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OBJECTIVE Cerebral vasospasm (VS) is a severe complication of aneurysmal subarachnoid hemorrhage (SAH). Uro-
tensin Il (Ull) is a potent vasoactive peptide activating the urotensin (UT) receptor, potentially involved in brain vascular
pathologies. The authors hypothesized that UII/UT system antagonism with the UT receptor antagonist/biased ligand
urantide may be associated with post-SAH VS. The objectives of this study were 2-fold: 1) to leverage an experimental
mouse model of SAH with V'S in order to study the effect of urotensinergic system antagonism on neurological outcome,
and 2) to investigate the association between plasma Ull level and symptomatic VS after SAH in human patients.

METHODS A mouse model of SAH was used to study the impacts of Ull and the UT receptor antagonist/biased ligand
urantide on VS and neurological outcome. Then a clinical study was conducted in the setting of a neurosurgical intensive
care unit. Plasma Ull levels were measured in SAH patients daily for 9 days, starting on the 1st day of hospitalization,
and were compared with plasma Ul levels in healthy volunteers.

RESULTS In the mouse model, urantide prevented VS as well as SAH-related fine motor coordination impairment.
Seventeen patients with SAH and external ventricular drainage were included in the clinical study. The median plasma
Ull level was 43 pg/ml (IQR 14-80 pg/ml). There was no significant variation in the daily median plasma Ull level (me-
dian value for the 17 patients) from day 0 to day 8. The median level of plasma Ull during the 9 first days post-SAH was
higher in patients with symptomatic VS than in patients without VS (77 pg/ml [IQR 33.5-111.5 pg/ml] vs 37 pg/ml [IQR
21-46 pg/ml], p < 0.05). Concerning daily measures of plasma Ull levels in VS, non-VS patients, and healthy volunteers,
we found a significant difference between SAH patients with VS (median 66 pg/ml [IQR 30-110 pg/ml]) and SAH patients
without VS (27 pg/ml [IQR 15-46 pg/ml], p < 0.001) but no significant difference between VS patients and healthy volun-
teers (44 pg/ml [IQR 27-51 pg/ml]) or between non-VS patients and healthy volunteers.

CONCLUSIONS The results of this study suggest that UT receptor antagonism with urantide prevents VS and improves
neurological outcome after SAH in mice and that an increase in plasma Ull is associated with cerebral VS subsequent to
SAH in humans. The causality link between circulating Ull and VS after SAH remains to be established, but according to
our data the UT receptor is a potential therapeutic target in SAH.
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wide, and death due to subarachnoid hemorrhage

(SAH) represents about 30% of the total stroke-re-
lated mortality."1” Cerebral vasospasm (VS) is a frequent
complication of aneurysmal SAH and is often associated
with delayed cerebral ischemia.** SAH patients com-
monly experience sequelae, including motor and/or cogni-
tive deficits, that affect their day-to-day functioning and
quality of life.>* VS been reported to occur in 50%—-70%
of cases between 4 and 21 days after aneurysmal rupture
and can persist for up to 4 weeks, but its pathophysiol-
ogy is complex and not fully understood.?®?® Currently,
treatments are mainly symptomatic and rely on calcium
channel antagonists, euvolemia, targeted hypertension,
and in some cases, endovascular therapy (transluminal
angioplasty, intraarterial vasodilators).!®!® Biomarkers
have been proposed for prediction or early diagnosis of
SAH-associated VS; of these biomarkers, copeptin and
cellular microparticles in plasma and neuropeptide Y in
cerebrospinal fluid (CSF) have been the most studied in
humans.'>1%202930 Among vasoconstrictive peptides, the
level of endothelin-1 (ET-1) in plasma can be considered
as an early marker of VS, but a specific ET-1 receptor an-
tagonist did not improve mortality or functional clinical
outcome.*?

Urotensin II (UII), a potent vasoactive peptide, repre-
sents a new potential marker of brain vascular pathology.
Human UII (hUII) and Ull-related peptide (URP) pos-
sess a common highly conserved cyclic biologically ac-
tive sequence and are endogenous ligands of the G pro-
tein—coupled receptor, referred to as the UT (urotensin)
receptor (or simply as UT).33! The level of UII in plasma
often varies during vascular pathologies, such as endothe-
lium dysfunction, arterial blood pressure elevation, and/
or vasoconstriction.® In addition, UII induces proinflam-
matory activity in human endothelial cells,*** astrocyte
proliferation,5!7 cerebral vasoconstrictor effects,”” and
brain damage during ischemic insult.” Thus, through its
vasoconstrictive action and its neuroinflammatory effects,
UII could play a role during cerebral VS. We postulated
that UII, in the blood and/or secreted in the subarachnoid
space during the SAH, would activate UT expressed in
the cerebral arterial network, participating in the symp-
tomatic VS and potentially affecting clinical outcome, and
that UII levels in plasma would be associated with the oc-
currence of VS.

