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ORIGINAL RESEARCH ARTICLE

Microglial Activation Induced by the Alarmin
S100B is Regulated by Poly(ADP-ribose)
Polymerase-1

Jianguo Xu,'? Handong Wang,1 Seok Joon Won,? Jayinee Basu,’ David Kapfhamer,2 and
Raymond A. Swanson?®

Brain injury resulting from stroke or trauma can be exacerbated by the release of proinflammatory cytokines, proteases, and
reactive oxygen species by activated microglia. The microglial activation resulting from brain injury is mediated in part by alar-
mins, which are signaling molecules released from damaged cells. The nuclear enzyme poly(ADP-ribose) polymerase-1 (PARP-
1) has been shown to regulate microglial activation after brain injury, and here we show that signaling effects of the alarmin
S100B are regulated by PARP-1. S100B is a protein localized predominantly to astrocytes. Exogenous S100B added to prima-
ry microglial cultures induced a rapid change in microglial morphology, upregulation of IL-18, TNFa, and iINOS gene expres-
sion, and release of matrix metalloproteinase 9 and nitric oxide. Most, though not all of these effects were attenuated in
PARP-17" microglia and in wild-type microglia treated with the PARP inhibitor, veliparib. Microglial activation and gene
expression changes induced by S100B injected directly into brain were likewise attenuated by PARP-1 inhibition. The
anti-inflammatory effects of PARP-1 inhibitors in acutely injured brain may thus be mediated in part through effects on S100B
signaling pathways.

GLIA 2016;00:000-000
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Introduction
Microglia, the primary immune cells in brain, normally

exist in a “resting” state with highly branched processes.
When activated, they retract these processes and release proin-
flammatory cytokines, reactive oxygen species, and proteases
(Banati et al., 1993; Ransohoff and Perry, 2009). This evolu-
tionarily conserved response is likely a first line of defense
against the microbial infections that commonly accompany
tissue injury. However, activated microglia can also kill neu-
rons and other neighboring cells (Chao et al., 1992; Kauppi-
nen and Swanson, 2005; Lehnardt, 2010; Zhang et al.,
2003), such that acute microglial activation can have a net
deleterious effect in conditions such as closed head trauma
and stroke.

Microglial activation in response to several stimuli
is regulated by the nuclear enzyme poly(ADP-ribose)
polymerase-1 (PARP-1). When activated by DNA damage,

cytokine signaling, or other factors, PARP-1 forms branched
ADP-ribose chains on target proteins (Gibson and Kraus,
2012). These polymers affect interactions between the target
proteins and other proteins and form a scaffold for other pro-
tein—protein interactions. PARP inhibitors have potent anti-
inflammatory effects (Weltin et al., 1995), and these anti-
inflammatory effects can improve outcomes after experimental
stroke and brain trauma (d’Avila et al., 2012; Kauppinen
et al., 2009; Stoica et al., 2014). The PARP inhibitors include
minocycline (Alano et al., 2006), which is now widely used
to suppress microglial activation (Chen et al., 2014; Zhang
et al.,, 2003). The mechanism by which PARP-1 inhibitors
suppresses inflammatory responses has not been fully resolved,
but likely involves regulation of the activity of proinflamma-
tory transcription factors (Bai and Virag, 2012; Gibson and
Kraus, 2012; Ha et al., 2002; Hassa and Hottiger, 1999;
Kauppinen et al., 2013; Kauppinen and Swanson, 2005;
Martinez-Zamudio and Ha, 2014). In addition to PARP-1,
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mammalian cells also express other PARP isoforms. Though
less abundant than PARP-1, these other PARPs may also
influence cellular inflammatory responses (Kamboj et al.,
2013; Phulwani and Kielian, 2008).

