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Abstract

Early brain injury (EBI), delayed cerebral vasospasm (DCVS), and delayed cerebral ischemia (DCI) are common complications
of subarachnoid hemorrhage (SAH). Inflammatory processes in the cerebrospinal fluid (CSF) are one of the causes for such
complications. Our aim to study the effects of an IL-6 receptor antagonist (Tocilizumab) examines the occurrence of DCVS,
neuronal cell death, and microclot formation in an acute SAH rabbit model. Twenty-nine New Zealand white rabbits were
randomized into one of three groups as the SAH, SAH + Tocilizumab, and sham groups. In SAH groups, hemorrhage was
induced by extracranial-intracranial arterial blood shunting from the subclavian artery into the cisterna magna under intracranial
pressure (ICP) monitoring. In the second group, Tocilizumab was given once intravenously 1 h after SAH induction. Digital
subtraction angiography was performed, and CSF and blood were sampled before and after (day 3) SAH induction. IL-6 plasma
and CSF levels were measured. TUNEL, FJB, NeuN, and caspase-3 immunostaining were used to assess cell apoptosis,
neurodegeneration, and neuronal cell death, respectively. Microclot formation was detected by fibrinogen immunostaining.
Between baseline and follow-up, there was a significant reduction of angiographic DCVS (p <0.0001) in the Tocilizumab
compared with the SAH group. Tocilizumab treatment resulted in decreased neuronal cell death in the hippocampus (p =
0.000), basal cortex (p = 0.001), and decreased microclot formation (p = 0.02). Tocilizumab reduced DCVS, neuronal cell death,
and microclot formation in a rabbit SAH model, and could be a potential treatment to prevent DCVS and DCI in SAH patients.
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Introduction

Despite recent advances in the treatment of subarachnoid hem-
orrhage (SAH), neurological outcomes after SAH remain poor.
Early brain injury (EBI), delayed cerebral vasospasm (DCVS),
and delayed cerebral ischemia (DCI) are common complications
of SAH along with high morbidity and mortality [1-3].
Compartmental inflammatory response in the subarachnoid
space is seemingly involved in the pathogenesis of DCVS and
neuronal injury [1, 4-6]. In this context, interleukin (IL)-6, which
has been shown to play a key role in the inflammation cascade
after experimental and clinical SAH, has been related to the
development of DCVS and worse clinical outcomes [5—7]. We
recently reported a positive correlation between IL-6 and the
vasoconstrictor endothelin 1 (ET-1) and DCVS induction after
SAH [5]. Other studies have described elevated IL-6 to activate
the coagulation pathway and vascular endothelial cells in various
clinical conditions [8], thus possibly initiating microclot forma-
tion. Therefore, the presence of microcirculatory dysfunction is a
suspected key factor of early brain injury after SAH [9—-11]. On
the basis of the reported preclinical, experimental, and clinical
relevance of IL-6 in the setting of DCVS and neuronal injury
after SAH, our study aims to analyze the effectiveness of the IL-6
receptor antagonist Tocilizumab in diminishing DCVS, neuronal
injury, and microclot formation in an acute hemorrhage rabbit
model.

Material and Methods
Animals, Study Design, and Anesthesia

The authors declare that all supporting data are available with-
in the article and its online resource files, including the de-
tailed protocols for anesthesia, surgery, and angiography pre-
viously described [5, 12—16]. A total of 29 female New
Zealand white rabbits (3.3-4.2 kg body weight, Charles
River, Sulzfeld, Germany) were randomly allocated to one
of three groups as the SAH (n=12), SAH + Tocilizumab
(n=12), or sham (n = 5) groups. Due to animal welfare regu-
lations, the study was performed with adult female rabbits.
General anesthesia was induced in all rabbits under con-
tinuous monitoring of vital parameters. Neurological sta-
tus was assessed at 6, 12, 24, 48, and 72 h post-SAH
using a four-point grading system previously described
(Online Resource Fig. 1) [17].

