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Adjuvant Cannabinoid Receptor
Type 2 Agonist Modulates the
Polarization of Microglia
Towards a Non-Inflammatory
Phenotype in Experimental
Pneumococcal Meningitis

Steven D. Pan, Denis Grandgirard® and Stephen L. Leib™"

Neuroinfection Laboratory, Institute for Infectious Diseases, University of Bern, Bern, Switzerland

Background: Microglia initiates and sustains the inflammatory reaction that drives the
pathogenesis of pneumococcal meningitis. The expression of the G-protein cannabinoid
receptor type 2 (CB2) in the brain is low, but is upregulated in glial cells during infection. Its
activation down-regulates pro-inflammatory processes, driving microglia towards an anti-
inflammatory phenotype. CB2 agonists are therefore therapeutic candidates in
inflalnmatory conditions like pneumococcal meningitis. We evaluated the effects of
JWH-133, a specific CB2 agonist on microglial cells, inflammation, and damage driven
by S. pneumoniae in vitro and in experimental pneumococcal meningitis.

Materials/methods: Primary mixed glial cultures were stimulated with live or heat-
inactivated S. pneumoniae, or lipopolysaccharide and treated with JWH-133 or vehicle.
Nitric oxide and cytokines levels were measured in the supernatant. In vivo,
pneumococcal meningitis was induced by intracisternal injection of live S. pneumoniae
in 11 days old Wistar rats. Animals were treated with antibiotics (Ceftriaxone, 100 mg/kg,
s.c. bid) and JWH-133 (1 mg/kg, i.p. daily) or vehicle (10% Ethanol in saline, 100 pl/25g
body weight) at 18 h after infection. Brains were harvested at 24 and 42 h post infection
(hpi) for histological assessment of hippocampal apoptosis and cortical damage and
determination of cyto/chemokines in tissue homogenates. Microglia were characterized
using Iba-1 immunostaining. Inflammation in brain homogenates was determined using
membrane-based antibody arrays.

Results: /n vitro, nitric oxide and cytokines levels were significantly lowered by JWH-133
treatment. /n vivo, clinical parameters were not affected by the treatment. JWH-133
significantly lowered microglia activation assessed by quantification of cell process length
and endpoints per microglia. Animals treated with JWH-133 demonstrated significantly
lower parenchymal levels of chemokines (CINC-1, CINC-20/B, and MIP-3o), TIMP-1, and
IL-6 at 24 hpi, and CINC-1, MIP-1a, and IL-1a at 42 hpi. Quantitative analysis of brain
damage did not reveal an effect of JWH-133.
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Conclusions: JWH-133 attenuates microglial activation and downregulates the
concentrations of pro-inflammatory mediators in pneumococcal infection in vitro and in
vivo. However, we didn’t observe a reduction in cortical or hippocampal injury. This data
provides evidence that inhibition of microglia by adjuvant CB2 agonists therapy effectively
downmodulates neuroinflammation but does not reduce brain damage in experimental

pneumococcal meningitis

Keywords: bacterial meningitis, microglia, endocannabinoid system, neuro-inflammation, brain damage

INTRODUCTION

In bacterial meningitis an overshooting inflammatory reaction in
the central nervous system contributes to the pathophysiology of
the disease including the development of brain damage.
Specifically, pneumococcal meningitis is characterized by a
high rate of mortality and morbidity, even when patients are
treated with efficient antibiotic therapy. Survivors, in particular
children, are left with several long-lasting disabilities, the most
frequent being hearing loss, but also cognitive impairments,
including learning and memory deficits, as well as focal
neurological deficits (Edmond et al., 2010; Agyeman et al,
2014; Lucas et al, 2016; Muri et al, 2019a). The causes of
these different sequelae have been deduced from the
histological analyses of tissues of deceased patients or from
experimental models. Hearing loss has been related to damage
in the inner ear, including loss of hair cells or spiral ganglion
neurons and from cochlear ossification (Klein et al., 2003;
Perny et al, 2016). Focal neurological deficits are mostly
caused by cerebrovascular events or intracerebral bleeding and
characterized by the occurrence of cerebral infarcts due to
localized hypoxia/ischemia or hemorrhages, respectively (Ment
etal,, 1986; Auer et al., 2000; Vergouwen et al., 2010). Finally, the
development of cognitive impairments was linked to the
detection of hippocampal damage, including apoptosis in
the dentate gyrus (Nau et al, 1999; Wellmer et al., 2000;
Loeffler et al., 2001; Leib et al., 2003; Grandgirard et al., 2007a).

On the pathophysiological level, these damages are the
consequence of an intensive inflammatory reaction initiated by
the recognition of bacterial compounds by endothelial cells,
microglia and perivascular macrophages. The further recruitment
of neutrophils in the cerebrospinal fluid contributes to the over-
production of pro-inflammatory mediators, including cytokines,
chemokines, matrix-metalloproteinases, and nitric oxide. Together
with the release of bacterial toxins, they contribute directly or
indirectly to the development of the different forms of damage
described above (Mook-Kanamori et al., 2011; Agyeman et
al,, 2014).

Limiting this detrimental inflammatory reaction has therefore
been extensively investigated (Van Der Flier et al., 2003;
Grandgirard and Leib, 2006; Bewersdorf et al., 2018), but to
date, adjuvant corticosteroids is the only recommended
therapeutic option (Van De Beek et al, 2016). It has been
proven beneficial, in specific patient populations, especially in
high income countries, for the prevention of hearing loss

(Brouwer et al.,, 2015). However, detrimental effects of
dexamethasone therapy has been observed in a number of
experimental models (Leib et al., 2003; Spreer et al., 2006; Bally
et al,, 2016) and dexamethasone may predispose patients to
delayed cerebral thrombosis (Lucas et al., 2013).

Thus, alternative anti-inflammatory approaches for the
adjuvant therapy of BM are being evaluated. Recently, the
endocannabinoid system has received considerable attention
for its potential to modulate inflammation and pain disorders.
Immune cells, regardless of their lineage, express cannabinoid
receptors (CB). These receptors are divided into multiple
subtypes, the most common being central cannabinoid
receptor type 1 (CB1) and peripheral cannabinoid receptor
type 2 (CB2) (Facci et al., 1995; Mccoy, 2016). CB1 is
primarily expressed in the CNS and various peripheral tissues.
On the other hand, CB2 is prevalent within all lineage of the
immune system. In the healthy brain, CB2 expression is limited
(Svizenska et al., 2008; Turcotte et al., 2016). However, during
neurological diseases, glial cells express high levels of CB2
(Ashton and Glass, 2007; Stella, 2010). In vitro experiments
demonstrated that activation of CB2 by its endogenous ligands,
the endocannabinoids, led to contrasting results. While
activation with 2-arachidonoyl-glycerol (2-AG) mostly up-
regulated functions related to leukocytes recruitment, N-
Arachidonoyl-ethanolamide (AEA) down-regulated leukocyte
functions, such as pro-inflammatory cytokine release and nitric
oxide production (Turcotte et al., 2016). In contrast to
endocannabinoids, exogenous CB2 receptor agonists exert
exclusively anti-inflammatory activity. It has been for example
demonstrated that JWH-015 repressed LPS-induced TNF-o
production and migration in microglial cells (Romero-
Sandoval et al., 2009). It also suppressed TNF-o and nitric
oxide production induced by IFN-y or AP peptide (Ehrhart
et al., 2005). Furthermore, in vivo studies demonstrated that
CB2 knockout mice were characterized by the development of an
exacerbated inflammatory response, including increased
leukocyte recruitment and pro-inflammatory cytokine
production, which often caused tissue damage. In particular,
CB2 -/- mice with traumatic brain injury displayed an increased
gene expression of TNF-o, iNOS and ICAM, accompanied by an
elevated blood brain barrier permeability (Amenta et al., 2014).

JWH-133 is a potent and selective CB2 agonist, with no
activity on CBI receptor, in both human and mouse. It has
therefore been recommended as one of the most suitable CB2
agonist for preclinical target validation (Soethoudt et al., 2017).
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It has already been shown to have beneficial effects, including
downregulation of the inflammation and the improvement in
neurofunctional outcome in different experimental models of
brain injury, including okadaic-induced neurodegeneration
(Cakir et al, 2019), subarachnoid hemorrhages (Fujii et al,
2014a; Fujii et al., 2014b), stroke (Zarruk et al., 2012; Li
et al., 2015; Bravo-Ferrer et al., 2017), endotoxemia (Gamal et al.,
2015), traumatic brain injury (Amenta et al., 2014) or Parkinson’s
disease (Chung et al., 2016).

Since pneumococcal meningitis shares pathophysiological
mechanisms with some of the brain diseases successfully
targeted by JWH-133, we hypothesized that its application as
adjuvant therapy may prevent the excessive neuroinflammation
by reducing pro-inflammatory glial activity during the acute
phase of the disease and attenuate brain damage.

MATERIALS AND METHODS

Infecting Organism

A clinical isolate of Streptococcus pneumoniae (serotype 3) from
a patient with bacterial meningitis was cultured overnight in
Brain Heart Infusion (BHI) medium, diluted tenfold in pre-
warmed BHI, and grown for 5 h to reach logarithmic growth
phase. Bacteria were then centrifuged for 10 min at 3,100 x g and
resuspended in 0.85% saline (NaCl). After a second wash in
saline, bacteria were further diluted with saline to the desired
optical density at 570 nm, so to obtain a mean concentration of
approx. 1 x 107 CFU/ml. Inoculum concentration was
determined using serial dilution and plating on Columbia
sheep blood agar (CSBA) plates.

