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Abstract

Growing evidence indicates that perivascular tissue is critical to modulate vessel function. We hypothesized that the
arachnoid membrane surrounding middle cerebral artery (MCA) regulates its function via sphingosine-|-phosphate
(SIP)-induced vasoconstriction. The MCA from 3- to 9-month-old male and female wild-type (Oncine France | and
C57BL/6) mice and sphingosine kinase 2 knockout (SphK2-/-) mice in the C57BL/6 background was mounted in pressure
myographs with and without arachnoid membrane. Raman microspectroscopy and imaging were used for in situ detec-
tion of SIP. The presence of arachnoid tissue was associated with reduced external and lumen MCA diameters, and with
an increase in basal tone regardless of sex and strain background. Strong SIP-positive signals were detected in the
arachnoid surrounding the MCA wall in both mice models, as well as in a2 human post-mortem specimen. Selective S|P
receptor 3 antagonist TY 52156 markedly reduced both MCA vasoconstriction induced by exogenous SIP and
arachnoid-dependent basal tone increase. Compared to 3-month-old mice, the arachnoid-mediated contractile influence
persisted in 9-month-old mice despite a decline in arachnoid SIP deposits. Genetic deletion of SphK2 decreased
arachnoid SIP content and vasoconstriction. This is the first experimental evidence that arachnoid membrane regulates

the MCA tone mediated by SIP.
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Introduction

Cerebral vessels that run on the pia matter at the brain
surface are surrounded by cerebrospinal fluid (CSF) that
is contained within the subarachnoid space providing
mechanical and immunological protection to the brain.
The arachnoid mater is a fine layer located between the
dura matter and the subarachnoid space that permits
communication between the CSF and cerebral vessels
to fine-tune crucial brain physiological responses such
as supply nutrients and remove waste products.!> CSF
removes waste products of brain metabolism and it
mediates intracerebral transport of nutrients and neuro-
active substances.® Therefore, cerebral vessels are not
only exposed to intrinsic vascular regulatory mecha-
nisms, but also to the influence of exogenous factors
such as the subarachnoid space milieu.

Sphingosine-1-phosphate (S1P) is a pleiotropic
bioactive lysophospholipid generated from sphingosine
phosphorylation by sphingosine kinase (SphK) 1 and 2
that acts both as an extracellular ligand and intracellu-
lar second messenger.* SIP is abundant in plasma
where it is mainly released by erythrocytes and to a
lower extent endothelial cells and platelets. However,
many cells generate S1P, which is released into the
extracellular environment through various membrane
transporters including major facilitator superfamily
domain-containing proteins Mfsd2b and Mfsd2a, spin-
ster homolog 2 (SPNS2), and ATP-binding cassette
transporters (ABCTs).>® In the extracellular milieu,
S1P signals in an autocrine or paracrine manner via
plasma membrane G protein-coupled SI1P receptors
(S1Py sR), which participate in several essential biolog-
ical responses such as vascular development and lym-
phocyte trafficking.” SIP activity ends through
inactivation by ubiquitously expressed enzymes, SI1P
phosphatase and S1P lyase. The latter is expressed in
the murine arachnoid membrane, which suggests that
arachnoid S1P signaling may have so far unidentified
physiological functions in this tissue.®

In the vasculature, SIP signaling plays important
roles in the regulation of vascular development and per-
meability, immune cell trafficking and blood flow.” S1P
induces Rho kinase-mediated vasoconstriction and par-
ticipates in the myogenic response in vascular smooth
muscle cells (VSMCs), while endothelial S1P leads to
vasodilation through eNOS activation.'” SIP,sR are
broadly expressed in the cardiovascular system. In the
brain, S1P mediates rat and mouse basilar artery con-
striction mostly through SIP;R signaling.'"!'? On the
other hand, SphK seems crucial for regulating SIP-
dependent vasoactive actions. SphK1 activity controls
myogenic responses in resistance arteries'> '® and it
has a major role in modulating vasoconstriction in
rat'’ and rabbit'® cerebral arteries. Besides, SphK2

activity protects against ischemic stroke'® and contrib-
utes to cerebral preconditioning.’®** Nevertheless, the
contribution of SphK2 to vasoresponsiveness is not well
understood, particularly in the cerebral vasculature.