Most of what is now known about microglial activation
comes from studies in which the bacterial cell wall constituent
lipopolysaccharide (LPS) was used as a stimulus; however,
LPS usually has no role in the initial brain response to brain
injury. Instead, the rapid microglial activation induced by
stroke or trauma is thought to result from the actions of alar-
mins, which are signaling molecules released from cells by tis-
sue damage (Bianchi, 2007). Microglial detection and
response to alarmins differs in many respects from microglial
detection and response to LPS (Adami et al., 2001; Bianchi,
2007; Lehnardt, 2010). Two alarmins known to be released
in brain injury are the high mobility group box 1 protein
(HMGBI1) and the calcium-binding protein B (S100B).
HMGBI is a non-histone DNA binding protein that is ubiq-
uitously expressed by eukaryotic cells. S100B is expressed
most abundantly by astrocytes and is implicated in regulation
of astrocyte shape and cytosolic calcium concentration (Haya-
kata et al., 2004). Both HMBG1 and S100B can induce
aspects of microglial activation (Bianchi et al., 2010; Kabadi
et al., 2015; Lee et al., 2014).

Given the robust effect of PARP-1 inhibitors on micro-
glial activation in conditions such as stroke and head trauma,
where bacterial infection is rarely a factor, the present study
aimed to identify alarmins whose effects may be influenced
by PARP-1. Our findings show that S100B has potent effects
on microglia 77 vitro and in situ, and that these effects are
attenuated by PARP-1 inhibition.

Materials and Methods

Animals

Studies were approved by the San Francisco Veterans Affairs Medical
Center animal studies committee and follow the NIH guidelines for
humane care of animals. PARP-1~'" mice were initially obtained
from the Jackson Laboratory (Bar Harbor, ME) and subsequently
bred for more than 10 generations onto the C57BL/6 background.
Wild-type C57BL/6 mice were obtained from Simonsen Labs (Gil-
roy, CA). Studies using adult mice employed males, age 3—4 months.
Animals were housed on a 12-h light/dark cycle with free access to

food and water.

Reagents

Human recombinant high-mobility group box 1 (HMGBI1) and
IFN-y were acquired from Biolegend (San Diego, CA). Mouse
recombinant S100 calcium-binding protein B (S100B) was obtained
from ProSpec (East Brunswick, NJ). Cell culture reagents were
obtained from Invitrogen (Carlsbad, CA) and Corning (Corning,
NY). High pure RNA isolation and Transcriptor First Strand cDNA

Synthesis kits were acquired from Roche (Basel, Switzerland), and

SYBR Green PCR Master Mix from Life technologies (Carlsbad,
CA). The antibodies used in this study were as follows: anti Iba-1,
Abcam #ab107159 (Cambridge, MA); anti f-actin, Cell Signaling
#8H10D10 (Danvers, MA); anti-MMP9 for western blots, EMD
Millipore #AB19016 (Hayward, CA); anti MMP9 for immunofluo-
rescence, Cloud-Clone #PAA553Mu02 (Houston, TX); goat anti-
rabbit IgG and horse anti-mouse IgG, Vector Laboratories #P1-1000
and #PI-2000 (Burlingame, CA); rabbit anti-goat IgG and donkey
anti-rabbit IgG, Thermo Fisher Scientific #A-11080 and #A-21206
(Waltham, MA). Protein concentrators and Griess reagent were pro-
cured from Thermo Fisher Scientific (Waltham, MA). Veliparib
(ABT-888) was obtained from Enzo (Farmingdale, NY), and all oth-
er reagents were purchased from Sigma-Aldrich (St. Louis, MO).

Primary Microglia and Astrocyte Cultures

Mixed astrocyte-microglia cultures were prepared from whole brains
of 1-day-old mouse pups as previously described (Kauppinen et al.,
2008). After 2-3 weeks, the flasks were gently shaken by hand and
the floating microglia were re-plated in MEM supplemented with
2.5% FBS. The microglia cultures were maintained at 37°C in an
incubator with a physiological gas mixture (5% CO,, 6% O,, and
89% N,) and used for experiments at Days 2-3 after re-plating. To
generate astrocyte cultures without microglia, the cultures were
treated with 25 pM cytosine fi-D-arabinofuranoside for 48 h when

the astrocytes reached confluency.