Digital Subtraction Angiography, SAH Induction, and
Tocilizumab Infusion

Digital subtraction angiography (DSA) was performed on day
0 before SAH and at follow-up on day 3 (Fig. 1). The rabbit
subclavian artery was dissected and cannulated with a 5.5-
french catheter (Silicone Catheter STH-C040, Connectors
Verbindungstechnik AG, Switzerland). The catheter tip was
advanced to the origin of the vertebral artery followed by an
intra-arterial bolus injection of contrast dye (0.6 ml/kg
Iopamidol, Iopamiro, Bracoo Suisse, Switzerland). The diam-
eter of the basilar artery (BA) was measured as previously
described in a blinded manner using ImageJ] (National
Institutes of Health, Bethesda, MD, USA) [5, 12, 18-20].
Extent of DCVS was determined by comparing the diameters
at baseline and follow-up. After baseline DSA on day 0, either
induction of SAH or sham procedure was performed as de-
scribed earlier [5, 12-16, 20].

In all animals, intracranial pressure (ICP), arterial blood
pressure, and respiration rate (RR) were continuously moni-
tored [18, 21]. Arterial blood gas analyses (ABGA) were per-
formed prior to angiography. In prone position, a 27-G spinal
access needle was inserted into the cisterna magna. In SAH
animals, the needle was connected to the catheterized subcla-
vian artery to induce a hemorrhage [5, 12—-16]. In sham-
operated animals, puncture of the cisterna magna, CSF sam-
pling (1.5 ml), and CSF replacement with 1.5 ml artificial CSF
(ACSF, Tocris Bioscience, Bristol, UK) were used. Directly
after SAH induction in the postoperative phase, rabbits in the
SAH + Tocilizumab group received Tocilizumab intravenous-
ly (8 mg/kg body weight) for a 1-h span.

Blood and CSF Sample Analysis

CSF and serum were sampled on days 0 and 3. Blood samples
were collected using EDTA-coated tubes. For IL-6 and ET-1
measurements, a specific rabbit IL-6 and ET-1 enzyme-linked
immunosorbent assay (ELISA) kit was used (Rabbit IL-6
ELISA Kit, CSB-E06903Rb and Rabbit ET-1 ELISA Kit,
CSB-E06951Rb Cusabio Biotech Co. Ltd., USA).
Euthanasia was induced on day 3.

Tissue Processing, Histology, and Histochemistry

After the brains were removed, the volume of blood in the
subarachnoid space was analyzed with the bleeding sum
score, a 4-point grading system: 0, no blood; 1, minimal
blood; 2, moderate blood clot (basilar artery visible); 3, mas-
sive blood clot (basilar artery not visible) [14]. Terminal apo-
ptosis identified by DNA fragmentation was assessed with
TUNEL staining (In Situ Cell Death Detection Kit, Roche,
Switzerland). Earlier stages of apoptosis, characterized by
caspase-3 activation, were identified with an anti-cleaved
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Neurological assessment
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SAH *  CSF and bood sampling ¢ FU Angiography
¢ SAH induction under ICP e CSF and blood sampling
monitoring e Euthanasia
¢ Neurological assessment * Histological analysis
* BLAngiography * Neurological FU ¢ Neurological FU * Neurological FU
*  CSF and blood sampling FU Angiography
SAH + Tocilizumab SAH induction under ICP CSF and blood sampling
monitoring e Euthanasia
¢ Tocilizumab (8mg/Kg BW) * Histological analysis
iv infusionfor 1 h
* Neurological assessment
Sham ¢ BLAngiography Neurological FU ¢ Neurological FU Neurological FU
¢ CSF and blood sampling *  FU Angiography
¢ Sham Surgery

* CSF and blood sampling
* Euthanasia
Histological analysis

Fig. 1 Flowchart of the study design. Three animals were prematurely
excluded (one per group) because of death during anesthesia induction
(a). Two rabbits (one in the SAH and SAH + Tocilizumab group each)
died during SAH induction, and a third rabbit, from the SAH +
Tocilizumab group, was prematurely euthanized because of a severe
postoperative neurological deficit after SAH induction (b). Illustration

caspase-3 antibody staining (Cell Signaling, USA). For neu-
rodegeneration, Fluoro Jade B (Millipore AG, Zug,
Switzerland) staining was used. To facilitate the identifica-
tion of neurons, an anti-neuronal nuclei staining (NeuN,
Millipore, Switzerland) was performed. Cerebellar
Purkinje cells were stained with antibodies against
calbindin (Swant, Marly, Switzerland). Quantitative
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demonstrates the experimental set-up of subarachnoid hemorrhage induc-
tion previously described by Marbacher et al. (c) [16]. The extra-/intra-
cranial blood shunt allows blood release under arterial pressure into the
subarachnoid [16]. BL, baseline; FU, follow-up; CSF, cerebrospinal flu-
id; ICP, intracranial pressure; iv, intravenous

analysis of apoptosis in the hippocampus (CAl and
CA3), basal cortex, and cerebellum was performed in a
blinded way within predefined regions of interest (ROI).
Extent of microthrombosis was detected by fibrinogen im-
munohistochemistry using the Leica Bond III THC staining
system and analyzed in a blinded manner as previously
described [10].
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Statistical Analysis