The primary objective of this study was to determine
if UII/UT system antagonism with urantide improves VS
and neurological outcome in a mouse model of SAH. Sec-
ondary objectives were: 1) in the mouse, to establish UII/
UT expression in cerebral main arteries after SAH, the
effect of SAH, and to study the kinetics of UII variation
in plasma after SAH; and 2) in humans, to assess the as-
sociation between the UII level in plasma and in CSF and
symptomatic VS; to assess the association between the
UII level in plasma and CSF, blood pressure, SAPS 11, age,
and duration of intensive care unit (ICU) hospitalization;
to compare UII levels in plasma between patients with
SAH and healthy volunteers; and to study the temporal
variation of UII levels in plasma and CSF in SAH patients
during the first days of ICU hospitalization.

S TROKE is the second leading cause of death world-
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Methods

In an experimental mouse model of SAH, we first
validated the urotensinergic system as a potential thera-
peutic target. Then, because of the absence of previously
published data on the potential association between UII
and VS in SAH, the present adapted assay (choice of an-
tibody to detect Ull-like peptides), and the variable levels
of UII in plasma depending on the study or the patient, we
performed a pilot study in human patients to determine
the optimum method to measure UII in plasma as a pos-
sible biomarker to predict the occurrence of symptomatic
VS after aneurysmal SAH in humans. In both the mouse
model and human patients, we investigated the effects of
UII/UT system antagonism with urantide on VS and neu-
rological outcome after SAH.

Animal Study
Animal Care

Male C57Bl/6 J Rj mice (Janvier) aged 8—12 weeks
were housed under controlled standard environmental
conditions: 22°C + 1°C, 12 hours/12 hours light/dark cy-
cle, and water and food available ad libitum. All proce-
dures were performed under the supervision of H. Castel
in accordance with the French Ethical Committee and
guidelines of European Parliament Directive 2010/63/EU
and the Council for the Protection of Animals Used for
Scientific Purposes. This project was approved by the lo-
cal ethics committee.

SAH Mouse Model Procedure

This model of SAH was performed through intracis-
ternal injection of arterial blood into the magna cisterna
of the mice in the SAH animal groups as previously de-
scribed.??? Briefly, mice were anesthetized with isoflu-
rane (5% induction and 2% maintenance) and the trans-
parent atlanto-occipital membrane was exposed and a
pulled hematological glass micropipette (GC150F-15;
Harvard Apparatus) was introduced into the cisterna mag-
na. A C57Bl/6 J Rj mouse (age 12 weeks) was used as a
donor for arterial blood, which was obtained via intraca-
rotid puncture. Freshly drawn blood (60 ul) was injected
into the cisterna magna over a period of 1 minute. Sham-
operated mice underwent the same procedure but received
60 ul of normal saline (NaCl 0.9%). After surgery, mice
were placed into their home cage and fed with mashed lab
chow. Postoperative analgesia was ensured, according to
the protocols of the National Cancer Institute (Frederick,
Maryland), by ropivacaine hydrochloride (2 mg/ml) at the
site of blood injection and under the skin and paracetamol
administered orally in drinking water (1.6 mg/ml) for 48
hours.

To evaluate the impact of the direct effect of human
UII and the antagonist/biased ligand of UT receptor uran-
tide, we administered UII (PolyPeptide Laboratories) or
urantide (Phoenix Pharmaceuticals) at day O (DO) into the
cisterna magna (2 ug/kg in 50 ul of UII or 2 ug/kg in 50 ul
of urantide) in animals that had undergone blood injection
as well as animals that had undergone the Sham procedure
(NaCl 0.9% injection). Control animals received 50 ul of
NaCl 0.9%. On D2 (48 hours post-SAH), an intravenous
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tail injection of 50 ul of UII, urantide, or NaCl was carried
out under brief inhaled anesthesia (isoflurane).

The number of animals used in the different series of
experiments is provided in Supplementary Table S1.

Radioimmunoassay of Ull in Mouse Plasma

At D1 and D10 postsurgery, blood samples were trans-
cardially taken at the time of euthanization of Sham and
SAH mice. The samples were centrifuged at 3000g for 15
minutes and plasma was frozen at —20°C before analy-
sis. The concentration of UII in mouse plasma was also
determined by radioimmunoassay using a commercial kit
purchased from Phoenix Pharmaceuticals, Inc. (RK-071-
08). The assay was performed according to the commer-
cial instructions.

