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Preface

The objective of this work is to compile selected scientific publications to which | have con-
tributed as the first or corresponding author. The compilation covers review articles as well
as clinical and experimental research articles related to the topic of subarachnoid hemorrhage
(SAH).

Presented articles are organized thematically to put them into the context of SAH pathophys-
iology. The first chapter is an introduction covering the definition, epidemiology, clinical and
research aspects of SAH. The second is dedicated to major complications such as cerebral
vasospasms or delayed cerebral ischemia (DCI). Chapter three provides deeper insight into
pathophysiology of SAH through the description of early brain injury and inflammation as its
crucial contributor. Chapter four covers some problematic aspects of inflammation related to
diagnostics and treatment, such as variability and deregulation of the inflammatory response.
Finally, vagus nerve stimulation, which is a promising way to activate cholinergic anti-inflam-
matory pathway (CHAIP) and control inflammation, is discussed.

SAH is a hemorrhagic subtype of stroke, which is predominantly caused by rupture of a cere-
bral aneurysm. Aneurysmal SAH represents a severe medical condition associated with high
morbidity and mortality. Symptoms of SAH are very variable, from headache to coma. Treat-
ment of an aneurysm is a medical priority, and the most frequent treatment options are clip-
ping or coiling. Elimination of an aneurysm from blood flow prevents re-rupture, which is the
most severe complication associated with SAH. Other life-threatening complications include
acute hydrocephalus and DCI.

DCl is a severe late complication, which usually occurs from day 4 to day 14 after SAH. DCI
affects approximately 30% of patients with SAH and significantly contributes to worsening
outcomes. Cerebral vasospasm was considered the only cause of DCI; however, DCI may occur
independently of vasospasm development. The concept of early brain injury (EBI) was elabo-
rated to explain the pathophysiology of DCI.

EBI represents pathologies that may cause direct damage to brain tissue or lead to DCl/vaso-
spasm development. EBI includes pathologies like transient global cerebral ischemia, oxida-
tive stress, blood-brain barrier disruption, brain edema, endothelial/neuronal apoptosis, and
inflammation. Inflammation plays a key role in the pathophysiology of EBI and SAH. Inflam-
mation interconnects EBI-related pathologies, and inflammation is also associated with both
DCI and cerebral vasospasm. One of the most extensively studied proinflammatory markers
associated with SAH is IL-6.

The methods used in our studies were diverse and combined both experimental and clinical
approaches.

In experimental conditions, we used the perforation model of SAH in Sprague-Dawley rats.
Subarachnoid hemorrhage was induced by perforation of the internal carotid artery in the
bifurcation by a sharpened nylon suture introduced through the vessel in the neck. The



neurological impact of SAH was evaluated using the “Modified Garcia Score” assessment,
which is designed to quantify both neurological deficit and impairment of consciousness.
After euthanasia, the brain was removed, and a picture of the underside of the brain was
taken to evaluate SAH grade using the “Sugawara Grading System”. In order to predict the
severity of SAH, we have developed “Anesthesia Recovery Time System”, which is based on
time to recover of vital reflexes/functions (spontaneous ventilation, pain reaction, conscious-
ness recovery).

Clinical research was conducted in the Department of Neurosurgery, The University Hospital
Brno and Faculty of Medicine, Masaryk University. The patients with a diagnosis of SAH who
underwent surgical, endovascular, and conservative treatments were typically enrolled in
studies presented in this compilation. The neurological impact of SAH was usually character-
ized by the Hunt-Hess scale, and the severity of bleeding was typically expressed using the
Fischer scale. Cerebral vasospasm was assessed by transcranial dopplermetry, and brain oxy-
gen partial pressure was monitored in some patients using the Licox system. Outcomes of the
patients were evaluated using the Glasgow Outcome Scale.

Laboratory samples included brain tissue and blood in experimental research, while cerebro-
spinal fluid and blood were assessed in clinical conditions.

Various laboratory methods were used to process laboratory samples; protein expressions
were assessed using Western blot or ELISA, and mRNA expressions were evaluated by RT-PCR.
Additionally, in some experimental studies, we evaluated brain water content to estimate
cerebral edema and immunohistochemistry coupled with TUNEL staining to estimate the level
of neuronal apoptosis.

The results of the presented studies are mainly related to two major topics: partial pressure
of oxygen in brain tissue (PbtO2), which was an important subject of our previous research
and inflammation, which represents a main topic of our recent research.

Regarding PbtO;, we found that the dynamics of PbtO; is significantly higher in patients with-
out cerebral vasospasm when increasing the fraction of inspired oxygen to 100%, demonstrat-
ing the effect of cerebral vasospasm on blood supply to the brain. We also described that
PbtO, correlates with those parameters of transcranial dopplermetry, which reflect condi-
tions related to vessel resistance and microvasculature, suggesting the role of small vessels in
the development of delayed cerebral ischemia. Finally, we found a moderate negative corre-
lation between PbtO; and IL-6 levels in cerebrospinal fluid of SAH patients, implying the role
of inflammation in the pathophysiology of SAH.

Inflammation is an important contributor to early brain injury. Our studies are focused on the
early inflammatory response after SAH. We found that the best potential marker of SAH-re-
lated inflammation is IL-6, and the best compartment is cerebrospinal fluid (CSF). These find-
ings are in accordance with other studies. We also described that IL-6 is massively increased
in CSF early after SAH, and the levels correlate with poor patient outcomes. However, the
variability of IL-6 levels is too high to establish a threshold for diagnostics. Subsequently, we
studied the SAH-associated inflammatory response in experimental conditions and found that
the inflammatory response is triggered early after SAH and is significantly pronounced in



severe cases. Additionally, we described that severe SAH is associated with an inflammatory
response in the whole brain, not only in areas affected by the hematoma. This is an important
finding suggesting that SAH may have a global impact on the brain or that severe SAH may
lead to deregulation of inflammatory response.

In the field of experimental research, we also described that the simultaneous collection of
CSF and blood may lead to cerebral edema formation. Other methodical research was focused
on the effect of SAH severity on anesthesia recovery time. This may be useful for prediction
of SAH severity. Finally, the most complex experimental research was focused on the role of
a7 nicotinic acetylcholine receptor in the pathophysiology of SAH. We described in this study
that pharmacological stimulation of a7 nicotinic acetylcholine receptor reduces SAH-associ-
ated neuronal apoptosis. This was one of the first reports suggesting the role of cholinergic
anti-inflammatory pathway (CHAIP) in the pathophysiology of SAH.

In conclusion, subarachnoid hemorrhage is a severe condition associated with high morbidity
and mortality. Inflammation plays a crucial role in the pathophysiology of SAH. Inflammatory
response is triggered early after SAH, and severe subarachnoid hemorrhage is associated with
inflammation affecting the whole brain. IL-6 represents the best marker of SAH-associated
inflammation; however, there is a high variability in IL-6 levels after SAH. This is a problem for
the effective treatment of inflammation after SAH. CHAIP is a promising target for the treat-
ment of the inflammatory response after SAH.
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1. Introduction — Stroke and subarachnoid hemorrhage
1.1 Stroke

Stroke is a severe medical condition associated with high morbidity and mortality. Each year,
around 12,2 million new cases of stroke occur worldwide (incidence around 158/100 000)
and there are over 101 million surviving patients who have suffered from stroke (prevalence
about 1002/100 000)*. Stroke accounts for 6,5 million deaths each year (mortality rate around
85/100 000) representing the second leading cause of death worldwide?.

The majority of strokes are of ischemic etiology, which develops due to cerebral vessel occlu-
sion, ischemic strokes account for over 62% of strokes!. The rest 38% of strokes are of hem-
orrhagic etiology, which develops due to non-traumatic cerebral vessel rupture either in cer-
ebral parenchyma or outside the parenchyma in subarachnoid space.

The rupture of the parenchymal vessel leads to intracerebral hemorrhage, which accounts for
around 75% of hemorrhagic strokes!. The rupture of the extraparenchymal vessel, which is
localized in subarachnoid space, results in subarachnoid hemorrhage (SAH), which represents
around 25% of hemorrhagic strokes. Figure 1 shows the number of new cases and deaths in
2019. Although the ischemic subtype represents a majority of strokes (A), hemorrhagic stroke
is associated with higher mortality, and the total numbers of deaths due to ischemic stroke
and hemorrhagic stroke are similar (B).

m|SCH =ICH = SAH m |SCH =ICH = SAH

Figure 1: A - A total number of patients (in millions) suffering from ischemic stroke (ISCH), intracerebral
hemorrhage (ICH), and subarachnoid hemorrhage (SAH) in 2019 worldwide. B — The total number of
deaths (in millions) due to ischemic stroke (ISCH), intracerebral hemorrhage (ICH), and subarachnoid
hemorrhage (SAH) in 2019 worldwide. The graphs are based on data in: Feigin VL, Brainin M, Norrving
B, Martins S, Sacco RL, Hacke W, Fisher M, Pandian J, Lindsay P. World Stroke Organization (WSO):
Global Stroke Fact Sheet 2022. Int J Stroke. 2022;17:18-29.



1.2 Subarachnoid hemorrhage

Subarachnoid hemorrhage represents just a minority of strokes, global incidence is around
15/100 000, and prevalence is 109/100 000*. However, SAH is very important from the clinical
point of view, because it affects relatively young patients and is associated with high morbid-
ity and mortality. Approximately 2% of deaths due to ischemic strokes occur in patients
younger than 50 years, 9% of deaths from intracerebral hemorrhage are in patients younger
than 50 years, while 16% of deaths from SAH occur in patients younger than
50 years’. The peak incidence of SAH is between 50 and 60 years and women are affected
approximately 1,6 times more often than men?. Modifiable risk factors for SAH development
represent hypertension, smoking, excessive alcohol intake, while non-modifiable risk factors
are age, sex, polycystic kidney disease, family history and genetic factors (4931.23 (EDNRA),
8q11.23-q12.1 (SOX17), 9p21.3 (CDKN2A/CDKN2B), 10q24.32 (CNNM2), 1222
(NDUFA12/NR2C1/FGD6/VEZT), 13q13.1 (KL/STARD13) and 18q11.2 (RBBP8))?™. There are
also geographic factors associated with SAH, the highest incidence is in Japan (22,7/100 000)
and Finland (19,7/100 000)°.

Around 85% of SAH cases are of aneurysmal etiology, 10% of cases are non-aneurysmal
(perimesencephalic) and the rest 5% represent bleeding caused by a wide range of other pa-
thologies, such as arteriovenous malformations, other vascular pathologies, tumors, infec-
tions and other causes?. Perimesencephalic SAH represents pathology that may be con-

sidered relatively benign, while aneurysmal SAH may potentially have a very bad pro-gno-
sis?10,

A cerebral aneurysm represents a bulge on the vessel wall which has a tendency to grow due
to pressure inside the vessel and this mechanism represents a typical vicious circle possibly
resulting in aneurysm rupture. The most common shape of an aneurysm is saccular (90%) and
predominant localization is in the anterior part of the Willis circle (85%), especially at the
branching sites!!. As the aneurysm grows, the wall becomes weaker and weaker, while the
tension in the wall increases according to Laplace law and once it reaches a critical level, the
aneurysm ruptures resulting in subarachnoid hemorrhage. The annual risk of rupture is
0,05%/0,5% for aneurysms smaller than 10mm in patients without/with
a history of a ruptured aneurysm, and it is 6% for aneurysms larger than 25mm?*2. However,
the majority of ruptured aneurysms are smaller than 1cm, van Gijn explains it as follows: “90%
of all aneurysms are small and the small fraction of this majority that ruptures outnumber the

greater fraction of the minority of large aneurysms that ruptures”?3.

Aneurysmal SAH represents a severe medical condition. Detailed pathophysiological mecha-
nisms will be described in Chapter 3, but it is necessary to mention two important aspects
right now. First, aneurysmal SAH is of arterial origin (high blood pressure), the highest blood
pressure in cerebral circulation is in Willis circle and the most often localization of cerebral
aneurysms is on vessels of Willis circle or nearby branches?3.
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Second, the subarachnoid space is a relatively free space filled with cerebrospinal fluid, which
does not represent significant resistance to bleeding. Thus, SAH associated with rupture of
cerebral aneurysm usually represents massive bleeding.

1.2.1 Diagnostics and treatment of SAH

Symptoms of SAH are very variable, from headache to coma. Sudden onset of headache which
is referred to be “the most severe headache in the life” is a typical feature of SAH which is in
approximately 50% of patients the only symptom of SAH, other symptoms are nausea, vom-
iting, loss of consciousness, and focal neurological deficit?.

Several classifications reflecting clinical symptoms were established. Based on the character
of headache, neurological deficit, and level of consciousness, the classification of SAH severity
was elaborated in 1968 by William Hunt and Robert Hess'# (Table 1).

Grade | Asymptomatic, or minimal headache and slight nuchal ri-
gidity.

Grade Il Moderate to severe headache, nuchal rigidity, no neuro-
logical deficit other than cranial nerve palsy.

Grade lll Drowsiness, confusion, or mild focal deficit.

Grade IV Stupor, moderate to severe hemiparesis, possibly early

decerebrate rigidity and vegetative disturbances.
Grade V Deep coma, decerebrate rigidity, moribund appearance.

Table 1: Classification published by Hunt Hess in 1968, originally entitled: “Classification of patients
with intracranial aneurysms according to surgical risk”**. The classification is nowadays titled the Hunt-
Hess scale.
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World Federation of Neurological Surgeons elaborated the SAH grading scale based on the
Glasgow coma scale (GCS). Glasgow coma scale (Table 2) was elaborated in 1974, WFNS clas-
sification (Table 3) was originally developed in 1988 and modified in 20151717,

Spontaneously

To verbal stimulus

Eye-opening To pain

No eye opening
Oriented
Confused

Verbal response Inappropriate, words discernible

Incomprehensible

No verbal response

Obeys commands

Purposeful movement to pain

Withdraws from pain

Motor response -
Flection

Njwl|lW|OIR|IN|IWIRPIUO|RLINNIW]PS

Extension

[ERN

No motor response

Minor Brain Injury: 13-15 points; Moderate Brain injury: 9-12 points; Se-
vere Brain Injury: 3-8 points

Table 2: Glasgow coma scale

I 15
Il 14
1] 13
v 7-12
\Y 3-6

Table 3: Modified WFNS scale
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The second step in the diagnostic algorithm is a non-contrast computed tomography (CT) scan
which represents the main diagnostic tool to confirm SAH. In case of negative CT findings,
lumbar puncture may be used to confirm the SAH if clinical symptoms are obvious. The sen-
sitivity of CT to detect SAH is 100% within 6 hours and more than 97% within 72 hours after
onset of bleeding?. Based on CT findings Fisher, Kistler, and Davies elaborated the SAH scoring
system in 1980, which is nowadays known as the Fisher scale (table 4).

Grade The character of bleeding on CT
1 No blood in subarachnoid space
2 Diffuse or vertical layers <1mm thick
3 Localized clot or/and vertical layers 21mm
4 Intracerebral or intraventricular clot with diffuse or no SAH

Table 4: Fisher scale

When the diagnosis of SAH is confirmed, the next step of medical management is to search
for a source of bleeding. The gold standard is digital subtraction angiography (DSA) with 3D
reconstruction, other options are CT angiography (CTA) and magnetic resonance angiography
(MRA). Cerebral aneurysms account for approximately 85% of SAH2.

Treatment of an aneurysm is a crucial part of medical management because a damaged vessel
is prone to re-rupture if there is blood flow in the aneurysm. Thus, the main goal the of treat-
ment is to obliterate the aneurysm to prevent blood flow to it. The most often treatment
options are clipping and coiling. Clipping represents surgical treatment; typically, the neck of
the aneurysm is closed by the clip eliminating the aneurysm from circulation. Coiling repre-
sents an endovascular solution; filling the aneurysm with coils leads to aneurysm thromboti-
sation and elimination from circulation. The selection of treatment modality depends on sev-
eral factors including shape, size, localization of aneurysm, clinical condition, comorbidities,
or age?. If possible, the aneurysm treatment should be performed as soon as possible to pre-
vent rebleeding.

Following aneurysm treatment, neurointensive care is required to prevent possible complica-
tions and eventually treat them if they occur. Neurological complications include rebleeding,
hydrocephalus, and cerebral vasospasm/delayed cerebral ischemia. These major complica-
tions will be discussed in the next chapters. Non-neurological complications include stress
cardiomyopathy, neurogenic pulmonary edema, and hyponatremia. Stress cardiomyopathy
and pulmonary edema are associated with excessive activation of the sympathetic nervous
system and related adrenergic surge, while hyponatremia is linked to cerebral salt-wasting
syndrome and syndrome of inappropriate antidiuretic syndrome secretion'®. Other goals of
neurointensive care are to prevent infection and to control fever. Non-infectious SAH-associ-
ated fever is a frequent symptom, which is believed to be caused by irritation of the hypo-
thalamus by blood?*°.

13



The outcome of the patients is usually expressed as a Glasgow Outcome Score (GOS) and
modified Rankin Scale (mRS). Glasgow Outcome Score (Table 5) was elaborated as a classifi-
cation of brain injury by Jennett and Bond in 1975%.

Death
Vegetative state

Severe disability
Moderate disability
Low or no disability

VP |lWIN|EF

Table 5: Glasgow Outcome Score

Rankin Scale was introduced in 1957 for the classification of cerebrovascular events and
a modified version (table 6), which added grades 0 and 6 to the original scale, is used from
2005%22, The modified Rankin Scale is nowadays considered to be a gold standard for out-
come assessment in clinical trials?3.

0 No symptoms
1 No significant disability. Able to carry out all usual activities, despite
some symptoms.
5 Slight disability. Able to look after own affairs without assistance, but
unable to carry out all previous activities.

3 Moderate disability. Requires some help, but able to walk unas-
sisted.

4 Moderately severe disability. Unable to attend to own bodily needs

without assistance, and unable to walk unassisted.
5 Severe disability. Requires constant nursing care and attention, bed-
ridden, incontinent.
6 Death

Table 6: Modified Rankin Scale
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1.2.2 Subarachnoid hemorrhage in clinical and experimental research

Subarachnoid hemorrhage is an important topic of both clinical and experimental research.
The most widely studied pathologies are cerebral vasospasm and early brain injury. Besides
basic clinical characteristics and radiologic findings, blood and cerebrospinal fluid are the only
two compartments accessible for laboratory analyses in clinical settings.

In experimental conditions, more consistent SAH may be produced, and all the organ com-
partments are accessible for laboratory analyses. The first experimental use of animals for
experimentally induced SAH was published by Bagley in 192824,

Recently, the most widely used models of SAH are the blood injection model and perforation
model in rats®. In the blood injection model, the autologous blood is injected into the cisterna
magna. This model is relatively easy and is associated with a constant blood volume in the
subarachnoid space as well as with a low mortality rate?. The blood injection model, how-
ever, does not mimic the clinical situation, which is better reproduced by the perforation
model. In the perforation model, a nylon suture is pushed through the internal carotid artery
and SAH is induced by perforation of the artery (Figure 2). Real bleeding caused by vessel
puncture leads to important pathological changes, such as an acute increase of intracranial
pressure with subsequent transient ischemia, which plays a major role in the pathophysiology
of SAH?¢. The perforation model is for this reason considered to be more appropriate than
the blood injection model for SAH studies, even though the perforation model has several
disadvantages including surgical difficulty, no possibility to control blood volume in subarach-
noid space, and high mortality rate?>.

Arteria cerebri
anterior

Arteria cerebri
media

Arteria carotis 5 o o

externa occipitalis

Arteria
pterygopalatina

Arteria carotis

Arteria thyroidea interna

superior

Arteria carotis
communis

A B [ D

Figure 2: Perforation model of SAH. A — Arteria carotis communis, externa, interna, and their branches.
B — Preparation of arteria carotis externa, preparation, coagulation, and cutting of arteria occipitalis
and arteria thyroidea superior, ligation, coagulation, and cutting of arteria carotis externa.
C — Mobilization of the stem of arteria carotis externa, preparation of arteria carotis interna, coagula-
tion and cutting of arteria pterygopalatine, D — Temporary ligation of the stem of arteria carotis ex-
terna, introduction of nylon suture into the vessel, perforation of arteria carotis interna in bifurcation.
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The impact of SAH on experimental animals may be evaluated using various behavioral tests.
The most widely used neurological scoring system for experimental stroke research
in rats was elaborated by Garcia?’. This system was later modified by Sugawara to better re-
flect neurological deficit produced by the SAH model®®. This scoring system known as the
modified Garcia score, primarily designed to assess neurological deficit 24 hours after SAH, is
depicted in Table 7.

wire cage

Spontaneous Moves but does | Moves and ap-
s Barely moves
activity (in cage | No movement osition not approach at proaches at
for 5 min) P least 3 sides least 3 sides
Spontaneous Slight move- Moves all limbs HCEllIuLE
movements of No movement B— but slowl same as pre-
all limbs v SAH
Mov?ments of No out-stretch- Slight out- .Otftstretchmg Outstretch
forelimbs (out- in stretchin limited and less same as pre-
stretching) & & than pre-SAH SAH
Climbi Il of . . . L
imbing watl o Fall Fails to climb Climbs weakly | Normal climbing

Normal re-
Touch of trunk | --——-- No response Weak response
sponse
i Normal re-
Vibrissae touch | - No response Weak response -

Table 7: Modified Garcia score
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The severity of SAH is the most important characteristic of the SAH perforation model. Eval-
uation of SAH grade in living animals is not possible without sophisticated tools. A simple tool
to assess SAH grade after animal sacrifice was elaborated by Sugawara??. It is based on the
snapshot of the basal part of the brain and subsequent visual semiquantitative analysis
of the amount of blood in the subarachnoid space (Figure 3). The base of the brain is divided
into six parts and each part is scored according to the amount of blood as follows:
Grade 0 —no blood, Grade 1 — minimal amount of blood, Grade 2 — moderate blood clot with
recognizable vessels, Grade 3 — massive blood clot, vessels are not visible. The total score is
calculated as a sum of all six sub-scores. Scores 13 - 18 represent severe SAH, scores 6-12
mild/moderate SAH, and animals with a score lower than 6 are usually excluded for insuffi-
cient SAH?.

Figure 3: SAH grading system. A — Segments used for SAH evaluation. B— Grade 0: no blood in sub-
arachnoid space. C — Grade 1: minimal amount of blood in subarachnoid space. D — Grade 2: moder-
ate amount of blood in subarachnoid space with a recognizable vessel, E— Grade 3: large amount of
blood in subarachnoid space, vessels are not recognizable.

Despite the differences between human beings and animal models, the basic mechanisms of
pathophysiological reactions are similar between all the mammalians. Experimental models
of SAH allow us to study the pathophysiology of SAH in fine detail, in homogenous animal
groups, and strictly defined conditions.
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2. Clinical complications related to subarachnoid hemorrhage
2.1 Rebleeding and hydrocephalus

Rebleeding is a re-rupture of an aneurysm, and it is one of the most serious complications
associated with SAH. Rebleeding rate is around 20% within 72h of SAH onset and around 70%
of rebleeding cases occur within 6h after SAH3°. Rebleeding worse outcome in 40%-80% of
patients and has a mortality rate of 20%-60%3. Successful treatment of aneurysm
is the best prevention of rebleeding. That is why the aneurysm should be treated as soon as
possible.

Hydrocephalus is another severe complication of SAH which may develop early after the onset
of bleeding or in a delayed manner. Acute hydrocephalus may develop within hours after
onset of bleeding. Blood clots may obstruct the liquor system causing intracranial hyperten-
sion and subsequent cerebral ischemia leading to quick deterioration of neurologic functions
and eventually death of the patient, if not treated. The risk of acute hydrocephalus develop-
ment is more related to the presence of intraventricular blood rather than to the volume of
cisternal hemorrhage3l. Acute hydrocephalus affects approx. 20% of patients with SAH and
acute intervention, implantation of external ventricular drainage, is required in patients with
WFNS grade 2 or higher?. Chronic hydrocephalus usually develops over weeks after SAH due
to impaired resorption of cerebrospinal fluid (CSF), which causes slow deterioration of neu-
rologic functions. Around 30% of patients after SAH need implantation
of shunting system, most often ventriculoperitoneal shunt3?.

2.2 Delayed cerebral ischemia and cerebral vasospasm

Delayed cerebral ischemia (DCl) is a severe late complication that affects around 30% of SAH
patients33. DCl most typically develops between 4™ and 14t day after the onset of bleeding
and significantly contributes to worsening outcomes33*34, Cerebral vasospasm (CVS) develops
in approximately 70% of patients with SAH, around 50% of these patients will be symptomatic
due to cerebral ischemia, and finally, cerebral infarction develops in 50% of symptomatic pa-
tients. A larger amount of blood in the subarachnoid space is more associated with vaso-
spasm development, while poor clinical status at admission is more associated with DCI de-
velopment33:3637 Digital subtraction angiography is the gold standard for diagnostics of CVS,
however, there are several other diagnostic tools to assess and monitor vasospasm develop-
ment including transcranial doppler (TCD), CTA, and MRA. Complex neurointensive care,
which is among others focused on the management of blood pressure, volume, and tonicity
therapy, is crucial for the prevention and medical management of cerebral vasospasm32.
Thanks to modern neurointensive care, the risk of death or permanent disability due to CVS
was reduced to less than 10%, however, the vasospasm is still a significant cause of poor out-
come3>,
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2.2.1 The author’s publications related to the topic of vasospasms

2.2.1.1 Evaluation of changes in brain tissue oxygen levels (PbtO;) for detection of vaso-
spasm in patients after subarachnoid haemorrhage

Duris K, Smrcka M, Sevéik P, Gal R, Juran V, Neuman E, Sova M, Vybihal V, Kyr M. Evaluation
of changes in brain tissue oxygen levels (PbtO;) for detection of vasospasm in patients after
subarachnoid haemorrhage. Anesteziologie a Intenzivni Medicina. 2009;20:102-106.

Type of article: Research article
IF (2009): -
Number of citations without self-citations according to SCOPUS (7/2025): 2

In this research, we aimed to evaluate the effect of SAH-associated CVS on oxygen levels
in brain tissue (PbtO;). PbtO; was monitored using the Licox system which represents a tool
for direct local measurement of partial pressure of oxygen in tissue based on the principle
of polarography. Licox probe is a Clark-type electrode isolated by Teflon membrane, which
is permeable only to molecular oxygen. When oxygen reaches the cathode, it is electrolytically
reduced generating a certain voltage. The area of monitoring is around 15mm? and
the physiological value of PbtO; is above 20mmHg3°4°,

Twenty-six PbtO, records from seven patients with severe SAH (HH3-HH5) due to rupture
of an aneurysm on arteria cerebri media (ACM) were analyzed. The PbtO, monitoring was
performed for approximately ten days. The vasospasm screening was performed daily using
TCD which represents a routine tool for vasospasm detection. Due to severe SAH, all the pa-
tients required mechanical ventilation, and a clinical experiment was performed following
TCD assessment: Fraction of inspired oxygen (FiOz) was increased to 100% for 10 minutes and
the response in PbtO; was evaluated. Following the rise of FiO;, there was a significantly
higher increase in PbtO; in patients without CVS. The dynamics of PbtO, were also associated
with clinical status at admission (HH) and outcome (GOS). Better HH as well as better GOS
were associated with a higher increase in PbtO..

FiO2 manipulation seemed to be an interesting option in CVS monitoring for patients with
PbtO; monitoring, however, later research indicated that high concentration of oxygen may
be an important contributor to oxidative stress*!. Further research on the diagnostic use
of FiO, manipulations was discontinued because of controversies around oxidative stress,
though the use of 100% oxygen for a short period was still considered safe in intensive care
at that time*243,
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PUVODNI PRACE

Moznosti vyuziti mozkové tkanové oxymetrie v detekci
vazospasmtu u pacientll po subarachnoidalnim krvaceni

Duri$ Kamil', Smréka Martin?, Sevéik Pavel2, Gal Romanz, Juran Vilém', Neuman Eduard?,
Sova Marek!, Vybihal Vaclav1, Kyr Michal®
TNeurochirurgicka klinika LF MU a FN Brno

2Klinika anesteziologie, resuscitace a intenzivni mediciny LF MU a FN Brno
3Institut biostatistiky a analyz, Masarykova univerzita Brno

Souhrn

Cil studie: Zhodnotit vliv klinického stavu pacienta pfi pfijeti (Hunt Hesse, HH), lééebného vysledku (Glas-
gow Outcome Score, GOS) a pfitomnosti vazospasmil na zmény parcialniho tlaku kysliku v mozkové tkani
(PbtO;) v zavislosti na zménach frakce kysliku ve vdechované smési (FiO,) u pacient na umélé plicni ven-

tilaci (UPV).

Typ studie: Prospektivni intervenéni studie.

Typ pracovisté: Neurochirurgicka klinika FN, Klinika iologi it intenzivni mediciny.
Materidl a metoda: U pacient( se subarach 1 krvacenim pfi ruptufe aneurysmatu bylo provadeno

10denni monitorovani PbtO,. Opakované byla provadéna diagnostika pfitomnosti vazospasmi pomoci trans-
kranidini dopplermetrie (TCD). U pacient na UPV byl provadén klinicky pokus, pi kterém bylo zvySeno FiO,
na 1,0 a sledovana dynamika zmén PbtO,. Takto jsme poridili 26 kontinualnich zaznami od 7 pacientd
s diagnézou aneurysmatu arteria cerebri media (ACM). Hodnotili jsme vliv vazospasmi, klinického stavu pa-
cienta pfi pfijeti (HH) a outcome (GOS) na zmény PbtO, pfi zvySeni FiO,.Vyhodnoceni bylo provedeno po-
moci smi$enych model.

Vysledky: Prokazali jsme statisticky vyznamny rozdil v dynamice zmén PbtQ, pifi zvySeni FiO, v zavislosti
na HH, GOS a pfitomnosti vazospasmi. U pacienti v lep§im klinickém stavu (HH3) a s lepS§im outcome
(GOS5) dochazi k vyraznéj§imu naristu PbtO, po zvyseni FiO, na 1,0 (p < 0,001 u obou parametri).
U pacient( bez vazospasm( dochazi k vyraznéj$imu naristu PbtO, po zvySeni FiO, neZ u pacientd
s vazospasmy (p < 0,001).

Zdvér: Prokazali jsme vliv vazospasmil na dynamiku zmén PbtO, pfi zvySovani FiO,. Zmény PbtO, pfi zvy-
Sovani FiO, mail ‘souvislost i s dal$imi faktory (HH, GOS).

Klicova slova: tkan oxi - my — subarachnoidalni krvaceni — aneurysma mozkovych tepen

Abstract

Evaluation of changes in brain tissue oxygen levels (PbtO,) for
ents after subarachnoid haemorrhage

Objective: Evaluation of the impact of the admission clinical status of subarachnoid haemorrhage (SAH) pa-
tients (Hunt Hesse Score, HH3), the outcome (Glasgow Outcome Score, GOS) and the presence of vaso-
spasm on the changes in the brain tissue oxygen levels (Pbt0O,), in relation to changes of FiO, in mechani-
cally ventilated patients.

Design: Prospective interventional study.

Setting: Neurosurgical Department of University Hospital, Department of A thesia and R itation,
University Hospital.

Materials and methods: We momtorad Pbt0O, in patlenls with SAH due to aneurysm rupture for 10 days. Pre-
sence of vasosp was rep d with transcranial doppler (TCD). In patients on mechanical
ventilation we performed the clinical trial. We increased the FiO, to 1.0 and measured the dynamics of chan-
ges of PbtO, simultaneously. Thus we obtalned 26 continual measurements in the study group of 7 pati-
ents. The influence of p , the ion HH3 and GOS on changes of PbtO, after an increase of FiO,
were evaluated. Mixed models analyses were used to evaluate the measured data.

Results: In the study group we observed a significant difference in the dynamics of PbtO, levels after an inc-
rease of FiO, in relation to the patients‘ admission clinical status (HH3), outcome (GOS) and the presence
of vasospasm. The levels of PbtO, after an increase in FiO, increased more in the patients with the better
clinical status (HH3) and better outcome (GOS) (p < 0.001 in both parameters). In patients without vaso-
spasm we found a significantly higher increase of PbtO, levels after increasing FiO, than in patients with
vasospasm (p < 0.001).

Conclusion: The dynamics of PbtO, levels were influenced by vasospasm. The changes of PbtO, levels
after increasing FiO, are also associated with other factors (HH, GOS).