In the present study, we hypothesize that the arach-
noid membrane actively participates in middle cerebral
artery (MCA) responsiveness through SIP signaling.
Our results demonstrate that arachnoid tissue estab-
lishes a functional crosstalk with the MCA increasing
its basal tone. We show that arachnoid membrane is a
reservoir of S1P in the mouse and human MCA, and
we provide evidence that S1P is the mediator responsi-
ble for the arachnoid-induced vasoconstriction.
Importantly, this regulatory mechanism persists
during aging despite a decline in arachnoid S1P depos-
its. Finally, we report that SphK?2 activity significantly
contributes to the arachnoid-dependent S1P response.

Materials and methods

Animals

Three to 4-month-old male and female Oncine France 1
(OF1) non-consanguineous mice were obtained from
Charles River (Sant Cugat del Valles, Spain), and 3- to
4-month-old and 8- to 9-month-old male and female
SphK2" mice in the C57BL/6 background and wild-
type CS57BL/6 mice were purchased from Jackson
Laboratories (Charles River, Lyon, France). Mice were
housed under controlled environmental conditions of
temperature and humidity, a 12:12-h light-dark cycle,
and provided with free access to food and water.
Experiments were carried out following Spanish laws
(Real Decreto 53/2013) and European Directives.
Experiments were approved by the Ethics Committee of
the Universitat Autonoma de Barcelona (approval code:
FJA-eut/01) and the local regulatory bodies of
Generalitat de Catalunya. Animal studies are reported
following the ARRIVE guidelines.

Human subject

The MCA (M1 segment) was obtained at autopsy from a
male subject (36-year-old, Caucasian), who died sudden-
ly. Postmortem examination of the subject showed the
rupture of a type A aortic aneurysm with no alterations
of brain vascularization or signs of brain injury. The
cadaver was less than 24h postmortem. The human
investigation committee of the Institut de Medicina
Legal i Ciencies Forenses de Catalunya approved the
human study (approval code: PR 368/17).

Tissue preparation

The M1 segment of the mouse and human MCA was
gently dissected, to retain and keep arachnoid tissue as
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intact as possible, and kept in cold Krebs-Henseleit
solution (KHS; composition in mM: NaCl 112.0; KCI
4.7, CaCl, 2.5; KH,POy4 1.1; MgSO4 1.2; NaHCO;3 25.0
and glucose 11.1) gassed with 95 % O, and 5 % CO,.
MCA from mice were immediately used for pressure
myography studies. In addition, both mice and human
MCA segments were used for evaluation of Raman
microspectroscopy and imaging and were placed in
KHS containing 30 % sucrose overnight and transferred
to a cryomold (Bayer Quimica Farmacéutica, Barcelona,
Spain) containing Tissue Tek OCT embedding medium
(Sakura  Finetek  Europe, Zoeterwoude, The
Netherlands) for 15min. Afterwards, arteries were
frozen in liquid nitrogen for storage at —70°C until
Raman imaging evaluation. Additional segments of the
mouse MCAs were used for immunofluorescence and
were processed as described.”

Pressure myography

Vascular function was studied in a pressure myograph
(model 114P; Danish Myo Technology, Aarhus,
Denmark) following the protocol described®** with
few modifications. Briefly, the MCA was placed on
two glass microcannulas and carefully adjusted so that
the vessel walls were parallel without stretching. A region
of the artery was gently cleaned of arachnoid tissue,
whereas this tissue was intentionally left intact in a con-
tiguous region (Figure 1(a) and Supplementary Video).
Afterwards, the artery was left to equilibrate for 30 min
at 60 mmHg in gassed KHS (37°C). The tissue was con-
tracted with 100 mM KCI to assess viability. After wash-
ing and a 30min resting time, constricted tone was
induced with the stable thromboxane A2 mimetic 9,11-
dideoxy-9a, 1la -methano-epoxy prostaglandin F2o
(U46619; 1nM-1uM; EMD Millipore, Billerica, MA,
USA), before adding the endothelial-dependent relaxa-
tion PAR2 agonist serine—leucine—isoleucine—glycine—
arginine-leucine-NH2 (SLIGRL; 20puM; Auspep,
Tullamarine, Victoria, Australia). Afterwards, an intra-
luminal pressure-diameter curve (3—-120mmHg) was
obtained in gassed KHS and internal and external diam-
eters were measured for 3 min at each intraluminal pres-
sure. After testing up to a maximum of 4 curves, the
arteries were left to equilibrate for 30 min at 60 mmHg
in gassed, calcium-free KHS (37°C, 0 Ca®": omitting
calcium and adding 10mM ethylene glycol tetraacetic
acid; Sigma-Aldrich, St. Louis, MO), and an intralumi-
nal pressure-diameter curve (3—120 mmHg) was obtained
in passive conditions. Myogenic parameters were studied
as described.?