In Vitro Mixed Glia Stimulation

Mixed glial cultures consisting of microglial and astroglial cells
were isolated from infant rat brains at postnatal day 3 (P3) as
previously described (Muri et al., 2019b). Cortex was
mechanically homogenized in PBS by pipetting up and down,
and resuspended in DMEM (Sigma-Aldrich, Merk Switzerland)
containing 5% FCS (Biochrom, Germany), 1% GlutaMAX™
(ThermoFisher, Switzerland) and antibiotic-antimycotic solution
(100 units/ml penicillin and streptomycin, 0,25 pg/ml
Amphotericin B, Thermofisher, Switzerland) and plated in a
poly-L-ornithine-coated T75 flask. On day 11, cells were seeded
at a density of 200,000 cells/well onto a poly-o-ornithine coated
24-well plate. Mixed glial cells were challenged with 1 pug/ml of
lipopolysaccharide (Escherichia coli, L2654, Sigma-Aldrich), live
S. pneumoniae serotype 3 (9.1 x 10® CFU/ml) in presence of
Ceftriaxone (CRO, 12 mg/ml, Rocephine, Roche) or PBS as a
control. Each group was treated with 1.0 pM of JWH-133 (Tocris
Bioscience) compared to untreated cells. Three independent
experiments were performed with all conditions in triplicates.

Quantification of Nitric Oxide Production
From Mixed Gilial Cell Stimulation

After 42 h challenge, 100 pl of cell culture supernatant was mixed
with 100 pul of Griess reagent (Sigma-Aldrich) in a 96-well plate.

NO,- concentration, serving as an indicator of NO release, was
determined by measuring absorbance at 550 nm with a
microplate reader (Molecular Devices, THERMO max). A
serial dilution of NaNO, from 100-1.625 uM was used to
generate a standard curve. All measures were performed in
triplicate and a mean value was calculated

Quantification of Cyto/Chemokines

in the Supernatants of Stimulated Mixed
Glial Cells

Cytokines known to be upregulated during PM (IL-1f, IL-6,
TNEF-a, IL-10, and IFN-y) were assessed using magnetic
multiplex assay (Rat Magnetic Luminex® Assay, Rat Premixed
Multi-Analyte Kit, R&D Systems, Bio-Techne) on a Bio-Plex 200
station (Bio-Rad Laboratories) as described previously (Muri
et al., 2019a). Fifty pl of cell culture medium was used undiluted.
For each sample, a minimum of 50 beads was measured. If the
concentration of the sample was below the detection limit, a
value corresponding to the detection limit provided by the
manufacturer was used, considering the dilution factor.
The detection limits for undiluted samples were 2.93 pg/ml for
IL-1B, 23.2 pg/ml for IL-6, 8.95 pg/ml for IL-10, 11.5 pg/ml for
TNF-a, and 70.9 pg/ml for IFN-y.

In Vivo Pneumococcal Meningitis Model
All animal experiments were approved by the Animal Care and
Experimentation Committee of the Canton of Bern (BE 1/18). A
well characterized in vivo model of pneumococcal meningitis was
used (Leib et al., 2001; Perny et al., 2016). Eleven-day old mixed
gender Wistar rats and their dams were purchased from Charles
River (Sulzfeld, Germany), and housed at room temperature
(22 +£2°C) in natural light. The pups were infected
intracisternally with 10 pl of live S. pneumoniae serotype 3
(1.14 x 107 + 7.5 x 10° CFU/ml). Control animals were injected
with 10 pl of 0.85% NaCl. Meningitis was confirmed through
quantification of bacterial titers from cerebrospinal fluid (CSF)
harvested from animals at 18 hpi. CSF was harvested through
puncture of the cisterna magna with a 30-guage needle and
diluted in saline for plating on CSBA plates. Disease symptoms
were scored as following: (1) = minimal or no spontaneous
motor activity, coma (2) = unable to turn upright (3) = turns
upright within 30s (4) = signs of disease in terms of weight loss
and/or appearance of fur, (5) = healthy, normal behavior.
Spontaneous mortality was documented and animals with a
score of 2 or lower were sacrificed.

A total of 84 infant rats were used for this study, representing
7 independent experiments of 12 animals. All animals were
sacrificed during the acute phase of pneumococcal meningitis
to assess neuroinflammation. Both infected and uninfected
animals were randomized for treatment with JWH-133 (1mg/
kg, ip.) and/or CRO (100 mg/kg, i.p). JWH-133 was first
dissolved in 100% ethanol and diluted 1:10 in 0.9% saline at a
final concentration of 0.25 mg/ml). JWH-133 was administered
once at 18 hpi, and CRO was administered at 18 hpi and 24 hpi.
Animals not treated with JWH-133 received an equivalent
volume (100 ul/25 g) of vehicle. Depending on the endpoints,

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2020 | Volume 10 | Article 588195


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Pan et al.

Endocannabinoids Downmodulate Inflammation in Pneumococcal Meningitis

animals were sacrificed at 24 hpi and 42 hpi with an overdose of
pentobarbital (Eskonarkon, Streuli Pharma AG, Uznach,
Switzerland, 150mg/kg b.w. i.p) and perfused via the left
ventricle with either 4% paraformeldahype (PFA) in PBS or
ice-cold PBS.

Histological Analysis of Cortical Damage
and Hippocampus Apoptosis

Brains were harvested at 42 hpi after perfusion of animal with 4%
PFA and fixed in 4% PFA for 4 h at 4°C. After 4 h, brains were
transferred into 18% sucrose and kept at 4°C overnight. Brain
cryosections (45 UM) were stained for Nissl substance with cresyl
violet. Cortical damage was quantified using ImageJ software,
and apoptosis was measured in the hippocampal dentate gyrus
using x 400 magnification.

Iba1 Staining of Microglial Cells

Brains harvested at 42 hpi were sampled into 50 um free-floating
cryosections. Microglia immunostaining was performed with
ImmPRESS™ HRP anti-rabbit IgG Peroxidase Polymer
Detection Kit (Vector Laboratories, USA) in conjunction with
rabbit anti Iba-1 (WAKO, Germany). Free-floating sections were
incubated at room temperature for 72 h in 1 ml of primary Iba-1
antibody diluted 1:400. Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide, followed by incubation
for 20 min in 2.5% normal goat blocking serum. Sections were
then incubated in the ImmPRESS™ anti-rabbit peroxidase
polymer for 30 min. Microglia were visualized following a 2-
minute incubation with Vector® 3,3’-diaminobenzidine (DAB)
substrate (Vector Laboratories, USA).

Quantification and Categorical Analysis

of Microglia Morphology

Quantification was performed in a subset of the animals, randomly
chosen in each experimental group with Iba-1 staining of sufficient
good quality. Our method of microglia quantification was adapted
from a previously described methodology (Young and Morrison,
2018). Nine separate images of microglia in the cortex and
hippocampus of 50 pm brain sections were randomly sampled
under x 400 magnification from each animal (3 images per section,
3 sections per animal). Through Image], microglia images were
passed through an unsharp mask filter and converted into an 8-bit
image, and then a binary image. Incomplete microglia structures
around the periphery of the image were cleared. The binary image
of microglia was then skeletonized with the AnalyzeSkeleton
plugin, which allowed to measurement of cell branching and
summed branch length. The summed endpoints and branch
length were divided by the number of cell bodies in the visual
field to determine the endpoints/cell and branch length/cell of the
microglia visualized.

Using a previously described characterizations of microglia
activations states (Davis et al., 1994; Davis et al., 2017), cells were
classified into three categories: resting = round, oval body with
thin, long and radially projecting processes; intermediate =
enlarged and darkened cell bodies with thick processes and less
branching; active = enlarged, darkened cell bodies with little to
no processes observed.

Quantification of Cyto/Chemokines

in the Brain Parenchmya

Quantification of neuroinflammation in the parenchyma was
performed using a membrane-based immunoassay containing a
panel detecting 29 inflammatory parameters (Proteome Profiler
Rat Cytokine Array Panel A, R&D Biosystems, Biotechne).
Brains were harvested from animals perfused with ice cold PBS
at 24 and 42 hpi. The brains were snap frozen on dry ice and
stored at -80°C until further processing. For preparation of
homogenates, brain samples were thawed on ice, and a portion
of the frontal cortex was excised. Samples were homogenized in a
7-ml glass tissue grinder (Kontes Glass Co., USA) with a 7x
volume to mass ratio in a buffer consisting of ice-cold PBS, 1%
Triton-X-100, and protease inhibitors (cOmplete™, Mini,
EDTA-Free, Sigma-Adrich, Merk, Switzerland). The
homogenate was cleared by centrifugation at 16000 x g, for 10
min at 4°C. Protein concentration was determined using
Pierce'" BCA Protein Assay kit (ThermoFischer Scientific).
Each membrane was incubated with 900ug of protein extract
and processed according to the manufacturer’s instructions.
Enhanced chemiluminescent detection (ECL) was performed
on a Fusion FX-6 imaging system (Vilber Lourmat, Marne-la-
Vallee, France). Spot density was determined on digitalized
images using Image ] for the analysis (V. 1.45, National
Institutes of Health, Bethesda, Maryland, US) and normalized
using internal controls integrated on each membrane.

Statistical Analysis

All statistical analyses were performed with GraphPad Prism
(Prism 8; GraphPad Software Inc., San Diego, USA). Results are
presented as mean values * standard deviation if not stated
otherwise. Survival was calculated using a log rank (Mantel-Cox)
test. To compare differences between two groups, an unpaired
Student t test or a non-parametric Mann-Whitney test were
used. To compared difference between multiple groups, we use
one-way ANOVA with Tukey’s multiple comparison test. For
combined in vitro experiments, we performed a repeated
measure two-way ANOVA with Sidak multiple comparison for
NO and multiple t test with Holm Sidak multiple comparison for
cytokines. For clinical scores and weight changes, we used a
repeated measure mixed effect model (because of missing values
at later time points). A value of p < 0.05 was considered
as significant.