mRNA Quantification

Total RNA was extracted from cultured cells or mice brain tissue
using the High Pure RNA Isolation kit (Roche) and immediately
reverse transcribed to ¢cDNA with a ¢cDNA Synthesis Kit (Thermo
Fisher). Samples were analyzed in triplicate. The primers were
designed according to Pubmed GenBank and synthesized by Eurofins
Genomics. The primer sequences were as follows: GAPDH, f: GGG
TGTGAACCACGAGAAAT; r: CCTTCCA-CAATGCCAAAGTT;
IL-1b, £ CGACAAAATACCTGTGGCCT; 1 TTCTTTGGG
TATTGCTTGGG; TNF-a, f: TCGTAGCAAACCACCAAGTG; r:
TTGTCTTTGAGATCCATGCC; iNOS, f: GTTCTCA -GCCCAA-
CAATACAAGA; 1 GTGGACGGGTCGATGTGTCAC. Quantita-
tive real-time PCR analysis was performed with an Mx3000P system
(San Diego, CA), using SYBR Green to measure double strand DNA
content. A dissociation step was added at the end of the PCR to con-
firm the amplification of a single product. The transcript level of each
gene was normalized to the GAPDH mRNA in the same sample
using the 2 —AACT ethod (Livak and Schmittgen, 2001).

Microglial Activation Scoring

Three randomly selected fields were photographed in each culture
well by an observer blinded to the experimental conditions, and the
soma diameter was measured in each cell by a second observer.
Experiments were performed using triplicate wells in each of three

independent culture preparations per condition.

Matrix Metalloproteinase 9 (MMP9) Release
Culture medium was collected after 24 h incubation under the des-

ignated conditions and concentrated from 6 mL to 50 pL by
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centrifugation in protein concentrators (Thermo Fisher). The cell
layer was lysed with radioimmunoprecipitation assay buffer contain-
ing protease inhibitors. The cell lyates and concentrated medium
were mixed with loading buffer, incubated at 100°C for 10 min,
electrophoresed on 10% SDS-PAGE gels, and transferred onto poly-
vinylidene difluoride (PVDF) membranes. After incubation in 5%
skim milk in Tris-buffered saline with 0.5% Tween 20 (TBST) at
room temperature for 2 h, membranes were incubated overnight at
4°C with MMP9 antibody at 1:2,000 dilution and with f-actin anti-
body at 1:5,000 dilution. The membranes were then washed and
incubated in secondary antibodies for 2 h at room temperature.
Bands were visualized using enhanced chemiluminescence imaging.

Nitric Oxide Production

Culture medium was collected after 24 h incubations under the des-
ignated conditions and centrifuged to remove cell debris. Samples
were combined with Griess reagent to complex nitrite, and OD was

measured at 540 nm. Values were calibrated to nitrite standards pre-
pared in MEM.

Needle Track Injury and S100B

Intracerebral Injection

S100B was prepared in saline vehicle and injected into the striatum,
500 ng in 2 microliters of saline over 5 minutes, using a stereotaxic
injector (Stoelting, Wood Dale, IL) with the animals under isoflurane/
nitrous oxide anesthesia. Injection coordinates (relative to the bregma)
were 1.0 mm anterior, 1.9 mm lateral, and 3.5 mm deep. Needle track
injuries were induced with saline vehicle injections alone.

Brain Tissue Preparation

For immunostaining studies, the animals were euthanized 1 or 3
days after injections and perfusion fixed with 4% buffered formalde-
hyde. Brains were removed, postfixed in 4% buffered formaldehyde,
cyroprotected in 20% sucrose, and stored at —80°C before use. For
mRNA analysis, the animals were euthanized 4 or 24 h after S100B
injection and perfused with ice-cold saline. The brains were
removed, coronally bisected 3 mm posterior to the injection site.
The striata were dissected free on ice and stored at —80°C.

