive et al., 2017). This
function of IL-27 is highly interesting in the context of the emerging
evidence on immunometabolic subtypes and related phenomena in
depression (Milaneschi et al., 2020; von Mücke-Heim and Deussing,
2022). Several studies have demonstrated altered T cell function in
depression, particularly an increase in Th17 and a decrease in Treg

cells (Miller, 2010; Suzuki et al., 2017; Ellul et al., 2018; Moschny
et al., 2020). Surprisingly, IL-27 has not been extensively investigated
in depression and does therefore not surface in large metanalyses on
cytokine alterations in depression (Osimo et al., 2020). Ultimately,
our findings underline the complex functions of microglial hP2X7R
in inflammation downstream of sterile and combined immune
stimuli and single out the potential connection between
microglial hP2X7R and IL-27. The relevance of our findings
remains to be determined. Thus, further trials are needed to
investigate this potential role of P2X7R in altering microglia-
derived IL-27 secretion patterns. The latter might be particularly
relevant in the context of inflammation resolution of mood
disorders like depression via treatments like electroconvulsive
therapy, which is known to a cause short-term spike yet long-
term attenuation of systemic and CNS inflammation (van Buel et al.,
2015a; van Buel et al., 2015b; van Buel et al., 2017).

Taken together, we have demonstrated that microglial hP2X7R
causes and potentiates morphological and secretory changes
downstream of targeted immune stimulation as well as inhibition.
In the future, additional in vitro and in vivo studies are necessary to
further clarify the contribution of P2X7R-related purinergic signaling
to mood disorder genesis and therapy. These studies should focus on
immune changes downstream of differential gene-environment
interactions (i.e., hP2X7R expression and function x psychosocial
and/or pathogen-derived stressors), since the corresponding patterns,
which are currently largely unchartered, likely contribute to state- and
subtype-specific mood disorder immune pathology.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Frontiers in Pharmacology frontiersin.org13

von Mücke-Heim et al. 10.3389/fphar.2023.1148190

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1148190


Ethics statement

The animal study was reviewed and approved by Committee for
the Care and Use of Laboratory animals of the Government of
Upper Bavaria, Germany.

Author contributions

I-AM-H designed the experiments, performed experiments,
developed the used Fiji macro, conducted statistical analysis and
data extraction, drafted figures, and wrote the manuscript. JM
planned a subset of experiments, performed experiments,
conducted statistical analysis, drafted figures, and subedited
the manuscript. MU aided the planning of a subset of
experiments and assisted in cytokine measurements,
contributed statistical expertise and analysis improvement, and
reviewed the manuscript. CR aided methodological expertise,
data acquisition, and quality control, co-wrote the Fiji macro
and subedited the manuscript. JD supervised all experiments and
analyses, edited the manuscript and provided scientific advice,
guidance, and support. All authors approved the submitted
manuscript.

Funding

I-AM-H receives funding from the Else Kroener-Fresenius
Foundation. I-AM-H and CR receive funding from the
International Max Planck Research School for Translational
Psychiatry. CR receives a sponsorship from the Gunter Sachs
Donation. JD receives funding from the German Federal Ministry
of Education and Research (IMADAPT, FKZ: 01KU1901) and from

the Marie Skłodowska-Curie innovative training network
PurinesDX.

Acknowledgments

We thank Stefanie Unkmeir and Sabrina Bauer for their
assistance with genotyping and Annette Schubert for her help
with the cytokine measurements.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1148190/
full#supplementary-material

References

Adinolfi, E., Giuliani, A. L., De Marchi, E., Pegoraro, A., Orioli, E., and Di Virgilio, F.
(2018). The P2X7 receptor: A main player in inflammation. Biochem. Pharmacol. 151,
234–244. doi:10.1016/j.bcp.2017.12.021

Andrejew, R., Oliveira-Giacomelli, Á., Ribeiro, D. E., Glaser, T., Arnaud-Sampaio, V.
F., Lameu, C., et al. (2020). The P2X7 receptor: Central hub of brain diseases. Front. Mol.
Neurosci. 13, 124. doi:10.3389/fnmol.2020.00124

Bauer, M. E., and Teixeira, A. L. (2021). Neuroinflammation in mood disorders: Role
of regulatory immune cells. Neuroimmunomodulation 28 (3), 99–107. doi:10.1159/
000515594

Beurel, E., Toups, M., and Nemeroff, C. B. (2020). The bidirectional relationship of
depression and inflammation: Double trouble. Neuron 107 (2), 234–256. doi:10.1016/j.
neuron.2020.06.002

Bohlen, C. J., Bennett, F. C., Tucker, A. F., Collins, H. Y., Mulinyawe, S. B., and Barres,
B. A. (2017). Diverse requirements for microglial survival, specification, and function
revealed by defined-medium cultures. Neuron 94 (4), 759–773.e8. doi:10.1016/j.neuron.
2017.04.043

