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Neurobiology of Disease

Inflammatory Mediators Alter the Astrocyte
Transcriptome and Calcium Signaling Elicited by Multiple
G-Protein-Coupled Receptors

Mary E. Hamby,' Giovanni Coppola,>* Yan Ao,' Daniel H. Geschwind,>* Baljit S. Khakh,'* and Michael V. Sofroniew’
Departments of Neurobiology, 2Neurology, *Physiology, and “Semel Institute for Neuroscience and Human Behavior, David Geffen School of Medicine,
University of California Los Angeles, Los Angeles, California 90095-1763

Inflammation features in CNS disorders such as stroke, trauma, neurodegeneration, infection, and autoimmunity in which astro-
cytes play critical roles. To elucidate how inflammatory mediators alter astrocyte functions, we examined effects of transforming
growth factor-B1 (TGF-B1), lipopolysaccharide (LPS), and interferon-gamma (IFNvy), alone and in combination, on purified,
mouse primary cortical astrocyte cultures. We used microarrays to conduct whole-genome expression profiling, and measured
calcium signaling, which is implicated in mediating dynamic astrocyte functions. Combinatorial exposure to TGF-£31, LPS, and
IFN significantly modulated astrocyte expression of >6800 gene probes, including >380 synergistic changes not predicted by
summing individual treatment effects. Bioinformatic analyses revealed significantly and markedly upregulated molecular net-
works and pathways associated in particular withimmune signaling and regulation of cell injury, death, growth, and proliferation.
Highly regulated genes included chemokines, growth factors, enzymes, channels, transporters, and intercellular and intracellular
signal transducers. Notably, numerous genes for G-protein-coupled receptors (GPCRs) and G-protein effectors involved in calcium
signaling were significantly regulated, mostly down (for example, Cxcr4, Adra2a, Ednra, P2y1, Gnaol, Gng7), but some up (for
example, P2y14, P2y6, Ccrl2, Gnb4). We tested selected cases and found that changes in GPCR gene expression were accompanied
by significant, parallel changes in astrocyte calcium signaling evoked by corresponding GPCR-specific ligands. These findings
identify pronounced changes in the astrocyte transcriptome induced by TGF-31, LPS, and IFNy, and show that these inflammatory
stimuli upregulate astrocyte molecular networks associated with immune- and injury-related functions and significantly alter

astrocyte calcium signaling stimulated by multiple GPCRs.

Introduction

Both inflammation and reactive astrogliosis are features of many
CNS disorders including stroke, trauma, neurodegeneration, in-
fection, and autoimmunity (Lucas et al., 2006; Barres, 2008; So-
froniew and Vinters, 2010), yet how their interactions influence
one another is not well understood. Astrocytes produce and
respond to numerous molecules involved in immune and
inflammatory signaling, including chemokines, cytokines,
growth factors, and many small molecules (Eddleston and
Mucke, 1993; John et al., 2003; Lovatt et al., 2007; Cahoy et al.,
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2008; Sofroniew, 2009; Zamanian et al., 2012). Nevertheless, the
roles that astrocytes play during CNS immune and inflammatory
responses, and the effects of inflammatory mediators on astro-
cyte functions, are not well defined.

During CNS inflammation, multiple cell types can produce
multiple inflammatory mediators. Combinatorial interactions
of inflammatory signaling molecules are becoming recognized
as able to provide unique instructions to specific cells, as dem-
onstrated for certain immune cells (Korn et al., 2009). In con-
trast, combinatorial effects of multiple inflammatory
mediators on astrocytes are unclear. In this study, we (1) de-
termined the combinatorial effects of several representative
inflammatory mediators on astrocyte gene expression profiles
in vitro, (2) used bioinformatic data analyses to look for
changes that might impact on specific astrocyte functions, and
(3) examined the functional consequences of certain gene ex-
pression changes.

As representative inflammatory mediators we examined
transforming growth factor-B1 (TGF-B1), a cytokine pro-
duced during CNS inflammation in many disorders (Lind-
holm et al., 1992; Krupinski et al., 1996; Ata et al., 1997;
Swardfager et al., 2010; Friedman and Dingledine, 2011), and
lipopolysaccharide (LPS) and interferon-gamma (IFNvy),
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which are canonical innate inflammatory mediators used ex-
tensively to study cellular responses to inflammation (Raetz
and Whitfield, 2002; Schroder et al., 2004; Daginakatte et al.,
2008). Microglial production of factors like IFN+y upregulate
expression of toll-like receptors in astrocytes (Holm et al.,
2012). There are numerous contexts in vivo during CNS dis-
orders in which astrocytes are exposed to combinations of
TGF-B1 and innate inflammatory mediators such as LPS and
IFNvy. We have shown previously that TGF-£1 enhances the
LPS and IFNy-induced expression of inducible nitric oxide
synthase (iNOS) or cyclooxygenase-2 in astrocytes (Hamby et
al., 2006a, 2008, 2010).

Here, we asked how these inflammatory mediators, alone and
in combination, might alter astrocyte functions by modulating
entire gene expression profiles. We conducted genome-wide mi-
croarray profiling and bioinformatic analyses (Coppola et al.,
2009; Coppola, 2011) on well characterized preparations of pu-
rified primary astrocyte cultures (Hamby et al., 2006b) exposed
to TGF-B1, LPS, and IFNy alone and in combination. Expression
levels of many genes, molecular networks, and functional path-
ways were significantly altered. Our attention was drawn partic-
ularly to changes in numerous G-protein-coupled receptors
(GPCRs) and their intracellular effectors because of the potential
impact on astrocyte functions. Changes in GPCRs are implicated
in various inflammatory conditions (Lattin et al., 2007) and GP-
CRs play central roles in astrocyte calcium signaling. Astrocytes
display spontaneous and ligand-evoked intracellular calcium
concentration ([Ca**],) increases that represent a form of astro-
cyte excitability, and signaling via changes in astrocyte [Ca®"];is
under investigation as a means of mediating dynamic astrocyte
functions, including interactions with synapses and regulation of
blood flow (Verkhratsky et al., 1998; Iadecola and Nedergaard,
2007; Barres, 2008; Attwell et al., 2010; Halassa and Haydon,
2010). We therefore evaluated astrocyte calcium signaling evoked
by ligands of various GPCRs and found that changes in gene
expression induced by combinatorial inflammatory treatment
were accompanied by parallel changes in ligand-evoked [Ca*™];
increases.

Materials and Methods

Astrocyte culture. Primary astrocyte cultures were prepared from cerebral
cortices of postnatal (1-3-d-old), male and female C57BL/6 mice as pre-
viously described (Hamby et al., 2006a,b). In brief, plating media con-
sisted of L-glutamine-free DMEM (Invitrogen) supplemented with 10%
fetal bovine serum (Hyclone), 10% calf serum (CS; Hyclone), 2 mm
L-glutamine, 50 IU/ml penicillin, 50 ug/ml streptomycin, and 10 ng/ml
epidermal growth factor (R&D Systems). Upon confluence, astrocyte
cultures were purified of microglia by treatment with 8 um cytosine
B-p-arabinofuranoside (Sigma) for 5-6 d to substantially reduce micro-
glia followed by treatment with 75 mm r-leucine methyl ester (Sigma,
60-90 min) 1 d before experimentation to completely eradicate any re-
sidual microglia (Hamby et al., 2006a,b). Cells were maintained in me-
dium consisting of L-glutamine-free DMEM, 10% CS, 2 mMm L-glutamine,
50 IU/ml penicillin, and 50 pg/ml streptomycin. For imaging experi-
ments, astrocytes were passaged onto glass coverslips. All cultures were
maintained at 37°C in a humidified atmosphere of 6% CO, and used
after 14-31 d in vitro.

Cytokine and endotoxin exposure. Purified astrocyte cultures were ex-
posed to four different experimental stimulation conditions in stimula-
tion medium (SM), which consisted of L-glutamine-free DMEM
supplemented with 5% CS, 2 mum L-glutamine, 50 IU/ml penicillin, and
50 ug/ml streptomycin. (1) Basal (B): 32 or ~48 h in SM; (2) TGF-B1
(T): 32 or ~48 h in SM with TGF-B1 (3 ng/ml; human recombinant,
R&D Systems); (3) LPS + IFNvy (LG ); 24 h in SM before addition of LPS
(Escherichia coli 0127:B8, 2 ug/ml; Sigma) plus IFNy (recombinant
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mouse, 3 ng/ml; R&D Systems) for a further 8 or ~24 h; (4) TGF-B1 +
LPS + IFNvy (TLG): 24 h in SM with TGF-B1 before addition of LPS +
IFNy for a further 8 or ~24 h, for mRNA expression analyses, or [Ca®" ],
imaging, respectively. The 24 h duration of TGF-B1 treatment before
addition of SM alone or that with LPS plus IFNy was chosen on the basis
of previous experiments showing a maximal and stable effect of TGF-£1
on induction of iNOS and enhancement of nitric oxide production in
purified astrocyte cultures over this time period (Hamby et al., 2006a). In
agreement with previous studies, no cytopathological changes were ob-
served in the astrocytes following treatment with these agents at the doses
used in the present studies.

Microarray profiling and analysis. Microarray profiling was performed
as previously described (Coppola et al., 2009; Sarafian et al., 2010; Cop-
pola, 2011). In brief, total RNA was isolated from astrocytes using the
Qiagen RNeasy Kit. RNA quantity and quality was assessed using a Nano-
drop (Nanodrop Technologies) and the Agilent Bioanalyzer (Agilent
Technologies), respectively. Total RNA (200 ng) was amplified, biotin-
ylated, and hybridized on Illumina Mouse ref-8 v2.0 BeadChip arrays,
querying the expression of ~25,600 well annotated Refseq tran-
scripts, as per manufacturer’s protocol. Slides were scanned using
[llumina BeadStation and signal extracted using Illumina BeadStudio
software (Illumina).

Raw data were analyzed using Bioconductor packages (www.
bioconductor.org). Quality-control analysis was performed using several
indices including interarray Pearson correlation, clustering based on
variance, and the mean absolute deviation (MAD) using the top 1000
most variant probes (Coppola, 2011). Data were normalized using quan-
tile normalization. Analysis of differential expression was performed us-
ing linear model fitting (LIMMA package) (Smyth, 2004). After linear
model fitting, a Bayesian estimate of differential expression was calcu-
lated using a false discovery rate (FDR) of 5%. Nonsignificant (NS) re-
sults indicate no change in expression levels relative to the basal or treated
cells as indicated. NS does not indicate whether the cells actually express
the gene or not. Raw and normalized data have been deposited in NCBT’s
Gene Expression Omnibus (Edgar et al., 2002) and are accessible through
GEO Series accession number GSE36089 (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE36089). Pathway and network analyses were
performed using Ingenuity Pathway Analysis (Ingenuity Systems; www.
ingenuity.com). Venn diagram was made using SmartDraw software.

Quantitative real time PCR. RNA was extracted using RNeasy Mini Kit
(Qiagen) following the manufacturer’s directions. cDNA was synthesized
from 0.5 wg RNA using MMLYV reverse transcriptase primed with
oligo(dT),,_14), as previously described (Hamby et al., 2006a).
Quantitative real-time PCR (qQRT-PCR) was performed using a Light-
Cycler 480 (Roche) and LightCycler 480 SW 1.5 software (Roche)
using Tagman Probes (Applied Biosystems). Twenty microliter reac-
tions (in H,0) consisted of 2.5 ul cDNA, 10 ul Tagman Universal
Gene Expression Master Mix (Applied Biosystems), and 2 ul of a
specific Tagman Probe. Tagman probes (Assay ID; Applied Biosytems) were
used to detect expression of mouse Gjb2 (MmO00433643_s1), Lif
(Mm00434762_gl), Il6 (Mm00446190_m1), TIr2 (Mm00442346_m1),
Ccl5(Mm01302427_m1), Cxcll (Mm04207460_m1), Nos2 (Mm00440502_
ml), Sema4a (Mm00443140_m1), Cxcl10 (MmO00445235_m1), KIf2
(MmO01244979_gl1), Myd88 (Mm00440338_m1), Gp130 (Mm00439665_
ml), SIpr3 (Mm04229896_m1), Ednrb (MmO00432989_m1), Ednra
(Mm01243722_m1), Cxcr4 (Mm01292123_m1), Adra2a (Mm00845383_
sl), Adoral (MmO01308023_m1), F2rll (Mm00433160_m1), P2ryl
(MmO00435471_m1), or the housekeeping gene Gapdh (Mm99999915_g1)
for normalization of total cDNA/sample. Cycling conditions were 94°C for
10 min, followed by 45 cycles at 95°C for 15 s and 60°C for 15 s with all ramp
up/down rates at 1.6°C/s. Relative quantification of cDNA was calculated
using the comparative cycle threshold (C;) method, wherein target C; levels
were normalized to Gapdh C;. values from the same sample (separate wells).
The normalized C;. values were then compared with a calibrator value (un-
treated astrocytes) to determine the relative fold or log,-fold changes in
target mRNA levels over the calibrator.