Immunostaining

Coronal brain sections, 40 pum thick, were collected from 2 mm
anterior to 2 mm posterior to the injection site. Sections were
immunostained in parallel and photographed with a confocal micro-
scope under uniform conditions. For the quantification of Iba-1
intensity, measurements were made on six evenly spaced sections
spanning the injection sites. Photographs were taken 200 um from
the needle track in studies of needle track injury, and at the lateral
edge of the striatum (>2 mm from the needle track) for studies
using S100B injection. Iba-1 expression level in each photographed
area was calculated by multiplying the area of Iba-1 staining by the
intensity of Iba-1 staining, using the NIH Image] program as
described previously (d’Avila et al., 2012).

Statistical Analysis
Values are presented as means = SEM. The “#” values denote the
number of animals or, for cell culture studies, the number of
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FIGURE 1: PARP inhibition suppresses microglial activation
induced by brain trauma. A. Representative photomicrographs of
Iba-1 staining in microglia adjacent to sites of needle insertion
injury. Mice were treated i.p. with the PARP inhibitor PJ34 (15
mg/kg) or saline vehicle immediately after needle injury and at
24-h intervals until brain harvest 72 h after injury. Microglia in
mice treated with PJ34 showed smaller soma, longer processes,
and reduced Iba-1 expression. B. Quantification of Iba-1 immu-
nostaining intensity, n=3; *P<0.05. C. Diagram shows the loca-
tions of photographed areas (red box) and needle track (green
arrow). Scale bar=50 um. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

independent experiments. Each independent experiment used cells
from different mice and was repeated in triplicate culture wells. Sta-
tistical analyses were performed with ANOVA followed by the
Tukey—Kramer test where multiple groups were compared to one
another, or Dunnett’s test where multiple groups are compared to a

common treatment group.

Results

Consistent with prior reports, we found that brain trauma
(here produced by needle penetration) induced microglial
activation in the surrounding brain tissue and that this
response could be suppressed by a PARP-1 inhibitor (Fig. 1).
As a first step in evaluating the role of alarmins in this pro-
cess, we measured proinflammatory gene expression changes
induced by HMGB1, S100B, or LPS (as a positive control)
in cultured microglia. LPS produced a concentration-
dependent increase in each of the three mRNA species evalu-
ated; interleukin-1 £ (IL-1b), tumor necrosis factor o
(TNFo), and inducible nitric oxide synthase (iNOS) (Fig.
2A). Both HMGBI1 and S100B also increased expression of
these mRNA species, with S100B being the more potent and
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FIGURE 2: Alarmins upregulate proinflammatory gene expression in cultured microglia. mRNA levels were measured after 4-h incuba-
tions with the designated stimulus. A. Effects of LPS on gene expression. B,C. Effects of HMGB1 and S100B on gene expression,
expressed relative to that induced by 1 ng/mL LPS. n>3; *P<0.05, **P<0.01 vs. control. D. Lysates of astrocyte cultures mimic the

effect of S100B. n=3; **P<0.01.

effective agent (Fig. 2B,C). The effects of S100B at 200 ng/
mL were comparable to those induced by 1 ng/mL LPS,
and the effects of 2,000 ng/mL S100B were in all cases
greater than the maximal effects achieved with LPS (Fig.
2C). This result confirms that the effects of S100B are not
caused by LPS contamination of the recombinant protein.
As the effects of HMGB1 were much less robust, we

focused on S100B for the remainder of the studies and used
the 200 ng/mL (~ 10 nM) concentration. S100B in brain
is localized primarily to astrocytes (Adami et al., 2001;
Donato et al., 2012); consistent with this, microglia exposed
to lysed cultured astrocytes responded with changes in gene
expression similar to those induced by recombinant S100B
(Fig. 2D).
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FIGURE 3: PARP-1 inhibition attenuates the proinflammatory gene expression changes induced by S100B. A. Effects of the PARP inhibi-
tor veliparib (5 M) on gene expression changes induced by 200 ng/mL S$100B. B. Effects of PARP-17" genotype on gene expression

changes induced by 200 ng/mL S100B. n=3, *P<0.05, **P<0.01.