Bradley, H. J., Browne, L. E., Yang, W., and Jiang, L. H. (2011). Pharmacological
properties of the rhesus macaque monkey P2X7 receptor. Br. J. Pharmacol. 164 (2),
743–754. doi:10.1111/j.1476-5381.2011.01399.x

Burnstock, G. (2018). Purine and purinergic receptors. Brain Neurosci. Adv. 2,
2398212818817494. doi:10.1177/2398212818817494

Caldeira, C., Oliveira, A. F., Cunha, C., Vaz, A. R., Falcão, A. S., Fernandes, A., et al.
(2014). Microglia change from a reactive to an age-like phenotype with the time in
culture. Front. Cell. Neurosci. 8, 152. doi:10.3389/fncel.2014.00152

Cattaneo, A., Ferrari, C., Turner, L., Mariani, N., Enache, D., Hastings, C., et al.
(2020). Whole-blood expression of inflammasome- and glucocorticoid-related mRNAs
correctly separates treatment-resistant depressed patients from drug-free and

responsive patients in the BIODEP study. Transl. Psychiatry 10 (1), 232. doi:10.
1038/s41398-020-00874-7

Costi, S., Morris, L. S., Collins, A., Fernandez, N. F., Patel, M., Xie, H., et al. (2021).
Peripheral immune cell reactivity and neural response to reward in patients with depression
and anhedonia. Transl. Psychiatry 11 (1), 565. doi:10.1038/s41398-021-01668-1

de Kluiver, H., Jansen, R., Milaneschi, Y., and Penninx, B. W. J. H. (2019).
Involvement of inflammatory gene expression pathways in depressed patients with
hyperphagia. Transl. Psychiatry 9 (1), 193. doi:10.1038/s41398-019-0528-0

de Torre-Minguela, C., Barberà-Cremades, M., Gómez, A. I., Martín-Sánchez, F., and
Pelegrín, P. (2016). Macrophage activation and polarization modify P2X7 receptor
secretome influencing the inflammatory process. Sci. Rep. 6 (1), 22586. doi:10.1038/
srep22586

Debnath, M., Berk, M., and Maes, M. (2021). Translational evidence for the
inflammatory response system (IRS)/Compensatory immune response system
(CIRS) and neuroprogression theory of major depression. Prog.
Neuropsychopharmacol. Biol. Psychiatry 111, 110343. doi:10.1016/j.pnpbp.2021.110343

Deussing, J. M., and Arzt, E. (2018). P2X7 receptor: A potential therapeutic target for
depression? Trends Mol. Med. 24 (9), 736–747. doi:10.1016/j.molmed.2018.07.005

Di Virgilio, F., Dal Ben, D., Sarti, A. C., Giuliani, A. L., and Falzoni, S. (2017). The
P2X7 receptor in infection and inflammation. Immunity 47 (1), 15–31. doi:10.1016/j.
immuni.2017.06.020

Drevets, W. C., Wittenberg, G. M., Bullmore, E. T., and Manji, H. K. (2022). Immune
targets for therapeutic development in depression: Towards precision medicine. Nat.
Rev. Drug Discov. 21 (3), 224–244. doi:10.1038/s41573-021-00368-1

Dubbelaar, M. L., Kracht, L., Eggen, B. J. L., and Boddeke, E. W. G. M. (2018). The
kaleidoscope of microglial phenotypes. Front. Immunol. 9, 1753. doi:10.3389/fimmu.
2018.01753

Frontiers in Pharmacology frontiersin.org14

von Mücke-Heim et al. 10.3389/fphar.2023.1148190

https://www.frontiersin.org/articles/10.3389/fphar.2023.1148190/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1148190/full#supplementary-material
https://doi.org/10.1016/j.bcp.2017.12.021
https://doi.org/10.3389/fnmol.2020.00124
https://doi.org/10.1159/000515594
https://doi.org/10.1159/000515594
https://doi.org/10.1016/j.neuron.2020.06.002
https://doi.org/10.1016/j.neuron.2020.06.002
https://doi.org/10.1016/j.neuron.2017.04.043
https://doi.org/10.1016/j.neuron.2017.04.043
https://doi.org/10.1111/j.1476-5381.2011.01399.x
https://doi.org/10.1177/2398212818817494
https://doi.org/10.3389/fncel.2014.00152
https://doi.org/10.1038/s41398-020-00874-7
https://doi.org/10.1038/s41398-020-00874-7
https://doi.org/10.1038/s41398-021-01668-1
https://doi.org/10.1038/s41398-019-0528-0
https://doi.org/10.1038/srep22586
https://doi.org/10.1038/srep22586
https://doi.org/10.1016/j.pnpbp.2021.110343
https://doi.org/10.1016/j.molmed.2018.07.005
https://doi.org/10.1016/j.immuni.2017.06.020
https://doi.org/10.1016/j.immuni.2017.06.020
https://doi.org/10.1038/s41573-021-00368-1
https://doi.org/10.3389/fimmu.2018.01753
https://doi.org/10.3389/fimmu.2018.01753
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1148190