Intracellular calcium imaging. Astrocytes were imaged as described
previously (Shigetomi and Khakh, 2009). Briefly, astrocytes were
loaded with 2.5 uM Fluo-4 AM (Invitrogen) in the presence of 0.05%
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Pluronic F-127 (20% solution in dimethylsulfoxide) in physiological
buffer for 30 min, then transferred to dye-free buffer for 30 min
before experimentation to allow cleavage of the AM ester group.
Physiological buffer consisted of 110 mm NaCl, 5.4 mm KCl, 1.8 mm
CaCl,, 0.8 mm MgCl,, 10 mm p-glucose, and 10 mm HEPES, adjusted
to pH 7.40 using NaOH, in deionized ultrapure water. Fluorescence
was captured using an Olympus BX51 or BX61WI microscope with an
Olympus 40X 0.8 NA water-immersion objective lens and a cooled
CCD camera (Imago). Excitation was provided by a Polychrome V or
Polychrome IV monochromater (TILL Photonics). The hardware was
controlled by a personal computer, an appropriate frame grabber
(TILL Photonics), and macros driven by TILLvisION software. Ap-
propriate filters (Chroma Technology) were chosen for Fluo-4 and
Fura2 imaging (Glen Spectra). Imaged cells were continually perfused
with either physiological buffer alone or containing various GPCR
agonists using a custom-made fast solution switcher that was con-
trolled manually or via a digital interface controlling a bank of sole-
noid valves (Lee Company), both allowing for fast exchange of
solutions in seconds (Shigetomi et al., 2012). GPCR agonists used
were as follows: uridine 5’-diphosphoglucose disodium salt (UDP-
Glc; Sigma), Uridine 5'-diphosphogalactose disodium salt (UDP-
Gal; Sigma), 2-chloro-N6-cyclopentyladenosine (CCPA; Tocris
Bioscience), guanfacine HCI (Tocris Bioscience), B-HT 933 (Tocris
Bioscience), (—)-epinephrine (Sigma), recombinant mouse
CXCL12/SDF-1a (R&D Systems), IRL1620 (Tocris Bioscience), BQ-
3020 (Tocris Bioscience), endothelin-1 (Tocris Bioscience), adenosine
(Tocris Bioscience), ADPBS (Calbiochem), ADP (Sigma), or ATP
(Sigma). Data were analyzed using National Institutes of Health Image],
Microsoft Excel, and Graphpad Prism software.

siRNA transfection. Astrocytes plated on 12 mm coverslips in 24-well
plates were transfected with experimental or negative control siRNA
using Lipofectamine 2000 (Invitrogen) per manufacturer’s instruc-
tions. Several hours before transfection, astrocytes were washed with
and fed penicillin and streptomycin-free Optimem (Invitrogen). Be-
fore transfection, culture medium was removed and 400 pl Optimem
medium was added. After making the siRNA (40pmol/well) plus Li-
pofectamine 2000 (1 ul/well) in Optimem mixture, 100 ul was added
into each well. Experimental siRNAs used were as follows: Ednrb,
EdnrbMSS203783;  P2ryl, P2rylMSS207363; and  P2ryl4,
P2ry14MSS204176 (Stealth Select RNAi siRNA; Invitrogen). Negative
control siRNA used was Stealth Select RNAi siRNA Negative Control
LO GC (catalog #12935-200; Invitrogen). Astrocytes were fed with
maintenance medium the following day and imaged for calcium mea-
surements 4 d post-transfection.

Invivo injections of cytokine and endotoxin. All in vivo experiments were
conducted using wild-type, male and female C57BL/6 mice from an in-
house breeding colony. Mice were housed in a 12 h light/dark cycle in a
specific pathogen-free facility with controlled temperature and humidity
and allowed free access to food and water, and all surgical procedures and
experiments were conducted according to protocols approved by the
Chancellor’s Animal Research Committee of the Office for Protection of
Research Subjects at University of California Los Angeles. All surgical
procedures were performed under sterile conditions with isoflurane in
oxygen-enriched air as the general anesthesia and using an operating
microscope (Zeiss) and rodent stereotaxic apparatus (David Kopf) as
described previously (Myer et al., 2006). The skull was exposed and a
burr hole was drilled with a high-speed dental drill. Solutions of 1 ul of
sterile PBS or TGFB+LPS+IFNy prepared in PBS were injected stereo-
taxically into the frontal, sensorimotor cortex using the target coordi-
nates of 0.0 mm anterior to bregma, 1.5 mm lateral to bregma, and a
depth of 0.75 mm below the cortical surface. Injections were made at a
speed of 0.2 ul per minute using glass micropipettes (pulled and ground
to 25-50 um tips) connected via specialized connectors and high-
pressure tubing (Kopf) to a 10 ul syringe (Hamilton) under the control of
a microinfusion pump (Harvard Instruments). TGFB+LPS+IFNvy PBS
consisted of TGF-B1 (0.3 wg/ul; human recombinant, R&D Systems)
and LPS (2 ug/ul; E. coli 0127:B8, Sigma) plus IFN+y (0.3 ug/ul; recom-
binant mouse, R&D Systems). Analgesic was given before wound closure
and every 12 h for 48 h postinjury. No adverse effects were observed.
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Immunohistochemistry. After survival times of 1 d, 3 d, or 5 d after
forebrain injections, mice received terminal anesthesia by barbiturate
overdose and were perfused transcardially with PBS followed by 10%
formalin in PBS. Brains were removed, postfixed overnight, and cryo-
protected in buffered 30% sucrose for at least 2 d. Coronal frozen
sections (40 um) were prepared using a cryostat microtome (Leica)
and processed for fluorescence immunohistochemistry as described previ-
ously (Faulkner et al., 2004; Voskuhl et al., 2009). The following primary
antibodies were used: mouse anti-GFAP (1:500; Sigma), rabbit anti-CXCL1
(1:100; Lifespan BioSciences), rabbit anti-CCL7 (1:100; Lifespan BioSci-
ences), goat anti-CXCL10 (1:200; Santa Cruz Biotechnology), rabbit anti-
IL-6 (1:100; Abcam), and rabbit anti-ADRA2A (1:200; Lifespan BioSciences.
Fluorescence immunohistochemistry was performed using secondary anti-
bodies with Alexa 488 (green) (Invitrogen) and Cy5 (red) (Vector Labora-
tories). The nuclear stain, 4',6'-diamidino-2-phenylindole dihydrochloride
(DAPI; 2 ng/ml, Invitrogen), was used to label nuclei. Stained sections were
examined and photographed using fluorescence and laser scanning confocal
microscopy (Zeiss).

Results

Characterization of genomic analyses

To identify genome-wide changes in astrocyte gene expression
induced by inflammatory mediators, we used well character-
ized cell cultures of purified astrocyte that are >99% astro-
cytes and essentially free of microglia and other cell types
(Hamby et al., 2006b), together with a previously established
model of combinatorial stimulation with TGF-B1 and
LPS+IFNy (Hamby et al., 2006a, 2008, 2010). We used Illu-
mina BeadChip-based microarray profiling to compare
genome-wide effects of treating these cultures with TGF-B1
alone, LPS+IFNv, or all three stimuli (TGFB+LPS+IFNvy) com-
bined, relative to basal (untreated) astrocytes. Raw and normalized
data have been deposited in NCBI’s Gene Expression Omnibus (Ed-
gar et al., 2002) and are accessible through GEO Series accession
number GSE36089 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE36089). Hierarchical clustering (Fig. 1A) highlighted a
high degree of similarity among # = 4 independent samples from
distinct astrocyte cultures within each given treatment group,
thereby demonstrating that the changes in gene expression were due
to the specific treatment conditions and not due to culture-to-
culture variability. In addition, we assessed the purity of the astrocyte
cultures used for gene array analysis by examining eight probes from
the microarrays for three genes selectively associated with micro-
glia—Ibal (three probes, 1212938, 1218123, and 2804487), Emr1/
F4/80 (three probes, 1216880, 2756353, and 2847787), and Csflr/c-
fms (two probes, 1230485 and 2710819)—and found expression
levels compatible with low or no expression, as well as no signif-
icant differences among any of the probes in any of the three treat-
ment conditions TGF-B1, LPS+IFNv, or TGFB+LPS+IFNy. We
further conducted RT-PCR for the microglial marker, Ibal, and
found no detectable bands in any of the three treatment conditions
in contrast with bands obtained from positive control samples (data
not shown). Together these findings confirm both the integrity of
our basic experimental protocol and the absence of microglial con-
tamination from the purified astrocyte cultures examined for the
present study.

Treatment-dependent global changes in gene

expression profiles

We began our data evaluations by characterizing the global
changes in gene expression induced by the different treat-
ment conditions—TGF-1 alone, LPS+IFN"y, or TGFB+LPS+
IFNy— each compared with untreated (basal) astrocytes, using a
stringent criterion of significance that corrects for multiple test-
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Figure 1.  Effects on astrocyte genomic profiles of treatment with TGF-31, LPS+IFN-y, or all three stimuli combined. A, Gene array clustering of the top 1000 most variable genes shown as a
colored heatmap depicting the MAD value for each interarray comparison for samples 1—4 for each treatment in astrocytes as indicated. B, basal; T, TGF-B1; LG, LPS+IFNy; TLG, TGF-
B1+LPS—+IFN+y. The color map key (top left) represents a low MAD value indicating very little variability (yellow) between comparisons whereas red represents a high MAD value indicating greater
differences between comparisons. Dendrogram indicates clustering of samples and treatments based on similarity. B, Heatmap indicating significant changes (FDR p value < 0.05) in
gene expression (black, no change; red, increase; green, decrease) due to TGF-31 (Tvs B), LPS+IFN-y (LG vs B), and TGF-31+LPS+IFN-y (TLGvs B), compared with basal astrocytes, (Figure legend continues.)
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Table 1. Top upregulated and downregulated genes