Cerebral Vasospasm and Immunohistochemistry

Immunohistochemistry procedures to study cerebral
VS and animal behaviors are described in the Supplemen-
tary Information. Briefly, the animals were deeply anes-
thetized and decapitated, and the brains were removed and
postfixed with paraformaldehyde 4% (PFA).

Frozen brains were serially sectioned using a cryomi-
crotome (CM 30508, Leica, PRIMACEN platform) into
20-um transverse slices. Slice collection began at the
anterior part of the prefrontal cortex (bregma + 3.2) and
extended rostrocaudally to the posterior cerebellum, us-
ing previously coated glass slides (gelatin 0.5% and alum
chrome 5% in distilled water) according to a stereotaxic
brain atlas. For VS identification (H & E staining) or mi-
croscopic fluorescence imaging procedures, see Supple-
mentary Information.

Behavioral Experimental Procedures

Activity of mice was evaluated as previously de-
scribed.”? The distance crossed and the number of times
the animals reared up on their hind legs were recorded dur-
ing a test of 5 minutes’ duration. Behaviors were recorded
with the videotracking software ANY-maze (Stoelting).
Muscular strength, dynamic equilibrium (beam walking
test), or locomotion was investigated in selected groups of
mice (see Supplementary Information).

Human Study
Patient Population

This prospective observational study was conducted
at the Rouen University Hospital in accordance with
the Declaration of Helsinki and its later amendments. It
was approved by the hospital’s institutional review board
(IRB). Written consent was systematically obtained. This
paper adheres to the applicable EQUATOR (Enhancing
the QUALlity and Transparency Of health Research) guide-
lines.

Patients admitted to the neurosurgical intensive care
unit (ICU) with SAH from aneurysmal origin and external
ventricular drainage (EVD) were included. Exclusion cri-
teria were age under 18 years, patient under guardianship,
pregnancy, or patient refusal. Data collection included
demographic characteristics, aneurysm localization, sur-
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vival, Fisher and World Federation of Neurosurgical Soci-
eties (WFNS) grades, Simplified Acute Physiology Score
II (SAPS II), daily mean systolic arterial blood pressure,
duration of hospitalization, and neurological outcome on
the 10th day (D10) and 6th month (M6) after SAH. Neu-
rological outcome was assessed with the modified Rankin
Scale (mRS) and dichotomized as favorable (mRS score
0-3) or unfavorable (mRS score 4—6). The occurrence of
a delayed cerebral ischemia (DCI) diagnosed on the basis
of neurological symptoms (aphasia, hemiparesis or hemi-
plegia, disorders of consciousness) associated with a prov-
en VS on neuroradiology explorations (angiography and/
or tomodensitometry [TDM] angiography) was also re-
corded. The assessment of VS was performed by a senior
neuroradiologist (E.G.) with long experience, according
to the following criteria: decrease in caliber of cerebral
arteries (from D2 to D15) in comparison with previous
reference neuroradiology exploration of cerebral arteries
(DO or D1), rosary bead—like appearance, and left/right
asymmetry of artery caliber. Radiological assessments
were performed blinded to the neurological condition of
the patient. The diagnosis was retained after exclusion of
other confounding causes (hematoma, rebleeding, men-
ingitis, or abscess). Patients with DCI without VS were
not included in the VS group, and the diagnosis of VS
was only based on the arterial caliber neuroradiological
conclusions. In this pilot study, the occurrence of VS was
monitored from DO to D15.

In order to compare the Ull-like peptide levels in plas-
ma in SAH patients to levels in individuals without SAH,
volunteers with no evidence of severe acute or chronic
concomitant disease and not following any regular medi-
cation regimen were included, with the support of our
local clinical investigation center. Single venous blood
samples were collected between 8:00 and 9:00 am under
the IRB-approved study protocol. Written consent was
systematically obtained.

Sample Collection and Ull-Like Radioimmunoassay.

Collection of samples from the SAH patients during
hospitalization was scheduled for 8:00-9:00 am, consis-
tent with a circadian rhythm potentially influencing the re-
lease of UII. Each patient who had an external ventricular
drain in place had daily plasma and CSF sampling during
a total period of 9 days following ICU admission (from
DO to D8). The duration of daily blood or CSF samplings
(9 days) was chosen because of the time points usually
described concerning the occurrence of VS after the SAH
event.”!" Blood was centrifuged at 2000g (10 minutes)
at 4°C and samples were stored at —80°C until radioim-
munoassay. CSF was taken from EVD and immediately
stored at —80°C until radioimmunoassay. Blood and CSF
samplings were stopped after ICU discharge and/or EVD
ablation.

