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Abstract

Background—\Vasospasm contributes to delayed cerebral ischemia after aneurysmal
subarachnoid hemorrhage (aSAH). Glutamate concentrations increase after aSAH and correlate
with vasospasm in experimental SAH. The Hp2-2 genotype is associated with higher risk of
vasospasm after SAH. We tested the efficacy of S-4-CPG, a metabotropic glutamate receptor
inhibitor, for treatment of vasospasm after SAH in Hp2-2 and Hp1-1 mice.

Objective—To evaluate the effect on vasospasm and neurobehavioral scores after SAH of
systemic S-4-CPG, as well as its toxicity, and phosphorylation of vasodilator-stimulated
phosphoprotein (VASP) in Hp 2-2 mice.

Methods—Western blot was used to assess changes in VASP phosphorylation in response to
glutamate with and without S-4-CPG. A pharmacokinetics study was done to evaluate S-4-CPG
penetration through the blood brain barrier (BBB) in vivo. Toxicity was assessed by administering
escalating S-4-CPG doses. Efficacy of S-4-CPG assessed the effect of S-4-CPG on lumen patency
of the basilar artery and animal behavior after SAH in Hp 1-1 and Hp 2-2 mice.
Immunohistochemistry was used to evaluate the presence of neutrophils surrounding the basilar
artery after SAH.

Results—Exposure of human brain microvascular endothelial cells to glutamate decreased
phosphorylation of VASP (p-VASP), but glutamate treatment in the presence of S-4-CPG
maintains p-VASP. S-4-CPG crosses the BBB and was not toxic to mice. S-4-CPG treatment
significantly prevents vasospasm after SAH. S-4-CPG administered after SAH resulted in a trend
towards improvement of animal behavior.
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Conclusions—S-4-CPG prevents vasospasm after experimental SAH in Hp2-2 mice. S-4-CPG
was not toxic and is a potential therapeutic agent for vasospasm after SAH.
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Introduction

Arterial cerebral vasospasm is a contributing factor to symptomatic ischemia in aneurysmal
subarachnoid hemorrhage (SAH). VVasospasm is part of a complex process recognized as
delayed cerebral ischemia, which in addition includes loss of autoregulation of cerebral
blood flow and formation of microvascular thrombi. 14 In humans, vasospasm occurs 4 to
21 days after SAH, and is a significant cause of morbidity and mortality.> 6 Approximately
30% of patients with aneurysmal SAH will develop symptoms of vasospasm, but
angiographic evidence of vasospasm will be present in 70% of patients. The incidence of
vasospasm following aneurysmal SAH ranges from 20% to 40%.7: 8

Neutrophils and macrophages are key elements of the inflammatory response and play an
important role in the development of cerebral vasospasm.®-21 After blood extravasation into
the subarachnoid space, neutrophils and macrophages are recruited to clear hemoglobin and
erythrocyte remnants, generating an inflammatory process.22 Upregulation of cell adhesion
molecules, such as intercellular cell adhesion molecule-1 (ICAM-1, CD54) and vascular cell
adhesion molecule-1 (VCAM-1, CD106), promote leukocyte infiltration after SAH.9: 22-26 |
is increasingly recognized that factors produced by neutrophils and macrophages initiate and
sustain the inflammatory response after SAH resulting in vasospasm and delayed cerebral
ischemia. The factors produced by neutrophils that lead to vasospasm include cytokines,
enzymatic proteins, and cell adhesion molecules. 27-32

Glutamate, known for its role as an excitatory aminoacid and as a neurotoxic agent, has been
shown to be secreted by neutrophils during inflammation.33 Studies have shown that
glutamate concentrations in the extracellular fluid in the brain increase in animals after
experimental SAH 34-37 and in patients who have sustained an aneurysmal SAH.38 In a rat
model of SAH, the increase in glutamate concentration is accompanied by an increase in
basilar artery thickness as a measure of vasospasm.3’ Other studies have identified an
increase in glutamate concentrations after experimental SAH and have correlated this with
acute vasoconstriction and a decrease in cerebral blood flow in rats.3* 36 Based on these
data we hypothesized that vasospasm could be prevented or attenuated by blocking the
action of glutamate on blood vessels pharmacologically.