J. Neurosci., October 17,2012 - 32(42):14489-14510 * 14493

Top upregulated genes Top downregulated genes
Probe ID Gene Gene description log, ratio  Probe ID Gene Gene description log, ratio
TGF-B1+LPS+IFNy TGF-B1+LPS+IFNy
2763245 (xd Chemokine (C-X-C motif) ligand 1 7.77 2602581 Gmpr Guanosine monophosphate reductase —3.49
1215862 (xcl9 Chemokine (C-X-C motif) ligand 9 7.7 2958067 RIKEN cDNA 6030405A18 gene —3.44
3142803 (xc10  Chemokine (C-X-C motif) ligand 10 7.34 2741063 Aif1l Allograft inflammatory factor 1-like —3.42
2835117 Cd7 Chemokine (C-C motif) ligand 7 7.26 2736471 Ccno Cyclin0 =321
1231814 (d5 Chemokine (C-C motif) ligand 5 7.25 2768972 Fam107a  Family with sequence similarity 107, member A —2.93
3160750 Expressed sequence AA467197 6.67 2678366 Psd2 Pleckstrin and Sec7 domain containing 2 —2.90
1225204 Rsad2  Radical S-adenosyl methionine domain 6.55 2967750 Fam123a  Family with sequence similarity 123, memberA —2.74
containing 2
2733733 T2 Toll-like receptor 2 6.50 2628174 Acas2l  Acyl-CoA synthetase short-chain family —2.73
member 1
1245710 (€] Chemokine (C-C motif) ligand 2 6.48 2954824 Ppp1rib  Protein phosphatase 1, regulatory (inhibitor) ~ —2.62
subunit 1B
2662802 Ptx3 Pentraxin related gene 6.47 3062267 Acot1 Acyl-CoA thioesterase 1 —261
LPS+IFNy LPS+IFNy
1215862 (xd9  Chemokine (C-X-C motif) ligand 9 7.84 2741063 Aif1l Allograft inflammatory factor 1-like —3.00
2763245 (xd Chemokine (C-X-C motif) ligand 1 7.77 2768972 Fam107a  Family with sequence similarity 107, member A —2.98
1231814 Ccl5 Chemokine (C-C motif) ligand 5 7.40 2958067 RIKEN cDNA 6030405A18 gene —2.80
3142803 (xc10  Chemokine (C-X-Cmotif) ligand 10 7.39 2602581 Gmpr Guanosine monophosphate reductase —2.56
2835117 Cd7 Chemokine (C-C motif) ligand 7 6.89 1242170 Adra2a  Adrenergic receptor, o 2a —2.49
2733733 T2 Toll-like receptor 2 6.50 2652414 Neald Neurocalcin delta —2.49
2662802 Ptx3 Pentraxin related gene 6.48 1214880 Dmn Desmuslin (Dmn), transcript variant 2 —248
1225204 Rsad2  Radical S-adenosyl methionine domain 6.47 2736471 Ccno Cycin0 —2.41
containing 2
2652857 Ifi47 IFNy inducible protein 47 6.37 1246821 RIKEN cDNA E130203B14 gene —239
2426853 Ubd Ubiquitin D 6.35 2954824 Ppp1rib  Protein phosphatase 1, regulatory (inhibitor) ~ —2.35
subunit 1B
TGF-B31 TGF-B1
2633350 Mfapd  Microfibrillar-associated protein 4 3.51 2958067 RIKEN cDNA 6030405A18 gene —213
3160638 Ripply1  ripply1 3.08 1230586 Traf1 Tnf receptor-associated factor 1 —1.54
2742042 Nupr1  Nuclear protein 1 2.90 2862026 RIKEN cDNA 1700084C01 gene —1.48
2793062 Rasl11b  RAS-like, family 11, member B 2.62 1231274 Ckifsf5 CKLF-like MARVEL Transmembrane domain —1.48
containing 5
2706269 Hspb1  Heat shock protein 1 2.20 2702266 Crygs Crystallin, gamma S —1.42
2966104 Htra1 HtrA serine peptidase 1 2.14 2742426 Selenbp1  Selenium binding protein 1 —133
1255871 LoxI1 Lysyl oxidase-like 1 211 2700408 Mgll Monoglyceride lipase —131
2675697 Kdelr3  KDEL Endoplasmic reticulum protein retention  2.04 1249886 Rin1 relaxin 1 —1.26
receptor 3
2636424 [tgbl1  Integrin, B-like 1 1.99 1226356 Vat1l Vesicle amine transport protein 1 homolog-like ~ —1.23
(T. californica)
3160292 Akr1c19  Aldo-keto reductase family 1, member (19 1.9 2798402 Leat Lecithin cholesterol acetyltransferase —1.23

All probes start with ILMN. FDR = 0.05, 0.02 absolute log, ratio cutoff.

ing using a FDR of < 0.05. These analyses revealed that large-
scale changes in gene expression occurred as a result of treatment
with either LPS+IFNYy (6149 differentially expressed probes) or

<«

(Figure legend continued.)  aswellas TLGvs T and TLG versus LG. Genes are clustered by similarity.
Boxed region denoted by asterisks indicates examples of genes that behaved differently across differ-
ent treatment conditions. €, Total number of genes significantly (FDR p = 0.05) altered (up, red;
down, green) by each treatment comparison. D, Venn diagram depicts the number of genes changed
ina treatment-specificand nonspecific manner. Within each segment, upper red numerical values =
number of genes upregulated. Lower green numerical values = number of genes downregulated.
Total numbers of genes changed are labeled outside of the Venn diagram beside its respective circle’s
treatment condition. E, Flow chart depicting filtering strategy conducted using statistical cutoffs to
generate subsequent datasets for analysis. Numbers indicate number of probes within each filtered
dataset and a— d demarcate the four new dataset categories for subsequent analysis. S, significant;
NS, nonsignificant. F, Categories of additive and synergistic treatment interactions emerging from filtering
strategy in E. All categories a—d had a further change from either T (c) or LG (b) or both (a, d) due to TLG
treatment. Numbers of gene probes are shown indicating additive or synergistic gene requlation by TLG
treatment per category. A—E, n = 4independent samples from distinct astrocyte cultures.

TGEB+LPS+IFNvy (6864) relative to basal (untreated) astro-
cytes, whereas treatment with TGF-B1 alone (1420) induced
relatively fewer changes (Fig. 1 B-E). All three stimulation condi-
tions elicited approximately proportionate changes with respect
to the number of upregulated genes (TGF-B1, 736; LPS+IFNv,
2582; TGFB+LPS+IFNvy, 2934) versus downregulated genes
(TGE-B1, 684; LPS+IFNy, 3567; TGFB+LPS+IFNy, 3930)
(Fig. 1C). Importantly, while some genes were altered (up or
down) by only one treatment in a treatment-specific manner,
others were consistently altered across two or all three of the
treatments (Fig. 1B, D).

Greatest fold changes in specific genes

To identify the most highly regulated genes, we sorted the list of gene
probes according to the greatest log,-fold changes in gene expression
(FDR p = 0.05) induced by each of the three treatment conditions
relative to basal. Table 1 shows the top 10 genes with the greatest log,-
fold increases and decreases in expression for each treatment condition,
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Table 2. Types of synergistic interactions and example genes
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Synergistic

category* T LG TLG Example genes

d No change No change Up Itgas, Bmp1, Tgfb1, Homer1, Rims3, Pidk2b
d No change No change Down Dtx4, Tmem53

b No change Up Further up 116, Lif, Gdnf, Nos2, Sod3, Semada, Egr2, (cl8, Ccl12, Gpr83, Gjb2, Slc16a9, Casp8
b No change Up Down (relative to LG) (alb2, KIf2, Brip1, Ptges,

b No change Down Further down Itpk1, Gpr23

b No change Down Up (relative to LG) Adora1, Gpr156, Fgf12, Ctgf, Slc4a2,

4 Up No change Further up (d17, Col12a1, Eln, Lox

4 Up No change Down (relative to T) Igf1, Cav1, Sema7a, (d28, Slc7a5,

C Down No change Up (relative to T) ThbsT, Foxp1

a Up Up Further up 1111, Cxcl16, P2ry6, P2ry14, Pdgfb, Dok1

Change: FDR = 0.05, 0.02 absolute log, ratio cutoff; no change: FDR > 0.05.T, TGF-B1; LG, LPS + IFN+y; TLG, TGF-31 + LPS + IFNy. ¥, See categories in Figure 1F.

TGF-B1, LPS+IFNYy, or TGFB+LPS+IFNvy, relative to basal. It is note-
worthy that 7 of the top 10 genes that were most highly upregulated by
combinatorial treatment with TGFB+LPS+IFNy encode molecules
involved in immune and inflammatory processes, namely the chemo-
kines, Cxcl1, Cxcl9, Cxcl10, Ccl2, Ccl5,and Ccl7 and the toll-like receptor,
TIr2 (Table 1).

Synergistic effects of combinatorial treatment

We next asked whether gene regulatory changes in the combi-
natorial treatment group, TGF+LPS+IFNy, were simply the
sums of the effects of TGF-B1 treatment and LPS+IFNy treat-
ment, or whether there were additional effects due to syner-
gistic combinatorial interactions. To examine the gross extent
of change, we examined heat maps that represented the num-
ber of genes changed by TGF-1 versus basal, LPS+IFNy ver-
sus basal, TGFB+LPS+IFNyversus basal, TGFB+LPS+IFNvy
versus TGF-B1, and TGFB+LPS+IFN+y versus LPS+IFNvy
(Fig. 1 B). This comparison indicated at a gross level that there
were subsets of genes that behaved differently across condi-
tions (Fig. 1B, boxed region denoted by asterisks). Further
analyses of these comparisons using an FDR p =< 0.05 revealed
that substantial numbers of genes were altered by
TGFB+LPS+IFNy versus TGF-Bl1 (5574 total) or by
TGFB+LPS+IFN+y versus LPS+IFNvy (1038 total), in compari-
son with genes regulated by TGFB+LPS+IFNy versus basal
(6864) or LPS+IFN"y versus basal (6149) or TGF-B1 versus basal
(1420) (Fig. 1 E). These findings suggested the potential for com-
binatorial treatment interactions in which treatment with
TGFB+LPS+IFN7y might lead to substantial changes in gene
expression relative to treatment with either TGF-Bl or
LPS+IFNy alone.

To dissect the nature of these potential combinatorial treat-
ment interactions, we first determined how many gene probes
were modulated significantly (FDR =0.05) by combinatorial
treatment in either the up or down direction relative to the
individual treatments, regardless of whether or not the com-
binatorial effects were additive or synergistic. To simplify this
analysis, we grouped gene probes into four categories (a—d)
for evaluation based on whether individual treatments had
(FDR = 0.05) or had not (FDR > 0.05) caused significant
changes in gene expression (Fig. 1 Ea—d,Fa—d). In this manner
we identified (a) 295 gene probes in which TGF-B1 and
LPS+IFNvy had both caused significant changes versus basal
(Fig. 1 Ea); (b) 322 gene probes in which TGF-f1 had not, and
LPS+IFNvy had, caused significant changes versus basal (Fig.
1Eb); (c) 125 gene probes in which TGF-B1 had but
LPS+IFN+y had not caused significant changes versus basal
(Fig. 1Ec); and (d) 90 gene probes in which neither TGF-f1

nor LPS+IFNvy had caused significant changes versus basal
(Fig. 1 Ed); where in all of these cases (a—d) the combinatorial
treatment had caused significant changes relative to the indi-
vidual treatments (Fig. 1 Ea—d; Fig. 1 E, filtering criteria). To
determine which of these combinatorial treatment interac-
tions reflected changes that were additive or synergistic, we
further dissected the subsets of genes in categories a—d (Fig.
1F). Within the four categories, we identified substantial
numbers of gene probes that exhibited either additive or syn-
ergistic combinatorial treatment interactions, with a conser-
vative estimate of a total of >380 genes that were
synergistically modulated in either the up or down direction
by combinatorial treatment with TGFB+LPS+IFNy relative to
individual treatments alone (Fig. 1 Fa—d). It is noteworthy that
these synergistic interactions consisted of different types of
gene expression regulation that could not be predicted on the
basis of summing the effects of individual stimulators alone.
For example, in 90 cases (category d), significant changes in
gene expression occurred due to combinatorial treatment with
TGFB+LPS+IFNvy, even though treatment with TGF-B1
alone and LPS+1FNy alone caused no significant change (Fig.
1Fd). In other cases combinational stimulation with
TGFB+LPS+IFNYy either significantly augmented or attenu-
ated, or in some cases reversed, changes induced by individual
treatments (Table 2). Prototypical genes within each category
are listed in Table 2.

qRT-PCR validation of microarray genomic profiling

To test the validity of the large-scale changes in gene expression
found using the Illumina BeadChip-based microarray profiling,
we generated new samples of astrocytes for all treatment condi-
tions and used qRT-PCR to evaluate several highly regulated
genes, Cxcll, Ccl5, Cxcl10, and TIr2 (Table 1). We found similar
changes in mRNA expression to those found via microarray anal-
ysis for all genes examined (Fig. 2). To validate the synergistic
effects of combinatorial treatment revealed by genome-wide mi-
croarray profiling, we used qRT-PCR to evaluate various genes
synergistically induced by treatment with TGFB+LPS+IFNvy
compared with individual treatments, Il6, Lif, Gjb2, Nos2,
Semada, KIf2, and Myd88 (Table 2) and found similar changes in
mRNA expression to those found via microarray analysis for all
genes examined (Fig. 2). In addition, we examined a gene whose
expression was not significantly altered in any treatment condi-
tion in the microarray profiling, Gp130, and found that qRT-PCR
results confirmed that there was no change in mRNA expression
in any treatment condition relative to basal (Fig. 2).
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qRT-PCR validation of microarray data. qRT-PCR was performed on untreated or treated (T, TGF-31; LG, LPS + IFN+y; TLG, TGF-B31 + LPS + IFN-y) primary mouse astrocytes. Fold

change in mRNA expression was calculated relative to basal after normalization of expression to GAPDH. Data were expressed as mean relative fold change in mRNA == SEM (n = 3 from samples
independently generated from that in Fig. 1). *, Indicates a significant fold increase compared with basal, whereas # indicates a significant difference in TLG-treated astrocytes compared with LG
(p = 0.05) as assessed via repeated-measures ANOVA after normalizing data followed by Newman—Keuls multiple-comparison test. Significantly altered (FDR = 0.05) microarray log, ratios are

provided below treatment-labeled bars.