PARP Inhibition Attenuates the Gene Expression
and Morphology Changes Induced by S100B

To evaluate the role of PARP-1 in the gene expression
changes induced by S100B, we used both the PARP inhibitor
veliparib and microglia from PARP-1"" mice. Veliparib
reduced, but did not eliminate, the effect of S100B on IL-1f,
TNFo, and iNOS gene expression (Fig 3A). A very similar
pattern was observed in PARP-17"" microglia (Fig. 3B).
Microglia exposed to S100B also underwent process retraction
and soma enlargement, characteristic of an activated morphol-
ogy, in a manner and rate similar to that induced by LPS
(Fig. 4A,B). These changes, like the gene expression changes,
were attenuated but not eliminated by both veliparib and in
PARP-1"" microglia (Fig. 4C,D)

Effects of PARP-1 Inhibition on MMP9 and Nitric
Oxide Release

Microglial release of matrix metalloproteinase-9 (MMP9) and
nitric oxide can have cytotoxic effects may thus directly con-
tribute to secondary injury after brain trauma. Microglia
incubated with S100B for 24 h exhibited a roughly 2-fold
increase in MMP9 release and 10-fold increase in nitric oxide
release (as assessed by nitrite accumulation). These increases
were attenuated in PARP-17" cells (Fig. 5B,D), though not
significantly reduced by veliparib (Fig. 5A,C). Note that for
the studies of nitric oxide release, S100B was co-incubated
with 20 ng/mL IFNy. S100B alone and IFNy alone had no
measurable effect (not shown). LPS likewise required co-
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incubation with IFNy to induce NO release. This is consis-
tent with prior reports (Bianchi et al., 2010; Kabadi et al.,
2015), and may reflect a “priming” effect of factors present

in situ but not present in the cell culture system.

PARP-1 Inhibition Attenuates S100B-Induced
Microglial Activation In Vivo

S100B injected directly into brain (striatum) induced a robust
change in microglial morphology and increase in Iba-1
expression throughout the striatum (Fig. 6). These microglial
changes were attenuated both in PARP-1"" mice and in wild-
type mice treated with veliparib. S100B injections also pro-
duced a robust increase in MMP9 immunoreactivity in brain,
which was reduced in PARP-17" mice (Fig. 6F). The MMP9
signal was not exclusively co-localized with Iba-1, likely
reflecting the fact that this is a secreted protein. We also mea-
sured proinflammatory mRNA levels in wild-type and PARP-
17" mice after S100B injection. The increases (relative to
saline injections) were relatively small at 4 h after S100B
injections, but much larger at 24 h (Fig. 7). The increases of

all three mRNA species examined were attenuated in the

PARP-1"" mice.

Discussion

Our results show that S100B is a potent and effective stimu-
lus for microglial activation. In primary microglial cultures,
S100B induced a rapid change in microglial morphology,
upregulation of IL-1f5, TNFo, and iNOS gene expression and
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FIGURE 4: PARP-1 inhibition attenuates the microglial morphology changes induced by S100B. Phase contrast micrographs show micro-
glia after incubation with LPS (A) or S100B (B). Representative of three experiments; scale bar =50 um. The effects of S100B were atten-

uated by the PARP inhibitor veliparib and in PARP-1" microglia (C,D). n=3, *P<0.05, **P<0.01. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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with 20 ng/mL IFN-y. For all panels n=3, ** P<0.01.

stimulated release of MMP9 and nitric oxide. Most, though
not all of these effects were attenuated in both PARP-17
microglia and in wild-type microglia treated with the PARP
inhibitor veliparib. S100B injected directly into brain similar-
ly induced microglial morphology changes and upregulated
proinflammatory gene expression, and these effects were like-
wise attenuated in PARP-1"" mice.

Recombinant S100B added to microglial cultures
increased proinflammatory gene expression in a dose-
dependent manner. LPS, used as a positive control, also
increased proinflammatory gene expression and did so more
potently (at lower concentrations) than S100B; however, the
maximal effect of S100B on the expression of all three proin-
flammatory genes far exceeded the maximal effect achieved by
LPS. These observations confirmed that the effects of S100B
were not simply due to LPS contamination of the recombi-
nant S100B protein, and showed that the capacity for S100B
to induce microglial reaction is greater than that of LPS. For
most cell culture studies, we used an S100B concentration
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that produced roughly 50% of the maximal effect on these
gene expression changes (200 ng/mL; ~10 nM). The actual
extracellular concentrations of S100B after brain injury are
unknown, but measured S100B concentrations in human
CSF after severe brain trauma are well above this range
(Brandner et al., 2013; Hayakata et al., 2004).