Keywords: brain tissue oximetry — vasospasm - subarachnoid hemorrhage — aneurysm of brain vessels

ion of vasospasm in pati-
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Uvod

Zavaznou komplikaci u pacientd po subarachnoi-
dalnim krvaceni (SAK) je vyskyt vazospasma, které
vedou k ischemizaci mozkové tkané. Vyskytuji se az
u 30 % pacientu [1] a maji az 30% mortalitu [2]. Prici-
na vazospasmu neni doposud znama. Podle soucas-
né hypotézy oxyhemoglobin, uvolfiovany z rozpada-
jicich se erytrocytu v subarachnoidalnim prostoru, ak-
tivuje gen pro endotelin-1, coz je jeden z nejsilngjSich
znamych vazokonstriktor. Zarover se oxyhemoglo-
bin vaze na molekuly oxidu dusnatého (NO), snizuje
mnoZstvi NO v cévni sténé a tim dale umozriuje na-
stup vazospasmu [3]. Vazospasmy vedou k ische-
mizaci mozkové tkané. Ischemicka tkan propada ne-
kréze, a to postupné od oblasti s nejmensim kolate-
ralnim obé&hem (jadro infarktu) k oblasti s lepsim kola-
telarnim obéhem (penumbra). Dokud penumbra exis-
tuje, je potencialné zachranitelna [4]. Diagnostika va-
zospasml je obtizna. Bézné pouzivané monitorovani
nitrolebniho tlaku (ICP) umozni diagnostikovat nasled-
ky vazospasmu, kterymi je zvy$eni ICP v dusledku
probéhlé ischémie; ICP tedy o vazospasmech infor-
muje nepfimo a pozdé [5]. Pfimou diagnostiku vazo-
spasmli umozfuje transkranialni dopplerometrie
(TCD), ktera vsak zatim neumozniuje kontinualni mo-
nitorovani. Nékteré pacienty Ize totiz TCD vy3etfit ob-
tizné, navic TCD umoziiuje méfit pratok krve jen
v proximalnich kmenech mozkovych cév. K ¢asné de-
tekci vazospasmu se v posledni dobé experimentalné
uziva monitorovani oxygenace mozkové tkané [6]. In-
formaci o oxygenaci mozkové tkané mlZeme ziskat
pomoci tkanové oxymetrie. Tkarfiova oxymetrie umoz-
fuje lokalni méfeni parcialniho tlaku kysliku (PbtO,)
v libovolné ¢asti mozku. Byly vyvinuty dva systémy
méfeni tkanové oxymetrie. Systém Neurotrend (Cod-
man) pracuje na bazi luminiscence, zatimco systém
Licox (GSM Integra) funguje na principu polarografie.
Mezi hodnotami naméfenymi pomoci téchto dvou
systému existuje uréita diskrepance. Podle dosud pub-
likovanych studii pfinasi presnéjsi a stabilngjsi vysled-
ky systém Licox [7, 8, 9], ktery je v soucasnosti také
rozsifenéjsi. Systém Neurotrend jiz v sou¢asnosti ne-
ni distribuovan. Monitorovani PbtO, nachazi uplatné-
ni zejména v neurotraumatologii, kde slouzi k detekci
ischemickych zmén vedoucich k sekundarnimu pora-
néni mozku [5, 7, 10, 11, 12, 13]. U pacientd se SAK
(subarachurciilni krvaceni) z ruptury aneurysmatu
se tkanova oxymetrie experimentalné uziva k ¢as-
né detekci ischemickych zmén nasledkem vazospas-
ma [6, 13, 14], své uplatnéni ovéem nachazi
i v peroperac¢nim monitorovani [15]. Cidlo se zavadi
z malého trepanacéniho navrtu, asi 2 cm pod duru ma-
ter do neelokventni oblasti mozku (oblast, ve které ne-
jsou soustiedény dulezité mozkové funkce). Rozsah
méfené oblasti ¢ini 5~17 mmz2. Fyziologické hodnoty
jsou 25-35 mm Hg [16, 17, 18], hodnoty signalizujici
ischémii jsou nizsi nez 15 mm Hg [18]. U pacient( po
kraniocerebralnim poranéni bylo prokazano, ze

s rostouci dobou poklesu PbtO, pod 15 mm Hg nebo
s poklesem PbtO, pod 6 mm Hg, roste pravdépodob-
nost umrti [19]. U pacientl po SAK, ktefi zemreli, byl
popsan vyssi vyskyt poklesu stfednich hodnot PbtO,
pod 10 mmHg nez uz pacientl, ktefi prezili [6]. Cilem
prace je zhodnotit vliv: klinického stavu pacienta pfi
pfijeti (Hunt Hesse, HH) [20], vysledného stavu paci-
enta (Glasgow Outcome Score, GOS) [20] a pri-
tomnosti vazospasm( na dynamiku zmén PbtO,
v zavislosti na zménach frakce kysliku ve vdechované
smési (FiO,) u pacienti na umélé plicni ventilaci
(UPV).

Material a metoda

Do souboru byli zafazeni pacienti po SAK z ruptury
aneurysmatu mozkové tepny. Pacienti s prokazanym
SAK, jejichz stav nevyzadoval umélou plicni ventilaci,
byli pfijati na neurochirurgickou kliniku. Pacienti
v tézkém klinickém stavu, ktefi byli na UPV, byli pfijati na
Kliniku anestezie, resuscitace a intenzivni mediciny. Po
pfijeti byla provedena angiografie, v pfipadé nalezu
aneurysmatu bylo u pacienti v klinickém stavu
HH1-HH3 Ié¢ebnou metodou prvni volby operaéni fe-
Seni. U pacient v klinickém stavu HH4 a HH5 byl Ié-
éebnou metodou prvni volby coiling. Pro zafazeni paci-
enta do studie byl ziskan informovany souhlas pacien-
ta, v pfipadé pacient( v bezvédomi byl souhlas se stu-
dii vyjadien podpisy dvou lékaru, ktefi se nepodileli na
tomto grantu. Studie byla schvalena etickou komisi.
U operovanych pacientd bylo €idlo k méfeni tkanove
oxymetrie zavedeno vecer pfed operaci, aby byla zajis-
téna dostate¢né dlouha doba pro stabilizaci Cidla.
V pfipadé pacientu, u kterych byl proveden coiling, by-
lo ¢idlo implantovano 4. den po SAK, kdy zacina obdo-
bi nejvétsiho rizika vzniku vazospasmu trvajici do 14.
dne po SAK. Cidlo bylo vZdy zavedeno 2 cm pod duru
mater, do oblasti povodi mozkové tepny, na které bylo
prokéazané aneurysma. Pfi monitorovani povodi arteria
cerebri anterior (ACA) bylo misto implantace medialné
od Kocherova bodu, pfi sledovani povodi arteria cereb-
ri media (ACM) to bylo laterainé od Kocherova bodu.
Poloha ¢&idla byla zpétné ovéfena na kontrolnim CT
mozku. Po zavedeni ¢idla nasledovalo 6hodinové ob-
dobi stabilizace ¢idla, udaje naméfené v tomto caso-
vém Useku nebyly do hodnoceni zahrnuty.

Monitorovani PbtO, probihalo po dobu 10 dnd,
u operovanych pacientd navic probihalo peroperaéni
monitorovani. Kontrolni CT mozku bylo provadéno prv-
ni den po o8etfeni aneurysmatu a déle v intervalu 3—4
dnu, vysetfeni TCD bylo provadéno v 2-3dennim in-
tervalu. Operovani pacienti a pacienti s prokazanymi
vazospasmy mozkovych tepen byli udrzovani v mirné
fizené hypotermii (34 °C), ktera byla u pacientl
s vazospasmy aplikovana nejlépe po dobu trvani vazo-
spasml, avéak maximalné do rozvoje nezadoucich
komplikaci hypotermie. V ramci grantu bylo do soubo-
ru celkem zafazeno 39 pacientd, 4 pacienti byly po-
sléze vyfazeni pro chybné zavedeni ¢idla.
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Do zkoumaného souboru pro uéely této prace bylo
zafazeno 7 pacientt na UPV, u kterych byl
v navaznosti na vysetfeni TCD (v intervalu 2-3 dnd)
provadén klinicky pokus, pfi kterém bylo po 3minuto-
vém klidovém zaznamu na 10 minut zvy$eno FiO, na
1,0 a sledovana reakce PbtO,. Takto jsme pofidili 26
kontinualnich zaznamd. Jako hlavni parametr jsme
hodnoetili viiv vazospasmul na dynamiku zmén PbtO,
pfi zvyseni FiO,. Jako doplfiujici parametry byly vy-
hodnoceny HH (jako ukazatel klinického stavu) a GOS
(jako vysledny stav pacienta). U v§ech pacienta zkou-
maného souboru bylo zavedeno monitorovani intra-
kranialniho tlaku (ICP) parenchymovym ¢idlem nebo
pomoci zevni komorové drenaze. Béhem periody kli-
dového zaznamu i béhem experimentalniho zvySova-
ni FiO, se pohybovaly hodnoty stfedniho arterialniho
tlaku a intrakranialniho tlaku v rozmezi fyziologickych
hodnot.

Vzhledem k charakteru dat byla hodnocena pro-
ménna PbtO, logaritmicky transformovana, coz umoz-
nilo nasledné parametrické vyhodnoceni. Na zakladé
grafického zhodnoceni dat jsme k longitudinalni ana-
lyze pouzili data z tfiminutového klidového zaznamu
pfed zvySenim FiO, a data ziskana v obdobi 6 minut
po zvySeni FiO, na 1,0. Po tomto ¢asovém intervalu jiz
dochazi k linearizaci kfivek PbtO, a dal$i narst neni
patrny. Analyza longitudinalnich dat (opakovana méfe-
ni PbtO, v éase u jednotlivych kontinualnich zazna-
mu) byla provedena pomoci smisenych modell —
s interceptem a linearnim, popf. kvadratickym efektem
¢asu — modelovanych jako nahodné pro kazdy dvou-
Uroviiovy model. Pouzili jsme dvoutiroviiovy model. Na
prvni Urovni byla zavisla proménna y = log(PbtO,)
uvazovana jako kvadraticka funkce ¢asu s nahodnymi
parametry pro kazdy kontinualni zaznam. Na druhé
urovni modelu byly nahodné parametry z prvni urov-
né vysvétlovany zkoumanymi faktory modelovanymi
jako fixni efekty; hodnotili jsme HH, GOS, vyskyt vazo-
spasmu. Pro detailnéjsi popis a pouziti smidenych mo-
delt odkazujeme ¢tenafe na citovanou literaturu [21,
22]. Pro snaz&i pochopeni vysledk( uvadime grafic-
kou reprezentaci modell s modelovanym pramérem
trendl. Za hladinu vyznamnosti jsme standardné po-
vazovali hodnotu o = 0,05.

Vysledky

Ve zkoumaném souboru jsme poridili 26 kontinual-
nich zaznam( sedmi pacientu s diagnézou aneurysma
ACM, u esti Zen a jednoho muze. Primérny vék ¢inil
44,6 let (min. 29 let, max. 62 let). Operovani byli tfi pa-
cienti, coiling byl proveden u étyf pacientt. Charakteris-
tika souboru podle HH je v tabulce 1, charakteristiku

Tabulka 1. Charakteristika souboru podle HH

Tabulka 2. Charakteristika souboru podle pfitomnosti GOS

GOS Pocet pacientd Pocet zaznamu
1 (smrt) 4 14
23 1 4
45 2 8

Tabulka 3. Charakteristika souboru podle pfitomnosti vazospasmu

Vazospasmy Pocet pacientl Pocet zaznamui

Ano 1 3
Ne 2 8
Oboji 4 15

Kategorie: ANO — vazospasmy pfitomny pfi véech TCD vysetre-
nich u daného pacienta; NE — vazospasmy nebyly pfitomny pfi
Zzadném TCD vySetreni u daného pacienta; Oboji — u daného pa-
cienta ¢ast TCD vySetieni s prikazem vazospasmu a ¢ast vySet-
feni bez prikazu vazospasmu

souboru podle GOS uvadi tabulka 2 a charakteristiku
souboru podle vyskytu vazospasmii tabulka 3.

Ve zkoumaném souboru jsme prokazali signifikantni
rozdil v dynamice zmén PbtO, u skupin délenych podle
HH (graf 1), GOS (graf 2) a pfitomnosti vazospasm (graf
3). Po zvySeni FiO, roste hladina PbtO, u skupiny HH3
rychleji nez u ostatnich pacientd (p < 0,001) a také
u skupiny HH4 dochazi ve srovnani se skupinou HH5
k rychlejimu nardstu PbtO; (p < 0,001). Rozdil ve vstup-
ni hladiné PbtO, mezi vyse uvedenymi skupinami nebyl
statisticky vyznamny (p = 0,86). U pacientu ve skupiné
GOS 5, 4 (dobry outcome) dochazi po zvySeni FiO,
k rychlej$imu néristu nez u ostatnich pacientt (p < 0,001)
a takeé u pacientl s GOS 2, 3 (Spatny outcome) dochazi
k rychlejsimu naristu PbtO, nez u skupiny GOS 1 (smrt)
—p < 0,001. Rozdil ve vstupni hladiné PbtO, mezi skupi-

1000

PbIO, (Torr)

Cas (min.)
HH = 3eets fmm s 5

Graf 1. Modely dynamiky zmén PbtO, po zvyseni FiO, (¢as 0)
u skupin podile klinického stavu pfi pfijeti (klasifikovano podle Hun-
ta-Hesse)

Dynamika zmén hladin PbtO, je mezi skupinami statisticky vy-
znamné rozdilna (p < 0,001).

HH Pocet pacientu Pocet zaznamu
3 2 8
4 3 12
S 2 6
104

Anesteziologie a intenzivni medicina

22




1000

8

PbtO, (Torr)

|
\.
|
F
I
i|

1000+

PbIO, (Torr)

Cas (min.)
GOS = 1 ++122.3 == +45
Graf 2. Modely dynamiky PbtO, po zvySeni FiO; (€as 0) u skupin
podle GOS
Dynamika zmé&n hladin PbtO, je mezi skupinami statisticky vy-
znamné rozdilna (p < 0,001).

nami podle GOS byl statisticky vyznamny (p = 0,003).
U pacientl s vazospasmy, které byly prokézany pomoci
TCD (rychlost toki nad 120 cm . s), dochazi po zvyse-
ni FiO, k minimalnimu nardstu hladiny PbtO,, zatimco
u pacient( bez vazospasmil PbtO, vyrazné narusta. Roz-
dil v dynamice zmén PbtO, mezi obéma skupinami je sta-
tisticky vyznamny (p < 0,001), stejné jako rozdil ve vstup-
ni hlading& PbtO, (p < 0,001). Ten je u skupiny s vazo-
spasmy nizsi nez u skupiny bez vazospasmu.

Diskuse

Vazospasmy jsou zavaznou komplikaci SAK
z ruptury aneurysmatu, které jsou spojeny s vysokou
mortalitou. Diagnostika vazospasml je obtizna.

Monitorovani PbtO, mlze vést k casné detekci is-
chemickych udalosti [5, 23] a je povaZovano za bez-
peéné a spolehlivé [24]. Pokus o diagnostiku vazo-
spasmi pomoci monitorovani PbtO, u uméle ventilo-
vanych pacient( zatim proveden nebyl, avsak zmény
PbtO, pfi zvySovani FiO; jiz byly popsany [23, 25, 26].
Predpoklada se, ze hlavni podil na tomto jevu ma kys-
lik rozpustény v krvi. Ten sice tvofi pouze 2 % kysliku
transportovaného krvi, avSak zvySuje uvolfiovani kys-
liku z hemoglobinu, a tim se dostane vic kysliku do
tkané [27].

U pacientll s vazospasmy nedochazi k patrnému
nardstu hodnot PbtO, po zvySeni FiO,, jak je patrné
u pacienti bez vazospasmi, kde dochazi k vyraz-
nému narastu (viz graf 3). Toto zjisténi je dale podpo-
rovano pozorovanim, Ze u pacientt v horsim klinickém
stavu (HH5) nebo s horgim outcome (GOS1) take ne-
dochazi k vyraznému naristu PbtO, po zvyseni FiO,
(viz grafy 2 a 3). Pfedpokladame, Ze vyskyt vazospas-

Cas (min.)
Vazospazmy
Graf 3. Modely dynamiky PbtO, po zvySeni FiO, (¢as 0) u skupin
podle vyskytu vazospasmi
Dynamika zmén hladin PbtO, je mezi skupinami statisticky vy-
znamné rozdilna (p < 0,001).

#sss ANO === Ne

ma koreluje s horsim stavem (HH5) a outcome
(GOS1).

Reakce PbtO, po zvyseni FiO, se projevi s latenci
1-2 minut, jak je patrné z grafi, a po 5-6 minutach
dochézi k linearizaci kiivek PbtO,; dalsi narust jiZ ne-
ni patrny.

Jsme si védomi mozného zkresleni vysledkd, které
je dano hodnocenim 26 zaznamu od sedmi pacientd.
Charakteristika kaZzdého pacienta muze mit vyznam-
n&jsi viiv na dynamiku hodnoceného parametru, nez
je vliv kazdého konkrétniho zaznamu. Toto zkresleni
piedpokladame spise u vlivu faktord HH a GOS. Du-
lezitéj§im zavérem je vSak prokazany vyznam vazo-
spasml na vliv zmén dynamiky PbtO,. Vzhledem
k tomu, ze kazdy pacient mize mit kontinualni za-
znam pofizeny v situaci s vazospasmy nebo bez nich
(coz je klinicky dulezity pfedpoklad). Zaroven pfedpo-
kladame, jak naznacuje tabulka 3, Ze pii hodnoceni
tohoto parametru je miniméalini vliv charakteristiky jed-
notlivého pacienta a naopak relevantni hodnoceni jed-
notlivych kontinudlnich zaznami v kontextu klinicke
aplikace. V této praci ma hodnoceni HH a GOS dopl-
fujici charakter.

Pouziti kvadratického modelu v periodé do 6 minut
po zvyseni FiO, povazujeme za jednoduchy a zaroven
dostateéné reprezentativni model. Smisené modely
nachézeji v mediciné uplatnéni zejména pfi hodnoce-
ni rustovych kfivek [28] nebo dynamiky zanétlivych pa-
rametri [29]. Vyhodu smisenych modell k vyho-
dnoceni nasich dat vidime zejména v elegantnim fe-
Seni vzajemné korelace opakovanych méfeni, ve vy-
pofadani se s rozdilnymi vstupnimi hodnotami FiO,
pfed zapodéetim experimentu (implicitni charakteristika
smigenych modeltl) a zarover v moznosti klasického
regresniho modelu [21, 22].
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Zaver

Prokdzali jsme vliv vazospasmu na dynamiku zmén
PbtO; pfi zvySovani FiO,. Vliv vazospasmi na dyna-
miku zmén PbtO, pii zvySovani FiO, by mohl byt pfi-
nosny k detekci vazospasmu u pacientl po SAK, kte-
fi jsou na umélé plicni ventilaci. To by mohlo vést
k vyuziti tkanové oxymetrie k rychlé a jednoduché dia-
gnostice u pacientil po SAK z ruptury aneurysmatu.
Zmény PbtO, pfi zvySovani FiO, maji souvislost
i s dalimi faktory (HH, GOS). SmiSené modely jsou
vhodné k vyhodnoceni dat tohoto charakteru.
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2.2.1.2 Correlation between Brain Tissue Oxygen Monitoring Parameters and Transcranial
Dopplerometry in Patients with Severe Subarachnoid Hemorrhage

Duris K, Neuman E, Mrlian A, Vybihal V, Juran V, Kyr M, Smrcka M. Correlation between Brain
Tissue Oxygen Monitoring Parameters and Transcranial Dopplerometry in Patients with Se-
vere Subarachnoid Hemorrhage. Cesk. Slov. Neurol. Neurochir. 2014;77:196-201.
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IF (2014): 0,165
Number of citations without self-citations according to WoS (7/2025): 1

The goal of this research was to evaluate the correlation between TCD parameters and PbtO;
in patients suffering from SAH.

Several parameters of TCD reflect CVS of which the most important are velocities reflecting
the blood flow in a particular vessel: peak systolic velocity (PSV), end-diastolic velocity (EDV),
and mean velocity (Vmean). Mean velocities higher than 120cm/s in ACM, 90cm/s
in ACl, and 70 cm/s in basilar artery are considered as thresholds for cerebral vasospasm®**.
Other important parameters are the pulsatility index (Pl) and resistance index (RI) which are
based on the difference in velocity between systolic blood flow and diastolic blood flow re-
flecting flow resistance. Pl is a complex parameter calculated as follows: Pl = (PSV-EDV)/Vmean
and the physiological value is below 1.2%. When simplified, we may say that
PI reflects overall resistance to blood flow, more accurately it reflects a complex interplay
among cerebrovascular resistance/compliance and cerebral perfusion pressure?®®. Rl is calcu-
lated as follows: Rl = (PSV-EDV)/PSV and the physiological value is below 0.75%. Rl reflects
resistance to blood flow distally to probe, for example in microvessels®.

Forty-two PbtO, records from twenty-two patients with severe aneurysmal SAH (HH4-5) were
analyzed. Periods of +/-10 or +/-60 minutes of PbtO2 monitoring, with a node point corre-
sponding to TCD assessment, were analyzed. No association of PbtO; parameters with any of
the velocities was found, however, there was a significant correlation of both Pl and Rl with
PbtO; in both 10 and 60 min. periods.

Since PbtO; is a direct tissue measurement, it reflects conditions related to microvascula-

ture/vessel resistance/cerebral perfusion pressure in a more complex manner than just blood
flow velocities.
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PUVODNI PRACE

ORIGINAL PAPER

Vztah mezi parametry transkranialni
dopplerometrie a tkanovou oxymetrii
u pacientu s tézkym subarachnoidalnim

krvacenim

Correlation between Brain Tissue Oxygen
Monitoring Parameters and Transcranial
Dopplerometry in Patients with Severe
Subarachnoid Hemorrhage

Souhrn

Cil: Cilem préce bylo zjistit, zda existuje korelace mezi hodnotami PbtO, a parametry tran-
skranidini dopplerometrie (TCD) u pacient( s téZkym subarachnoidalnim krvdcenim (SAK).
Soubor a metodika: Do souboru byli zafazeni pacienti s tézkym subarachnoidalnim krva-
cenim na podkladé ruptury aneuryzmatu mozkové tepny, ktefi byli v klinickém stavu Hunt
Hess 4 (HH4, sopor) a Hunt Hess 5 (HH5, kéma). U pacientG byl kromé standardnich me-
dicinskych postup(, které zahrnuji i TCD, provaddén monitoring oxygenace mozkové tkané
(partial pressure of oxygen in brain tissue — PbtQ,, systém Licox). Hodnocena byla korelace
mezi PbtO, a parametry TCD. Vysledky: Celkem jsme do souboru zafadili 27 pacientd, pét
pacient(l bylo nasledné vyfazeno pro Spatnou pozici nebo predcasnou malfunkci PbtO, ¢idla.
U zkoumaného souboru korelovaly hodnoty PbtO, s pulzatilnim a rezistentnim indexem v in-
tervalech + 10 min (PI: r = -0,4077, p = 0,0074; RI: r = -0,4055, p = 0,0077) a + 60 min (P!:
r=-0,4145, p = 0,0064; RI: r = -0,4089, p = 0,007), pficem? vychozi bod hodnoceni odpo-
vidal vy3etfeni TCD. U zkoumaného souboru nebyla signifikantni korelace mezi PbtO, a rych-
lostmi tokd na zkoumanych cévach. Zavér: PbtO, monitoring poskytuje informace o stavu
oxygenace mozkové tkané a jeji mikrovaskulatury. Nicéné neexistuje jednoduchd souvislost
mezi hodnotami PbtQ, a rychlostmi tok( na magistralnich cévach, které charakterizuji cévni
vazospazmy. ProtoZe nezname vztah mezi rychlostmi tok( na magistralnich cévach a hod-
notami PbtO,, jevl se v klinické praxi u pacient s téZkym SAK vhodné paralelni uZiti TCD
i PbtO, monitoringu.
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Abstract

Objectives: The aim of this study was to evaluate correlation between brain tissue oxygen level and transcranial dopplerometry (TCD)
parameters in patients with severe subarachnoid hemorrhage (SAH). Patients and methods: Patients with subarachnoid hemorrhage
from a rupture of cerebral vessel aneurysm and clinical status within the Hunt-Hess scale grade 4 (sopor) or 5 (coma) were enrolled
into the study. Brain tissue oxygen monitoring (PbtO,, Licox system) was performed in addition to the standard ICU monitoring that
includes TCD. The correlation between TCD and PbtO, parameters was evaluated. Results: We enrolled a total of 27 patients, five
patients were subsequently excluded for malposition or malfunction of the PbtO, probe. There was a significant correlation between
PbtO, and both pulsatility index and resistivity index in + 10 minute (Pl: r = -0.4077, p = 0.0074; RI: r = -0.4055, p = 0.0077) and +
60 minute intervals (Pl: r =-0.4145, p =0.0064; RI: r = -0.4089, p = 0.007) with a node point corresponding to TCD measurement.
There was no significant correlation between PbtO, and any of the velocity parameters. Conclusion: PbtO, monitoring provides in-
formation on brain tissue oxygenation and its microvasculature. However, there is no direct link between PbtO, values and TCD ve-
locities, the main characteristics of cerebral vasospasm. While we do not know the dynamics between velocities of the main cerebral
vessels and PbtO,, the use of both PbtO, monitoring and TCD seems to be appropriate for follow up of patients with severe SAH in

clinical setting.

Uvod

Subarachnoidalni krvéceni (SAK) je za-
vazna patologie, ktera ro¢né postihuje
asi 10/100 000 obyvatel a ktera je spo-
jena az s 50% mortalitou [1]. Nejcas-
téji je pficinou SAK ruptura aneuryz-
matu mozkové tepny, jeZ odpovida za
cca 85 % pifpadl [2]. Zasadni lécebny
postup je o3etieni aneuryzmatu (ope-
ra¢né nebo endovaskularné) majici za cil
piedejit opakovanému prasknuti aneu-
ryzmatu, které je spojeno s umrtnosti aZ
80 % [2]. Vedle opakovaného krvaceni
vazospazmy vedouci k ischemizaci moz-
kové tkané. Vazospazmy typicky vznikaji
mezi 4. a 14. dnem po atace krvéceni,
postihuji asi 30 % pacientl a jsou zati-
Zeny az 30% mortalitou [3-5). Pfesnéd pfi-
¢ina vzniku vazospazm( neni znama, ale
byla popséana cela fada faktord, které se
na jejich vzniku podileji. Mezi nejdalezi-
téjsi patfi porucha kontraktility cév, dys-
funkce endotelu, toxicita rozpadovych
produktid hemoglobinu a zanét [6,7].
V |écbé vazospazmu se pouziva HHH te-
rapie (hypertenze, hemodiluce, hypervo-
lemie), nimodipin a magnezium, aviak
lé¢ba vazospazma je i dnes problema-
tickd a neni dostate¢né G¢inna [8]. Proto
jsou vazospazmy pfedmétem intenzivniho
studia v experimentalni i klinické roviné.
Vedle objasnéni patofyziologie jsou dule-
zitym cilem vyzkumu moZnosti casné de-
tekce vzniku vazospazmd.

Zlatym standardem v diagnostice va-
zospazmdi je digitalni subtrakéni angio-
grafie (DSA), ktera viak neni vhodna
k monitoringu pacient z davodu inva-

zivity a radiacni zatéZe [9]. K diagnostice
a sledovéni vazospazm( se u pacientl po
SAK v klinické praxi nej¢astéji uziva trans-
kranidini dopplerometrie (TCD). Ta neni
v diagnostice vazospazmu tak pfesnd jako
DSA, je to v3ak neinvazivni metoda umoz-
fujici relativné rychlé vysetieni u lGzka pa-
cienta [9,10]. TCD zatim rutinné neumoz-
fiuje kontinualni monitorovani, metoda
je velmi zavisla na vy3etfujicim lékafi, né-
ktefi pacienti jsou obtizné vyletfitelni,
a proto jsou zkoumany dalsi metody slou-
Zicl k ¢asné detekci vazospazmii [11]. Jed-
nou z nadéjnych metod je tkanovd oxy-
metrie, kterd naléza své uplatnéni nejen
u pacientd po SAK [12-14].

Cilem nasi prace bylo zjistit, zda exis-
tuje korelace mezi hodnotami PbtO, a pa-
rametry TCD u pacient( s téZkym sub-
arachnoidalnim krvacenim.

Soubor a metodika

Projekt i viechny postupy byly schva-
leny etickou komisi FN Brno. Do sou-
boru byli zafazeni pacienti s tézkym suba-
rachnoidélnim krvacenim na podkladé
ruptury aneuryzmatu mozkové tepny,
ktefi byli v klinickém stavu HH4 (sopor)
a HH5 (kéma). V3echny lé¢ebné postupy
v€etné oletfeni aneuryzmatu, péce na
jednotce intenzivni péce i vysetieni po-
moci TCD probihaly obvyklym zptsobem.
Obecnym cilem lécby bylo o3etfit aneu-
ryzma co nejdfive a dale udrzovat systo-
licky tlak minimalné na 140 torrd u pa-
cient bez vazospazm( a minimalné na
180 torr( u pacientt s vazospazmy. Lé¢ba
viak byla v jednotlivych pfipadech indivi-
dualizovana s ohledem na vék, celkovy

stav pacienta s dirazem na kardiovasku-
larni onemocnéni. U pacientt zafazenych
do studie byl navic provadén monitoring
PbtO, (systém Licox). Cidlo bylo zavedeno
Ctvrty den po SAK a kontinudlni monito-
rovani probihalo tak, aby bylo pokryto ob-
dobi nejvyssiho rizika vzniku vazospazmul.
Monitoring byl ukoncen v optimalnim pfi-
padé po 10 dnech od zavedeni ¢idla nebo
dfive v pfipadé, Ze cidlo pfestalo méfit
(zéporné nebo nulové hodnoty po dobu
nékolika hodin). Monitorovanou oblasti
bylo povodi arteria cerebri media ipsilate-
rélné k lokalizaci aneuryzmatu. V pripadé
stfedocarovych aneuryzmat bylo nejprve
zhodnoceno, zda Ize identifikovat domi-
nantni cévu zasobujici aneuryzma (napf.
dominantni ACA zasobujici AcoA). Bylo-li
mozZné urcit dominantni cévu, bylo cidlo
zavedeno ipsilateralné. Paklize domi-
nantni cévu nebylo mozné urit, bylo ¢idlo
zavedeno do nedominantni hemisféry.

Parametry PbtO, byly hodnoceny jed-
nak z celého obdobi monitoringu (v dal-
$im textu oznacovan jako PbtO, moni-
toring) a jednak z omezenych casovych
usek( + 10 min a + 60 min v navaznosti
na TCD vy3etieni (v daldim textu oznaco-
van jako korelace PbtO, k TCD).

Hodnoty PbtO, monitorovani byly hod-
noceny v souvislosti s nasledujicimi klinic-
kymi parametry: klinicky stav pfi pfijeti
(Hunt Hess skore, déle jen HH), rozsah he-
matomu dle vstupniho CT (Fischer skare,
dale jen Fischer) a vysledny stav pacienta
(Glasgow Outcome Scale, dale GOS).
Hodnoty PbtO, byly pro kazdého pacienta
zprGmérovany a pramérné hodnoty byly
pouZity k daldi analyze. Ke statistickému
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pocet pacienta.

Tab. 1. Parametry GOS v souvislosti s pfitomnosti vazospazmd. Je patrna
tendence k vy3simu vyskytu vazospazmui u pacientt s hordim vyslednym
stavem, aviak k validnimu statistickému zpracovani dat neni dostate¢ny

GOS Vazospazmy ano Vazospazmy ne
1 (smrt) 6 2
2 + 3 (stav neuspokojivy) 6 5
4 + 5 (stav uspokojivy) il 2

zpracovani dat byl pouZit Studentdv t-test
a one-way ANOVA.

Hodnoceni korelace PbtO, ve vztahu
k TCD probihalo ze zéznamd odpovidaji-
¢im intervalim + 10 min a £ 60 min, pfi-
¢emz za uzlovy bod bylo povaZzovéano vy-
Setfen{ TCD. Pramérné hodnoty PbtO, za
dany tasovy interval byly korelovany s na-
sledujicimi parametry TCD: maximalni sy-
stolicka rychlost toku (Peak Systolic Velo-
city, PSV), rychlost toku na konci diastoly
(End Diastolic Velocity, EDV), stfedni pra-
tokové rychlost (mean Velocity, Vmean),
index pulzatility (Pulsatility Index, PI),
index rezistence (Resistivity Index, RI)
Korelace vy3e uvedenych parametrd byla
popséna pomaoci Pearsonova korela¢niho
koeficientu. Za hladinu vyznamnosti byla
povaZzovana hodnota a = 0,05.

Vysledky

Charakteristika souboru

Celkem bylo do souboru zafazeno 27 pa-
cientl. P&t pacient bylo nasledné vyfa-
zeno. Davodem k vyfazeni byla poloha
¢idla v subdurainim prostoru (dva pa-
cienti) nebo pred¢asna malfunkce cidla
(tfi pacienti). Z hodnoceného souboru
22 pacientl bylo 17 Zen a pét muzq,
pficemz pramérny vék souboru <inil
53,3 let (minimum 28, maximum 70).
Charakteristika souboru dle klinického
stavu pfi pfijeti: 15 pacientd bylo v kli-
nickém stavu HH4 (sopor), v klinickém
stavu HH5 (kdma) bylo sedm pacientd.

Charakteristika souboru dle tize krvé-
cenf: u 3esti pacientt odpovidal CT nélez
stupni Fischer 3 (Sitka hematomu nad
1mm), u 16 pacientd byl nalez odpovida-
jici stupni Fischer 4 (hemocefalus). Cha-
rakteristika souboru dle lokalizace aneu-
ryzmatu: aneuryzma bylo lokalizovdno
na ACM v 12 pfipadech, u Sesti pacientd
bylo aneuryzma na AcoA a na AcoP bylo
aneuryzma lokalizovano u ¢ty pacientd.
Operovano bylo 14 pacientd, zatimco
coiling byl pouzit u osmi pacientd. Cha-
rakteristika souboru dle vysledného stavu:
GOS 4 a 5 (dobry vysledny stav) — tfi pa-
cienti, GOS 3 a 2 (neuspokojivy vysledny
stav) — 11 pacientd, GOS 1 (smrt) — osm
pacientl. Tab. 1 uvadf parametry GOS
v souvislosti s pfitomnosti vazospazma.
Za kritérium vazospazmu byla povaZo-
vana hodnota Vmean nad 120cm/s na ar-
teria cerebri media a hodnota nad 90 cm/s
na arteria cerebri anterior [15]. Z tabulky
je patrna tendence k vyssimu vyskytu va-
zospazm( u pacientd s horsim vyslednym
stavem, aviak k validnimu statistickému
zpracovani dat jsme neméli k dispozici do-
stateny pocet pacientl. Nasledujici stati-
stické analyzy byly provedeny za pouZiti
parametrickych statistickych metod vzhle-
dem k pfiblizné normalnimu rozloZeni dat
(zjisténo na zéklade grafické analyzy).

PbtO, monitoring
Pramérna délka monitoringu PbtO, ¢inila
u zkoumaného souboru 7,59 dni, pficemz

40
30
20

PbtO, (Torr)

401
30+
204

PbtO, (Torr)

Fischer

PbtO, (Torr)

2-3
GOSs

4-5

Obr. 1. Parametry PbtO, monitoringu
v zavislosti na HH, Fischer a GOS.

