Sphingosylphosphorylcholine is a pro-inflammatorgdiator in cerebral arteries
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Abstract:

Inflammation plays an important role in the devehgmt of cerebral vasospasm following
subarachnoid haemorrhage, however the mediatdhssahflammatory response have not been
clearly identified. In this study, we have invgstied the potential role of two sphingolipids
which occur naturally in plasma and serum, sphigipd®sphorylcholine (SPC) and sphingosine
1-phosphate (S1P), to act as pro-inflammatory ntextian cerebral artery vascular smooth
muscle (VSM) cells. In rat cerebral arteries, Sf€not S1P activated p38 mitogen-activated
protein kinase (MAPK). Using transcription factorays, two pro-inflammatory transcription
factors activated by SPC in cerebral arteries whgntified — nuclear factoxB and CCAAT-
enhancer binding protein. Both these transcripiéators were activated by SPC in a p38MAPK-
dependent manner. To determine whether this dartéd to vascular inflammation, an
inflammatory protein array demonstrated that SRGemsed release of the chemokine, monocyte
chemoattract protein-1 (MCP-1) in cultured rat V8®&lls. This increase in MCP-1 expression
was confirmed in cerebral arteries. S1P did noteiase MCP-1 release. Taken together, our
results suggest that SPC, but not S1P, can agpasiaflammatory mediator in cerebral arteries.
This may contribute to inflammation observed foliogvsubarachnoid haemorrhage and may be

part of the initiating event in vasospasm.
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Introduction:

Subarachnoid haemorrhage (SAH) occurs followingtimture of an aneurysm on the cerebral
artery wall (Sehba & Bereson, 2006). This haenagehleads to thrombus formation on the
adventitial side of the ruptured vessel and prodleeal ischaemia in the surrounding neural
tissue (Kassel et al, 1984). In addition, in 3W% of cases SAH also results in an intense and
prolonged constriction of the affected cerebrakuésture (Bederson et al, 2009). This cerebral
vasospasm typically occurs after a delay of 3 aysdhost-haemorrhage reaching a maximum
around 7 days. There are no efficient treatmertsdrebral vasospasm and approximately 50%

of SAH patients will develop a subsequent infarctiBederson et al, 2009).

The development of cerebral vasospasm is direictkgdl to the presence of the subarachnoid
blood clot (MacDonald & Weir, 1991). However, fmNing blood clot formation, the processes
which lead to the delayed arterial constrictionwamnelear (Nishizawa & Leher, 2005). Several
different candidates, including oxyhaemoglobincte® oxygen species and the vasoconstrictor
endothelin-1, have been investigated suggestirigrsspasm may be a multifactorial process
(Kolias et al, 2009). Intervention studies in Spgtients who develop cerebral vasospasm have
to date failed to identify a potential therapetigicget which improves patient outcome
(Nishizawa & Laher, 2005; Mocco et al, 2006). Rectudies have now suggested that
inflammation is an important component in the phlibal development of cerebral vasospasm
(Dumont et al, 2003). Analysis of cerebrospinaidlafter SAH in patients has demonstrated
increases in inflammatory proteins such as int&re(IL)-1p3, IL-6 and C-reactive protein
(Schoch et al, 2007; Hendryck et al, 2004). Whils expected that this inflammatory response
will be at least in part produced by inflammatoell types, gene expression studies on cerebral
arteries from different animal models of SAH inde¢hat the vascular smooth muscle (VSM)

cells also undergo an inflammatory response amdylikontribute directly to inflammation during



the development of vasospasm. Elevation in the mRMels for IL-18, IL-6, IL-8, monocyte
chemoattractant protein (MCP)-1 and inter-cellaldinesion molecule-1 have been observed
(Onda et al, 1999; Aihara et al, 2001) in cerehrtdries following induction of SAH. Those
inflammatory markers were highest at day 7 afteHS#e peak time of cerebral vasospasm.
However, although inflammation of the cerebral ieteis likely to be involved, the key pro-
inflammatory mediators and associated signalinghaeisms which switch on this process have
yet to be identified. As vasospasm is directhatedl to the subarachnoid blood clot, such

mediators are likely to be derived from plasmaebeased from blood-borne cells in serum.