Calibration curves for the assessment of UII in plasma
of patients and volunteers and procedures of Ull-like ra-
dioimmunoassay in plasma and CSF are detailed in the
Supplementary Information.

Statistical Analysis
In the text, values are presented as mean and stand-
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ard error (SE) or median with interquartile range (IQR;
25th to 75th percentile). For figures, values and intervals
used are specified in the legends. The significance level
was 0.05 for all tests performed. Statistics were calculated
using GraphPad Prism software.

Statistical Analysis of Animal Data

Data were analyzed with parametric tests unless a nor-
mal distribution and variance homogeneity were not pres-
ent. In such instances, nonparametric analyses were per-
formed (for example, see Fig. 2) by using Kruskal-Wallis
ANOVA followed by Dunn’s multiple comparison test.

Statistical Analysis of Human Data

The number of patients and the standard deviation of
our data gave a power of 80% to detect a doubling of UII
levels in plasma of patients with a VS (2-sided test; alpha
risk = 0.05).

We first analyzed variations of UII levels in plasma
and CSF in SAH patients with Friedman’s test (for testing
the difference between several related samples: multiple
comparisons of UII in plasma and CSF from DO to D8 in
patients with or without VS). Then, the group of patients
with symptomatic VS was compared to the group of SAH
patients without VS by means of Mann-Whitney (UII
plasma/CSF levels) and Fisher’s exact (neurological out-
come) tests. Afterward, associations between UII level in
plasma/CSF and blood pressure, SAPS 11, age, and dura-
tion of ICU hospitalization were tested using Spearman’s
rank correlation coefficient (r,). Comparisons of daily UII
levels in SAH patients with VS, SAH patients without
VS, and healthy volunteers were made using the Kruskal-
Wallis test with a Dunn’s posttest as these 3 groups were
not related to each other. Receiver operating characteris-
tic (ROC) curve analysis, including area under the ROC
curve (AUC), was used to determine a threshold level of
UII that would enable differentiation of groups with and
without VS.

Results
Animal Study

In our model, the mortality rates for the SAH groups
were 35.9% and 30.7% for SAH-NaCl and SAH-urantide
mice, respectively, whereas in the Sham groups, the mor-
tality rates were only 8.8% and 7.9% for Sham-NaCl and
Sham-urantide mice, respectively, occurring during sur-
gery or the first 24 hours following SAH. This model dis-
played evidence of VS in the MCA at both D2 and D7
(Fig. 1A). In the Sham and SAH mice, brain arteries ex-
pressed UT receptor (Fig. 1B), whereas UII was observed
in the MCA only in the SAH mice (Fig. 1B), indicating
expression of both UIIl and UT receptor in vasospasmed
brain arteries during SAH. To assess whether the uroten-
sinergic system is involved in a macroscopic VS within a
cerebral brain artery after blood diffusion in the subarach-
noid space, we calculated the luminal area/wall area ratio
from H & E—stained brain slices obtained at D7 post-SAH
from animals in the Sham, Sham-UII, SAH, SAH-UII,
and SAH-urantide groups (Fig. 1C). SAH induced by a
single injection of blood in the cisterna magna induced VS
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of the large anterior cerebral artery (ACA) and middle ce-
rebral artery (MCA), highlighted by a significant decrease
of the lumen/wall area ratio compared with the ratio in
Sham-operated mice (ACA: mean [+ SE] 0.17 + 0.023 in
the SAH group vs 0.32 + 0.026 in the Sham-NaCl group,
p =0.0004; MCA: 0.23 + 0.013 in the SAH group vs 0.32
+ 0.025 in the Sham-NaCl group, p = 0.02). Interestingly,
there was no statistically significant difference between
Sham-operated mice and urantide-treated SAH mice
with respect to the ACA or MCA, and significance was
reached when comparing MCA in SAH mice and mice
in the SAH-urantide group (0.23 + 0.013 vs 0.33 + 0.03,
respectively; p = 0.02), suggesting that urantide probably
prevents the VS associated with SAH at D7. Note that al-
though a slight tendency was observed when UII was add-
ed, no additional effect of UII on VS of these arteries was
detected (Fig. 1C). Detectable levels of UII were found in
plasma by radioimmunoassay at D1 and D10 post-SAH
and did not show any significant difference between Sham
and SAH animals (Fig. 1D).