In a separate set of experiments, intraluminal
pressure-diameter curves and S1P (Sigma-Aldrich, St.
Louis, MO, #73914) (1nM-1uM) contractions were
studied in the absence or presence of the SIP3;R

antagonist TY 52156 (4uM; Tocris Bioscience,
Bristol, United Kingdom, #5328). The concentration
of TY 52156 was selected based on previous studies.?’
In addition, intraluminal pressure-diameter curves
were studied in the absence or presence of the non-
specific ABCA1 membrane transporter inhibitor gli-
benclamide (300 pM).?® All drugs were added 30 min
before starting the experiment.

Raman microspectroscopy and imaging

Frozen transverse MCA non-fixed sections (10 pm-
thick) were used for Raman imaging, which was per-
formed with a customized WiTec alpha 300 R Raman
microscope (WiTec GmbH, Ulm, Germany), as
described (Zbinden et al., 2020).%° Spectral analysis
was performed with the Witec Project FIVE 5.2 soft-
ware (WiTec GmbH). Data sets underwent cosmic ray
removal, baseline correction and normalization (area
to 1) before true component analysis (TCA), as
described.’*?! Briefly, TCA is a non-negative matrix
factorization based algorithm that allows to elaborate
spectral signatures within the dataset and creates inten-
sity distribution heatmaps for each identified spectral
component. The S1P reference spectrum was applied to
identify endogenous S1P; nuclei and elastic fiber signa-
tures were added as contrast to the SIP signal.
Characteristic peaks for each structure and their molec-
ular assignments are shown in Supplementary Table 1.
For quantitative analysis, mean gray value intensities
of the Raman intensity distribution heatmaps were cal-
culated for each component and sample in ImageJ
(National Institutes of Health).

Immunofluorescence

Frozen transverse sections (14 pm-thick) previously
fixed in 4% paraformaldehyde were incubated for 1h
with anti-ER-TR7 (1:50; Santa Cruz Biotechnology,
Dallas, TX, #sc73355) or anti-BlIII-tubulin antibody
(1:50; BioLegend, San Diego, CA, #MMS-435P) pri-
mary antibodies in a humidified chamber at 37°C.
After several washes, sections were incubated with a
chicken anti-rat or donkey anti-mouse IgG secondary
antibodies conjugated, respectively, to Alexa Fluor®
647 (1:200; Thermo Fisher scientific, Waltham,
Massachusetts, USA, #A21472) and Alexa Fluor®
546 (1:200; Thermo Fisher scientific, #A10036) in a
humidified chamber at 37°C. Sections were treated
for immunofluorescence staining as described.”® The
specificity of the immunostaining was verified by exclu-
sion of the primary antibody. Images were captured
using a Leica TCS SP5 confocal microscope (Leica
Biosystems, Wetzlar, Germany).



Jiménez-Altayé et al. 165

(a) (b)

| .| without

with

(c)

- without arachnoid
O with arachnoid

o = 150 120+
E g
2 2 100
= =
B iz |*-n- 5 1o o £
E E | e D
S 109y 5 — = 809
= = : I,_%_ —
= = 5o = l 1 (=
e 504 -
] E 204
by 3 e 0
0 20 4 60 80 100 120 0 20 40 6 80 10 10 0 20 40 6C 80 100 120
Intraluminal pressure (mmHg) Intraluminal pressure {(mmHg) Intraluminal pressure (mmHg)

(e)

& without arachnoid 1*' curve <F with arachnoid 1% curve

@ without arachncid 2™ curve

T+ with arachnaid 1% curve #+
0= with arachinoid 2™ curve
fr with arachnoid 3° curve ax
- with arachnoid 4" curve *x

4 without arachnoid 1*' curve
-0~ with arachnoid 2" curve
"t with arachnoid 37 curve ww
<& with arachnoid 47 curve *

- without arachnoid 2™ curve

Vs

=& without arachnoid 3% curve
- without arashnoid €' curve

-4 wihout arachnoid 3 curve
¥ without arachnoid 4™ curve

2

Lumen diameter (um}

<1

100 120

e &
Infraluminal pressure (mmHg)

0 20 40 6 8 100 120 0 20 40

Intraluminal pressure (mmHg)

