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ABSTRACT ARTICLE HISTORY
Microglia proliferation is critical for proper development and function of the central nervous Received 31 August 2020
system (CNS), while dysregulation of proliferation contributes to pathology. We recently reported ~ Revised 13 January 2021
that male inducible nitric oxide synthase knockout (iNOS™") mice displayed significantly more Accepted 14 January 2021
proliferating microglia in their postnatal cortex than age-matched wildtype (WT) male mice.  kpyworbps
Moreover, nitric oxide (NO) signaling in mouse microglia greatly upregulates calcium entry Calcium; nitric oxide; cell
through transient receptor potential vanilloid type 2 (TRPV2) channels. Considering that TRPV2 cycle; NFAT; p21; TRPV2
activity restricts astrocytic proliferation within glioma tissues, we investigated the roles of iINOS/

NO signaling and TRPV2 expression in the regulation of microglial proliferation in vitro using

assays of calcium imaging, immunocytochemistry, western blot, and polymerase chain reaction.

Results showed that non-dividing microglia exhibited substantially higher expression of TRPV2 on

the plasma membrane and significantly larger calcium influx through TRPV2 channels in compar-

ison to dividing microglia. Additionally, non-dividing WT microglia exhibited significantly more NO

production than dividing WT microglia. Furthermore, the NO-donor NOC18 increased the nuclear

translocation of nuclear factor of activated T-cells cytoplasmic 2 (NFATC2) and the mRNA of the

cyclin-dependent kinase inhibitor p21 and decreased the percentage of dividing WT and iNOS™~

microglia in culture. Importantly, the presence of the TRPV2 inhibitor tranilast abolished these

effects of NOC18. Together, results from this study indicated that iNOS/NO signaling inhibits

microglial proliferation through TRPV2-mediated calcium influx, nuclear translocation of the

transcription factor NFATC2, and p21 expression.
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Proposed molecular mechanism by which NO-TRPV2 signaling regulates microglia proliferation
in vitro.
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Introduction

Microglia are essential immune cells of the central
nervous system (CNS) that produce copious
amounts of nitric oxide (NO) via inducible nitric
oxide synthase (iNOS) to regulate their own cellular
functions such as proliferation [1-4]. Aberrant
microglia proliferation and iNOS expression contri-
bute to neurological disease progression. It has been
shown that microglia are the most prominent
immune cells that infiltrate and proliferate within
gliomas [5], while also exhibiting reduced iNOS
expression [6,7] and secreting anti-inflammatory
cytokines such as IL-10 and TGFPl [8-10].
A positive correlation between glioma malignancy
and the number of alternatively activated microglia
present within the glioma suggests that microglia
contribute to glioma pathology [11-13].

Previous studies also implicated iNOS expression in Alzheimer’s like
pathology progression [14-16]. For example, using a double trans-
genic mouse model for Alzheimer’s disease that expressed Swedish
mutation of the amyloid precursor protein together with presenilin-
1 deletion in exon 9 demonstrated cognitive deficits, decreased iNOS
mRNA expression, as well as increased microglia proliferation at
6 months of age when compared to age-matched WT mice [14].
Evidently, iNOS-NO signaling critically regulates microglia prolifera-
tion; however, the underlying molecular mechanism that regulates
microglia proliferation remains unclear [17]. We recently demon-
strated that mice lacking iNOS expression (iNOS™") displayed sig-
nificantly more proliferating microglia in the cortex during early
postnatal development than that of age-matched WT mice [18].
Moreover, we demonstrated that iNOS-NO signaling impedes cell-
cycle progression of microglia through cyclic guanosine-
monophosphate (cGMP) activation of protein kinase G (PKG) signal-
ing [18]. These novel findings indicate that the iNOS-NO-cGMP-PKG
signaling cascade critically restricts microglia proliferation.

The transient receptor potential vanilloid type 2 (TRPV2) ion chan-
nel is highly calcium permeable and largely implicated in cellular
proliferation, differentiation, and cancer progression [19], while
also highly expressed in microglia and other glia cells [20-22].
Previous studies demonstrated that TRPV2 expression attenuates
astrocytic glioblastoma cell proliferation [20,21] and clearly estab-
lished a crucial role of TRPV2 channel activity in restricting cell
proliferation. Interestingly, we have recently shown that activation
of iNOS-NO-cGMP-PKG cascade traffics TRPV2 channel proteins
from the endoplasmic reticulum to the plasma membrane to
intensify calcium influx in murine microglia [2].

This present study set out to examine if NO-mediated TRPV2-
trafficking and subsequent calcium entry attenuates microglia
proliferation. Using multiple imaging techniques on primary WT
and iNOS™~ murine microglia cultures we examined the TRPV2

surface expression and calcium influx in different cell-cycle stages
while exploring subsequent gene expression. Our results showed
that NO-TRPV2 signaling critically regulates microglia proliferation
whereby actively dividing microglia exhibited less TRPV2 plasma
membrane expression and calcium influx, less nuclear expression
of nuclear factor of activated T-cells cytoplasmic-2 (NFATC2), and
decreased p21 mRNA expression, compared to nondividing micro-
glia. Future studies examining NO-TRPV2-NFATC2-p21 signaling in
microglia may uncover the impact that microglia proliferation
contributes to the progression of pathologies in the CNS.

Materials and methods
Materials, compounds, and treatments

Materials and compounds were purchased from
the following sources — phosphate-buffered saline
(PBS), paraformaldehyde (PFA), 4°,6-diamidino-
2-phenylindole (DAPI), triton, glycine, poly-
D-lysine (PDL), sucrose, glycerol, ethylene glycol,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (Millipore-Sigma, Oakville, ON);
Dulbecco’s modified eagle medium (DMEM),
fetal bovine serum (FBS), trypsin, sodium-
pyruvate, penicillin/streptomyocin (P/S),
Leibowitz L-15 media, bovine serum albumen
(BSA) (ThermoFischer Scientific, Waltham,
MA); normal donkey serum (NDS) (Jackson
Immunoresearch Laboratories, inc., West Grove,
PA);  Fluormount-G  (Electron  Microscopy
Solutions, Hatfield, PA), calcium fluorescent
dye: Rhod-4AM, NO-sensitive fluorescent dye:
DAX-]J2 (AAT Bioquest, Sunnyvale, CA).