To investigate the long-term impact of SAH on sen-
sorimotor function, behavioral tests were carried out on
Sham and SAH mice. To specifically explore a poten-
tial role of the UT receptor, the aggravating role of UII
or the preventive role of the UT antagonist/biased ligand
urantide was also challenged (Fig. 2). The weight gain of
SAH-NaCl mice was significantly reduced from D2 to
D10 compared with that of control mice and at D2 and
D8 compared with that of Sham-NaCl mice (Kruskal-
Wallis and Dunn’s multiple comparison test; Fig. 2A). The
spontaneous activity of the mice was not significantly af-
fected by SAH as evaluated by distance crossed (Fig. 2B)
and number of times the animals reared (data not shown).
Urantide administration did not significantly affect this
activity (Fig. 2B). No significant difference in muscle
strength, static equilibrium, or motor coordination was
observed between Sham and SAH, in the absence or the
presence of urantide (Fig. 2C-E). However, in the beam
walking test, the slip frequency of SAH-NaCl animals was
significantly increased compared with that of Sham-NaCl
mice (p = 0.004) at D7, indicating a selective sensorimo-
tor deficit induced by the hemorrhage. The SAH mice that
received urantide showed significantly better performance
than SAH-NaCl mice (Kruskal-Wallis, Dunn’s posttest, p
= 0.04; Fig. 2F). Mice receiving UII in the injected blood
did not show a significant difference in the number of slips
per minute compared with SAH-NaCl mice (Fig. 2F).

Human Study

In 17 patients, 2 SAHs were linked to an aneurysm lo-
calized in the posterior cerebral circulation and 15 SAHs
were secondary to a rupture of an aneurysm from the an-
terior cerebral circulation. The clinical and demographic
characteristics of the patients are summarized in Table 1.
The median levels of UII at DO (the 1st day of hospitaliza-
tion) were 43 pg/ml (IQR 14-80 pg/ml) in plasma and 22
fg/ml (IQR 5-68 fg/ml) in CSF. The values of UII levels
in plasma and CSF for each day are summarized in Fig.
3A and B. There was no statistically significant variation
of UII levels in plasma or CSF from DO to D8. Moreover,
we did not find any significant correlation between daily
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A Model of a single intracisternal injection
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FIG. 1. The urotensinergic system in plasma and main cerebral arteries in the mouse model of SAH. A: Creation of SAH model by intracisternal injection
of arterial blood. As shown in the images on the left, arterial blood is drawn by the carotid route from a C57BI/6 J mouse and immediately injected with

a glass micropipette into the cisterna magna (MC) of another mouse to create the SAH model. The photographs on the upper right of this panel show
direct visualization of the distribution of blood (D2 and D7) within the cerebellum after administration in the cisterna magna. The photomicrographs show
the optical microscopic visualization of vascular parietal morphology suggestive of VS of the MCA at D2 and D7 (n = 3/group). CA = carotid artery. B:
Immunolabeling of Ull (red) and UT (green) in MCA from Sham and SAH mouse brains 7 days after SAH. UT was found to be expressed in the MCA
wall in the Sham and SAH mice, while Ull was likely neo-expressed in the vascular wall of the MCA in the SAH mice. DAPI in blue. Scale bar = 100 ym.
C: Vasospasm of large cerebral arteries after SAH, in the absence or the presence of Ull or urantide in the cisterna magna. Representative photomicro-
graphs showing the morphology (lumen and wall thickness) of the ACA (bregma + 1.10 mm) and the MCA (bregma - 1.22 mm) in Sham and SAH-NaCl,
SAH-Ull, and SAH-urantide brain sections at D7. H & E; scale bar = 50 ym. Quantification histograms of lumen area/wall area ratio showing significant
VS in the ACA and MCA in SAH-NaCl mice compared with Sham-NaCl mice and significant VS prevention in SAH-urantide compared with SAH-NaCl
mice. One-way ANOVA, Tukey’s multiple comparison test (*p < 0.05, ***p < 0.001, #p < 0.05, ns = not significant). D: Schematic values of Ull level in
plasma following the occurrence of SAH in mice. Results are presented as mean with SEM (n = 3 to 5/group). No significant variation of Ull level in
plasma at D1 and D10 between Sham and SAH (Kruskal-Wallis). Figure is available in color online only.
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FIG. 2. Behavioral characterization of the SAH mouse model and the effect of the antagonist/biased ligand urantide. A: Weight
gain of SAH mice in the presence or the absence of urantide from D0 to D12. SAH-NaCl mice displayed significantly reduced
weight gain on days 2, 4, 6, 8, and 10 compared to control mice and on days 2 and 8 compared with Sham-NaCl mice. Weight
gain of Sham-NaCl mice was reduced compared to that of control mice only on D4, and weight gain of Sham-urantide mice was
reduced on D2 compared to Sham-NaCl mice (Kruskal-Wallis, Dunn’s multiple comparison test; #p < 0.05, ###p < 0.001, SAH-
NaCl vs control; *p < 0.05, **p < 0.01, SAH-NaCl vs Sham-NaCl; n = 5 [at D12] to 31 [at DO]). B and C: Spontaneous activity and
muscular strength in SAH mice and impact of urantide. Locomotion (B) and muscular strength (C) were not modified in SAH-NaCl
compared with Sham-NaCl mice (p > 0.05). Urantide was associated with an increase of locomotor activity in SAH compared with
SAH-NaCl mice (Student t-test, *p < 0.05, n = 6/group). D and E: Equilibrium, motor coordination, and impact of urantide treat-
ment. SAH mice treated with NaCl or urantide did not show alteration of static equilibrium performances evaluated in the unstable
platform test (D) and did not show deficits in motor coordination in the rotarod test (E) compared with Sham-NaCl or Sham-
urantide mice (Student t-test, 6/group). F: SAH-NaCl mice displayed selective impairment of dynamic equilibrium and fine motor
coordination performance in the beam test compared with Sham-NaCl mice (Kruskal-Wallis, Dunn’s multiple comparison test, **p
<0.01, 9-12/group). Urantide-treated SAH mice demonstrated improved performance in the beam test compared with SAH-NaCl
mice (#p < 0.05, n = 9-13). There was no significant effect of Ull in the Sham-NaCl and SAH-NaCl groups.