Ellul, P., Mariotti-Ferrandiz, E., Leboyer, M., and Klatzmann, D. (2018). Regulatory
T cells as supporters of psychoimmune resilience: Toward immunotherapy of major
depressive disorder. Front. neurology 9, 167. doi:10.3389/fneur.2018.00167

Felger, J. C., and Lotrich, F. E. (2013). Inflammatory cytokines in depression:
Neurobiological mechanisms and therapeutic implications. Neuroscience 246,
199–229. doi:10.1016/j.neuroscience.2013.04.060

Fernández-Arjona, M. d. M., Grondona, J. M., Fernández-Llebrez, P., and López-
Ávalos, M. D. (2019). Microglial morphometric parameters correlate with the
expression level of IL-1β, and allow identifying different activated morphotypes.
Front. Cell. Neurosci. 13, 472. doi:10.3389/fncel.2019.00472

Ferrari, D., Pizzirani, C., Adinolfi, E., Lemoli, R. M., Curti, A., Idzko, M., et al. (2006).
The P2X7 receptor: A key player in IL-1 processing and release. J. Immunol. 176 (7),
3877–3883. doi:10.4049/jimmunol.176.7.3877

Frade, J. M., and Barde, Y. A. (1998). Microglia-derived nerve growth factor causes
cell death in the developing retina. Neuron 20 (1), 35–41. doi:10.1016/s0896-6273(00)
80432-8

Franklin, T. C., Xu, C., and Duman, R. S. (2018). Depression and sterile inflammation:
Essential role of danger associated molecular patterns. Brain, Behav. Immun. 72, 2–13.
doi:10.1016/j.bbi.2017.10.025

GBD-2017-Collaborators (2018). Global, regional, and national incidence, prevalence,
and years lived with disability for 354 diseases and injuries for 195 countries and territories,
1990-2017: A systematic analysis for the global burden of disease study 2017. Lancet 392
(10159), 1789–1858. doi:10.1016/S0140-6736(18)32279-7

Gonda, X., Hullam, G., Antal, P., Eszlari, N., Petschner, P., Hökfelt, T. G., et al. (2018).
Significance of risk polymorphisms for depression depends on stress exposure. Sci. Rep.
8 (1), 3946. doi:10.1038/s41598-018-22221-z

Guilloux, J. P., Seney, M., Edgar, N., and Sibille, E. (2011). Integrated behavioral
z-scoring increases the sensitivity and reliability of behavioral phenotyping in mice:
Relevance to emotionality and sex. J. Neurosci. Methods 197 (1), 21–31. doi:10.1016/j.
jneumeth.2011.01.019

He, Y., Taylor, N., Fourgeaud, L., and Bhattacharya, A. (2017). The role of microglial
P2X7: Modulation of cell death and cytokine release. J. Neuroinflammation 14 (1), 135.
doi:10.1186/s12974-017-0904-8

He, Y., Taylor, N., Yao, X., and Bhattacharya, A. (2021). Mouse primary microglia
respond differently to LPS and poly(I:C) in vitro. Sci. Rep. 11 (1), 10447. doi:10.1038/
s41598-021-89777-1

Himmerich, H., Patsalos, O., Lichtblau, N., Ibrahim, M. A. A., and Dalton, B. (2019).
Cytokine research in depression: Principles, challenges, and open questions. Front.
Psychiatry 10, 30. doi:10.3389/fpsyt.2019.00030

Hu, J., Wang, P., Wang, Z., Xu, Y., Peng, W., Chen, X., et al. (2022). Fibroblast-
conditioned media enhance the yield of microglia isolated from mixed glial cultures.
Cell. Mol. Neurobiol. 43, 395–408. doi:10.1007/s10571-022-01193-9

Illes, P., Verkhratsky, A., and Tang, Y. (2020). Pathological ATPergic signaling in
major depression and bipolar disorder. Front. Mol. Neurosci. 12 (331), 331. doi:10.3389/
fnmol.2019.00331

Iwata, M., Ota, K. T., Li, X.-Y., Sakaue, F., Li, N., Dutheil, S., et al. (2016).
Psychological stress activates the inflammasome via release of adenosine
triphosphate and stimulation of the purinergic type 2X7 receptor. Biol. Psychiatry
80 (1), 12–22. doi:10.1016/j.biopsych.2015.11.026