Treatment concentrations were adapted from previous litera-
ture and purchased from the following sources — slow-release
NO-donor: diethylenetriamine NONOate (NOC18, 100 uM), NOS
inhibitor: G-nitro-L-arginin-methyl ester (L-NAME, 100 pM), argi-
nyl-lysyl-arginyl-alanyl-arginyl-lysyl-glutamic acid (PKG inhibi-
tory peptide; PKG;, 10 uM), 8-bromo-cyclic guanosine
monophosphate (8Br-cGMP, 10 pM) (Cayman Chemical, Ann
Arbor, MI); TRPV2 agonist: 2-aminoethoxydiphenyl borate
(2APB, 250 uM) (Santa Cruz Biotechnology, Dallas, TX); TRPV2
agonist: probenecid (100 pM), TRPV2 inhibitor: tranilast (75 pM)
(Tocris Bioscience, Oakville, ON); iNOS substrate: L-arginine
(100 uM) (Millipore-Sigma, Oakville, ON).

Primary microglia cultures

WT (C57BL/6, Stock No: 000664) and iNOS™~
(B6.129P2-Nos2™12 " Stock No: 002609) mice



purchased from The Jackson Laboratory. All
experiments were conducted in accordance with
the Animal Care and Veterinary Services at The
University of Western Ontario, Canada. Microglia
were isolated and cultured as previously described
to yield cultures of 95% pure primary microglia
[18]. WT microglia cultures were used to examine
the influence of endogenous iNOS/NO signaling
on microglia cell-cycle progression while iNOS™~
microglia cultures were utilized to examine how
the absence of endogenous iNOS/NO signaling
influences  microglia  cell-cycle  progression.
Briefly, cortices isolated from male and female
postnatal day 0-4 WT or iNOS™~ mice and placed
in ice-cold Leibowitz L-15 media. Next, cortices
were homogenized, filtered through a 70 pum nylon
filter, and centrifuged for 4 minutes at 900 g. The
cell pellet was resuspended in DMEM containing
1 x P/S and 10% FBS. The collected cortical cells
were cultured in T-75 flasks for 2 weeks, with
media changes occurring every 3 days. After
2 weeks, T-75 flasks were shaken for 2hrs at 36°C
and 200rpm. The media containing detached
microglia was centrifuged at 900 g for 4 min, and
the supernatant was removed. The microglia cell
pellet was resuspended in fresh culture media and
plated at 5 x 10* cells/ml for experiments.
Microglia were allowed to rest overnight in
DMEM supplemented with 2.5% FBS, 5% sodium-
pyruvate, and 1% P/S, under culture conditions of
37°C and 5% CO, before conducting experiments.

BV2 cell-line cultures

BV2 microglia were generously gifted to us from
Dr. Michael J. Strong at The University of Western
Ontario. BV2 microglia were utilized for immuno-
blot analyses to avoid euthanizing a large number
of postnatal day 0-4 mice to obtain enough pro-
tein from primary microglia cultures. BV2 cells
were cultured in DMEM containing 1 x P/S and
10% FBS at normal conditions of 5% CO, at 37°C.
Once BV2 cell confluency reached 70%, cells were
washed with PBS and incubated for 2 min in
0.25% trypsin in PBS to facilitate detachment.
Trypsin was neutralized using equal parts of cul-
ture media containing FBS, and BV2 cells were
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passaged 1:40 into a new culture vessel with
DMEM containing 1 x P/S and 10% FBS 3 x a
week. For experiments, BV2 cells were plated at
5 x 10* cells/ml in DMEM supplemented with
2.5% FBS, 5% sodium-pyruvate, and 1% P/S, and
allowed to rest overnight before conducting
experiments.

Immunocytochemistry

Primary microglia and BV2 cells cultured on glass
coverslips underwent experimental treatments at
previously mentioned concentrations, for 48 hrs
under normal culture conditions of 37°C and 5%
CO,. After 48 hrs, culture media was removed and
cells were fixed using 4% PFA for 5 min. Fixed
microglia were washed with 0.1 M glycine in PBS,
followed by two PBS washes of 5 min each. Cell
membrane permeabilization occurred using 0.1%
triton in PBS for 5 min, followed by a 1 h incuba-
tion with blocking solution containing 5% NDS in
PBS to decrease nonspecific antibody binding.

To determine the cell-cycle stages of microglia, primary CD11b
(rat, BioRAD #MCA275R, 1:150) and Ki67 (rabbit, AbCam
#ab15580, 1:300) antibodies in 1% NDS in PBS were incubated
on coverslips for 2 hrs. The secondary antibodies - Cy3 and
Alexa Fluor-647 (Jackson Immunoresearch, West Grove, PA) —
were incubated in 1% NDS in PBS for 1 h. Following three
washes in PBS, microglia were incubated with the primary
antibody phosphorylated histone 3 (S10+ T11) conjugated to
Alexa Fluor 488 (rabbit, AbCam #ab200614, 1:5000) in 1% NDS
in PBS for 2hrs.

To examine subcellular localization of TRPV2, microglia were
incubated with TRPV2 (Guinea pig, Alomone Labs #AGP-033,
1:100) and Ki67 (rabbit, AbCam #ab15580, 1:300) antibodies in
1% NDS in PBS were incubated on coverslips for 2 hrs. The
secondary antibodies — Cy3 and Alexa Fluor-647 (Jackson
Immunoresearch, West Grove, PA) — were incubated in 1%
NDS in PBS for 1 h. Following three washes in PBS, microglia
were incubated with the primary antibody phosphorylated
histone 3 (S10+ T11) conjugated to Alexa Fluor 488 (rabbit,
AbCam, #ab200614, 1:5000) in 1% NDS in PBS for 2hrs. Analysis
for localizing TRPV2 fluorescence within microglia was adapted
from [2].

To examine subcellular localization of NFATC2, microglia were
incubated with primary antibodies for CD11b (rat, BioRAD
#MCA275R, 1:150) and NFATC2 (mouse, Thermo Fisher
Scientific #MA1-025, 1:200) in 1% NDS in PBS for 2hrs. Next,
microglia were incubated with the secondary antibodies Cy3
and Alexa-Fluor-488 in 1% NDS in PBS for 1 h. Secondary
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antibodies were removed and microglia were washed 3x with
PBS for 10 min each before DAPI staining (1 pg/ml) for 10 min.
Microglia were mounted onto slides using Fluormount-G.
Images were taken using the Olympus FV-1000 confocal laser
scanning microscope through a 60x oil immersion objective.