Figure |. Effect of arachnoid tissue in Oncine France | mice middle cerebral arteries. (a) Representative images of two pressurized
middle cerebral arteries with or without arachnoid tissue. Regions of interest are marked with a black (without arachnoid) and green
(with arachnoid) rectangle. (b) Representative photomicrograph of the reticular fibroblast marker ER-TR7 immunofluorescence (red)
of confocal microscopic mouse middle cerebral arteries (n = 3). Natural autofluorescence of elastin (green) and nuclear staining with
Hoechst 33,342 (10 ug/ml) (blue) are also shown. The artery wall is marked with a dotted white line, and the surrounding outside
tissue is arachnoid membrane. Effect of the absence (without) and presence (with) of arachnoid tissue on (c) external and lumen
diameter-intraluminal pressure curves in active conditions (2.5 mM Ca®*-Krebs-Henseleit solution) and (d) lumen diameter-intra-
luminal pressure curves in active (Di) relative to passive (D0) conditions (0 Ca®"- Krebs-Henseleit solution) in male (55 %) and female
(45 %) Oncine France | mice middle cerebral arteries. Results are the mean £SD of |1 mice. **P < 0.001 by 2-way ANOVA.

(e) Effect of the absence (without) and presence (with) of arachnoid tissue on repetitive lumen diameter-intraluminal pressure curves
(left) and lumen diameter-intraluminal pressure curves in Di relative to DO conditions (right) in male Oncine France | mice middle
cerebral arteries. Results are the mean + SD of 5 mice. *P < 0.05, *P < 0.0 vs. without arachnoid by 2-way ANOVA.

artery. Data analysis was carried out using GraphPad
Prism version 8.4.2 software (La Jolla, CA, USA). A
value of P < 0.05 was considered significant.

Statistical analysis

Results are expressed as the mean+ SD of the number
(n) of mice indicated in the figure legends. Normal dis-
tribution was checked when appropriate before choosing
the statistical analysis. Comparison between two groups
was carried out with the Mann-Whitney U or Student’s t
test. Comparison between more than two groups with
two factors was carried out either with regular two-way
ANOVA followed by Tukey’s post-test or by two-way

Results

The arachnoid membrane increases the basal tone
of the mouse MCA

ANOVA with repeated measures on the concentration or
intraluminal pressure factor. Mixed-effects model was
used when comparisons were performed in the same

Arachnoid membrane tissue was intentionally left in a
region of the MCA and was compared to a contiguous
(control) region without its presence (Figure 1(a) and
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Supplementary Video). Positive staining for the
reticular fibroblast marker ER-TR7 (Figure 1(b))'
and negative staining for the neuron-specific marker
BIII-tubulin confirmed that the tissue surrounding the
MCA was actually the arachnoid membrane.

Both contractions to KCL (100 mM) and U46619
(I1nM—-1pM), and relaxations to SLIGRL (20puM)
were comparable between regions (Supplementary
Figure 1(a)). Notably, when intraluminal pressure
was increased stepwise in active conditions (2.5mM
Ca’"-KHS), the region of the MCA with arachnoid
tissue showed significantly lower external and lumen
diameters compared to the region without this tissue
(e.g. with arachnoid: 59.4 +15.9 um vs. without arach-
noid: 94.1+£139pum, n=11, 60mmHg; P<0.001)
(Figure 1(c) and Supplementary Video). These differ-
ences were abolished when vessels were exposed to pas-
sive  conditions (0 Ca’'-KHS) (Supplementary
Figure 2). In active conditions, slopes of the myogenic
response-pressure curves (i.e. myogenic reactivity)
showed no differences between regions (without arach-
noid: 0.076 £0.14 vs. with arachnoid: 0.03240.12,
n=11). In contrast, lumen diameter reductions in
active relative to passive conditions as a function of
pressure were significantly larger in the region with
arachnoid tissue (e.g. without arachnoid: 86.4+
13.3% vs. with arachnoid: 57.1+14.9 %, n=11,
60mmHg; P<0.001) (Figure 1(d)), suggesting an
increase in basal (resting) tone. Basal tone values
were comparable in regions with no arachnoid vs. ves-
sels entirely cleaned of arachnoid (results not shown).

We then separated mice by sex and found that
arachnoid tissue-dependent responses developed
similarly in arteries of male and female mice
(Supplementary Figure 3). We next explored the time-
course of activation and maintenance of this response
by exposing the MCA to four consecutive intraluminal
pressure-diameter curves (Figure 1(e)). Both lumen
diameter reductions and increased basal tones were
observed at intraluminal pressures of 60—80 mmHg
onwards during the first curve, and these differences
were maintained throughout all curves tested.
Overall, the results suggest that the arachnoid mem-
brane increases the basal tone of the mouse MCA.