Je patrna tendence k vy38im hladindm
PbtO, u pacientdi v lepsim klinickém stavu
pii pfijeti (HH4), u pacientd s lepsim vy-
slednym stavern (GOS 4-5), aviak rozdil
nen/ statisticky vyznamny. Neni patrna
74dnéa tendence k rozdilu v hodnotach
PbtO, u skupin délenych dle tize krvaceni
(Fischer). Data jsou vyjadiena jako pramér
(m) a standardni chyba prdméru (SEM).

nejkratdi zaznam trval 4,60 dne a nejdelsi
10 dni. K hodnoceni bylo pouzito cel-
kem 22 zéznamu. Parametry PbtO, moni-
toringu v zavislosti na HH, Fischer a GOS
uvadi obr. 1. U zkoumaného souboru

Tab. 2. Charakteristiky hodnot PbtO, v intervalech + 10min a + 60min u souboru jako celku a dale u skupin pacientd
s a bez vazospazm(. Rozdily mezi hodnotami PbtO, u skupin s vazospazmy a bez vazospazmi nejsou statisticky vy-
znamné ani v jednom z interval(. Data jsou vyjadiena jako primér (m) a standardni chyba praméru (SEM).

Interval = 10 min + 60 min
Skupina Celek Vazospazmy ano Vazospazmy ne Celek Vazospazmy ano Vazospazmy ne
m 31,82 32,56 31,51 32,76 32,65 32,84
SEM 2,85 4,84 3,07 2,71 4,50 3,45
198 Cesk Slov Neurol N 2014; 77/110(2): 196-201
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Tab. 3. Vysledky korela¢ni analyzy mezi PbtO, a parametry TCD pro intervaly + 10 min a = 60 min. Signifikantni je
korelace PbtO, s Pl a Rl v obou ¢asovych intervalech. U ostatnich parametri TCD (PSV, EDV, Vmean) korelace signifi-
kantni neni ani v jednom ¢asovém intervalu.

PSV EDV Vmean Pl RI
Pearson r 0,1119 0,2355 0,2056 -0,4077 —-0,4055
A p 0,4804 0,1333 0,1915 0,0074 0,0077
e Pearson r 0,06897 0,2056 0,1756 -0,4145 -0,4089
p 0,6643 0,1914 0,2661 0,0064 0,0072
je patrna tendence k vy3sim hladinam  Diskuze kou mirou jistoty, coz neplati pro zava-

PbtO, u pacientd v lepsim klinickém stavu
pii pfijeti (31,99 torru u skupiny HH4 vs
24,44 torru u skupiny HH5), u pacientd
s lepsim vyslednym stavem (36,31 torru
pro skupinu GOS 4 + 5; 28,85 torru pro
GOS 3 + 2 a 23,27 pro skupinu GOS 1),
aviak rozdil nenf statisticky vyznamny
(p = NS pro viechny vyie uvedené sku-
piny). U skupin délenych dle tize krva-
cenf neni patrna Zadna tendence k roz-
dilu v hodnotéch PbtO, (p = NS).

Korelace PbtO, a TCD

Hodnoceni bylo provedeno z hodnot
PbtO, v intervalu = 10 a + 60 min v ndvaz-
nosti na vy3etfeni TCD. K hodnoceni bylo
pouzito celkem 42 zaznaml od 22 pa-
cientd. Tab. 2 ukazuje charakteristiky hod-
not PbtO, intervaltl + 10 min a + 60 min
u souboru jako celku a déle u skupin pa-
cientll s a bez vazospazmu. Za kritérium
vazospazmi byla povaZzovdna hodnota
Vmean nad 120cm/s na ipsilateraini ar-
teria cerebri media. Rozdily mezi hodno-
tami PbtO, u skupin s vazospazmy a bez
vazospazmu nejsou statisticky vyznamné
ani v jednom z vyde uvedenych intervalli
(p=NS). Tab. 3 aobr. 2 ukazuji wsledky ko-
relacni analyzy mezi jednotlivymi parametry
TCD a prameérmymi hodnotami PbtO, v da-
nych casovych intervalech. U zkoumaného
souboru byla signifikantni korelace mezi
PbtO, a Plvintervalu + 10 min (r =-0,4077,
p = 0,0074) i v intervalu £ 60 min
(r = -0,4145, p = 0,0064). Dale byla
u zkoumaného souboru signifikantni ko-
relace mezi hodnotami PbtO, a Rl v inter-
valu = 10 min (r = -0,4055, p = 0,0077)
i v intervalu £ 60min (r = -0,4089,
p = 0,0072). U ostatnich parametrd TCD
(PSV, EDV, Vmean) korelace u zkoumaného
souboru signifikantni nebyla ani v jednom
¢asovém intervalu (p = NS, pro viechny uve-
dené parametry).

Cilem této prace bylo zjistit, zda existuje
korelace mezi hodnotami PbtO, a para-
metry TCD u pacientl s tézkym subarach-
noidalnim krvacenim z ruptury aneuryz-
matu mozkové tepny.

Tkanova oxymetrie slouzi ke konti-
nualnimu méfeni parcidlniho tlaku kys-
liku v tkani (PbtQ,). Jedna se s o invazivni
metodu umoznujici lokalni méfeni PbtO,.
Systém Licox, ktery pouzivdme na nasi
klinice, funguje na principu polarografie
a umoziuje méfit hodnoty PbtO, z plo-
chy o rozmérech 7,5-15 mm? [16]. Kli-
nicky vyznamné vazospazmy jsou spo-
jeny s ischemizaci mozkové tkané [17],
a proto se tkanovd oxymetrie jevi jako
vhodny nastroj k ¢asné detekci nasledk(
vazospazmu. Problém vsak spociva
v tom, Ze dosud nebyly definitivné stano-
veny meze fyziologickych hodnot PbtO,.
Napfiklad studie, kterou uvefejnili Jo-
dicke, Hibner a Bocker uvadr jako dolni
mez normy 19,5 torru [18], Meixensber-
gerova studie uvdd jako fyziologické hod-
noty 48 torrti [19]. Za mez signalizujici is-
chemii jsou v3ak vieobecné povazovény
hodnoty 15-20 torrli, pficemz dulezita
je doba, po kterou je mozek kritickym
hodnotdm vystaven [20,21]. U pacientl
po kraniocerebralnim poranéni bylo pro-
kdzano, Ze s rostouci dobou poklesu
PbtO, pod 15 torr( roste pravdépodob-
nost Umrti [20]. U pacientd, ktefi zemieli
nasledkem SAK, byl ve srovnani s piezi-
v3imi pacienty popsan vy3si vyskyt stfed-
nich hodnot PbtO, pod 10 torrt [22].
Dal3i studie prokézala, Ze dlouhodoby
pokles PbtO, pod 20 torri je asociovan
s horsim vyslednym stavem [21]. Souvis-
lost mezi parametry TCD a hodnotami
Pbt0, v3ak zatim popsana nebyla

Monitorovanou oblasti bylo ve viech
pfipadech povodi ACM, nebot zavést
¢idlo do tohoto povodi je mozné s vyso-

déni ¢idla do povodi ACA a monitoring
v povodi ACP se na nasem pracovisti ne-
provadi asto. Znalost povodi monito-
ringu byla dulezita, protoZe hodnoceni
bylo provedeno na zékladé parovani za-
znam pofizenych pomoci TCD a systému
Licox. Z hlediska hodnoceni praktického
vyuziti metody bylo tedy nejlepsi prova-
dét monitoring v povodi ACM, i kdyz bylo
aneuryzma lokalizovano v jiném povodi.

U ndmi zkoumaného souboru se
u PbtO, monitoringu primérné hod-
noty pohybovaly nad 20 torrd. To si vy-
svétlujeme tim, Ze monitoring byl zaha-
jen pomérné casné po SAK (4. den), tedy
v dobé, kdy jesté vazospazmy u vétsiny
pacient nejsou vyvinuty a dé se predpo-
kladat, ze hodnoty PbtO, budou v tomto
obdobi vy83i nez v obdobi, kdy jsou jiz va-
zospazmy plné vyvinuty. Monitoring trval
nejdéle po dobu 10 dni, potom bylo ¢idlo
zrudeno, aby bylo minimalizovéno riziko
infek¢nich komplikaci. Takovy postup je
povaZzovén za bezpecny a je spojen s mi-
nimalnim rizikem pro pacienta [23]. Ob-
dobi monitoringu mezi 4. a 14. dnem
po SAK bylo zvoleno proto, aby byla po-
kryta perioda nejvétdiho rizika vzniku va-
zospazm{, kterd je dllezitd z klinického
hlediska.

Primérné hodnoty PbtO, monitoringu
nebyly u zkoumaného souboru vyznamné
rozdilné v zavislosti na HH, Fischer ani
GOS, prestoze byla zjevna tendence k niz-
$im hodnotam PbtO, u pacientd v horsim
klinickém stavu pfi pfijeti a s hordim vy-
slednym stavem. | tato skutecnost mize
byt zpuisobena ¢asnou aplikaci monito-
ringu PbtO,, nebot se da pfedpokladat, Zze
hodnoty PbtO, u pacientt v hordim stavu
a s hordim vyslednym stavem budou diky
zavaznému klinickému prabéhu, ktery vy-
znamné ovliviuji také vazospazmy, nizsi
v pozdéjsim obdabi.
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U zkoumaného souboru jsme hodnotili
korelaci mezi parametry TCD a hodnotami
PbtO, v ¢asovych intervalech + 10 min a +
60 min. Tyto intervaly jsme zvolili, aby byl
pokryt kratsi i deldi ¢asovy interval v na-
vaznosti na TCD vysetfeni, nebot dyna-
mika mezi tokem v magistralnich cévach
a parcialnim tlakem kysliku v tkani neni
popsana. K hodnoceni jsme pouzili 40 z&-
znami od 22 pacientl, coz miZe vést
k ur¢itému zkresleni, které je v3ak dle na-
Seho nézoru zanedbatelné. Vzhledem
k tomu, Ze kazdy pacient mdze mit za-
znam pofizen v situaci s vazospazmy nebo
bez nich, pfedpoklddéme pfi hodnoceni
tohoto parametru minimalni vliv cha-
rakteristiky jednotlivého pacienta a na-
opak zasadni vliv absence ¢i pfitomnosti
vazospazmu.

U zkoumaného souboru jsme proka-
zali korelaci PbtO, s Pl a RI. PI vyjadfuje
rozdil rychlosti toka béhem systoly a dia-
stoly (Pl = (PSV — EDV)/Vmean), tento pa-
rametr tedy zejména reflektuje nitrolebni
tlak. Rl vystihuje pulzatilni tok krve odpo-
vidajicf rezistenci mikrovaskularniho feci-
§té (Rl = (PSV — EDV)/PSV). Oba parame-
try charakterizuji situaci v periferni oblasti,
stejné jako tkarova oxymetrie, kterd méri
koncentraci kysliku v tkani. Pl i Rl jsou
ovlivnény nejen cerebrdinim perfuznim
tlakem (pro ktery jsou kritické rychlosti
tokG na magistralnich cévach), ale také
dalsimi parametry, jako je napfiklad in-
trakranialni tlak. Dfive jiz bylo popsano,
Ze vy33i hodnoty Pl i Rl jsou spojeny s vys-
3im ICP a hordim vyslednym stavem [24].
V nasi praci jsme prokdzali, Ze vy33i hod-
noty index( Pl i RI jsou spojeny s nizsimi
hladinami PbtO,, coz zatim publikovano
nebylo.

U zkoumaného souboru jsme nepro-
kazali korelaci mezi PbtO, s PSV, EDV ani
Vmean. Tyto parametry reprezentuji toky
na magistralnich tepnéch (v nadem pfipadé
ACM), zatimco tkarova oxymetrie méfi
koncentraci kysliku v tkani a absence ko-
relace mezi témito parametry a PbtO, na-
znacuje, Zze mezi nimi neexistuje jednodu-
ché souvislost. Avdak da se pfedpokladat
hlubsi souvislost mezi PbtO, a vyse zmi-
nénymi parametry nejen z logiky véci sa-
motné (pratok krve — koncentrace kys-
Ikku), ale i proto, Ze Pl i Rl jsou parametry
odvozené z téchto velitin; Rl = (PSV —
EDV)/PSV, Pl = (PSV — EDV)/Vmean. Hod-
noceni hlubsich souvislosti je viak za
danych okolnosti obtizné, nebot TCD mo-
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Obr. 2. Korelace mezi jednotlivymi parametry TCD a pramérnymi hodnotami

PbtO, v intervalech £+ 10 min a + 60 min.

Signifikantni je korelace PbtO, s Pl a Rl v obou ¢asovych intervalech. U ostatnich parame-
trd TCD (PSV, EDV, Vmean) korelace signifikantni nenf ani v jednom ¢asovém intervalu.
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nitoring nenf schopen poskytnout infor-
maci o dobé vzniku vazospazmd, infor-
muje nas pouze o jejich pfitomnosti nebo
nepfitomnosti. Nevime tedy, zda v oka-
mziku, kdy jsou vazospazmy pomoci TCD
diagnostikovény, tyto teprve vznikaji, tr-
vaji delsi dobu nebo jiz odeznivaji. Tako-
vou informaci by nam poskytl pouze kon-
tinudlni TCD monitoring, ktery by odhalil,
kdy vazospazmy realné vznikaji a na tento
okamzik by bylo mozné centrovat vy-
chozi bod hodnoceni PbtO,. Tak by bylo
teoreticky mozné zjistit informace o dy-
namice mezi rychlosti tokd na hlavnich
kmenech mozkovych tepen a koncentraci
kysliku v tkani a také vliv dalsich parame-
trd, jako je napf. ICP. Pouziti kontinual-
niho TCD monitoringu je viak limitovano
potencialnim nartstem teploty tkané, ke
kterému muizZe takto provadény monito-
ring vést, a proto je v soucasnosti doporu-
¢ovano pouzivat kontinudlni monitoring
intermitentné [25]. Doporuceny ¢asovy
interval pouZiti kontinualniho TCD moni-
toringu se pohybuje kolem 30 min [25].
Tento ¢asovy interval se zda byt z pohledu
hodnoceni dynamiky TCD PbtO, dosta-
te¢ny, nebot se da pfedpokladat, Ze po
zméné rychlosti tokd na magistralnich
tepnach dojde ke zméné koncentrace
kysliku v tkani s mensi latenci. Je viak
tfeba zdlraznit, Ze zasadni vliv na hla-
diny PbtO, mohou mit také daldi faktory,
jako napfiklad periferni vazospazmy nebo
mikroembolizace, které jsou viak v klinic-
kych podminkéch obtizné definovatelné.

Znalost dynamiky mezi pfi¢inou (va-
zospazmus), nasledkem (ischemie repre-
zentovana hodnotou PbtO,) je duleZita
klinicka informace. Vzhledem ke skute¢-
nosti, Ze tuto dynamiku zatim nejsme
schopni detailné popsat, nelze v sou-
¢asnosti nahradit informaci, kterou nam
poskytuje TCD, méfenim PbtO, a na-
opak. Proto se v klinické praxi jevi jako
vhodné paralelni uziti obou metod.
Monitoring PbtO, umozriuje kontinualini
méreni, je tedy schopen ¢asné deteko-
vat pokles PbtO,, ktery viak nemusi byt
zplisoben pouze vazospazmy. TCD vySet-

feni zase poskytne informaci o tom, zda
jsou vazospazmy piitomny, avsak neni
schopné podat jakoukoliv éasovou infor-
maci. Z vyse uvedeného také vyplyva, Ze
zavedeni kontinualniho TCD monitoringu
by mohlo pfedstavovat vyrazny pfinos
v [é¢hé pacientl po SAK.

Zaveér

PbtO, monitoring poskytuje informace
o stavu mozkové tkané a jeji mikrovasku-
latury. Neexistuje jednoduché souvislost
mezi hodnotami PbtQ, a rychlostmi tokd
na magistralnich cévach, které charakteri-
zuji cévni vazospazmy. Protoze neumime
urcit dynamiku zmén rychlosti tokl na
magistralnich cévach v souvislosti se zmé-
nami hodnot PbtO,, jevi se v klinické praxi
u pacientt s tézkym SAK vhodné paralelni
uZiti TCD i PbtO, monitoringu.
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3. Pathophysiology of subarachnoid hemorrhage
3.1 Early brain injury

Cerebral vasospasm was traditionally considered the only cause of DCI. Although several
promising mechanisms of vasospasm development were proposed, including smooth muscle
dysfunction due to Ca?* overload or endothelial dysfunction associated with excessive release
of very potent vasoconstrictor endothelin, the research was initially focused mostly on vessels
with insufficient respect to brain tissue*”8, Clinical trials focused on vasospasm brought con-
troversial results. In CONSCIOUS clinical trials, a selective antagonist to endothelin receptor
clazosentan significantly reduced cerebral vasospasm but failed to improve patient out-
comes*>>°, Additionally, DCI may develop independently of cerebral vasospasm and cerebral
vasospasm is not always associated with DCI33>%52,

When research dominantly focused on vessels brought limited results, the field of SAH re-
search was redefined in order to understand the pathophysiology of SAH in its complexity and
this resulted in the elaboration of early brain injury (EBI) concept®3. EBI is a complex
of pathologies that occur before vasospasm development, typically in the first 72 hours fol-
lowing SAH26>%, These pathologies may represent interlink among DCI, cerebral vasospasm,
and poor outcome>>>, The most important contributors to early brain injury are transient
global cerebral ischemia, brain edema, apoptosis in neurons and endothelial cells, oxidative
stress, and inflammation2°4,

As mentioned in Chapter 2, SAH following aneurysm rupture is usually severe, because cere-
bral aneurysms are most often localized on Willis circus and because blood from ruptured
aneurysm spreads relatively freely into subarachnoid space. Accumulation of blood in sub-
arachnoid space (mass effect) leads to critical elevation of intracranial pressure (ICP) resulting
in a drop of cerebral blood flow (CBF) and temporal intracranial circulatory arrest®®. Intracra-
nial circulatory arrest occurs when ICP reaches the level of mean arterial pressure, this devel-
ops within 1 minute after the onset of bleeding, and then during several minutes ICP drops
but remains higher than normal®®. Intracranial circulatory arrest may be considered
a crucial pathophysiological event allowing blood clot formation in a ruptured aneurysm,
which is essential for patient survival. However, intracranial circulatory arrest leads to transi-
ent global cerebral ischemia which is associated with severe pathophysiological conse-
qguences.

Transient global cerebral ischemia is associated with energetical disturbance in neurons and
neuroglia resulting in cytotoxic edema formation®’. Ischemic damage of endothelial cells and
associated blood-brain barrier (BBB) disruption leads to vasogenic edema which occurs later
than the cytotoxic type of edema®’. Endothelial damage and BBB disruption are enhanced by
ischemic damage of neurons and astrocytes via the HIF-1a-VEGF mechanism, which promotes
endothelial apoptosis?®. Cerebral edema formation may represent a vicious circle, because
cerebral edema increases ICP compromising CBF, resulting in subsequent ischemia and
edema formation.
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The effect of ischemia on cells is very complex. Neuronal cells have a high metabolic rate
to cover membrane electrical activity and this requires almost exclusively oxidative phopshor-
ylation®®>°. SAH-associated transient global cerebral ischemia causes disruption
of blood supply to neurons. Lack of oxygen and glucose leads to mitochondrial dysfunction
and insufficient ATP production. ATP deficiency leads to the malfunction of ATP-dependent
ion pumps, mainly sodium-potassium pumps resulting in the accumulation of sodium intra-
cellularly. Accumulation of sodium is accompanied by water influx forming cytotoxic edema.

Mitochondrial dysfunction and subsequent malfunction of sodium-potassium pumps also
lead to membrane depolarization because the membrane cannot be kept repolarized due to
ATP insufficiency. Spreading depolarization wave is an important contributor to SAH-associ-
ated excitotoxicity, which is however mainly caused by an increase in extracellular levels of
glutamate®®. Excessive levels of glutamate may also result from decreased reuptake of gluta-
mate by neuroglia because this process is also ATP-dependent?®.

Accumulation of glutamate is associated with an influx of sodium, calcium, and chloride via
AMPA and NMDA receptors. NMDA receptor is highly permeable for calcium playing a crucial
role in excitotoxicity®!. Accumulation of calcium in neurons may lead to cellular damage or
apoptosis by several calcium-dependent mechanisms including activation of enzymes with
proteolytic activity, enzymes generating reactive oxygen species (ROS), or mitochondrial
pathway>%©2,

Oxidative stress is an important contributor to early brain injury because both ROS and reac-
tive nitrogen species (RNS) have a high potential to cause cellular/tissue damage. RNS
is derived from nitric oxide which is overproduced by an inducible form of nitric oxide syn-
thase in response to ischemia®. An important source of ROS is respiratory chain leakage as-
sociated with mitochondrial dysfunction, and inflammation represents another significant
source of both ROS and RNS®4%%, Another significant source of oxidative stress is iron released
during the degradation of extravasate hemoglobin®’. Oxidative stress may lead to damage of
crucial cellular macromolecules - lipid peroxidation, protein oxidation, or oxidative damage
of DNA®8-70, Oxidative stress also promotes BBB disruption and inflammation®>7%,

All above mentioned pathophysiological mechanisms as well as inflammation, which will
be discussed in the next chapter, are closely interconnected processes that may result
in cellular apoptosis. Both neuronal and endothelial apoptosis are important contributors
to EBI, while necrosis does not play a major role in the pathophysiology of SAH in survival
patients because transient global cerebral ischemia after SAH is not so severe as to cause
direct irreversible ischemic damage resulting in necrotic cell death>*. Massive necrotic cell
death is on the contrary associated with SAH which is not compatible with life and which
causes critical cerebral ischemia resulting in cerebral death in patients who die immediately
due to do onset of bleeding®*. Many apoptosis-associated pathways play a significant role in
the pathophysiology of EBI including crucial cellular signaling pathways like PI3K-Akt, MAPK-
ERK/JNK/p38, and HIF-1°%. Prevention of neuronal apoptosis after SAH is an important topic
of current research which recently also turns attention to autophagy as well as other ways of
neuronal death like necroptosis, ferroptosis, or pyroptosis’?~74.
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3.1.1 The author’s publications related to the topic of early brain injury

3.1.1.1 Sampling of CSF via the Cisterna Magna and Blood Collection via the Heart Affects
Brain Water Content in a Rat SAH Model

Duris K, Manaenko A, Suzuki H, Rolland W, Tang J, Zhang JH. Sampling of CSF via the Cisterna
Magna and Blood Collection via the Heart Affects Brain Water Content in a Rat SAH Model.
Trans! Stroke Res. 2011;2:232-237.

Type of article: Research article
IF (2011): -
Number of citations without self-citations according to WoS (7/2025): 19

The reduction of the amount of animals used in experiments is an important issue of experi-
mental research. Collecting more samples from one animal is not only desirable from a scien-
tific point of view, but it is also a way, how to reduce the number of animals used in experi-
ments. However, collecting several samples from one living animal may significantly affect
crucial physiological parameters.

Simultaneous collection of blood and CSF from one subject is important for the comparison
of pathophysiological processes in the brain and periphery. Brain water content reflects cer-
ebral edema and it is a widely used parameter in animal experiments. The goal of this re-
search was to evaluate whether the collection of CSF via cisterna magna and blood via cardiac
puncture may affect brain water content in rat SAH model.

We used twenty-nine animals which were divided into four groups according to procedure
(SAH or Sham) and sample collection (with or without): Sham S+, Sham S-, SAH S+, and SAH
S-. The perforation model of SAH was used for the purpose of this study and the animals were
sacrificed 24 hours after the surgery. Samples of CSF and blood were collected in S+ groups
before scarification. After scarification brains were collected and cut into four parts (left/right
hemisphere, cerebellum, and brain stem). Brain water content calculation was based on the
difference between the weight of a particular part of the brain immediately after collection
and after drying at 100°C for 72 hours’>.

Simultaneous collection of the CSF and blood samples did not affect the neurological score,
however, brain water content was affected by sample collection. The brain water content
of left hemisphere was significantly higher in Sham S+ animals compared to Sham S- animals
indicating that simultaneous collection of CSF via cisterna magna and blood via the heart may
affect brain edema formation in the experimental model of SAH.
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Abstract The aim of this study was to evaluate whether
sampling of cerebrospinal fluid (CSF) via the cisterna
magna and of blood via the heart affects brain water content
in a rat subarachnoid hemorrhage (SAH) model. Twenty-
nine animals were divided into four groups: sham-operated
group with sampling of CSF and blood (Sham S+), sham-
operated group without sampling of CSF and blood (Sham
S—), SAH group with sampling of CSF and blood (SAH
§+), and SAH without sampling of CSF and blood (SAH
S—). SAH was induced via endovascular perforation of the
left internal carotid artery bifurcation. Cerebrospinal fluid
via the cisterna magna and blood via cardiac puncture was
collected in the Sham S+ and SAH S+ groups before killing
the animals for brain water content measurements. Left
hemisphere brain water content was significantly higher in
the SAH S— group compared with the Sham S— group (p<
0.05) and in Sham S+ group compared with the Sham S~
group (p<0.05). There was no significant difference in
brain water content of the left hemisphere between the SAH
S+ and Sham S+ groups (p=NS). There was no significant
difference in brain water content in other parts of brains.
Sampling of CSF and blood affected brain water content in
Sham animals and therefore it is not accurate to use these
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values from Sham animals for comparison with SAH
animals.

Keywords SAH - Rat- Brain water content - Blood - CSF

Introduction

Subarachnoid hemorrhage (SAH) is a devastating event
with an incidence of seven per 100,000 each year [I, 2].
Nearly 50% of patients die within 1 month and approxi-
mately 60% of surviving patients have a relevant neuro-
logical deficit [1, 2]. SAH research often involves brain
edema monitoring as well as cerebrospinal fluid (CSF) and
blood collection [3-5]. In experimental animal SAH
models, brain water content and CSF/blood sampling are
often conducted in the same animal to reduce cost [6-8].
Similarly, brain water content and CSF/blood sampling are
conducted in the same animal in experimental intracerebral
hemorrhage [9] and brain ischemia [10] animal models.

However, we are not aware of evidence suggesting
whether sampling of CSF and blood affects brain water
content in these animal models. The aim of this study was
to evaluate whether sampling of CSF via the cisterna magna
and blood via the heart affects the brain water content in a
rat SAH model.

Materials and Methods
General Information and Experimental Design
All experiments were approved by the Institutional Animal

Care and Use Committee of Loma Linda University. Adult
male Sprague—Dawley rats were purchased from Harlan
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Laboratories (Indianapolis, Indiana). In total, 29 animals
were operated in this study, 12 in Sham groups, 17 in SAH
groups from which five animals died due to massive
subarachnoid hemorrhage. The animals were divided into
the following groups: sham-operated group with sam-
pling of CSF and blood (Sham S+, n=6), sham-operated
group without sampling of CSF and blood (Sham S—, n=
6), SAH group with sampling of CSF and blood (SAH S+,
n=06), and SAH without sampling of CSF and blood (SAH
S—, n=6).

Body weight was measured before surgery and before
killing. SAH was induced via endovascular perforation of
the left internal carotid artery bifurcation. Sham-operated
animals underwent the introduction of the suture into
internal carotid artery, but no perforation was performed.
Neurological score was evaluated at 23 h after surgery. CSF
via cisterna magna and blood via heart was collected in the
Sham S+ and SAH S+ groups immediately before killing.
Animals were killed 24 h after surgery, brains were
collected, quickly photographed for SAH grading evalua-
tion, and then the brains were processed for brain water
content evaluation.

Surgery

The endovascular perforation model of SAH in rats was
used for this study as previously described [11]. Briefly,
rats were anesthetized with 3% isoflurane in 60/40%
medical air/oxygen. The animals were intubated and kept
on artificial ventilation with 3% isoflurane in 60/40%
medical airfoxygen during surgery. Body temperature was
monitored by rectal probe and normothermia was main-
tained by heating lamp during surgery. Left common
carotid artery, external carotid artery, and internal carotid
artery were isolated. The external carotid artery was ligated,
coagulated, cut, and shaped into a 3-mm stump. A
sharpened 4-0 monofilament nylon suture was introduced
into the internal carotid artery from the external carotid
artery stump until resistance was felt (approximately 18 mm
from the common carotid bifurcation). The suture was then
pushed further to perforate the bifurcation of the anterior
and middle cerebral arteries until resistance was overcome.
Sham-operated animals underwent the identical procedures,
but the suture was not inserted over skull base. The incision
was closed, and rats were individually housed in heated
cages until recovery from anesthesia.

Neurological Evaluation

Neurological scores were evaluated 23 h after surgery in a
blinded fashion with a modification of the scoring system
described by Gareia [12]. An 18-point scoring system was
used to evaluate the neurological deficits. In S+ groups,

neurological testing was performed before collecting
samples.

CSF and Blood Collection

In S+ groups, CSF was collected during terminal anesthesia
and blood was collected immediately after completion of
terminal anesthesia just before decapitation. CSF was
collected as previously described [13]. The animals were
terminally anesthetized with 5% isoflurane in 60/40%
medical air/oxygen by face mask. The 27 G needle attached
on tuberculin syringe was inserted into the cisterna magna
trough the occipital membrane and 50 ul of CSF was
collected. The syringe was guided through a holder to
prevent damage of the brain. Terminal anesthesia was
maintained for 5 min while CSF collection procedure was
performed. Directly after CSF collection 3 ml of blood was
sampled by cardiac puncture as previously described [14].
Animals were decapitated immediately after blood collec-
tion and the brains were collected. Only Sham S+ and SAH
S+ animals were subjected to CSF and blood collection.
Sham S— and SAH S— animals were anesthetized by 5%
isoflurane for the same duration and then decapitated.

SAH Grade

After decapitation, brains were photographed and SAH
grade was evaluated according to blood clot occurrence
(maximum of 18 points) as previously described [15].

Brain Water Content Evaluation

Brain water content was evaluated as previously described
[16]. Brains were removed 24 h after surgery and separated
into four parts (left hemisphere, right hemisphere, cerebel-
lum, and brain stem). Each part was weighed immediately
after removal (wet weight) and after drying in 100°C for
72 h (dry weight). The percentage of water content was
calculated as [(wet weight—dry weight)/wet weight]x
100%.

Statistical Analysis

Data are expressed as a mean and standard error of mean.
Brain water content data were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s test.
Mortality data was analyzed by Fischer exact test. Body
weight data were analyzed using two-way ANOVA
followed by Bonferroni test. SAH grading data were
evaluated by two-tail 7 test. A p value of <0.05 was
considered statistically significant. All statistical analyses
were performed using GraphPad Prism version 5.02 for
Windows.
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Results
Mortality

The mortality rate in the SAH groups was as follows: 25%
(two of eight animals) in the SAH (S+) group and 33% (three
of nine animals) in the SAH (S—) group. There was no
statistical difference in mortality between SAH groups
(Fischer’s exact test, p=NS). None of the Sham animals died.

Body Weight Before Surgery and Before Killing

There was no significant difference in body weight between
groups before surgery (p=NS), or 24 h after surgery (p=NS).
Body weight was significantly decreased in all groups 24 h
after surgery compared with body weight before surgery (p<
0.05). Body weight loss after surgery was between 7% and
10% of body weight before surgery (Fig. la, Table 1).

Neurological Score

Neurological score was significantly lower in the SAH
groups compared with the Sham groups (2<0.05). There
was no significant difference between the SAH+ group and
SAH S— group (p=NS). There was no significant difference
between the Sham S+ group and Sham S— group (p=NS)
(Fig. 1b, Table 1).

SAH Grade

There was no significant difference in SAH grade between
the SAH S+ and SAH S— groups (p=NS) (Fig. lc, Table 1).

Fig. 1 Body weight (a), neuro- A 3404
logical score (b), and SAH —~ 1330
grade (¢). *P<0.05. a There was g 3204
a s!allslu:ally §|gnlﬁcunl body 5 310
weight loss after surgery (b) - 3004
compared with the body weight 'f:_:n
before surgery (a) in all groups ; 20
(p<0.05). There was no signifi- el 2804
cant difference between groups 3 2701
in body weight, before surgery, o 260+
nor in the body weight loss after 250~
surgery (p=NS). b There was a SAhar?'l s- SAAHBS- Sha
significant neurological deficit
in SAH animals compared with C 20q
Sham animals (p<0.05). The
differences between Sham and
SAH animals were comparable ® 15
between S+ and S— groups. ¢ - — —
There was no significant differ- o 104
ence in SAH grade between E
SAH S+ and SAH S— animals 2]
(p=NS) 51
SAH S-
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Brain Water Content

Brain water content of the left hemisphere was significantly
higher in the SAH S— group compared with Sham S— group
(p<0.05). There was no significant difference in brain water
content of the left hemisphere between the SAH S+ and
Sham S+ groups (p=NS). Brain water content was
significantly higher in the Sham S+ group compared with
Sham S— group (p<0.05) (Fig. 2, Table 1).

There was no significant difference between groups either
in the right hemisphere, cerebellum nor brain stem (p=NS for
all). The right hemisphere showed a similar tendency
compared with the left hemisphere, however there was no
statistical significance seen.

Discussion

The aim of this study was to evaluate whether collection of
CSF the via cisterna magna and of blood via the heart could
affect brain water content in a rat SAH model. We used
CSF collection via the cistern magna and blood collection
via the heart, because these techniques have been com-
monly used in rat experiments [17, 18].