MMP9 and nitric oxide can both be cytotoxic to neigh-
boring cells, and may thereby contribute to secondary injury
after brain trauma and stroke. Our findings also showed that
S100B induces MMP9 and nitric oxide release from primary
microglia, and that this effect is blocked in PARP-17" cells.
Moreover, direct injection of S100B into wild-type mouse
brains activated microglial morphology, upregulated of proin-
flammatory gene expression, and increased MMP9 release, all
of which were attenuated in PARP-17" mice.

Bianchi et al. (2010) previously showed that S100B
stimulates cell migration and upregulates chemokine expres-
sion in the BV2 cell line. Our results are consistent with these
findings, but were obtained with substantially lower S100B
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concentrations. This may because our studies used primary
microglia rather than BV2 cells, or because we took other
measures, including culture at a physiological (6%) oxygen
tension, to limit the baseline level of cell activation.

Cells from PARP-1"" mice have no known deficit in
other PARP family member expression, but could have other
developmental changes in response to PARP-1 deficiency.
PARP inhibitors and PARP-1 gene deletion may also have
differing effects on cell physiology (Shen et al., 2015). The
use of a PARP inhibitor and PARP-1"" cells in the present
studies thus provide complementary outcome measures. The
PARP inhibitor veliparib is currently being used in phase III
clinical trials as a cancer therapeutic, in part because it has
excellent brain penetration and long functional half-life (Li
et al., 2011; Wagner, 2015). Veliparib does, however, also
inhibit other PARP isoforms (Passeri et al., 2015). The gene
expression changes induced by S100B in our studies were
attenuated similarly by veliparib and PARP-1"" gene deficien-
cy, but the effect of veliparib on nitric oxide release and
MMP9 release was much less than in PARP-17" cells. Though
our findings do not identify the reason for this difference, it
is possible that the long (24 h) incubation times required for
the NO and MMP9 release measurements affected veliparib
stability or permitted development of secondary autocrine
influences. development of secondary autocrine influences.

The effects of PARP-1 and S100B on inflammatory
responses are likely both mediated through effects on proin-
flammatory transcription factors. PARP-1 may promote tran-
poly(ADP-
ribosyl)ation or by indirect effects mediated by changes in

scription  factor  activity, either by direct
chromatin structure (Martinez-Zamudio and Ha, 2014), pol-
y(ADP-ribose) polymer signaling in the extracellular space
(Krukenberg et al., 2015), or release of HMGBI into the
extracellular space (Ditsworth et al., 2007). S100B signaling
similarly promotes the activity of proinflammatory transcrip-
tion factors, and evidence suggests that this occurs through
activation of Receptors for Advanced Glycation End-products

(RAGE) (Bianchi et al., 2010; Donato et al., 2012, but see
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also Kabadi et al., 2015). More indirect S100B proinflamma-
tory effects are also possible, for example, by S100B induc-
tion of chemokine release from microglia or astrocytes and
subsequent triggering of proinflammatory cascades (Bianchi
et al., 2010; Villarreal et al., 2014). Extracellular receptor
kinase (ERK) is activated by RAGE ligands (Ott et al., 2014)
and is also a regulator of PARP-1 activity (Kauppinen et al.,
2006; Vuong et al., 2016), thus providing one potential site
of direct crosstalk between the PARP-1 and S100B signaling
pathways.

Though much of what is known about microglial acti-
vation comes from studies using LPS as a stimulus, this is
rarely a significant factor in stroke or brain trauma. The pre-
sent work identifies several microglial responses to the endog-
enous alarmin S100B, including release of the cytotoxic
protease MMP9 and shows that these effects are modulated
by PARP-1. The findings thus identfy cytotoxic S100B-
induced microglial responses as a target amenable to PARP
inhibition.
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