Jacobson, K. A., and Müller, C. E. (2016). Medicinal chemistry of adenosine, P2Y and
P2X receptors. Neuropharmacology 104, 31–49. doi:10.1016/j.neuropharm.2015.12.001

Jiang, X., Yi, S., Liu, Q., and Zhang, J. (2022). The secretome of microglia induced by
IL-4 of IFN-γ differently regulate proliferation, differentiation and survival of adult
neural stem/progenitor cell by targeting the PI3K-Akt pathway. Cytotechnology 74 (3),
407–420. doi:10.1007/s10616-022-00534-2

Junger, W. G. (2011). Immune cell regulation by autocrine purinergic signalling. Nat.
Rev. Immunol. 11 (3), 201–212. doi:10.1038/nri2938

Jurga, A. M., Paleczna, M., and Kuter, K. Z. (2020). Overview of general and
discriminating markers of differential microglia phenotypes. Front. Cell. Neurosci.
14, 198. doi:10.3389/fncel.2020.00198

Kappelmann, N., Lewis, G., Dantzer, R., Jones, P. B., and Khandaker, G. M. (2018).
Antidepressant activity of anti-cytokine treatment: A systematic review and meta-
analysis of clinical trials of chronic inflammatory conditions. Mol. Psychiatry 23 (2),
335–343. doi:10.1038/mp.2016.167

Kawanokuchi, J., Takeuchi, H., Sonobe, Y., Mizuno, T., and Suzumura, A. (2013).
Interleukin-27 promotes inflammatory and neuroprotective responses in microglia.
Clin. Exp. Neuroimmunol. 4 (1), 36–45. doi:10.1111/cen3.12005

Köhler, O., Benros, M. E., Nordentoft, M., Farkouh, M. E., Iyengar, R. L., Mors, O.,
et al. (2014). Effect of anti-inflammatory treatment on depression, depressive
symptoms, and adverse effects: A systematic review and meta-analysis of
randomized clinical trials. JAMA Psychiatry 71 (12), 1381–1391. doi:10.1001/
jamapsychiatry.2014.1611

Kozlowski, C., and Weimer, R. M. (2012). An automated method to quantify
microglia morphology and application to monitor activation state longitudinally in
vivo. PLOS ONE 7 (2), e31814. doi:10.1371/journal.pone.0031814

Lalive, P. H., Kreutzfeldt, M., Devergne, O., Metz, I., Bruck, W., Merkler, D., et al.
(2017). Increased interleukin-27 cytokine expression in the central nervous system of
multiple sclerosis patients. J. Neuroinflammation 14 (1), 144. doi:10.1186/s12974-017-
0919-1

Lamers, F., Milaneschi, Y., Vinkers, C. H., Schoevers, R. A., Giltay, E. J., and Penninx,
B. (2020). Depression profilers and immuno-metabolic dysregulation: Longitudinal
results from the NESDA study. Brain Behav. Immun. 88, 174–183. doi:10.1016/j.bbi.
2020.04.002

Le, H. T., Keslar, K., Nguyen, Q. T., Blazar, B. R., Hamilton, B. K., and Min, B. (2020).
Interleukin-27 enforces regulatory T cell functions to prevent graft-versus-host disease.
Front. Immunol. 11, 181. doi:10.3389/fimmu.2020.00181

Leyh, J., Paeschke, S., Mages, B., Michalski, D., Nowicki, M., Bechmann, I., et al.
(2021). Classification of microglial morphological phenotypes using machine learning.
Front. Cell. Neurosci. 15, 701673. doi:10.3389/fncel.2021.701673

Lian, H., Roy, E., and Zheng, H. (2016). Protocol for primary microglial culture
preparation. Bio Protoc. 6 (21), e1989. doi:10.21769/BioProtoc.1989

Lopizzo, N., Bocchio Chiavetto, L., Cattane, N., Plazzotta, G., Tarazi, F. I., Pariante, C.
M., et al. (2015). Gene-environment interaction in major depression: Focus on
experience-dependent biological systems. Front. Psychiatry 6, 68. doi:10.3389/fpsyt.
2015.00068

Mac Giollabhui, N., Ng, T. H., Ellman, L. M., and Alloy, L. B. (2020). The longitudinal
associations of inflammatory biomarkers and depression revisited: Systematic review,
meta-analysis, and meta-regression. Mol. Psychiatry 26, 3302–3314. doi:10.1038/
s41380-020-00867-4

Martinez-Sanchez, M. E., Huerta, L., Alvarez-Buylla, E. R., and Villarreal Luján, C.
(2018). Role of cytokine combinations on CD4+ T cell differentiation, partial
polarization, and plasticity: Continuous network modeling approach. Front.
Physiology 9 (877), 877. doi:10.3389/fphys.2018.00877