Glutamate exerts its action in the central nervous system through four different types of
receptors, including the kainate (KA) receptor, the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropioninc acid (AMPA) receptor, the N-methyl-D-aspartate (NMDA\) receptor,
and the metabotropic glutamate receptors (mGIuR).3° The KA, AMPA, and NMDA
receptors are ionotropic and they exert their action through the opening of an ion channel
upon binding of their ligand, permitting the flux of ions. Metabotropic glutamate receptors,
when activated by their ligand, activate intracellular metabolic pathways that regulate
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different cell functions ranging from cell cycle to gene expression.*0 (S)-4-
carboxyphenylglycine (S-4-CPG) is a selective inhibitor of metabotropic glutamate
receptors 1 and 5 (mGIuR1 and mGIuR5), which are expressed in endothelial cells and
affect endothelial cell function likely through changes in endothelial cell

cytoskeleton.28: 33.41-43 Antagonists of the mGIuRs have been used in experimental models
of stroke and subdural hematoma showing a neuroprotective effect.44-47

Activation of mGIuR 1 and 5 by glutamate disturbs the barrier function of endothelial cells
by promoting dephosphorylation of vasodilator-stimulated phosphoprotein (VASP), a
protein that modulates the formation of actin filaments and maintenance of cell-cell
junctions.33: 48 When dephosphorylated, VASP increases actin filament formation as well as
cell retraction thus increasing the permeability of the endothelial cell barrier. On the other
hand, when VASP is phosphorylated it inhibits the elongation of actin filaments and inhibits
endothelial cell retraction decreasing the permeability of the endothelial cell barrier, 42 49-51
We postulated that glutamate could promote vasospasm through dephosphorylating VASP,
and that this could be prevented using S-4-CPG to inhibit activation of mGIuR1 and 5
receptors in endothelial cells.

Haptoglobin (Hp) is a protein that avidly binds free hemoglobin, playing an essential role in
its clearance as Hp-hemoglobin complexes by immune cells after extravasation.21: 22:52 Hp
has two alleles in humans, Hp1 and Hp2, but not in other mammalian species.22 After
induction of SAH in a transgenic murine model that expresses the human Hp 2-2 gene,
vasospasm is more severe than in mice expressing Hp1-1 genotype. Also, leukocyte
infiltration after SAH is more severe in Hp2-2 mice.2! In addition, the Hp 2-2 genotype
appears to be associated with higher risk for developing sonographic cerebral vasospasm
after SAH as compared to patients with Hp1-1 genotype.>3

In this study, we assessed the effect of mGIuR1 and 5 inhibition with S-4-CPG on the
phosphorylation status of VASP in vitro, and observed that S-4-CPG maintained the
phosphorylation status of VASP after exposure of human brain microvascular endothelial
cells (HBMECs) to glutamate. Based on this in vitro result we determined the safety of
systemically administered S-4-CPG and measured its penetration across the blood brain
barrier (BBB). Finally, we assessed the efficacy of S-4-CPG in preventing experimental
cerebral vasospasm after induction of SAH in a Hp2-2 and Hp1-1 murine model.