RESULTS

JWH-133 Reduces Inflammatory Cytokine

Levels and Nitric Oxide Production In Vitro
Following stimulation of mixed glial cells with LPS,
S. pneumoniae serotype 3, and heat inactivated S. pneumoniae,
each stimulation condition was immediately treated with JWH-
133. Both NO and cytokine concentrations showed that LPS and
live bacteria induced inflammatory responses in the mixed glial
cells (Figures 1A-E). In cells stimulated with LPS, JWH-133
significantly decreased NO concentration (p < 0.0001), as well as
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IL-1B concentration (p = 0.019). In cells stimulated with live
S. pneumoniae serotype 3, JWH-133 significantly decreased
concentrations of NO (p = 0.0071), IL-6 (p = 0.00034), IL-1B
(p = 0.014), and TNF-a. (p = 0.014). Challenge with LPS didn’t
efficiently stimulated the production of IL-10, and stimulation
with live bacteria wasn’t affected by JWH-133 treatment. In cells
stimulated with PBS, NO levels were observed in very low
concentrations and cytokines levels were under detection limit.
No significant difference between treated and untreated cells
were observed in cells stimulated with PBS only.

Clinical Parameters of Animals With
Pneumococcal Meningitis Are Not
Impacted by JWH-133 Administration

A total of 84 infant rats were used in this study, of which 70 were
infected with S. pneumoniae. The development of productive
bacterial meningitis was proven in all 70 animals, with CSF
bacterial titers > 10° CFU/ml and clinical scores inferior to 5,
both determined at 18 hpi. Of these infected animals, 35 were
concomitantly treated with JWH-133 and CRO, while the
remaining were treated with CRO only.

Survival, relative weight change, and clinical scores were
significantly different in animals infected with PM compared to
uninfected animals. However, in infected animals, adjuvant
JWH-133 treatment did not alter these clinical parameters

when compared to animals treated with CRO only (Figures
2A-C).

Microglia Morphology and Distribution Are
Affected by JWH-133 Administration

A prominent characteristic of microglia is their different
branching and cell body morphology linked to their activation
states (Davis et al., 1994; Karperien et al., 2013; Gomez-Nicola
and Perry, 2015). To assess how JWH-133 attenuates
inflammation through microglia modulation, the morphology
and activation of microglia cells were quantified on Iba-1
immuno-stained sections.

Quantitative Assessment of Branching and Cell
Process Length

The microglia images were skeletonized on Image] software, as
previously described in the methods (Figures 3A-D). These
images were analyzed for the endpoints per cell body, as well as
the total summed branch length per cell body. Infected animals
treated with CRO exhibited significantly fewer endpoints per cell
as well as branch length when compared with every other
experimental groups. In particular, the difference between
infected animals that received JWH-133 or not was highly
significant for endpoints (p < 0.0001) and branch length (p <
0.001). In contrast, infected animals treated with JWH-133 didn’t
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FIGURE 1 | In vitro, JWH-133 treatment attenuates LPS or S. pneumoniae-induced activation of glial cells. The expression of IL-1B (A), IL-6 (B), and TNF-a. (C) was
reduced by JWH-133 during challenge of astroglial cells by S. pneumoniae. JWH-11 also attenuated LPS-induced production of IL-B, but had not effect on IL-10
(D). Nitric oxide production (E) upon LPS- and S. pneumoniae activation was reduced by JWH-133. (For cytokines, n = 3 for each group; for NO: three independent
experiments represented by black, gray, and white symbols; *p < 0.05; *p < 0.01, **p < 0.001).
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FIGURE 2 | Survival and time-course of clinical parameters during
experimental pneumococcal meningitis. No differences could be observed in
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exhibit differences in branch length and endpoints when
compared to uninfected animals (Figures 3E, F).

Classification of Microglia in Three Categories Based
On Morphology

In conjunction with quantitative assessments of microglia
morphology, the Iba-1+ cells were also classified in three
categories, based on their morphology. In uninfected animals,
more microglial cells possessed thin processes with light staining
of cell bodies (Figure 4B). These characteristics are indicative of

“resting” microglia, which patrol the body under physiological
conditions (Davis et al., 1994). Interestingly, JHW-133 increased
the proportion of this microglial type not only in infected
animals, but also in uninfected. In infected animals treated
only with CRO, Iba-1 staining showed significantly more cells
with little to no processes, with enlarged bodies and an amoeboid
shape (Figure 4D) compared to animals treated with JHW-133.
Between these two phenotypes, microglia can possess thicker
processes and larger cell bodies (Davis et al., 1994; Davis et al.,
2017). These microglial cells are believed to be an intermediate
between ramified and reactive microglia, and have been referred
to as “bushy”, “hypertrophied”, “rod-like” and “bipolar” (Davis
et al, 2017). In our study, we characterized these cells as
“hypertrophied” (Figure 4C). In contrast to the treatment with
CRO alone, the brain of infected animals with adjuvant JWH-
133 exhibited a majority of Iba-1" cells possessing the phenotypic
characteristics of hypertrophied microglia (Figure 4A).

Quantitative Assessment of Microglial Density

The total number of Iba-1+ cells was assessed to determine
whether adjuvant JWH-133 influences the density of microglia.
No statistically significant difference caused by JWH-133
treatment, neither in uninfected nor in infected animals was
observed. Furthermore, when comparing infected and
uninfected animals, no significant increase in microglial
density was documented (Supplementary Figure 1).

JWH-133 Reduces the Expression of
Inflammatory Cyto/Chemokines, But Not
of MMP-9 in the Parenchyma of Animals
With Pneumococcal Meningitis

In order to analyze the inflammation in the parenchyma over the
course of acute meningitis, brain homogenates of animals
sacrificed at 24 and 42 hpi were used to profile an array of
inflammatory cytokines. With the exception of fractalkaline,
SICAM-1, and thymus chemokine, inflammatory proteins were
not detected in uninfected animals, while animals with PM
demonstrated detectable levels of several inflammatory
cytokines (Figures 5A, B). At 24 hpi, the animals treated with
JWH-133 demonstrated significantly decreased levels of several
neutrophil chemoattractants, including CINC-1 (p < 0.001),
CINC-20/B (p = 0.0037), and CINC-3 (p < 0.001). At 42 h,
the only chemoattractant that was significantly reduced was
CINC-1 (p < 0.001). Inflammatory interleukin levels were also
reduced in the parenchyma after administration of JWH-133
(Figures 5A, B). At 24 h, IL-6 was significantly reduced (p <
0.001), and at 42 h, IL-10. was significantly reduced compared to
animals treated with only CRO (p < 0.001). Macrophage
inflammatory proteins were also significantly reduced
following JWH-133 administration at both 24 and 42 hpi
(Figures 5A, B). Levels of MIP-30. (CCL20) were significantly
reduced at 24 hpi (p < 0.001), and levels of MIP-1a. (CCL3) were
reduced by JWH-133 at 42hpi (p < 0.001). While JWH-133
administration reduced levels of inflammatory cytokines, it also
reduced the level of metalloproteinase inhibitor TIMP-1 at 24
hpi (p = 0.0019). In contrast, we couldn’t detect a reduction in
MMP-9, neither at 24 hpi, nor 48 hpi (Supplementary Figure 2).
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FIGURE 3 | Quantitative phenotypic analysis of microglial activation state on Iba-1 immuno-stained sections. Brain sections of animals from each experimental
group, were immuno-stained for microglia using Iba-1 (pictures on the left, A-D). The digital image was skeletonized (pictures on the right, (A-D) and endpoints/cell
(E) or summed branch length (F) were determined. In infected animals with ceftriaxone treatment (PM+ CRO), both parameters were significantly reduced compared
to the others groups. In contrast, no differences between infected animals treated with JWH-133 (PM+ CRO/JWH133) and uninfected animals (PM-) could be
observed. (PM- CRO, n = 3; PM- CRO/JWH133, n = 5; PM+ CRO, n = 11; PM+ CRO/JWH133, n = 6; one-way ANOVA with Tukey’s multiple comparison test:

Adjuvant JWH-133 Doesn’t Significantly
Alter Cortical Damage or Hippocampus
Apoptosis

To further assess the effects of JWH-133, cortical damage and
hippocampal apoptosis were analyzed. No cortical damage was
observed in uninfected animals with CRO or CRO/JWHI133
administered. In animals infected with PM, administration of
JWH-133 didn’t reduce the cortical damage nor hippocampal
apoptosis (Figure 6).

DISCUSSION

Pneumococcal meningitis induces inflammation in the CNS, that
can be exacerbated by bacteriolytic antibiotics such as CRO,
leading to long term neurological sequelae (Mook-Kanamori
et al., 2011). While dexamethasone is currently used as an
adjuvant therapeutic, its long-term neuroprotective properties
on hearing loss and memory impairment are limited (Leib et al.,
2003; Van De Beek, 2009) and concerns exist about
corticosteroids being responsible of delayed cerebral
thrombosis after initial good recovery (Schut et al., 2009;
Gallegos et al., 2018). Thus, studying the efficacy of alternative

therapeutic candidates for PM is important for the improvement
of clinical outcome following infection and the identification of
new treatment modalities.

In this study, we assessed the anti-inflammatory and
neuroprotective effects of JWH-133 administration. Previous
studies have shown the protective properties of administering
specific endocannabinoid receptor type 2 agonists in various
disease models. JWH-133 has a very high affinity and specificity
for CB2 (K; CB2 3.4 nM/K; CB1 680 nM) (Huffman et al., 1999)
when compared to other CB2 agonists, like JWH-015 (K; CB2:
13.8 nM/K; CB1: 383 nM) (Pertwee, 1999). Importantly, JWH-
015 has been reported to have seven off-target receptors, while
JWH-133 had none (Soethoudt et al., 2017). As a consequence,
JWH-015 may act independently from CB receptors, for example
through the glucocorticoid receptor (Fechtner et al., 2019).