Calcium imaging and cell-cycle classification

For calcium-imaging, microglial cultures were
grown in 24-well plates and DMEM culture
media was washed out with bath solution contain-
ing (in mM): 130 NacCl, 5 KCI, 3 MgCl,, 2 CaCl,, 5
glucose, and 10 HEPES. Rhod-4AM was equili-
brated to room temperature for 1 hr before incu-
bating microglia cultures with 3 uM rhod-4AM
under normal conditions for 1 hr. Rhod-4AM
was washed out of cells using bath solution. The
intracellular fluorescent intensity of rhod-4 within
microglia were imaged in 10 second intervals using
the EVOS FL Auto system under 20x magnifica-
tion. Baseline levels of rhod-4 fluorescence were
recorded before 2APB (250 pM) application.
Intracellular rhod-4 fluorescent changes in each
cell were normalized to the average baseline level
within the imaging field using FIJI open-source
software [23].

As previously described [18], microglial cell-cycle stages were
classified based on the immuno-detection of cell-cycle markers.
After calcium imaging, microglia were subjected to immunocy-
tochemistry of cell-cycle markers. Microglial cells were identi-
fied by the expression of CD11b, and only CD11b positive cells
were included in the image analyses. Using FlJI open-source
software [23], microglia were classified into three different cell-
cycle phases: GO microglia display nuclear DAPI fluorescence;
interphase microglia exhibited nuclear fluorescence of DAPI and
Ki67; or microglia in mitosis displayed nuclear fluorescence of
DAPI and pH3. As outlined in Supplemental Figure 1, the
calcium response in each microglia was grouped and then
averaged based on the cell-cycle phase it presented in. The
normalized rhod-4 fluorescence intensity for microglia in each
cell-cycle stage were plotted versus time of imaging using
Excel.

NO-imaging and cell-cycle classification

Intracellular DAX-J2 fluorescence was used to
measure free NO production in microglial cul-
tures. WT or BV2 microglia were cultured in 24-
well plates and culture media was washed out with
the same bath solution used in calcium imaging.
DAX-J2 was equilibrated to room temperature for

1 hr before incubating microglia cultures in 4 uM
DAX-J2 for 45 min under normal conditions.
After washing out extracellular DAX-J2, NO-
imaging was performed using the EVOS-FL Auto
system under 20x magnification for 20 min.
Baseline fluorescent levels of DAX-J2 were
recorded before application of the iNOS substrate
L-arginine (100 pM), and intracellular DAX-]J2
fluorescent changes in each cell within the imaging
field were normalized to the average baseline level
using FIJI open-source software [23].

After NO-imaging, cells were washed 3x with PBS and immu-
nocytochemistry was carried out to probe for the cell-cycle
markers pH3, Ki67, and DAPI as previously described. The
microglia within the DAX-J2-imaging field were relocated and
grouped based on their expressed cell-cycle markers. Any
microglia that were washed away during the immunostaining
process were removed from the analysis. The averaged normal-
ized intensity of DAX-J2 fluorescence for each microglia was
plotted versus time according to the cell-cycle phases using
Excel.

NFATC2 localization analysis

Localization analysis for NFATC2 expression
within microglia is outlined in Supplemental
Figure 2. Briefly, microglia stained with CD11b,
NFATC2, and DAPI were imaged using the
Olympus FV-1000 microscope. The DAPI and
CD11b fluorescent channels were individually
thresholded using constant settings. The particle
analyzer function within FIJI [23] was used to
determine the region of interest (ROI) for the
nuclear and entire cell regions for individual
microglia using the DAPI and CD11b fluorescent
channels, respectively. The nuclear ROIs were sub-
tracted from the entire cell ROIs to produce the
cytosolic ROIs for each microglia. The nuclear and
cytosolic ROIs were overlaid onto the NFATC2
channel for quantifying fluorescent intensity of
NFATC2 within the nucleus and cytoplasm of
each microglia. A ratio of nuclear/cytoplasmic
NFATC2 fluorescence for each microglia was
determined to control for variability in fluorescent
intensity and cell size between images and indivi-
dual microglia. Normalized nuclear/cytoplasmic
NFATC?2 fluorescent intensity was graphed using
Excel.



Western blot

To quantify the NFATC2 expression in microglia,
the BV2 cell line was used for western blot assays.
Cultured BV2 microglia were washed 3x with PBS
before being scraped into Eppendorf tubes and
lysed using 150 pL of radioimmunoprecipitation
assay buffer. BV2 lysates were centrifuged at
13,000 g for 5 min, and the supernatant containing
proteins was quantified using Bradford assay (Bio-
Rad, Hercules, CA). Proteins from different treat-
ment groups were run through SDS-PAGE using
an 8% polyacrylamide gel at 100 V before being
transferred to a polyvinylidene difluoride mem-
brane. Membranes were blocked for 1 hr using
5% BSA before being incubated with NFATC2
(ThermoFisher Scientific, Waltham, MA) antibody
at 1:1000 dilution. Secondary anti-mouse IgG
horseradish peroxidase (HRP) conjugate (1:5000)
(Jackson Immunoresearch, Burlington, ON) was
then incubated with the membrane for 1.5hrs.
NFATC2 protein was normalized to the house-
keeping protein glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) (1:10,000) (Abcam Inc,
Cambridge, MA). Protein bands were visualized
using enhanced chemiluminescent substrate (Bio-
Rad, Hercules, CA) and imaged using the Biod-
Rad VersaDoc imaging system. Experimental
N-values represent the number of individual
wells in which cell-lysates were collected from
each treatment group.

Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was isolated using RNeasy Mini Kit
(Qiagen, Toronto, ON) from primary WT or
iNOS™" microglia cultured on 60 mm dishes as
per manufacturer’s instructions. Reverse tran-
scription using chriptTM XLT ¢cDNA SuperMix
(Quantabio, Beverly, MA) was carried out on
1 ug of extracted microglial RNA. Quantitative
PCR was conducted using PerfeCTa® SYBR®
Green FastMix® for iQ (Quantabio, Beverly,
MA), 25ng of cDNA template, and 500 nM of
forward and reverse primers specific to the gene
of interest, as per manufacturer’s instructions.
Forward and reverse primers for murine p2l
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were as follows: forward
5"CATCTCAGGGCCGAAAACGG3/, reverse
5"CAGGCCTCTTGCAGGATCTTTS'. The

qPCR reactions were run in triplicate 25 pL
reactions with a no template control on
a BioRad MyiQ Single-color Real-Time PCR
detection system (Biorad, Mississauga, ON),
with a 40-cycle protocol. The differences in
cycle thresholds between the genes of interest
and the reference gene [-actin forward
5CTGTCCCTGTATGCCTCTG3, reverse
5'ATGTCACGCACGATTTCC3', were normal-
ized to the control treatment levels using the
ACt method and graphed using excel.