Materials and Methods

Experimental Design

Five different experiments were performed: (1) a biochemical analysis of phosphorylation of
VASP in response to glutamate, (2) a pharmacokinetics experiment to evaluate the
penetration of S-4-CPG into the central nervous system, (3) a toxicology experiment to
assess the adverse effects of the administration of S-4-CPG, (4) an efficacy study to test the
usefulness of S-4-CPG in preventing vasospasm, and (5) an immunohistochemical
experiment to assess neutrophil infiltration around the basilar artery after experimental SAH.
In the biochemical analysis of the phosphorylation of VASP in response to glutamate,
human brain microvascular endothelial cells (HBMEC) were incubated with glutamate in
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the presence or absence of S-4-CPG and the phosphorylation status of VASP was analyzed
biochemically. In the pharmacokinetics experiment, S-4-CPG was administered
intraperitoneally to 2 Fisher rats, brain extracellular fluid (ECF) was collected, and
concentrations of S-4-CPG were measured using HPLC with tandem mass spectrometry
detection (MS/MS) to assess the penetration of S-4-CPG across the BBB in vivo. In the
toxicology experiment, increasing doses of S-4-CPG were administered intraperitoneally to
mice and their behavior and weight gain were evaluated over a period of 90 days. In the
efficacy study, the effect of inhibition of mGIuR1 and mGIuR5 with S-4-CPG on lumen
patency of the basilar artery and animal behavior after induction of experimental SAH was
evaluated in mice. SAH was induced in mice of genotype Hp1-1 and Hp2-2, the brainstem
and the basilar artery were collected, fixed in formalin, and sectioned. Hp 1-1 and Hp 2-2
mice were randomized to four experimental groups to measure basilar artery lumen patency.
One group underwent surgery without injection of blood into the cisterna magna (Sham
Hpl-1 n=4, Hp2-2 n=5). Another group underwent injection of autologous arterial blood
into the cisterna magna with no treatment (SAH-no treatment Hp1-1 n=5, Hp2-2 n=5). A
third group underwent injection of autologous blood and administration of vehicle (100nM
NaOH, SAH + vehicle Hp1-1 n=7, Hp2-2 n=7), and a fourth group underwent injection of
autologous arterial blood into the cisterna magna with treatment with a single dose of S-4-
CPG (200 mg/kg) (SAH + S-4-CPG, Hpl-1 n=6, Hp2-2 n=8). In the immunohistochemical
experiment, the presence of neutrophils surrounding the basilar artery after induction of
SAH was assessed.

Cell Culture and Immunoblotting

HBMEC were cultured according to manufacturer's instructions (Cell Systems). Cells used
in the experiments were in their sixth passage. Previous work shows that neutrophils secrete
glutamate upon extravasation and that human brain endothelial cells express mGIluR1 and

5. 33 Because of this we studied the phosphorylation status of VASP in response to
glutamate with and without inhibition of mGIuR1 and 5 with S-4-CPG. Cells were plated on
a 10 cm dish and exposed to the different experimental conditions. At the end of the
experiment, cell were harvested using a cell scraper in lysis buffer (150mM NaCl, 10mM
Tris, pH 7.5, 1% NP40, 1% deoxycholate, 0.1% SDS, protease inhibitor cocktail (Roche),
and Halt™ Phosphatase inhibitor cocktail (Thermo)). Proteins from whole cell lysates were
resolved using the NUPAGE 4-12% Bis-Tris gradient gel (Invitrogen, Carlsbad, CA).
Proteins were transferred to P\VDF membrane, blocked in 5% non-fat milk in TBS-
Tween-20, and blotted with the antibodies for VASP (1:1000, Cell Signaling) and beta-actin
(1:10,000, Abcam, Cambridge, MA). Appropriate secondary antibodies were used to detect
chemiluminescence.

After the Western blot was developed, densitometry of each band was quantified using
Image J software. Actin bands were used as loading controls. After background was
subtracted, the densitometry of p-VASP and VASP was quantified. The product of the
division of p-VASP/VASP densitometry value was represented in a scatter plot as shown in
Figure 1.
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The Johns Hopkins Animal Care and Use Committee approved all experimental protocols.
Rats and mice were housed in standard animal facilities with free access to water and rodent
chow. Fisher 344 male rats (Harlan Laboratories; Indianapolis, Indiana) were used for the
pharmacokinetics studies. C57BI/6J Hp 1-1 mice (Jackson Laboratories; Bar Harbor, Maine)
and C57BI/6J Hp 2-2 mice (Technion Institute; Haifa, Israel) weighing between 22-30
grams were used for the toxicity and efficacy studies. The development of Hp2-2 transgenic
mice was previously reported.2! Briefly, the Hp2-2 allele, which is only found in humans,
was generated by producing an intragenic duplication of exons 3 and 4 of the Hp 1 allele in
a transgenic mouse model.

Rats and mice were anesthetized using xylazine (10 mg/kg [100 mg/mL; Phoenix
Pharmaceutical]) and ketamine (50 mg/kg [L00mg/mL, Phoenix Pharmaceuticals])
administered intraperitoneally. Absence of tail and pedal pinch reflexes was verified before
starting the surgeries.