All parameters except brain water content were compa-
rable between the SAH S— and SAH S+ groups, same as
between the Sham S— and Sham S+ animals. There was 0%
mortality in the sham groups, 33% mortality in the SAH S—
group and 25% mortality in the SAH S+ group. There is
high variation in the mortality of rat SAH perforation model
between different researchers from 18% [8] to 46% [19].
Body weight before surgery was similar between all groups,

N
=]
I

3
1

o
I

Neurological Score @
o
h

|

SAH S+

37




Transl. Stroke Res. (2011) 2:232-237 235
Table 1 Parameters and results of experiment

Sham S— SAH S— Sham S+ SAH S+
Numbers of operated animals 6 9 6 8
Survived/Dead animals (mortality %) 6/0 (0%) 6/3 (33% 6/0 (0%) /2 (25%)
Average body weight (g) and SEM before surgery 312 (5.25) 311 (4.83) 312 (1.98) 315 (2.55)
Average body weight (g) and SEM after surgery 280 (4.06) 281 (4.39) 290 (4.36) 283 (2.55)
Average body weight loss (%) after surgery 10.3 9.6 7.1 10.2
Average neurological score and SEM after surgery 17.83 (0.17) 14.00 (0.37) 17.33 (0.21) 13.83 (0.31)
Average SAH grade and SEM 0 11.67 (1.12) 0 13.17 (1.22)
BWC in left hemisphere (%) and SEM 78.88 (0.11) 79.52 (0.13) 79.49 (0.15) 79.42 (0.17)
BWC in right hemisphere (%) and SEM 78.93 (0.07) 79.43 (0.25) 79.34 (0.11) 79.34 (0.17)
BWC in cerebellum (%) and SEM 78.26 (0.11) 78.95 (0.52) 79.19 (0.19) 78.95 (0.32)
BWC in brain stem (%) and SEM 73.62 (0.17) 74.33 (0.79) 74.47 (0.26) 73.83 (0.25)

Sham S— sham-operated group without sampling of cerebrospinal fluid (CSF) and blood, SA/ S— subarachnoid hemorrhage-operated group
without sampling of CSF and blood, Sham S+ sham-operated group with sampling of CSF and blood, S4/f S+ subarachnoid hemorrhage-operated
group with sampling of CSF and blood, Mortality (number of dead animals/number of operated animals)x 100 (%), SEM standard error of mean,

BWC brain water content

same as the body weight before killing. Body weight loss
after surgery was between 7% and 10% of body weight
before surgery, which is similar to that previously described
[8]. No significant difference in body weight loss between
the Sham and SAH animals implies that body weight
decreases more by the surgical procedure than by SAH. The
neurological deficits were comparable between the SAH S—
and SAH S+ groups, same as the neurological score
between the Sham S— and Sham S+ groups. We used a
neurologic scoring system proposed by Garcia [12] and
modified in our laboratory [11]. There was no significant

Fig. 2 Brain water content in
the left hemisphere (a), right

hemisphere (b), cerebellum (c),
and brain stem (d). *P<0.05. a
In the left hemisphere, there was
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difference in SAH grade between the SAH S— an SAH S+
groups. We used SAH scoring system described by
Sugawara [15] which is well established in our laboratory.

Brain water content was significantly increased ipsila-
teraly in SAH S— group compared with Sham S— animals,
while the increases of brain water content in the contralat-
eral hemisphere, cerebellum and brain stem were not
significant, which is in line with previously published data.
In the literature there are references regarding an increase of
brain water content in rat perforation model of SAH in the
ipsilateral hemisphere only [6], both in ipsilateral and
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contralateral hemisphere [8] and some authors report an
increase of brain water content in hemispheres, cerebellum
and brain stem [7]. In S+ groups there was no significant
difference in brain water content between Sham and SAH
animals in the left hemisphere or in any other part of the
brain. The brain water content of the left hemisphere in
SAH S+ group was comparable with SAH S— group, while
the brain water content in Sham S+ animals was signifi-
cantly higher than in the Sham S— group. Thus brain water
content was affected by simultaneous collection of CSF and
blood selectively in Sham animals, which suggests that
preexisting edema (SAH animals) was not affected by
simultaneous collection of CSF and blood while this
procedure caused a rise in brain water content in animals
without preexisting edema (Sham animals).

The mechanism of changes in brain water content in the
Sham animals afier CSF and blood sampling is not clear.
Animals were decapitated shortly after sampling (approxi-
mately 2 min after CSF collection and seconds after blood
collection) and this time is likely not long enough for added
brain edema to form. Therefore a possible mechanism could
be increased cerebral blood volume (CBV), due to vascular
engorgement. Both CSF and blood collection procedures can
theoretically increase CBV. CSF sampling can cause dilation
predominantly in the venous system [20], while blood
collection can cause dilation in the arterial system [21].

CSF collection could affect CBV mainly via the venous
system. Decreased CSF pressure without decrease in mean
arterial pressure (MAP) leads to venodistension and
accumulation of blood in the brain, because veins, with a
thin muscle layer, cannot resist pressure differences across
their walls [20]. In SAH animals, preformed brain edema
could attenuate the venodistension. Decreased CSF pres-
sure could be compensated more by brain tissue expansion
than by blood compartment expansion. Additionally, the
accumulation of blood in the brain can be reduced by
arterial vasoconstriction. CSF collection could also result in
decreased ICP, which would lead to an increased cerebral
perfusion pressure (CPP). An increased CPP results in
autoregulatory vasoconstriction of cerebral arteries reducing
CPP back to normal [21]. Vasoconstrictor mechanisms are
augmented after SAH [22] thus lowering blood volume in
cerebral arteries in SAH animals compared with Sham
animals, regardless of CSF collection. Therefore in sum-
mary, CSF collection could have a larger effect on brain
water content in Sham animals, because of higher venodis-
tention and a lower level of vasoconstriction, compared
with SAH animals.

While there are complex mechanisms following CSF
collection that can possibly affect brain water content, the
effect of blood collection could be more straightforward.
Hypovolemia caused by blood sampling, leads to decreased
MAP and CPP which results in compensatory vasodilation
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of cerebral arteries to bring the CPP back up [21]. After
SAH vasodilation is impaired [22], so vascular engorge-
ment and resulting effects on brain water content could be
more pronounced in Sham animals than in SAH.

Comparing Sham S— animals to Sham S+ animals, brain
water content could be higher in Sham S+ because of
vascular engorgement resulting from venodistension and
vasodilation due to collection of CSF and blood. However,
in SAH S+ animals the increase in CBV after sample
collection can possibly be reduced by the presence of
preformed brain edema, attenuating the degree of venodis-
tension. Additionally, impairment in vasodilation associated
with SAH can reduce CBV. Therefore theoretically the
brain water content of SAH S+ may not be higher than in
SAH S— animals.

Our study was focused on brain water content and
simultaneous collection of CSF and blood. Direct compar-
ison of CSF and blood parameters is important from a
clinical point of view and the relationship of these
parameters to brain edema could provide interesting
information. We realize that from a pathophysiological
point of view our study is limited and to further clarify
which of these procedures mainly affected brain water
content, additional experiments would be needed using
separate groups collecting only CSF and blood.

Our results suggest that simultaneous collection CSF via
the cisterna magna and of blood via the heart affected brain
water content in Sham animals and for that reason it is not
suitable to simultaneously collect the CSF and blood in
Sham animals and then measure brain water content for
comparison with SAH animals.
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In this review article, we sketch the general concept of oxidative stress in the brain and its
role in stroke. In the first part, we describe the physiology and pathophysiology of free radi-
cals and oxidative stress in general as well as in the brain. The main part of the article is ded-
icated to treatment strategies targeted to oxidative stress in both ischemic and hemorrhagic
stroke. Finally, the use of several antioxidants in combination and the limitations of antioxi-
dant therapy in stroke patients are discussed.
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Abstract: The production of free radicals is inevitably associated with metabolism and other enzy-
matic processes. Under physiological conditions, however, free radicals are effectively eliminated
by numerous antioxidant mechanisms. Oxidative stress occurs due to an imbalance between the
production and elimination of free radicals under pathological conditions. Oxidative stress is also
associated with ageing. The brain is prone to oxidative damage because of its high metabolic activity
and high vulnerability to ischemic damage. Oxidative stress, thus, plays a major role in the patho-
physiology of both acute and chronic pathologies in the brain, such as stroke, traumatic brain injury
or neurodegenerative diseases. The goal of this article is to summarize the basic concepts of oxidative
stress and its significance in brain pathologies, as well as to discuss treatment strategies for dealing
with oxidative stress in stroke.

Keywords: oxidative stress; free radicals; ROS; RNS; brain; stroke; antioxidants; scavengers

1. Introduction to Physiology of Free Radicals

Free radicals are highly reactive molecules because they contain unpaired valence
electrons [1]. The most important radicals in biological systems are reactive oxygen species
(ROS) and reactive nitrogen species (RNS). The production of free radicals is inevitably
associated with metabolism and other enzymatic processes. The major sources of free
radicals are potentially mitochondria (intracellular) and inflammation (extracellular). Un-
der physiological conditions these processes are highly regulated. When imbalance with
anti-oxidative mechanisms occurs these reactive molecules can cause DNA damage and
protein oxidation and lipid peroxidation, leading to cell toxicity and tissue damage [2].

Some of the most relevant types of ROS and RNS are superoxide (O,* ), hydrogen
peroxide (H203), hydroxyl radical (HO®), hypochlorous acid (HOCI), nitric oxide (NO)
and peroxynitrite (ONOO"). Superoxide is the most important ROS in the central nervous
system (CNS). Intracellularly, it is generated as a side-product of metabolism, mainly the
mitochondrial respiratory chain [3]. Extracellularly, it is generated as a part of the immune
response, primarily by NADPH oxidases (NOX), myeloperoxidase (MPO) and xanthine
oxidase (XO) [4,5]. Superoxide quickly disintegrates into oxygen and hydrogen peroxide.
However, in the presence of redox-active iron, highly reactive hydroxyl radicals are gener-
ated from superoxide and hydrogen peroxide in the Fenton and Haber-Weiss reactions.

Nitric oxide (NO) is generated by nitric oxide synthase (NOS). It plays an important
role in the immune response, where large amounts of NO are generated by phagocytes [6].
Furthermore, through interaction with soluble guanylyl cyclase, it dilates blood vessels,
thus raising blood supply and lowering blood pressure [7]. It is also functions as a retro-
grade neurotransmitter [8].
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There are three isotypes, endothelial NOS (eNOS), inducible NOS (iNOS) and neuronal
NOS (nNOS). The two most important isotopes involved in stroke are eNOS and iNOS. In
the presence of superoxide highly oxidative peroxynitrite can form.

Although an excessive production of free radicals is considered harmful, regulated
production is a normal physiological process that plays a vital role in metabolic processes
and in the immune response. Therefore, there must also be some anti-oxidative mechanisms
to counter the production of ROS and regulate the oxidative state of the cell (Figure 1).

{ Sources of free radicals

Miiachonis ‘ | NOX

| X0 } ‘ NOS

Antioxidants

Oxidants

Stroke:

l

| Apoptosis ‘ DNA fragmentation ‘ | Inflammation ‘
L - L

‘ :ipM ;Mn-.\-.{,ﬂiwm I | Protein oxidation ‘

Figure 1. Sources of free radicals and consequences of imbalance. NADPH oxidase (NOX), xanthine oxidase (XO),
nitric oxide synthase (NOS), superoxide dismutase (SOD), myeloperoxidase (MPQ), catalase (CAT) and glutathione
peroxidase (GSH-Px).

There are many antioxidant mechanisms in the cell to prevent generation of ROS
or to remove them. They can be of internal, or external (nutritional) origin. Some of the
most important antioxidants include glutathione (GSH), vitamin C and E, superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), heme oxygenase (HO)
and glutathione reductase (GR). They contribute to the antioxidant potential of the cell and
work as an important cellular defense against ROS and RNS. SOD generates hydrogen
peroxide, which is converted by CAT to oxygen and water. GSH-Px uses GSH to reduce
hydrogen peroxide to water. HO-1 has antioxidant effects, maintains microcirculation in
ischemic injury and has modulatory effects on the cell cycle [9].
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2. Oxidative Stress

Oxidative stress is described as a state of imbalance between the production of free
radicals and their elimination by an organism’s anti-oxidative mechanisms. The base of
oxidative phosphorylation (and other catabolic processes) is the transfer of electrons, which
is essential for energy release. Electrons travel from one protein complex to the next in
the inner mitochondria membrane. Therefore, intermediates in this reaction are, in nature,
radicals [10]. However, these intermediates are broken down by subsequent reactions. At
the end of the electron transport chain, the final electron acceptor is oxygen, and ultimately
water is formed, which is not radical in nature [11]. Thus, it is important these reactions
take place from their beginnings to their ends. Mitochondrial oxidative stress arises when
these reactions stop halfway in, for example, due to lack of oxygen. In that case, antioxidant
mechanisms kick in to scavenge or eliminate free radicals. However, they do not have
unlimited capacity and their recycling may be limited by the same factors as mitochondrial
dysfunction [12].

The other major physiological source of free radicals is inflammation. Inflammation is
part of a complex biological response to harmful stimuli, such as bacteria. Upon contact
with pathogens (e.g., bacteria), phagocytes try to entrap and destroy them by complex set
of digestive enzymes, ROS and RNS [13]. Oxidative stress plays a dual role in an infection.
Free radicals are released from immune cells protect against invading pathogens, but they
can also cause tissue damage during inflammation [13]. Superoxide can be produced by
neutrophils in phagosomes or in the cell membrane surface through the function of an
oxidase enzyme (NADPH oxidase and myeloperoxidase) [14,15]. The excessive production
of various ROS and RNS overwhelms endogenous antioxidant defense mechanisms and
promotes the development of oxidative state.

Given the immense variety and extent of pro-oxidative and anti-oxidative compounds,
attempts to categorize oxidative stress have been made, ranging from physiological oxida-
tive stress to excessive and toxic oxidative overload [16,17].

Oxidative stress plays an important role in a number of pathologies and diseases. One
of the basic but often overlooked mechanisms that reinforces oxidative stress is a decrease
of antioxidant mechanisms due to a lack of vital nutrients [18,19]. The opposite process
would be an increase in the generation of free radicals, which can happen through intracel-
lular mitochondrial dysfunction, or through an extracellular source such as inflammation,
as discussed above. The time-course of oxidative stress is initially mitochondria-mediated,
for example, due to oxygen and glucose deprivation and following mitochondrial de-
polarization, and is then xanthine oxidase-mediated, NOS-induced and later NADPH
oxidase-mediated [20].

Furthermore, oxidative stress is also involved in aging [21]. According to the oxidative
stress theory of aging, age-associated functional losses can be attributed to the accumulation
of oxidative damage to DNA, proteins and lipids by free radicals [22].

The consequences of oxidative stress are extensive and affect many cellular processes.
Oxidative stress damages all important macromolecules. Lipid peroxidation, protein
oxidation and DNA fragmentation can lead to multiple cell signaling effects that can
result in the initiation of apoptosis [23]. As already mentioned, the primary site for ROS
generation is the mitochondria. They can initiate cell death via cytochrome C release
leading to activation of the intrinsic apoptotic pathway [24]. Furthermore, oxidative stress
plays an important role in cancer development [25,26].

3. Oxidative Stress in the Brain

The brain is especially sensitive to oxidative damage because of its high and specific
metabolic activity. High consumption of oxygen, almost exclusive oxidative phospho-
rylation, no reserves of energy, high concentrations of lipids prone to peroxidation, and
high levels of iron, all acting as a pro-oxidant [27]. Neuronal cells are, therefore, highly
susceptible to metabolic/ischemic damage and associated oxidative stress.
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Lipid peroxidation is the main mechanism of oxidative damage by ROS [23]. Fur-
thermore, initiation of lipid peroxidation develops a positive feedback loop [23]. Reactive
species are unstable and react quickly with surrounding molecules. Oxidative stress is,
therefore, a very rapid pathology, and it is hard to predict the type of damage.

In stroke, the results of ROS imbalance are considerable and include apoptosis, blood-
brain barrier (BBB) disruption, inflammation, edema formation, autophagy and other
pathophysiological events [20]. ROS and RNS are generated mainly by microglia and
astrocytes [28].

4. Antioxidant Treatment Strategies of Oxidative Stress in Stroke

Antioxidant treatment, in general, is not very effective because the consequences of
oxidative stress are severe. Associated apoptosis is connected with tissue damage and
potentially with an impairment of function, which may be irreversible. The oncological
consequences are even more severe.

In physiological conditions in the brain, the continuous production of ROS in various
physiological processes is balanced by endogenous antioxidant mechanisms. However,
after stroke free radicals’ production is massively increased and overwhelms the natural
antioxidant systems, There are three main mechanisms by which antioxidants function
(Table 1): (1) inhibition of production of free radicals, (2) scavenging of free radicals and
(3) increasing free radicals degradation [29].

4.1. Inhibition of ROS-Producing Enzymes

This approach targets the source of ROS by utilizing specific inhibitors of ROS-
generating enzymes. The two enzymes that are most often targeted in stroke are NADPH
oxidase (NOX) and xanthine oxidase (XO).

NADPH oxidase produces superoxide thus inhibition of NOX has been used as a
target for stroke treatment. There are several subtypes of NOX; NOX2 and NOX4 make
a major contribution to oxidative stress following stroke [30]. Apocynin has been shown
to attenuate brain injury after experimental ischemic stroke and to reduce infarct size and
levels of the apoptosis-inducing enzymes Bax and Bcl-2 [31,32]. It seems that apocynin
functions as a nonspecific antioxidant, because it also inhibits Rho kinase inhibitor, thus
the p47phox subunit cannot migrate to the membrane and the NOX complex cannot
assemble [33-35]. VAS2870 is a pharmacological inhibitor of NOX and has been shown
to decrease infarct volume, oxidative stress, neuronal apoptosis and BBB leakage [36].
Several new small-molecule NOX inhibitors have been recently identified, such as VAS2970,
M13, GKT136901, ML090 and MLM171 [37-40]. They have the potential to reduce ROS
production and inhibit brain tissue damage [40]. The NOX inhibitors are non-specific and
not isoform selective, although it may not be particularly important in stroke treatment,
the development of selective NOX inhibitors could provide information about the precise
role of various NOX isoforms.

During ischemia, xanthine dehydrogenase undergoes proteolytical convection to
xanthine oxidase (XO) [41]. Ischemia also induces intracellular depletion of ATP, which
leads to the accumulation of hypoxanthine and xanthine [41]. They serve as substrates for
the ROS-producing XO. Allopurinol and its metabolite oxypurinol have been suggested
as scavengers of hydroxyl radicals [42]. Allopurinol was found to reduce the infarct size
by approximately 35%, and to have protective effects against neurological impairment
and mortality [43,44]. Newly used XO inhibitors with ROS scavenging properties include
caffeic acid phenethyl ester (CAPE) [45].

Myeloperoxidase (MPO) is a critical enzyme in oxidative stress and neuroinflam-
mation in pathologies such as stroke. MPO activation catalyzes reaction of chloride and
H,0; creating hypochlorous acid (HOCI) [46]. Targeting MPO with inhibitors (quercetin,
eriodictyol, resveratrol, curcumin, trigonelline, dauricine and many others) reduces brain
infatuation and improves neurological outcome [46-52].
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4.2. Free Radical Scavengers

Compounds capable of scavenging free radicals have been in development for a long
time, however the translation from pre-clinical to clinical trials have, so far, been disappointing,.

Tirilazad, an inhibitor of lipid peroxidation, was reported in a pre-clinical study to
reduce size of lesions and improve neurological score; nevertheless, the clinicals trials have
not been successful [53]. Edaravone, a compound known to scavenge peroxyl, hydroxyl
and superoxide radicals, was approved for use in Japan in 2001. Pre-clinical studies showed
promising results; however in human clinical trials, the positive results are less clear [54].

4.3. Free Radical Degradation

Another important strategy that aims at reducing oxidative stress is to increase levels
of the antioxidant superoxide dismutase (SOD). SOD catalyzes the conversion of superoxide
to less potent HyO; and O;. Other enzymes, catalase (CAT) and glutathione peroxidase
(GSH-Px), help to eliminate H,; O, thus improving the effectiveness of SOD.

Of the three SOD isoforms, the SOD1 has been the most studied in experimental
stroke treatment. Transgenic mice and rats with SOD1 overexpression shown reduced
apoptosis [55,56].

Nitric oxide (NO) is an important vasoactive molecule with broad physiological
functions. Itis produced by NO synthase (NOS) of which there are three isoforms, inducible
NOS (iNOS), endothelial NOS (eNOS) and neuronal NOS (nNOS). NO derived from eNOS
can have a neuroprotective effect because it can terminate the chain reactions within
lipid peroxidation, while NO derived from iNOS acts as pro-oxidant because it can react
with superoxide, forming more potent ONOO" [23,57]. Lubeluzole reduces NO levels
and, therefore, also ONOO" levels. Pre-clinical results showed promise; nonetheless, the
primary clinical trial was terminated early due to unexplained mortality in a higher-dose
group of patients [58,59].

4.4. Mitochondrial Targeted Antioxidants

The mitochondrial matrix acts as an important endogenous source of free radicals
in ischemic conditions. Oxidative damage in mitochondria can lead to increased ROS
production, decreased ATP production and the release of pro-apoptotic signals. The
inhibition of mitochondrial respiratory chain complex I has been found to be beneficial in
stroke treatment [60].

The use of antioxidants targeting mitochondrial ROS generation is complicated due to
the difficulty in achieving the high concentrations of antioxidants necessary in the intracel-
lular space [61]. This problem can be solved by conjugating an antioxidant with a lipophilic
cation to promote diffusion and accumulation in the mitochondria. Mitoquinone, a deriva-
tive of ubiquinone, is reduced to ubiquinol and has been shown to protect mitochondria
from the oxidative damage caused by H; O, [62].

4.5. Antioxidant Supplementation to Scavenge ROS

Vitamin C (ascorbate, ascorbic acid) is a potent antioxidant. Ascorbate directly scav-
enges ROS and nitrogen-based radicals. It also upregulates eNOS and downregulates NOX.
Its antioxidant properties are intensified in combination with other antioxidants, such as
vitamin E. Vitamin C plasma concentrations high enough to be able to effectively scavenge
ROS can only be achieved by intravenous supplementation [28]. Higher vitamin C serum
concentration was associated with a reduced risk of incidence of ischemic and hemorrhagic
stroke [63]. The oral supplementation was shown to slightly reduce lipid peroxidation
markers [28].

Vitamin E («-tocopherol) is also a potent antioxidant with the ability to prevent the
propagation of ROS chain reactions, mainly in membrane lipids. Vitamin E (isoforms
a-tocopherol and y-tocopherol) has been shown to reduce infarct volume by 45-55% in
transient and permanent models of cerebral ischemia [64,65].
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Table 1. A list of compounds used in antioxidant stroke treatment that were discussed in the article.

An association between vitamin C and vitamin E plasma concentrations has been
shown. Vitamin C has the ability to “recycle” «-tocopherol in lipid bilayers and erythro-
cytes, thus increasing the vitamin E antioxidant capacity [66]. The brain is a lipid-rich
environment, so recycling vitamin E may be an important function of ascorbic acid. When
stroke patients were given both vitamin C and vitamin 3 supplements, there was a reduc-
tion of lipid peroxidation and exerted anti-inflammatory effects [66].

Resveratrol, a polyphenol that is a major component of red wine, has been found to
prevent lipid peroxidation and scavenge ROS [67]. Resveratrol-pretreated mice showed
significantly reduced infarct size [68]. Resveratrol-treated mice experienced decreased
neuronal death, lower glial activation, lower matrix metalloproteinase 9 (MMP9) and
induction to neuroprotective HO-1 [67,69].

N-Acytylcysteine (NAC) has been shown to scavenge ROS and increase the rate of
endogenous GSH synthesis [70]. NAC administered prior or after reperfusion was shown
to reduce lesion size by 49% and 29% and to have anti-inflammatory effects [71].

Other compounds, such as the vitamin B group, extract from Ginkgo biloba, lazaroids,
Edaravone and quercetin, have also been shown to have ROS-scavenging, neuroprotective,
anti-inflammatory and antioxidant properties in experimentally induced stroke [28,47,72-74].

4.6. Antioxidant Treatment of Oxidative Stress in Hemorrhagic Stroke

In the treatment of intracerebral hemorrhage (ICH), several natural compounds
have been used (such as pyrroloquinoline quinone, melatonin, sulforaphane and ursolic
acid) [75-79]. In ICH animal studies, these compounds exhibited neuroprotective effects
by inhibiting oxidative stress, upregulating antioxidant levels and reducing secondary
brain injury [75-79]. Furthermore, treatment of ICH using hydrogen and active hydrogen
compounds, targeted therapy against oxidative stress signaling pathways, synthetic antiox-
idant drugs (Edaravone) and targeted gene therapy have also been used [75]. Molecules
with antioxidant capacity for alleviating oxidative stress were also used in an experimental
treatment of subarachnoid hemorrhage [80,81].

Compound
allopurinol + ** £

ascorbate (vitamin C)
++*+

CAPE +* £
curcumin ++ * £
dauricine + ** +

Edaravone ++** =

GKT136901 +** £

lubeluzole ++ * £+
M13 +**

melatonin + ** £+

mitoquinone + ** &+
MLO090 +** £
MLI171 +* +

N-Acetyleysteine ++ **
+

Origin Stroke Type Target Outcome References
synthetic ischemic stroke X0 strokelvolumesand Acerebra] [44]
edema reduction
isch ic strok NOS, NOX, reduced risk of stroke; lower
natural h lf: }:‘:;‘];Cj r‘Dtrfl’( vitamin E, free levels of peroxidation markers; [63]
eme Ble stroke radical scavenger reduced infarct size
synthetic ischemic stroke XO XO inhibition [45]
natural ischemic stroke MPO, cytokines . lnh!bltl(]l:l of NF-KB".mduCEd [50]
> inflammation and brain damage
natural ischemic stroke MPO, cytokines reduced a{:hvlty of MPO; [51]
reduced inflammation
synthetic ischemic stroke free radical scavenger me_rovcmcnt of [54]
functional outcome
synthetic ischemic stroke NOXI, NOX%’ NOX inhibition [37]
¥ NOX4, NOX5
synthetic ischemic stroke NOS reduced infarct volume [58,59]
synthetic ischemic stroke NOX1, NOX4 NOX inhibition [39]
increased HO-1 expression;
SR ischemic stroke, HO-1 amelioration of brain edema, 178l
¢ hemorrhagic stroke BBB impairment, apoptosis and :
neurological deficits
synthetic ischemic stroke mitochondria pecoveryof OzCL!HSUmPh(JH atid [62]
complex I activity
synthetic ischemic stroke NOX1, NOX4, NOX5 NOX inhibition [38]
synthetic ischemic stroke NOX1, NOX4, NOX5 NOX inhibition [38]
reduction of infarct volume;
siskiFa] ke stroke free radical reduction of expression of 711

scavenger, GSH

pro-inflammatory cytokines;
reduced cell death
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References

leakage [90,91]. MSCs also regulate imbalances in autophagy, thus conferring neuropro-
tection against cerebral ischemic injuries [92]. In general, MSCs seem to be a promising
treatment option for stroke due to their pleiotropic effects.

6. Limitations of Current Antioxidant Therapy in Stroke

A trend has emerged, in which compounds with promising results in pre-clinical trials
fail in clinical trials. There are several potential reasons for this. An obvious reason could be
that an invalid compound or combination of compounds have been studied [93]. Another
potential explanation could be that, although appropriate compounds were tested, they
were tested in inadequate doses or durations [93]. The optimal dose for antioxidant therapy
remains controversial, because the most effective doses are not known. For example,
800 units of vitamin E and 500 mg of vitamin C have been suggested to be the effective
threshold dose; however, doses greater than 400 units a day have been suggested to increase
mortality [94]. Another possible reason is the lack of measures of oxidation, without which
it is not known whether sufficient amounts of antioxidants are absorbed or biologically
active [95]. Finally, most trials were conducted with patients with established pathology,
and since oxidation can occur through multiple pathways, different antioxidants with
different targets can be combined to study the effects on clinical outcomes [95].

The lack of positive results in clinical trials does not necessarily disprove the important
role of treating oxidative stress using antioxidants. Rather, these trials challenge us to better
design antioxidant trials in the future and focus on using the best antioxidants at the right
doses, in the right population and for the optimal duration.

7. Conclusions

Both mitochondrial dysfunction and massive inflammatory response are strongly
associated with cerebrovascular diseases. Oxidative stress thus plays a major role in the
pathophysiology of stroke and other brain-related pathologies. Highly reactive species
have short half-lives; therefore, they react with the adjacent structures with no specific
preference to any kind of macromolecules. Damage caused by oxidative stress is, thus,
hard to predict. Targeting oxidative stress for the treatment of stroke is a challenge for the
current research. Multimodal therapy, as well as innovative techniques such as therapy
using nanoparticles or stem cells, are potential ways to minimize the harmful effect of
oxidative stress.

This review was written using published articles that examined various antioxidant
treatment strategies in stroke. An electronic database search of SpringerLink, ScienceDirect
and PubMed /Medline was conducted with the search terms Stroke AND Antioxidants,
(Stroke OR “Ischemic Stroke” OR “Hemorrhagic Stroke”) AND (Antioxidants OR ”An-
tioxidant Therapy” OR “Antioxidant Treatment”), “Intracerebral Hemorrhage” AND (An-
tioxidants OR “Antioxidant Therapy” OR “Antioxidant Treatment”), and “Subarachnoid
Hemorrhage” AND (Antioxidants OR “Antioxidant Therapy” OR “Antioxidant Treat-
ment”). We excluded all non-English papers. Articles were excluded if they were unrelated
to the review’s topic. Our goal was not to include all compounds used in stroke antioxidant
treatment, but, rather, to provide a comprehensive review of the types of therapeutic
approaches available, with examples of compounds used for each given type.
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This review focuses on the problem of oxidative stress in early brain injury (EBI) after spontaneous subarachnoid hemorrhage
(SAH). EBI involves complex pathophysiological mechanisms, including oxidative stress. In the first section, we describe the
main sources of free radicals in EBI. There are several sources of excessive generation of free radicals from mitochondrial free
radicals’ generation and endoplasmic reticulum stress, to hemoglobin and enzymatic free radicals’ generation. The second part
focuses on the disruption of antioxidant mechanisms in EBIL The third section describes some newly found molecular
mechanisms and pathway involved in oxidative stress after EBL. The last section is dedicated to the pathophysiological
mechanisms through which free radicals mediate early brain injury.

1. Introduction

Spontaneous subarachnoid hemorrhage (SAH) is a serious
form of hemorrhagic stroke with high morbidity and mortal-
ity. SAH patients suffer from an initial mortality of 15-20%,
40% die within one month, and around one-third of survi-
vors have serious morbidity in the form of neurological defi-
cits [1]. The majority of SAH cases are caused by a
nontraumatic rupture of a cerebral aneurysm. For decades,
research concerning SAH has focused on delayed cerebral
ischemia (DCI) and delayed cerebral vasospasms (CVS).
However, controversial results of the studies with clazosen-
tan (the CONSCIOUS studies) and lack of prevention against
DCI are why the trend in SAH research has been shifting
from DCI and delayed CVS to early brain injury [2].

Early brain injury (EBI) encompasses complex patho-
physiological changes in the central nervous system (CNS)
in the first 72 hours after the onset of bleeding and before
the development of CVS. It has been suggested that EBI
mechanisms strongly determine the morbidity and mortality

of SAH patients and is important in the development of
impairments like CVS, DCI, and associated delayed cerebral
ischemic deficit (DIND) [2]. The range of pathophysiological
impairments that get triggered during EBI includes ionic,
biochemical, molecular, and vascular changes, oxidative
stress, inflammation, blood-brain barrier (BBB) dysfunction,
apoptosis, and necrosis [2].

Oxidative stress is strongly associated with pathophysio-
logical mechanisms of EBI after SAH [3]. Cellular respiration
impairment results in production of free radicals, which are
molecules with an unpaired valence electron and are highly
chemically reactive. Disruption of metabolism of neurons
due to hypoxia and the resultant changes in cellular oxidative
state are associated with oxidative stress [4]. Therefore, the
brain, with its high metabolic demands, is especially sensitive
to free radicals’ injury whenever there is a disruption in the
cellular respiration. In EBI, an imbalance is struck between
production of reactive oxygen species (ROS) and intrinsic
antioxidant system’s ability to counteract or repair the dam-
age. This imbalance favors ROS and leads to damage to the
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brain. The most common free radicals involved in oxidative
stress after SAH are superoxide anion, hydroxyl radical,
nitric oxide, and peroxynitrite [5].

This review discusses known mechanisms of excessive
free radicals’ production, a disruption of antioxidant mecha-
nisms, basic molecular signaling pathways, and brain injury
associated with oxidative stress in EBI after SAH (Figure 1).

2. Free Radicals Mediated Early Brain Injury

ROS are key mediators of pathophysiological mechanisms
involved in EBI after SAH. There is an early generation of
ROS in the form of superoxide anion, hydroxyl radical,
hydrogen peroxide, NO, and peroxynitrate after SAH [6].
There are also several antioxidant systems that try to deal
with ROS. However, their levels are inadequate to deal with
such an excess of ROS formation, leading to an imbalance
between ROS production and antioxidant systems in the
brain after SAH.

There are several mechanisms of ROS-associated injury
after SAH. ROS damage the vascular smooth muscle and
endothelium [2]. This involves damage to membrane-bound
phospholipids, which leads to production of second messen-
gers like inositol-3-phosphate (IP3) and diacylglycerol
(DAG) and derivates of arachidonic acid such as leutrotriene
C4 and prostaglandin D2 [5]. Their presence leads to vasocon-
striction and subsequently to delayed cerebral vasospasms [2,
5]. These pathophysiological changes lead to the disruption
the blood-brain barrier (BBB) and consequently to cerebral

edema [2]. ROS induce enzymes of apoptotic pathways such
as p53 and caspase-3 and caspase-9 leading to cell death [7].