Statistics. Statistical analyses were done using Graphpad
Prisim 8. All results are shown as mean + SEM. A one-way
ANOVA with Tukey's post hoc comparison was used when
comparing three or more groups with P-values of less than
0.05 taken as showing significant differences between means.

Results

Nondividing WT and BV2 microglia display
increased NO production in the presence of
L-arginine

To correlate the enzymatic activity of iNOS to the
cell-cycle stages of microglia, we performed DAX-
J2 fluorescent imaging to assess the levels of NO
production within individual WT and BV2 micro-
glia in response to the NOS substrate L-arginine
(100 uM), followed by immunocytochemistry to
probe for the cell-cycle markers Ki67 and pH3.
Results demonstrated that after application of
L-arginine, microglia in the GO cell-cycle stage
displayed gradual and sustained production of
NO; while dividing microglia in interphase or
mitosis, which were Ki67- and/or pH3-positive,
displayed a decline in NO production (Figures la
and Figures 1b). Together, this data suggests that
a higher level of NO production occurs in non-
dividing microglia.

Plasma membrane expression of TRPV2 is
decreased in dividing microglia

Considering that NO production is decreased in
actively dividing microglia, and that NO is critical
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Figure 1. Nondividing WT and BV2 microglia display increased NO production in the presence of L-arginine. Left panels:
Changes in DAX-J2 fluorescent intensity with time in response to L-arginine (100 pM) treatment in (@) WT and (b) BV2 microglia
present in GO (blue), interphase (red), and mitotic (green) cell-cycle stages. Right panels: Violin plots depict the area under the NO-
dynamic curve (AUC) as a distribution of all cells. Solid black lines mark the median values while dotted lines indicate the
interquartile ranges for (a) WT and (b) BV2 microglia in GO, interphase, and mitosis respectively. Statistical comparisons were
determined from n = 190 GO WT cells; n = 93 interphase WT cells; n = 63 mitotic WT cells; and n = 353 GO BV2 cells; n = 193
interphase BV2 cells; n = 42 mitotic BV2 cells from multiple imaged fields from N= 4 and N= 5 wells respectively, and p < 0.05 using
a one-way ANOVA and Tukey’s post-hoc comparison between cell-cycle stages. *p < 0.05, **p < 0.01, ****p < 0.0001.

for the plasma membrane expression of TRPV2
[2], we examined whether the subcellular localiza-
tion of TRPV2 changes in murine microglia cell-
cycle stages.

To this end, we conducted immunocytochemistry to probe
for TRPV2, Ki67, pH3, and DAPI in WT, iNOS™", and BV2
microglia. Our confocal microscopy analyses displayed signif-
icantly more localization of TRPV2 proteins on the plasma
membrane versus the cytosol within nondividing microglia
when compared to dividing microglia in interphase or mito-

sis (Figure 2a-c; one-way ANOVA; WT microglia,
F (2,44) = 1048, n = 16 GO, n = 15 interphase, n = 16
mitotic microglia; p = 0.0002; iNOS™~ microglia,

F (2,56) = 8.431; n 16 GO, n = 19 interphase, n = 24

mitotic microglia; p = 0.0006; BV2, F (2,31) = 35.51; n = 9 GO,
n = 11 interphase, n = 14 mitotic microglia; p < 0.0001).
There was no significant difference in the ratio of plasma
membrane versus internal membrane localization of TRPV2
between interphase and mitotic murine microglia, which all
displayed a high internal localization of TRPV2. Importantly,
nondividing iNOS™~ microglia displayed significantly less
plasma membrane versus internal membrane localization of
TRPV2 when compared to nondividing WT and/or BV2 micro-
glia (data not shown; one-way ANOVA; F (2,38) = 4.581;
n=16 GO WI, n = 15 GO iNOS™", n = 9 GO BV2;
p = 0.0165). Together, this data demonstrates that the
plasma membrane localization of TRPV2 is highest in non-
dividing microglia and decreases in dividing microglia, in
accordance with the change in NO production at the differ-
ent cell-cycle stages.
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Figure 2. Plasma membrane expression of TRPV2 is decreased in dividing microglia. Top panels: Representative images of
TRPV2 (purple), Ki67 (gray), pH3 (green), and DAPI (blue) immunostaining, in (a) WT, (b) iNOS™~, and (c) BV2 microglia. Scale bars
represent 10 um. Bottom panels: Violin plots depict plasma membrane/internalized TRPV2 fluorescent intensity (mean arbitrary units
+ SEM) in (a) WT, (b) iNOS™, and (c) BV2 microglia in GO, interphase, or mitosis. Solid black lines mark the median values while
dotted lines indicate the interquartile ranges. Significance was determined from n = 16 GO, n = 15 interphase, and n = 16 mitotic WT
microglia; n = 16 GO, n = 19 interphase, and n = 24 mitotic iNOS™~ microglia; and n = 9 GO, n = 11 interphase, and n = 14 mitotic
BV2 microglia, from at least N= 3 wells and a one-way ANOVA with Tukey’'s post-hoc comparison. **p < 0.01, ***p < 0.001,

*x%kp < 0,0001.