Data were analyzed and visualized using GraphPad Prism
statistical software Version 8.0 (GraphPad Software, Inc.
California, USA). Continuous values were given as mean =+
standard deviation (SD) if not otherwise indicated. Non-
parametric tests were used given the relatively small sample
size; baseline and follow-up values were compared using the
Wilcoxon signed rank test (non-parametric, repeated mea-
sures). Differences between the normally distributed data of
two groups were analyzed by Student’s ¢ test, Kruskal-Wallis
test (non-parametric ANOVA) among three or more groups,
and the Scheffé post hoc analysis. A p value <0.05 was
regarded as statistically significant.

Ethic Approval

The project has been performed according to the Animal
Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines [22] and was performed in accordance with the
National Institutes of Health Guidelines for the care and use
of experimental animals and with the approval of the Animal
Care Committee of the Canton Bern, Switzerland (Approval
Nr. BE58/17).

Results

Physiological Parameters, ICP and CPP Time Course,
SAH, and Neuronal Scores

Among 29 rabbits, 23 rabbits reached the primary endpoint,
10 in the SAH, 9 in the SAH + Tocilizumab, and 4 in the sham
groups (Fig. 1). All animals in the SAH and SAH +
Tocilizumab groups showed significantly elevated ICPs dur-
ing SAH induction and corresponding significantly decreased
CPPs from baseline to peak (Online Resource Fig.1 Panel A).

All rabbits in the SAH and SAH + Tocilizumab groups
demonstrated extensive, coagulated, diffuse subarachnoid
blood (Online Resource Fig.2) that resulted in moderate
grades of SAH. Neurological scores (Online Resource Fig.1,
Panel B) at 6, 12, 24, 48, and 72 h after the procedure were
comparable among groups.

Angiographic Delayed Cerebrovascular Vasospasm

On angiographic findings, BA diameter averaged 310 +
50 um at baseline and decreased to 230 £ 60 um at day 3 in
the SAH group (p <0.00001) (Fig. 2). BA diameter averaged
320+ 60 pum at baseline and decreased to 300 £50 pum (p =
0.16) at follow-up in the SAH + Tocilizumab group; the oc-
currence of DCVS was significantly decreased in this group
compared with the SAH group (p < 0.00001).

SAH + Tocilizumab

b Sham BL E&# Sham FU
B SAHBL @M SAHFU
SAH + Tocilizumab BL SAH + Tocilizumab FU

6004
4004

2004

Vessel diameter (um)

SAH + Tocilizumab

Fig. 2 a DSA at baseline (BA) and at day 3 follow-up (FU). White
arrows: point of measurement of basilar artery diameter. Note decreased
size of the basilar artery at FU. b Angiographic mean basilar artery di-
ameter in um (y axis) at baseline and follow-up among the different
groups. Angiography in the SAH group showed a significant (*) decrease
of diameter at FU compared to BL. *p <0.00001

Sham SAH

Brain Histology

In the SAH group, amounts of TUNEL/Hoechst double-
positive cells in the CA1 and CA3 regions of the hippocampus
numbered 56 + 19 and 58 +22.3 cells, respectively (Fig. 3). In
the SAH + Tocilizumab group, there were significantly fewer
TUNEL/Hoechst-positive cells at 6.4 +3 cells in the CAl
(»p=0.006) and 11.6 £5.5 cells (p = 0.002) in the CA3 regions
of the hippocampus (Online Resource Fig.3).

The FJB-staining cells in the CA1 and CA3 regions of
hippocampus numbered 189.6 £46.6 and 214.2 +48, respec-
tively, in the SAH group (Online Resource Fig.4) but were
significantly fewer at 73.2+ 18.8 (p =0.002) and 92.2 +20.7
(p=0.001), respectively, in the SAH + Tocilizumab group.