UII levels in plasma and those in CSF (r; = —0.08 [95% CI
-0.27t0 0.11], p =0.4).

Twenty-three healthy volunteers were also included in
this study. There was no statistically significant difference
between the volunteers and the patients with respect to
age (median 38 years [IQR 29-58 years] vs 48 years [IQR
42-56 years]) or sex ratio (M/F ratio 0.9 vs 1.1). Among the
17 patients included, 6 had VS during the first 10 days of
hospitalization. Comparison of daily measures of Ul levels
in the plasma of VS patients, non-VS patients, and volun-

teers showed a statistically significant difference between
VS and non-VS patients (median 66 pg/ml [IQR 30-110 pg/
ml] vs 27 pg/ml [IQR 15-46 pg/ml], p < 0.001). But no sig-
nificant difference was observed between the VS group and
the volunteers (median 66 pg/ml [IQR 30-110 pg/ml] vs 44
pg/ml [IQR 27-51 pg/ml]) or between the non-VS patient
group and the volunteers (median 27 pg/ml [IQR 15-46 pg/
ml] vs 44 pg/ml [IQR 27-51 pg/ml]; Fig. 3C).

The median level of UII in plasma during the 9 first
days after SAH was significantly higher in patients with
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TABLE 1. Summary of clinical and demographic characteristics
of the 17 SAH patients included in the study

Characteristic Value

Age inyrs 48 (41.5-56)
Sex, n

Male 8

Female 9
SAPS [I 34 (20-48)
Fisher grade 4 (3-4)
WENS grade 3(2-4)
Duration of mechanical ventilation in days 10 (2-23)
Length of hospital stay in days 27 (19-60)

Values are median (IQR) unless otherwise indicated.

symptomatic VS than in patients without VS (77 pg/ml
[IQR 33.5-111.5 pg/ml] vs 37 pg/ml [IQR 21-46 pg/ml],
p = 0.04; Fig. 4A). No significant difference was found
concerning the mean level of UII in CSF between patients
with and without symptomatic VS (Fig. 4B). With respect
to level of UII in plasma, the AUC allowing discrimination
of patients with symptomatic VS from patients without
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symptomatic VS was 0.81 (95% CI 0.57-1, p = 0.04). With
a cutoff value of 61.5 pg/ml of UII in plasma, the sensitiv-
ity was 66.7% (95% CI 22.3%-95.7%) and the specificity
was 100% (95% CI 71.5%-100%) (Fig. 4C). When com-
paring the VS and no-VS groups, there was a significant
difference in the neurological outcome at D10, with a more
favorable outcome in the no-VS group (100% vs 0%, p =
0.02; Fig. 4D), whereas no difference was measured at M6
(82% vs 50%, p = 0.12; Fig. 4D). Individual mRS scores of
each patient are provided in Supplementary Table S2. The
sole deceased patient of the cohort had symptomatic VS.
In addition, a negative correlation was found between the
SAPS 1II and UII level in plasma on DO (r, = —0.57 [95%
CI —0.84 to —0.09], p = 0.02; Fig. 4E), without correlation
between CSF Ull level at DO and SAPS II (r, = -0.34 [95%
CI -0.72 to 0.21], p = 0.2; Fig. 4F). There was no correla-
tion between daily UII levels in plasma and daily mean
systolic blood pressure, age, duration of hospitalization, or
duration of mechanical ventilation.