McWhorter, F. Y., Wang, T., Nguyen, P., Chung, T., and Liu, W. F. (2013).
Modulation of macrophage phenotype by cell shape. Proc. Natl. Acad. Sci. 110 (43),
17253–17258. doi:10.1073/pnas.1308887110

Medina-Rodriguez, E. M., Lowell, J. A., Worthen, R. J., Syed, S. A., and Beurel, E.
(2018). Involvement of innate and adaptive immune systems alterations in the
pathophysiology and treatment of depression. Front. Neurosci. 12, 547. doi:10.3389/
fnins.2018.00547

Metzger, M., Walser, S., Aprile Garcia, F., Dedic, N., Chen, A., Holsboer, F., et al.
(2017). Genetically dissecting P2rx7 expression within the central nervous system using
conditional humanized mice. Purinergic Signal. 13, 153–170. doi:10.1007/s11302-016-
9546-z

Milaneschi, Y., Lamers, F., Berk, M., and Penninx, B. (2020). Depression
heterogeneity and its biological underpinnings: Toward immunometabolic
depression. Biol. Psychiatry 88 (5), 369–380. doi:10.1016/j.biopsych.2020.01.014

Miller, A. (2010). Depression and immunity: A role for T cells? Brain, Behav. Immun.
24, 1–8. doi:10.1016/j.bbi.2009.09.009

Miller, A. H., and Raison, C. L. (2016). The role of inflammation in depression: From
evolutionary imperative to modern treatment target. Nat. Rev. Immunol. 16 (1), 22–34.
doi:10.1038/nri.2015.5

Mingam, R., De Smedt, V., Amédée, T., Bluthé, R. M., Kelley, K. W., Dantzer, R., et al.
(2008). In vitro and in vivo evidence for a role of the P2X7 receptor in the release of IL-1
beta in the murine brain. Brain Behav. Immun. 22 (2), 234–244. doi:10.1016/j.bbi.2007.
08.007

Montilla, A., Zabala, A., Matute, C., and Domercq, M. (2020). Functional and
metabolic characterization of microglia culture in a defined medium. Front. Cell.
Neurosci. 14, 22. doi:10.3389/fncel.2020.00022

Moreno-Agostino, D., Wu, Y.-T., Daskalopoulou, C., Hasan, M. T., Huisman,M., and
Prina, M. (2021). Global trends in the prevalence and incidence of depression:a
systematic review and meta-analysis. J. Affect. Disord. 281, 235–243. doi:10.1016/j.
jad.2020.12.035

Morrison, H., Young, K., Qureshi, M., Rowe, R. K., and Lifshitz, J. (2017). Quantitative
microglia analyses reveal diversemorphologic responses in the rat cortex after diffuse brain
injury. Sci. Rep. 7 (1), 13211. doi:10.1038/s41598-017-13581-z

Moschny, N., Jahn, K., Maier, H. B., Khan, A. Q., Ballmaier, M., Liepach, K., et al.
(2020). Electroconvulsive therapy, changes in immune cell ratios, and their association
with seizure quality and clinical outcome in depressed patients. Eur.
Neuropsychopharmacol. 36, 18–28. doi:10.1016/j.euroneuro.2020.03.019

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells are
highly dynamic surveillants of brain parenchyma in vivo. Science 308 (5726),
1314–1318. doi:10.1126/science.1110647

Nobis, A., Zalewski, D., and Waszkiewicz, N. (2020). Peripheral markers of
depression. J. Clin. Med. 9 (12), 3793. doi:10.3390/jcm9123793

Orihuela, R., McPherson, C. A., and Harry, G. J. (2016). Microglial M1/
M2 polarization and metabolic states. Br. J. Pharmacol. 173 (4), 649–665. doi:10.
1111/bph.13139

Osimo, E. F., Pillinger, T., Rodriguez, I. M., Khandaker, G. M., Pariante, C. M., and
Howes, O. D. (2020). Inflammatory markers in depression: A meta-analysis of mean