Sphingolipids, produced predominantly from sphingehm metabolism, are now known to have
important functional effects on the cardiovascslgtem (Alewijnse et al, 2004). Two
sphingolipids, sphingosine 1-phosphate (S1P) ahohgpsylphosphorylcholine (SPC), occur
naturally in plasma and are elevated in serum (¥igtad008; Liliom et al, 2001). The S1P
concentration is approximately 300 nM in plasma threse levels appear to be regulated by
erythrocytes which constitutively produce S1P (Yaitdi2008). Less is known about the
regulation of SPC (Nixon et al, 2008) although pheesma levels have been measured at 150 nM
(Liliom et al, 2001). A significant proportion ptasma-derived S1P and SPC (approximately
60%) are bound to lipoproteins (Okajima, 2002). alditional source of S1P and SPC comes
from activated platelets. In the case of S1Pgfdéd do not express S1P lyase, an enzyme
responsible for the breakdown of S1P, and theredftes high concentrations of S1P (Yatomi et
al, 1995). When activated, the S1P is releasdu atiter platelet-derived mediators. S1P in
serum is elevated to around IpM levels. SPC is also elevated in serum (Lilionale2001) but

the mechanisms of this are unclear.



Both S1P and SPC engage a wide repertoire of gltudar signaling pathways in many different
cell types (Sanchez & Hla, 2004; Nixon et al, 200B)s now known that S1P-induced cellular
effects occur predominantly through activationted 7-transmembrane, G-protein-coupled
receptors S1P receptors, $3PSanchez & Hla, 2004)ln vitro and S1P receptor null mice
studies indicate that S1Pouples to @ and leads to activation of the MAPK isoform,
extracellular signal-regulated protein kinase Bar(chez & Hla, 2004). SiBnd S1Rare
coupled to Gg and G12/13 leading predominantly to intracellular’Ceelease and activation of
the monomeric GTP-binding protein, RhoA (Ishii Bt2902). The effects of SiRnd S1Pare
less clear. Most cell types express at leastame typically more than one, isoform of the S1P
receptor. We have previously shown that rat qatelstery smooth muscle cells express S1P
(Coussin et al, 2002). In addition, comparedatgér blood vessels, cerebral arteries express
relatively higher levels of SktRnd S1Rreceptors. This greater receptor expressionoisgioly
responsible for the robust intracellular’Ceelease and RhoA activation following S1P
stimulation of cerebral arteries (Tosaka et al,12@oussin et al 2002). Both these pathways
converge on a vasoconstrictor response of the drattery. Although no selective SPC
receptors have been clearly identified (Nixon e28D8), SPC has a high structural homology
with S1P and consequently may act as a lower affagonist at S1P receptors (Meyer zu
Heringdorf et al, 2002). SPC also has a vasodetwtieffect on cerebral arteries (Shirao et al,
2002; Mathieson & Nixon, 2006) in addition to otlood vessels such as pulmonary arteries
(Thomas et al, 2005). Similar to S1P, studies mowe shown that SPC has pronounced effects
on cerebral vascular smooth muscle cell contractiia increases in intracellular calcium
([Ca®"]i) (Mathieson & Nixon, 2006) and activation of thed®/Rho-kinase pathway (Shirao et
al, 2002). In addition, sphingolipids can activiteacellular pathways in cerebral VSM which
may influence functions other than contraction. hdge recently demonstrated that SPC, but not

S1P, can activate p38MAPK in cerebral artery (Megbin & Nixon, 2006). This MAPK isoform



is associated with activation of inflammatory respes (Saklatvala, 2004) and suggests that SPC

may have a pro-inflammatory role in the cerebralcuature.

Following SAH, both S1P and SPC released from |gtgteén the blood clot would have direct
contact with cerebral VSM cells in the subarachrspdce and could potentially act as mediators
of vasospasm either directly or via pro-inflammsgteffects. The aim of this study was to
examine the role of S1P and SPC as potential glaamatory mediators in cerebral arteries.
Our results demonstrate that SPC, but not S1Pindaice inflammation in cerebral artery VSM
cells via activation of p38MAPK and subsequent gplation of inflammatory transcription
factors leading to release of the chemokine MCHHiis SPC-induced process could initiate
further inflammation in other cell types and, astgumay be an important component of the

inflammation associated with the development oélbeal vasospasm.