Discussion

Aneurysmal SAH is a common disease responsible for
significant mortality and morbidity related to extremely
debilitating neurological sequelae in survivors.? After the
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FIG. 3. Schematic values of Ull in plasma and CSF during the 9 days following the occurrence of SAH. A and B: Box and whiskers
plot showing the median values (horizontal lines) with IQRs (boxes) and extreme values (whiskers). There was no significant
variation of Ull levels in plasma or CSF from DO to D8 (Kruskal-Wallis test). C: Daily measures of Ull levels in plasma in SAH
patients with VS (SAH-VS), SAH patients without VS (SAH-no VS), and healthy volunteers (HV). The mean value for each group
is indicated by a horizontal line. ***p < 0.001 (VS vs no-VS group) (Kruskal-Wallis test).
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FIG. 4. Mean levels of Ull in plasma (A) and CSF (B), ROC (C), and neurological outcome (D) following SAH in patients with

and without symptomatic VS. A and B: Results are presented as mean with SEM for patients with (black circle) or without (black
square) symptomatic VS. *p < 0.05 (for comparison with VS group, Mann-Whitney test). NS = not significant. C: ROC curve gener-
ated with mean levels of Ull in plasma in the VS and no-VS patient groups. The ROC curve is the plot of the true-positive rate
(sensitivity) versus the false-positive rate (100% - specificity) for different positivity thresholds (i.e., different cutoff levels of plasma
Ull). The calculated value of the AUC was 0.81 (superior to the random value of 0.5), indicating that the mean Ull level in plasma
discriminated patients with and without VS (p < 0.05). D: Neurological outcome in the VS and no-VS groups at 10 days (D10)

and 6 months (M6) post-SAH. Results are presented as absolute values. Neurological outcome was assessed with the mRS and
dichotomized as favorable (MRS score 0-3) and unfavorable (MRS score 4-6). *p < 0.05 (1-tailed Fisher’s exact test, comparison
with VS group). E and F: Correlation between Ull levels in plasma (E) and CSF (F) on the 1st day of hospitalization (D0) and SAPS
II. Spearman’s coefficients (r,) are shown with upper and lower bounds of 95% confidence intervals.

first part of our work, conducted in a preclinical mouse
model, suggested a preventive effect of urotensinergic
system inhibition on neurological deficits after VS, we ex-
plored the potential link between this peptide system and
SAH in human patients.

In humans, VS is followed by complications including
secondary brain ischemia, which likely leads to cognitive
deficits in executive functions such as planning, attention,
and decision making.? Thus in our murine model of SAH,
which is a relatively nonsevere model, there was an in-
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creased slip frequency in the beam walking test, suggest-
ing that fine motor coordination and dynamic equilibrium
are altered 7 days post-SAH. In accordance with these
findings, beam walking deficits and spatial memory altera-
tion were previously described in different rodent models
of SAH.'%* The urotensinergic system has been linked to
numerous pathophysiological states, and previous studies
have validated UT antagonists such as urantide. It exerts
potent antagonism with no intrinsic activity in ex vivo
models?'?* or biased activity in human embryonic kidney
(HEK) cells expressing human UT receptor.> We showed
here that urantide, administered during the hemorrhage
event, allowed a functional improvement of SAH-induced
deficits in motor coordination and dynamic equilibrium.
In contrast, when UII was co-applied with blood in the
subarachnoid space, the SAH-sensorimotor defects were
not exacerbated, suggesting that the urotensinergic system
is likely to be widely recruited during SAH.