Frontiers in Pharmacology frontiersin.org15

von Mücke-Heim et al. 10.3389/fphar.2023.1148190

https://doi.org/10.3389/fneur.2018.00167
https://doi.org/10.1016/j.neuroscience.2013.04.060
https://doi.org/10.3389/fncel.2019.00472
https://doi.org/10.4049/jimmunol.176.7.3877
https://doi.org/10.1016/s0896-6273(00)80432-8
https://doi.org/10.1016/s0896-6273(00)80432-8
https://doi.org/10.1016/j.bbi.2017.10.025
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1038/s41598-018-22221-z
https://doi.org/10.1016/j.jneumeth.2011.01.019
https://doi.org/10.1016/j.jneumeth.2011.01.019
https://doi.org/10.1186/s12974-017-0904-8
https://doi.org/10.1038/s41598-021-89777-1
https://doi.org/10.1038/s41598-021-89777-1
https://doi.org/10.3389/fpsyt.2019.00030
https://doi.org/10.1007/s10571-022-01193-9
https://doi.org/10.3389/fnmol.2019.00331
https://doi.org/10.3389/fnmol.2019.00331
https://doi.org/10.1016/j.biopsych.2015.11.026
https://doi.org/10.1016/j.neuropharm.2015.12.001
https://doi.org/10.1007/s10616-022-00534-2
https://doi.org/10.1038/nri2938
https://doi.org/10.3389/fncel.2020.00198
https://doi.org/10.1038/mp.2016.167
https://doi.org/10.1111/cen3.12005
https://doi.org/10.1001/jamapsychiatry.2014.1611
https://doi.org/10.1001/jamapsychiatry.2014.1611
https://doi.org/10.1371/journal.pone.0031814
https://doi.org/10.1186/s12974-017-0919-1
https://doi.org/10.1186/s12974-017-0919-1
https://doi.org/10.1016/j.bbi.2020.04.002
https://doi.org/10.1016/j.bbi.2020.04.002
https://doi.org/10.3389/fimmu.2020.00181
https://doi.org/10.3389/fncel.2021.701673
https://doi.org/10.21769/BioProtoc.1989
https://doi.org/10.3389/fpsyt.2015.00068
https://doi.org/10.3389/fpsyt.2015.00068
https://doi.org/10.1038/s41380-020-00867-4
https://doi.org/10.1038/s41380-020-00867-4
https://doi.org/10.3389/fphys.2018.00877
https://doi.org/10.1073/pnas.1308887110
https://doi.org/10.3389/fnins.2018.00547
https://doi.org/10.3389/fnins.2018.00547
https://doi.org/10.1007/s11302-016-9546-z
https://doi.org/10.1007/s11302-016-9546-z
https://doi.org/10.1016/j.biopsych.2020.01.014
https://doi.org/10.1016/j.bbi.2009.09.009
https://doi.org/10.1038/nri.2015.5
https://doi.org/10.1016/j.bbi.2007.08.007
https://doi.org/10.1016/j.bbi.2007.08.007
https://doi.org/10.3389/fncel.2020.00022
https://doi.org/10.1016/j.jad.2020.12.035
https://doi.org/10.1016/j.jad.2020.12.035
https://doi.org/10.1038/s41598-017-13581-z
https://doi.org/10.1016/j.euroneuro.2020.03.019
https://doi.org/10.1126/science.1110647
https://doi.org/10.3390/jcm9123793
https://doi.org/10.1111/bph.13139
https://doi.org/10.1111/bph.13139
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1148190


differences and variability in 5,166 patients and 5,083 controls. Brain, Behav. Immun.
87, 901–909. doi:10.1016/j.bbi.2020.02.010

Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R., Lafaille, J. J., et al. (2013).
Microglia Promote Learning-Dependent Synapse Formation through Brain-Derived
Neurotrophic Factor. Cell 155 (7), 1596–1609. doi:10.1016/j.cell.2013.11.030

Raison, C. L., and Miller, A. H. (2011). Is depression an inflammatory disorder? Curr.
Psychiatry Rep. 13 (6), 467–475. doi:10.1007/s11920-011-0232-0

Ransohoff, R. M. (2016). A polarizing question: Do M1 and M2 microglia exist? Nat.
Neurosci. 19 (8), 987–991. doi:10.1038/nn.4338

Rengasamy, M., Marsland, A., McClain, L., Kovats, T., Walko, T., Pan, L., et al. (2021).
Longitudinal relationships of cytokines, depression and anhedonia in depressed
adolescents. Brain, Behav. Immun. 91, 74–80. doi:10.1016/j.bbi.2020.09.004

Ribeiro, D. E., Roncalho, A. L., Glaser, T., Ulrich, H., Wegener, G., and Joca, S.
(2019a). P2X7 receptor signaling in stress and depression. Int. J. Mol. Sci. 20 (11), 2778.
doi:10.3390/ijms20112778

Ribeiro, D. E., Stanquini, L. A., Biojone, C., Casarotto, P. C., Elfving, B., Müller, H. K.,
et al. (2019b). P2X7 receptors are involved in stress-related behaviours and
antidepressant effect. Eur. Neuropsychopharmacol. 29, S213–S214. doi:10.1016/j.
euroneuro.2018.11.350

Rivas-Yáñez, E., Barrera-Avalos, C., Parra-Tello, B., Briceño, P., Rosemblatt, M. V.,
Saavedra-Almarza, J., et al. (2020). P2X7 receptor at the crossroads of T cell fate. Int.
J. Mol. Sci. 21 (14), 4937. doi:10.3390/ijms21144937