Table 3. Top 5 Associated Networks

TGF-B1 + LPS + IFNy LPS + IFNy TGF-B1
Focus Focus Focus
Top networks Score  mol.  Top networks Score  mol.  Top networks Score  mol.
Antigen presentation, cell death 18 35 Cell death, cell cycle, organismal injury and 20 35 Cellular development, cellular growthand 30 31
abnormalities proliferation
Cell morphology, cellular compromise, DNA 18 35 Lipid metabolism, small molecule 20 35 Lipid metabolism, small molecule 30 31
replication, recombination, and repair biochemistry, vitamin and mineral biochemistry, vitamin and mineral
metabolism metabolism
Genetic disorder, neurological disease 18 35 Cell-to-cell signaling and interaction, nervous 20 35 Lipid metabolism, small molecule 30 31
system development and function, cellular biochemistry
development
Post-translational modification, cell 18 35 Organismal injury and abnormalities, cell 20 35 Cell death, genetic disorder 28 30
morphology, cellular assembly and morphology, cellular assembly and
organization organization
Gastrointestinal disease, hepatic disease 16 34 Cell death, gene expression, cellular compromise 18 34 Cellular growth and proliferation, cancer 25 28

Top associated networks from the from the IPA (Ingenuity) library most significant to our microarray dataset of significantly altered genes (FDR =0.05, 0.20 log, ratio cutoff). Top 3 Networks for TGF-31 + LPS + IFN-yare shown in detail

in Figure 3. p values were calculated using a right-tailed Fisher's exact test. Score = negative log of p value. Networks with scores of 2 or greater have at least a 99% confidence of not being generated by random chance alone.

Bioinformatic analyses of molecular networks, functions,

and pathways

We next used the Ingenuity Pathway Analysis software (Ingenu-
ity Systems) to identify functional molecular groupings within
our datasets of differentially regulated genes, based on their sta-
tistical association with known Associated Network Functions,

Molecular and Cellular Functions, and Canonical Pathways in

the Ingenuity knowledge base. For this analysis, we used a con-

servative threshold and selected genes with an absolute log, fold
change ofatleast 0.20, and an FDR corrected p value =0.05. Table
3 shows the top five Associated Network Functions, Table 4 the
top five Molecular and Cellular Functions, and Table 5 the top 20
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Table 4. Top five IPA Molecular and Cellular Functions
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TGF-B1 + LPS + IFNy LPS + IFNy TGF-B1

(ategory pvalue (ategory pvalue (ategory pvalue

Cell death 7491078 Cell death 357x107° Cellular development 1.07 X 10 76
Cellular assembly and organization 126 X107 Post-translational modification 721X107° Lipid metabolism 218X 10°
Cellular function and maintenance 126 X107 Cellular assembly and organization 8.40x10~° Small molecule biochemistry 218X 107°
Post-translational modification 179X 1077 Cellular function and maintenance 8.40 X 10 ° Vitamin and mineral metabolism 218X 107
Cellular growth and proliferation 1041078 Cellular growth and proliferation 444x107° Cellular movement 278X 107°

Molecular and cellular functions from the IPA (Ingenuity) library most significant to our microarray dataset of significantly altered genes (FDR =0.05, 0.20 log, ratio cutoff). p values were calculated using a right-tailed Fisher's exact test.

Table 5. Top 20 IPA Canonical Pathways

TGF-B1 + LPS + IFNy LPS + IFNy TGF-B1
—log —log —log
Ingenuity canonical pathways (pvalue) Ratio Ingenuity canonical pathways (pvalue) Ratio Ingenuity canonical pathways (pvalue) Ratio
Activation of IRF by cytosolic PRRs ~ 9.05 0.56  Molecular mechanisms of cancer 833 0.38  RhoAsignaling 418 0.18
(D40 signaling 8.83 0.62  TNFR1signaling 7.99 0.60  Wnt/B-catenin signaling 2.99 0.14
Role of IL-17A in arthritis 8.63 0.62  4-1BBsignaling in T-lymphocytes 7.91 0.70  Human embryonic stem cell Pluripotency 2.96 0.14
IL-1ssignaling 8.62 0.55  TNFR2 signaling 7.91 0.70  biosynthesis of steroids 2.84 0.29
Toll-like receptor signaling 8.37 0.67  LPS-stimulated MAPK signaling 1.77 0.54  Caveolar-mediated endocytosis signaling 2.49 0.15
(D27 Signaling in lymphocytes ~ 8.32 0.63  Activation of IRF by cytosolic PRRs 7.30 0.50  Sulfur metabolism 2.46 0.25
Type | diabetes mellitus signaling ~ 8.23 0.50 (D27 signaling in lymphocytes 7.21 0.57  ILKsignaling 234 0.12
LPS-stimulated MAPK signaling  8.16 0.58  Toll-like receptor signaling 7.24 0.61  Factors promoting cardiogenesis in vertebrates ~ 2.25 0.15
IL-17 signaling 8.15 0.61  Induction of apoptosis by HIV1 T 0.55  Integrin signaling 2.07 0.11
IL-17A signaling in fibroblasts 8.09 0.69  Type | diabetes mellitus signaling 6.87 0.45  Mitotic roles of polo-like kinase 1.97 0.15
4-1BB signaling in T-lymphocytes  8.03 0.73  Apoptosis signaling 6.82 0.50  Actin cytoskeleton signaling 1.89 0.10
Role of M@s, fibroblasts and endo.  7.79 0.41  Type Il diabetes mellitus signaling 6.63 0.43  PPARct/RXRax activation 1.80 0.11
cellsin RA
HMGB1 signaling 1.77 0.54  Interferon signaling 6.51 0.62  Endothelin-1signaling 1.80 0.12
IL-6 signaling 1.52 0.54  NF-kB signaling 6.51 0.42  Propanoate metabolism 1.79 0.16
NF-kB signaling 727 0.46  TWEAK signaling 6.44 0.67  Agrin interactions at neuromuscular junction 1.76 0.15
ATM signaling 7.7 0.65 IL-17Assignaling in fibroblasts 6.42 0.62  Role of MAPK signaling in the pathogenesisof ~ 1.76 0.16
influenza

Induction of apoptosis by HIV1 7.16 0.59  Acute phase response signaling 6.16 0.43  (dc42signaling 1.73 0.09
Dendritic cell maturation 7.06 0.39  Death receptor signaling 6.10 0.52  Selenoamino acid metabolism 1.68 0.19
TNFR2 signaling 7.02 0.70  Role of RIG1-like Rs in antiviral inn. immunity  6.03 0.46  Regulation of actin-based motility by Rho 1.62 0.13
TNFR1 signaling 6.88 0.60 IL-1signaling 6.00 0.47  Circadian rhythm signaling 1.61 0.18

PRRs, pattern recognition receptors; Rs, receptors; sig, signaling; RA, theumatoid arthritis; M@s, macrophages; inn., innate. Canonical pathways from the IPA (Ingenuity) library with the greatest association to our dataset of altered genes
(FDR =0.05, 0.20 log, ratio cutoff) by T, LG, and TLG compared to basal astrocytes are shown in order of greatest association [ —log( p value)]. p values were determined via Fisher's exact test and ratios = the number of genes from our

microarray dataset that map to a pathway divided by the total number of molecules that map to that pathway.

Canonical Pathways, that were significantly altered in each of the
three treatment conditions. Comparisons across the different
treatment groups indicated pronounced differences, particularly
between combinatorial treatment with TGEB + LPS + IFN-yand
treatment with TGF-B1 alone. Recurrent themes among the As-
sociated Network Functions and Molecular and Cellular Func-
tions that were highly modulated by all three treatment
conditions included cell death, cell compromise, and cell injury,
as well as regulation of cell morphology, cell organization, cell
maintenance, cell growth, and cell proliferation (Tables 4, 5). In
addition, it is noteworthy that in the combinatorial treatment
group, TGFB + LPS + IFNY, the most highly regulated network
function was antigen presentation, and that all of the top 6, and
17 of the top 20 Canonical Pathways were related directly to
immune or inflammatory signaling (Table 5).

To gain an appreciation of individual genes that were
highly regulated in the up or down direction by combinatorial
treatment with TGFB+LPS+IFNy, we next examined the spe-
cific gene sets that comprised certain Associated Network
Functions and Canonical Pathways. Due to space limitations,
only selected examples are shown. We focused particularly on
networks and pathways associated with immune and inflam-
matory signaling, regulation of cell compromise, death,
growth, and proliferation that had been identified above as the
main general themes represented in our analysis. These

themes are heavily represented among the top three most reg-
ulated Associated Network Functions, which include Antigen
Presentation and Cell Death (Fig. 3A); Cell Morphology,
Compromise, and DNA Replication, Recombination, and Re-
pair (Fig. 3B); and Genetic Disorder and Neurological Disease
(Fig. 3C). The themes of immune and inflammatory signaling
overwhelmingly dominated the most highly regulated Canon-
ical Pathways (Table 5), illustrative examples of which include
CD40 Signaling (Fig. 4A), IL-1 Signaling (Fig. 4B), and
Chemokine Signaling (Fig. 4C). Inspection of these networks
and pathways indicated that individual genes highly regulated
by our combinatorial treatment with TGFB+LPS+IFNvy in-
cluded a wide variety of chemokines, cytokines, growth fac-
tors, and intercellular and intracellular signaling molecules, as
well as diverse structural and regulatory molecules (Figs. 3, 4).

Regulation of specific genes in recognized

functional categories

To further our understanding of the effects of all of our treat-
ment conditions on specific genes, we next identified specific
gene members according to commonly recognized functional
molecular categories. We focused on categories broadly re-
lated to the main functional themes identified by the bioinfor-
matic analysis described above and on categories relevant to
astrocyte biology, and included also certain genes that exhib-
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A Antigen Presentation and Cell Death
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B Cell Morphology, Cellular Compromise, and
DNA Replication, Recombination and Repair

Figure 3.
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Top three networks of significantly associated molecules in TGF-31+LPS+IFN~-treated astrocytes. A-C, Schematic diagrams of the top three predesignated Associated Molecular

Networks identified using Ingenuity Pathway Analysis software (IPA; Ingenuity) as being affected by TGF-31+LPS+IFN~y treatment of astrocytes. As defined in Table 3, the top three networks are
Antigen Presentation and Cell Death (4); Cell Morphology, Cellular Compromise, and DNA Replication, Recombination, and Repair (B); and Genetic Disorder and Neurological Disease (C). Molecules
areindicated by standard abbreviations. Molecular categories are indicated by icons defined in the icon key. Relative changes in gene expression are depicted by gradated shades of color coding: red,
up; green, down. Direct and indirect interactions between molecules are depicted by solid and dotted lines, respectively.

ited little or no regulation (Table 6). These evaluations illus-
trated that a large number chemokines and cytokines
exhibited a very high degree of regulation, as well as many
growth factors; extracellular matrix molecules; transmem-
brane receptors; inflammation-related enzymes that produce
small effector molecules; and intracellular signaling molecules
including transcription factors, connexins, amino acid transport-
ers, ion channels, and other astrocyte-related molecules (Table
6). It is noteworthy that many of these genes (demarcated by
asterisks) exhibited synergistic regulation by combinatorial treat-

ment with TGFB+LPS+IFNYy relative to individual treatments
with either TGF-B1 or LPS+IFNy alone.