Materialsand Methods:

Tissue Preparation and Cell Culture

Male Sprague—Dawley rats (6 weeks old, 300-350¢¢ wathanised by inhalation of @O
followed by cervical dislocation. All proceduresneen accordance with institutional guidelines.
Cerebral arteries (middle and basilar) were immebtiaemoved and placed into ice-cold
physiological saline solution as previously desadiljCoussin et al, 2002). Dissected cerebral
arteries were cleaned of connective tissue andridethelium was removed by gentle rubbing of
the arterial lumen. Cleaned arteries were pre-iatin serum-free cell culture medium in a
humidified 5% CO2 atmosphere at 37°C overnight tesd® vivo treatment. This preincubation
was necessary to ensure that the levels of MAPISpiharylation elevated after stretch-activation
of the arteries during the dissection had retutodehsal levels. This was determined by

preliminary experiments (data not shown). Althowgiiers have demonstrated upregulation of



receptors in rat cerebral artery smooth musclevotig 24 hr organ culture (Waldsee et al,
2010), we did not observe any changes in the satadllevels of ERK1/2 or p38MAPK. This
suggests that S1P and SPC intracellular signaerg unaffected by overnight culture. The rat
thoracic aorta smooth muscle cell line A7r5 (Euarp€ollection of Cell Cultures) was
maintained in Dulbecco’s modified eagle medium seimented with 10% foetal bovine serum
(FBS), 1% L-glutamine and 1% penicillin/streptommycCells were grown in a humidified 5%

CO,atmosphere at 37°C.

Spohingolipid preparation

Lyophilised S1P and SPC (Sigma Aldrich, UK) wergsdived in methanol and stored in aliquots
at -20°C. Before use methanol was evaporated amdgmipids were dissolved in 3.6 mg/ml
bovine serum albumin solution containing 10% dirngksulfoxide at 37°C. Concentrations of 5
uM S1P and 1M SPC were used throughout this study. These carateons typically achieve
maximal or close to maximal effects in concentratdfect curves as previously assessed

(Coussin et al, 2002, Mathieson et al, 2006).

Transcription Factor Array

Rat cerebral arteries were incubated with 5 uM &1F0 uM SPC for 1 h at 37°C. Nuclear
extracts were prepared using a nuclear extracitq&nomics, CA, USA). Extracts were
subjected to the TranSignal function-specific progf@NA array (Panomics) according to the
manufacturer’s instructions to screen for changehke binding to 20 different transcription factor
binding sites (activator protein 1, CCAAT enhangeding proteins (C/EBP), CCAAT-binding
factor, cyclic AMP response element-binding prot&dF, early growth response factors, E26
transformation-specific sequence factors, GATA-8,T@-4, hepatocyte nuclear factor 4, heat

shock factor protein, myocyte enhancer factor 2|ear factor of activated T-cells , YY1



transcription factor, nuclear facteB (NF-xB), OCT-1, peroxisome proliferator-activated
receptora, Rel, Smad binding element, Sp1l). In brief, nuckedracts were pre-incubated with
biotin-labelled DNA-binding oligonucleotides to @iV the formation of DNA/protein complexes.
The complexes were separated from the free praimelybridized to the TranSignal array.
Signals were detected by horseradish peroxidas@J#Rsed chemiluminescence. Quantitation

was performed as for immunoblots.

Immunobl otting

Rat cerebral arteries were incubated with 5 uM &1E0 uM SPC for the appropriate time at
37°C. As required, arteries were additionally ip@ibated with 30 uM SB203580 (4-(4-
fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4pyritht H-imidazole, a selective p38MAPK
inhibitor (Calbiochem, UK) for 30 min. Treated tigswas homogenised with lysis buffer in a
glass Braun homogenising vessel on ice as previaescribed (Coussin et al, 2002). To obtain
sufficient tissue, cerebral arteries from 2-3 ve¢se pooled for each sample. Protein was
measured using a Lowry assay (Biorad, UK) to ensqtal protein loading and membranes were
stained with Ponceau Red to confirm protein loadRrgtein samples were fractionated by SDS-
PAGE, transferred to nitrocellulose membranes,tdacked with 5% non-fat milk powder in tris-
buffered saline, pH 7.4, containing 0.1% TweenM@&mbranes were incubated overnight at 4°C
with primary antibody againstdB (Santa Cruz Biotechnology, CA, USA), phospho-(38lI
Signaling, MA,USA) or GAPDH followed by HRP-conjuga secondary antibody (Sigma
Aldrich). Immunoreactive bands were visualised blgaced chemiluminescence and quantitated

by densitometry as described previously (Coussal, &002).