Pharmacokinetics of S-4-CPG in the central nervous system

Microdialysis—Anesthetized Fisher 344 rats (n=2) were secured in a stereotactic frame
and a guide cannula with a solid probe was placed in the right basal ganglia. The guide
cannula was secured to the skull with dental cement (Geristore Syringeable value kit A2,
Denmat, Santa-Maria, CA,). Skin was closed with sutures. After surgery, animals were
given buprenorphine, 1 mg/kg, SC, for analgesia. One day after the implantation of the
guide cannula the solid probe was replaced with a 2-mm CMA12 microdialysis catheter.
The inlet tubing was attached to a CMA microsyringe and pump, and lactated ringers
solution was perfused through the catheter tip at a rate of 1 uL/min. After a 60 minute period
of equilibration, 112 mg/kg of S-4-CPG (Tocris Biosciences, Ellisville, MO) was
administered to rats as a single intraperitoneal dose. Brain ECF dialysate samples were
collected at baseline and every 60 minutes for 6 hours. All extracellular fluid samples were
assessed for drug concentrations using HPLC-MS/MS. Samples were quantitated over the
assay range of 10 to 500 ng/mL, with a 1:10 dilution allowing for quantitation up to 5,000
ng/mL (5 pg/mL).

In vivo assessment of probe recovery—In vivo dialysate recovery experiments were
done at the end of each collection period to allow estimation of in vivo recovery and assess
the integrity of the microdialysis system. At the end of extracellular fluid collection, the
probes were perfused at a rate of 1 pL/min with lactated ringer solution containing 200
ng/ml of S-4-CPG to determine the in vivo probe recovery using the retrodialysis method,;
microdialysate samples were collected at 10-min intervals for 40 min, and the percentage
relative recovery was calculated as follows:>4 5°

Cperfusate - Cdyalisate

In vivorecovery=
Cperfnsate
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Where Cperfusate is the drug concentration (200 ng/mL) in the perfusate, and Cgjalysate is the
drug concentration in the microdialysate, which was the average concentration at each
collection time. The recovery was utilized to estimate the estimated ECF concentration
according to the equation:># %°

Measured Microdyalisis sample

Estimated ECF concentration= -
In vivorecovery

Individual pharmacokinetic parameters for the estimated ECF were calculated by standard
non-compartmental analysis using the WinNonlin version 5.3 (Pharsight Corporation,
Mountain View, CA). The maximum plasma concentration (CaX) and the time of Cpax
after intraperitoneal administration (Tax) Were obtained by visual inspection of the
concentration-time curve. The area under the plasma concentration-time curve (AUC) was
calculated using the log-linear trapezoidal rule to the end of sample collection (AUCq_5 51)
and extrapolated to infinity (AUC_,,) by dividing the last quantifiable concentration by the
terminal disposition rate constant (4,), which was determined from the slope of the terminal
phase of the concentration-time profile. The half-life (T1,2) was determined by dividing
0.693 by 4.

Toxicity Study

S-4-CPG was administered to C57BI/6J mice intraperitoneally. In a dose-escalation study,
mice received a single dose of 50mg/kg (n=3), 100mg/kg (n=3), or 200mg/kg (n=3) of S-4-
CPG. Mice were evaluated daily for weight and neurological function assessed using a
posture, grooming, and ambulation (PGA) scale for 90 days, and euthanized for
histopathological evaluation.

Surgical Technique for Experimental Subarachnoid Hemorrhage

We have previously described the surgical methodology used to induce subarachnoid
hemorrhage in mice. Briefly, the atlanto-occipital membrane was exposed under the surgical
microscope (Zeiss Co, Oberkochen, Germany) and pierced to allow for slow drainage of
cerebrospinal fluid. Later, the right femoral artery was exposed, and autologous arterial
blood drawn (~ 60 pL) and injected into the cisterna magna. The blood was not
anticoagulated. After injection, animals were positioned head down to allow for blood
distribution to other subarachnoid cisterns. Dissected tissues were reapproximated and
incisions were closed with staples. S-4-CPG or vehicle was administered one hour after
induction of SAH.