This finding opens the question of the involvement of
the urotensinergic system in the VS pathophysiology of-
ten associated with neurological disorders. As observed in
patients, the mean UII level in plasma is higher in SAH
patients with VS than in those without VS. Our hypoth-
esis is that the presence of this peptide in plasma may act
directly on cerebral vascular cell walls expressing the UT
receptor. We show here that the UT receptor is mainly ex-
pressed in brain vessels of SAH mice at D7, according to
previous description of UT receptor expression at the en-
dothelial and vascular levels in humans, mice, and rats.!>3!
Our data show a localized expression of UII in cerebral
arteries mainly during SAH, suggesting that UIl may be
expressed by lesioned circle of Willis arteries, leading to
activation of UT receptors expressed by vascular compo-
nents. Here, the evaluation of VS showed a narrowing of
the ACA and MCA 7 days post-SAH. In SAH mice re-
ceiving urantide, VS appeared to be markedly reduced,
suggesting that neurological impairment, associated with
long-lasting vascular defects, is at least in part mediated
by UIL

The pathophysiological mechanisms responsible for VS
after SAH likely involve intracranial cerebral pressure,
nitric oxide, oxidative stress, and/or apoptosis of vascular
components, but also neuroinflammation.” We and oth-
ers previously demonstrated that UT receptor couplings
to Gq/Gi/o/G13 proteins allow activation of key signal-
ing cascades, including polyphosphoinositide metabolism,
Ca?*, cAMP, nuclear factor—xB, and ERK1/2 in HEK cells
expressing human UT,> and the vasoconstriction capacity
of UII at de-endothelialized aortic rings.*> Taken togeth-
er, these data suggest that the urotensinergic system plays a
direct or indirect triggering role in the occurrence of VS.?
In light of the effect shown for urantide in the prevention
of post-SAH VS and neurological morbidities, we propose
that the UT receptor may constitute a new therapeutic tar-
get for the treatment of SAH patients.

Our findings in patients show that the UII level in plas-
ma was significantly higher in those with symptomatic VS
than in those without symptomatic VS in the acute phase
post-SAH, suggesting that further evaluation of UII as a
potential marker for early detection of VS is warranted.
The higher level of UII in the plasma of VS patients calls
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into question the causal link between UII and the occur-
rence of VS. A possible explanation is that levels of UII in
plasma of patients with VS may be globally higher with-
out any variation over time. It is also possible that a higher
basal UII level prior to SAH could be a risk factor for VS.
Measurements performed on blood samples obtained in
healthy volunteers showed no significant difference in the
UII level in plasma between these volunteers and SAH
patients with and without VS. In our murine preclinical
SAH model, we observed that the plasma UII level did not
differ between Sham and SAH mice at D1 or D10 post-
SAH. Taken together, these data indicate that an elevated
UII level in plasma is probably not a consequence of the
hemorrhage event and may rather be a physiological factor
arising in patients—and predictive of VS. Thus, patients
with high basal UII levels in plasma could be more at risk
for symptomatic VS than those with lower UII levels.

In previous studies, patients with symptomatic VS have
tended to have poorer neurological outcomes than those
without VS.33 As SAH is a severe cerebrovascular dis-
ease, we chose to put the superior cutoff for favorable out-
come at 3 on the mRS as previously suggested.’® Thus,
in the early phase of SAH, high levels of UII in plasma
are significantly associated with VS and worse neurologi-
cal status, but the difference in neurological examination
findings was not observed 6 months after hospitalization,
likely due to the low number of patients in this pilot study.

Although our results are encouraging, this study has
several limitations. The sample size is too small to draw
any solid inference about the association between UII and
cerebral VS and does not allow clear conclusions on the
reasons for finding elevated UII levels in plasma of SAH
patients with VS. At this stage, UII should be investigated
in larger future studies as a diagnostic/predictive tool of
VS since the difference of UIl mean concentrations seems
to indicate an association of UII in plasma with VS. How-
ever, our data provide new information on UII and its re-
ceptor and the pathophysiology of VS and SAH. Our work
is a pilot study, and the findings that we report here are
preliminary and need to be validated in larger studies; the
lack of statistical power could have led us to miss some
associations or correlations with secondary phenomena
with respect to DCI, patient outcome, fatigue, or cognitive
deficits. Many confounding and indirect previous observa-
tions in both animals and human patients currently sup-
port our findings, and the results of this study, albeit in a
small cohort, highlight the role of UII in the pathophysiol-
ogy of SAH and VS.

Conclusions

We have documented a preventive effect of UT recep-
tor antagonism with urantide, on VS and long-term sen-
sorimotor deficits in a preclinical model. Our prospective
clinical study, although inherently limited by sample size,
provides the first available evaluation of UII in plasma of
SAH patients. A new clinical trial with a larger patient co-
hort is needed to clarify the role of plasma UII level as a
possible diagnostic or prognostic marker for VS predic-
tion, which would also allow the implementation of a new
treatment targeting the urotensinergic system.
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