SIP is enriched in the arachnoid membrane

SIP lyase is present in the mouse arachnoid membrane®
and S1P contracts murine cerebral arteries.''"'*> Raman
imaging identified and allowed the marker-independent
subcellular localization of S1P (Figure 2). A SIP
Raman spectrum served as reference signature for
TCA and resulted in intensity distribution heatmaps
indicating a punctuate SIP distribution in all three
layers of the mouse MCA wall (Figure 2(a)).

Notably, a strong S1P signal was detected in arachnoid
tissue, being localized primarily in the cytoplasm of
reticular fibroblasts. Interestingly, the S1P Raman
signal was also detected in a postmortem human
MCA, showing a punctuate distribution along the
endothelium and the media and adventitia layers of
the artery. Notably, the most prominent SI1P signal
was observed in the reticular fibroblasts of the human
arachnoid membrane (Figure 2(b)).

SIP mediates the arachnoid-induced basal tone
increase

Exogenously added SIP contracted the MCA in a
concentration-dependent manner regardless of the
presence of arachnoid tissue (Figure 3(a)). This result
indicates that the arachnoid membrane does not act as
a diffusion hindrance to exogenously applied SI1P
under our “ex vivo” conditions. Previous studies dem-
onstrated that S1P-induced contractions in the mouse
and rat basilar artery are mostly mediated by
S1P;R."1? The selective SIP;R antagonist TY 52156
(4 uM) dramatically reduced S1P-induced contractions
in both regions (with and without arachnoid) (Figure 3
(a)). We then evaluated the influence of blocking
S1P;R signaling on the arachnoid-induced effects.
Incubation with TY 52156 partially prevented the
arachnoid-induced lumen diameter decrease (Figure 3
(b)) and restored the basal tone increase (Figure 3(c)).
Besides, inhibition of the ABCA1 S1P efflux transport
with glibenclamide partially augmented the lumen
diameter and prevented the basal tone increase in
arachnoid regions (Supplementary Figure 4).
Altogether, these data suggest that the vasoconstrictor
effect on the MCA tone induced by the arachnoid
membrane is mediated by S1P likely acting via S1P;R.

Preserved arachnoid-induced responses during aging
despite lower SIP levels

We next examined the influence of aging in the
arachnoid-dependent responses. Quantitative analysis
of Raman imaging showed a significant decrease in
the arachnoid membrane-associated S1P signal during
aging (Figure 4). As expected, the presence of arach-
noid tissue in 3—4-month-old C57BL/6 wild-type mice
caused a decrease in the lumen diameter
(Supplementary Figure 5(a)) coupled with an increase
in the basal tone (Figure 5(a)). In 8-9 month-old mice
(middle age mice) compared to 3-4 month-old mice
(young), the basal tone was significantly increased in
regions without arachnoid tissue (without arachnoid
Ist and 2nd curves; 89 month-old vs. 34 month-old;
Supplementary Figure 6(a)). Notably, arachnoid
regions of middle age mice still showed lower lumen
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diameters (with arachnoid 3rd and 4th curves;
Supplementary Figure 5(a)) and higher basal tones
(with arachnoid 3rd and 4th curves; Supplementary
Figure 6(a); Figure 5(a)) than regions devoid of arach-
noid, despite having lower arachnoid-associated SIP
levels (Figure 4). Analysis of exogenous S1P (1 pM)-
induced contractile responses showed higher vasocon-
striction in 8-9-month-old mice (Figure 5(c)). These
results suggest that arachnoid-induced increases in
MCA tone are preserved in older mice because of a
potential upregulation of SIPR signaling, which may
compensate for the aging-associated reduced S1P levels
in the arachnoid membrane.

Genetic deletion of SphK2 attenuates the arachnoid-
induced increase in the basal tone

We subsequently studied the impact of SphK?2 depletion
in the arachnoid-associated effects on the MCA lumen

ples of positive SIP signal. END, endothelium; MED, media;