Lumen Patency Analysis and Activity and Behavior Level Assessment

Nine sections of each basilar artery were used for analysis of patency. Digital pictures were
taken of the sections stained with hematoxylin and eosin. The circumference was measured
using computerized analysis by outlining the lumen between the internal lamina and the
tunica media (MCID; Imaging Research, Inc., Linton, Cambridge, England). The
circumference was preferred to the area, to avoid the error introduced by vessel deformation
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at the time of sectioning. The circumference of the basilar artery (C = 2nr) was used to
calculate the cross-sectional area (Area = C%/4x) of the artery.

Mice were evaluated 24 hours after the surgery for changes in activity and behavior using
the PGA score, a three point scale that qualitatively grades posture, grooming behavior, and
activity levels. Buprenorphine (0.05 mg/kg [0.3 mg/mL, Abbott Laboratories]) was
administered every 12 hours for analgesia. Vasospasm in this murine model of SAH began
in the first hour after blood injection into the cisterna magna, peaked at 12h post-
hemorrhage, and was maintained for 1-3 days. Activity and behavior of the mice were
measured using a scale that evaluates posture, grooming, and ambulation, previously
described. Three blinded observers graded animals and the scores of their activity level were
recorded and averaged.

Histology Preparation for Lumen Patency and Neutrophil/Macrophage Infiltration Analysis

Twenty-four hours after experimental SAH, mice were anesthetized and perfused by
opening of the right atrium and cannulation of the left ventricle with 50 mL of saline
solution (0.9%NacCl) followed by perfusion with 50 mL of 4% paraformaldehyde in
phosphate buffered saline. The brain was harvested and post-fixed in 4% paraformaldehyde
for 24 hours. The brainstems with the basilar artery were removed and paraffin embedded.
Transverse sections of the tissue blocks were obtained at a thickness of 10 um mounted on
glass slides and stained with hematoxylin and eosin or for markers of neutrophils/
macrophages.

Statistical Analysis

Data are presented as mean * standard error of the mean (SEM). To determine significance
of differences among groups, percent lumen patency, and activity level were compared
using a 1-way, nonparametric analysis of variance (ANOVA) (Kruskal-Wallis test), with the
difference between each group determined by Mann-Whitney's test using Graph Pad 5.0
(Prism software). Values of P < 0.05 were considered significant. For PK analysis,
parameters were summarized using descriptive statistics.

Neutrophil/Macrophage Infiltration Analysis

Representative sections of the basilar artery of animals subjected to Sham surgery or SAH
were stained for the presence of neutrophils/macrophages using the CD45 antibody (R&D
systems, Mouse CD45 MAD Clone 30-F11, Rat 1gG2B) at a dilution of 1:200. Sections were
deparaffinized and antigen recovery was performed. Briefly, sections were submerged in
sodium citrate solution with 0.1% Triton X-100 at 95 °C for 20 minutes. Sections were
taken out of the water-bath and were left at room temperature in the sodium citrate solution
for 20 minutes. Then sections were washed with phosphate buffered saline with 0.1% Triton
X-100 three times for five minutes each. Sections were incubated in 0.3% H»0,, blocked in
10% normal goat serum (Vector Laboratories), and incubated with primary antibody
mentioned above. The sections were washed, incubated with biotin-conjugated anti-rat 19G
secondary antibody (1:500; Vector Labs), followed by 30 minutes in streptavidin-HRP (BD
Biosciences), stained with 3,3-diaminobenzidine (DAB; BD Biosciences) and

Neurosurgery. Author manuscript; available in PMC 2015 June 09.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Garzon-Muvdi et al. Page 8

counterstained with hematoxylin. Negative controls were prepared by omitting the primary
antibody.

Results
VASP phosphorylation status after SAH and S-4-CPG

Administration of S-4-CPG in the presence of glutamate prevents dephosphorylation of
VASP in HBMECs. Upon resolution on SDS-PAGE, changes in phosphorylation of VASP
result in a shift in molecular mass from 50kD to 46 kD.#9 In basal conditions,
phosphorylated VASP (p-VASP) is abundant. After exposing HBMECs to 10uM glutamate,
we found that a shift from the p-VASP to dephosphorylated VASP starts to occur at 10
minutes, becoming significant and more evident at 30 minutes of exposure. This shift can be
prevented by the addition of S-4-CPG (10 uM) in the presence of glutamate (Figure 1A).
Densitometric quantification of three separate experiments confirms these findings (Figure
1B).