Oxidative stress in EBI could be linked to cerebral vaso-
spasms and delayed cerebral ischemia (DCI). The changed
levels of vasodilators (NO) and vasoconstrictors (endothe-
lin 1) or tissue unresponsiveness can lead to microvascular
dysfunction and to cerebral vasospasms [8, 9]. Furthermore,
microvascular dysfunction can lead to parenchymal hypo-
perfusion [8]. Cerebral vasospasms and parenchymal hypo-
perfusion can be linked to cell death (apoptosis, necrosis,
and autophagy) in neurons [8]. Other pathophysiological
mechanisms like microthrombosis and neuroinflammation,
disruption of the BBB, and the subsequent cerebral edema
also contribute to the neuronal cell death [2, 8]. Neuronal
cell death along with other complications (like hydrocepha-
lus and systemic inflammatory response syndrome) can
lead to DCL

3. Main Sources of Free Radicals in EBI
after SAH

There are several sources that contribute to excessive free
radicals’” production in EBI after SAH. The two main sites
that can tip the scales in free radicals’ favor are mitochondrial
overproduction, hemoglobin autooxidation, and inflamma-
tion. Additionally, endoplasmic reticulum stress can also
contribute to high free radicals’ production and consequently
oxidative stress in EBI. Finally, there are also several enzy-
matic pathways that can generate free radicals.
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3.1. Mitochondrial Free Radicals’ Generation. The main
source of free radicals in EBI is the leakage of superoxide
anions from mitochondria. It is caused by the ischemic dis-
ruption of the electron transfer chain [3]. In normal (phys-
iological) conditions, electrons leak from the transport
chain and react with oxygen- (O,-) producing superoxide
anion (O,). Superoxide is then cleared by superoxide dis-
mutase, which converts superoxide radicals to molecular
oxygen and hydrogen peroxide [10]. However, after a
period of ischemia that occurs in EBI pathophysiology, the
mitochondria produce excessive amounts of free radicals
that can no longer be cleared by antioxidants (such as super-
oxide dismutase) [2]. The overload of free radicals that can-
not be cleared by antioxidants then have the potential to
cause damage to lipids, proteins, and DNA [3]. In general,
the production of ROS is highest when components of the
electron transfer chain are maximally reduced [11].

Under physiological conditions, mitochondria display a
high electrochemical gradient which is generated by the
proton pumping components of the respiratory electron
transport chain. This gradient is the driving force for phos-
phorylation of adenosine diphosphate (ADP) to adenosine
triphosphate (ATP) and closing off Ca** from the cytosol.
However, EBI after SAH and the subsequent ischemia
cause an exaggerated Ca®* accumulation in the mitochon-
dria [12]. This accumulation leads to disruption of the
mitochondrial membrane potential and opening of mem-
brane permeability transition pores (MPTPs) [13]. MPTPs
are multiprotein channel complexes that span the inner
and outer mitochondrial membranes, allowing solutes of
less than 1500 Daltons (Da) to cross the membrane from
the matrix to the cytosol [12, 13]. Mitochondria tries to
reestablish an electrochemical gradient by increasing sub-
strate oxidation and O, consumption, which leads to more
free electrons interaction with O, and the creation of
superoxide [3]. To support this, state 4 mitochondrial res-
piration and decreased respiratory control ratios that are
associated with increased ROS production has been
recorded after SAH [14]. Discussion continues about the
possible pros and cons of targeting the MPTPs as a thera-
peutic strategy after SAH [12]. Specific molecules had been
used for the inhibition of MPTPs, such as immunosuppres-
sant cyclosporin A and NIM811, reducing oxidative dam-
age [12].

Mitochondrial dysfunction is also thought to contribute
to oxidative stress and the pathophysiological mechanisms
of EBI. Mitochondrial dynamics, such as mitochondrial fis-
sion and fusion imbalance, have been recently recognized
as some of the key components of mitochondrial dysfunction
[15]. Their mechanisms in attenuating oxidative stress and
apoptosis in EBI after SAH have been recently explored by
Wu et al. [15] and Zhang et al. [16].

The protein Drpl plays an important role in the mito-
chondrial dysfunction [15]. Mdivi-1 is a selective inhibitor
of Drp1, a mitochondrial fission protein [15]. It has the abil-
ity to penetrate the BBB, giving it importance in CNS diseases
[15]. Mdivi-1 treatment alleviated oxidative stress during EBI
elevation of superoxide dismutase (SOD) activity and
reduced markers of lipid, protein, and DNA oxidative injury

malondialdehyde (MDA), 3-nitrotyrosine (3-NT), and 8-
hydroxy-2'-deoxyguanosine (8-OHdG) [15].

Zhang et al. [16] researched docosahexaenoic acid
(DHA) effects on EBI after SAH. DHA is an omega-3 fatty
acid. In in vitro study using OxyHb to simulate the effects
of hemorrhagic stroke [16-18], DHA attenuated mitochon-
drial disorders (fission and fusion imbalance), which possibly
contributes to its antioxidative and antiapoptotic effects [16].
The mechanism of DHA neuroprotective properties has to
do with decreased mitochondrial fragmentation in after
SAH as well as the expression of Drpl [16]. Furthermore,
DHA was able to improve neurological deficits and attenuate
brain edema, as well as significantly limit the increase of
SAH-induced oxidative stress and apoptosis [16]. Taken
together, oxidative stress induced by an imbalance of mito-
chondrial dynamic was improved by DHA in both in vitro
and in vivo conditions [16]. Suggesting that improved mito-
chondrial dynamics may be responsible for the antioxidative
effects of DHA.

3.2. Endoplasmic Reticulum Stress. Another important mech-
anism that is linked with oxidative stress is an endoplasmic
reticallum (ER) stress. Their interaction has been found in
acute central nervous system injuries, such as EBI after
SAH [19]. EBI causes ROS overproduction, leading to the
disorder of ER redox and cell apoptosis [19]. ER stress leads
to ROS overproduction making it a vicious cycle and further
worsening the oxidative damage [20]. Combination of thera-
pies that would alleviate both stresses could be of potential
therapeutic interest. Resveratrol has been shown to reduce
both oxidative and ER stresses [21]. ER stress was also shown
to be alleviated by apelin-13 through inhibition of activating
transcription factor 6 (ATP6) in EBI after SAH [22], thus,
alleviating ER stress-mediated neuronal apoptosis [22]. Sim-
ilarly, apelin-13 has been shown to alleviate ER stress via the
apelin receptor (AP]) through the AMPK/TXNIP/NLRP3
signaling pathway, which downstream signaling results in
inflammation and cellular apoptosis [23-25].

3.3. Hemoglobin Free Radicals’ Generation. Another major
source of free radicals and oxidative stress in the pathophys-
iology of EBI after SAH is autooxidation of hemoglobin. The
introduction of oxyhemoglobin (oxyHb) into the subarach-
noid space and consequently to the cerebrospinal fluid
(CSF) is a major producer of superoxide anion (0,) and
hydrogen peroxide (H,0,) as it goes through autooxidation
to methemoglobin [3]. The iron ion liberated from oxyHb
propels the generation of hydroxyl radical (OH') from O,
and H,0, (both from metHb) [26]. Interaction between
metHb and oxyHb with H,0, also generates ferryl hemoglo-
bins (HbFe**), which are strong oxidizing agents [26].
Many studies mention the oxidizing effects of hemoglo-
bin on lipids, proteins, and DNA (3, 26, 27]. Products of
hemolysis in the subarachnoid space also increase cyto-
chrome c-mediated DNA fragmentation [27]. A study by
[26] found an increased nonheme iron and iron-handling
proteins during EBIL. They also introduced iron chelator
DFX into the system that helped reduce SAH-induced cell
damage and changes related to hemoglobin-related oxidative
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stress, making it a possible therapeutic target for patients
with SAH [26].

3.4. Enzymatic Free Radicals’ Generation. Besides free radicals
generated by mitochondria and hemoglobin autooxidation,
there are several other enzymatic pathways that can produce
free radicals. The intracellular accumulation Ca>* in neurons
(due to extracellular hemoglobin and ischemia) can produce
free radicals through activation of several prooxidative mech-
anisms like phospholipases, nitric oxide synthase, NADPH
oxidase, and xanthine oxidoreductase.

3.4.1. Arachidonic Acid Derivates. Arachidonic acid (AA) is
released from phospholipids in the cytoplasmic membrane
by phospholipase A2 (PLA2). AA is then processed by cyclo-
oxygenase, lipoxygenase, or cytochrome P450, where each of
these pathways can produce superoxide anion as their bypro-
duct [28]. These mechanisms are considered to be an impor-
tant source of free radicals in brain injury and ischemia [28].
Increased PLA2 activity, as well as cyclooxygenase and lipox-
ygenase, has been found to follow SAH [3, 29-31]. Inhibition
of these pathways had a positive clinical impact (on vaso-
spasms), but it is unclear if it was through reduction of oxida-
tive stress. A study by [32] focused on inhibition of
leukotriene B4 (LTB4). LTB4 is a highly potent chemoattrac-
tant for leukocytes (mainly neutrophils). LTB4 is generated
from arachidonic acid (AA) by cytosolic phospholipase A2,
5-lipoxygenase, and leukotriene A4 hydrolase [33]. Activated
neutrophils are a source of oxidative stress because of their
respiratory burst and are drawn to the subarachnoid space
by, among others, LTB4 [34]. Reduced LTB4-driven neutro-
phil infiltration decreases ROS and MDA and increases levels
of SOD and glutathione peroxidase (GSH-Px) during EBI
[32]. Therefore, inhibition of LTB4 synthesis may decrease
the neutrophil-generated oxidative stress. Furthermore,
blockage to LTB4 synthesis reduces translocation of nuclear
factor kappa B (NF-xB) and its DNA-binding activity [32].
It leads to the alleviation of the NF-xB-mediated inflamma-
tion during EBI after SAH [32]. Furthermore, the reduction
of synthesis of LTB4 could decrease neutrophil recruitment
to the brain parenchyma after SAH. The specific mechanism
of LTB4/NF-xB-mediated inflammation remains unknown.

3.4.2. Nitric Oxide in Early Brain Injury. Generally, there are
two main systems that play crucial role in oxidative stress
after EBI. One of them is the oxygen-based free radicals
and the other is nitrogen-based free radicals. Nitric oxide
has a versatile function in the CNS. It is an important regula-
tor of the cerebral blood flow (CBF); it inhibits platelet adher-
ence, reduces adherence of leukocytes, suppresses vessel
injury, acts as a neurotransmitter and finally a free radical [9].

Nitric oxide (NO) as a free radical (NO®) is generated by
nitric oxide synthase (NOS). NOS has three isoforms: endo-
thelial (eNOS), inducible (iNOS), and neuronal (nNOS)
[35]. Two main two types involved in EBI are iNOS and
nNOS [35]. NO' levels in the first 24 hours after SAH
decrease, recover, and increase, making it a very dynamic
process [9]. Cerebral ischemia increases NOS activity and
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gene expression [36]. In EBI, around hour 6 after the initial
bleeding, the major producer of NO' is iNOS [9].

There are three main phases of the NO activity that are
described in EBI Information about phase I and II come
from experimental animal studies. Phase III has been studied
in both animals and humans [37]. Phase I describes the first
hours after SAH and is characterized by an acute decrease in
cerebral NO level [38]. Cerebral vessels are constricted and
CBF is reduced [39]. NO-dependent vasodilation is impaired
in this early stage of EBI after SAH [39]. However, NO donor
increases the reduced CBF at this stage [39]. Interestingly, in
occlusive ischemic stroke, there is an increase in cerebral NO
in phase I. Phase II defines hours 1-6 in which NO levels
recover to their baseline [9]. The CBF remains reduced,
which suggests that NO produced during phase II is unable
to recover the initial CBF [40]. Also, NO donor has little
effect on CBF [9]. Phase III encompasses the rest of the EBI
period (hour 6-72) [9]. Arterial response to NO is reduced
at this stage, possibly due to alterations in cGMP pathways
[41]. Increase in NO levels in phase III has been linked to oxi-
dative damage in the brain [9].

NO' can interact with O, to form peroxynitrite (ONQO'),
which can then turn into OH" [42]. O,", ONOO', and OH" are
neurotoxic free radicals, damaging the cell and leading to cell
death [42]. The presumed mechanisms of NO oxidative dam-
age involve lipid peroxidation of the cell membranes and DNA
and mitochondrial damage, leading to apoptosis [9].

On the other hand, NO' could have beneficial effects on
the cerebral blood flow [39, 43]. In addition, it has been
hypothesized that NO may also possess neuroprotective
properties due to its ability to modify the NMDA receptor
response and reduce toxicity [43].

3.4.3. NADPH Oxidase. NADPH oxidase (NOX) is a
membrane-bound enzyme complex found on the extracellular
side of the cytoplasmic membrane and may produce O, [44].
NOX has been found to contribute to oxidative stress in
in vitro studies [45] and increased expression of NOX in
SAH could be associated with elevated oxidative stress [46].
Reduction of NOX-associated free radicals’ generation was
associated with reductions in mortality, neurological deficits,
and neuronal cell death [46]. Direct inhibition of NOX in
EBI after SAH has not yet been studied in SAH.

3.4.4. Xanthine Dehydrogenase. Xanthine dehydrogenase
(XDH) is an enzyme homodimer found among others in the
endothelium [47]. Tt is involved in the oxidative metabolism
of purines creating uric acid [47]. XDH does not produce free
radicals directly, rather it is converted to xanthine oxidase
(XO) during ischemia, hypoxia, and excitotoxicity [47]. XO
then catalyzes the oxidation of hypoxanthine to xanthine cre-
ating uric acid, O,” and H,0, [3]. The general impact of XO
inhibition during SAH is being discussed because of other
more significant pathways that generate free radicals.

4. Disruption of Antioxidant Mechanisms

There are several protective systems that try to balance out
the production of free radicals. Superoxide dismutase
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(SOD), glutathione peroxidase (GSH-Px), and catalase
(CAT) are important enzymatic scavengers during normal
cellular respiration [3]. However, in EBI after SAH, these sys-
tems become downregulated, overwhelmed, or modulated
leading to reduction of their antioxidative capacities [14].

Under physiological conditions, SOD produces H,0,
from O, 5 H,0, is then scavenged by GSH-Px to prevent for-
mation of the more dangerous OH [48]. However, in SAH,
there is an increased activity of Cu-SOD and Zn-SOD and
an increase in the SOD/GSH-Px ratio [14]. This leads to
excess production of OH which cannot be scavenged by
GSH-Px, meaning increased SOD/GSH-Px ratio has the
potential to be a significant source of free radicals.

Several molecules have been studied due to their antioxi-
dant capacity for alleviating oxidative stress in EBI after SAH
[16, 21, 49-52]. Resveratrol was studied as one such molecule
by Xie et al. [21]. Resveratrol is a natural phenol with broad
bioactive capacity. Resveratrol treatment decreased the
excessive production of ROS and MDA, which are indicators
of oxidative stress [21]. Resveratrol has been reported to
inhibit protein carbonylation and nitration and lipid peroxi-
dation, attenuating oxidative stress [21]. Furthermore, res-
veratrol has an antioxidant capacity of activating
endogenous mechanisms, such as upregulation of Nrf2 and
HO-1 in EBI after SAH [21]. Under pathological conditions,
such as oxidative stress during EBI, the Nrf2 pathway gets
activated and triggers the antioxidant enzyme expression,
including HO-1, attenuating cellular oxidative stress [53,
54]. HO-1 exerts its antioxidant properties by catalyzing the
degradation of heme [55]. Therefore, induction of the Nrf2
and HO-1 systems result in protective mechanisms against
cellular oxidative stress. Another molecule, cysteamine, was
studied by Zhang et al. [51]. Cysteamine is a product of coen-
zyme A degradation. Intraperitoneal administration of cyste-
amine was shown to have positive antioxidative and
antiapoptotic effects in EBI after SAH [56]. Similar to other
molecules discussed in this review, cysteamine reduced
ROS, MDA, 3-NT, and 8-OHdG levels and increased GSH-
Px activity [56]. The mechanism of effect of cysteamine is
not yet known.

5. Molecular Signaling

Molecular signaling, different intracellular pathways, their
interactions, and effects are important for our understanding
not only of the mechanisms of oxidative stress after EBI but
also generally the pathophysiology of SAH. Although our
knowledge in this field is still limited, there are some known
mechanisms that may help understand the underlying mech-
anisms of what is happening inside the cell because of oxida-
tive stress during EBI.

An important signaling pathway that gets activated in
EBI after SAH is proapoptotic (and proinflammatory)
mitogen-activated protein kinase (MAPK) [51, 57]. Oxida-
tive stress is a strong inducer of MAPK signaling [50]. Anti-
oxidants have been shown to attenuate the MAPK pathway
signaling [58]. Antioxidant naringin was found to restore
the decreasing levels of SOD, CAT, and GSH-Px [59]. Narin-
gin has also reduced levels of phosphorylated ERK1/2, JNK,

and p38, which are downstream molecules of MAPK signal-
ing [59]. This indicated that naringin could have potential
antiapoptotic and antioxidative effects due to its targeting
of MAPK signaling.

In addition, Dou et al. [60] have studied the involvement
of tumor necrosis factor receptor-associated factor 6
(TRAF6) on oxidative stress. TRAFG is a protein with ubiqui-
tin ligase activity that mediates signal transduction from
members of the TNF receptor superfamily [60]. Toll-like
receptor 4 (TLR4) has also been suggested as an upstream
molecule (receptor) of the TRAF6 signaling pathway [60].
TRAF6 plays a possible role as an intersection between acti-
vating NF-xB pathway, which is an important regulator in
immune development, immune response, inflammation,
and cancer, and MAPK/ERK pathway, which controls adap-
tive responses to intracellular and extracellular stresses [60—
63]. The final downstream molecules NF-xB and AP-1 then
can add to a great number of pathophysiological processes.
TRAF6 levels increase during EBI (peaking at 24 hours)
[60]. The connection between TRAF6 and oxidative stress
in EBI after SAH may lie in its capacity to mediate the pro-
duction of ROS and ability to translocate to mitochondria
and ubiquitinate ECSIT, which is important for assembly
and stabilization of respiratory complex I, and consequently
to further increasing production of ROS in mitochondria
[60]. Thus, administration of TRAF6 inhibitors could be of
a potential interest in the reduction of oxidative stress in
EBI. Liu et al. [64] has shown the TRAF6 inhibitor (sophor-
idine) potential in reducing the size of infarctions in ischemic
injury.

In addition, another pathway, possibly involved in signal-
ing due to oxidative stress in EBI, is the Mas/PKA/CRE-
B/UCP-2 pathway [65]. Mo et al. [65] studied AVE 0991
which through this pathway reduced oxidative stress and
neuronal apoptosis in EBI around hour 24 after the onset of
bleeding. AVE 0991 (AVE) is a nonpeptide analog of angio-
tensin (1-7) [65]. It signals through receptor Mas, which is a
G-protein coupled receptor and has been identified as a com-
ponent of the renin-angiotensin system in the brain [65]. The
suggested mechanism of reduced oxidative stress and neuro-
nal apoptosis involves upregulation of PKA-C alpha, phos-
phorylated CREB, a transcription factor, UCP-2, which is a
controller of mitochondria-derived reactive oxygen species,
and Bcl-2, apoptosis regulatory protein [65], as well as the
downregulation of Bax, which is an apoptotic activator, and
Romo-1, which can induce production of reactive oxygen
species during EBI [65].

6. Molecular Mechanisms of Free Radicals
Mediated Early Brain Injury

Oxidative stress or consequently free radicals lead to neuro-
nal damage by promoting lipid peroxidation, protein break-
down, DNA damage which in turn contributes to
apoptosis, endothelial dysfunction, and blood-brain barrier
(BBB) disruption [3]. The effects of oxidative stress known
as lipid peroxidation alter membrane fluidity and permeabil-
ity [27]. Oxidation of proteins can change the functions of
enzymes and receptors.
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Free radicals’ damage can also initiate apoptotic cascades
or shift them into necrosis [66, 67]. Apoptosis has been
shown to be induced by oxidative stress, either by increasing
p53, induction of cytochrome c¢ release, and activation of
caspase-9 and caspase-3, or through p38 mitogen-activated
protein kinase (MAPK) and signal-regulated kinase- (ERK-
) mediated apoptosis [66, 67]. Some studies [50, 68] focus
on molecules (apigenin, paconiflorin) that could be of poten-
tial therapeutic interest because of their antioxidative and
antiapoptotic effects. Apigenin (API) is a flavone naturally
occurring in plants (it is mainly isolated from Hypericum per-
foratum) [50]. It has been found that API can reduce the con-
centration of ROS and elevate levels of GSH-Px and SOD
during EBI after SAH [59], although the underlying mecha-
nism has not been described. It was also reported that API
could have antiapoptotic effects due to its ability to reverse
the upregulation of Bax and caspase-3 [59]. Bax-dependent
caspase-3 has been reported as the initiation molecule of neu-
ronal apoptosis [69]. Oxidative stress upregulates Bax and
caspase-3 during EBI after SAH [59]. API also has anti-
inflammatory effects through the inhibition of the TLR4-
mediated inflammatory pathway [70]. Taken together, API
is a molecule of great potential in EBI after SAH due to its
antioxidative, anti-inflammatory, and antiapoptotic proper-
ties, nevertheless further research is still needed. Similar
results as with API were reached with paeoniflorin. Paeoni-
florin is a natural monoterpene glucoside from the root of
Paeonia lactiflora [68]. Paeoniflorin was able to decrease
levels of proinflammatory cytokines IL-1p, IL-6, and TNFa,
which are upregulated during EBI [68]. Similar to API, the
concentration of ROS has decreased and levels of GSH-Px
and SOD have increased during EBI after SAH [68]. Antia-
poptotic effects through Bax-dependent caspase-3 were also
observed [68].

Blood-brain barrier (BBB) disruption is an important
part of the SAH pathophysiological mechanisms. Microves-
sels and their tight junctions help to constitute the BBB and
have been shown to be disrupted in EBI, because their endo-
thelial cells are susceptible to injury by oxidative stress [71].
This effectively leads to BBB dysfunction and subsequent
cerebral edema. Antioxidants (edaravone and curcumin)
have been shown to prevent MMP-9 expression and activa-
tion [49, 52]. Subsequently blocking MMP-9 mediated degra-
dation of claudin-5 and occludin, damaging tight junctions
[49, 52]. The specific regulatory signal of MMP-9 is still
unknown, but possible candidates and interleukin- (IL-) 15,
IL-6, tumor necrosis factor-a (TNFa), and NF-«B [49].

7. Clinical Implications and Future Directions

As mentioned above, there are many sources of free radicals’
production in the EBI after SAH. There is also promising
potential for using free radicals’ scavengers, antioxidants,
and reinforcing the innate antioxidative mechanisms that
already exist in the brain. Many of these compounds, like
DHA [16], resveratrol [21], API [50], paeoniflorin [68], and
ebselen [72], have been described in this review. These anti-
oxidants have been used in clinical and experimental trials
with promising results.
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Some clinical research has also been focused on the use of
antioxidant micronutrients like vitamins C and E, copper,
selenium, and zinc [73]. The overall results of Berger et al.’s
[73] study did not find significant all-around improvement
of SAH patient’s conditions, which is understandable due
to the many pathophysiological mechanisms of SAH. How-
ever, the administration antioxidant micronutrients signifi-
cantly blunted the associated inflammation [73].

The suggested therapeutic window is difficult to pinpoint
because of the lack of a larger clinical research. However,
based on the article by Bergen et al. [73] article, the micronu-
trient antioxidant intervention started at 24 hours after the
initial bleeding. For the first 2 days, they used double dosage,
and for the last 3 days, they used therapeutic dose as
described in their article.

Other pharmacological research has focused on the use of
lipid peroxidation inhibitor tirilazad and the superoxide
scavenger PEG-SOD [74]. The therapeutic window for
PEG-SOD is around 4 hours after the initial bleeding and tir-
ilazad has the therapeutic window of 1 to 4 hours after the
initial bleeding [74]. The results for both antioxidant drugs
failed to produce the desired results [74]. However, tirilazad
produced statistically significant increase in survival [74].
Therefore, further research with an LP-inhibiting antioxidant
might be more relevant to the treatment of SAH.

Although the practical applicability of antioxidative
treatment is still limited, the potential for therapeutic use
exists and is worth investigating. Currently, there is no anti-
oxidative treatment being routinely used in SAH patients. It
can be contributed to the fact that oxidative stress is merely
one parameter of a boarder EBI problematic. However, it is
possible that targeted antioxidant therapy could be effective
as one component of a larger treatment regime that would
address the many components and mechanisms that are
involved in EBI after SAH.

8. Conclusion

The content of this article could be summarized as a review of
various aspects of oxidative stress associated with early brain
injury (EBI) after subarachnoid hemorrhage (SAH). Mecha-
nisms of oxidative stress after EBI are a subject of an exten-
sive research. EBI and oxidative stress, as a part of its
pathophysiology, are of great importance in understanding
the complex mechanisms of SAH. Mechanisms that can lead
to severe complications (like cerebral vasospasms (CVS),
delayed cerebral ischemia (DCI), and delayed ischemic neu-
rological deficit (DIND)) get activated within minutes after
the onset of bleeding. That is why the focus of SAH research
has been shifting towards EBL

Under physiological conditions the brain is able to deal
with the generation of ROS through different antioxidative
mechanisms. However, when there is such an excessive pro-
duction of free radicals like in SAH, the antioxidative capac-
ities are overused. It has serious negative effects and worsens
the conditions and general outcome.

Oxidative stress comes from several sources in EBI after
SAH. Mitochondrial disruption and subsequent endoplasmic
reticulum stress play an important role in excessive production
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of ROS. Hemoglobin autoxidation and various interactions of
OxyHb and MetHb also lead ROS overproduction. Unregu-
lated enzymatic pathways like xanthine dehydrogenase,
NADPH oxidase, NOS, and derivates of arachidonic acid pro-
cessing can also be a major source of ROS.

The importance of studying oxidative stress after EBI lies
in its multisource nature. Oxidative stress is among others
involved in apoptosis, endothelial dysfunction, and BBB dis-
ruption. This is due to the ability of ROS to cause lipid perox-
idation, protein breakdown, and DNA damage.

Oxidative stress after EBI poses as a potential therapeutic
target and needs to be examined and understood in more
detail. It would be helpful to integrate basic oxidative stress
research of molecular signaling with SAH-specific character-
istics. Further research in this field could provide a better care
for SAH patients.
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3.1.1.4 a7 nicotinic acetylcholine receptor agonist PNU-282987 attenuates early brain in-
jury in a perforation model of subarachnoid hemorrhage in rats

Duris K, Manaenko A, Suzuki H, Rolland WB, Krafft PR, Zhang JH. a7 nicotinic acetylcholine
receptor agonist PNU-282987 attenuates early brain injury in a perforation model of sub-
arachnoid hemorrhage in rats. Stroke. 2011;42:3530-3536.

Type of article: Research article
IF (2011): 5,729
Number of citations without self-citations according to WoS (7/2025): 85

In this article, we describe the beneficial effect of a7 agonist PNU-282987 on early brain injury
in an experimental model of SAH. a7 receptor is a subtype of the nicotinic receptor, which is
specific for the cholinergic anti-inflammatory pathway (this pathway will
be described in Chapter 4). In this research, we studied the anti-apoptotic properties
of a7 signaling because the a7 receptor was described to be associated with the PI3K-Akt
pathway, which plays, among others, an important role in the downregulation of apoptosis-
related processes.

A perforation model of SAH in rats was used for this study. Parameters of early brain injury
were studied at the time points of 24 and 72 hours after SAH. PNU-282987 improved
neurological scores at both time points and reduced brain water content in the left
hemisphere 24 hours after the SAH. On the molecular level, PNU-282987 significantly
increased levels of phosphorylated Akt and decreased levels of cleaved caspase 3 which
is a crucial proapoptotic factor. The beneficial effect of PNU-282987 was reversed
by receptor antagonist methylcaconitine as well as by PI3K inhibitor wortmanin proving the
mechanism of PNU-282987 action. Using immunohistochemistry, we demonstrated, that
phosphorylated AKT was mainly localized in non-apoptotic neurons and that the treatment
decreased the overall level of neuronal apoptosis.

This study was, according to our best knowledge, the first study describing the beneficial
effect of CHAIP stimulation after subarachnoid hemorrhage.
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a7 Nicotinic Acetylcholine Receptor Agonist PNU-282987
Attenuates Early Brain Injury in a Perforation Model of
Subarachnoid Hemorrhage in Rats

Kamil Duris, MD; Anatol Manaenko, PhD; Hidenori Suzuki, MD, PhD; William B. Rolland, BS:
Paul R. Krafft, MD; John H. Zhang, MD, PhD

Background and Purpose—Early brain injury is an important pathological process after subarachnoid hemorrhage (SAH).
The goal of this study was to evaluate whether the o7 nicotinic acetylcholine receptor (a7nAChR) agonist PNU-282987
attenuates early brain injury after SAH and whether a7nAChR stimulation is associated with down-regulation of caspase
activity via phosphatidylinositol 3-kinase-Akt signaling.

Methods—The perforation model of SAH was performed, and neurological score, body weight loss, and brain water
content were evaluated 24 and 72 hours after surgery. Western blot and immunohistochemistry were used for
quantification and localization of phosphorylated Akt and cleaved caspase 3. Neuronal cell death was quantified with
TUNEL staining. a7nAChR antagonist methylcaconitine and phosphatidylinositol 3-kinase inhibitor wortmannin were
used to manipulate the proposed pathway, and results were quantified with Western blot.

Results—PNU-282987 improved neurological deficits both 24 and 72 hours after surgery and reduced brain water content
in left hemispheres 24 hours after surgery. PNU-282987 significantly increased phosphorylated Akt levels and
significantly decreased cleaved caspase 3 levels in ipsilateral hemispheres after SAH. Methylcaconitine and wortmannin
reversed effects of treatment. Phosphorylated Akt and cleaved caspase 3 were colocalized to neurons in the ipsilateral
basal cortex. Phosphorylated Akt was mainly localized in TUNEL-negative cells. PNU-282987 significantly reduced
neuronal cell death in the ipsilateral basal cortex.

Conclusions—aTnAChR stimulation decreased neuronal cell death and brain edema and improved neurological status in
a rat perforation model of SAH. a7nAChR stimulation is associated with increasing phosphorylation of Akt and
decreasing cleaved caspase 3 levels in neurons. (Stroke. 2011;42:3530-3536.)
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ubarachnoid hemorrhage (SAH), with an annual inci- In this study we tested 2 hypotheses. First, the a7nAChR

dence of 7 per 100 000 and a case fatality rate of ~=50%, agonist PNU-282987 attenuates early brain injury after SAH.
is a severe condition caused in ~85% by rupture of intracra- Second, the a7nAChR stimulation is associated with the
nial aneurysm." Early brain injury is a major contributor to the PI3K-Akt signaling pathway, which decreases proapoptotic
high mortality and morbidity after SAH, and apoptosis is a caspase activation.

significant element of early brain injury.> The phosphatidylino-
sitol 3-kinase (PI3K)-Akt pathway is an important pathway in
neuronal cells, decreasing activation of proapoptotic caspases.?

Materials and Methods

a7 nicotinic acetylcholine receptors («7nAChRs) are ion Animals and Drugs
channels expressed mainly in neurons and immune and All of the experiments were approved by the Loma Linda University
endothelial cells, where they are responsible for providing Institutional Animal Care and Use Committee. Adult male Sprague-
antiapoptotic and anli-inﬂummalory effects.*s The ﬂmj.dpo_ Dawley rats (277-320 g) were purchased from Harlan Laboratories
plotic effect of a7nAChR activation in neuronal cells was (Indianapolis, IN). Animals were fed ad libitum. We used 134

; . 5 . animals in this study, assigned to the following groups, naive (n=4),
reported to involve PI3K-Akt.5 The protective role of the sham (n=24). vehicle (n=39), PNU-12 (n=36), PNU-4 (n=10).

PI3K-Akt pathway in reducing cleaved caspase 3 (CC3) after methylcaconitine (MLA; n=12), and wortmannin (WOR; n=9).
SAH was described previously®; however, references regard- All of the drugs were purchased from Sigma-Aldrich. Drugs were
ing a7nAChR and SAH are still missing. dissolved and administered according to data published previously.” ¢
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a7nAChR agonist PNU-282987 was dissolved in saline and was
injected IP 1 hour after surgery in doses of 12 mg/kg (PNU-12, MLA,
and WOR groups) or 4 mg/kg (PNU-4 group). In the naive group, 12
mg/kg of PNU-282987 was injected IP 15 minutes after initiation of
physiological parameter monitoring. a7nAChR antagonist methylcaco-
nitine was dissolved in saline and injected IP at a dose of 6 mg/kg 15
minutes before administration of PNU-282987 (MLA group). PI3K
inhibitor wortmannin (Sigma-Aldrich) was dissolved in saline and
injected IV at a dose of 15 pg/kg 90 minutes before PNU-282987
administration. Sham or vehicle animals received equivalent volumes of
saline given to animals in other groups (500 pL).

Physiological Parameters

Blood pressure/heart rate measurements and analysis of blood
samples were performed in naive animals. Animals were anesthe-
tized, intubated, and kept on artificial ventilation using isoflurane 3%
in 60/40% medical gas/oxygen mixture. The right femoral artery was
cannulated for invasive blood pressure/heart rate monitoring (DIGI-
MED Blood Pressure Analyzer) and collection of blood samples for
subsequent analysis (IL GEM 4000 Premiere automatic analyzer).
The following pummell,n were evaluated from the blood samples: pH,
PO,. Pco,, Na*, K", Cl ", and glucose. Monitoring was performed from
10 minutes before (3 meast ) and =60 after (5 mea-
surements) application of PNU-282987 (12 mg/kg). Mean values of
physiological parameters before PNU-282987 administration were com-
pared with the mean values after administration. Selected data are
shown in Figure | at each time point.

Surgery

The endovascular perforation model of SAH was performed as
described previously.'" Briefly, rats were anesthetized, intubated,
and kept on artificial ventilation during surgery with 3% isoflurane
in 60%/40% medical-air/oxygen. Body temperature was monitored
by rectal probe, and normothermia was maintained by a heating
lamp. A sharpened 4-O nylon suture was introduced into the left
internal carotid artery until resistance was felt (=18 mm from the
common carotid bifurcation). The suture was then pushed further to
perforate the bifurcation of the anterior and middle cerebral arteries
until resistance was overcome and withdrawn immediately after
perforation. In sham-operated animals, the suture was inserted into
the left carotid artery; however, no perforation was performed. After
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suture removal, the incision was closed, and rats were individually
housed in heated cages until recovery.

Body Weight and SAH Grade

Body weight was measured after induction of anesthesia before
intubation and before euthanization. Results are expressed as a ratio
of body weight after surgery:body weight before surgery.

SAH grade was evaluated as described previously.? Briefly, after
removing the brain, a picture of the underside of the brain was taken,
and pictures were divided into 6 parts (left and right frontal, left and
right temporal, and upper and lower brain stem). Each part was
subscored according to occurrences of blood in the subarachnoid
space and a total score (maximum: 18) was calculated as the sum of
all of the subscores. Animals with an SAH score of =5 were
excluded from the study for low SAH grade.'"1?