Activation of TRPV2 channels induces differential
levels of calcium influx in microglia at different
cell-cycle stages

We previously demonstrated that the TRPV1-3
agonist 2APB [24] evokes calcium entry into pri-
mary mouse microglia mainly by activation of
TRPV2 channels and not TRPV1 or TRPV3 [2].
To examine the activity level of TRPV2 channels
in different microglial cell-cycle stages, we assayed
the 2APB (250 uM) induced intracellular calcium
levels in WT, iNOS™", and BV2 microglia, and
then carried out immunocytochemistry to probe
for the cell-cycle markers Ki67 and pH3. Results
from these assays revealed that nondividing mur-
ine microglia displayed a significantly larger cal-
cium influx upon 2APB administration in
comparison to dividing microglia in interphase
and/or mitosis (Figure 3a-c; one-way ANOVA;
WT microglia, F (2,737) = 20.61; n = 558 GO,
n = 140 interphase, n = 42 mitotic microglia;
p < 0.0001; iNOS™™ microglia, F (2,276) = 45.76;

= 196 GO, n = 66 interphase, n = 18 mitotic
microglia; p < 0.0001; BV2 microglia,

F (2,609) = 34.33; n = 423 GO, n = 143 interphase,
n = 46 mitotic microglia, p < 0.0001. In addition,
nondividing WT and BV2 microglia displayed
a larger area under the calcium dynamic curve in
comparison to nondividing iNOS™~ microglia.
Together, all available data suggests that nondivid-
ing microglia present with increased calcium
influx through TRPV2 channels when compared
to dividing microglia, which is due to a higher
level of endogenous iNOS/NO signaling that upre-
gulates the plasma membrane expression of
TRPV2 proteins [2].

Pharmacological modulation of TRPV2 channel
activity influences cell-cycle progression in
primary microglia

Next, we examined if the NO-TRPV2 signaling
pathway influences cell-cycle progression of pri-
mary microglia. Specifically, we examined the pro-
portion of WT and iNOS™~ microglia that express
the cell-cycle markers Ki67 and/or pH3 in the
absence (control) and presence of either the slow-
release NO-donor NOCI18, the TRPV2 agonist
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Figure 3. Activation of TRPV2 channels induces differential levels of calcium influx in microglia at different cell-cycle
stages. Left Panels: Changes in rhod-4 fluorescent intensity with time in response to 2APB (250 uM) treatment on (a) WT, (b) iNOS ™",
and (c) BV2 murine microglia in GO, interphase (red trace) and mitosis (green trace). Right Panels: Violin plots depict the area under
the calcium dynamic curve (AUC) in response to 2APB treatment as a distribution of all (a) WT, (b) iNOS™~, and (c) BV2 microglia in
GO, interphase (red), and mitosis (green). Solid black lines mark the median while dotted lines indicate the interquartile ranges for
microglia. Statistical significance was determined from n = 558 GO; n = 140 interphase; n = 42 mitotic WT cells; n = 196 GO; n = 66
interphase; n = 18 mitotic iNOS™™ cells; and n = 423 GO; n = 143 interphase; n = 46 mitotic BV2 cells from N= 4 wells and p < 0.05
using a one-way ANOVA and Tukey's post-hoc comparison. ***p < 0.001, ****p < 0.0001.

probenecid, the TRPV2 antagonist tranilast, or
a combination of NOC18 + tranilast.

Our assays revealed that WT microglia treated with NOC18 or
probenecid resulted in a significantly larger percentage of
nondividing cells that stained for DAPI only (Figures 4a and

Figures 4b; one-way ANOVA; F (4,53) = 49.44; n = 14 control,
n = 10 NOC18, n = 12 probenecid, n = 11 tranilast, n = 11
NOC18 + tranilast; p < 0.0001), and a significantly smaller
percentage of dividing cells that expressed Ki67 and/or pH3
when compared to control microglia (Figures 4c and Figures 4d;
one-way ANOVA; Interphase, F (4,53) = 32.28; n = 14 control,
n = 10 NOC18, n = 12 probenecid, n = 11 tranilast, n = 11
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Figure 4. Pharmacological activation of TRPV2 channels restrict cell-cycle progression in primary WT microglia. (a)
Representative images of Ki67 (gray), pH3 (green), CD11b (yellow), and DAPI fluorescence in WT microglia under control conditions
or treated with NOC18 (100 puM), the TRPV2 agonist probenecid (100 pM) or the TRPV2 antagonist tranilast (75 pM), or a combination
of NOC18 + tranilast for 48hrs. Scale bars represent 100 um. Open arrows point to Ki67* microglia while closed arrows point to pH3*
microglia. Bar graphs report the percentages + SEM of WT microglia having nuclei stained with (b) DAPI alone, (c) DAPI and Ki67, or
(d) DAPI, Ki67, and pH3. Statistical significance was determined from multiple imaged fields from N= 3 wells and p < 0.05 using
a one-way ANOVA and Tukey's post-hoc comparison for each cell-cycle stage separately *p < 0.05, **p < 0.01, ***p < 0.001,

%k < 00001,

NOC18 + tranilast; p < 0.0001; Mitosis, F (4,53) = 21.08;
n = 14 control, n = 10 NOC18, n = 12 probenecid, n = 11
tranilast, n = 11 NOC18 + tranilsst; p < 0.0001). In contrast,
treatment with the TRPV2 channel inhibitor tranilast brought
about a significantly larger percentage of dividing WT micro-
glia that expressed Ki67 and/or pH3 when compared to
control WT microglia (Figures 4c and Figures 4d; one-way
ANOVA; Interphase, F (4,53) = 32.28; p < 0.0001; Mitosis,
F (4,53) = 21.08; p < 0.0001). Notably, WT microglia treated
with both NOC18 and tranilast exhibited a significantly larger
percentage of dividing microglia that expressed Ki67 and/or
pH3 (Figures 4c and Figures 4d; one-way ANOVA; Interphase,
F (4,53) = 32.28; p < 0.0001; Mitosis, F (4,53) = 21.08;

p < 0.0001). These results demonstrate that NO inhibits
microglia cell-cycle progression through TRPV2 channel
activity.

Our assays further demonstrated that iNOS™~ microglia
treated with NOC18 exhibited a significantly larger percen-
tage of nondividing cells (Figures 5a and Figures 5b; one-
way ANOVA; F (4,50) = 20.79; n = 11 control, n = 12 NOC18,
n = 11 probenecid, n = 11 tranilast, n = 10 NOC18 + trani-
last; p < 0.0001), and significantly smaller percentage of
dividing microglia when compared to control (Figures 5c
and Figures 5d; Interphase, F (4,50) = 15.70; n = 11 control,
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n = 12 NOC18, n = 11 probenecid, n = 11 tranilast, n = 10
NOC18 + tranilast; p < 0.0001; Mitosis, F (4,50) = 11.24;
n = 11 control, n = 12 NOC18, n = 11 probenecid, n = 11
tranilast, n = 10 NOC18 + tranilast; p < 0.0001). Activating
or inhibiting TRPV2 channels with probenecid or tranilast,
respectively, had no effect on the percentages of dividing or
nondividing iNOS ™/~ microglia (Figure 5b- d). However,
application of both NOC18 and tranilast significantly
increased the percentage of actively dividing iNOS™~ micro-
glia (Figures 5b and Figures 5¢; Interphase, F (4,50) = 15.70;
p < 0.0001; Mitosis, F (4,50) = 11.24; p < 0.0001). Taken

together, this data demonstrates that iNOS/NO signaling
promotes TRPV2 channel activity to restrict cell-cycle pro-
gression of microglia.