Regulation of genes encoding GPCRs and their ligands

We next examined the effects of combinatorial treatment with
TGFB+LPS+IFNvy and noted a high degree of upregulation or
downregulation of many genes encoding molecules associated
with calcium signaling, including the GPCRs Cxcr4 (Fig. 4C),
Adra2a (Table 1), P2ry6 (Fig. 3A; Table 2), P2ryl4 (Table 2),
Adoral (Table 2), Gpr23 and Gpri156 (Table 2), and G-protein
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Figure4. Three IPA Canonical Signaling Pathways: (D40, IL-1, and Chemokine Signaling in TGF-31 + LPS + IFNy-treated astrocytes. A-C, Schematic diagrams of three of the top significantly
altered predesignated Canonical Signaling identified using Ingenuity Pathway Analysis software (IPA; Ingenuity) as being affected by TGF-[31+LPS+ IFN-y-treatment of astrocytes. As selected
from Table 5, these pathways are (D40 Signaling (4), IL-1 Signaling (B), and Chemokine Signaling (€). Molecules are indicated by standard abbreviations. Relative changes in gene expression
are depicted by gradated shades of color coding: red, up; green, down; white, no change or not applicable. Direct and indirect interactions between molecules are depicted by solid and
dotted lines, respectively.
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Table 6. Individual genes

Table 6. Continued
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LGversus B Tversus B LGversus B Tversus B
Probe ID Gene TLG versus B log, ratio log, ratio Probe ID Gene TLG versus B log, ratio log, ratio
Cytokines, chemokines log, ratio 2621752 Irf5 *(b) 2.04 1.66 NS
2777498 b 240 1.84 NS 2652857 Ifi47 6.37 6.37 NS
1243601 116 *(b) 3.84 2.03 NS 2604029 KIf2 *(b) 0.57 1.53 NS
2630852 7 1.18 1.18 NS 1252078 Foxp1 *(d) 0.31 NS NS
1243862 1111 %(b) 430 0.67 NS Extracellular matrix and cell— cell contact related
2610234 5 2.79 2.96 NS 2699488 Lamb2 —0.71 —0.72 NS
2792502 IL17d —1.05 —0.66 —0.62 2974798 Lamc1 0.95 1.08 NS
2711461 Tgfo1 0.49 NS NS 2775307 Lama2 1.12 0.74 NS
2899863 Tnf 1.29 NS NS 2670486 Bcan —1.04 —0.59 NS
2690603 Spp1 294 NS 1.30 2993652 Nean NS —0.63 NS
1245710 (2 (Mep1) 6.48 6.23 NS 1254975 Has2 1.67 131 NS
1231814 (d5 7.25 740 NS 2864172 (hst3 0.67 NS 0.47
2835117 (d7 7.26 6.89 NS 1216374 Chst7 0.92 0.97 NS
1238886 (d8*(b) 2.51 1.83 NS 2643049 Chst8 —0.80 —134 1.14
2771766 (12 *(b) 253 1.60 NS 1215528 Chst11 1.56 0.49 0.83
2717015 (d17 *(d) 0.84 NS NS 2862538 Col12a1 1.19 NS NS
1238886 (d8 2.51 1.83 NS 2599692 Colm (Gliomedin) *(a) 1.54 0.31 0.41
2763245 Ol 1.77 171 NS 2697380 Notch3 *(a) 0.49 —0.35 1.36
1215862 Oxc9 1.77 7.84 NS 2753809 Mmp3 2.74 1.85 NS
3142803 (10 734 7.39 0.50 1215120 Sema4A *(b) 172 033 NS
2658908 Cx12(SDF-1) 2.69 3.05 NS 2790357 Sema7a *(c) 0.47 NS 1.07
2687586 (xd16 4.47 3.82 NS 2670172 Itga5 *(d) 0.77 NS NS
Growth factors and related Inflammatory-related enzymes
3137287 Lif*(b) 2.29 0.53 NS 1223499 Nos2 *(b) 2.53 1.28 NS
3105417 Bdnf 0.87 —0.49 1.05 2650280 Sod2 1.42 1.57 NS
2659994 Gdnf *(d) 0.99 NS NS 1241892 Sod3 1.06 0.66 NS
2701233 Fgf1 —1.84 —1.87 NS 2786442 Ptges 1.60 1.97 NS
1239151 fgf2 0.84 0.53 NS 2997494 Lox *(c) 2.42 NS 132
1225565 1gf1*(c) 0.92 NS 145 Channels and connexins
2937596 Ngfb 0.81 0.35 0.51 2980661 Agp1 0.21 NS NS
2618714 Pdgfb *(d) 2.28 NS NS 5732 Agp4 NS NS NS
2989955 Bmp1 *(d) 0.72 NS NS 1214634 Aqp9 *(d) —0.65 NS NS
2659151 Thbs1*(d) 1.23 NS NS 1225901 Agpl1 —0.73 —0.67 —0.45
2484527 Vegfa 0.41 NS NS 1244291 Gjal ((x43) —0.97 —1m NS
Immune and inflammation-related receptors 2691641 Gja5 ((x40) *(b) 0.64 0.27 NS
2829008 Lifr 0.25 0.26 NS 2999627 Gjb2 ((x26) *(b) 291 132 NS
3138904 Ntrk2 (TrkB) —0.80 —0.66 NS 2946088 Panx1 0.76 0.46 NS
2602711 Tgfor1 —0.23 —0.28 NS 2621548 TrpAl NS NS NS
2760979 Tgfor2 NS 0.73 —0.61 Transporters
2789239 Tgfbr3 —0.66 —0.51 —0.43 3123195 Slc1a2 (GItT) NS 0.61 NS
2733733 Tir2 6.50 6.50 NS 2905589 Sle6at (Gat1) —0.26 —0.26 NS
2697002 Tlr3 248 253 NS 1212645 Slc6al3 (Gat3) NS NS NS
2752966 Tir4 0.47 0.60 NS 2948143 Slc7a11 (x(T) 2.49 298 NS
2742075 (D14*(b) 3.51 2.97 NS Astrocyte-related molecules
2740852 F2r (Par1) NS —0.28 NS 2706906 Fthfd (Aldh11T) —0.65 —0.39 NS
2513826 Tnfrsf11b 3.38 212 1.52 2644496 Glul (Gln Synthetase) —0.97 —0.70 NS
1226099 Tnfsf13b *(b) 230 1.29 NS 1214715 Gfap NS NS NS
3115796 040 6.07 5.60 NS 2634742 51006 NS NS NS
2589865 (D28 *(c) NS NS 0.47 2840213 Cryab NS NS NS
Transcription factors and intracellular signaling molecules 2712075 Len2 (lipocalin2) 498 4.98 0.82
1245579 Jak2 1.63 1.44 NS 2697304 Eln (elastin) *(c) 1.81 NS 0.95
2635721 Stat1 475 423 NS NS, nonsignificant by criteria of FDR > 0.05 or not within 0.20 log, change cutoff. *, Synergistic interaction of TLG
2657822 Stat2 2.71 2.87 NS treatment and (a—d) = category of type of synergistic interaction as described in Table 2.
3096144 Stat3 1.33 1.38 NS
2618176 Soc3 1.70 1.14 0.67
2938893 Smad3 1.30 1.41 NS . . . .
2706631 Smad4 —0.59 —055 NS subunits, Ga,,y (Fig. 4B,C). Moreover, in certain cases there
2971767 MyD88 *(5) 272 3.02 NS were multiple differentially expressed genes at all three signaling
2937735 Irak2 0.86 NS 0.98 levels (extracellular trigger, transmembrane receptor, and intra-
2592476 Nfkb1 2.21 1.91 NS cellular effector), for example, the chemokine signaling pathway
2714534 Map2k1 1.07 0.71 NS of ligand SDF-1a/Cxcl12, receptor Cxcr4, and intracellular effec-
1245924 Map3k8 273 263 NS tors (Ga,B,7y), as shown in Figure 4C. These observations sug-
2599782 Irf1 482 5.09 —035 gested the potential for inflammatory stimuli to substantially
2664319 3 —0.21 NS NS modulate astrocyte calcium signaling. We found these changes of
(Table continues.)

particular interest because astrocytes display GPCR-mediated
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Figure5.  Genome-wide analysis of differentially expressed genes encoding GPCRs and qRT-
PCR validation. A, All genes designated to encode GPCRs according to the IUPHAR database
were cross-referenced with our microarray dataset (Fig. 1,n = 4 from Fig. 1) and total number
of gene probes showing differential expression after treatment of astrocytes with T, LG, or TLG
versus B was calculated. *, A significant skew in genes differentially expressed, down versus up
(p = 0.05 Fisher's exact test). B, basal; T, TGF-B1; LG, LPS + IFN+y; TLG, TGF-B1 + LPS +
IFN+y. B, qRT-PCR validation of a cross section of differentially expressed genes encoding GPCRs
inastrocytes exposed to TLG. Data are expressed as mean fold change (log,) relative to basal +
SEM (n = 3 from 3 independently generated samples from those used for gene arrays).

[Ca®"];increases that are under extensive investigation as poten-
tial means of mediating various dynamic astrocyte functions
(Verkhratsky et al., 1998; Attwell et al., 2010; Halassa and Hay-
don, 2010). We therefore performed a systematic analysis of all
genes encoding known GPCRs [i.e., those annotated on the
International Union of Basic and Clinical Pharmacology
(IUPHAR) database] (Sharman et al., 2011) to look for highly
regulated genes among GPCRs, and G-protein effectors. This
analysis revealed a large number of significantly regulated genes
(Fig. 5A), and also indicated a bias toward downregulation
among those genes that were significantly modulated, as reflected
in the significantly greater number of genes that were downregu-
lated versus upregulated (assessed via Fisher’s exact test, p = 0.05;
Fig. 5A), as well as in the magnitude of the changes among indi-
vidual genes (Tables 7, 8). To validate the changes revealed by
genomic microarray profiling, we performed qRT-PCR and
found similar changes in mRNA expression of selected GPCR
genes, Cxcrd, Adra2a, Ednra, Ednrb, P2ryl, Adoral, Slpr3, and
F2rl] (Fig. 5B). Canonical Pathway (Ingenuity) analysis further
revealed that, as in the case of CXCR4 (Fig. 4C), various other
pathways exhibited highly regulated genes at the levels of both
receptor and intracellular effectors, including the type 2,
a-adrenergic receptor (Fig. 6A), endothelin receptors type A and B
(Fig. 6B), and various P2Y receptors (Fig. 6C). These findings
pointed toward the potential for diverse effects of inflammatory
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Table 7. Top upregulated and downregulated GPCRs by TGF-31 + LPS+IFNy