Roohi, E., Jaafari, N., and Hashemian, F. (2021). On inflammatory hypothesis of
depression: What is the role of IL-6 in the middle of the chaos? J. Neuroinflammation 18
(1), 45. doi:10.1186/s12974-021-02100-7

Rostam, H. M., Reynolds, P. M., Alexander, M. R., Gadegaard, N., and
Ghaemmaghami, A. M. (2017). Image based Machine Learning for identification of
macrophage subsets. Sci. Rep. 7 (1), 3521. doi:10.1038/s41598-017-03780-z

Saura, J., Tusell, J. M., and Serratosa, J. (2003). High-yield isolation of murine
microglia by mild trypsinization. Glia 44 (3), 183–189. doi:10.1002/glia.10274

Sha, Q., Madaj, Z., Keaton, S., Escobar Galvis, M. L., Smart, L., Krzyzanowski, S., et al.
(2022). Cytokines and tryptophan metabolites can predict depressive symptoms in
pregnancy. Transl. Psychiatry 12 (1), 35. doi:10.1038/s41398-022-01801-8

Strober, W. (2015). Trypan blue exclusion test of cell viability. Curr. Protoc. Immunol.
111. A3.B.3 A3.B.1-a3.B.3. doi:10.1002/0471142735.ima03bs111

Suzuki, H., Savitz, J., Kent Teague, T., Gandhapudi, S. K., Tan, C., Misaki, M., et al.
(2017). Altered populations of natural killer cells, cytotoxic T lymphocytes, and
regulatory T cells in major depressive disorder: Association with sleep disturbance.
Brain Behav. Immun. 66, 193–200. doi:10.1016/j.bbi.2017.06.011

Tam, W. Y., and Ma, C. H. (2014). Bipolar/rod-shaped microglia are proliferating
microglia with distinct M1/M2 phenotypes. Sci. Rep. 4, 7279. doi:10.1038/srep07279

Urbina-Treviño, L., von Mücke-Heim, I.-A., and Deussing, J. M. (2022).
P2X7 receptor-related genetic mouse models – tools for translational research in
Psychiatry. Front. Neural Circuits 16, 876304. doi:10.3389/fncir.2022.876304

van Buel, E. M., Bosker, F. J., van Drunen, J., Strijker, J., Douwenga, W., Klein, H. C.,
et al. (2015a). Electroconvulsive seizures (ECS) do not prevent LPS-induced behavioral
alterations and microglial activation. J. Neuroinflammation 12, 232. doi:10.1186/
s12974-015-0454-x

van Buel, E. M., Patas, K., Peters, M., Bosker, F. J., Eisel, U. L., and Klein, H. C.
(2015b). Immune and neurotrophin stimulation by electroconvulsive therapy: Is some
inflammation needed after all? Transl. Psychiatry 5 (7), e609. doi:10.1038/tp.2015.100

van Buel, E. M., Sigrist, H., Seifritz, E., Fikse, L., Bosker, F. J., Schoevers, R. A., et al.
(2017). Mouse repeated electroconvulsive seizure (ECS) does not reverse social stress
effects but does induce behavioral and hippocampal changes relevant to
electroconvulsive therapy (ECT) side-effects in the treatment of depression. PloS one
12 (9), e0184603. doi:10.1371/journal.pone.0184603

Velasquez, S., and Rappaport, J. (2016). Inflammasome activation in major
depressive disorder: A pivotal linkage between psychological stress, purinergic
signaling, and the kynurenine pathway. Biol. Psychiatry 80 (1), 4–5. doi:10.1016/j.
biopsych.2016.04.019

vonMücke-Heim, I.-A., andDeussing, J.M. (2022). The P2X7 receptor inmood disorders:
Emerging target in immunopsychiatry, from bench to bedside. Neuropharmacology.

von Mücke-Heim, I.-A., Urbina-Treviño, L., Bordes, J., Ries, C., Schmidt, M. V., and
Deussing, J. M. (2022). Introducing a depression-like syndrome for translational
neuropsychiatry: A plea for taxonomical validity and improved comparability
between humans and mice. Mol. Psychiatry.

von Muecke-Heim, I. A., Ries, C., Urbina, L., and Deussing, J. M. (2021). P2X7R
antagonists in chronic stress-based depression models: A review. Eur. Arch. Psychiatry
Clin. Neurosci. 271 (7), 1343–1358. doi:10.1007/s00406-021-01306-3

Wang, N., Liang, H., and Zen, K. (2014). Molecular mechanisms that influence the
macrophage M1–M2 polarization balance. Front. Immunol. 5, 614. doi:10.3389/fimmu.
2014.00614