Electrophoretic mobility shift assay



Rat cerebral arteries were treated with 5 uM S1BOqeM SPC for 1 h at 37°C with or without
30 min pre-incubation in 30 uM SB203580. Electraqgtic mobility shift assay (EMSA) was
performed using a commercially obtained kit (Parasnaccording to the manufacturer’s
instructions. In brief, samples were incubated Wittinylated transcription factor probe.
Complexes were separated from the free probes lydanaturing polyacrylamide gel
electrophoresis. After hybridisation to Hybond-iembrane, signals were detected by

horseradish peroxidase (HRP)-based chemiluminescenc

Inflammatory Protein Array

AT7r5 cells were treated with 5 uM S1P, 10 uM SPRDpug/ml lipopolysaccharide (LPS) from
Escherichia coli 0127:B8 for 24 or 48 h at 37°Cn@itoned medium was analysed using a rat
cytokine antibody array (RayBiotech, Inc., GA, US#etecting 19 cytokines according to the
manufacturer’s instructions The cytokines wereadlsws: cytokine-induced neutrophil
chemoattractant (CINC)-2, CINC-3, ciliary neurgihec factor, fractalkine, granulocyte-
macrophage-colony stimulating factor, interfegohL-1a, IL-1p, IL-4, IL-6, IL-10, leukaemia
inhibitory factor, leptin, MCP-1, macrophage inflaratory protein @, p-nerve growth factor,
tissue inhibitor of metalloproteinases 1, tumorrosis factor, vascular endothelial growth
factor. In brief, array membranes were incubateolacking buffer for 30 min before incubation
with conditioned medium for 2 h. Biotin-conjugataati-cytokine antibodies were added for 2 h
which was followed by HRP-conjugated streptavidifter addition of detection reagent,

membranes were exposed to x-ray film. Quantitatvas performed using densitometry.

Enzyme-linked Immunosor bent Assay
A7r5 cells were treated with 5 uM S1P or 10 uM S&x4 h at 37°C. Conditioned medium was

analysed using a rat MCP-1 specific enzyme-linkechunosorbent assay (ELISA) kit



(RayBiotech, Inc)In brief, samples were added to wells coated witirrat MCP-1 capture
antibody for 2.5 h. Biotinylated detection antiboslgs added for 1 h followed by HRP-
conjugated streptavidin. After incubation in suétgrreagent for 30 min, stop solution was added
and the samples were read immediately at 450 nng @smicroplate reader. For quantitation a

standard curve was created using supplied recomtiaaMCP-1.

I mmunofluorescence

Rat cerebral arteries were treated with either ¥0§PC, 5 uM S1P, 1 pg/ml LPS or vehicle in
the presence of 5 pg/ml brefeldin A for 48 h at@@7#Pollowing stimulation rat cerebral arteries
were fixed in 3% paraformaldehyde/PBS and infusel sucrose before flash-freezing as
previously described (Coussin et al, 2003). Crytiseing was performed on a Reichert Jung
cryostat E / Leica CM1900 microtome at -16°C. Sewtiwere blocked with 3% BSA/PBS before
incubation with primary antibody anti-MCP-1 (Millype, UK) overnight at 4°C. Secondary
antibody FITC-anti-rabbit IgG (Jackson Immunoreskedturope, UK) was applied for 1 h at
room temperature. Subsequently nuclei were staindBOBO-3 (Invitrogen, UK). Specificity

of immunostaining was confirmed by the absence ofdlscence in arteries incubated with
secondary antibody alone. Immunofluorescence wasteekt using a Biorad 1024 laser scanning
confocal microscope (Bio-Rad) / Olympus BX50WI geped with a krypton-argon lasamd a

x40 oil-immersion lens. The laser was fitted wiithera blue (excitation 488 nm) or a yellow

(excitation 568 nmijiter block.

Satistics

Data are expressed as mean = S.E.M. Significamsae&sted by means of Studetdst or

ANOVA where appropriate?<0.05 was considered significant.
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Results:

SPC but not S1P activates p38MAPK in rat cerebral arteries

We have previously demonstrated that a 15 min iatab with SPC can increase the
phosphorylation of p38MAPK in denuded rat cerelrédry (Mathieson et al, 2006). This
indicates an engagement of the p38MAPK signalliatipyway. However, we have not previously
studied the timecourse of SPC-induced activatiocenebral arteries. This could be important in
relation to the sustained nature of cerebral vassoap Our data now show that phosphorylation
of p38MAPK is activated within 5 mins and reachgmeak between 15 and 30 mins before
declining towards baseline levels at 60 mins (fglA). S1P at 5 uM has no effect on
p38MAPK phosphorylation over the timecourse of 1 Tio ensure that the lack of effect of S1P
on p38MAPK phosphorylation is due to a lower cortiion (relative to SPC), we also
examined the effects of 30M S1P. At this concentration, S1P failed to indang increase in

p38MAPK activation (data not shown).

Profile of transcription factor activity induced by SPC and S1P inrat cerebral arteries.

Due to the central role of p38MAPK in inflammatamgracellular signaling, we performed a
transcription factor array to identify potentiatgat proteins involved in sphingolipid signalling.