Nuclear localization and expression of NFATC2 in
murine microglia are determined by TRPV2
channel activity

NFATC2 is a calcium-dependent transcription fac-
tor known to negatively regulate proliferation



[25,26]. To examine whether calcium influx
through TRPV2 channels influences microglial
cell-cycle progression and proliferation, we carried
out immunocytochemistry to examine the subcel-
lular localization of NFATC2 in WT and iNOS ™~
microglia and performed immunoblot assays to
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NOC18, probenecid, tranilast, or a combination
of NOCI18 + tranilast (Figure 6). Results from
these assays demonstrated that NOC-18 treatment
significantly increased the nuclear localization of
NFATC2 in WT (Figures 6a and Figures 6b; one-
way ANOVA, F (4,686) = 30.98; n = 165 control,

analyze NFATC2 protein expression in BV2 n = 106 NOC18, n = 192 probenecid, n 131
microglia, in response to treatments with  tranilast, n = 97 NOCI18 + tranilast; p < 0.0001)
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Figure 6. Nuclear localization and expression of NFATC2 in murine microglia are determined by TRPV2 channel activity. (a)
Representative confocal images of NFATC2 (green), CD11b (yellow), and DAPI (blue) fluorescence in WT (Left two panels) and iNOS™
~ (right two panels) microglia under control conditions or treatments with NOC18 (100 uM), probenecid (100 uM), tranilast (75 uM),
or NOC18 + tranilast for 48hrs. Scale bars represent 50 pm. Violin plots depict the ratio of nuclear versus cytoplasmic fluorescence of
NFATC2 in arbitrary units as a distribution of all (b) WT and (c) iNOS™~ microglia under different treatment conditions. Solid black
lines indicate median values while dotted lines indicate interquartile ranges for each treatment condition. (d) top panel: Immunoblot
of NFATC2 protein in control BV2 microglia and in response to NOC18 (100 uM), L-NAME (100 uM), probenecid (100 puM), tranilast
(75 pM), or NOC18 + tranilast. GAPDH protein levels were used as a loading control. Bottom panel: Scatter dot plot reports the
NFATC2 protein expression divided by the GAPDH protein expression and normalized to the control condition (mean + SEM).
Statistical significance for (b) and (c) was determined from n = 165 control WT cells; n = 106 NOC18 treated WT cells; n = 192
probenecid treated WT cells; n = 131 tranilast treated WT cells; n = 97 NOC18 + tranilast treated WT cells; and n = 63 control iNOS™
~ cells; n = 96 NOC18 treated iNOS™~ cells; n = 146 probenecid treated INOS™~ cells; n = 77 tranilast treated iNOS™~ cells; n = 84
NOC18 + Tranilast treated iINOS™" cells from N= 4 wells while statistical significance for (d) was determined from N= 6 wells using
a one-way ANOVA and Tukey’s post-hoc comparison. **p < 0.01, ****p < 0.0001.
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and iNOS™~ microglia (Figures 6a and Figures 6¢;
one way ANOVA, F (4,461) = 23.06; n = 63 con-
trol, n = 96 NOC18, n = 146 probenecid, n = 77
tranilast, n = 84 NOCI18 + tranilast; p < 0.0001),
and increased NFATC2 protein expression within
BV2 microglia (Figure 6d; one way ANOVA,
F (5,30) = 13.18; n = 6, p < 0.0001) when com-
pared to controls. Treating BV2 microglia with the
iNOS inhibitor L-NAME had no substantial effect
on NFATC2 protein expression when compared to
control (Figure 6d). The TRPV2 agonist probene-
cid significantly increased the nuclear localization
of NFATC2 in WT microglia (Figures 6a and
Figures 6b; one-way ANOVA, F (4,686) = 30.98;
p < 0.0001) and the total protein expression of
NFATC2 in BV2 microglia (Figure 6d; one-way
ANOVA, F (530) = 13.18 n = 6 p < 0.0001),
when compared to controls. However, probenecid
had no effect on NFATC2 nuclear localization in
iNOS™~ microglia when compared to controls
(Figures 6a and Figures 6c). Blocking TRPV2
channel activity with tranilast did not affect
NFATC2 nuclear localization in WT and iNOS ™/~
microglia, or protein expression in BV2 cells when
compared to controls (Figure 6). However, trani-
last abolished the NOCI18-induced increased
nuclear localization of NFATC2 in WT and
iNOS™" microglia (Figure 6a-c), and increased
protein expression in BV2 microglia (Figure 6d).
Together, these data imply that NO-facilitated
TRPV2 channel activity induces the nuclear trans-
location and expression of NFATC2 in murine
microglia.

NO-TRPV2 signaling regulates p21 transcription
in WT and iNOS™~ murine microglia

Cell-cycle progression from G1/S and G2/M is
critically controlled by the cyclin-dependent
kinase inhibitor p21. Considering that the gene
expression of p21 is under control by NFATC2
and that the percentage of interphase and mitotic
microglia declined in response to NO or TRPV2
channel activity, we next examined whether the
NO-TRPV2 dependent activation of NFATC2
regulates the mRNA expression of the cyclin-
dependent kinase inhibitor p21 within primary
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Figure 7. NO-mediated TRPV2 signaling regulates p21 tran-
scription in primary WT and iNOS™~ murine microglia.
Scatter dot plots report ACt values as mean + SEM of p21
mRNA in relation to B-actin mRNA within primary (a) WT or
(b) iINOS™~ microglia cultures under control conditions or trea-
ted with NOC18 (100 uM), probenecid (100 pM), tranilast
(75 uM), or NOC18 + tranialst for 48 hrs. Statistical significance
was determined from N= 4 wells using a one-way ANOVA and
Tukey’s post-hoc comparison for WT and iNOS™~ microglia
separately *p < 0.05, **p < 0.01, ***p < 0.001.