diameter and basal tone. In arachnoid regions of 3-4-
month-old SphK2 ™/~ vs. wild-type mice, lumen diameters
were slightly greater (Supplementary Figure 5) and basal
tones were significantly decreased (e.g. with arachnoid 2™
curve; wild-type: 66.349.8 %, SphK2™/~: 84.64+ 7.6 %,
n= 06, 60mmHg; Supplementary Figure 6). Importantly,
in 3-4-months-old SphK2 ™/~ mice, despite that the
arachnoid membrane still produced a slight reduction in
MCA lumen diameter (Supplementary Figure 5(b)), the
effect on the basal tone was absent (Supplementary
Figure 6(b); Figure 5(b)). In addition, MCA from 8-9-
month-old SphK2™/~ mice showed marginal arachnoid-
induced responses (Supplementary Figure 5(b);
Supplementary Figure 6(b); Figure 5(b)). Besides, con-
tractile responses to exogenous SIP (1 uM) were similar
in SphK2~/~ vs. 3-4-months-old wild-type mice, whereas
the increased SIPR signaling observed in 8-9-months-old
wild-type mice was normalized in SphK2 /= mice
(Figure 5(c)). The unaltered exogenous S1P responses in
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(a) Concentration-response curves to sphingosine-|-phosphate. Results are the mean & SD of 5 mice. *P < 0.05, **P < 0.0l by 2-way
ANOVA. Effect of the absence (without) and presence (with) of arachnoid tissue on (b) lumen diameter-intraluminal pressure curves
in active conditions (2.5mM Ca®"-Krebs-Henseleit solution) and (c) lumen diameter-intraluminal pressure curves in active (Di)
relative to passive (DO0) conditions (0 Ca®*-Krebs-Henseleit solution) in the absence and presence of TY 52156 (4 uM). Results are

the mean & SD of 6 mice. *P < 0.05, *P < 0.01 by 2-way ANOVA.

SphK2 ™/~ mice suggests that attenuation of arachnoid-
induced vasoconstriction could be attributed to a process
upstream SIPR signaling. Consistently, quantitative
Raman imaging showed a significant reduction of
the arachnoid membrane-associated SIP signal in
SphK2~/~ mice (Figure 6).

Discussion

Perivascular tissue can influence vascular tone by
releasing vasoactive factors able to modulate VSMC
contractility. The present study reveals a functional
coupling between the arachnoid membrane and the
MCA that promotes tonic vasoconstriction, and sug-
gests a key role for S1P as the factor that mediates this
crosstalk via S1P;R signaling. Moreover, we show that,
in spite of the aging-related reduction of SIP levels,
arachnoid-induced responses still occur. Finally, we
show that SphK2 is central for the arachnoid-derived
vasoconstrictor stimuli.

The arachnoid membrane regulates MCA tone

Typically, adjacent vascular tissues were considered a
structural component of the blood vessels. However,

increasing evidence that perivascular tissue is essential
to modulate vessel function in health and disease has
focused attention on the “outside to inside” crosstalk
paradigm between surrounding tissue and blood ves-
sels.>**? Cerebral vessels that run on the brain surface
are in tight contact with the arachnoid and pia mem-
branes, which are separated by a CSF-filled space. Our
results show that arachnoid tissue exerts a significant
tonic vasoconstriction on the mouse MCA basal tone,
whereas it does not influence myogenic reactivity or the
agonist-induced responses tested. This finding is strik-
ing, because it demonstrates that the arachnoid mem-
brane is more than just a structure that delimits the
subarachnoid compartment, as it actively influences
cerebral artery tone and likely contributes to adjust
local cerebral blood flow. Recent studies have pro-
posed the presence of directed fluid flow in the para-
vascular space surrounding cerebral arteries mainly
because of heart beat pulsations.***° We speculate
that the arachnoid-induced vasoconstriction may play
a role in modulating CSF flow, since it produces a sig-
nificant influence on the MCA lumen diameter. This
homeostatic mechanism may aid metabolic waste prod-
ucts clearance and maintenance of the ionic environ-
ment in the brain.*!'**?
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Figure 4. Quantitative Raman imaging of sphingosine-|-phosphate (SIP) in arachnoid tissue surrounding C57BL/6 mice middle
cerebral arteries. Representative intensity distribution heatmaps and quantitative analysis of microscopic 3- to 4-month-old (60%
male/40% female) and 8- to 9-month-old (60% male/40% female) mice middle cerebral arteries identified by true component Raman
analysis assigned to S|P (pink), elastic fibers (green) and nuclei (blue). Arrows indicate examples of positive S|P signal. Results are the

mean £ SD of 5 mice. *P < 0.05 by Mann-Whitney U test.

S|P arbitrates the arachnoid-induced vasoconstric-
tion: receptor signaling and influence of aging

Endothelial cells serve as a reservoir of S1P in the vas-
cular wall.*® The discovery that SIP lyase is expressed
in the murine arachnoid mater® suggests that SIP
released from the arachnoid membrane could be a
potential candidate to mediate the observed
arachnoid-dependent vasoconstriction. Actually, we
show that the arachnoid membrane is enriched in
S1P, displaying greater amounts than those in the
MCA wall. Notice that the arachnoid is a translucent
membrane that is composed of tightly packed epithelial
cells that form a barrier and a central layer composed
of fibroblast-like cells and collagenous trabeculae.
Although we cannot exclude the presence of SIP in
epithelial cells, Raman results shown here suggest
that fibroblast-like cells are the main source of S1P in
both mice and humans.