Caspase-3-positive cells in the CA1 and CA3 regions of
hippocampus (Online Resource Fig.5) numbered 20.1 £8.4
and 28.6 £ 14.7, respectively, in the SAH group compared
with 16.8+4.8 and 21.6+6.5 (p =0.2), respectively, in the
SAH + Tocilizumab group. In the basal cortex, caspase-3-
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Merged Hoechst/TUNEL

Merged Hoechst/FIB

Sham

SAH

SAH + Tocilizumab

Fig. 3 a Representative images of apoptotic double-positive TUNEL/
Hoechst, FIB/Hoechst, and caspase-3/Hoechst cells (arrow heads) can
be seen in the hippocampus of animals. b Apoptosis and

positive cells were 66.2 +53.5 in the SAH group and fewer at

15+£5.3 (p=0.06) in the SAH + Tocilizumab group.
NeuN-positive staining cells in the CA1 and CA3 regions

of the hippocampus numbered 27.2+10.2 and 45.6 +17.6,

8001 * * * *

600+

4004

2004

Number of NeuN positive cells

All regions CA1 CA3

Basal Cortex

Fig. 4 a Cumulative number of NeuN-positive cells shown as bar graph
(mean + SD, *p < 0.05. b NeuN-positive staining neurons (open arrows)
seen in higher amounts in the hippocampus and basal cortex of animals in
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Number of FIB positive

All Regions CA1 CA3  Basal Cortex

Number of caspase-3 positive
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All Regions CA1l CA3  Basal Cortex

neurodegeneration significantly decreased in the SAH + Tocilizumab
group compared to SAH. Data are presented as mean + SD: *p < 0.05.
Scale bar = 100 um

respectively, in the SAH group (Fig. 4) and were significantly
higher at 197.4+34.8 (p <0.00001) and 174.4+33.2 (p=
0.0005), respectively, in the SAH + Tocilizumab group.

NeuN staining

Hippocampus

Basal cortex

Sham

SAH

SAH + Tocilizumab

the SAH + Tocilizumab and sham groups compared to NeuN negative
neurons (arrowhead) in the SAH group. Scale bar =100 um
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Calbindin-positive cells (Online Resource Fig.6), staining
Purkinje cells in the cerebellum, were 2.9 +1.7 in the SAH
group and significantly increased to 15.5+9.3 in the SAH +
Tocilizumab group (p =0.0008). FIB-positive cells (Online
Resource Fig.7) were 4.7+ 1.5 in the SAH group compared
to 2+1.2 in the SAH + Tocilizumab group (p=0.01).
TUNEL/Hoechst staining-positive cells (Online Resource
Fig.8) numbered 19.3+14.2 in the SAH group compared to
6+2.2 in the SAH + Tocilizumab group (p = 0.059).

TUNEL/Hoechst staining-positive cells (endothelial and
smooth muscle cells) in the arterial wall of the basilar artery
numbered 48.5+41.8 in the SAH group compared to 8.5+
13.3 in the SAH + Tocilizumab group (p =0.008, Online
Resource Fig.9). Caspase-positive cells numbered 18.8 +
10.5 in the SAH group and were significantly fewer at 3.7 =
2.4 in the SAH + Tocilizumab group (p = 0.0004).

Microclot Formation

Fibrinogen staining showed distinct microclot formation in
vessels of the hippocampus in the SAH group compared with
the sham and SAH + Tocilizumab groups (Fig. 5). In the
hippocampus CA1 region, microclot formation was signifi-
cantly higher in the SAH than the SAH + Tocilizumab groups
(6.8+2.3 vs. 2.4+ 1.3, respectively), (p=0.02). In the CA3
region, there were 4 £ 1.8 microclots in the SAH group and
1.7+ 1.1 in the SAH + Tocilizumab group (p =0.52). In the
basal cortex, there were 3.4 = 1.3 microclots in the SAH group
and 3.2+ 1.5 in the SAH + Tocilizumab group (p =0.7).