microglia. Specifically, we used RT-qPCR to
assay the level of p21 mRNA within WT and
iNOS™~ microglia in response to treatment with
NOCI18, probenecid, tranilast, or NOC18 + trani-
last (Figure 7). Results demonstrated that NOC18
treatment significantly increased the level of p21
mRNA in both WT and iNOS™~ microglia when
compared to their respective control (Figures 7a
and Figures 7b; one-way ANOVA; WT,
F (4,15) = 10.6; n = 4; p = 0.0003; iNOS™"",
F (415) = 6358 n = 4 p = 0.0034).
Importantly, probenecid treatment significantly
increased the p21 expression in WT microglia
(Figure 7a; one-way ANOVA, F (4,15) = 10.6;
n = 4; p = 0.0003), but not in iNOS™~ microglia
(Figure 7b; one-way ANOVA; F (4,15) = 6.358;



n = 4; p = 0.0034). Moreover, tranilast treatment
displayed no significant effect on the levels of p21
mRNA in WT and iNOS™~ microglia when com-
pared to controls (Figures 7a and Figures 7b; one-
way ANOVA; WT, F (4,15) = 10.6; n = 4;
p = 0.0003; iNOS™", F (4,15) = 6.358; n = 4;
p = 0.0034).). However, tranilast abolished the
increased p21 mRNA observed from NOCI18
treatment alone (Figures 7a and Figures 7b).
Together, these data suggest that the NO-
TRPV2-NFATC2 signaling cascade induces tran-
scription of p21 mRNA in primary murine
microglia.

Discussion

An increase of NO is well-known to restrict pro-
liferation of many cell types including microglia
[18,27-30]. We previously reported that murine
microglia possess an NO-sGC-cGMP-PKG sig-
naling cascade that arrests cell-cycle progression
at the GO stage [18]. In the present study, we are
the first to demonstrate a mechanism through
which iNOS/NO signaling regulates the cell-
cycle progression of murine microglia.
Specifically, nondividing murine microglia pro-
duced a higher level of NO, expressed more
TRPV2 channel proteins on the plasma mem-
brane, and displayed more calcium influx
through TRPV2 channels than dividing micro-
glia. Additionally, increasing NO or TRPV2 activ-
ity induced the nuclear translocation of NFATC2
and the transcription of the cyclin-dependent
kinase inhibitor p21.

Microglia uptake L-arginine through the activity of the catio-
nic amino acid transporter-1 [31,32]. The iNOS enzyme cata-
lyzes cytosolic L-arginine into citrulline and NO [18,27-30]. In
this study, we performed DAX-J2 fluorescent imaging before
and after application of L-arginine to measure the production
of NO in murine microglia that were at different cell-cycle
stages. Our assays demonstrated that following administra-
tion of L-arginine, nondividing murine microglia produced
higher levels of NO than that of dividing microglia. The
production of endogenous NO depends on both the avail-
ability of L-arginine within the cell, as well as the activity of
the enzymes that compete to catabolize L-arginine, including
iNOS and arginase [33]. For example, L-arginine can also be
catabolized by arginase into L-ornithine, a non-proteinogenic
amino acid that is important for polyamine production, cell
growth, and proliferation [34-36]. These distinct and
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opposing pathways for L-arginine metabolism may regulate
microglia proliferation and cell division. We have demon-
strated that iNOS activity and NO production are critically
associated with microglia proliferation [18]. However, little is
known about the role of arginase in the regulation of differ-
ent cell-cycle stages. Given the important role of arginase in
promoting cell proliferation [37,38], further studies may
greatly benefit from examining the mechanisms surrounding
L-arginine metabolism in cell-cycle progression.

Calcium signaling must be tightly regulated to properly pro-
gress the cell through the different stages of the cell cycle
[39-41]. We previously showed that NO signals through PKG
to enhance the plasma membrane expression of TRPV2
channels in murine microglia [2]. Consistent with our pre-
vious report, assays in this study demonstrated that nondi-
viding microglia displayed a higher intensity of TRPV2
immunofluorescence on the plasma membrane, and more
calcium influx through TRPV2 channels when compared to
dividing microglia. On the other hand, dividing microglia had
no increase in NO production after application of L-arginine,
and displayed a significantly smaller calcium influx through
TRPV2 channels. It is interesting to note that the amplitude
of calcium influx through TRPV2 channels in WT microglia
was sustained after nine minutes in all cell-cycle stages,
while the calcium influx through TRPV2 channels in iNOS™~
microglia was transient and began to decline after 9 min in
all cell-cycle stages. In regard to this phenomenon, it was
reported that TRPV2 channels are gated by phosphatidylino-
sitol 4,5, bisphosphate (PIP,), a membrane phospholipid [42],
and that catabolism of PIP, is reduced in the presence of NO
[43]. Therefore, the more abundant PIP, in WT microglia may
gate and contribute to the sustained calcium influx through
TRPV2 channels that were observed in WT microglia and not
in iNOS™~ microglia.

The presence of TRPV2 activity in iNOS™~ microglia may be
attributed to the addition of fetal bovine growth serum in the
culture media, as growth factors increase the plasma mem-
brane expression of TRPV proteins [44-46]. Additionally, NO
can regulate mitogenic growth factor receptors and their down-
stream pathways to influence cell proliferation [47,48].
Therefore, the different calcium influx kinetics observed
through TRPV2 channels between WT and iNOS™~ microglia
may stem from the regulation of mitogenic growth factor
receptors and/or PIP, gating of TRPV2 channels by NO
signaling.

It has been reported that TRPV2 channel activity critically
regulates cell proliferation, differentiation, and cancer pro-
gression [19-22,39]. For example, decreased TRPV2 expres-
sion and/or activity enhances astrocyte proliferation and
contributes to glioma growth [20,21,39]. Consistent with
these results, our assays demonstrated that stimulating
TRPV2 channels in WT microglia decreased the percentage
of dividing microglia, whereas inhibiting TRPV2 channels
increased the percentage of dividing microglia when com-
pared to controls. On the other hand, activating or inhibiting
TRPV2 channels in iNOS™~ microglia had no significant effect
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on the percentage of microglia dividing. The diminished
response to the TRPV2 channel modulators on iNOS™~
microglia cell-cycle progression is substantiated by the
reduced plasma membrane expression of TRPV2 channels
observed in iNOS™~ microglia.