So far, few studies have addressed the use of CB2 agonists in
infectious diseases (Hernandez-Cervantes et al., 2017). These
studies have mostly used non-selective agonists, including
tetrahydrocannabinol (THC), cannabidiol (CBD) or marijuana
extracts. For bacterial infection, a model of sepsis using cecal
ligation and puncture (CLP) demonstrated that the selective CB2
agonist Gpl, given shortly after CLP induction, decreased
neutrophil recruitment, while increasing neutrophil activation
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FIGURE 4 | Classification of microglia based on their morphology on Iba-1 immuno-stained sections. Significance differences in the proportion of the microglia
classified in the categories “resting” and “reactive” were found between the experimental groups (A). Examples of microglia classified into the three different
categories: resting = round, oval body with thin, long, and radially projecting processes (B); hypertrophied = enlarged and darkened cell bodies with thick processes
and less branching (C); reactive = enlarged, darkened cell bodies with little to no processes observed (D). PM- CRO, n = 3; PM- CRO/JWH133, n = 4; PM+ CRO,
n = 8; PM+ CRO/JWH133, n = 4; one-way ANOVA with Tukey’s multiple comparison test: *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.

at the site of infection. Further, it decreased pulmonary damage
(Tschop et al., 2009). Non-selective inhibitors have also been
investigated in paradigms of viral infections. A beneficial effect
was found in viral infections where inflammation participates in
viral spread and is detrimental. For example, CB2 agonists have
the potential to reduced HIV-associated neurocognitive
disorders (Purohit et al., 2014). JWH-133 was shown to reduce
lung inflammation and damage in experimental respiratory
syncytial virus infection in mice (Tahamtan et al., 2018). Very
recently, therapy using CB2 agonist has been proposed to control
the cytokine storm observed during acute cases of SARS-CoV-2
infection (Rossi et al., 2020)

Since CB2 agonists are generally considered as
immunosuppressive, the timing of application is critical.
Inactivation of CB2 prior to infection or using knockout
models may be detrimental. CB2 deficiency may prolong host
exposure to pathogens, decrease viral clearance, and broke down

immune cell crosstalk, such as neutrophil migration. This way,
treatment with CB2 agonists may render individuals more
susceptible to infections (Hussain et al., 2019). Evidence for a
role of CB2 deficiency as a risk factor for bacterial infection of the
CNS is lacking so far. A review paper by Gowin and colleagues
(Gowin and Januszkiewicz-Lewandowska, 2018) inventoried
SNPs involved in bacterial meningitis, but CB2-related SNPs
were not reported.

Here, the efficacy of a very specific CB2 agonist is evaluated
for its ability to reduce neuroinflammation during the acute
phase of bacterial meningitis, with a special focus on microglia.
Our results indicate that JWH-133 exerts anti-inflammatory
effects on glial cells in vitro and that its administration as
adjuvant therapy in vivo modulates microglia activity in the
CNS, thus also exerting an anti-inflammatory effect.

Our in vitro data with mixed glial cell cultures demonstrate
anti-inflammatory properties of JWH-133 in both LPS and live
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S. pneumoniae serotype 3-stimulated cells. JWH-133 reduced IL-
6, IL-1, and TNF-q, all of which have been shown to play an
important role in upregulating neuroinflammation in PM
(Coutinho et al.,, 2013). Thus, attenuating the levels of these
cytokines may have significant neuroprotective effects in PM,
and improve outcomes. We have also shown that NO
concentrations were significantly reduced in cultures treated
with either LPS or living S. pneumoniae. NO is a signaling
molecule released by macrophages and is involved in
inflammatory processes, including vasodilation (Sharma et al.,
2007). During infection, microglial cells are a major source of
inflammatory cytokines (Hanisch, 2002), including IL-1j,
IL-6-0, and TNF-o (Lee et al., 1993; Hanisch, 2002). Thus, the
attenuated production of these cytokines and of NO by mixed
glial cell cultures in vitro suggests that the agonist JWH-133
drives microglia toward an anti-inflammatory state.

In vivo, we administered a concentration of JWH-133 (1mg/kg)
in line with different models of brain injuries (Murikinati et al.,
2010; Gamal et al., 2015; Fujii et al., 2016; Cakir et al., 2019). As
previously described, microglia serve as the primary immune
cells of the brain, releasing various pro-inflammatory cytokines
(Hanisch, 2002). We were able to determine differences in
microglia morphology by measuring endpoints per cell and
branch length per cell. These measurements are relevant

R \\fb ISIEN GO
N4

FIGURE 5 | Analysis of inflammatory parameters in the brain parenchyma of infected animals. At 24 hpi (A) and 42 hpi (B), the protein levels of several inflammatory
parameters were significantly decreased in infected animals treated with CRO/JWH-13 (blue bars) compared to animals treated with CRO only (orange bars). Only
few inflammatory parameters could be detected in uninfected animals (white bars). (PM+ CRO, n = 6; PM+ CRO/JWH133, n = 6; PM-, n = 4; Multiple t test with

because previous studies have shown that activation states of
microglia cells are associated with branching (Davis et al., 1994;
Karperien et al., 2013; Gomez-Nicola and Perry, 2015). Activated
microglia possess a round amoeboid shape, with little to no
branching. These characteristics are indicative of “active”
microglia, which function as macrophages in response to
injury, and secrete several pro-inflammatory cytokines like IL-
1, IL-6, and TNF (Davis et al., 1994; Smith et al., 2012; Davis
etal,, 2017). Pro-inflammatory functions of active microglia have
been shown to directly contribute to neuronal death and
neurodegeneration (Vezzani et al., 1999; Takeuchi et al., 2006).
Thus, upon infection, we expect microglia to have significantly
fewer endpoints per cell and smaller branch lengths than in
healthy animals. After infection with S. pneumoniae and
treatment with CRO, Iba-1+ cells indeed possessed
significantly fewer endpoints and smaller branch lengths than
other experimental groups. Due to the bacteriolytic and pro-
inflammatory nature of antibiotics like CRO (Grandgirard et al.,
2007b; Muri et al., 2018), the increase in microglia activation
could be the result of both bacterial infection and antibiotic
treatment. Following adjuvant treatment with JWH-133, the Iba-
1+ cells demonstrated significantly increased endpoints and
branch lengths, suggesting modulation towards a resting and/
or intermediate hypertrophied state. In contrast, JWH-133 was

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2020 | Volume 10 | Article 588195


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Pan et al.

Endocannabinoids Downmodulate Inflammation in Pneumococcal Meningitis

A
40
(<) (@)
te)) -
S 30
S
©
T
© 20 [ ]
9 © ®
‘g ([ J
S 10 &
X
0-
5 PM+ PM+
CRO CRO
5 157 JWH-133
o
=
E
2 10- %
>
I
= o
o
(&)
—
(72}
- 5
(72}
8 % o
[«
) [
o
<
0-
PM+ PM+
CRO CRO
JWH-133
FIGURE 6 | Levels of brain damage. No significant differences for cortical
damage (A) nor for hippocampal apoptosis (B) could be detected between
infected animals treated with CRO alone (orange dots) or CRO/JHW133 (blue
dots). (PM + CRO, n = 19; PM+ CRO/JWH133, n = 16; Mann-Whitney test:
cortical damage, p = 0.62; hippocampal apoptosis, p = 0.13).

not able to influence overall microglial density in the
parenchyma. Further, we did not observe differences between
uninfected and infected animals. A significant difference upon
infection was demonstrated by Do6rr and colleagues in an
experimental model of pneumococcal meningitis in mice (Dorr
etal., 2015). However, their analysis focused on the hippocampal
formation, which was not the case in our study. In conjunction
with data from in vitro glial cells, our analysis suggests that JWH-
133 is effective in modulating microglia phenotype away from a
reactive state with phagocytotic activity, and through this
pathway, reduces neuroinflammation in PM.

The acute phase of PM is characterized by significantly
increased levels of inflammatory cytokines released by
resident brain immune cells and infiltrating leukocytes

(Mook-Kanamori et al., 2011). We measured cytokine levels in
the brain parenchyma of infected animals to further understand
how adjuvant JWH-133 treatment modulates neuro-
inflammation. Our results showed that at 24 and 42 hpi,
adjuvant JWH-133 therapy significantly reduced neutrophil
chemoattractants CINC-1, CINC-20/B3, and CINC-3. Massive
neutrophils infiltration to the CNS is observed in acute PM,
forming neutrophil extracellular traps (NETs) in the CSF, which
have been shown to trap pneumococcal bacteria and hinder
bacterial clearance (Mohanty et al., 2019). Invading leukocytes
act also as sources of pro-inflammatory mediators, such as
reactive oxygen species and matrix-metalloproteinases (Meli
et al.,, 2003). In these cells, CB2 activation also result in anti-
inflammatory effects (Murikinati et al., 2010; Kapellos et al.,
2019). The specific involvement of neutrophils was not the
primary focus of the present study. The reduction in the
production of chemoattractants in brain parenchyma by JWH-
133 may attenuate the recruitment of neutrophils. This has been
proposed as a mechanism for JWH-133-mediated attenuation of
brain damage following ischemia in rats subjected to middle
cerebral artery occlusion (MCAO) (Murikinati et al., 2010). This
would merit further investigation in our experimental model. In
addition, JWH-133 also down-regulates MIP-1a and MIP-3c. in
our model. Macrophage inflammatory proteins are secreted by
brain-resident macrophages, and have been shown to be up-
regulated in pneumococcal meningitis, where they are involved
in the recruitment of leukocytes into the CNS (Driscoll, 1994;
Coutinho et al., 2013). Pro-inflammatory interleukins such as IL-
6 and IL-lo. were also down-regulated by JWH-133
administration. Microglia function has been described as one
of the primary mediators of immune response in the brain
following infection (Barichello et al., 2016; Thorsdottir et al.,
2019), and the attenuation of inflammatory responses in brain
tissue following administration of JWH-133 further corroborates
that JWH-133 may be a promising neuro-protective therapy
targeting microglial cells.