Number of fibrinogen positive microclots

i

All regions CA1 CA3

Basal Cortex

Fig. 5 a Cumulative number of fibrinogen-positive microclots shown as
bar graph presented as mean £ SD, *p <0.05. b Significantly more
fibrinogen-positive staining microclots (arrowheads) formed in the

ELISA IL-6 and ET-1 Quantification

CSF IL-6 levels increased from baseline to follow-up from
28.6+21.4 pg/ml to 38.8 +17.9 pg/ml (p =0.34) in the SAH
group and from 29.9 +17.7 pg/ml to 58.9£53.6 (p =0.15) in
the SAH + Tocilizumab group. At day 3, CSF IL-6 values
were non-significantly higher in the SAH + Tocilizumab
group. Overall, IL-6 values were significantly higher in the
CSF than in the plasma (43.73 £33.1 pg/ml vs 0.31 £ 0.05 pg/
ml, p <0.00001), (Fig. 6).

ET-1 CSF levels at baseline and at day 3 were 3.69 +
1.83 pg/ml and 4.566 +2.33 pg/ml (p =0.22), respectively,
in the SAH group and 5.9+ 1.9 pg/ml and 5.59+1.93 pg/ml
(p=0.13), respectively, in the SAH + Tocilizumab group.
Overall, ET-1 values were significantly higher at 5.6 =
5.8 pg/ml in CSF compared to 1.0+0.2 pg/ml in plasma
(p<0.00001). At day 3, levels of plasma ET-1 were signifi-
cantly lower in the SAH + Tocilizumab group than either the
SAH group (p =0.0006) or sham group (p = 0.003).

Discussion

In this closed-cranium rabbit model, interleukin (IL)-6 recep-
tor antagonist (Tocilizumab) prevented macro- and microcir-
culatory disturbances and was acutely neuroprotective after
induced SAH. Additionally, Tocilizumab prevented smooth
muscle and endothelial cell death in large cerebral arteries
and diminished angiographic delayed cerebral vasospasm.

Hippocampus

Basal cortex

Sham

SAH

SAH + Tocilizumab

N 4 ANea” e

hippocampus and basal cortex in the SAH group than in the SAH +
Tocilizumab and sham groups. Scale bar= 100 um
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Fig. 6 a, b Mean baseline and a IL-6 CSF b IL-6 Plasma
follow-up IL-6 CSF and serum
levels in pcg/ml. ¢, d Mean base- Baseline ER Follow-Up Baseline ER Follow-Up
line and follow-up ET-1 CSF and
serum levels in pcg/ml. Data are 1007 0.3
presented as mean + SD,
#p <0.05 £ E
2 202
5 5 01
Sharm SAH SAH + Tocilizumab A Sham SAH SAH + Tocilizumab
c ET-1 CSF d ET-1 PLASMA
Baseline EA Follow-Up Baseline & Follow-Up
89 —_—
—X

Sham SAH

On a microcirculatory level, Tocilizumab reduced microclot
formation. Notably, Tocilizumab treatment resulted in neuro-
protection by means of reduced neuronal cell death and neu-
rodegeneration not only in regions more susceptible to ische-
mia (hippocampus and cerebellum) but also in the basal
cortex.

Concordant with previous reports using the SAH rabbit
model, we found a significant presence of DCVS in the
SAH group [5, 12-16]. Interestingly, the Tocilizumab-
treated rabbits presented a significant decrease of DCVS at
follow-up compared with the untreated group. This might be
explained by the increasing relevant role of the inflammation
cascade, especially IL-6, in the induction of DCVS. Osuka
et al. previously described that application of only IL-6 in
the CSF of dogs caused DCVS [23]. Similar results were
reported by our research group in which IL-6 application in
the CSF of rabbits led to DCVS and significantly increased
ET-1, which is a potent vasoconstrictor [5]. Moreover,
Bowman et al. showed that the administration of a polyclonal
antibody against IL-6 reduced vasospasm in a rat femoral
artery vasospasm model [24]. Although IL-6 seems unlikely
to directly induce DCVS, it more likely works indirectly as an
important mediator by stimulating CSF-monocytes activation
that in turn secrete ET-1, or indirectly with its role in impairing
the cerebral autoregulation [6, 24, 25].
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SAH + Tocilizumab

SAH + Tocilizumab

Sham SAH

Correlating to this finding, our histological analysis
showed a decrease of apoptotic cells in the endothelial and
smooth muscle cell layers of the BA in the animals treated
with Tocilizumab. Apoptotic damage to the endothelium and
smooth muscle cells is known to be critical after SAH, espe-
cially in obstructing physiologic vasoregulation and breaking
down the blood brain barrier (BBB), and has been reported in
previous animal studies [26, 27]. Therefore, the reduction of
cell apoptosis observed in the BA of the treatment group an-
imals may have also contributed to the reduction of DCVS
because the vessel wall was more intact.