As SPC and S1P have some divergence of intracefligaaling, we were particularly interested

in transcription factor activity where S1P and SR different effects. While this preliminary
screen was limited to 20 transcription factor bingdsequences, it provided information regarding
the potential downstream effects of SPC and Sl1&.c&ebral arteries were treatxdivo with

either 5 uM S1P or 10 uM SPC for 1 h at 37°C. Blaickxtracts were then subjected to the assay
procedure. Of the 20 consensus sequences contaittezlarray, 5 revealed a change in DNA

binding which was considered to be potentially gigant (using an arbitrary cut-off of an
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approximately 2-fold increase or decrease). Ordpriasensus sequences demonstrated a
difference in DNA binding for S1P compared to SPRhese oligonucleotide sequences
demonstrated the binding of N\dB and C/EBP. Binding to both these oligonucledidas
increased by incubation with SPC but unchangecdhbyhation with S1P (figure 1B). These

transcription factors are closely associated wiftammation and were investigated further.

Activation of the NF-«xB signalling pathways by SPC but not SLP

To confirm preliminary findings of the transcriptidactor arrays, we conducted further
experiments on the activation of N\fB. The activity of the transcription factor NdB- is

regulated in several ways (Hayden et al, 2006)e Gdst established model proposes that the
inhibitor of NF«B, 1B, sequesters NkB in the cytoplasm of unstimulated cells and thus
maintains the transcription factor in an inactitege. Upon phosphorylation byB kinase, the
phosphorylatedidB becomes ubiquitinated and subsequently degrddesl effectively releases
NF-xB which subsequently translocates to the nucleddratiates expression of target genes.
We initially examined the activation of this sigimg complex by determining the degradation of
IkBa, an indirect indicator for activation of the NdB- signalling pathway. Rat cerebral arteries
were incubate@x vivo with either 5 uM S1P or 10 uM SPC for the appratertime at 37°C.
Tissue protein extracts were then subjected to inohlot analysis with antibodies detecting the
a-subunit of thedB complex. In a timecourse of SPC incubatia®Bd expression was
unchanged at 5 min but decreased maximally betd/deand 30 min and returned towards
baseline at 60 min (figure 2A). S1P had no eféectcBa expression (figure 2B). To determine
the role of p38MAPK in the SPC-induced degradatibixBa, cerebral arteries were pre-
incubated with SB203580 for 30 mins prior to indutrawith SPC for 15 mins. SPC-induced
degradation ofdBa was significantly inhibited by SB203580. As p38MK may have an

important role in SPC-induced N& activation, we examined the binding of activatdei«B to
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consensus sequences using EMSA. Rat cerebrakanegre treated ex vivo with S1P or SPC
for 1 h at 37°C with or without pre-treatment wath uM SB203580 as above. Subsequently
nuclear extracts were subjected to EMSA. SPCnbuS1P, incubation increased NB-
binding to NF«B consensus sequences (figure 2C). This effecP@f ®as prevented by pre-

incubation with the p38MAPK inhibitor.

Activation of the C/EBP pathway by SPC but not S1P

The transcription factor array indicated that SPGId activate the pro-inflammatory
transcription factor C/EBP in rat cerebral arteridfie potential binding of C/EBP to consensus
oligonucleotide sequence was examined by EMSA ageabRat cerebral arteries were treated
with S1P or SPC for 1 h at 37°C with or without-pesatment with SB203580 and nuclear
extracts prepared. SPC, but not S1P, increasedFCHiRIIng to DNA (figure 3). This effect of

SPC was diminished by p38MAPK inhibition.

SPC-induced inflammatory protein production in VSM cells

As pro-inflammatory signalling pathways were adi@ehin cerebral artery following SPC
incubation, we investigated the downstream congempse Cytokine protein arrays were used to
identify release of candidate inflammatory proteidse to the technical limitations of rat
cerebral artery (tissue yields are insufficiengreafter substantial pooling from multiple animals
to measure release of inflammatory proteins) thé&va5 thoracic aorta smooth muscle cell line
was used as anvitro model. To confirm that this was an appropriateletdor rat cerebral
artery, A7r5 cells were initially examined to detéme if SPC could induce NkB and C/EBP
activation. EMSA was performed as above for raglosal artery. Following 1 hr incubation with
10uM SPC, an increase in DNA binding to oligonucleesicencoding consensus sequences for

NF-xB and C/EBP was observed (figure 4A). This washk#ad by pre-incubation with 3aM
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SB203580 for 30 mins. S1P did not increase DNAlinig (data not shown). These results with

A7r5 cells are similar to those obtained with ratebral artery.