Acute inflammation in the subarachnoid space and the
ensuing vasculitis, as well as cerebral thrombosis, are believed
to be the causes of cortical damage in PM (Leib et al., 1996; Nau
and Bruck, 2002). Adjuvant JWH-133 therapy didn’t reduce
brain damage in rats infected with PM. This is in contrast to the
neuroprotective effect of JWH-133 observed in experimental
models of okadaic acid-induced neuroinflammation and
damage (Cakir et al., 2019) or MCAO-induced ischemia
(Murikinati et al., 2010). However, in these models, JWH-133
was applied at the time or shortly before surgery. In our model,
JWH-133 was given as adjuvant therapy to antibiotics, a
paradigm more relevant to clinical application. This may
explain the lack of effect observed on brain damage, although
the anti-inflammatory effect on microglia is demonstrated. In
previous studies from our group, decrease in inflammatory
parameters by different adjunctive therapies was associated
with improved neuroprotection and attenuation of cortical
damage (Grandgirard et al., 2007b; Liechti et al., 2014; Muri
etal, 2018). In particular, the attenuation of cortical damage was
consistently associated with a reduction of MMP-9 activity
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(Liechti et al, 2015). In the present study, the expression of
parenchymal MMP-9 was not reduced by JWH-133, in line with
its inability to decrease cortical damage.

JWH-133 therapy was shown to improve outcome in term of
neurofunctional behavior in different experimental models. In
particular, it attenuated the impairment of Morris watermaze
performance induced by okadaic acid treatment in rats (Cakir
et al, 2019). In the present study, we only focused on the acute
phase of the disease and didn’t investigate a possible effect of the
chronic application of JWH-133 on later neurofunctional
parameters. Such a study was performed on adult rats with
pneumococcal meningitis using cannabidiol for treatment
(Barichello et al., 2012). A reduction in the host immune
response and a prevention of cognitive impairments were
documented. However, therapy was initiated at the time of
infection. Further, in contrast to JWH-133, the effects of CBD
are very unspecific, which makes a direct comparison between
the two treatments subject to caution. Specific endocannabinoid
modulation of microglia drives their polarization toward a
phenotype warranting therapeutic functionality, with not only
anti-inflammatory and neuroprotective effect, but also tissue-
remodeling or regenerative capacity. This is the fundament
proposed for the treatment of different neuropathologies by
endocannabinoids (Tanaka et al.,, 2020). Cannabinoids are
potent regulators of neural stem cell (NSC) biology (Rodrigues
et al., 2019). JWH-133 has been shown to increase NSC
proliferation in the subventricular zone (Goncalves et al,
2008), and another CB2 agonist, AM1241, enhanced cell
proliferation in the hippocampus of mice displaying deficits in
neurogenesis (Avraham et al., 2014). Based on these
observations, chronic application of JWH-133 during
experimental pneumococcal may hold more potential to
support regeneration and improve the neurofunctional
outcome of infected animals than influencing the acute
reaction, when used in a clinically relevant therapeutic modality.

Our study has several limitations: 1) by using a primary
mixed glial culture, the effect of JWH-133 was not specifically
investigated on microglia, but more on a general glial population
consisting of astrocytes and microglia. Astrocytes are likely to
also be regulated by CB2 agonists (Kozela et al., 2017). This could
however better reflect the in vivo situation in the parenchyma. 2)
Neutrophils participate in the hyperinflammatory state during
pneumococcal meningitis. Unfortunately, the effect of JWH-133
treatment on the recruitment of these cells in the CSF couldn’t be
determined, given the limited quantity of CSF that could be
harvested from infant rats.

In conclusion, we could demonstrate both in vitro and in vivo
the ability of JWH-133 to modulate microglial behavior to a non-
inflammatory phenotype. When applied as adjuvant therapy, this
was however not effective in improving clinical outcome and
brain damage in the acute phase. Given the proven effect on

REFERENCES

Agyeman, P., Grandgirard, D., and Leib, S. L. (2014). “Pathogenesis and
pathophysiology of bacterial infections,” in Infections of the Central Nervous

microglia and its potential to support neuronal regeneration,
JWH-133 may hold promise in a chronic application.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care
and Experimentation Committee of the Canton of Bern,
Switzerland (license no. BE 1/18).

AUTHOR CONTRIBUTIONS

SDP performed the experiments, analyzed the results, and
contributed to study design and manuscript preparation. DG
contributed to study design, supervised the experiments,
analyzed the results, and contributed to manuscript preparation.
SLL supervised the experiments, participated in the study design,
and contributed to manuscript preparation. All authors
contributed to the article and approved the submitted version.

FUNDING

The work was supported by a grant from the Swiss National
Science Foundation (no. 189136) to SLL and a Swiss
Government Excellence Scholarship (0532) awarded to SDP.

ACKNOWLEDGMENTS

We thank Robert Lukesch for technical assistance for the animal
experiments and Franziska Simon for technical assistance for
Luminex determination and MMP gel zymography. We also
thank the ESCMID study group on infection of the brain
(ESGIB) for stimulating discussions and suggestions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2020.
588195/full#supplementary-material

System, Scheld, M. W., Whitley, R. ., and Marra, C. M. 4th ed (Philadelphia,
PA, USA: Lippincott Williams & Wilkins), 361-364.

Amenta, P. S, Jallo, J. I, Tuma, R. F., Hooper, D. C., and Elliott, M. B. (2014).
Cannabinoid receptor type-2 stimulation, blockade, and deletion alter the

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2020 | Volume 10 | Article 588195


https://www.frontiersin.org/articles/10.3389/fcimb.2020.588195/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2020.588195/full#supplementary-material
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Pan et al.

Endocannabinoids Downmodulate Inflammation in Pneumococcal Meningitis

vascular inflammatory responses to traumatic brain injury. J. Neuroinflamm.
11, 191. doi: 10.1186/512974-014-0191-6

Ashton, J. C., and Glass, M. (2007). The cannabinoid CB2 receptor as a target for
inflammation-dependent neurodegeneration. Curr. Neuropharmacol. 5,73-80.
doi: 10.2174/157015907780866884

Auer, M., Pfister, L. A., Leppert, D., Tauber, M. G., and Leib, S. L. (2000). Effects of
clinically used antioxidants in experimental pneumococcal meningitis. J. Infect.
Dis. 182, 347-350. doi: 10.1086/315658

Avraham, H. K,, Jiang, S., Fu, Y., Rockenstein, E., Makriyannis, A., Zvonok, A.,
et al. (2014). The cannabinoid CB(2) receptor agonist AM1241 enhances
neurogenesis in GFAP/Gp120 transgenic mice displaying deficits in
neurogenesis. Br. J. Pharmacol. 171, 468-479. doi: 10.1111/bph.12478

Bally, L., Grandgirard, D., and Leib, S. L. (2016). Inhibition of Hippocampal
Regeneration by Adjuvant Dexamethasone in Experimental Infant Rat
Pneumococcal Meningitis. Antimicrob. Agents Chemother. 60, 1841-1846.
doi: 10.1128/AAC.02429-15

Barichello, T., Ceretta, R. A., Generoso, J. S., Moreira, A. P., Simoes, L. R., Comim,
C. M,, et al. (2012). Cannabidiol reduces host immune response and prevents
cognitive impairments in Wistar rats submitted to pneumococcal meningitis.
Eur. ]. Pharmacol. 697, 158-164. doi: 10.1016/j.ejphar.2012.09.053

Barichello, T., Generoso, J. S., Simoes, L. R., Goularte, J. A., Petronilho, F.,
Saigal, P., et al. (2016). Role of Microglial Activation in the Pathophysiology
of Bacterial Meningitis. Mol. Neurobiol. 53, 1770-1781. doi: 10.1007/s12035-
015-9107-4

Bewersdorf, J. P., Grandgirard, D., Koedel, U., and Leib, S. L. (2018). Novel and
preclinical treatment strategies in pneumococcal meningitis. Curr. Opin. Infect.
Dis. 31, 85-92. doi: 10.1097/QC0.0000000000000416

Bravo-Ferrer, 1., Cuartero, M. 1., Zarruk, J. G., Pradillo, J. M., Hurtado, O., Romera,
V. G, et al. (2017). Cannabinoid Type-2 Receptor Drives Neurogenesis and
Improves Functional Outcome After Stroke. Stroke 48, 204-212. doi: 10.1161/
STROKEAHA.116.014793

Brouwer, M. C., Mcintyre, P., Prasad, K., and Van De Beek, D. (2015).
Corticosteroids for acute bacterial meningitis. Cochrane Database Syst. Rev.
(9), CD004405. doi: 10.1002/14651858.CD004405.pub5

Cakir, M., Tekin, S., Doganyigit, Z., Erden, Y., Soyturk, M., Cigremis, Y., et al.
(2019). Cannabinoid type 2 receptor agonist JWH-133, attenuates Okadaic
acid induced spatial memory impairment and neurodegeneration in rats. Life
Sci. 217, 25-33. doi: 10.1016/j.1fs.2018.11.058

Chung, Y. C,, Shin, W. H,, Baek, J. Y., Cho, E. ], Baik, H. H,, Kim, S. R,, et al.
(2016). CB2 receptor activation prevents glial-derived neurotoxic mediator
production, BBB leakage and peripheral immune cell infiltration and rescues
dopamine neurons in the MPTP model of Parkinson’s disease. Exp. Mol. Med.
48, €205. doi: 10.1038/emm.2015.100

Coutinho, L. G., Grandgirard, D., Leib, S. L., and Agnez-Lima, L. F. (2013).
Cerebrospinal-fluid cytokine and chemokine profile in patients with
pneumococcal and meningococcal meningitis. BMC Infect. Dis. 13:326.
doi: 10.1186/1471-2334-13-326

Davis, E. J., Foster, T. D., and Thomas, W. E. (1994). Cellular forms and functions
of brain microglia. Brain Res. Bull. 34, 73-78. doi: 10.1016/0361-9230(94)
90189-9

Davis, B. M., Salinas-Navarro, M., Cordeiro, M. F., Moons, L., and De Groef, L.
(2017). Characterizing microglia activation: a spatial statistics approach to
maximize information extraction. Sci. Rep. 7, 1576. doi: 10.1038/s41598-017-
01747-8

Dorr, A, Kress, E., Podschun, R., Pufe, T., Tauber, S. C., and Brandenburg, L. O.
(2015). Intrathecal application of the antimicrobial peptide CRAMP reduced
mortality and neuroinflammation in an experimental model of pneumococcal
meningitis. J. Infect. 71, 188-199. doi: 10.1016/j.jinf.2015.04.006