We have reported that NO facilitates TRPV2 translocation to the
plasma membrane in murine microglia [2]. Considering that
nondividing microglia displayed larger NO production and ele-
vated calcium influx through TRPV2 channels when compared
to dividing microglia, we examined whether NO restricts cell-
cycle progression by enhancing TRPV2 activity in microglia. Our
assays showed that application of the NO-donor NOC18 or the
TRPV2 channel agonist probenecid significantly decreased the
percentage of dividing WT microglia, while application of the
TRPV2 channel antagonist tranilast increased the percentage of
dividing WT microglia in culture. Moreover, blocking TRPV2
channels in WT microglia not only abolished the NOC18-
induced increase in nondividing cells, but also significantly
increased the percentage of dividing WT microglia in culture.
All these results demonstrate that NO restricts microglia pro-
liferation by enhancing TRPV2 channel activity.

Although application of 2APB evoked a transient calcium
influx through TRPV2 channels in iNOS™~ microglia, treat-
ment with a selective TRPV2 agonist or antagonist had no
effect on the cell-cycle progression of iNOS™~ microglia.
These results indicate that the lack of endogenous NO sig-
naling in murine microglia leads to inadequate TRPV2 chan-
nel activity that does not alter cell-cycle progression. It is
important to note that application of the NO-donor NOC18
still significantly increased the percentage of nondividing
iNOS™~ microglia in culture. However, blocking TRPV2 chan-
nels in iNOS™~ microglia not only abolished the NOC18-
induced increase in nondividing cells, but unexpectedly
increased the percentage of dividing iNOS™~ microglia
when compared to controls. These results demonstrate
a complex role of endogenous iINOS/NO signaling in micro-
glia proliferation that requires further studies. For example, it
is reported that NO-induced nitrosylation of Cys''® of
p21RAS, a protein that promotes cell-cycle progression and
cell proliferation, enhanced the proliferation of human breast
cancer cells [49,50]. Therefore, in addition to activating the
PKG-TRPV2 signaling cascade to inhibit proliferation in micro-
glia, exogenous NO may also enhance the cell-cycle progres-
sion of microglia through an alternative secondary
mechanism that is independent of PKG-TRPV2 signaling,
like we previously observed [18].

It is reported that TRPV2 channel activity negatively regulates
proliferation and enhances cell differentiation through the
activation of NFAT transcription factors [51-54]. Specifically,
calcium influx through TRPV2 channels induces calmodulin-
dependent activation of calcineurin and dephosphorylation,
activation, and nuclear translocation of NFATs in osteoclast
differentiation [51]. Along those lines, activation of TRPV2
channels increases differentiation of brown adipose tissue

[55], and inhibits proliferation of astrocytes and gliomas
[20-22]. Importantly, the most abundant NFAT isoform in
microglia is NFATC2 [56]. NFATC2 promotes differentiation
[54] and cell-cycle arrest by decreasing the expression of
cyclin-dependent kinase-4 [57] and cyclin-A2 [26,52], and
by increasing the expression of the cyclin-dependent kinase
inhibitor p21 [53,58]. Therefore, we examined NFATC2 sub-
cellular localization and p21 mRNA expression to understand
the mechanism by which NO-TRPV2 signaling restricts micro-
glia cell-cycle progression.

In the present study, we observed that NOC18 treatment on
primary microglia and BV2 cells significantly increased
NFATC2 nuclear localization and protein expression when
compared to controls, respectively. Additionally, agonizing
TRPV2 channels on WT and BV2 microglia increased
NFATC2 nuclear localization and protein expression when
compared to controls, respectively. In contrast, agonizing
TRPV2 channels on iNOS™~ microglia did not significantly
influence NFATC2 nuclear translocation, likely due to the
decreased TRPV2 plasma membrane expression observed in
iNOS™~ microglia. Furthermore, antagonizing TRPV2 channels
in the presence of NOC18 had no effect on NFATC2 nuclear
localization, or protein expression in BV2 microglia.
Furthermore, our assays demonstrated that NFATC2 nuclear
translocation in murine microglia was associated with
increased transcriptional levels of p21, a potent cyclin-
dependent kinase inhibitor that arrests cell-cycle progression
in GO [58].

In summary, we have demonstrated for the first time that
nondividing microglia in GO displayed higher levels of NO
production, plasma membrane expression of TRPV2, calcium
influx through TRPV2 channels, NFATC2 nuclear localization,
and transcription of p21. As illustrated in Figure 8, we
proposed a molecular mechanism by which NO restricts
the cell-cycle progression of murine microglia. Briefly,
microglia in GO produce an elevated level of NO that signals
through the classical PKG signaling cascade to promote
TRPV2 translocation to the plasma membrane [2]. The
increased calcium influx through TRPV2 channels activates
the calmodulin-dependent phosphatase calcineurin that
dephosphorylates and activates NFATC2 [53]. Activated
NFATC2 translocates into the nucleus to initiate the tran-
scription of the cyclin-dependent kinase inhibitor p21 [58],
which results in cell-cycle arrest [58]. In contrast, reduced
iNOS/NO signaling enhances microglia proliferation and this
excessive microglia proliferation may contribute to the
pathological progressions of certain neurological diseases
such as glioma [5,11-13].
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Figure 8. Proposed molecular mechanism by which NO-signaling restricts microglial cell-cycle progression. (1) Microglia
produce L-arginine as a product of the urea cycle or take up exogenous L-arginine through the activity of the cationic amino acid
transporter-1 (CAT1). iNOS activity in microglia catabolizes the substrate L-arginine into citrulline and NO. NO binds and activates
sGC to produce cGMP, which binds and activates PKG. (2) PKG activity in combination with PI3K induce the trafficking of TRPV2 ion
channels from the ER/Golgi to the plasma membrane as previously described [2]. (3) Calcium influx through TRPV2 channels
promote calcium-calmodulin binding to the phosphatase calcineurin. (4) Activated calcineurin dephosphorylates NFATC2. (5)
Activated NFATC2 translocates from the cytoplasm to the nucleus. (6) NFATC2 in the nucleus promotes transcription of the cyclin
dependent kinase inhibitor p21 and inhibits microglial proliferation.
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