log,
Gene Gene description Ratio
Top 15 upregulated GPCRs
P2ry6 Purinergic receptor P2Y, G-protein coupled 6 2.1
Stpr3 Endothelial differentiation, sphingolipid 1.13
GPCR3
Gpri58 GPCR 158 1.04
Gpr83 GPCR 83 1.01
Ccrl? Chemokine (C-C motif) receptor-like 2 0.85
Fzd1 Frizzled homolog 1 (Drosophila) 0.83
P2ry14 Purinergic receptor P2Y, G-protein coupled 14 0.78
Gpr123 GPCR 0.73
Gpr172b GPCR1728 0.58
Gpr108 GPCR 108 0.42
Vipr1 Vasoactive intestinal peptide receptor 1 0.35
Niacr1 GPCR 109A/niacin receptor 1 0.34
Frl1 Coagulation factor Il (thrombin) receptor-like 1 0.30
Opn3 Opsin 3 0.27
Gpré4 GP(R 64 0.27
Top 15 downregulated GPCRs
Adra2a a-2A-adrenergic receptor —2.55
Cxer4 Chemokine (C-X-C motif) receptor 4 —1.85
Ednrb Endothelin receptor type B —1.67
Gpr146 GPCR 146, transcript variant 2 —157
Fzd2 Frizzled homolog 2 (Drosophila) —131
P2ry1 Purinergic receptor P2Y, G-protein coupled 1 —-1.29
Ednra Endothelin receptor type A =117
Gpr19 GPCR19 —1.16
Lpar4 GPCR23 —1.15
Gpr30 GPCR 30 —1.06
Gpr12 GPCR12 —1.00
Gpr85 GPCR 85 —0.94
Celsr2 Cadherin, EGF LAG seven-pass G-type receptor2 ~ —0.93
GpreSb GPCR, family C, group 5, member B —0.92
Adoral Adenosine A1 receptor —0.87
Table 8. Top upregulated and downregulated GPCR effectors by
TGF-B1+LPS+IFNy
log,
Gene Gene description ratio
Top 5 upregulated G-proteins
Gnb4 Guanine nucleotide binding protein (Gnbp; 0.91
G-protein), B4
Gni Gnbp (G-protein)-like 1 (Gna-rs1) 0.60
Gng2 Gnbp (G-protein), -y 2 transcript variant 1 0.55
Gnal3 Gnbp (G-protein), « 13 0.40
Gnb211 Gnbp (G-protein), B polypeptide 2 like T (Gnb2-rs1)  0.33
Top 5 downregulated G-proteins
Gnaol Gnbp (G-protein), « O transcript variant A —1.68
Gng7 Gnbp (G-protein), y 7 subunit transcript variant 2~ —1.29
Gnal4 Gnbp (G-protein), o 14 —-1.12
Gnb5 Gnbp (G-protein), B 5 transcript variant 2 —0.75
Gnai2 Gnbp (G-protein), « inhibiting 2 —0.58

stimuli on different forms of ligand-evoked astrocyte calcium signal-
ing. We also noted that certain other GPCRs implicated in astrocyte
calcium signaling were not significantly regulated by the inflamma-
tory stimuli used in this study, including various metabotropic
glutamate receptors (mGluR) subunits, mGlur (probe #s Grml,
ILMN_2665238; Grm3, ILMN_1238513; Grm4, ILMN_3162152;
Grm6, ILMN_3162125; Grm7, ILMN_2872782; and Grm8, ILMN_
2711523).



Hamby et al. @ Astrocyte Transcriptome and Calcium Signaling

Phospho ase

Glycogenlysis

B Endothelin-1 Signaling

Extracellular 1
space Ep ;I'] éz\rﬁ*
Cytoplasm - St
—
/ '
choline 9)

Phosph¢ Iipid/\ \/\ :
il g
e

Arachidoni
Acid

Y HE A e
v

@‘@@@ s

Apoptosis

Cell proliferation

C P2y signaling
UDPglc

ATP ADP) Growth ATP
Extracellular @
TK P2

space %)Qq ol
Cytoplasm \ / Y / /:
!

-

«_Platelet shape
change

¥ Vasod
PIP2) (P3)

€

<c7@

aggregation

ucleus 71\

Cell proliferation

Figure 6.  GPCR Canonical Signaling Pathways. A—C, Schematic diagrams of three signifi-
cantly altered GPCR Canonical Signaling Pathways identified using Ingenuity Pathway Analysis
software (IPA; Ingenuity) as being affected by TGF-31+LPS+IFN-y-treatment of astrocytes.
As selected from Table 7, these pathways are «-Adrenergic Signaling (A), Endothelin-1 Signal-
ing (B), and P2Y Signaling (€). Molecules are indicated by standard abbreviations. Relative
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Effects of TGF3+LPS+IFN+y on astrocyte GPCR-evoked
calcium signaling

Given that stimulation with combinatorial inflammatory me-
diators substantially altered the gene expression of many GP-
CRs and G-protein effectors in astrocytes, we next evaluated
the effects of treatment with TGFB+LPS+IFN+y on GPCR-
mediated astrocyte calcium signaling. We examined GPCRs
whose expression levels had been significantly modulated
down or up by TGFB+LPS+IFNy treatment (Table 7), and
focused on a cross section of GPCRs activated by different mo-
lecular classes of ligands, including cytokines, growth factors,
catecholamines, and purine nucleotides.

Before examining GPCR regulated changes in [Ca“"],, we
asked whether treatment with TGFB+LPS+IFNYy altered the
resting [Ca®"]; in astrocytes. Findings from Fura2 bulk-loaded
astrocytes indicated that resting [Ca**]; levels did not differ sig-
nificantly (p > 0.05, un-paired ¢ test) between untreated and
TGFB+LPS+IFNy-treated astrocytes, with values approximat-
ing 90 nM in both cases (basal, 84 * 6 nm; TGFB+LPS+IFNYy,
89 * 4 nM, mean = SEM; n = 84-98 from 5 to 6 separate exper-
iments), a value similar to that reported previously (Shigetomi
et al., 2012). This result is consistent with our microarray data
showing that expression of the TrpAI ion channel, a contributor
to astrocyte resting calcium levels (Shigetomi et al., 2012), is not
altered by treatment with TGFB+LPS+IFNy compared with
basal (Table 6). These resting calcium measurements also indi-
cate that astrocyte cell membranes were intact. Second we exam-
ined whether spontaneous (nonevoked) increases in [Ca**];
varied between basal and TGF+LPS+IFNy-treated astrocytes.
Interestingly, we found that TGFB+LPS+IFNy-treated cells had
fewer spontaneous events over time (basal, 0.09 = 0.02 events/
min; TGFB+LPS+IFNvy, 0.03 = 0.01 events/min, mean = SEM,
p = 0.05 assessed via unpaired t test; n = 84111 from 5 to 6
experiments), but the peak amplitude of these spontaneous
events did not differ significantly from one another (basal, 0.22 *
0.05; TGFB+LPS+IFNvy, 0.41 = 0.18 mean = SEM; p > 0.05 as
assessed via Mann—Whitney test).

We next determined whether GPCR ligand-evoked increases in
astrocyte [Ca>" ], differed among TGF3+ LPS+IFNy-treated astro-
cytes compared with basal. We first examined representative recep-
tors whose gene expression levels had declined after
TGFB+LPS+IFNYy treatment, Cxcr4, Adra2a, Ednrb, Adora, and
P2ryI (Table 7; Fig. 5). Stimulation of astrocytes with various selec-
tive agonists for these receptors increased [Ca**]; in control astro-
cytes, including CXCL12/SDF-1a, the endogenous and selective
agonist of chemokine receptor CXCR4; guanfacine HCI, an
ADRA2A-selective agonist; IRL1620, an endothelin receptor type B
(EDRNB)-selective agonist; CCPA, an ADORA1-selective agonist;
and ADPf3S, a P2Y1-selective agonist (Fig. 7). For each of these ago-
nists, TGFB+LPS+IFNy-treated astrocytes exhibited a signifi-
cantly diminished increase in [Ca**]; levels compared with
untreated (basal) astrocytes (Fig. 7). For four of these agonists,
SDF-1a, guanfacine HCI, CCPA, and IRL1620, the
TGFB+LPS+IFN+v-induced diminution in [Ca*"]; elevations
was due at least in part to a significant reduction in the number of
astrocytes that responded, whereas for ADPSS, all cells continued
to respond (Fig. 7). In addition, application of another adrenergic

2+

<«

changes in gene expression are depicted by gradated shades of color coding: red, up; green,
down; white, no change. Direct and indirect interactions between molecules are depicted by
solid and dotted lines, respectively.
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(alcium responses elicited by selective GPCR agonists in untreated and TGF- 31 + LPS + IFN+y-treated astrocytes. Untreated and TGF- 31 + LPS + IFN-y (TLG)-treated astrocytes were

bulk loaded with the calcium indicator dye Fluo-4 and imaged before, during (3055), and after application of agonists selective for specific GPCRs as indicated: left, CXCL12, 30 ng/ml; guanfacine HCI
(Guan.), 10 wm; IRL1620, 100 nm; CCPA, 100 ni; UDP-GIc, 100 pum; and ADP3S, 10 um. Data are represented as (A) mean peak increase in intracellular calcium levels ([Ca 2+],-) (dF/F) + SEM, (B)
average trace depicting [Ca>*]; (dF/F) over time (s), and (€) mean percentage cells responding + SEM. Significance (p < 0.05) was assessed via (4) Mann—Whitney test or (€) unpaired ¢ test
following normalization of data. *, Indicates significantly different from untreated (basal) control. ((XCL12, n = 86 —107 cells from 3 experiments; guanfacine HCl, n = 78 —93 from 4 experiments;
IRL1620, n = 115—146 from 3—5 experiments; CCPA, n = 83— 89 from 4 experiments; UDP-Glc, n = 44— 47 from 3 experiments; ADP3S, n = 67—94 from 3 experiments.)

ADRA2-selective agonist, B-HT 933, to Fluo-4-loaded astrocytes
revealed a similar functional response to that of the ADRA2A-
selective agonist guanfacine with the peak increase in [Ca”*]; in
TGFB+LPS+IFNy-treated astrocytes significantly attenuated
compared with that of basal (basal, 0.9 = 0.1 dF/F; TGFB+
LPS+IFNv0.2 = 0.1, mean peak increase in [Ca*"]; = SEM; n =
85-92 from 3 to 4 experiments; p =< 0.05 as assessed via Mann—
Whitney test). Additionally, a different EDRNB-selective agonist
BQ-3020 was found to mirror that of IRL1620 with the peak
increase in [Ca®™]; significantly attenuated in TGFB+LPS+
IFNy-treated versus basal astrocytes (basal, 4.1 * 0.2 dF/F;
TGFB+LPS+IFNYy, 1.8 £ 0.2 dF/F mean peak increase in
[Ca*"], £SEM; n = 58111 from three experiments p < 0.05 as
assessed via Mann—Whitney test). We then examined a receptor
whose gene expression levels had increased after TGFB+LPS+
IFNy treatment, P2ry14 (Table 7). To stimulate P2Y14, we used
the receptor-selective and endogenous ligand, UDP-glucose (Ab-

bracchio et al., 2003). Interestingly, in basal astrocytes, UDP-
glucose had no detectable effect on astrocyte [Ca?*]; however, in
astrocytes treated with TGFB+LPS+IFN+y, UDP-glucose re-
sulted in a significant increase in [Ca®"], in ~50% of the cells
(Fig. 7). It is noteworthy that all of the decreases or increases in
ligand-evoked [Ca®"]; responses that were induced by treatment
of astrocytes with TGF3 + LPS + IFNy mirrored the relative up
or down changes measured in gene expression of the respective
receptors: Cxcr4, Adra2a, Ednrb, Adoral, P2ry14, and P2ryl (Ta-
ble 7; Fig. 5B).

In addition to testing GPCR-selective agonists as just de-
scribed, we wished to determine whether endogenously pro-
duced GPCR agonists would yield similar results. To do so we
tested the effects of epinephrine, which activates the adreno-
ceptor family of receptors; endothelin-1, which activates the
endothelin family of receptors; adenosine, which activates the
adenosine family of receptors; UDP-galactose, another P2Y14-
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Calcium responses elicited by endogenous GPCR agonists in untreated and TGF-31 + LPS + IFN+y-treated astrocytes. Untreated and TGF-31 + LPS + IFN-y (TLG)-treated astrocytes

were bulk loaded with the calcium indicator dye Fluo-4 and imaged before, during (305), and after application of agonists (epinephrine, 100 ng/ml; endothelin-1, 100 nw; adenosine, 1 um; UDP-Gal,
300 wum; ADP, 1 um) as indicated (left column). Data are represented as (4) mean peak increase in intracellular calcium levels [Ca ™ 1, (dF/F) + SEM, (B) average trace depicting [Ca " ]; (dF/F) over
time (s), and (€) Mean percentage cells responding -+ SEM. Significance (p = 0.05) was assessed via (4) Mann—Whitney test or (C) unpaired ¢ test following normalization of data. *, Indicates
significantly different from untreated (basal) control. (Epinephrine, n = 66 — 85 cells from 3 experiments; endothelin-1,n = 130133 from 3 experiments; adenosine, n = 64 from 3 experiments;

UDP-Gal, n = 40— 47 from 3 experiments; ADP, n = 33-35 from 3— 4 experiments.)

selective endogenous agonist; and ADP, which activates the pu-
rinergic P2Y family receptors. In each case, the endogenously
produced ligands elicited approximately similar responses to
those noted with the selective agonists, and the effect of TGES +
LPS + IFNYy treatment on ligand-evoked responses was essen-
tially the same (compare Figs. 7 and 8). As expected, the response
for ligands capable of activating more than one receptor led to a
larger rise in [Ca*™],.