Driscoll, K. E. (1994). Macrophage inflammatory proteins: biology and role in
pulmonary inflammation. Exp. Lung Res. 20, 473-490. doi: 10.3109/
01902149409031733

Edmond, K., Clark, A., Korczak, V. S., Sanderson, C., Griffiths, U. K., and Rudan, 1.
(2010). Global and regional risk of disabling sequelae from bacterial
meningitis: a systematic review and meta-analysis. Lancet Infect. Dis. 10,
317-328. doi: 10.1016/S1473-3099(10)70048-7

Ehrhart, J., Obregon, D., Mori, T., Hou, H., Sun, N, Bai, Y,, et al. (2005).
Stimulation of cannabinoid receptor 2 (CB2) suppresses microglial
activation. J. Neuroinflamm. 2:29. doi: 10.1186/1742-2094-2-29

Facci, L., Dal Toso, R., Romanello, S., Buriani, A., Skaper, S. D., and Leon, A.
(1995). Mast cells express a peripheral cannabinoid receptor with differential
sensitivity to anandamide and palmitoylethanolamide. Proc. Natl. Acad. Sci.
U.S.A. 92, 3376-3380. doi: 10.1073/pnas.92.8.3376

Fechtner, S., Singh, A. K,, Srivastava, L, Szlenk, C. T., Muench, T. R,, Natesan, S.,
et al. (2019). Cannabinoid Receptor 2 Agonist JWH-015 Inhibits Interleukin-
1beta-Induced Inflammation in Rheumatoid Arthritis Synovial Fibroblasts and
in Adjuvant Induced Arthritis Rat via Glucocorticoid Receptor. Front.
Immunol. 10:1027. doi: 10.3389/fimmu.2019.01027

Fujii, M, Sherchan, P., Krafft, P. R., Rolland, W. B., Soejima, Y., and Zhang, J. H.
(2014a). Cannabinoid type 2 receptor stimulation attenuates brain edema by
reducing cerebral leukocyte infiltration following subarachnoid hemorrhage in
rats. J. Neurol. Sci. 342, 101-106. doi: 10.1016/j.jns.2014.04.034

Fujii, M., Sherchan, P., Soejima, Y., Hasegawa, Y., Flores, J., Doycheva, D., et al.
(2014b). Cannabinoid receptor type 2 agonist attenuates apoptosis by
activation of phosphorylated CREB-Bcl-2 pathway after subarachnoid
hemorrhage in rats. Exp. Neurol. 261, 396-403. doi: 10.1016/
j.expneurol.2014.07.005

Fujii, M., Sherchan, P., Soejima, Y., Doycheva, D., Zhao, D., and Zhang, J. H.
(2016). Cannabinoid Receptor Type 2 Agonist Attenuates Acute Neurogenic
Pulmonary Edema by Preventing Neutrophil Migration after Subarachnoid
Hemorrhage in Rats. Acta Neurochir. Suppl. 121, 135-139. doi: 10.1007/978-3-
319-18497-5_24

Gallegos, C., Tobolowsky, F., Nigo, M., and Hasbun, R. (2018). Delayed Cerebral
Injury in Adults With Bacterial Meningitis: A Novel Complication of
Adjunctive Steroids? Crit. Care Med. 46, e811-e814. doi: 10.1097/
CCM.0000000000003220

Gamal, M., Moawad, J., Rashed, L., El-Eraky, W., Saleh, D., Lehmann, C., et al.
(2015). Evaluation of the effects of Eserine and JWH-133 on brain dysfunction
associated with experimental endotoxemia. J. Neuroimmunol. 281, 9-16.
doi: 10.1016/j.jneuroim.2015.02.008

Gomez-Nicola, D., and Perry, V. H. (2015). Microglial dynamics and role in the
healthy and diseased brain: a paradigm of functional plasticity. Neuroscientist
21, 169-184. doi: 10.1177/1073858414530512

Goncalves, M. B., Suetterlin, P., Yip, P., Molina-Holgado, F., Walker, D. J., Oudin,
M. ], et al. (2008). A diacylglycerol lipase-CB2 cannabinoid pathway regulates
adult subventricular zone neurogenesis in an age-dependent manner. Mol. Cell
Neurosci. 38, 526-536. doi: 10.1016/j.mcn.2008.05.001

Gowin, E., and Januszkiewicz-Lewandowska, D. (2018). Genes and their single
nucleotide polymorphism involved in innate immune response in central
nervous system in bacterial meningitis: review of literature data. Inflamm.
Res. 67, 655-661. doi: 10.1007/s00011-018-1158-3

Grandgirard, D., and Leib, S. L. (2006). Strategies to prevent neuronal damage in
paediatric bacterial meningitis. Curr. Opin. Pediatr. 18, 112-118. doi: 10.1097/
01.mop.0000193292.09894.b7

Grandgirard, D., Bifrare, Y. D., Pleasure, S. J., Kummer, J., Leib, S. L., and Tauber,
M. G. (2007a). Pneumococcal meningitis induces apoptosis in recently
postmitotic immature neurons in the dentate gyrus of neonatal rats. Dev.
Neurosci. 29, 134-142. doi: 10.1159/000096218

Grandgirard, D., Schurch, C., Cottagnoud, P., and Leib, S. L. (2007b). Prevention
of brain injury by the nonbacteriolytic antibiotic daptomycin in experimental
pneumococcal meningitis. Antimicrob. Agents Chemother. 51, 2173-2178.
doi: 10.1128/AAC.01014-06

Hanisch, U. K. (2002). Microglia as a source and target of cytokines. Glia 40, 140
155. doi: 10.1002/glia.10161

Hernandez-Cervantes, R., Mendez-Diaz, M., Prospero-Garcia, O., and Morales-
Montor, J. (2017). Immunoregulatory Role of Cannabinoids during Infectious
Disease. Neuroimmunomodulation 24, 183-199. doi: 10.1159/000481824

Huftman, J. W., Liddle, J., Yu, S., Aung, M. M., Abood, M. E., Wiley, J. L., et al.
(1999). 3-(1 1 ‘-dimethylbutyl)-1-deoxy-Delta(8)-THC and related
compounds: Synthesis of selective ligands for the CB2 receptor. Bioorg. Med.
Chem. 7, 2905-2914. doi: 10.1016/S0968-0896(99)00219-9

Hussain, M. T., Greaves, D. R., and Igbal, A. J. (2019). The Impact of Cannabinoid
Receptor 2 Deficiency on Neutrophil Recruitment and Inflammation. DNA
Cell Biol. 38, 1025-1029. doi: 10.1089/dna.2019.5024

Kapellos, T. S., Taylor, L., Feuerborn, A., Valaris, S., Hussain, M. T., Rainger, G. E.,
et al. (2019). Cannabinoid receptor 2 deficiency exacerbates inflammation and
neutrophil recruitment. FASEB J. 33, 6154-6167. doi: 10.1096/1}.201802524R

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2020 | Volume 10 | Article 588195


https://doi.org/10.1186/s12974-014-0191-6
https://doi.org/10.2174/157015907780866884
https://doi.org/10.1086/315658
https://doi.org/10.1111/bph.12478
https://doi.org/10.1128/AAC.02429-15
https://doi.org/10.1016/j.ejphar.2012.09.053
https://doi.org/10.1007/s12035-015-9107-4
https://doi.org/10.1007/s12035-015-9107-4
https://doi.org/10.1097/QCO.0000000000000416
https://doi.org/10.1161/STROKEAHA.116.014793
https://doi.org/10.1161/STROKEAHA.116.014793
https://doi.org/10.1002/14651858.CD004405.pub5
https://doi.org/10.1016/j.lfs.2018.11.058
https://doi.org/10.1038/emm.2015.100
https://doi.org/10.1186/1471-2334-13-326
https://doi.org/10.1016/0361-9230(94)90189-9
https://doi.org/10.1016/0361-9230(94)90189-9
https://doi.org/10.1038/s41598-017-01747-8
https://doi.org/10.1038/s41598-017-01747-8
https://doi.org/10.1016/j.jinf.2015.04.006
https://doi.org/10.3109/01902149409031733
https://doi.org/10.3109/01902149409031733
https://doi.org/10.1016/S1473-3099(10)70048-7
https://doi.org/10.1186/1742-2094-2-29
https://doi.org/10.1073/pnas.92.8.3376
https://doi.org/10.3389/fimmu.2019.01027
https://doi.org/10.1016/j.jns.2014.04.034
https://doi.org/10.1016/j.expneurol.2014.07.005
https://doi.org/10.1016/j.expneurol.2014.07.005
https://doi.org/10.1007/978-3-319-18497-5_24
https://doi.org/10.1007/978-3-319-18497-5_24
https://doi.org/10.1097/CCM.0000000000003220
https://doi.org/10.1097/CCM.0000000000003220
https://doi.org/10.1016/j.jneuroim.2015.02.008
https://doi.org/10.1177/1073858414530512
https://doi.org/10.1016/j.mcn.2008.05.001
https://doi.org/10.1007/s00011-018-1158-3
https://doi.org/10.1097/01.mop.0000193292.09894.b7
https://doi.org/10.1097/01.mop.0000193292.09894.b7
https://doi.org/10.1159/000096218
https://doi.org/10.1128/AAC.01014-06
https://doi.org/10.1002/glia.10161
https://doi.org/10.1159/000481824
https://doi.org/10.1016/S0968-0896(99)00219-9
https://doi.org/10.1089/dna.2019.5024
https://doi.org/10.1096/fj.201802524R
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Pan et al.