Neurological Score

Neurological scores were evaluated before euthanization in a blinded
fashion using a Garcia scoring system.'” The following were
evaluated: spontaneous activity, symmetrical movements of limbs,
forelimbs outstretching, climbing a wall of a wire cage, axillary
touch response, and vibrissae touch response. Minimal score was ()
(worst) and maximal 3 (the best) for each subtest, and total score was
calculated as a sum of all of the subtests.

Brain Water Content

Brains were removed 24 or 72 hours after surgery and separated into left
hemisphere, right hemisphere, cerebellum, and brain stem. Each part
was weighed immediately after removal (wet weight) and after drying in
100°C for 72 hours (dry weight). The percentage of water content was
calculated as [(wet weight—dry weight)/wet weight]*100%.

Western Blot

Animals were euthanized 24 hours after surgery, and ipsilateral
hemispheres were processed for Western blot as described previ-
ously.'" Equal amounts (50 ug) of total protein were separated in
12% SDS-PAGE and transferred onto nitrocellulose membranes. As
primary antibodies we used anti-phospho-Akt (Ser 473; 1:1000; Cell
Signaling, No. 9271), anti-CC3 (1:1000; Cell Signaling, No. 9661),
and anti—B-actin (1:1000; Santa Cruz Biotechnology. SC-1616), and
appropriate secondary antibodies (Santa Cruz Biotechnology) were
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Table. Physiological Parameters Before and After Application of PNU-282987 in Naive Animals (n=4)

MAP, SYST, DIAST, Po,, Pcoy, Na“, K™, cr-, Glu,
Variable mm Hg mmHg mm Hg HR, /s mm Hg mm Hy pH mmoliL mmoliL mmol/L mg/dL

Before PNU  B7.9(+2.90) 113.5(+3.87) 75.1(=3.19) 325.3(+13.76) 114.2(=10.11) 49.17(+5.17) 7.36(=0.042) 1328(+0854) 4.89(+0038) 1034 (+084) 1853 (+12.53)
Afer PNU  B6.1(=2.91) 1122(£370) 73.0(=507) 320.9(x2026) 110.1(=10.03) 5540(=6237) 7.33(=0.038) 1343(x0919) 5.03(x0043) 1026(=0.56) 1837 (=10.47)

Data are expressed as mean (+SEM).
MAP indicates mean arterial pressure; SYST, systolic pressure; DIAST, diastolic pressure; HR, heart rate.

used in dilution 1:1000. Bands were visualized using the enhanced (blood pressure, heart rate, pH, Po,, and Pco,) are also shown
chemiluminescence reagent kit (Amersham ECL plus kit, GE in Figure 1 at each time poinl.

Healthcare UK Limited), and quantification was performed by
optical density methods using Imagel software (National Institutes of

Health). Results are expressed as a relative density to f-actin Outcome Study

subsequently normalized to the mean value of the sham group. Neurological Score, Body Weight, and Brain Water
Content 24 Hours After Surgery

Immunohistochemistry and TUNEL Staining For the 24-hour outcome study we used sham, vehicle,

Animals were euthanized 24 hours after surgery and brains were PNU-12, and PNU-4 groups (n=6 in each group). There were

processed as described previously.'* Double-fluorescence labeling
for NeuN (1:100, Millipore, MAB377) and CC3 (1:1000; Cell
Signaling, No. 9661) or NeuN and phosphorylated Akt (p-Akt;

no significant differences in SAH grade among vehicle
(12.33+0.71), PNU-12 (11.83%1.01), and PNU-4

Ser473; 1:25; Cell Signaling, No. 9271) was performed as described (11.67£1.09) groups (P=NS). Neurological score (Figure
previously.'* TUNEL staining (In Situ Cell Death Detection kit, 2A) was significantly higher in sham group (17.50+0.22)
Roche Inc) either with NeuN and p-Akt for neuronal localization or compared with vehicle (13.67+0.71), PNU-12 (15.83%=0.31),
with NeuN alone for cell counting was performed as described and PNU-4 (15.00+0.45) groups 24 hours after surgery

previously.? For negative controls, the same staining without primary
antibody was performed. The stained sections were processed using
a fluorescent microscope and Magna Fire SP system (Olympus). The A 20+
TUNEL-positive cells were counted in the ipsilateral basal cortex in
3 fields per animal at X400 magnification, and data were expressed
as the number of TUNEL-positive neurons per millimeter squared.'s
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Statistical Analysis

Data are expressed as a mean and SEM. Mortality data were
analyzed by Fisher exact test. SAH grading data in the 72-hour study
were evaluated by unpaired ¢ test. Physiological parameters were
evaluated by paired ¢ test. All of the other data were analyzed by
I-way ANOVA followed by Tukey post-test. A P value of <0.05
was considered statistically significant. All of the statistical analyses
were performed using GraphPad Prism version 5.02 for Windows.
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Results

We performed 134 surgeries, 29 animals died because of
severe SAH, and 11 animals were excluded because of low
SAH grade, 5 animals in the vehicle group, 3 in the PNU-12
group, 1 in the PNU-4 group, and 2 in the MLA group.
Mortality rates were as follows: sham 0% (0 of 24 animals),
naive + PNU-12 0% (0 of 4 animals), vehicle 29% (10 of 34
animals), PNU-12 27% (9 of 33 animals), PNU-4 33% (3 of
9 animals), MLA 40% (4 of 10 animals), and WOR 33% (3
of 9 animals). Mortality occurred within 6 hours after
surgery, and there were no statistically significant differences
between the vehicle and PNU-12 groups (P value not signif-
icant [NS], Fisher exact test).
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Effect of PNU-282987 Administration on
Physiological Parameters

Blood pressure/heart rate monitoring and blood sample analysis
(pH, Po,, Pco,, Na™, K™, CI7, and glucose) were performed in

Brain Water Content (%) O

PR

naive animals (n=4) from 10 minutes before and =60 minutes LH RH S
after application of PNU-282987 (12 mg/kg). Figure 2. Neurclogical score (A), body weight ratio (B), and
There were no significant differences in any measured brain water content (C) 24 hours after surgery. Data are

& expressed as a mean and SEM. *P<0.05 vs sham, #P<0.05 vs
parameters between mean value before application and mean vehicle. LH indicates left hemisphere; RH, right hemisphere; CB,

value after PNU application (P=NS; Table). Selected data cerebellum; BS, brain stem.
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(P<<0.05). Compared with vehicle, neurological score was
significantly higher in the PNU-12 group (P<0.05); however,
there was no significant difference between the vehicle and
PNU-4 group (P=NS). Body weight ratio 24 hours after
surgery (Figure 2B) was not significantly different between
groups (P=NS). Brain water content (Figure 2C) was signif-
icantly higher in the left hemisphere of vehicle animals
(79.54%0.12) compared with the sham (78.86%0.11) and
PNU-12 (79.00£0.12) groups (P<0.05). There was no sig-
nificant difference in brain water content in the left hemi-
sphere between the PNU-4 group (79.1620.17) and vehicle
group (P=NS). There were no significant differences be-
tween groups in brain water content in the right hemisphere,
cerebellum, and brain stem (P=NS).

Neurological Score, Body Weight, and Brain Water
Content 72 Hours After Surgery
At 72 hours we evaluated the same parameters as in the

24-hour outcome study in sham, vehicle, and PNU-12 groups
(n=6 in each group). We did not use the 4-mg/kg dose of
PNU-282987, because this dosage did not show significant
effects after 24 hours.

There was no significant difference in SAH grade between
vehicle (10.33+0.92) and PNU-12 (11.50%=0.99) groups
(P=NS). Neurological score (Figure 3A) was significantly
lower in the vehicle group (14.50%0.43) compared with the
sham (17.67=0.21) and PNU-12 (16.33%0.33) groups
(P<<0.03). There was a significant difference in neurological
score between the sham and PNU-12 groups (P=NS). Body
weight ratio (Figure 3B) was significantly lower in the
vehicle (0.87%£0.014) compared with the sham (0.97£0.022)
group (P<<0.05). There were no significant differences in
body weight ratio of PNU-12 (0.92%+0.012) compared with
the sham or vehicle groups (P=NS). Brain water content
(Figure 3C) was not significantly different between groups in
any other part of the brain 72 hours after surgery (P=NS).

Mechanism Study

Quantification of p-Akt and CC3 at 24 Hours

After Surgery

Western Blot analysis was used for quantification of p-Akt
and CC3 levels in ipsilateral hemispheres 24 hours after
surgery in sham, vehicle, PNU-12, MLA, and WOR animals
(n=6 in each group). There was no significant difference in
SAH grade among vehicle (12.67x0.56), PNU-12
(12.00=0.73), MLA (11.3320.61), and WOR (11.17£0.48)
groups (P=NS). The levels of p-Akt (Figure 4A and 4B) in
the ipsilateral hemisphere were significantly higher in the
PNU-12 group (1.95*0.31) compared with both vehicle
(0.58%0.11) and sham (1.00+0.17) groups (P<0.05),
whereas there was no significant difference between sham
and vehicle groups (P=NS). P-Akt level was significantly
lower in both MLA (1.08%+0.19) and WOR (0.95%0.16)
groups compared with the PNU-12 group (P<<0.05). CC3
levels (Figure 4A and 4C) were significantly higher in the
vehicle (2.62+0.31) compared with the sham (1.00£0.10)
and PNU-12 (1.41%+0.14) groups (P<0.05), whereas there
was no significant difference between sham and PNU-12
groups (P=NS§). CC3 levels in both MLA (2.16*0.26) and
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Figure 3. Neurological score (A), body weight ratio (B), and
brain water content (C) 72 hours after surgery. Data are
expressed as a mean and SEM. *P<0.05 vs sham, #P<0.05 vs
vehicle. LH indicates left hemisphere; RH, right hemisphere; CB,
cerebellum; BS, brain stem.

WOR (2.41%+0.33) groups were significantly higher com-
pared with sham (P<<0.05); however, there was no significant
difference between these and the PNU-12 group (P=NS).

Neuronal Colocalization of p-Akt and CC3
Immunoreactivity and Neuronal Cell
Death Quantification
Localization of previously described changes was performed by
immunohistochemistry in sham, vehicle, and PNU-12 groups
(n=2 in each group). Neuronal cell death was quantified by
TUNEL cell counting in the above groups (n=6 in each group).
Ipsilateral basal cortex was the area of interest in all of the cases.
CC3 immunoreactivity (Figure 5A) was enhanced in the
vehicle group compared with both PNU-12 and sham groups
with good colocalization to neurons. P-Akt immunoreactivity
(Figure 5B) in the PNU-12 group tended to be higher than the
sham group and even higher when compared with the vehicle
group. P-Akt signal was mainly colocalized to neurons, and
TUNEL-positive cells did not generally colocalize with p-Akt-
positive cells. The number of TUNEL-positive neurons in the
ipsilateral basal cortex was significantly lower in sham
(29.67£7.2) compared with both the vehicle (383.79%50.6) and
PNU-12 (222.51+29.6) groups. There was statistically a signif-
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Figure 4. Representative Western blots of phosphorylated (p)-
Akt, cleaved caspase 3 (CC3), and B-actin at 24 hours after sur-
gery (A) and quantitative analysis of p-Akt (B) and CC3 (C). Data
are expressed as a mean and SEM. *P<0.05 vs sham, #P<0.05
vs vehicle, &P<0.05 vs treatment.

icant difference in TUNEL-positive neuron counts between the
vehicle and PNU-12 groups (P<<0.05; Figure 5C).

Discussion

In this study we tested 2 hypotheses. First, the a7TnAChR
agonist PNU-282987 attenuates early brain injury after SAH.
Second, the a7nAChR stimulation is associated with the
PI3K-Akt signaling pathway, which decreases proapoptotic
caspase activation. In the descriptive part (the first part), we
focused on brain water content, neurological score, and body
weight loss; whereas in the mechanistic part (the second part),
we focused on the involvement of p-Akt-mediated decrease in
caspase activation and neuronal cell death after a7nAChR
stimulation.

SAH grade, at each time point, was comparable among all
of the groups. This precaution was taken to allow comparison
of measured parameters. All of the cases of mortality expe-
rienced severe SAH. The mortality rate was not improved by
treatment with PNU-282987 compared with vehicle possibly
because of SAH grade.
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Basic physiological parameters were not affected by the
application of PNU-282987 in our study. We performed
monitoring for 60 minutes after PNU-282987, because this
procedure is invasive, and a longer exposure to anesthesia
could affect physiological parameters. Physiological param-
eters during our experiment were comparable with previous
work from our laboratory.'®'* PNU-282987 was reported
previously to inhibit human ERG potassium channels; how-
ever, this adverse effect is associated with the structure of this
drug, not with specific a7nAChR stimulation. It should be
noted that a newer a7nAChR agonist with reduced human
ERG has been developed.'®

Neurological dysfunction is an important clinical and
experimental outcome present after SAH. Neurological defi-
cits follow the peak of brain edema after SAH.'” The Garcia
test is widely used in animal models of SAH.'°-'2 In our
experiment, PNU-282987 improved neurological deficit at 24
hours in a dose-dependent manner and significantly improved
neurological function 72 hours after surgery.

Body weight can be considered as a nonspecific marker,
providing information about the animal’s overall condition.
In our experiment, body weight was not significantly differ-
ent between groups 24 hours after surgery. Body weight at 72
hours was significantly lower in vehicle compared with sham,
and PNU-282987 groups showed a tendency to decrease body
weight loss. Given these results, we believe that body weight
is influenced more by surgery than by SAH at 24 hours, and
this effect is not present at 72 hours.

Brain edema is an important element of early brain injury,
the etiology of which is cytotoxic and vasogenic.? Brain
edema peaks 24 hours after surgery in the rat perforation
model of SAH.'? Previous studies show increased brain water
content after SAH in the left hemisphere only,!7 as well as in all
parts of the brain.'* In our study, PNU-282987 reduced brain
water content in left hemispheres 24 hours after surgery in a
dose-dependent manner, whereas no significant differences in
brain water content were found 72 hours after surgery.

The PI3K-Akt signaling pathway plays important roles in
preventing apoptosis.'® Akt is a member of serine/threonine
kinase family, which is activated directly by PI3K-mediated
phosphorylation. p-Akt activates several antiapoptotic mecha-
nisms; among them is the regulation of BCL-2 family proteins,
which control proapoptotic caspase activation.*'¥ The antiapo-
ptotic role of the PI3K-Akt pathway in neurons after SAH was
reported previously,® and the neuroprotective effects of
anAChR stimulation via the PI3K-Akt pathway was also
reported.” In our study we evaluated p-Akt and CC3 levels 24
hours after surgery in ipsilateral hemispheres, and we used
methylcaconitine and wortmannin to manipulate this antiapo-
ptotic pathway. Methylcaconitine is a potent competitive antag-
onist of a7nAChR,® whereas wortmannin is an irreversible
inhibitor of PI3K, which is widely used to inhibit downstream
Akt phosphorylation.' We did not evaluate total levels of Akt,
because expression of Akt was reported not to be changed
after SAHS or after a7nAChR stimulation/inhibition.'*> In our
study, p-Akt levels were increased in ipsilateral hemispheres
after PNU-282987 treatment compared with vehicle, and both
methylcaconitine and wortmannin reversed the effect of treat-
ment. CC3 was increased in ipsilateral hemispheres in the
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Figure 5. Representative immunofluorescence of NeuN and cleaved caspase 3 (CC3) in the ipsilateral basal cortex (A), NeuN and
phosphorylated (p)-Akt combined with TUNEL staining (B), and neuronal cell death quantification (C) in the ipsilateral basal cortex at 24
hours after surgery. Data are expressed as mean and SEM. *P<0.05 vs sham, #P<0.05 vs vehicle.

vehicle group compared with the PNU-282987-treated group,
and both methylcaconitine and wortmannin showed tendencies
to reverse the effect of PNU-282987 treatment.

a7nAChR is reported in endothelial cells and immune
cells, as well as neurons.> Our focus centered around
neuronal apoptosis. Therefore, we used immunohistochemis-
try to localize our findings and found that both p-Akt and
CC3 were colocalized to neurons in the ipsilateral basal
cortex. Additionally, we used TUNEL staining, a marker for
cells undergoing DNA fragmentation in the final phase of
apoptotic cell death.?!

Apoptosis is an important component of early brain injury
after SAH, which occurs both in neurons and endothelial
cells.?? In our study we used TUNEL staining for quantifica-
tion of neuronal cell death in the ipsilateral basal cortex,?* and
PNU-282987 significantly reduced neuronal cell death in this
area 24 hours after SAH.

In this study we focused on PI3K-Akt signaling, which
plays a significant role in apoptosis, a major contributor to
early brain injury after SAH. However, there are also other
mechanisms of a7nAChR stimulation that could have a
beneficial effect after SAH. o7nAChR is a part of the
cholinergic anti-inflammatory pathway??* that attenuates the
inflammatory response by decreasing both endothelial cell and
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macrophage activation.* Inflammation is reported to be involved
after SAH, both in early brain injury** and vasospasm.>® The
cholinergic anti-inflaimmatory pathway is mostly associated with
the parasympathetic nervous system, but a7nAChR stimulation
is also reported to induce NO-dependent dilation of the basilar
artery associated with the sympathetic nervous system.2® Taken
together, the antiapoptotic effect of a7nAChR stimulation in
combination with the anti-inflammatory and antivasospatic ef-
fects make this a promising approach for treatment after SAH;
however, further studies are required to elucidate those benefi-
cial mechanisms.

Conclusions

a7nAChR stimulation decreased neuronal cell death, brain
edema, and improved neurological status in a rat perforation
model of SAH. a7nAChR stimulation is associated with
increasing phosphorylation of Akt and decreasing CC3 levels
in neurons. These results indicate that a7nAChR agonists are
promising treatments after SAH.
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MicroRNAs represent the most flexible network of gene regulation and thus miRNAs seem to
be a promising target for therapeutic interventions focused on apoptosis and inflammation.
This review article is focused on the description of the role of microRNA in stroke. After a brief
summarization of microRNA signalization and microRNA functions in the central nervous sys-
tem, the main part of the article reviews the involvement of microRNA in the pathophysiology
of both ischemic and hemorrhagic stroke. Several promising candidate microRNAs are dis-
cussed more in detail. These include microRNAs which are mainly involved in apoptosis (miR-
124, mir-29), inflammation (miR-181 family, mir-29, miR-21, let-7 family) and microRNAs as-
sociated with hypoxia/ischemia (miR-210, miR-21).
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Abstract: Background: Stroke is the second leading cause of death worldwide. Understanding of gene
expression dynamics could bring new approaches in diagnostics and therapy of stroke. Small noncod-
ing molecules termed “microRNA” represent the most flexible network of gene expression regulators.

Method: The aim of this review was to briefly describe the structure and function of microRNA and
summarize the current knowledge about the involvement of microRNAs in the pathophysiology of
ischemic and hemorrhagic stroke based on both experimental and clinical studies.

ARTICLE HISTORY . N . . . . .
Results: Numerous profiling studies identified candidate microRNAs and partially described dynamics

of their expression after the stroke. However, complex associations of specific microRNAs expression
with main clinical characteristics and deeper insight into mechanisms of their regulatory functions are
ok still missing, In this review, we put special emphasis on several microRNA clusters involved in neuro-
102174156720 18 1366616001014321 2 protection (miR-124, miR-181, miR-21, miR-29, miR-210 and let7). Potential application of microR-
NAs as biomarkers and diagnostic or therapeutic targets was also discussed.
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Conclusion: Full understanding of the regulatory mechanisms of the microRNA networks represents a
novel direction for stroke research, To date, we do not have effective tools to control pathophysiologi-
cal processes associated with stroke. Thus the microRNAs have to be considered as a very promising
target for future stroke therapies.

Keywords: Central nervous system, embolectomies, hemorrgahic stroke, ischemic stroke, microRNA, thrombolysis.

1. INTRODUCTION recent findings about microRNAs and their role in ischemic
Stroke is a devastating event associated with a high mor- Andhemomngic ok,
tality and mor'bldlty. Str(_)k_e is number two leading cause Qf 2. NOVEL INSIGHT INTO A STRUCTURE AND
death worldwide, 6.7 million people died due to stroke in FUNCTION OF microRNA

2012 [1]. One of the major targets of WHO in the recent -

period is to improve coverage of treatment and prevention of
heart attacks and stroke [2]. We have quite complex informa-
tion about pathophysiological mechanism associated with
stroke, due to intensive effort of researchers in the past dec-
ades [3-5]. More research on this field is, however, required
for both medical and economic reasons [6]. Studies focused
on protein expression and their mRNAs brought us important
information about the role and dynamics of key molecules
involved in pathophysiology of stroke. Another level of in-
formation brings us studies focused on microRNA mole-
cules, which represents the most flexible gene expression
regulatory system. The goal of this article is to describe
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Physiology, Faculty of Medicine, Masaryk University Brno, Kamenice 5,
625 00 Brno, Czech Republic; Tel: 00420 549 49 6385;

E-mail: kduris@med.muni.cz
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Substantial progress has been made in the research of
genome regulation during the past decade. Class of gene-
regulatory molecules termed “microRNA™ (microRNA,
miR) represents one of the rapidly developing areas. Mi-
croRNAs belong to a group of short (20-23-nucleotide) en-
dogenous non-coding single-stranded RNA molecules [7].
The regulatory mechanisms of the microRNA pathways, the
principles of their expression and activity are just beginning
to emerge. It has been known so far, that small RNAs can
bind to complementary area of the messenger RNAs
(mRNA) and inhibit the translation and/or stability of the
target molecule [8, 9]. Although the most common binding
site is 3" untranslated regions of mRNA, the growing number
of experiments reported ability of microRNA to bind to the
5' untranslated regions [10]. Novel computational
approaches to predict potential target places revealed that
microRNA can bind also to DNA sequence (coding areas

© 2017 Bentham Science Publishers
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and promotor sequences) [11-13]. In contrast to traditional
scheme of negative regulation by gene silencing, new studies
revealed that microRNAs have also the capability to activate
gene expression [14, 15]. Distinct microRNAs can thus regu-
late from tens to thousands of targets in different intracellular
compartments, providing unique regulatory flexibility [16].
Consistent with this notion, microRNA-modulated gene ex-
pression is nowadays considered as a basal, widespread and
dynamic regulatory system [17].

3. INTERCELLULAR SIGNALIZATION MEDIATED
BY MicroRNA

The number of newly discovered microRNA grows rap-
idly, more than two thousand microRNAs have been identi-
fied in human so far [18, 19]. The range of microRNA net-
work can be further supported by the existence of extracellu-
lar and circulating microRNA molecules discovered in vari-
ous body fluids [20-22]. Although the precise mechanism of
microRNA transportation, activity and stability is still un-
clear, many molecules have been described to stabilize the
microRNA, Those “cell-free microRNAs” are transferred
enclosed in microvesicles [23], exosomes [24], bound to
HDL (High Density Lipoprotein) or other carriers [25, 26].
Beside those formations, microRNA can be freely present as
“naked” microRNAs [27]. Extracellular microRNAs partici-
pate in intercellular communication system, acting as bioac-
tive signaling molecules and one of the potential mecha-
nisms of genetic exchange between cells [24, 28, 29].

4. MicroRNA IN CENTRAL NERVOUS SYSTEM

MicroRNAs have a wide range of functions in central
nervous system, varying from neuronal development to me-
diating plasticity [30-32]. Knowledge of microRNA expres-
sion in distinct neuronal subtypes is, however, very limited,
due to high heterogeneity of cells in the neural circuits. Other
limitations are methods of microRNA detection, because
they may harm the cells and thus alter the gene expression
[33]. Non-coding RNA has been connected to various proc-
esses in brain including neural patterning [34], neural stem
cell differentiation [35], cell type specification [36] or axonal
path finding and synaptic plasticity [37]. Expression studies
determined a subset of brain-specific microRNAs which can
dynamically regulate neurobiological functions by post-
transcriptional gene silencing within the cell or in intercellu-
lar signalization. This feature is particularly important for the
synaptic function, where protein expression is rapidly modu-
lated in response to changing requirements [38, 39]. In-
volvement of microRNA in a variety of neural processes
suggests that disbalance in microRNA regulation or function
might contribute to the pathogenesis of cerebral injuries as
well as other brain diseases [40]. Aberrant expression (both
up- and downregulation) of some tissue specific microRNA
has been determined in many disease-specific patterns in-
cluding neurodegenerative [41], neuropsychiatric [42] or
cerebrovascular disorders [43]. Generally, studying of tran-
scriptome and proteome dynamics brings deeper insight into
the understanding of stroke pathophysiology. Many biologi-
cal pathways activated during ischemic and hemorrhagic
stroke are similar despite different etiology of these patholo-
gies. On the other hand, remarkable changes on various levels
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of gene regulation including mRNA, alternative spliced
mRNA isoforms, microRNA or mature protein have been
reported [44-46]. The role of microRNAs in the pathophysi-
ology of ischemic and hemorrhagic stroke, with a respect to
relationships between vessels, neurons and glia, will be de-
scribed in the following text. Additional information about
role of individual microRNA in pathophysiology of stroke is
summarized in tabular form.

5. ISCHEMIC STROKE

Ischemic stroke, which represents about 80% of all the
strokes, 1s caused by inadequate cerebral blood flow due to
vessel occlusion [47]. Loss of blood supply initi-
ates ischemic cascade, which may result in a tissue injury
[48]. Irreversibly damaged neuronal cells form ischemic
core, whereas surrounding area, penumbra, contains neurons
affected by ischemia reversibly [49]. In the core of infarc-
tion, failure of energy-dependent processes leads immedi-
ately to neuronal necrosis and this is called primary brain
injury. In penumbra, ischemia induces several pathological
mechanisms of secondary brain injury which may promote
neuronal or endothelial apoptosis. The most important con-
tributors to secondary brain injury are excitotoxicity, oxida-
tive stress and inflammation [50-52]. Fast intervention is
required to minimize development of secondary brain injury.
Thrombolysis and less frequent mechanical embolectomies
are the only causal therapeutic strategies for acute ischemic
stroke [53]. Finally, new therapeutic approaches using novel
routes of administration are tested in both experimental and
clinical conditions [54, 55].

5.1. MicroRNA Profiling Studies in Acute Ischemic
Stroke

It has been shown, that alterations in molecular processes
during ischemic condition are actively regulated by microR-
NAs. Large-scale profiling, which allows us to detect hun-
dreds of miRNAs in parallel, provide the background of mi-
croRNA research under pathophysiological condition. Can-
didate microRNAs are evaluated for specific regulatory
mechanism and function is finally confirmed by targeted
manipulation of microRNA expression. MicroRNA screen-
ing studies in experimentally induced middle cerebral artery
occlusion (MCAOQ) in rodents determined a large number of
microRNA dysregulated in both brain tissue and circulation
[56]. Persistent change in expression of many microRNAs
was also described during reperfusion period (3 h- 3 days)
[57, 58]. Beside acute phase of cerebral ischemia, microR-
NAs are also important in regulation of neuronal repair after
ischemic stroke [59]. Some of the ischemia-induced mi-
croRNA showed correlation to targets (mRNA, promoters)
involved in transcription, inflammation, neuroprotection,
receptors function, ionic homeostasis or apoptosis [57, 60].
Few studies proved that microRNAs during early ischemic/
hypoxic preconditioning can be directly responsible for the
neuroprotection [61-64]. Interestingly, expression of some
post-stroke microRNAs in rat brain and circulation seems to
be affected by age and sex. MicroRNA profiles were associ-
ated with age at an early time points and sex at the later time
points [65]. Moreover, microRNA expression patterns fol-
lowing ischemic injury were cell-specific. Both astrocytes
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and neurons subjected to 60 minutes of ischemia showed a
significant alteration in microRNA expression. Of particular
interest was a set of hypoxia-regulated microRNAs: miR-
29b, miR-21, miR-30b, 107, and 137 with unique cell-
specific temporal expression patterns [66].

In human, first profiling studies conducted by Tan et al.
[67, 68], showed not only case-control difference, but also a
correlation of blood microRNA with stroke subtypes (cardi-
oembolic, large artery stroke, small artery stroke), clinical
outcome (6 months after stroke) and pre-existing risk factors
(arterial hypertension, type 2 diabetes, dyslipidemia). Beside
stroke progression, blood microRNA profiles can also differ-
entiate stroke etiologies during acute phase [69]. In addition,
few studies have shown that some of circulating microRNA
can serve as a potential biomarker for early detection (up to
24 h) of acute ischemic stroke [56, 57, 70-72]. Deeper insight
into the role of blood microRNA in stroke was provided by
Jickling ef @l by measuring expression directly from blood
mononuclear cells. The authors described that leukocytal
microRNAs dysregulated due to stroke are involved in acti-
vation of the immune system, leukocyte extravasation and
thrombus formation [73]. Kim et a/. focused on relation be-
tween microRNAs profile and stroke prognosis. Several cir-
culating microRNAs related to atherosclerosis were meas-
ured in 83 stroke patients and 37 control patients with vascu-
lar risk factors without incident stroke. The levels of mi-
croRNAs correlated to the presence of acute stroke, stroke
subtypes, vascular risk factors and stroke recurrence. Espe-
cially miR-17 was elevated in acute stroke patients and asso-
ciated with future stroke recurrence (shorter event-free sur-
vival) [74]. In comparison to blood-based arrays, cerebrospi-
nal fluid (CSF) assessment provides unique signatures of
microRNA expression associated with various brain pa-
thologies. So far, only one study analyzed microRNA ex-
pression profiles in CSF in acute stroke patients [75]. The
expression pattern differed between CSF and blood, with
overall 183 microRNA detected in CSF and 287 in blood.
From those, particularly miR-523-3p, miR-221-3p and let-7¢
was upregulated or more often in stroke patients [75]. Al-
though microRNA research in stroke is still in its infancy,
there are few candidate microRNAs which play significant
role in pathophysiology of acute ischemic stroke (Fig. 1).

5.2. Candidate microRNA Biomarkers and Therapeutic
Targets in Acute Ischemic Stroke miR-124 (miR-124a)
and Neuroprotection Against Apoptosis

One of the best-studied microRNAs in brain is miR-124,
which is >100 times more expressed in CNS than in other
organs [76-78]. This neuron-specific microRNA occurs in
embryonic and adult cortical tissues and participates in neu-
ral development and differentiation [30, 79, 80]. It has been
shown that miR-124 participates in the control of cell cycle
and DNA repair [81] and miR-124 upregulation can inhibit
cell cycle progression [82]. Interestingly, miR-124 expres-
sion is regulated by REI silencing transcription factor
(REST) [83], which is repressor of many neural-specific
genes and its upregulation was detected in ischemic neurons
destined to die [84]. While the exact functions of miR-124 in
brain is still poorly defined, it has been shown that brain-
specific miR-124 is expressed in microglia but not in periph-
eral monocytes or macrophages. MiR-124 is considered as a
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key regulator of microglia quiescence in the central nervous
system and modulator of monocyte and macrophage activa-
tion in circulation [85]. With respect to ischemia-related
brain injury the results of distinct studies are discrepant, re-
porting both upregulation and downregulation of miR-124.
Such a discrepant report may be caused by differences in
methodology or different timing of sample collection. In rat
MCAO model Jeyaseelan and colleagues detected elevated
level of miR-124 in brain at 24 h after the occlusion, but not
at 48 h or in blood [58]. Laterza et al. described increased
levels of plasma miR-124 at 8 h and maximum at 24 h after
experimental artery occlusion in rats [86]. Early increase in
miR-124 was only seen in the transient occlusion/ischemia,
whereas large elevation was apparent after 24 h in case of
both transient and permanent occlusion. Elevated blood lev-
els were measured by Weng er al., who detected elevated
miR-124 in serum 6 h and also 48 h after the MCAOQ [80].
Upregulation of miR-124 in brain tissue and cell cultures
during ischemic conditions was published by Doeppner ef al.
[87]. The authors described that miR-124 can indirectly in-
crease levels of REST via negative feedback loop and pre-
vent neuronal apoptosis. MiR-124 promotes neuronal sur-
vival under ischemic conditions and brain recovery after
stroke. Experimental delivery of miR-124 led to increased
resistance of cultured oxygen-glucose deprived (OGD) neu-
rons, and decreased infarct volume size and functional im-
pairment in rats [87]. Another study [88] reported similar
miR-124 upregulation in ischemic penumbra in mice and
OGD neurons. In brain tissue, the overexpression/
knockdown manipulation with miR-124 expression levels
led to reduction/increase of infarct zone size, whereas in
OGD cell led to reduced/increased cell death and late apop-
tosis, respectively. Taken together, higher levels of miR-124
may protect against neuronal apoptosis probably mediated
via anti-apoptotic proteins Bcl-2 and Bel-x1 [87]. Neverthe-
less, the most recent study demonstrates significantly in-
creased levels of miR-124 in the penumbra (24 h after
ischemia) but any changes in ischemic core at the same in-
terval. Moreover, it has been shown that miR-124 can
strongly suppress ASPP protein family which is a central set
of apoptosis-stimulating proteins for the p53 pathway [89].
On the other hand, Liu and colleagues described miR-124
downregulation 7 days after the MCAOQO, correlating with
proliferation of neuronal progenitor cells. Delivery of miR-
124 to the cells caused a decrease in cell proliferation and
increase in differentiation suggesting miR-124 as a potential
therapeutic target to amplify neurogenesis after stroke [90].
Contradictory to previous results, Zhu et al. reported that
miR-124 knockdown protects against I/'R induced neuronal
death and apoptosis by upregulating Ku70, protein involved
in DNA repair and apoptosis. It can also reduce brain infarct
size and improve neurological outcomes suggesting that
rather miR-124 downregulation works as a protective
mechanism [91]. MiR-124 have multiple and complex roles
in pathophysiology of cerebral ischemia such as regulation
of cell cycle, neuronal cell death, apoptosis and proliferation
to inactivation of macrophages and inflammation. Hence,
miR-124 may represent a therapeutic target for neuroprotec-
tion rather than potential biomarker of ischemic stroke.
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5.3. miR-181 Family, Neuroinflammation and Stress
Response

MiR-181 family contains four highly conserved members
miR-181a, miR-181b, miR-181¢ and miR-181d which are
involved especially in hematopoiesis and inflammation [92,
93]. From those, especially miR-181a and miR-181b are
highly abundant in brain, with predominant expression in
astrocytes [94]. Members of miR-181 are considered as im-
portant players in neuroinflammatory responses, where miR-
181a has a strong anti-inflammatory effect and shows tran-
sient increase at the early stage of inflammatory response
[94]. This suggests a role of miR-181a in homeostatic re-
sponse to inflammatory stimuli, which may be useful in pro-
tecting tissues from excessive injury [93]. Another member,
miR-181b directly targets 1L-6 [95], a key player in early
inflammatory response after cerebral ischemia, and down-
regulates its expression [96]. MiR-181b has also been con-
sidered as an essential regulator of nuclear factor-kappaB
(NF-kB)-mediated vascular inflammation and endothelial
cell activation. Conversely, inflammatory stimuli can influ-
ence both miR-181a and miR-181b and modulate their ex-
pression [97]. The anti-inflammatory effect in astrocytes
exposed to lipopolysaccharide (LPS) was also described in
the case of miR-181c. Furthermore, the family of miR-181
can target several important cell death/survival pathways,
including apoptotic proteins (Bcl-2 pathway) [98], proteins
involved in responses to stress (heat-shock protein 70), pro-
teins involved in controlling mitochondrial function, redox
state and proteins involved in tissue protection (e.g. protec-
tive proteins of endoplasmatic reticulum) [99, 100]. It has
been recently shown, that all the ischemia related-processes
are interconnected; disrupting of Bel-2 pathway can trigger
autophagy and reduce mitochondrial damage in rats after
ischemic stroke [101]. Dynamics of miR-181 cluster expres-
sion were studied by various authors in models of transient
and permanent cerebral ischemia. Both upregulation and
downregulation of miR-181 members were described in se-
lected time-points [56-58]. In a study conducted by Ouyang
and colleagues, remarkable changes in miR-181a levels were
observed between ischemic core (upregulation) and penum-
bra (downregulation), with subsequent exacerbation of injury
by experimentally induced overexpression of miR-181a.
Opposite changes in miR-181a levels in core and penumbra
can be explained by differences between dying cells in
ischemic core and the cells in penumbra, which may survive.
These results were further supported by correlation of low
levels of miR-181a with increased levels of molecular chap-
erone GRP78. It has been previously reported, that cells des-
tined to survive can produce new heat shock proteins [99].
Generally, heat shock proteins belong to a group of stress
induced proteins overexpressed during cerebral ischemia
[102]. Thus, inhibition of selected heat shock proteins can
inhibit inflammation and protects blood-brain barrier integ-
rity [103]. Assuming deleterious effects of miR-181 on
stroke outcome, reducing miR-181a levels before and after
stroke onset by different approaches has been continuously
studied. Other studies reported that decreased miR-181a
brain levels by application of antagomir, specific microRNA
inhibitor, the day prior to MCAO caused an infarct size re-
duction in focal ischemia model [104] and reduced neuronal
loss in global cerebral ischemia model [105]. Using primary
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culture transfection with miR-181a inhibitor led to protection
of astrocytes from ischemia-like stresses, but not neurons
[99, 105]. Treatment with miR-181a antagomir preserved
astrocyte mitochondrial function, reduced ROS (“Reactive
Oxygen Species™) and protected astrocytic glutamate trans-
porter GLT-1, which is responsible for removing of gluta-
mate from synaptic sites and reducing excitotoxicity [106].
Recently, extended possibilities in ischemia treatment was
presented by Xu and colleagues, who tested the effect of
post-ischemic miR-181a antagomir applied intravenously (1
h after the MCAQ) and intracerebroventricularly (2 h after
the MCAO). Both ways of administration reduced infarct
size, improved survival and long-term neurobehavioral re-
covery. Additionally, the reduction in the induction of in-
flammation, including decreased NF-xB activation and de-
creased leukocytal infiltration were observed. Hence, miR-
181 based treatment, particularly intravenous route, repre-
sents innovative therapeutic applications in the early post-
stroke treatment with long lasting effect [107].