Wittenberg, G. M., Stylianou, A., Zhang, Y., Sun, Y., Gupta, A., Jagannatha, P. S., et al.
(2020). Effects of immunomodulatory drugs on depressive symptoms: A mega-analysis
of randomized, placebo-controlled clinical trials in inflammatory disorders. Mol.
Psychiatry 25 (6), 1275–1285. doi:10.1038/s41380-019-0471-8

Wohleb, E. S., Franklin, T., Iwata, M., and Duman, R. S. (2016). Integrating
neuroimmune systems in the neurobiology of depression. Nat. Rev. Neurosci. 17 (8),
497–511. doi:10.1038/nrn.2016.69

Woolf, Z., Stevenson, T. J., Lee, K., Jung, Y., Park, T. I. H., Curtis, M. A., et al. (2021).
Isolation of adult mouse microglia using their in vitro adherent properties. Star. Protoc.
2 (2), 100518. doi:10.1016/j.xpro.2021.100518

Yoshida, H., and Hunter, C. A. (2015). The immunobiology of interleukin-27.
Annu. Rev. Immunol. 33 (1), 417–443. doi:10.1146/annurev-immunol-032414-
112134

Young, K., and Morrison, H. (2018). Quantifying microglia morphology from
photomicrographs of immunohistochemistry prepared tissue using ImageJ. J. Vis.
Exp. 136, 57648. doi:10.3791/57648

Zhang, J. M., and An, J. (2007). Cytokines, inflammation, and pain. Int. Anesthesiol.
Clin. 45 (2), 27–37. doi:10.1097/AIA.0b013e318034194e

Zhu, J., Yamane, H., and Paul, W. E. (2010). Differentiation of effector
CD4 T cell populations (*). Annu. Rev. Immunol. 28, 445–489. doi:10.1146/
annurev-immunol-030409-101212

Zuiderwijk-Sick, E. A., van der Putten, C., Timmerman, R., Veth, J., Pasini, E. M., van
Straalen, L., et al. (2021). Exposure of microglia to interleukin-4 represses NF-κB-
Dependent transcription of toll-like receptor-induced cytokines. Front. Immunol. 12,
771453. doi:10.3389/fimmu.2021.771453

Frontiers in Pharmacology frontiersin.org16

von Mücke-Heim et al. 10.3389/fphar.2023.1148190

https://doi.org/10.1016/j.bbi.2020.02.010
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1007/s11920-011-0232-0
https://doi.org/10.1038/nn.4338
https://doi.org/10.1016/j.bbi.2020.09.004
https://doi.org/10.3390/ijms20112778
https://doi.org/10.1016/j.euroneuro.2018.11.350
https://doi.org/10.1016/j.euroneuro.2018.11.350
https://doi.org/10.3390/ijms21144937
https://doi.org/10.1186/s12974-021-02100-7
https://doi.org/10.1038/s41598-017-03780-z
https://doi.org/10.1002/glia.10274
https://doi.org/10.1038/s41398-022-01801-8
https://doi.org/10.1002/0471142735.ima03bs111
https://doi.org/10.1016/j.bbi.2017.06.011
https://doi.org/10.1038/srep07279
https://doi.org/10.3389/fncir.2022.876304
https://doi.org/10.1186/s12974-015-0454-x
https://doi.org/10.1186/s12974-015-0454-x
https://doi.org/10.1038/tp.2015.100
https://doi.org/10.1371/journal.pone.0184603
https://doi.org/10.1016/j.biopsych.2016.04.019
https://doi.org/10.1016/j.biopsych.2016.04.019
https://doi.org/10.1007/s00406-021-01306-3
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.1038/s41380-019-0471-8
https://doi.org/10.1038/nrn.2016.69
https://doi.org/10.1016/j.xpro.2021.100518
https://doi.org/10.1146/annurev-immunol-032414-112134
https://doi.org/10.1146/annurev-immunol-032414-112134
https://doi.org/10.3791/57648
https://doi.org/10.1097/AIA.0b013e318034194e
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.3389/fimmu.2021.771453
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1148190

	The human P2X7 receptor alters microglial morphology and cytokine secretion following immunomodulation
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Primary microglia culture
	2.3 Treatments with LPS, BzATP, and selective P2X7R antagonists
	2.4 Cytokine measurements
	2.5 Immunocytochemistry und fluorescence microscopy
	2.6 Image analysis: Cell numbers and microglia morphology
	2.7 Statistical analysis and Z scoring

	3 Results
	3.1 Mild trypsinization yields high-quality microglia cultures
	3.2 hP2X7R evokes changes of microglia numbers and morphology
	3.3 Cytokine levels are altered by hP2X7R-tageted stimulation and inhibition

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