Pharmacokinetics of systemically administered S-4-CPG in brain extracellular fluid

S-4-CPG crosses the blood-brain barrier after systemic administration via the intraperitoneal
route. After intraperitoneal administration of 112mg/kg of S-4-CPG, the mean corrected
S-4-CPG ECF Cp,x ranged from 3.3 to 4.7 ug/mL, which occurred at a median time of 1.5
hours. The area under the concentration curve (AUC (_,,) ranged from 15.0 to 16.1
pg-hr/mL. The half-life ranged from 1.0 to 4.5 hr (Figure 2).

Toxicity of S-4-CPG in mice
Administration of increasing doses of S-4-CPG did not have deleterious effects on activity
nor weight gain in C57BI6 wild-type mice. These data indicate that S-4-CPG is not toxic
and is safe to use in a murine model of SAH. (Figure 3).

Activity levels after SAH

Treatment with S-4-CPG resulted in a trend toward improved activity levels after SAH,
which was not statistically significant (Figure 4A). Activity level, as measured by the PGA
score, was significantly reduced in mice with SAH-no treatment in both Hp1-1 and Hp2-2
mice as compared to animals in the Sham group (Hp1-1 Sham = 2.5+0.2 vs. Hp1-1 SAH-no
treatment = 1.8+0.1, P = 0.008; Hp2-2 Sham = 2.2+0.1 vs. Hp2-2 SAH-no treatment =
1.6+0.3, P = 0.025) (Table 1). Further statistical analysis was prevented by the sample size.

Lumen patency of the basilar artery after SAH

Administration of S-4-CPG (200mg/kg) after SAH significantly decreased vasospasm in
both Hp1-1 and Hp2-2 animals. Lumen patency of Hp1-1 mice that underwent SAH-no
treatment was 71.5% + 2.2%, SAH + vehicle was 89.3 = 1.5%, and SAH + S-4-CPG was
102.3 + 2.9% as compared to Hp1-1 Sham animals. Since vasospasm is more severe in mice
expressing the Hp2-2 genotype 21 we decided to test the efficacy of S-4-CPG in the
treatment of vasospasm in the Hp2-2 mouse model of SAH. Lumen patency of Hp2-2 mice
that underwent SAH-no treatment was 61.5% + 1.1%, SAH + vehicle was 76.4 + 3.4%, and

Neurosurgery. Author manuscript; available in PMC 2015 June 09.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Garzon-Muvdi et al.

Page 9

SAH + S-4-CPG was 91.9 + 3.6% as compared to Hp2-2 Sham animals (Hp1-1 SAH +
vehicle vs. SAH + S-4-CPG P value = 0.002, Hp2-2 SAH + vehicle vs. SAH + S-4-CPG P
value = 0.015, See Table 2). Hp2-2 animals in the SAH-no treatment group had more
pronounced vasospasm than Hpl-1 animals in the group of SAH-no treatment, consistent
with our previous results.2! Lumen patency of Hp1-1 animals treated with S-4-CPG after
SAH was not different than that of Sham animals (Figure 4B). These results show that S-4-
CPG administration after experimental SAH prevents vasospasm in both Hp1-1 and Hp2-2
genotypes.

Neutrophil/Macrophage infiltration of the basilar artery after SAH

Consistent with previous results we found neutrophils and macrophages in the area of the
basilar artery after induction of SAH.21 S-4-CPG administration does not reduce leukocyte
infiltration (Figure 5).

Discussion

In this study we evaluated the role of glutamate in vasospasm after SAH using S-4-CPG as a
possible therapeutic agent for vasospasm after experimental SAH. Treatment of Hp2-2 and
Hp1-1 mice subjected to experimental SAH with S-4-CPG resulted in a statistically
significant increase in lumen patency of the basilar artery as compared to mice treated with
vehicle. This was true for Hp1-1 and Hp2-2 mice. The activity and behavior of mice treated
with S-4-CPG after SAH showed a trend toward improvement as compared to mice treated
with vehicle, but this trend was not statistically significant. Importantly, S-4-CPG is able to
cross the BBB, as assessed by HPLC- MS/MS measurement of microdialysis of the
extracellular fluid of the brain of rats that received S-4-CPG systemically. These findings
suggest that inhibition of metabotropic glutamate receptors may have a beneficial effect
after aneurysmal SAH by preventing vasospasm.