5.4. miR-21, Ischemia and Immunity

MiR-21 is one of the first identified mammalian mi-
croRNAs characterized by the ubiquitous role in biological
processes. The complexity of its regulation is due to an own
promoter that is target for many transcription factors and
hormones. MiR-21 has been found to be upregulated in
many pathological conditions including cancer, pulmonary
disease or cardiovascular diseases [108]. In both tumorigene-
sis and myocardial infarction miR-21 is particularly involved
in apoptosis with the strong anti-apoptotic effect [109, 110].
MiR-21 regulates cell cycle [111], promote cell differentia-
tion, cell proliferation or prevent extracellular matrix (ECM)
remodeling [112] by targeting matrix-metalloproteinases or
their regulators [113, 114]. Apart from developmental proc-
esses, miR-21 is involved in ischemia, hypoxia and immu-
nological processes including inflammation. [115, 116],
which are common pathophysiological changes after arterial
occlusion. Regarding the role of miR-21 in the immune sys-
tem and inflammation, miR-21 is considered to be important
in regulation of Th1 and Th17 immune responses and cyto-
kine production, targeting 1L-12 [117], IFN-y [118], TNF-a
and IL-17A [119, 120] or IL-2 [121]. Reversely, it has been
reported that miR-21 gene transcription could be controlled
by IL-6 [122] and TGF-B “Tumor Growing Factor-p” via
feed-forward loop [112]. Consistent with this notion, miR-21
probably promotes tissue inflammation and autoimmunity
[123]. In pathophysiology of ischemia and related processes,
miR-21 was described to be upregulated by ischemic pre-
conditioning of the heart and its inhibition attenuates cardiac
protection from next injury via anti-apoptotic function [63].
In case of cerebral ischemia miR-21 showed a peak of ex-
pression at 24 h after preconditioning in spontaneously hy-
pertensive rats [61]. In MCAO animal study a significant
elevation of miR-21 was detected in neurons isolated from
ischemic boundary zone, but not in contralateral area [124].
Although no changes of expression have been measured in
cultured OGD neurons, attenuation of endogenous miR-21
improved survival by apoptosis reduction via targeting Fas-
Ligand, tumor necrosis factor-a (TNF-a) family member
involved in ischemia-induced apoptosis [124]. Furthermore,
it has been described that global miR-21 upregulation occurs
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in response to traumatic brain injury [125]. Taken together,
upregulation of miR-21 due to brain tissue injury may be
protective and participate in tissue reparation. Interestingly,
in ischemic stroke patients the levels of miR-21 in peripheral
blood were reported to be both decreased [126] and in-
creased (especially in small artery stroke) [67]. Taking into
account the discrepancy of plasma levels, due to the critical
functions of its target proteins in various signaling pathways
miR-21 represents an attractive target for stroke treatment.

5.5. miR-29 Family, Differential Function in Apoptotic
Pathway

The human miR-29 family consists of three mature
members, miR-29a, miR-29b (b-1, b-2), and miR-29¢. They
exhibit differential regulation and subcellular distribution,
and target expression of diverse proteins like collagens, tran-
scription factors, methyltransterases and others [127]. It has
been shown, that miR-29 family regulates extracellular ma-
trix by targeting at least 16 extracellular matrix genes [128].
Expression of miR-29 family can be activated also by inter-
feron signaling and/or reduced by TGF-B, which suggests
immunomodulating properties [129, 130]. The cellular effect
of miR-29 members includes mainly regulation of prolifera-
tion, differentiation and apoptosis [131]. With respect to the
heterogeneity of miR-29 family targeting and regulations,
both pro- and anti —apoptotic targets have been described
with particular role of Bcl-2 pathway [132]. Due to modula-
tion of opposing pathways, members of miR-29 family have
controversial function. During neuron maturation, upregula-
tion of miR- 29b act as a survival factor interfering with
apoptosis, whereas in myocardial ischemic/reperfusion in-
jury, overexpressing of miR-29 family promoted apoptosis
[132, 133]. Shi et al. reported that, miR-29b levels were sig-
nificantly increased after ischemia and upregulation was
associated with the neuronal cell death [134]. Similarly,
overexpression of miR-29¢ resulted in increased sensitivity
to I/R injury, while downregulation of endogenous miR-29¢
was neuroprotective [135]. On the other hand, downregula-
tion or loss of miR-29b and miR-29¢ in ischemic area was
associated with neuronal cell death and increase in infarct
size [136, 137]. Beside necrotic core, expression profile was
determined also in salvageable apoptotic penumbra with
significant upregulation of miR-29b-2 [138]. Despite am-
biguous results in above mentioned studies, oral supplemen-
tation of a-tocotrienol was referred to restore stroke-induced
loss of both miR-29b and miR-29¢ and minimalize infarct
size in the brain [136].

5.6. miR-210 and Hypoxia

MiR-210, termed as a “master hypoxamir”, belongs to
the spectrum of microRNA induced in response to low oxy-
gen in wide range of cells [139]. During hypoxic conditions
miR-210 is induced by the key regulators of the cellular hy-
poxic response HIF-loa and HIF-2a [140, 141]. In hypoxic
environment, miR-210 shows anti-apoptotic functions and
ability to modulate cellular metabolism by repressing mito-
chondrial respiration [142]. In human endothelial cell ex-
posed to hypoxia, expression of miR-210 shows rapid and
persistent increase. Hence, its overexpression stimulates the
formation of capillary-like structures and increases cell mi-
gration in normoxic conditions [143]. In addition, miR-210
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can support cell differentiation and inhibit cell proliferation
by targeting proteins that are crucial for cell cycle progres-
sion [139, 144]. Furthermore, Crosby et al. reported that
miR-210 can silence the DNA repair system, which might be
critical for energy conservation for cell preservation during
acute hypoxic condition [145]. During ischemic brain injury
miR-210 plays multiple roles and increased miR-210 levels
have protective function. In patients with acute ischemic
stroke, circulating miR-210 gradually decreased with the
negative peak at the day 7 and 14 after onset of stroke and
the levels were higher in patients with better clinical out-
come [146]. In rat MCAO model, both brain and blood miR-
210 levels were elevated at 1 day after induction of ischemia,
and gradually decreased at the day 7 and 14. This parallel
expression changes suggest that blood levels can signifi-
cantly reflect ischemic brain tissue injury [146]. In later stud-
ies, miR-210 expression was found to be markedly higher in
rat ischemic cortex between 1 day and 7 days after transient
MCAO [147]. Considering strong pro-angiogenic effect,
miR-210 overexpression by lentiviral vector promoted
neovascularization in ischemic cortex [147] and increased
endothelial cell proliferation in subventricular zone [148].
These data suggest that higher levels of miR-210 promote
angiogenesis, neurogenesis and helps to prevent ischemia-
induced injury. Given the fact that miR-210 is aberrantly
expressed during ischemic conditions and participates in
hypoxia, angiogenesis and apoptosis. Therefore it represents
to be potential candidate for therapeutic purposes.

5.7. let-7 Family and Neuroprotection

Another abundantly expressed microRNA in the brain is
let-7 family (lethal 7a-e), which contains groups of mi-
croRNA with different functions. Let-7 belongs to the firstly
discovered group of microRNA essential for carly develop-
ment timing in C. ellegans [149]. In this context, let-7 family
is crucial for neurogenesis and neuronal maturation [150],
with increasing levels during tissue differentiation [151].
Many members of let-7 family act as a tumor suppressor in a
variety of cancers, so the loss of let-7 expression was linked
to the development of poorly differentiated aggressive can-
cers [152]. Interestingly, let-7 family was found to be se-
creted not only to serum but also to saliva [24]. Using mi-
crovesicles transport, some members of let-7 family have
been described to participate in inflammation process by
targeting pro-inflammatory cytokine IL-6 in macrophages
[153]. Considering secretion into body fluids, let-7¢ belong
to group of most frequently detected and upregulated mi-
croRNA in CSF of stroke patients. The elevation of let-7 (c,
d and e) in blood of young stroke patients was reported by
Tan et al., [67] similarly to Jeyaseelan et al., who found let-7
(a, b, ¢ and e) upregulated in blood and in rat brain after ar-
tery occlusion [58]. In other studies focused on different
stroke subtypes, expression of let-7 members was found to
be rather upregulated [60, 65, 154]. Recent study has focused
on expression levels (CSF, serum) and clinical significance
of let-7e at different stages following ischemic stroke. Levels
of let-7¢ in CSF and serum were markedly upregulated in
ischemic stroke patients at the acute stage. Although, let-7e
was not significantly correlated with parameters describing
stroke severity (NIHSS scores), it was positively correlated
with the serum levels of C-reactive protein, a marker of
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inflammation. Serum let-7e levels showed both high speci-
ficity and sensitivity, thus may serve as a useful circulating
biomarker for the acute stage of ischemic stroke [155]. Apart
from the role of biomarker for identifying and evaluating
ischemic stroke in human CSF and blood, some let-7 family
members are potential therapeutic candidates for neuropro-
tection following stroke. For instance, specific blockade of
let-7f can promote neuroprotection vig insulin like growth
factor (IGF-1) signaling pathway in rat model of ischemic
stroke [156]. Additional microRNA involved in pathophysi-
ology of ischemic stroke is summarized in Table 1.

6. HEMORRHAGIC STROKE

Hemorrhagic stroke is a bleeding into the brain paren-
chyma (intracerebral hemorrhage- ICH) or subarachnoid
space (subarachnoid hemorrhage-SAH). ICH is caused by
the rupture of cerebral vessel, while the classification of
SAH is based on underlying pathology from the more com-
mon rupture of the aneurysm to less common hemorrhage
caused by an arteriovenous malformation or others [187,
188]. Although hemorrhagic stroke represents only 15-20%
of strokes, it is responsible for about 40 percent of all stroke
deaths [189]. Despite the fact that ICH and SAH are different
pathologies due to different localization of hematoma, there
are a couple of similar mechanisms which play major role in
the pathophysiology of both ICH and SAH. Accumulation of
blood in extravascular space causes transient ischemization
of brain tissue [4, 5, 190]. Extravased blood which has direct
toxic effects due to cytotoxic plasma components (comple-
ment molecules, coagulation factors, immunoglobulins) as
well as oxidative stress and inflammation play an important
role in neuronal and endothelial injury [5, 190]. Recently,
research focused on diagnostic and therapeutic interventions
in early stage of hemorrhagic stroke is emerging [191, 192].
However, unlike ischemic stroke, which have been intensely
studied so far, little is known about involvement of microR-
NAs in pathophysiology of hemorrhagic stroke (Fig. 1).

6.1. MicroRNA profiling studies in intracerebral hemor-
rhage

First attempt to study specific roles of microRNAs in
hemorrhagic stroke was performed by Liu er al. [56]. In this
study authors compared microRNA expression following
different brain injuries including brain ischemia, intracere-
bral hemorrhage (lysed blood, fresh blood, thrombin) or ka-
inate seizures in rats. In case of intracerebral hemorrhage
(lysed blood) 17 microRNAs were upregulated and 12 down-
regulated in brain and 21 microRNAs were detected in
blood. The results showed unique microRNA profiles for the
brain, blood, and for each experimental condition, with few
microRNAs (miR-298, miR-155, miR-362-3p) dysregulated
in both brain and blood after almost all experimental condi-
tions. Guo et al. studied circulating microRNA expression in
15 patients with spontaneous intracerebral hemorrhage (ICH)
and 8 healthy controls [193]. To clarify unique profile and
eliminate possible effects of confounding factors, ischemic
stroke group with comparable clinical parameters (16 pa-
tients) were recruited. In patients with intracerebral hemor-
rhage a subset of 30 microRNAs were selectively upregu-
lated in a sex-independent manner. Network analysis sug-
gested the number of upregulated microRNAs anf inflamma-

Current Drug Delivery, 2017, Vol. 14, No. 6 821

tory cell-derived microRNAs, including miR-150, miR-365,
miR-30c, miR-27a, miR-574-5p, miR-130a and miR-423.
Interestingly, in stroke patients the above mentioned mi-
croRNAs were detectable in plasmatic microvesicles and
supernatant fraction , while in controls, microRNAs were
detected only in microvesicles. This suggests that disease
condition has impact not only on the total concentration of
microRNAs, but also on difference in plasma compartmen-
talization. Although the origin of upregulated plasma mi-
croRNAs is still under debate, they can be released from
inflammatory cells, mechanically destructed blood vessel
cells and/or injured neural cells [194]. Slightly different ap-
proach was chosen by Zheng et al., whose group focused on
circulating markers predicting secondary hematoma en-
largement (HE), which is the most devastating complication
after ICH [195]. Microarray method identified over 30 dif-
ferentially expressed microRNA between 79 patients with
HE and 30 control. Predicted targets participate in apoptosis
and cell proliferation, immune and hypoxia response, colla-
gen biosynthesis and blood vessel development, water ho-
meostasis and electric ion channel activity, energy metabolic
process and coagulation, extracellular matrix constituent and
cell surface binding, and blood pressure control. Most re-
cently, Zhu et al. described microRNA changes in other sec-
ondary brain damage after ICH- perihematomal edema
(PHE) [196]. Whole-genome microRNA profiles of ICH
patients reveled 54 downregulated microRNAs. Among the
altered microRNAs, only miR-126 was positively correlated
with the extent of PHE, suggesting pathogenic role in the
development of PHE after ICH.

6.2. Profiling in Subarachnoid Hemorrhage

Later, studies were focused on microRNA expression in
cerebral aneurysm formation or in pathophysiology of aneu-
rysmal subarachnoid hemorrhage. So far only one study from
2013 evaluated expression patterns of microRNAs in ex-
perimentally induced formation of cerebral aneurysm (CA)
in rats [197]. Compared to normal cerebral arteries in the CA
tissues 14 microRNAs were over-expressed above 200%
(miR-1, miR-21, miR-22-5p, miR-24-1-5p, miR-26b, miR-
29a, miR-29b, miR-29¢, miR-101b, miR-140, miR-147,
miR-181c, miR-223, miR-451) and 6 microRNAs were
down-expressed under 50% (miR-92b, miR-138, miR-181d,
miR-433, miR-489, miR-551b). It has been previously de-
scribed, that those microRNAs play role in vascular remodel-
ing, apoptosis, proliferation of vascular smooth muscle cells
and vascular inflammation [197]. In 2013 Jiang and col-
leagues compared different microRNA expression patterns in
cerebral aneurysm tissue between 14 patients and 14 controls
[198]. They identified 30 differentially expressed microR-
NAs from which 18 microRNAs were robustly downregu-
lated. Predicted functions showed involvement in dysfunc-
tion and remodeling of vascular endothelial cells, vascular
smooth muscle cell and involvement of inflammatory/
immune processes. In a second study by Liu et al., 157 dif-
ferentially expressed microRNAs (72 upregulated/85 down-
regulated) were detected in the aneurysmal tissue of 6 pa-
tients [199]. Following microRNAs participate in regulation
of smooth muscle cell proliferation and apoptosis, extracellu-
lar matrix organization, inflammation (TGF-f signaling
pathway) and response to oxidative stress: miR-1, let-7a,
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Table 1.  Overview of other microRNA involved in ischemic stroke.
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microRNA Target Function in Ischemic Stroke References
miR-15a Bcl-2 Gam/loss led to reduced/increased oxygen-glucose deprivation induced cerebral vascular endothelial | [157]
cell death
Is regulated by PPARS, which overexpression can reduce miR-15a expression, leading to decreased
BBB disruption and reduced cerebral infarction in mice.
miR-17-92 PTEN Increased level in brain after stroke and in 1schemic cells causes proliferation and survival of neural [158]
progenitor cells.
miR-103 NCX Regulates Na/Ca exchange. [159]
Antagomir downregulation reduced brain damage and neurological deficit.
miR-107 GLT-1 Level was elevated in both brain tissue and plasma in a cerebral ischemia/reperfusion (I/R) injury rat | [160]
model.
Positive correlation between plasma levels and glutamate level in patients with acute ischemic stroke
(biomarker of monitoring excitotoxicity).
miR-125b CDKN2A Potential mediator of post-stroke astrogliosis induced by IL-6 (increased 125b levels were found in [161]
IL-6R IL-6 stressed normal human astrocytes). [162]
Mecl-1
Bel-w Vliz‘l mullipl; targeting inhibits glial cell proliferation, promotes cell apoptosis (via p33) and ncuronal [163]
ps3 differentiation. [164]
miR-126 VCAMI Endothelial specific microRNA which governs vascular integrity, angiogenesis and wound repair. [165]
Targeted deletion causes leaky vessels, hemorrhaging, loss of vascular integrity and defects in endo- [166]
thelial cell proliferation, migration and angiogenesis. [154]
Decreased expression of miR-126 enhances leukocyte adherence to the endothelium via VCAML. [e7]
Circulating levels are markedly downregulated in patients with ischemic stroke and represents useful
biomarker.
Serum levels differ in a rat model of permanent versus transient ischemia and may help to distin-
guish severe permanent ischemia from milder injury after transient ischemia.
miR-130 Aquaporin 4 Antagomir blockade led to reduction in infarct size and increased neuronal recovery. [168]
miR-145 SOD2 Upregulated in brain after ischemia. [57]
myocardin Post-ischemic infusion of antagomir-143 into the lateral ventricles decreased the area of infarction [169]
(via SOD2),
[170]
Regulated by p33 in microglia.
Modulator of smooth muscle cell phenotype able of controlling vascular neointimal lesion formation.
miR-146a eNOS Key regulator of astrocyte-mediated inflammatory response induced in endothelial cells upon expo- [171]
sure to proinflammatory cytokines (negatively regulate the interleukin-1f3).
TRAF6 [172]
Represses endothelial activation by inhibiting pro-inflammatory pathways.
IRAK! L & er Rty [173]
Regulate dendritic dell apoptosis (via TRAF6 and IRAKT). [174]
Polymorphisms in miR-146a are associated with risk of ischemic stroke. [ 75‘]
Circulating levels were downregulated in acute phase of ischemic stroke but upregulated in subacute 176
phase. [176]
Promotes stroke-induced oligodendrogenesis.
miR-200¢c Reelin Antagomir inhibition resulted in reduction in infarct volume, neurological deficit and promotion of [177]
neuronal migration and synaptogenesis (via Reelin).
miR-223 Aquaporin Secreted by platelets promotes endothelial cells apoptosis. [178]
GluR2 Role in systemic cholesterol regulation. [179]
NRB2 Transferred by lipoprotein particles and regulates ICAM-1 expression in endothelial cells. [180]
Regulate multiple inflammatory genes in monocytes and macrophages. [181]
Protect brain from glutamate excitotoxicity. [182]

(Table 1) Contd....
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microRNA Target Function in Ischemic Stroke References
miR-320a Aquaporinl Antagomir blockade increased aquaporin expression leading to reduction of infarct volume. [183]
Aquaporind
miR-424 CCND1 Decreased levels in brain and blood tissue of ischemic stroke patients and experimental animals. [58]
DC2Z5A
CDKG6 Experimental overexpression led to decrease in infarct volume and neuronal cell death through sup- [184]
Nrf2 pressing microglia activation and reduced oxidative stress. [18s]
SOD
miR-497 Bel-2 Induced in mouse brain after ischemic insult. [186]
Knockdown of cercbral miR-497 attenuates ischemic brain infarction and impraves neurological
outcomes.

BBB - blood brain barrier; Bel — anti-apoptotic regulator; CCND1 - cell cycle activator, CDK6 - cell cycle activator;

CDKNZ2A - cyclin-dependent kinase inhibitor 2A; DC25A - cell eycle activator; eNOS - endothelial nitric oxide synthase; GLT-1 glutamate transporter-1; GluR2 - the glutamate

receptor subunit; IL-6R - interleukin 6 receptor:

TRAK1/2 - IL-1 receptor-associated kinase | (adaptor protein of the NF-xB signaling cascade); Mcl-1 - anti-apoptotic regulator; NCX - Na(+)/Ca2+ exchanger; NR2B - glutamate

receptor subunit; Nrf2 - nuclear factor erythroid 2-related factor; PPARS - peroxisome proliferator-activated receptor; PTEN - phosphatase and tensin homolog; SOD - superoxid

dismutase; TRAF6 - TNF receptor-associated factor 6 (adaptor protein of the NF-xB signaling cascade); VCAM1 - vascular cell adhesion molecule-1.

miR-10a, miR-17, miR-23b, and miR-26a, miR-24-1, miR-
125b, miR-126, miR-143 and miR-145 and miR-222 [199].

Circulating microRNAs were studied with regard to an-
eurysm location and characteristics (aneurysm with/ without
daughter sac and ruptured aneurysm). 86 microRNAs (69
upregulated/17 downregulated) differed significantly be-
tween all 3 types of aneurysm and control group in total of
24 subjects. In the group of patients with aneurysms with
daughter sac, all serum microRNAs were upregulated [200].
In comparison, Li er al. examined plasma from 40 patients
with intracranial aneurysm (20 ruptured/20 unruptured) and
20 healthy controls examined by digital subtraction angi-
ography due to neurological symptoms [201]. 119 microR-
NAs were significantly changed in patients with unruptured
aneurysms and 23 microRNAs in patients with ruptured an-
eurysms (20 of them in both ruptured and unruptured aneu-
rysms). Because of the significantly higher abundance of
miR-16 and miR-25 in patients with TA, these were chosen
for further validation for candidate microRNA. Logistic re-
gression analysis demonstrated that levels of both were inde-
pendent factors for IA occurrence and together with hyper-
tension may serve as an independent predictor for the pres-
ence of IAs. Changes in microRNA levels were measured
also in human cerebrospinal fluid (CSF) in patients after
aneurysmal SAH. Profiling of 8 patients showed two specific
clusters of microRNA differentially regulated over time
(daily/10 days). The levels of microRNA in first cluster
(miR-92a and let-7b) gradually decreased over ten days,
while second cluster (miR-491) showed rather increased
tendency [202]. Unfortunately, none of the profiling studies
associated microRNA levels with clinical data (severity of
SAH, outcome or occurrence of cerebral vasospasm). How-
ever, there are few candidate microRNAs (miR-29, miR-30a,
miR-143, miR-145), which were described to be upregulated
in cerebral vessels after experimental SAH and these could
play role in cerebral vasospasm development [203]. Informa-
tion about biomarkers, including microRNA, in other /rare
sources of bleeding such as arteriovenous and cavernous
malformation is missing.

So far, only miR-18a, a member of the miR-17/92 clus-
ter, which exhibits strong antiangiogenic properties, was de-
scribed to be directly associated with arteriovenous malfor-
mation (AVM) [204]. Previous studies revealed, that miR-
18a can promote angiogenesis by regulating key antiangio-
genic factors thrombospondin-1 (TSP-1) and connective tis-
sue growth factor (CTGF) [205, 206]. In human cerebral
arteriovenous malformation microRNA-18a normalized the
aberrant phenotype of AVM-derived brain endothelial cells
by restoring the levels of key angiogenic factors [207]. Mi-
croRNA-18a (miR-18a) shows great potential for treating
neurovascular diseases including AVM by using specific
miRNA-delivery platform [208]. Additional microRNAs
involved in the pathophysiology of hemorrhagic stroke are
summarized in Table 2.

7. FUTURE PERSPECTIVES AND POTENTIAL
THERAPEUTIC USE OF microRNA

MicroRNA molecules, the most flexible network of gene
regulation, represent one of promising directions for stroke
therapy. Full understanding of the regulatory mechanisms of
the microRNA network in its complexity is a prerequisite for
the development and successful application of microRNAs
for diagnostic and therapeutic purposes. Firstly, the presence
of microRNAs in body fluids may represent a source of
promising diagnostic and prognostic markers due to their
high stability [27]. Brain-specific microRNAs in circulation
or in cerebrospinal fluid to some extend reflect the events
that occur at the site of injury, and can be potentially used as
biomarkers of stroke development. Secondly, targeted ma-
nipulations with the levels of stroke-specific microRNAs can
serve as a potential therapeutic option, because of their in-
volvement in the regulation of apoptosis, oxidative stress and
inflammation. To date, we do not have effective tools to con-
trol these pathophysiological processes once they are deregu-
lated and thus the microRNAs have to be considered as a
very promising target for future therapies. Nevertheless,
there are several obstacles in the therapeutic use of mi-
croRNA, particularly tissue and cell-specific delivery in the
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Table2. Overview of microRNA involved in hemorrhagic stroke.

microRNA Target Function in Hemorrhagic Stroke References
let7e IGFIR Upregulated after experimental intracerebral hemorrhage in rats. [209]
Antagomir inhibition reduced perihematomal edema, apoptotic cell death, inflammation around
hematoma and enhanced neurological recovery.
miR-18a TSP-1 In AVM-derived brain endothelial cells miR-18a increased aberrant TSP-1 levels (antiangiogenic [207]
- factor), decreased vascular endothelial growth factor VEGF-A and VEGF-D secretion and regulated .
CTGF cell proliferation and improved tubule formation efficiency. [208]
VEGF-A
VEGF-D
miR-21 Increased level in blood of patients with TA. [201]
Increased expression (protective) in the development of AAA, miR-21 blockade caused aneurysm [210]
enlargement.
Key modulator of proliferation and apoptosis of vascular wall smooth muscle cells during develop-
ment of AAA,
miR-26 Smadl Smad4 Decreased in AAA model. involved in apoptosis, response to oxidative stress, TGF-p signaling path- [211]
way, smooth muscle cell proliferation, phenotypic switch of VSMCs. H97]
Increased levels in CA tissue in rats and in circulation in humans with 1A, [201]
miR-29a,b.¢ Associated with downregulation of numerous extracellular matrix components in aorta, silencing [212]
inhibited dilation of the aorta in mice.
[213]
Mediates TGF-B1-induced extracellular matrix synthesis. [214]
Inhibition increased collagen expression, reduced AAA development and progression.
Involved in fibrotic processes.
miR-126 VCAM-1 Decreased in serum in patients with acute ICH, correlated with perihematomal edema volume. [196]
Promotes angiogenesis and inhi inflammation (repressing VCAM-1} by reducing the number of
immune cells infiltrating the site of inflammation.
miR-130 caveolin-1 Elevated in the serum of ICH patients and positively associated with perthematomal edema volume [215]
within the first 3 days after onset.
MMP2
Increased in rat serum and perthematomal tissues
MMP9
Inhibitors reduced brain edema, blood—brain barrier (BBB) permeability and increased neurological
deficit scores.
miR-132 Increased in circulation of patients after acute aSAH. [216]
Involved in angiogenesis by suppressing endothelial cell proliferation and vessel growth. [217]
Enhance post-ischemic arterig is and regul dendritic growth. [218]
miR-143 Decreased levels in patients IA tissue/increased level in cerebral artery after experimental SAH hem- [198,203]
orrhage in rats.
[219]
Decreased in vascular stress, downregulation of miR143/145 cluster can promote VSMC phenotypic
switch to “proliferative” phenotype (aneurysm formation).
miR-145 Decreased levels in patients 1A tissue, [198]
Decreased in vascular stress, downregulation of miR143/143 cluster can promote VSMC phenotypic [219]
switch to “proliferative”™ phenotype (aneurysm formation).
miR-223 NLRP3 Crucial regulator of microglial activation, inflammation and neuron injury after intracerebral hemor- [220]
rhage (via NLRP3).

AAA - abdominal aortic ancurysm; aSAH - ancurysmal subarachnoid hemorrhage; AVM - arteriovenous malformation; CA - cercbral artery; CTGF - connective lissuc growth faclor;
TA - intracranial aneurysm; ICT ntracercbral hemorrhage: TGFIR - insulin like growth factor receptor 13 MMP - matrix metalloproteinase; NLRP3 - inflammasome involves in
inflammation after intraccrebral hemorrhage; Smad - Smad family member (TGF-f superfamily signaling cascade); TGF-p — mor growing factor p; TSP-1 — thrombospondin;

VEGF-A - vascular endothelial growth factor A; VEGF-D - vascular endothelial growth factor D; VCAM-1 - vascular cell adhesion molecule ; VSMC - vascular smooth muscle cell.

brain, degradation avoidance, and target specificity. Hence, struct with enhanced in vivo stability by increased thermal
one of the latest approaches uses locked nucleic acid- stability and resistance to exo- and endonucleases [221].
modified oligonucleotide antagomir (LNA-antimiR) con- Numerous studies demonstrated neuroprotective potential of
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Fig. (1). Role of microRNA in stroke.

targeted microRNA modulations in stroke animal models. In
contrast to experimental studies, clinical research is at the
very early stage. So far, profiling studies identified candidate
microRNAs and partially described dynamics of their ex-
pression after the stroke. However complex associations of
specific microRNAs expression with main clinical character-
istics and deeper insight into mechanisms their regulatory
functions are still missing.
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3.2 Inflammation - a crucial pathophysiological aspect of early brain injury

Inflammation is a crucial contributor to EBI; inflammatory response is exaggerated after SAH
and it represents a potential cross-link among all EBl-associated pathologies, DCI, and vaso-
spasms3376-78 Inflammatory response associated with SAH is thus an important topic
of research in both clinical and experimental conditions.

The immune system in the brain is mainly represented by macrophages, which are localized
in the parenchyma — microglia, as well as outside the parenchyma, alongside barriers — peri-
vascular macrophages, meningeal macrophages, circumventricular organs associated macro-
phages and choroid plexus associated macrophages’®. Individual immune cells may traffic be-
tween CSF and parenchyma, while trafficking between CSF and regional lymph nodes
is possible via nasal and dural lymphatics, which drains CSF to cervical lymph nodes®-%2,

Microglia is the most frequent myeloid population in the brain and have several crucial func-
tions, like synaptic pruning, synthesis of neurotrophic factors, immune surveillance,
or phagocytosis®38, In response to pathology, microglia is activated shifting to proinflamma-
tory M1 or anti-inflammatory M2 phenotype®’.