To determine cytokine release A7r5 cells werelfirseated with 10 uM SPC or 5 uM S1P for
24 h or 48 h at 37°C. Conditioned medium was aedlysing a cytokine protein array according
to the manufacturer’s instructions. Lipopolysacahea(LPS, 1ug/ml) was used as a positive
control. In LPS-treated A7r5 cells the release ostof the cytokines detected by the array was
increased as expected. The most pronounced insrease observed for interleukin-6, CINC-3,
fractalkine, granulocyte-macrophage-colony stimatafactor, MCP-1 and macrophage
inflammatory protein 8. However, incubation with SPC for either 24 orl#Rirs increased the
release of only one inflammatory protein, the chkim® monocyte chemoattract-1 (MCP-1)
(figure 4B). S1P did not produce an increasedasgan any inflammatory proteins detected by

the array.

To confirm results with the rat cytokine array, BIAl was performed using A7r5 cells. Cells
incubated with 1M SPC for 24 hours had a significant increasedasseof MCP-1
(approximately 3 fold compared to control) (figdt€). LPS increased MCP-1 release by

approximately 15 fold.

Once MCP-1 release in A7r5 cells was establishedgsted whetheax vivo treatment with SPC
elicited MCP-1 production in rat cerebral arteArteries were treated with either 10 uM SPC or
1 pg/ml LPS in the presence of 5 pg/ml brefeldifoAd48 h at 37°C. Brefeldin A blocks secretory
pathways of the Golgi system and was used to ackewenMCP-1 inside VSM cells. This

allowed detection of MCP-1 production in small issamples. MCP-1 production was assessed

by immunofluorescence. LPS, which served as pasdontrol, induced MCP-1 production inside
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cerebral artery VSM cells (figure 5). This stainpaftern was limited to the cytoplasm and was
generally a patchy distribution. This probablyie@eted the distribution in organelles, presumably
the golgi system. SPC incubation also inducedharease in MCP-1 staining of a similar pattern

to LPS.

Discussion:

A potential role for sphingolipids in the developmef vasospasm has previously been suggested
via contractile effects on cerebral arteries. Weuyssin et al, 2002; Mathieson et al, 2006), and
others (Shirao et al, 2002), have demonstrated3hBtand SPC can induce a constriction of
cerebral arteries vitro by directly activating intracellular contractilegqeesses. This has been
further demonstrated by vivo administration of S1P or SPC directly to the cisdéemagna in
animal models (Tosaka et al, 2001; Kurokawa €2@09). The timecourse of vasospasm in these
in vivo studies is maximal approximately 2 hours afteldiappon and decreases thereafter. As
this timecourse differs from the clinical profiléwasospasm, a maintained constriction would
probably also require other mechanisms to be detivaSeveral studies now show that
inflammation could contribute to the maintaineda@mstriction of the cerebral arteries (Dumont
et al, 2003). Our previous study has demonstirtéiad in addition to the contractile effect, SPC
can also activate the MAPK family members, p38MARKathieson et al, 2006). This kinase is
closely associated with pro-inflammatory intracklfipathways (Saklatvala, 2004). We now
reveal in the current study that SPC, but not $&R activate the pro-inflammatory transcription
factors NFkB and C/EBP in cerebral artery VSM cells. Thisus via SPC-induced activation

of p38MAPK. Activation of these transcription facst leads to upregulation of the chemokine

MCP-1.
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The findings presented in the current study arg ohpotential relevance to vasospasm if SPC
levels are increased during SAH. A recent clingtatly has demonstrated that in patients who
have developed SAH the concentration of SPC ircénebral spinal fluid (CSF) is significantly
increased approximately 17 fold after 7 days (Kaxe& et al, 2009). This provides direct
evidence that SPC is elevated in SAH and couldetbes contribute to vasospasm. The
mechanisms of this increase are not known. lk&y that increased levels of SPC are due to
release from activated platelets (Liliom et al, POOHowever, in SAH it has also been shown
that erythrocytes are an important component irdthelopment of vasospasm (Macdonald et al,
1991). While it has been reported that S1P accat®siin erthyrocytes (Yatomi, 2008), SPC
metabolism in erthrocytes has not been assessgthoth S1P and SPC are increased in serum, it
remains a possibility. Sphingolipids are therefor@bably increased in the subarachnoid space
by several different pathways within the area oéeebral aneurysm. In the current study we
have used maximal, or just below maximal, concéintia of S1P and SPC (as assessed by
concentration-effect curves previously in rat ceséhrteries)(Coussin et al, 2002; Mathieson et
al, 2006). These are in the range typically usethbny other studies in different cell types.
Although the concentrations of SPC measured froma i@Sivo are significantly lower (in the
order of 30 nM, Kurokawa et al, 2009) than thatdugseour study, it is notable that SPC levels
decrease rapidly in CSF from animal models (Kurakaval, 2009)The relevant concentrations
invivo in this case are not clear, and local concentratare likely to be much higher than current

estimates in serum. Certainly, lgwl levels could be possible in SAH.