Through the competitive inhibitory effect of Tocilizumab
on the IL-6 receptor, the SAH + Tocilizumab group showed
significant decreases in neuronal cell death and neurodegen-
erative cells in the CA1 and CA3 region of the hippocampus,
cerebellum, and basal cortex. IL-6 acting as an intermediate
induces the aggregation of inflammatory cells in a lesion area,
increases the release of oxygen-free radicals from neutrophils,
and collaborating with TNF-« promotes neuronal cell apopto-
sis through calcium overload in the cells [28]. Additionally,
the impairment of cerebral autoregulation and DCVS related
to IL-6 release may lead to hypoxia and neuronal cell death,
which was prevented in the SAH + Tocilizumab group. In our
previous study using the same model, we also noted that CSF
application of IL-6 led to neuronal cell death [5].
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The fact that Tocilizumab reduced neuronal cell death, es-
pecially in the hippocampus and cerebellum, is highly relevant
from a clinical point of view. Specifically, the hippocampus
and cerebellum are well known to be highly sensitive to
neuro-inflammatory and hypoxic changes [29]. In clinical
studies, it is widely accepted that damage to the hippocampus
and cerebellum is implicated in loss of high cognitive func-
tions, such as memory and learning. In fact, due to the global
cerebral damage that occurs after SAH, even patients with
supposed good outcomes (modified Rankin scale between 0
and 2) have severe cognitive impairment, with two thirds of
the patients unable to return to work [30].

Differences in the time course and location of DCVS and DCI
have called into question the cause and effect relationship: that is,
clinically not all patients who develop DCVS have DCI, and not
all patients with DCI have DCVS [10, 11, 31, 32]. Microclot
formation in the brains of SAH patients found on autopsy studies
has shown a correlation with location and severity of ischemia.
Eventually, they were considered as possible contributing factor
for DCI because of microvessel occlusion that leads to neuronal
ischemia, degeneration, and apoptosis [10, 11, 31, 32].
Experimental studies with SAH models in mice and rabbits have
also described microclot formations [10, 33]. Moreover, the ap-
plication of ADAMTS-13, which cleaves the von Willebrand
factor (VWF), resulted in fewer microclots, reduced apoptotic
and degenerative neurons, and therefore achieved improvement
of neurologic function in mice [34]. In our study, microclots
formed in relevant amounts, especially in the SAH group.
Interestingly, microclots were found in both hemispheres, which
might have been consistent with the global insult and inflamma-
tion reaction after SAH.

Among other various factors from endothelial damage and
clotting disorders known to lead to microclot formation, in-
flammation is particularly regarded as a possible mechanism
[35]. IL-6 has been described to have prothrombogenic ac-
tions and to participate in the activation of the coagulation
cascade [34-36]. Moreover, IL-6 together with IL-1 and
TNF-« are known to induce tissue factor upregulation, which
in turn promotes a procoagulant state among endothelial cells
[8]. In acute coronary syndrome, IL-6 has been associated
with endothelial dysfunction and enhanced expression of
markers of endothelial cell activation, such as cellular adhe-
sion molecules and thrombogenic vWF [37].

Bernardo et al. described that inhibition of the cleavage of
ultralarge vVWF by IL-6 resulted in platelet aggregation and
adhesion of the vascular endothelium, thus possibly causing
thrombosis in the microvessels [38]. Vergouwen et al. sug-
gested that endothelium dysfunction and the hemostatic sys-
tem are involved in the development of DCI; they noted lower
amounts of ADAMTS-13 and higher levels of vWF antigen
and propeptide in patients who suffered DCI after SAH.
However, in contrast with the results of Bernardo et al., no
clear correlation with IL-6 could be found [39].

Our findings of reduction in microclot formation in the
SAH + Tocilizumab group, especially in the hippocampus,
might have been caused by the inhibitory effect of
Tocilizumab. Therefore, this reduction might have directly
or indirectly contributed to the lower amounts of neuronal cell
death and ischemia-induced neurodegeneration in the treat-
ment group because of the intact microvessels without
microclots. Another important factor to consider, with an
eye on future studies, is that the coagulation cascade in rabbits
appears very similar to that seen in humans [40]. Therefore,
these results might also be reflected in humans.