Interestingly, we also saw a statistically significant increase in lumen patency in animals
treated with the vehicle after SAH as compared to animals that only received SAH. We
hypothesize that this effect is secondary to the expansion of the intravascular volume of the
animal after administration of the vehicle. This may be similar to the hypervolemic-
hypertensive therapy used in patients after aneurysmal SAH.>®

Although the mortality of aneurysmal SAH has decreased considerably due to the changes in
management of these patients in the last 25 years, there has been no change in the incidence
of vasospasm.89 Ischemic complications due to vasospasm after SAH are still present in
30% of patients with SAH, although two thirds of them will have angiographic evidence of
vasospasm.®1 Vasospasm is not only a transient process that involves constriction of the
muscular layer of intracranial arteries and arterioles; it also entails structural changes in the
walls of these blood vessels and changes in the expression of receptors to potent
vasoconstrictors such as 5-hydroxytryptamine and endothelin-1.62 63

Inflammation and immune cell infiltration are important determinants of the development of
vasospasm after SAH.22 Overexpression of cell adhesion molecules, such as ICAM-1,
occurs after SAH and enhances leukocyte diapedesis.% 27 After red blood cells spill into the
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subarachnoid space and release their hemoglobin content, immune cells infiltrate the
subarachnoid space to remove Hp-hemoglobin complexes, limiting hemoglobin's toxicity.>2
Inhibition of over-expression of cell adhesion molecules with anti-inflammatory agents and
a decrease in vasospasm after treatment with antibodies directed against ICAM-1 support
the concept that vasospasm is originated by the inflammatory process occurring after
SAH.14’ 24, 64

During the inflammatory response neutrophils secrete soluble factors including glutamate33,
which may contribute to the development of vasospasm after SAH. In stroke, glutamate
plays a pivotal role in mediating damage through neuronal and glial excitotoxicity.85: 66
Inhibition of mGIuR1 using a specific inhibitor (YM-202074) in a rat stroke model showed
to have a dose-dependent neuroprotective effect and decreased the infarct volume.#6
Endothelial cells express mGluR1 and mGIuR5 and upon binding of glutamate, they activate
multiple intracellular signaling pathways, such as phospholipase C, adenylyl cyclase, and
microtubule associated protein kinase pathways.6” These pathways may alter the endothelial
cytoskeleton and tight junction formation.

Glutamate is the main excitatory neurotransmitter in the mammalian brain.58 Exposure of
neurons and astrocytes to high concentrations of glutamate leads to cell death through a
complex process called excitotoxicity.?® Glutamate, in combination with depletion of
nutrients during ischemia, has been shown to lead to excitotoxic neuronal death.”® Inhibition
of glutamate decreases neuronal death and improves outcomes in experimental models of
stroke.”® 72 Further, glutamate concentrations increase in animal models of SAH 34-37 as
well as in patients with aneurysmal SAH.38 The increase in glutamate concentration
correlates with vasoconstriction and decreased cerebral blood flow in experimental

SAH.34. 36,37 These data suggest multiple potential mechanisms by which glutamate may
contribute to the pathophysiology of delayed cerebral ischemia after SAH.

Further, it has been shown that glutamate disrupts the function of the endothelial barrier in a
mouse model of cerebral hypoxia, in part by decreasing VASP phosphorylation.33 When
VASP is phosphorylated it negatively regulates actin polymerization and contact of actin to
cell-cell and cell-extracellular matrix interaction sites*? and reduces endothelial barrier
permeability by allowing relaxation of the actin cytoskeleton, thus decreasing cell
retraction.®! Our findings are in accordance to previous results, which show that glutamate
decreases phosphorylation of VASP in human brain endothelial cells.33 In our experiments,
inhibition of mGIuR 1 and 5 expressed in these endothelial cells with S-4-CPG while they
were exposed to glutamate maintains VASP in a phosphorylated state in vitro. In our in vivo
experiments, inhibition of mGIuR1 and mGIuR5 after experimental SAH in Hp2-2 and
Hp1-1 mice significantly improved lumen patency of the basilar artery. These data suggest
that inhibition of mGIuR1 and mGIuR5 after SAH improves vasospasm possibly through
maintaining the phosphorylation levels of VASP, thus preserving the endothelial barrier
function. VASP is also expressed in a variety of tissues, including vascular smooth muscle
cells.*® The phosphorylation state of VASP in vascular smooth muscle cells of coronary and
pulmonary arteries is important in the regulation of vascular tone.”3 74 This has also been
shown in cultured vascular smooth muscle cells.” In these articles, the authors show that
stimuli that evoke vascular smooth muscle cell contraction also correlate with decreased
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phosphorylation of VASP. This is in accordance with our findings, where administration of
S-4-CPG to animals after SAH leads to prevention of vasospasm of the basilar artery.