Although inflammation may have a primary role imet@al vasospasm, the pro-inflammatory
mediators have not yet been clearly identifiedreéent study has demonstrated that cerebral
ischaemia itself can contribute to a localizedanfmation (Maddahi & Edvinsson, 2010) which

may play a role in SAH pathology. In the currenidy, the ability of SPC to upregulate MCP-1
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in a reasonably selective manner (at least indh&7r5 VSM cell line) suggests a potentially
specific role for this sphingolipid in the inflamtrean associated with vasospasm following blood
clot formation. Although we cannot state that getectivity occurs in the rat cerebral artery,
microarray experiments similar to that performed/ilyman et al (2007) to determine
inflammatory gene expression could provide furénadence of this.Interestingly, MCP-1 is
upregulated in the CSF of patients with SAH (Gaietaial, 1998) and may be of particular
relevance to clinical vasospasm. A recent studyshiggested that MCP-1 levels are directly
correlated with an outcome of angiographically destated vasospasm and could therefore be a
biomarker for predicting onset (Kim et al, 2008).an experimental model of SAH, MCP-1
expression was increased in cerebral artery VS ¢all et al, 2009) demonstrating that the
VSM cells could directly contribute to the observedrease in MCP-1 levels. Our data now
provide a potential novel mediator, naturally ocmg in plasma and serum, which can increase
MCP-1 expression in rat cerebral arteries. Ouilteslso delineate an intracellular mechanism
for the SPC-induced increase in MCP-1 expressWie.now demonstrate that in cerebral
arteries, SPC, via activation of p38MAPK, can ias@the activity of two pro-inflammatory
transcription factors, NikB and C/EBP. This leads to enhanced specific Dialihg. Both

these transcription factors are closely associitdan increase in inflammatory cytokines and
chemokines in VSM cells (Sekine et al, 2002; Dwaredth et al, 2004). Although N& and
C/EBP belong to families of transcription factadentifying the specific isoforms of each
transcription factor involved in SPC-mediated MCExpression is beyond the scope of this
study. The MCP-1 gene promoter region containmpter sites for both C/EBP and NB

(Sekine et al, 2002; Ueda et al, 1997).

Other inflammatory proteins, in addition to MCPate upregulated during SAH and likely also

contribute to the inflammation associated with w&sm. The SPC-induced effects are therefore
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likely to be part of a larger inflammatory respoirselving multiple cell types and intracellular
pathways. With regard to VSM cells, it is also sibke that S1P (which did not lead to increased
expression of any inflammatory proteins in thisdgjumay have other actions which have not yet
been characterized. It is also acknowledged Heatrtain inflammatory cells in SAH are likely to
be leukocytes which will drive the increase in amfimatory mediators. However, SPC could
have an important role in initiating this respobgestimulating the infiltration of monocytes into
the vessels wall via expression of MCP-1. Therefalthough the SPC-induced MCP-1
expression is unlikely to contribute to the majpof inflammation, it may be sufficient to play an
important and primary role shortly following SAHUntil the site of action of SPC in cells is
uncovered and SPC pharmacology further developedl] be difficult to confirm the relative
importance of this sphingolipid. Although SPC eanhas a low affinity agonist at S1P receptors,
the divergence of SPC and S1P signaling observedristudies (current study and Mathieson et
al, 2006) indicate that this is not the case irloal arteries. Preliminary studies with the lidite
S1P receptor antagonists available had no effe@R®@-induced MAPK activation (data not

shown). A direct intracellular action of SPC alsmot be ruled out.

In conclusion, our study has demonstrated that &#Cact as a pro-inflammatory mediator in
cerebral artery VSM cells by upregulating expressibthe chemokine, MCP-1. The mechanism
of this upregulation occurs through activation a¥-pyflammatory transcription factors. This
provides evidence that SPC is a novel link betwsead clot formation and the initiation of
inflammation. Furthem vivo studies are now required to demonstrate the pagloal role of

SPC as a pro-inflammatory mediator following SAFhis could prove to be a useful therapeutic

target to combat cerebral vasospasm.
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Titlesand legendsto figures:

Figurel

SPC activates p38MAPK and the transcription factors NF-xB and C/EBP.