Last, we determined the effects of siRNA knockdown of
several representative GPCRs on ligand-evoked increases in
[Ca**],. Basal or TGFB+LPS+IFNvy-treated astrocytes were
transfected with control siRNA or siRNA specific for the En-
drb, P2ryl, or P2ryl4 receptors. For P2ryl, selective siRNA
resulted in a 43-50% reduction in the peak increases in
[Ca*"]; compared with control siRNA (Fig. 9). For Ednrb and
P2ry14, selective siRNA resulted in an 85-90% reduction in
the peak increases in [Ca®"]; compared with control siRNA,
essentially abolishing the responses (Fig. 9). To test whether
the siRNA knockdown effect might be due to decrease in cell
health or viability, stimulation with ATP was used. These tests
showed that ATP responses remained intact despite a decrease

in the specific receptor-evoked [Ca®"]; that was due to
receptor-specific siRNA (compared with control siRNA). For
example, in P2y14 siRNA-transfected astrocytes, ATP (10 uMm)
elicited a peak increase in [Ca’"]; that was similar to that
elicited in negative control siRNA-transfected astrocytes (con-
trol siRNA, 5.2 = 0.3 dF/F; P2ryl4 siRNA, 4.8 = 0.1 dF/F,
mean = SEM; p > 0.05 as assessed via Mann—Whitney test;
n = 63-107 from 3 to 4 separate experiments). These obser-
vations indicated that the siRNA knockdown effects were re-
ceptor specific, and not due to a general inability of these cells
to respond to agonists in evoking a rise in [Ca®"],.

Together, these siRNA findings confirmed that the observed
changes in [Ca*"]; were mediated via the specific receptors studied.

Effects of TGF3+LPS+IFN+y on astrocyte expression of
representative molecules in vivo

The findings presented thus far were derived from in vitro exper-
iments using primary cultures of cortical astrocytes. We next
sought to test the potential relevance in vivo of our observations.
To do so, we examined the effects of our combinatorial inflam-
matory stimuli on expression by cortical astrocytes in vivo of
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Representative images of peak responses to GPCR receptor-selective agonists with or without receptor-specific sIRNA knockdown. Normal nontransfected [( —) siRNA], negative control

siRNA-transfected or Ednrb-, P2ry1-, or P2ry14-siRNA transfected [(+) siRNA] astrocytes were exposed to medium alone (basal) or TGF-B1 + LPS + IFN-y (TLG). From 22—-30 hours following
administration of control medium or that containing TLG, astrocytes were bulk loaded with the calcium indicator dye Fluo-4 and imaged before, during (30 s), and after application of receptor-
selective agonists: EDNRB (4), 100 nm IRL1620, P2Y1 (B), 10 M ADPBS, P2Y14 (C), and UDP-Glc, 300 rum. Shown are representative images for baseline and the peak increase in [Ca”],- (dF
intensity), as indicated, in response to the agonist application for both basal and TLG-treated cells with and without siRNA. Each image is representative of at least three experiments. Note: Given
that UDP-GIc did not elicit a response in basal astrocytes, siRNA knockdown for P2y14 in basal astrocytes was not performed as indicated via N/A. D, Quantification of functional knockdown (KD) of
agonist-triggered response (i.e., KD of measured increase in [Ca 2+],-) (from A-C). Results are presented as mean df/F = for each treatment condition and as percentage KD. *, Indicates a significant

KD compared with respective control siRNA, as assessed by Mann—Whitney ¢ test (p = 0.05).

several representative proteins whose genes had been strongly
upregulated or downregulated in vitro. We injected TGFB+
LPS+IFNy or PBS as a control into the frontal, sensorimotor
cortex of wild-type mice. After survival times of 1-5 d, double
staining immunohistochemistry was conducted for the canonical
marker of reactive astrocytes, glial fibrillary acidic protein
(GFAP; Sofroniew, 2009), in combination with various other
proteins. In particular, we examined CXCL1, CXCL10, and CCL7
as three representative proteins whose genes had been highly up-
regulated by exposure to TGFB+LPS+IFNvy in vitro (Table 1)
and IL-6 as a representative protein whose gene was synergisti-

cally upregulated by combinatorial interactions of TGF3+LPS+
IFN+y (Fig. 2, Table 2). We also examined ADRA2A as a
representative protein whose gene had been strongly downregu-
lated in vitro (Fig. 5, Table 8) and that we had studied functionally
(Figs. 7, 8).

In agreement with previous reports (Myer et al., 2006), we
found that in the central layers of naive cerebral cortex that was
not injected, GFAP expression was low and could be detected by
immunohistochemistry only in randomly scattered cells (Fig.
10A). As expected, GFAP expression was upregulated in the im-
mediate vicinity of the injection sites after injection of either PBS
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Changesin expression of GFAP and CCL7 induced in vivo by injection of PBS or TGF 3+ LPS +IFN-y into cerebral cortex. A-D, Single channel and merged two-color fluorescence survey

(A-C) and detail (D) images of immunohistochemical staining for CCL7 (red) and GFAP (green) in mid-layers (3—5) of cerebral cortex of wild-type mice that were either noninjected (A) or injected
with PBS (B) or TGF B+ LPS+IFN-y 5 d previously (C, D). D, Nuclei are counterstained with DAPI (blue) and the images were obtained using confocal microscopy. 4, In noninjected cortex, CCL7 is not
detectably expressed by any cells and GFAP is detectable in only one astrocyte in this frame. B, In PBS-injected cortex, CCL7 is expressed by a few cells that do not express GFAP (red arrowheads),
whereas GFAP is detectable in many reactive astrocytes in the immediate vicinity of the injection site. C, D, In TGF 3+ LPS + IFN-y-injected cortex, CCL7 is expressed both by cells that do not express
GFAP (red arrowheads) as well as by many GFAP-expressing reactive astrocytes (yellow arrows). Some GFAP-expressing reactive astrocytes express little or no detectable CCL7 (green arrowheads).

(Fig. 10B) or TGFB+LPS+IFNvy (Fig. 10C). Interestingly, the
level of GFAP increase in individual astrocytes did not differ sub-
stantively in cortex injected with either PBS or TGFB + LPS +
IFNvy (Fig. 10B,C), but the cortical area over which the
increased GFAP expression occurred was larger in mice in-
jected with TGESB+LPS+IFNYy.

In noninjected cortex, we found that none of the four mol-
ecules examined for potential upregulation, CXCL1, CXCL10,
CCL7, and IL-6, could be detected in any cell type (Fig. 104,
representative example of CCL7). In cortex injected with PBS,
three of these molecules, CXCL1, CXCL10, and CCL7, could
not be detected in any reactive astrocytes even though these
astrocytes had upregulated GFAP (Figs. 10 B, 11 A-C), whereas
a few GFAP-expressing reactive astrocytes could be found that
expressed small amounts of detectable IL-6 (Fig. 11D). In
addition, after PBS injection these molecules were detectable

in cells that were clearly not astrocytes as defined by size,
shape, and lack of GFAP expression (Figs. 10B, 11A-D).

In cortex injected with TGFB+LPS+IFNvy, all four mole-
cules examined for potential upregulation, CXCL1, CXCL10,
CCL7, and IL-6, were immunohistochemically detectable in
many cells that expressed GFAP and were clearly reactive as-
trocytes as defined by size and shape (Figs. 10C,D, 11 A-E).
Interestingly, the expression levels of all four molecules ap-
peared to be markedly heterogeneous in reactive astrocytes,
such that some astrocytes expressed high levels, some low, and
some undetectable levels of the molecules (Figs. 10C,D, 11 A—
E). In addition, the expression patterns and timing differed
among the four molecules, such that expression by astrocytes
of CXCL1 and CXCL10 peaked at the early time points and
had disappeared by 5 d, whereas expression of CCL7 and IL-6
persisted in many astrocytes through 5 d (Fig. 10).
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These findings confirm in vivo the upregulation by TGEB+
LPS+IFNYy of several representative molecules whose genes
we identified as highly upregulated in vitro. In addition, these
in vivo findings support our in vitro observation that treat-
ment of primary cultures of cortical astrocytes with
TGFB+LPS+IFNvy did not further upregulate expression of
GFAP (Table 6). Primary cortical astrocyte cultures express
high levels of GFAP and have long been thought by some
investigators to exhibit certain characteristics of reactive as-
trocytes, such as elevated levels of GFAP expression. Elegant
studies combining large-scale genetic analyses of different
types of in vitro and in vivo preparations of astrocytes have
now clearly shown that primary cortical astrocyte cultures are
more similar to reactive astrocytes than to astrocytes in
healthy tissue (Foo et al., 2011; Zamanian et al., 2012). Our
observation that GFAP is essentially undetectable in astrocytes
in unmanipulated cortical tissue in vivo and is upregulated to
the same degree in individual cortical astrocytes after injection
in vivo of either PBS or TGFB+LPS+IFNYy is consistent with
the notion that primary cultures of cortical astrocytes are in a
reactive state in which GFAP is already upregulated and was
not further upregulated by our doses of TGFB+LPS+IFNvy.

For the molecule being examined for potential downregulation,
ADRA2A, we found that in cerebral cortex injected with PBS,
ADRA2A could be detected by immunohistochemistry in GFAP-
positive astrocytes in cerebral cortex in the immediate vicinity of the
PBS injections and that expression levels were heterogeneous among
different astrocytes, with some exhibiting high expression levels (Fig.
11E) and others low or undetectable expression levels. In cerebral
cortex injected with TGFB+LPS+IFN'y, despite the large number of
GFAP-positive reactive astrocytes, there was an essential absence of
ADRA2A-positive astrocytes (Fig. 11E). These findings confirm in
vivo the downregulation by TGFB+LPS+IFNy of a representative
molecule whose gene we identified as markedly downregulated in
vitro and are consistent with our functional observations that treat-
ment with TGFB+LPS+IFN~y markedly reduced both the peak re-
sponse and the percentage responders of astrocytes stimulated in
vitro with the ADRA2A-selective agonist guanfacine (Fig. 7).

Discussion

In this study we found that stimulation of astrocytes with the inflam-
matory mediators TGF-1, LPS, and IFNy alone and in combina-
tion significantly altered the expression of many genes, molecular
networks, and functional pathways. Combinatorial stimulation with
all three mediators led to both additive and synergistic changes, and
substantially modulated numerous astrocyte molecular networks
and pathways associated with immune- and injury-related func-
tions. Expression levels of many GPCRs and G-protein effectors in-
volved in calcium signaling were significantly altered, and these
expression changes were accompanied by parallel changes in astro-
cyte calcium signaling evoked by corresponding GPCR-specific
ligands. Astrocytes play many essential roles in healthy CNS
(Barres, 2008; Attwell et al., 2010; Halassa and Haydon, 2010) and
respond to CNS insults through a process known as reactive astro-
gliosis, in which astrocytes modify their gene expression in response
to stimulation by numerous factors (Pekny and Nilsson, 2005;
Sofroniew, 2009; Hamby and Sofroniew, 2010). The impact of in-
flammatory mediators on the functions of astrocytes and reactive
astrocytes is poorly understood and is of increasing interest with the
growing awareness of critical roles of astrocytes in healthy and in-
jured CNS (Barres, 2008; Nedergaard et al., 2010; Sofroniew and
Vinters, 2010). The findings of this study shed light on how inflam-
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matory stimuli, alone and in combination, may influence a wide
variety of astrocyte functions.