Endocannabinoids Downmodulate Inflammation in Pneumococcal Meningitis

Karperien, A., Ahammer, H., and Jelinek, H. (2013). Quantitating the subtleties of
microglial morphology with fractal analysis. Front. Cell. Neurosci. 7, 3.
doi: 10.3389/fncel.2013.00003

Klein, M., Koedel, U., Pfister, H. W., and Kastenbauer, S. (2003). Morphological
correlates of acute and permanent hearing loss during experimental
pneumococcal meningitis. Brain Pathol. 13, 123-132. doi: 10.1111/j.1750-
3639.2003.tb00012.x

Kozela, E., Juknat, A., and Vogel, Z. (2017). Modulation of Astrocyte Activity by
Cannabidiol, a Nonpsychoactive Cannabinoid. Int. J. Mol. Sci. 18, 1669.
doi: 10.3390/ijms18081669

Lee, S. C., Liu, W., Dickson, D. W., Brosnan, C. F., and Berman, J. W. (1993).
Cytokine production by human fetal microglia and astrocytes. Differential
induction by lipopolysaccharide and IL-1 beta. J. Immunol. 150, 2659-2667.

Leib, S. L., Kim, Y. S., Chow, L. L., Sheldon, R. A, and Tauber, M. G. (1996).
Reactive oxygen intermediates contribute to necrotic and apoptotic neuronal
injury in an infant rat model of bacterial meningitis due to group B
streptococci. J. Clin. Invest. 98, 2632-2639. doi: 10.1172/JCI119084

Leib, S. L., Clements, J. M., Lindberg, R. L., Heimgartner, C., Loeffler, J. M., Pfister,
L. A, et al. (2001). Inhibition of matrix metalloproteinases and tumour
necrosis factor alpha converting enzyme as adjuvant therapy in
pneumococcal meningitis. Brain 124, 1734-1742. doi: 10.1093/brain/
124.9.1734

Leib, S. L., Heimgartner, C., Bifrare, Y. D., Loeffler, J. M., and Taauber, M. G.
(2003). Dexamethasone aggravates hippocampal apoptosis and learning
deficiency in pneumococcal meningitis in infant rats. Pediatr. Res. 54, 353
357. doi: 10.1203/01.PDR.0000079185.67878.72

Li, L., Tao, Y., Tang, J., Chen, Q. Yang, Y., Feng, Z., et al. (2015). A Cannabinoid
Receptor 2 Agonist Prevents Thrombin-Induced Blood-Brain Barrier Damage
via the Inhibition of Microglial Activation and Matrix Metalloproteinase
Expression in Rats. Transl. Stroke Res. 6, 467-477. doi: 10.1007/s12975-015-
0425-7

Liechti, F. D., Grandgirard, D., Leppert, D., and Leib, S. L. (2014). Matrix
metalloproteinase inhibition lowers mortality and brain injury in
experimental pneumococcal meningitis. Infect. Immun. 82, 1710-1718.
doi: 10.1128/TAL.00073-14

Liechti, F. D., Grandgirard, D., and Leib, S. L. (2015). Bacterial meningitis: insights
into pathogenesis and evaluation of new treatment options: a perspective from
experimental studies. Future Microbiol. 10, 1195-1213. doi: 10.2217/fmb.15.43

Loeffler, . M., Ringer, R., Hablutzel, M., Tauber, M. G., and Leib, S. L. (2001). The free
radical scavenger alpha-phenyl-tert-butyl nitrone aggravates hippocampal
apoptosis and learning deficits in experimental pneumococcal meningitis.
J. Infect. Dis. 183, 247-252. doi: 10.1086/317921

Lucas, M. J., Brouwer, M. C., and Van De Beek, D. (2013). Delayed cerebral
thrombosis in bacterial meningitis: a prospective cohort study. Intensive Care
Med. 39, 866-871. doi: 10.1007/s00134-012-2792-9

Lucas, M. J., Brouwer, M. C., and Van De Beek, D. (2016). Neurological sequelae of
bacterial meningitis. J. Infect. 73, 18-27. doi: 10.1016/j.jinf.2016.04.009

Mccoy, K. L. (2016). Interaction between Cannabinoid System and Toll-Like
Receptors Controls Inflammation. Mediators Inflammation 2016, 18.
doi: 10.1155/2016/5831315

Meli, D. N., Christen, S., and Leib, S. L. (2003). Matrix metalloproteinase-9 in
pneumococcal meningitis: activation via an oxidative pathway. J. Infect. Dis.
187, 1411-1415. doi: 10.1086/374644

Ment, L. R, Ehrenkranz, R. A., and Duncan, C. C. (1986). Bacterial meningitis as
an etiology of perinatal cerebral infarction. Pediatr. Neurol. 2, 276-279. doi:
10.1016/0887-8994(86)90019-6

Mohanty, T., Fisher, J., Bakochi, A., Neumann, A., Cardoso, J. F. P., Karlsson, C.,
et al. (2019). Neutrophil extracellular traps in the central nervous system
hinder bacterial clearance during pneumococcal meningitis. Nat. Commun. 10,
1667. doi: 10.1038/s41467-019-09040-0

Mook-Kanamori, B. B., Geldhoff, M., Van Der Poll, T., and Van De Beek, D.
(2011). Pathogenesis and pathophysiology of pneumococcal meningitis. Clin.
Microbiol. Rev. 24, 557-591. doi: 10.1128/CMR.00008-11

Muri, L., Grandgirard, D., Buri, M., Perny, M., and Leib, S. L. (2018). Combined effect
of non-bacteriolytic antibiotic and inhibition of matrix metalloproteinases prevents
brain injury and preserves learning, memory and hearing function in experimental
paediatric pneumococcal meningitis. J. Neuroinflamm. 15, 233. doi: 10.1186/
$12974-018-1272-8

Muri, L, Le, N. D., Zemp, J., Grandgirard, D., and Leib, S. L. (2019a). Metformin
mediates neuroprotection and attenuates hearing loss in experimental
pneumococcal meningitis. J. Neuroinflamm. 16, 156. doi: 10.1186/s12974-
019-1549-6

Muri, L., Perny, M., Zemp, J., Grandgirard, D., and Leib, S. L. (2019b). Combining
Ceftriaxone with Doxycycline and Daptomycin Reduces Mortality,
Neuroinflammation, Brain Damage, and Hearing Loss in Infant Rat
Pneumococcal Meningitis. Antimicrob. Agents Chemother. 63, €00220-00219.
doi: 10.1128/AAC.00220-19

Murikinati, S., Juttler, E., Keinert, T., Ridder, D. A., Muhammad, S., Waibler, Z.,
et al. (2010). Activation of cannabinoid 2 receptors protects against cerebral
ischemia by inhibiting neutrophil recruitment. FASEB J. 24, 788-798.
doi: 10.1096/1j.09-141275

Nau, R., and Bruck, W. (2002). Neuronal injury in bacterial meningitis:
mechanisms and implications for therapy. Trends Neurosci. 25, 38-45. doi:
10.1016/S0166-2236(00)02024-5

Nau, R,, Soto, A., and Bruck, W. (1999). Apoptosis of neurons in the dentate gyrus
in humans suffering from bacterial meningitis. J. Neuropathol. Exp. Neurol. 58,
265-274. doi: 10.1097/00005072-199903000-00006

Perny, M., Roccio, M., Grandgirard, D., Solyga, M., Senn, P., and Leib, S. L. (2016).
The Severity of Infection Determines the Localization of Damage and Extent of
Sensorineural Hearing Loss in Experimental Pneumococcal Meningitis.
J. Neurosci. 36, 7740-7749. doi: 10.1523/JNEUROSCI.0554-16.2016

Pertwee, R. G. (1999). Pharmacology of cannabinoid receptor ligands. Curr. Med.
Chem. 6, 635-664.

Purohit, V., Rapaka, R. S., and Rutter, J. (2014). Cannabinoid receptor-2 and HIV-
associated neurocognitive disorders. J. Neuroimmune Pharmacol. 9, 447-453.
doi: 10.1007/s11481-014-9554-0

Rodrigues, R. S., Lourenco, D. M., Paulo, S. L., Mateus, J. M., Ferreira, M. F.,
Mouro, F. M., et al. (2019). Cannabinoid Actions on Neural Stem Cells:
Implications for Pathophysiology. Molecules 24, 1350. doi: 10.3390/
molecules24071350

Romero-Sandoval, E. A., Horvath, R., Landry, R. P., and Deleo, J. A. (2009).
Cannabinoid receptor type 2 activation induces a microglial anti-inflammatory
phenotype and reduces migration via MKP induction and ERK
dephosphorylation. Mol. Pain 5, 25. doi: 10.1186/1744-8069-5-25

Rossi, F., Tortora, C., Argenziano, M., Di Paola, A., and Punzo, F. (2020).
Cannabinoid Receptor Type 2: A Possible Target in SARS-CoV-2 (CoV-19)
Infection? Int. J. Mol. Sci. 21, 3809. doi: 10.3390/ijms21113809

Schut, E. S., Brouwer, M. C,, De Gans, J., Florquin, S., Troost, D., and Van De Beek, D.
(2009). Delayed cerebral thrombosis after initial good recovery from
pneumococcal meningitis. Neurology 73, 1988-1995. doi: 10.1212/
WNL.0b013e3181c55d2e

Sharma, J. N, Al-Omran, A., and Parvathy, S. S. (2007). Role of nitric oxide in
inflammatory diseases. Inflammopharmacology 15, 252-259. doi: 10.1007/
510787-007-0013-x

Smith, J. A, Das, A., Ray, S. K., and Banik, N. L. (2012). Role of pro-inflammatory
cytokines released from microglia in neurodegenerative diseases. Brain Res.
Bull. 87, 10-20. doi: 10.1016/j.brainresbull.2011.10.004

Soethoudt, M., Grether, U,, Fingerle, J., Grim, T. W., Fezza, F., De Petrocellis, L., et al.
(2017). Cannabinoid CB2 receptor ligand profiling reveals biased signalling and
off-target activity. Nat. Commun. 8:13958. doi: 10.1038/ncomms13958

Spreer, A., Gerber, J., Hanssen, M., Schindler, S., Hermann, C., Lange, P., et al.
(2006). Dexamethasone increases hippocampal neuronal apoptosis in a rabbit
model of Escherichia coli meningitis. Pediatr. Res. 60, 210-215. doi: 10.1203/
01.pdr.0000227553.47378.9f

Stella, N. (2010). Cannabinoid and cannabinoid-like receptors in microglia,
astrocytes, and astrocytomas. Glia 58, 1017-1030. doi: 10.1002/glia.20983