Overall, we found that IL-6 and ET-1 levels were much
higher in CSF than plasma levels. This finding further con-
firmed the compartmentalization of the inflammatory re-
sponse in CSF after SAH, similar to other previously reported
experimental and clinical studies [5, 6], and the importance of
inflammation in the development of DCVS and DCI. Despite
that, ELISA measurement of IL-6 and ET-1 was somewhat
inconclusive. Interestingly, in the SAH + Tocilizumab group,
levels of CSF IL-6 at day 3 were higher than baseline, but not
significantly so.

Study Limitations and Clinical Implications

This study is subject to the various limitations in the execu-
tions of such work. SAH was effectively induced in both
groups. Concordant with our previous studies using this mod-
el [5, 12-16], ABGA parameters were stable during hemor-
rhage induction and, between baseline and peak, ICP signifi-
cantly increased and CPP decreased. As known predominant
factors in the pathophysiology of SAH, changes in ICP and
CPP are relevant in the abnormal autoregulation after intracra-
nial circulatory arrest, which leads to rebound hyperemia and
early global cerebral edema [41, 42]. From a clinical point of
view, loss of consciousness due to acute SAH, which may
reflect ictal cerebral circulatory arrest, has been described as
a risk factor for global cerebral edema and as a predictor of
death and poor functional outcome in SAH patients [41, 42].
Eventually, the model used reflected the pathophysiology of
SAH in humans and seemed appropriate for the research ques-
tion [43].

Tocilizumab is a humanized monoclonal antibody with a
heavy molar mass of 145.0 kg/mol. Therefore, the question
arises if it went through the blood brain barrier. Although we
did not directly measure Tocilizumab in the CSF or brain, we
measured the amounts of IL-6 in the CSF and plasma. As
described above, we found higher amounts of IL-6 in CSF at
day 3 in the SAH + Tocilizumab group than baseline, which
seems an indirect indication that Tocilizumab (a competitive
antagonist of the IL-6 receptor) went through the blood brain
barrier. Additionally, several case reports demonstrated the
successful use of Tocilizumab in the treatment of central ner-
vous system diseases (therefore passing the blood brain
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barrier), such as neuromyelitis optica [44, 45]. Moreover, sev-
eral studies have demonstrated the disruption of this barrier
after SAH [46, 47], eventually facilitating the passage of
Tocilizumab. However, no clear conclusion of the presence
of Tocilizumab in CSF and parenchyma could be drawn.
Therefore, further studies should aim to better clarify this issue
and especially quantify the amount of Tocilizumab in the CSF
and parenchyma to confirm the results described in this study.
Tocilizumab was given immediately after SAH induction
without knowing the therapeutic window, in addition the dos-
age of Tocilizumab was weight adapted according to the stan-
dard use of this medication in the clinical setting. Furthermore,
a specific rabbit-related dose-finding study could not be per-
formed because of the lack of specific studies and our lack of
knowledge if rabbits respond differently with high or low
dosages. Outcomes such as neurological scores and histolog-
ical evaluation were measured only until 3 days after SAH.
Considering that Tocilizumab is a relatively long-lasting drug,
results might lead to different results at longer follow-up.
Despite performing a power analysis, the n of the study is still
low, especially for evaluation of CSF and plasma IL-6 and
ET-1 levels. Other inflammatory cytokines were not mea-
sured, and ELISA quantitative analysis of IL-6 and ET-1
was only performed at day 0 and day 3. Possibly, frequent
regular measurements during follow-up might have given dif-
ferent results.

Conclusions

The inhibition of the inflammation cascade with the IL-
6 receptor antagonist Tocilizumab reduced DCVS, neu-
ronal cell death, and microclot formation in a well-
established rabbit acute SAH model. Considering the
wide use of Tocilizumab in the treatment of rheumatoid
arthritis, the results of this study might easily open po-
tential new doors for future clinical studies to evaluate
such treatment in the prevention of DCVS and neuro-
protection in patients affected by SAH. Future animal
studies should aim to confirm our results, especially
analyzing the dose-response relationship of Tocilizumab.
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