In the brain, SIP signaling plays an important role
in cerebral artery vasoconstriction by acting either
extracellularly on SIP;R'™'? or intracellularly in

response to vasoconstrictors.'’ In addition, SIP has
been involved in the regulation of cerebral myogenic
responsiveness in mouse olfactory cerebral arteries in
the context of subarachnoid hemorrhage.** Our results
point to S1P as the mediator responsible for the
arachnoid-induced vasoconstrictor effects in the
mouse MCA, because: i) the strongest positive signal
for S1P is detected in arachnoid tissue surrounding the
MCA from mice (OF1 and C57BL/6 strains) and the
human specimen; ii) the ABCA1 transporter inhibitor
glibenclamide, which partially blocks S1P release from
human vascular endothelial cells,”® inhibits the
arachnoid-derived vasoconstrictor effects on the
MCA tone; iii) S1P3R antagonism with TY 52156 pre-
vents both exogenous S1P-induced contractile
responses and the arachnoid-dependent increase in
the basal tone; and iv) genetic deletion of SphK2
reduces arachnoid S1P content and vasoconstriction.
The vasoconstrictor influence of SIP on MCA tone
persisted over time, suggesting a continuous produc-
tion of S1P by SphK and/or sufficient amounts of pre-
formed S1P. The stimulus that may release SIP from
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Figure 5. Influence of aging and genetic deletion of sphingosine kinase 2 (SthT/*) on middle cerebral artery responses in C57BL/6
mice. (a) Effect of the absence (without) and presence (with) of arachnoid tissue on the 4™ lumen diameter-intraluminal pressure
curve in active (Di) relative to passive (D0) conditions (0 Ca"-Krebs-Henseleit solution) in 3- to 4-month-old (67% male/33% female)
and 8- to 9-month-old (50% male/50% female) wild-type (WT) mice. Results are the mean £ SD of 6-8 mice. *P < 0.05, *P < 0.01 vs.
by 2-way ANOVA. (b) Effect of the absence (without) and presence (with) of arachnoid tissue on the 4th lumen diameter-intraluminal
pressure curve in Di relative to DO conditions in 3- to 4-month-old (33% male/67% female) and 8- to 9-month-old (50% male/50%
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the arachnoid membrane to regulate MCA tone is
unknown. Previous studies suggest that laminar shear
stress induces the discharge of S1P from endothelial
cells.*> Moreover, mechanical stretch on VSMCs in
response to increased transmural pressure activates
endogenous S1P signaling leading to myogenic vaso-
constriction.'®*¢ Nevertheless, how transmural pres-
sure orchestrates the signaling cascades in arachnoid
cells stimulating the release of S1P remains an open
question. On the other hand, our results suggest that
S1P3R signaling governs S1P-induced responses in the
mouse MCA in agreement with previous studies in the
rat and mouse basilar artery.'""!'> In addition, SIP;R
signaling mediates vasoconstriction in response to
either exogenous SIP or increments in intraluminal
pressure in mouse mesenteric arteries,*’ as well as in
rat coronary and canine cerebral artery contractions.>’
Besides, S1P,R signaling influences regional blood flow

and vascular resistance in the renal and mesenteric ter-
ritory of mice*® and participates in the constriction of
hamster gracilis muscle arteries.*® Altogether, these
studies suggest that differences in S1PR signaling
exist between arterial beds and/or species.

S1P signaling increases mouse olfactory cerebral
artery tone following subarachnoid hemorrhage and
S1PR antagonism treatment is beneficial** In addition,
a recent study reported higher S1P levels in the CSF of
patients with subarachnoid hemorrhage.* We suggest
that arachnoid S1P could have an active role in the
disease process after subarachnoid hemorrhage, for
instance, by contributing to vasospasm, which has
been associated with poor outcomes.”® Moreover,
potentially differential arachnoid-dependent responses
along the main trunk, the pial territory and the proxi-
mal and peripheral regions of the MCA may have a
crucial impact in vasospasm and/or delayed cerebral
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Figure 6. Quantitative Raman imaging of sphingosine-|-phosphate (SIP) in arachnoid tissue surrounding sphingosine kinase 2
knockout (SphK2~'~) and wild-type (WT) mice middle cerebral arteries. Representative intensity distribution heatmaps (left) and

quantitative analysis (right) of microscopic 3- to 4-month-old (50%

male/50% female) and 8- to 9-month-old (60% male/40% female)

mice middle cerebral arteries identified by true component analysis assigned to SIP (pink). Elastic fibers (green) and nuclei (blue) are
also shown. Arrows point to S|P signal in arachnoid tissue. Results are represented as mean Raman signal intensities &= SD of 5 mice.