Svizenska, I., Dubovy, P., and Sulcova, A. (2008). Cannabinoid receptors 1 and 2
(CB1 and CB2), their distribution, ligands and functional involvement in
nervous system structures-a short review. Pharmacol. Biochem. Behav. 90,
501-511. doi: 10.1016/j.pbb.2008.05.010

Tahamtan, A., Samieipoor, Y., Nayeri, F. S., Rahbarimanesh, A. A,, Izadi, A,
Rashidi-Nezhad, A., et al. (2018). Effects of cannabinoid receptor type 2 in
respiratory syncytial virus infection in human subjects and mice. Virulence 9,
217-230. doi: 10.1080/21505594.2017.1389369

Takeuchi, H., Jin, S., Wang, J., Zhang, G., Kawanokuchi, J., Kuno, R., et al. (2006).
Tumor necrosis factor-alpha induces neurotoxicity via glutamate release from

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2020 | Volume 10 | Article 588195


https://doi.org/10.3389/fncel.2013.00003
https://doi.org/10.1111/j.1750-3639.2003.tb00012.x
https://doi.org/10.1111/j.1750-3639.2003.tb00012.x
https://doi.org/10.3390/ijms18081669
https://doi.org/10.1172/JCI119084
https://doi.org/10.1093/brain/124.9.1734
https://doi.org/10.1093/brain/124.9.1734
https://doi.org/10.1203/01.PDR.0000079185.67878.72
https://doi.org/10.1007/s12975-015-0425-7
https://doi.org/10.1007/s12975-015-0425-7
https://doi.org/10.1128/IAI.00073-14
https://doi.org/10.2217/fmb.15.43
https://doi.org/10.1086/317921
https://doi.org/10.1007/s00134-012-2792-9
https://doi.org/10.1016/j.jinf.2016.04.009
https://doi.org/10.1155/2016/5831315
https://doi.org/10.1086/374644
https://doi.org/10.1016/0887-8994(86)90019-6
https://doi.org/10.1038/s41467-019-09040-0
https://doi.org/10.1128/CMR.00008-11
https://doi.org/10.1186/s12974-018-1272-8
https://doi.org/10.1186/s12974-018-1272-8
https://doi.org/10.1186/s12974-019-1549-6
https://doi.org/10.1186/s12974-019-1549-6
https://doi.org/10.1128/AAC.00220-19
https://doi.org/10.1096/fj.09-141275
https://doi.org/10.1016/S0166-2236(00)02024-5
https://doi.org/10.1097/00005072-199903000-00006
https://doi.org/10.1523/JNEUROSCI.0554-16.2016
https://doi.org/10.1007/s11481-014-9554-0
https://doi.org/10.3390/molecules24071350
https://doi.org/10.3390/molecules24071350
https://doi.org/10.1186/1744-8069-5-25
https://doi.org/10.3390/ijms21113809
https://doi.org/10.1212/WNL.0b013e3181c55d2e
https://doi.org/10.1212/WNL.0b013e3181c55d2e
https://doi.org/10.1007/s10787-007-0013-x
https://doi.org/10.1007/s10787-007-0013-x
https://doi.org/10.1016/j.brainresbull.2011.10.004
https://doi.org/10.1038/ncomms13958
https://doi.org/10.1203/01.pdr.0000227553.47378.9f
https://doi.org/10.1203/01.pdr.0000227553.47378.9f
https://doi.org/10.1002/glia.20983
https://doi.org/10.1016/j.pbb.2008.05.010
https://doi.org/10.1080/21505594.2017.1389369
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Pan et al.

Endocannabinoids Downmodulate Inflammation in Pneumococcal Meningitis

hemichannels of activated microglia in an autocrine manner. J. Biol. Chem.
281, 21362-21368. doi: 10.1074/jbc.M600504200

Tanaka, M., Sackett, S., and Zhang, Y. (2020). Endocannabinoid Modulation of
Microglial Phenotypes in Neuropathology. Front. Neurol. 11, 87. doi: 10.3389/
fneur.2020.00087

Thorsdottir, S., Henriques-Normark, B., and Iovino, F. (2019). The Role of
Microglia in Bacterial Meningitis: Inflammatory Response, Experimental
Models and New Neuroprotective Therapeutic Strategies. Front. Microbiol.
10:576:576. doi: 10.3389/fmicb.2019.00576

Tschop, J., Kasten, K. R., Nogueiras, R., Goetzman, H. S., Cave, C. M., England, L.
G., et al. (2009). The cannabinoid receptor 2 is critical for the host response to
sepsis. J. Immunol. 183, 499-505. doi: 10.4049/jimmunol.0900203

Turcotte, C., Blanchet, M. R., Laviolette, M., and Flamand, N. (2016). The CB2
receptor and its role as a regulator of inflammation. Cell Mol. Life Sci. 73, 4449-
4470. doi: 10.1007/s00018-016-2300-4

Van De Beek, D., Cabellos, C., Dzupova, O., Esposito, S., Klein, M., Kloek, A. T.,
et al. (2016). ESCMID guideline: diagnosis and treatment of acute bacterial
meningitis. Clin. Microbiol. Infect. 22 Suppl 3, $37-S62. doi: 10.1016/
j.cmi.2016.01.007

Van De Beek, D. (2009). Corticosteroids for acute adult bacterial meningitis. Med.
Mal. Infect. 39, 531-538. doi: 10.1016/j.medmal.2009.02.033

Van Der Flier, M., Geelen, S. P., Kimpen, J. L., Hoepelman, I. M., and Tuomanen,
E. L. (2003). Reprogramming the host response in bacterial meningitis: how
best to improve outcome? Clin. Microbiol. Rev. 16, 415-429. doi: 10.1128/
CMR.16.3.415-429.2003

Vergouwen, M. D,, Schut, E. S, Troost, D., and Van De Beek, D. (2010). Diffuse
cerebral intravascular coagulation and cerebral infarction in pneumococcal
meningitis. Neurocrit. Care 13, 217-227. doi: 10.1007/s12028-010-9387-5

Vezzani, A., Conti, M., De Luigi, A., Ravizza, T., Moneta, D., Marchesi, F., et al.
(1999). Interleukin-1beta immunoreactivity and microglia are enhanced in the
rat hippocampus by focal kainate application: functional evidence for
enhancement of electrographic seizures. J. Neurosci. 19, 5054-5065. doi:
10.1523/JNEUROSCI.19-12-05054.1999

Wellmer, A., Noeske, C., Gerber, J., Munzel, U., and Nau, R. (2000).
Spatial memory and learning deficits after experimental pneumococcal
meningitis in mice. Neurosci. Lett. 296, 137-140. doi: 10.1016/s0304-3940
(00)01645-1

Young, K., and Morrison, H. (2018). Quantifying Microglia Morphology from
Photomicrographs of Immunohistochemistry Prepared Tissue Using Image].
J. Vis. Exp. (136), €57648. doi: 10.3791/57648

Zarruk, J. G., Fernandez-Lopez, D., Garcia-Yebenes, 1., Garcia-Gutierrez, M. S.,
Vivancos, J., Nombela, F., et al. (2012). Cannabinoid type 2 receptor activation
downregulates stroke-induced classic and alternative brain macrophage/
microglial activation concomitant to neuroprotection. Stroke 43, 211-219.
doi: 10.1161/STROKEAHA.111.631044

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

Copyright © 2020 Pan, Grandgirard and Leib. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2020 | Volume 10 | Article 588195


https://doi.org/10.1074/jbc.M600504200
https://doi.org/10.3389/fneur.2020.00087
https://doi.org/10.3389/fneur.2020.00087
https://doi.org/10.3389/fmicb.2019.00576
https://doi.org/10.4049/jimmunol.0900203
https://doi.org/10.1007/s00018-016-2300-4
https://doi.org/10.1016/j.cmi.2016.01.007
https://doi.org/10.1016/j.cmi.2016.01.007
https://doi.org/10.1016/j.medmal.2009.02.033
https://doi.org/10.1128/CMR.16.3.415-429.2003
https://doi.org/10.1128/CMR.16.3.415-429.2003
https://doi.org/10.1007/s12028-010-9387-5
https://doi.org/10.1523/JNEUROSCI.19-12-05054.1999
https://doi.org/10.1016/s0304-3940(00)01645-1
https://doi.org/10.1016/s0304-3940(00)01645-1
https://doi.org/10.3791/57648
https://doi.org/10.1161/STROKEAHA.111.631044
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Adjuvant Cannabinoid Receptor Type 2 Agonist Modulates the Polarization of Microglia Towards a Non-Inflammatory Phenotype in Experimental Pneumococcal Meningitis
	Introduction
	Materials and Methods
	Infecting Organism
	In Vitro Mixed Glia Stimulation
	Quantification of Nitric Oxide Production From Mixed Glial Cell Stimulation
	Quantification of Cyto/Chemokines in the Supernatants of Stimulated Mixed Glial Cells
	In Vivo Pneumococcal Meningitis Model
	Histological Analysis of Cortical Damage and Hippocampus Apoptosis
	Iba1 Staining of Microglial Cells
	Quantification and Categorical Analysis of Microglia Morphology
	Quantification of Cyto/Chemokines in the Brain Parenchmya
	Statistical Analysis

	Results
	JWH-133 Reduces Inflammatory Cytokine Levels and Nitric Oxide Production In Vitro
	Clinical Parameters of Animals With Pneumococcal Meningitis Are Not Impacted by JWH-133 Administration
	Microglia Morphology and Distribution Are Affected by JWH-133 Administration
	Quantitative Assessment of Branching and Cell Process Length
	Classification of Microglia in Three Categories Based On Morphology
	Quantitative Assessment of Microglial Density

	JWH-133 Reduces the Expression of Inflammatory Cyto/Chemokines, But Not of MMP-9 in the Parenchyma of Animals With Pneumococcal Meningitis
	Adjuvant JWH-133 Doesn’t Significantly Alter Cortical Damage or Hippocampus Apoptosis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