In addition to its effects on the endothelium in arteries and arterioles, glutamate also
regulates cerebral blood flow at the capillary level through its action on mGIuR1 and
mGIuR5.76 Based on their results, Rancillac and collaborators propose a mechanism where
activation of mGIuR1 and mGIuR5 expressed in glial cells and Purkinje cells are activated
by extracellular glutamate, promoting the secretion of thromboxane A2 and endothelin-1 by
these cells, respectively, leading to microvessel constriction.”® Other work has also shown
that application of a metabotropic glutamate receptor agonist results in astrocyte-mediated
secretion of 20-hydroxyeicosatetraenoic acid, which evoked microvessel constriction in
hippocampal slices.”” This broadens the possible targets of metabotropic glutamate receptor
antagonists, such as S-4-CPG, from the receptors present in endothelial cells to the ones
present in astrocytes, both of which may regulate vessel patency.

In summary, we believe that inflammatory cells that infiltrate the perivascular space are
capable of secreting multiple humoral factors, many of which have been shown to contribute
to the development of vasospasm and delayed cerebral ischemia. Glutamate is included in
these factors and inhibition of the activation of mGIuR 1 and 5 receptors with S-4-CPG may
maintain the phosphorylation status of VASP in endothelial cells and in vascular smooth
muscle cells, thereby preventing vasospasm. Taken together, these results suggest an
important role of glutamate in vasospasm and support the potential use of S-4-CPG for the
treatment of vasospasm after SAH.
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Figure 1.
Inhibition of VASP dephosphorylation through antagonism of metabotrobic glutamate

receptors by S-4-CPG in HBMEC cells. A) Western blot showing that inhibition of
metabotropic glutamate receptors by S-4-CPG maintains VASP phosphorylation status. B)
Quantification of the ratio of phosphorylated VASP/total VASP of three separate
experiments where VASP phosphorylation status was studied after glutamate application
without and with inhibition of metabotropic glutamate receptors by S-4-CPG (10puM). S-4-
CPG maintains a significantly higher VASP phosphorylation status 30 minutes after
application of glutamate.
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Figure2.

HPLC-MS/MS measurement of S-4-CPG concentrations in rat cerebral extracellular fluid.
After administration of S-4-CPG, rat cerebral extracellular fluid was collected by
microdialysis and S-4-CPG concentrations were measured. Samples were taken every hour.

Each rat is displayed (n=2).
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S-4-CPG administration does not have any effects on the long-term on behavior and weight
gain of mice. S-4-CPG was administered intraperitoneally in different doses to C57BI mice
(n=3 per group) and weight (A) and behavior (B) were not affected.
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Administration of S-4-CPG (200mg/kg) improves PGA scores and percent lumen patency of
animals subjected to experimental SAH. A) Using the PGA scale, we assessed the behavior
of mice 24 hours after induction of experimental SAH. B) Percent lumen patency of the
basilar artery measurements in Hp1-1 and Hp2-2 mice after the different experimental

conditions. Data is presented as mean = SEM.
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Figure5.
CDA45 staining for neutrophils/macrophages around the basilar artery in a murine model of

SAH. Representative microphotographs of the staining of the basilar artery in Hp1-1 (top
panels) and Hp2-2 mice (bottom panels) subjected to SHAM surgery (left panels), SAH with
no treatment (center left panels), SAH + Vehicle (center right panels), and SAH + S-4-CPG
(right panels). Arrowheads point to CD45 positive cells in the subarachnoid space and
around the basilar artery.
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