*P < 0.05, ¥P < 0.01 by 2-way ANOVA.

ischemia after subarachnoid hemorrhage. Notably, evi-
dence on the impact of aging in SIP signaling is scarce.
Couttas et al. reported an age-dependent marked
decline in the S1P/sphingosine ratio in the hippocam-
pus of female subjects over 65years.’’ Here, the
arachnoid-induced effects persisted in middle age
mice in spite of the reduction of arachnoid S1P deposits
compared to young mice, suggesting that the
arachnoid-induced modulation of myogenic tone
could be a tightly controlled mechanism to regulate
cerebral blood flow during aging. We hypothesize
that this effect could be associated with an improved
smooth muscle SIPR signaling, since exogenous S1P
induced higher contractions in older animals.
Previous studies have reported decreased pulsatility of
the MCA in Alzheimer’s disease patients,> which
could develop into a failure of CSF-dependent drain-
age of amyloid-beta peptides.’>>* We speculate that a
decrease of arachnoid SI1P deposits with age could
finally impair arachnoid-induced vasoconstriction,
resulting in reduced vessel wall pulsatility and impaired
drainage of amyloid-beta peptides to the CSF.

SphK2 is a main effector of the arachnoid-induced
vasoconstrictor stimuli
A functional redundancy for viability exists between

SphK1 and SphK2, because a single isoform deletion
has no major effect on the phenotype, whereas double

deletion is lethal due to defective vascular develop-
ment.”> However, some significant phenotypic differ-
ences occur between mice with SphK isoform-specific
deletion, which suggests that these enzymes have dif-
ferent physiological roles depending on the context.*
Differential effects of both enzymes may depend on
their cellular and tissue localization, which could deter-
mine the inside-out signaling of S1P in response to
extracellular stimuli.* For instance, SphK1 is generally
located in the cytosol and can be translocated across
the plasma membrane, whereas SphK2 is mainly
detected in the nucleus, endoplasmic reticulum and
mitochondria.>® In the present study, arachnoid SI1P
signal in fibroblasts-like cells shows a cytoplasmic dis-
tribution, which does not exclude the participation of
either isoform of SphK in SI1P synthesis. Although
SphK2 is the predominant isoform in brain parenchy-
ma,'” both isoforms are expressed in cerebral arter-
ies.!” We found that SphK2 genetic deficiency reduced
arachnoid SIP levels, attenuated arachnoid-induced
vasoconstriction and normalized the increased S1PR
signaling in middle age mice. However, the
arachnoid-induced vasoconstrictor effect still slightly
developed after SphK2 depletion, suggesting the poten-
tial contribution of a SphK1-dependent SIP pool in
this response. This is not surprising, since SphK1 is a
major determinant of resting tone in resistance arter-
ies.'*1® Furthermore, in the brain, SphK1 modulates
vasoconstriction in the rat basilar artery'’ and
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participates in rabbit posterior cerebral artery myogen-
ic tone.'®

Study limitations

We identify some limitations of the present work. First,
although pressure myography is the gold standard for
measuring blood vessel function “ex vivo”, we cannot
exclude the possibility of differences “in vivo” due to a
plausible contribution of CSF to the cross talk between
the arachnoid membrane and the MCA. The presence
of such great amounts of SIP in the arachnoid mem-
brane likely guarantees a biologically relevant function
of this bioactive lipid in this tissue. Second, the
arachnoid-induced effects may not happen in all cere-
bral arteries. We attempted reproducing the same
experiment in basilar arteries, though we were not
able to retain arachnoid tissue consistently in this vas-
cular bed. Nevertheless, arachnoid fibroblasts are pre-
sent around arteries and veins in the meninges, as well
as around penetrating arterioles and venules,' which
suggests that SIP might be widely distributed around
brain vessels.

Conclusions

For the first time, the arachnoid membrane is identified
as an important source of SIP. We suggest that this
lipid mediates arachnoid-induced modulation of
MCA tone through SIP;R signaling. Altogether,
these data establish a new paradigm for the S1P actions
on the cerebral vasculature and could provide a novel
target to modulate cerebral blood flow in disease.
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