(A) Rat cerebral arteries were treagxdivo with 5 UM S1P or 10 uM SPC over a time course of
60 min. A representative immunoblot of phospho-p2&M shows time-dependent SPC-induced
increase in phosphorylation with a maximum betwEgiand 30 min (n=3). S1P did not change
phospho-p38MAPK levels. GAPDH served as proteidilog.control. B) Rat cerebral arteries
were treated as above for 1 h. Nuclear extracte aeneened for transcription factor activity
using a transcription factor array. SPC increasié Dinding to NFxB and C/EBP consensus

sequences (n=2). S1P had no effect on DNA binttitge same sequences.

Figure2

Activation of the NF-xB signalling pathway by SPC is dependent on p38MAPK.

(A) Rat cerebral arteries were treasxdivo with 10 pM SPC over a time course of 1 h with or
without pre-incubation in 30 uM SB203580 (a p38MAIRKibitor) for 30 min. A representative
immunoblot shows a time-dependent decreaseRi levels with a minimum between 15 and 30
min. GAPDH served as protein loading control (n=@) Rat cerebral arteries were incubated as
above for 15 min following pre-incubation with 3MEB203580 for 30 min. A representative
immunoblot and mean data demonstrate that the 8&@:ed reduction okBa expression was
reversed by pre-incubation with the p38MAPK intobi¢* P<0.05, n=4). S1P had no effect on
IkBa expression.q) Nuclear fractions of cerebral arteries incubate8PC or S1P as above for
1 h following pre-incubation with 30 uM SB203580r@subjected to EMSA. A representative
EMSA shows that SPC but not S1P treatment increliseling to oligonucleotides specific for

NF-kB consensus sequence (n=3). This was diminishg88ynhibition. Specific binding

26



induced by SPC was decreased to control leveleviallg inclusion of cold probe. SB203580

alone had no effect on DNA binding.

Figure3

Activation of C/EBP by SPC is dependent on p38MAPK.

Nuclear fractions of cerebral arteries incubatetidnruM SPC or 5 uM S1P as above for 1 h
following pre-incubation with 30 uM SB203580 werégected to EMSA and the binding of
C/EBP to DNA consensus sequences was determimedbation with SPC increased C/EBP
binding to specific oligonucleotides. This effe€tSIPC was decreased by p38 inhibition. S1P did
not increase C/EBP activity. SB203580 alone alsbrimeffect on DNA binding to this

oligonucleotide. A representative EMSA is shown3n=

Figure4

SPC induces MCP-1 releasein A7r5 cells.

(A) A7r5 cells derived from neonatal rat aorta wai@ibated in 10 uM SPC for 1 h following
pre-incubation with 30 uM SB203580 for 30 min. Regantative EMSA of nuclear extracts
shows increased N&B and C/EBP binding to respective consensus segudigonucleotides.
Increased DNA binding of both transcription factbysSPC was inhibited by pre-incubation of
the p38MAPK inhibitor. B) A7r5 cells were treated with 5 uM S1P, 10 uM SIQ@5 pg/ml

LPS for 24 or 48 h at 37°C. Conditioned medium a@aysed using a cytokine protein array
(n=3, representative blots shown at 48 hr timepairspecific cytokines detected). LPS increased
expression of most of the cytokines detected byathey (data not shown except example of IL-6
release). SPC increased the release of only MGE-f@o other cytokines. No cytokine release
was observed with S1P. There was no differenced®i24 or 48 h timepoint€) To confirm

array results, A7r5 cells were treated with 10 pRCSor 24 h at 37°C and conditioned medium
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was analysed using a MCP-1-specific ELISA. SPChiation significantly increased MCP-1
release from A7r5 cells compared to S1P (* P<0n88-12). The positive control, LPS, also

increased MCP-1 release as expected (n = 2).

Figure5

SPC induces MCP-1 production in rat cerebral artery VSM cells.

Rat cerebral arteries were treassdivo with 10 uM SPC or 1 pug/ml LPS in the presence of 5
png/ml brefeldin A for 24 h or 48 h. Arterial sect®were co-stained with anti-MCP-1 antibody
(green) and nuclei stained postfix with BOBO-3 Jrédchmunofluorescent images demonstrate
that SPC induced MCP-1 production in cerebral gt#8M cells and this was localized to the
cytoplasm. LPS also increased MCP-1 in a similealiaation pattern. There was no difference
between 24 and 48 h sections. Typical immunostiaseetions shown from at least four different

cerebral arteries. Scale denotgga
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Figure 5
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