Additive and synergistic effects of TGF-f31, LPS, and IFNy on
astrocyte genomic profiles

There is an extensive and well reviewed literature on the effects of
many different individual inflammatory mediators on the ex-
pression by astrocytes of numerous individual genes (Eddleston and
Mucke, 1993; John et al., 2003; Sofroniew, 2009). Microarray profil-
ing has previously been applied to generate transcriptomic data-
sets of astrocytes acutely isolated from either healthy CNS (Lovatt et
al.,, 2007; Cahoy et al., 2008) or CNS after stroke or peripheral LPS
injections (Zamanian et al., 2012) or hyperammonemia (Lichter-
Konecki et al., 2008), or astrocyte cell cultures prepared by a novel
immunopanning procedure (Foo et al., 2011), or primary astrocyte
cell cultures treated with LPS or IL-1 (Pang et al., 2001; John et al.,
2005). Our findings here extend these studies not only by document-
ing transcriptome changes induced in primary astrocyte cultures by
the regulatory cytokine, TGF-B1, and the canonical innate inflam-
matory mediators, LPS+IFNy, but also by demonstrating that com-
binatorial interactions among these inflammatory mediators can
lead to synergistic changes. Notably, using highly stringent criteria,
we found that combinatorial treatment with TGF3+LPS+IFN-yre-
sulted in synergistic changes in >380 gene probes that could not be
predicted by summing the effects of individual treatments with
TGF-B1 or LPS+IFNy alone. qRT-PCR confirmed synergistic reg-
ulation of selected genes. These findings show that synergistic inter-
actions of inflammatory mediators can regulate astrocyte
production of molecules with key functions in the CNS response to
inflammation (IL-6, SEMA4a, NOS-2, etc.) in ways not predicted by
individual effects of those mediators. The importance of combina-
torial interactions among different inflammatory stimuli in regulat-
ing specific responses of T-cells is well documented (Korn et al.,
2009). Our findings show that combinatorial exposure to multiple
inflammatory mediators can lead to large-scale synergistic and un-
predictable changes in astrocyte gene expression. Further study is
warranted to understand the biological implications and intracellu-
lar signaling mechanisms.

In vivo confirmation of in vitro observations

We confirmed by immunohistochemistry that several repre-
sentative proteins whose genes we identified as highly upregulated
or downregulated in vitro were upregulated or downregulated
in astrocytes in vivo after injection of TGFB+LPS+IFNy into
cerebral cortex. Our findings in vivo and in vitro are in broad
agreement with a recent analysis of genome-wide changes in-
duced in astrocytes in vivo by peripheral treatment with LPS,
which showed pronounced upregulation by reactive astrocytes
(compared with nonreactive astrocytes) of many genes encod-
ing the same chemokines, cytokines, and other molecules
found in our study in vitro (Zamanian et al., 2012). Interest-
ingly, our immunohistochemical analysis at the single cell in
vivo revealed that the patterns, levels, and time course of expression
of GFAP, chemokine, cytokines, and other molecules was markedly
heterogeneous among different individual reactive astrocytes after
two different triggers of reactivity, injection of PBS, or TGFB+
LPS+IFN'y. These observations provide further support for the no-
tion that reactive astrogliosis is not a stereotypic all-or-none
response as once believed, but rather is a highly varied and hetero-
geneous process that can involve many different changes in gene
expression that can vary over time and can resolve, as regulated by
many different specific signaling mechanisms in a context and tem-
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Figure11.  Changesin expression of CCL7, CXCL1, CXCL10, IL-6, and ADRA2A induced in vivo in GFAP-expressing reactive
astrocytes by injection of TGFB + LPS + IFN+y into cerebral cortex. A-E, Multicolor, fluorescence, and confocal micro-
scopicimages of immunohistochemical staining for CCL7, CXCL1, CXCL10, IL-6, or ADRA2A (red), in combination with GFAP
(green) and the nuclear stain, DAPI (blue), in mid-layers (3—5) of cerebral cortex of wild-type mice injected with PBS or
TGFB + LPS + IFN-y 1d previously. Red arrowheads denote cells that express only CCL7, CXCL1, CXCL10, IL-6, or ADRA2A
and do not express GFAP. Yellow arrows denote sties of coexpression of CCL7, CXCL1, CXCL10, IL-6, or ADRA2A within
reactive astrocytes that also express GFAP. Note that after injection of PBS, GFAP-expressing reactive astrocytes do not
express detectable levels of CCL7 (4), CXCL1 (B), and CXCL10 (C), whereas some reactive astrocytes do express small
amounts of IL-6 (D) and some robustly express ADRA2A (E). After injection of TGFB + LPS + IFN+y, many reactive
astrocytes express detectable levels of CCL7 (A), CXCL1 (B), and CXCL10 (C), and upregulate expression of IL-6 (D) and
markedly downregulate expression of ADRA2A (E).
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porally dependent manner (Sofroniew,
2009). In addition, our present in vitro and
in vivo findings extend these ideas by pro-
viding direct evidence that exposure to in-
flammatory mediators can alter the nature
of astrocyte reactivity and shift it toward ex-
erting more proinflammatory effects. In this
context it is interesting to speculate that
peripheral infections that produce such in-
flammatory mediators may exert pro-
nounced and context-altering effects on
astrocyte reactivity, thereby having impor-
tant and as yet poorly understood repercus-
sions in a wide variety of CNS disorders in
which astrocyte reactivity is prominent (So-
froniew and Vinters, 2010).

TGFB+LPS+IFNy modulates

astrocyte genomic networks toward
immune- and injury-related functions
A striking feature of the effects of combina-
torial treatment with TGFB+LPS+IFNy
on astrocytes is that all of the top 5 most
upregulated genes were chemokines, and 7
of the top 10 were related to immune or in-
flammatory functions, all of which exhib-
ited pronounced increases in the range of
~125- to 250-fold (7-8 log,-fold). In addi-
tion, bioinformatic analysis revealed that
the top regulated Associated Network Func-
tion was antigen presentation, and that 17 of
the top 20 Canonical Pathways involved
chemokine or cytokine signaling or innate
immune regulation. Highly upregulated in-
dividual genes included numerous chemo-
kines, cytokines, growth factors, their
receptors, and components of their signal-
ing pathways. Together, these findings add
to the growing body of evidence that astro-
cytes play complex roles in CNS immune
and inflammatory responses that may in-
volve both pro- and anti-inflammatory ef-
fects (Bush et al., 1999; Brambilla et al.,
2005; Okada et al., 2006; Herrmann et al.,
2008; Sofroniew, 2009; Voskuhl et al., 2009;
Li et al., 2011). Here, we both confirm, and
newly identify, a large number of specific
candidate molecules whose production by
astrocytes is regulated by inflammatory
stimuli that could potentially participate in
or mediate such effects. For example,
CXCL12, CCL2, and CD40 have all been
shown to regulate T-cell trafficking in the
CNS (Mahad and Ransohoff, 2003; Sitati et
al., 2007; McCandless et al., 2008; Moll et al.,
2009; Patel et al., 2010). IL-11 attenuates in-
flammation and protects myelin in experi-
mental autoimmune encephalomyelitis
(EAE) (Gurfein et al., 2009). IL-15 is impli-
cated in T-, B-, and natural killer (NK) cell
activation and proliferation (Steel et al.,
2012). CCLS8 is implicated in eosinophil re-
cruitment (Islam et al., 2011). IL-6 is impli-
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cated as an essential inducer of pathogenic antibody production in
neuromyelitis optica (NMO) (Chihara et al., 2011). Combinational
interactions between IL-6 and TGF-B1 underlie the conversion of
CD4 T-cells into Th17 T-cells that are widely implicated in CNS
immune defense and autoimmune disorders including EAE, NMO,
and multiple sclerosis (MS) (Korn et al., 2009). We show here that
TGFB+LPS+IFN+y markedly upregulated astrocyte production of
all of these molecules. Our findings strongly support the notion that
astrocytes are key regulators of CNS immune and inflammatory
responses, and identify numerous novel candidate molecules that
may mediate astrocyte effects on CNS immune and inflammatory
responses. We provide transcriptomic datasets with which to gener-
ate hypotheses regarding astrocyte molecules regulated by these in-
flammatory mediators that may be involved in astrocyte roles in
autoimmune diseases like MS, NMO, and EAE, as well as more gen-
erally in CNS inflammation associated with diverse disorders
including stroke, trauma, neurodegeneration, and infection.

Bioinformatic analysis also revealed that combinatorial stim-
ulation with TGFB+LPS+IFNYy substantially modulated mo-
lecular and cellular networks associated with cell death, cell
compromise, and cell injury, as well as regulation of cell mor-
phology, cell maintenance, cell compromise, and cell growth and
proliferation. These observations are consistent with the large
body of evidence that reactive astrocytes undergo cell hypertro-
phy and proliferation as well as cell injury and death while sub-
serving critical roles in the response to CNS injury and tissue
repair. This notion was supported further by analysis of individ-
ual genes (Table 6), which indicated pronounced regulation of a
wide variety of molecules associated with such responses, includ-
ing numerous growth factors, molecules involved in extracellular
matrix remodeling, and enzymes that generate small molecule
mediators involved in regulation of blood flow. Notably, many of
the changes induced by inflammatory stimuli in astrocytes may
be adaptive and beneficial in some contexts, such as response to
infectious agents, but might be harmful in other contexts where
overexpression of certain chemokines and cytokines may con-
tribute to autoimmune disease, or the overproduction of certain
molecules such as nitric oxide might contribute to neural dys-
function or degeneration (Sofroniew, 2009; Sofroniew and
Vinters, 2010).

TGFB+LPS+IFNvy modulate astrocyte calcium signaling

Calcium signaling is broadly implicated in regulating many as-
pects of cell function (Clapham, 2007) and can be modulated by
tissue injury in ways that alter cell functions (Sayeed, 2000). As-
trocyte calcium signaling is under investigation for a potential
role in mediating astrocyte influences on neuronal activity and
blood flow in the healthy CNS (Iadecola and Nedergaard, 2007;
Gordon et al., 2008; Attwell et al., 2010; Halassa and Haydon,
2010), as well as in responses to ischemia, cell injury, edema/
osmotic stress, or inflammation (Duffy and MacVicar, 1996;
Neary et al., 2003; Delbro et al., 2009; Thrane et al., 2011). The
impact of inflammatory mediators on astrocyte calcium signaling
is poorly understood. Our genomic screening analysis revealed
that exposure of astrocytes to the combinatorial inflammatory
stimuli of TGF-B1, LPS, and IFNY, led to substantial changes in
the expression of many genes among GPCRs and their intracel-
lular effector molecules involved in inositol trisphosphate-
mediated calcium signaling. Notably, there was a significant
downward trend in the GPCR-encoding genes that were regu-
lated, although not all genes were downregulated. At the func-
tional level, we found that the changes in gene expression were
accompanied by parallel changes in ligand-evoked calcium sig-
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naling. These findings are consistent with and extend previous
reports regarding the extensive repertoire of GPCRs expressed by
astrocytes (Duffy and MacVicar, 1995; Verkhratsky et al., 1998;
Cali and Bezzi, 2010). Importantly, our findings demonstrate
that inflammatory stimuli can significantly alter astrocyte cal-
cium signaling elicited by multiple GPCRs. Although the down-
stream functional implications of these changes in astrocyte
calcium signaling are not yet clear, alterations in GPCR-evoked
astrocyte [Ca*"]; transients may represent mechanisms whereby
CNS inflammation influences various functions in reactive astro-
cytes. Recent findings suggest that reactive astrogliosis in re-
sponse to viral infection can significantly alter neuronal function
(Ortinski et al., 2010). Our findings extend these observations by
demonstrating that inflammatory stimuli significantly modulate
astrocyte calcium signaling in multiple ways. The large number of
different GPCRs that trigger distinct forms of astrocyte [Ca*™];
transients that are modulated by inflammatory stimuli points
toward the potential for selective pharmacological manipulation
and novel therapeutic strategies that may be relevant in diverse
CNS disorders.
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