Inflammatory response after SAH develops in two steps, it is initially a local reaction which
is subsequently generalized to systemic response®®89, Local reaction peaks between 4 and 6
hours after SAH and subsequent inflammatory response may persist for approximately two
weeks®®92, Inflammatory response after SAH is triggered in reaction to tissue damage and
transient global cerebral ischemia®®®3°* These are strong signals mainly for microglia activa-
tion, which starts to release proinflammatory cytokines, activating endothelial cells and pe-
ripheral leukocytes®-%¢,

Microglia is also a source of chemokines, which attract peripheral leukocytes to the affected
area, while endothelial cells produce adhesive molecules allowing diapedesis of peripheral
leukocytes, which are mainly represented by neutrophils and monocytes/macro-
phages®®°725> However, diapedesis is complicated, because BBB is permeable for single leu-
kocytes, however, it is not permeable for the trafficking of large leukocyte populations®.
When leukocytes are stuck in perivascular space, they release proteolytic enzymes which
cause BBB disruption and allow them to penetrate BBB®>®%, This is an important mechanism
of BBB disruption in EBI100101,

Besides BBB disruption, infiltrating immune cells cause additional tissue damage by overpro-
duction of ROS and proinflammatory cytokines'®. Neutrophils represent a major source of
ROS, which are mainly produced by NADPH oxidase and myeloperoxidase®3. Besides super-
oxide and hypochlorous acid, the neutrophils produce a significant amount of other ROS such
as hydrogen peroxide, chloramine, or hypothiocynite!®. As mentioned above, oxidative stress

may damage lipids, proteins as well as DNA and promotes further inflammatory response®-
70,65

Cytokines represent a complex net of molecules that regulate key homeostatic proceses'®4,
Inflammatory response after SAH is associated with increased levels of TNFa, IL-1B, IL-6, and
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IL-8 which may reflect patient outcomel%1%, probably the most extensively investigated pro-
inflammatory cytokine in stroke research is IL-61%7119, High levels of IL-6 in CSF and serum are
associated with DCI and patient outcome!%®110 |L-6 is involved in several crucial pathophysi-
ological processes such as oxidative stress, apoptosis, and BBB disruption??,
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3.2.1 The author’s publications related to the topic of SAH associated inflammation

3.2.1.1 The Role of Inflammatory Response in Stroke Associated Programmed Cell Death

Duris K, Splichal Z, Jurajda M. The Role of Inflammatory Response in Stroke Associated Pro-
grammed Cell Death. Curr Neuropharmacol. 2018;16:1365-1374.

Type of article: Review article
IF (2018): 4,568
Number of citations without self-citations according to WoS (7/2025): 58

In this review article, we discuss the contribution of inflammation to cell death after stroke.
At the beginning, we outline the pathophysiology of stroke-associated primary and secondary
brain injury and describe the activation of inflammatory response after stroke. The main sec-
tion is dedicated to the characterization of various types of cell death after stroke with respect
to inflammation. Particularly we cover necrosis, apoptosis, necroptosis, pyroptosis, and au-
tophagy. Finally, we discuss inflammation as a target for therapy after stroke.
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1. INTRODUCTION

Stroke is a sudden neurological dysfunction caused by an
interruption of blood supply to the brain. Stroke is a major
source of long term disability and mortality, it is the number
two cause of death worldwide [1]. Each year, approximately
15 million people worldwide suffer from a stroke, from
which around one third die and another one third stay per-
manently disabled [2]. Interruption of blood supply to the
brain may be caused by cerebral vessel occlusion causing
ischemic stroke (around 70% of strokes) or by vessel rupture
leading to hemorrhagic stroke (around 30% of strokes) [3].
Rupture of intraparenchymal artery results in intracerebral
hemorrhage (ICH), while the rupture of an extraparenchymal
cerebral artery (localized in subarachnoid space) results in
subarachnoid hemorrhage (SAH). A cerebral aneurysm is the
most common source of spontaneous (non-traumatic) suba-
rachnoid hemorrhage (SAH). Although the hemorrhagic
stroke is less frequent than ischemic, hemorrhagic stroke is
associated with a higher mortality and altogether it accounts
for around same number of deaths as ischemic stroke [3].
Pathological changes similar to stroke may occur also in “a
small scale” as a part of small vessel disease which may
have a very complex pathophysiological background [4]. In

*Address correspondence to this author at the Department of Pathological
Physiology, Faculty of Medicine, Masaryk University, Kamenice 5, 625 00 Brmo,
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this article, we will outline main pathophysiological proc-
esses associated with stroke with an accent to the inflamma-
tion and cell death after stroke. Stroke research is a very dy-
namic process, new information about pathophysiology of
stroke allow researchers to view the problematic from new
perspectives and to create new models for research which in
turn may bring new information [5, 6].

2. PATHOPHYSIOLOGY OF STROKE

As mentioned above, stroke is a sudden loss of neural
functions due to interruption of blood supply to the brain due
to ischemic or hemorrhagic event. Neurons are highly me-
tabolically active and almost completely dependent on oxi-
dative phosphorylation [7]. The neurons use the majority of
energy to keep the membrane electrical activity and neuronal
cells are very sensitive to restriction of oxygen and glucose
[8]. Blood supply interruption causes quick development of
brain damage which may be reversible or irreversible ac-
cording to severity of stroke.

Primary brain injury is a direct damage which develops
immediately after the onset of stroke due to critical ischemia
or due to tissue disruption by hematoma. Critical ischemia
results in irreversible neuronal damage forming the core of
infarction. In the core of infarction absolute insufficiency of
ATP leads to depolarization and bioenergetic failure, the
ATP dependent ion pumps are not able to keep minimal re-
quired membrane potential, osmotically active ions, such as

©2018 Bentham Science Publishers
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Na®, accumulates inside the cell, followed by water influx
which result in cytotoxic edema and potentially cell death
[7]. Disruption of brain tissue by hematoma is a direct me-
chanical damage caused by mass effect of extravasated blood

9.

Secondary injury develops in a delayed manner and the
main contributors to secondary injury are excitotoxicity, oxi-
dative stress and inflammation [7, 10, 11]. The most severe
consequences of secondary brain injury are endothelial dam-
age (and subsequent vasogenic edema) or neuronal cell death
[7, 10, 11]. In ischemic stroke, the secondary damage occurs
mainly in the penumbra, the area surrounding the core of
infarction, where the neuronal cells are affected by ischemia
reversibly [12]. Insufficiency of ATP due to decreased blood
supply leads to neuronal depolarization, but there is enough
ATP to avoid complete bioenergetic failure as occurs in
ischemic core. In experimental conditions, ATP levels in the
penumbra decreased to 62% of basal production, while in the
core of infarction ATP levels reached 22% of basal produc-
tion [13]. Delayed ischemic cerebral damage, similar to pen-
umbral, has been described after both types of hemorrhagic
stroke, although there are still some controversies about this
topic in the pathophysiology of ICH [14-16]. Mass effect
associated with large intracerebral hemorrhage cause ische-
mia in perihematomal area due to increased intracerebral
pressure [9, 17]. However, increased intracerebral pressure
may not be associated with cerebral ischemia in all the cases
and this was described in experimental conditions [16]. In-
creased intracerebral pressure in patients with ICH together
with decreased blood pressure and preexisting cerebral mi-
croangiopathy due to atherosclerosis was thus hypothesized
to be major pathophysiological factors for ischemic cerebral
damage after ICH [14]. If there are some controversies about
cercbral ischemia after ICH, there secems to be no controver-
sies in case of SAH. It is generally accepted that the mass
effect of blood in subarachnoid space after SAH cause a
massive increase in intracranial pressure, resulting in tran-
sient cerebral ischemia, which play an important role in the
pathophysiology of SAH [11, 18].

Massive extracellular accumulation of excitatory neuro-
transmitters, excitotoxicity, is due to increased release from
depolarized neurons and due to decreased reuptake which is
ATP dependent. Excitotoxicity amplifies depolarization of
surrounding neurons, leading to influx and accumulation of
Na', CI' and Ca’* [19]. Ionic imbalance and especially high
intracellular level of Ca®* may result in excessive activation
of proteolytic and reactive oxygen species (ROS) producing
enzymes and potentiate secondary neuronal damage [7,19].

Excessive production of reactive oxygen species, oxida-
tive stress, is a significant contributor to secondary injury in
stroke [20]. Stroke associated oxidative stress is a very com-
plex process involving several pathophysiological processes
including excessive accumulation of Ca™ in the cytoplasm,
mitochondrial dysfunction, decreased activity of anti-oxidant
enzymes and inflammation [21-23]. Neurons are vulnerable
to oxidative stress because of high metabolic activity, rela-
tively low amount of antioxidant enzymes and high levels of
polyunsaturated fatty acids which are prone to oxidative
damage [24]. High level of oxidative stress occurs mainly
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during reperfusion [21]. Reperfusion injury is a severe com-
plication following restoration of blood supply and in most
severe cases, hemorrhagic transformation of the ischemic
area may occur [7].

Following intracerebral hemorrhage, or hemorrhagic
transformation, several cytotoxic blood components are in
contact with brain parenchyma, which may contribute to
secondary injury. These include complement molecules, co-
agulation factors, immunoglobulin molecules and mainly
iron from depredated hemoglobin [10, 25]. Subarachnoid
hematoma is localized extraparenchymally and the blood is
in contact with main stems of cerebral vessels. The cytotoxic
blood components may contribute to cerebral vasospasm
development, however, other etiological factors, including
NO, endothelial cell damage or oxidative stress may be in-
volved in cerebral vasospasm development [26-28]. Cercbral
vasospasm represents the most severe late complication after
SAH, which is associated with high mortality and morbidity
[29]. Unclear pathophysiology of cerebral vasospasm and the
absence of effective treatment led to the identification and
further research of early brain injury, pathological processes
which precede and which may contribute to cerebral vaso-
spasm development [11, 30, 31]. Although these pathologi-
cal processes basically represent secondary injury, the term
“early brain injury” is more appropriate from the perspective
of cerebral vasospasm development.

3. THE ACUTE INFLAMMATORY RESPONSE IN
STROKE

Inflammation plays a crucial role in the pathophysiology
of stroke; on one side the inflammatory response is neces-
sary for tissue repair, on the other side the inflammatory re-
sponse is an important contributor to secondary brain injury
after stroke [32, 33]. The inflammatory response is quite
uniform in ischemic and hemorrhagic stroke, including acti-
vation of microglia and endothelial cells in the first step,
followed by infiltration of affected areas by peripheral leu-
kocytes which subsequently cause tissue damage (Fig. 1)
[34-36]. Although the basic concept of inflammatory re-
sponse after stroke is generally known, there is still a lot of
missing information and this concept is constantly updated
[37].

Microglia represents resident immune cells in central
nervous system responsible for immunological surveillance
and phagocytic functions [38]. Microglial activation occurs
rapidly after stroke in reaction to ischemia/tissue damage
[39-41]. Microglial activation may also be induced by endo-
thelial cells, suggesting the important role of microvascula-
ture after stroke [42]. Activated microglia is morphologically
and functionally similar to macrophages [43]. The role of
activated microglia is ambiguous. Activated microglia may
have neuroprotective role, possibly by its phagocytic func-
tions [39]. But activated microglia is mainly a source of neu-
rotoxic substances, including proteases, excitatory amino
acids, nitric oxide and pro-inflammatory cytokines [44, 45].

Endothelial cell activation includes increased expression
of selectins and adhesion molecules, which is an essential
step for recruitment of leukocytes from peripheral blood
[46]. Both E-selectin and P-selectin are involved in leuko-
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Fig. (1). The inflammatory response after stroke and its spatial and temporal context. Stroke associated tissue ischemia/damage is
strong pro-inflammatory signal, which activates resident immune cells (microglia) as well as astrocytes and endothelial cells, resulting in the
production of pro-inflammatory cytokines and adhesion molecules. Pro-inflammatory cytokines help to activate endothelial cells locally, but
they are mainly released into circulation, where they activate peripheral leukocytes (mainly neutrophils, macrophages and natural killers).
Activated leukoeytes from the periphery are directed by the adhesion molecules, which allow the leukocytes to infiltrate the affected arcas.

cyte rolling and recruitment and are associated with secon-
dary brain injury, while the L-eslectin seems not to be re-
lated to stroke [47-49]. Adhesion molecules facilitate dia-
pedesis of leukocytes through the vessel wall and while there
are strong evidences that ICAM-1 contribute to secondary
brain injury, reports about the role of VCAM-1 in the patho-
physiology of stroke are controversial [50-55].

Peripheral leukocytes infiltrate the affected area in re-
sponse to microglial and endothelial activation. The kinetics
of leukocytes after ischemic as well as hemorrhagic stroke is
as follows: the first infiltrating cells are neutrophils, fol-
lowed by macrophages and natural killer cells with subse-
quent infiltration of T lymphocytes [56]. The deleterious
effect of escalated inflammatory response is mainly associ-
ated with toxic effect of ROS species, arachidonic acid me-
tabolites and pro-inflammatory cytokines which significantly
contribute to secondary brain damage [57]. It is still not clear
whether the inflammatory response associated with severe
stroke may be considered as a deregulated or just exagger-
ated, but regulated process. Regulatory T lymphocytes play
crucial role in maintaining immune homeostasis and control-
ling inflammation and these cells are recently a subject in-
tensive research [58].

4. INFLAMMATION AND CELL DEATH AFTER
STROKE

Inflammation plays crucial role in the pathophysiology of
stroke and inflammation is closely associated with cell death
[57]. On one side, tissue damage induces an inflammatory
response in order to remove debris and repair tissue damage,
on the other side, strong/deregulated inflammatory response
may aggravate the tissue damage and cell death [57]. As
mentioned above, harmful effect of inflammation is associ-
ated with a toxic effect of ROS species, proteolytic enzymes
and pro-inflammatory cytokines. The immune cells are rich
source of these mediators and while the ROS as well as pro-
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teolytic enzymes may cause direct tissue damage, the effect
of pro-inflammatory cytokines is receptor mediated process
(Fig. 2) [57]. Several subtypes of cell death have been de-
scribed and these are characterized by a different level of
regulation, but all subtypes are closely interconnected and
associated with inflammation [59]. Apoptosis and necrosis
may be considered as two opposite poles of cell death scale.
Necrosis is unregulated or minimally regulated, passive
process which does not require too much energy, while
apoptosis is highly regulated, active process requiring energy
[60,61]. Necrosis induces inflammation, while apoptosis
does not induce inflammation, on contrary apoptosis may be
induced by inflammation [59]. Necrosis occurs under
“pathological” conditions, while apoptosis occurs either un-
der “physiological” conditions during development or under
“pathological” conditions as a result of intrinsic “self-
eliminating” mechanisms or immune surveillance [59]. Ne-
croptosis, pyroptosis and autophagy are the other subtypes of
cell death, which will be described below, however, all the
subtypes of cell death are closely interconnected, possibly as
the backup programs and immune system may coordinate
interactions between them [62, 63].

4.1, Necrosis

Although this article is primarily focused on programmed
cell death, it is important to consider all forms of cell death
and that is why this part was included in this review. Necro-
sis is a type of cell death, which is minimally regulated or
unregulated at all [60, 61]. It usually occurs in the core of
infarction or in areas damaged directly by the mass effect of
hematoma, so this type of cell death is typically associated
with primary injury [7, 9]. Due to extreme conditions, bio-
energetic failure may occur with subsequent cytotoxic edema
and cellular lysis [7]. Bioenergetic failure is a passive, not
regulated, process, which develops quickly and we may as-
sume that no regulation occurs because there is not time and
energy for it. In less severe conditions, necrosis may occur as
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Fig. (2). The inflammatory response and cell death after stroke. DAMPs (damage associated molecular pattern) are released from in-
jured/necrotic cells in response to tissue damage. Inflammation is triggered in response to DAMPs through PRRs (pattern recognition recep-
tors). Pro-inflammatory cytokines act through death receptors (Fas, TNF, TRAIL) triggering either caspase-8 apoptotic pathway (extrinsic),
or RIP1-RIP3 (receptor-interacting protein kinases)-MLKL (mixed-lincage kinase domain-like protein) pathway resulting in necroptosis. The
RIP1-RIP3 pathway may induce apoptosis when MLKL 1is not present. PRRs also contribute to inflammation by induction of inflamasome
formation and caspase-1 activation, resulting in maturation and releasing of pro-inflammatory cytokines from the pyroptotic cells.

partially regulated process initiated by oxidative stress, high
Ca® cytoplasmatic concentrations and mediated by calpain
mechanism [64-67]. Necrotic cell death is associated with an
activation of immune system [39, 40].

4.2. Apoptosis

Apoptosis is a highly regulated type of cell death, which
develops in a delayed manner and which is associated with
secondary injury. Apoptosis typically occurs in ischemic
penumbra and apoptosis also plays an important role in the
pathophysiology of hemorrhagic stroke [7, 68, 69]. Cellular
component degradation in apoptosomes and cell shrinkage
are characteristics of this type of cell death. Apoptosis is
mediated by caspase pathways, which may be triggered by
intrinsic or extrinsic factors. The intrinsic pathway is in-
duced by cellular/mitochondrial damage, leading to cyto-
chrome ¢ release from mitochondria, which activates caspase
9 - caspase 3 [70]. The extrinsic pathway is mediated by sur-
face death receptors, from which the most important are Fas,
TNF and TRAIL receptors associated with activation of
Caspase 8 and Caspase 10 [71]. This may lead to activation
of intrinsic pathway or to direct activation of executioner
caspase 3 [72]. Caspase 3 is the final step of activation for
both intrinsic and extrinsic pathways mediating programmed
cell death, mainly by enhancing DNA damage and fragmen-
tation [73]. The immune system plays crucial role in apopto-
sis regulation and excessive inflammatory response is asso-
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ciated with induction of pro-apoptotic and inhibition of anti-
apoptotic pathways [74].

4.3. Necroptosis

Necroptosis is a programmed type of cell death combin-
ing features of apoptosis (initial phase) and necrosis (execu-
tive phase). Necroptosis is mediated by same receptors as
apoptosis, different signaling pathways are, however, associ-
ated with these two subtypes of cell death. Fas, TNF and
TRAIL activation is, in case of necroptosis, caspase inde-
pendent machinery associated with RIP1-RIP3 (receptor-
interacting protein kinases) signaling pathway [75]. RIP1-
RIP3 complex activates MLKL (mixed-lineage kinase do-
main-like protein) which induce necroptotic cell death by
permeabilization of plasmatic membrane [76-78]. MLKL is
essential for necroptosis execution, because an activation of
RIP3 in absence of MLKL induces caspase dependent ma-
chinery, which result in apoptosis, suggesting that the selec-
tion of “executive program” (necroptosis or apoptosis) pos-
sibly depends on the levels of signaling and effector proteins
[79]. Necroptosis was suggested as a potential back up plan
for the situations when the caspase mediated cell death pro-
gram fails [80]. Necroptosis was also reported to be associ-
ated with extremely pathological extracellular conditions,
such as acidosis, which is associated with ASICI (acid-
sensing ion channel 1) mediated activation of the RIP1-RIP3
system [77]. This may represent a potential shortcut in case
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when the severe environmental conditions do not allow real-
izing apoptotic program.

4.4. Pyroptosis

Pyroptosis is a type of programmed cell death, which is
associated with a high level of inflammatory response. The
inflammatory response is triggered by PRRs (pattern recog-
nition receptors) which recognize a wide range of microbial
structures called PAMPs (pathogen associated molecular
pattern), endogenous stress signals called DAMPs (damage
associated molecular pattern) or ASC (apoptosis speck-like)
proteins and induce formation of inflamasommes [81, 82].
Important compounds of inflammasomes are NLRPs (NOD-
like receptors containing pyrin domains), mainly NLRP 1|
and NLRP3 which interact with pro- caspase-1 and cleave it
into active the form [81, 82]. Caspase | in turn cleaves pre-
cursors of inflammatory cytokines activating mainly 1L-1p,
IL-18 and IL-33 which are released from dying cells and
induce inflammation [81, 82].

4.5. Autophagy

Autophagy is a basic cellular function enabling degrada-
tion of cellular content in autophagosomes [83]. This process
is enhanced under stress conditions such as stroke and
maybe both beneficial and deleterious [84, 85]. Cellular
components degradation and recyclation may help to keep
energy homeostasis and the physiological level of autophagy
was demonstrated to be protective, while insufficient or ex-
cessive level of autophagy was shown to be harmful [86].
Three types of autophagy were described: macroautophagy,
microautophagy and chaperone-mediated autophagy. Mac-
roautophagy is the predominant pathway involved in recy-
cling and degradation of cytoplasmic content in auto-
phagosomes  which fuse with lysosome, forming
autolysosome [87]. Microautophagy is non-selective degra-
dation of cytoplasmic substances in the lysosomes [88]. Fi-
nally chaperone-mediated autophagy represents selective
degradation of cytoplasmic material bound to chaperone
[89]. Autophagy plays a crucial role in degradation of cyto-
plasmic proteins, lipids, as well as whole organelles such as
mitochondria, endoplasmatic reticulum or ribosomes [90-
93]. Autophagy is tightly regulated, the major regulatory
pathways are AMPK (AMP-activated protein kinase) pathway
which is involved in positive modulation, and mTOR
(mammalian target of rapamycine) pathway which represents
negative modulator [94].

5. INFLAMMATION AS THERAPEUTIC TARGET
AFTER STROKE

Inflammatory response after stroke may be considered as
a two step process. The first step is an activation of the im-
mune system and leukocyte trafficking, in the second step
infiltrating leukocytes execute their functions with all the
consequences. Therapeutic interventions basically target
either leukocyte trafficking or crucial mediators of inflam-
matory response. However, it is necessary to mention that
many important details regarding inflammatory response
after stroke are still not known, and, for example, the serum
levels of TNFu in patients with intracerebral hemorrhage
have not been investigated in a robust clinical study [95].
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ICAM-1 (intercellular adhesion molecule 1, CD54) is
adhesion molecule which is necessary for neutrophil tran-
sendothelial migration [96]. In experimental conditions, the
anti-ICAM-1 antibody reduced neutrophil infiltration into
the brain and this was associated with reduced ischemic
brain damage in transient focal cerebral ischemia model [97].
Phase III clinical trial with anti-ICAM-1 antibody enlimo-
mab, however, failed to prove the protective effect of this
treatment in acute stroke patients and treatment was even
associated with higher infarct volume and mortality [98].
Further ecxamination found that administration of anti-
ICAM-1 antibody induced production of host antibodies
against the medicament and activation of the immune system
including neutrophils, complement and endothelial cells
[99].

Blockade of IL-1 receptor using antagonist IL-1RA de-
creased cercbral ischemia injury in experimental conditions,
but in phase II clinical trial IL-1RA did not improve infarct
volume, survival or outcome of acute stroke patients [100,
101]. Peripheral administration of medication was suggested
as a possible reason for clinical trial failure and intranasal
administration was postulated as a potential solution [102].

Minocycline is a broad-spectrum tetracycline antibiotic
with neuroprotective, anti-inflammatory and anti-oxidative
properties [103, 104], Minocycline down-regulate microglial
activation, TNFa expression and T cell activation [105]. The
neuroprotective effect of minocycline was reported in both
ischemic and hemorrhagic stroke models [106-108]. Mino-
cycline improved outcome of acute ischemic stroke patients
in an open-label, evaluator-blinded study, but the phase IV
clinical trial did not confirm the previous results and was
terminated for futility [109, 110]. Phase I clinical trial testing
the effectiveness of minocycline in patients with intracere-
bral hemorrhage is currently in progress [111].

Fingolimod is an agonist of sphingosine-1-phosphate
receptor, which prevents lymphocytes to egress from lym-
phoid organs and decreases expression of ICAM-1 [112,
113]. Fingolimod was also reported to decrease activity of
cytotoxic T-cells independently of S1P receptor [114]. The
beneficial effect of fingolimod was described in both
ischemic and hemorrhagic stroke in animal models [113,
115, 116]. In an open-label, evaluator blinded study in acute
ischemic stroke patients, orally administered fingolimod
decreased circulating lymphocytes, reduced infarct volume,
attenuated neurological deficit and promoted recovery [117].
In a multi-center pilot trial, the combination therapy with
fingolimod and alteplase reduced reperfusion injury and im-
proved outcome in acute ischemic stroke patients [118]. The
neuroprotecive effect of fingolimod was also reported in
patients suffering from ICH. In a pilot two arms, evaluator
blinded study, fingolimod reduced perihematomal edema,
attenuated neurological deficit and promoted recovery in
patients with a small supratentorial hematoma [119].

PPAR-y (peroxisome proliferator-activated receptor
gamma) agonists have multiple effects including attenuation
of inflammatory response. PPAR-y is a nuclear receptor re-
sponsible for transcription of several products participating
in lipid and glucose metabolism, as well as in inflammatory
response [120, 121]. PPAR-y agonist rosiglitazon attenuated
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experimentally induced ischemic brain injury by reducing
pro-inflammatory cytokines and chemokines expression and
this was associated with decreased neutrophil infiltration into
the brain [122]. Rosiglitzaone also decreased neuronal dam-
age and improved functional outcome in experimentally in-
duced intracerebral hematoma and this was associated with
the improved phagocytic function of microglia, which pro-
motes hematoma resolution [123]. Phase II clinical trial test-
ing safety of PPAR- y agonist Pioglitazone for hematoma
resolution after intracerebral hemorrhage has been completed
[124].

Celecoxib is a selective inhibitor of cyclooxygenase 2
which was reported to reduce inflammation, brain edema and
perihematomal cell death in experimentally induced ICH
[125]. In a small multi-center study, celecoxib reduced peri-
hematomal edema in patients with [CH [126].

Simvastatin is hypolipidemicum with additional effects
including improving endothelial functions and decreasing
vascular inflammation [127]. Simvastatin is considered to be
an cffective prophylaxis against cerebral vasospasm devel-
opment after SAH and anti-vasospastic and anti-
inflammatory properties are recently tested in phase III clini-
cal trial [128, 129].

Etanercept is TNFa inhibitor, which is currently in phase
I clinical trial in patients with aneurysmal subarachnoid
hemorrhage [130].

CONCLUSION

Inflammation plays an important role in the pathophysi-
ology of stroke and it is closely associated with cell death
after stroke. Both the inflammation and cell death are very
complex pathophysiological processes. Thanks to both ex-
perimental and clinical research, we have a lot of informa-
tion, but we are still far from understanding these crucial
processes in their complexity. And possibly that is why we
are not able to effectively control either inflammation or cell
death when exaggerated. More research is needed in this
field in order to elucidate the interconnections between in-
flammation and different types of cell death in its complex-
ity. It is very desirable, because it may allow us to develop a
more complex therapeutic approach to patients suffering
from stroke. Complex therapeutic approach targeting in-
flammatory response as well as employing new technologies
in diagnostics and management may improve the effective-
ness of treatment, reducing neuronal cell death after stroke
and improving patients outcome after stroke [131, 132].
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In this research, we tried to find out whether there is a relation between IL-6, parameters of
TCD, and PbtO; in patients suffering from SAH. IL-6 is one of the most widely studied markers
of inflammation in stroke.

We studied IL-6 levels in CSF on day four and compared them to the parameters of TCD and
PbtO, on day 5 after the onset of bleeding. This time point represents the period when the
highest risk of vasospasm development begins. In total 20 patients with both mild/moderate
and severe SAH were enrolled in the study. Although there was a correlation between IL-6
and PbtO; in our study group and a clear tendency to higher IL-6 levels in patients with cere-
bral vasospasm and low PbtO; levels, the differences were not statistically significant.

This study demonstrated that IL-6 may be a promising diagnostic marker, however prediction
of DCI using this marker slone is problematic.
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ORIGINAL PAPER

PUVODNI PRACE

Vztah likvorovych hladin IL-6 ke zménam
parcialniho tlaku kysliku v mozku a k rozvoiji
vazospazmu u pacientt po subarachnoidalnim
krvaceni z ruptury aneuryzmatu mozkove tepny

ILl-6 Levels in the Cerebrospinal Fluid

and their Association with Brain Oxygen
Partial Pressure and Cerebral Vasospasm
Development in Patients with Aneurysmal
Subarachnoid Haemorrhage

Souhrn

Cil: Cilem prace bylo zjistit, zda existuje vztah mezi likvorovymi hladinami IL-6 a nalezy na
transkranialni dopplerometrii ¢i hodnotami parcidlniho tlaku kysliku v mozku (PbtO,) u pacientd
po subarachnoidalnim krvaceni. Soubor @ metodika: Do souboru byli zafazeni pacienti se
subarachnoidanim krvacenim z ruptury aneuryzmatu mozkové tepny, ktefi byli Etvrty den po
atace v bezvédomi. U pacientd byl hodnocen vztah mezi likvorovymi hladinami IL-6 ze €tvrtého
dne po atace krvdceni a ndlezy na transkranialni dopplerometrii ¢i hodnotami parcidiniho tlaku
kysliku v mozku z nasledujiciho dne. Vyisledky: Celkern bylo hodnoceno 20 pacient(i. U zkournaného
souboru byl patrny trend k vy3sim hladindm IL-6 u pacientd s vazospazmy mozkovych tepen (med:
3 544; 25 %/75 % = perc: 2 106/6 907 vs. med: 10 080; 25 %/75 % perc: 2 540/13 958; p = 0,0946),
aviak nebyla prokézana korelace mezi hladinami IL-6 a rychlostmi tok na magistralnich tepnéach.
Pfi srovnani hladin I1-6 s hodnatami parcialniho tlaku kysliku v mozku byl patrny trend k vy3sim
hladindm IL-6 ve skupiné s hodnotami PbtO, nizsimi nez 20mmHg (med: 2 860; 25 %/75 % perc:
940/8 580 vs. med: 6 937; 25 %/75 % perc: 3 811/14 524; p = 0,0587) a byla prokdzana korelace
mezi likvorovymi hladinami IL-6 a hodnotami Pthl (rs = -0,626; p = 0,002). Zdver: Ve zkoumaném
souboru pacient( po subarachnoidalnim krvaceni byla v obdobi reprezentujicim zagatek periody
nejvétiiho rizika vzniku opozdéné mozkové ischemie prokdzana korelace mezi likvorovymi
hladinami IL-6 a hodnctami PbtO, z ndsledujictho dne. Na zékladé téchto vysledk Ize pfepokladat,
Ze |L-6 mlze pfedstavovat slibny marker, ktery by mohl byt pouZitelny k predikci rizika vzniku
opozdéné mozkové ischemie.

Prace byla podpofena grantem IGA MZ CR ¢ NT/14590.

Autofi deklaruji, Ze v souvislosti s pfedmétem
studie nemaji Zzadné komeréni zajmy.

The authors declare they have no potential
conflicts ofinterest concerning drugs, products, ar
services used in the study.

Redakcni rada potvrzuje, Ze rukopis prace
splnil ICMIJE kritéria pro publikace zasilané
do biomedicinskych casopisd.

The Editorial Board declares that the manu-
script met the ICMJE “uniform requirements” far
biomedical papers.

K. Durig'?, E. Neuman?, V. Vybihal?,
V. Jurdr?, J. Gottwaldové?®, M. Kyr?,
A. Vaskd', M. Smrcka?
'Ustav patologické fyziologie,
LF MU, Brno
?Neurochirurgickd klinika
LF MU a FN Brno
30ddéleni klinické biochemie,
LF MU a FN Brno
“Klinika détské onkologie
LF MU a FN Brno

=4

prof. MUDr. Martin Smréka,
Ph.D., MBA
Neurochirurgicka klinika

LF MU a FN Brno

Jihlavska 20

625 00 Brno

e-mail: msmrcka@fnbrno.cz

Pfijato k recenzi: 28. 1. 2016
Pfijato do tisku: 1.6. 2016

Klicova slova

subarachnoidalni krvaceni - zanét —
interleukin-6 - tkénovéa oximetrie - Licox
transkranialni dopplerometrie — vazospazmy

Key words

subarachnoid hemorrhage — inflammation -
interleukin-6 — brain tissue oxygen
monitoring — Licax — transcranial doppler-
metry — cerebral vasospasm

Cesk Slov Neurol N 2016; 79/112(5). 573-578

548

102




VZTAH LIKVOROVYCH HLADIN IL-6 KE ZMENAM PARCIALNIHO TLAKU KYSLIKU V MOZKU A K ROZVOJI VAZOSPAZMU

Abstract

Aim: The aim of this study was to evaluate whether levels of IL-6 in the cerebrospinal fluid are associated with parameters of transcranial dopplermetry
or brain oxygen partial pressure (PbtO,) in patients with subarachnoid haemorrhage. Patients and metheds: Patients with aneurysmal subarachnoid
haemarrhage, who were unconscious during the fourth day after the onset of bleeding, were enrolled in the study. We explored associations between
levels of IL-6 in the cerebrospinal fluid as measured on the fourth day after subarachnoid hemorrhage and transcranial dopplermetry parameters or
brain oxygen partial pressure meassured one day later, Restilts: A total of 20 patients were enrolled into this study. There was a trend to higher levels of
IL-6 in patients with cerebral vasospasm (med: 3,544; 25%/75% = perc: 2,106/6,907 vs. med: 10,080; 25%/75% perc: 2,540/13,858; p = 0.0946), however,
no correlation between the levels of IL-6 and mean velocities in magistral vessels was observed. There was a tendency to higher levels of IL-6 related to
Pth_,, lower than 20 mm Hg (med: 2,860; 25%/75% perc.: 940/8,580 vs. med: 6,937; 25%/75% perc: 3,811/14,524, p = 0.0587) and there was a significant
correlation between the levels of IL-6 and PbtQ, in our study group (rs = -0,626; p = 0.002). Conclusion: In this study group, there was a correlation
between levels of IL-6 in the cerebrospinal fluid and subsequent PbtQ, values at the beginning of the period representing the highest risk of delayed
cerebral ischemia development. Based on these results we assume that IL-6 might be considered as a promising marker to predict risk of developing

delayed cerebral ischemia.

Uvod
Subarachnoidalni krvdceni (Subarach-
noid Hemorrhage; SAH) je typ cévni moz-
kové pfihody vyskytujicl se s incidenci asi
10/100 000 cbyvatel/rok a je spojeno s az
50% moartalitou [1]. V piiblizné 80 % pfi-
padi je SAH spojeno s rupturou aneuryz-
matu mozkové tepny (2]. Oletfen( aneuryz-
matu predstavuje zasadni léCebny postup,
ktery ma za cil pfedejit opakovanému prask-
nuti aneuryzmatu, coz je nejzavaznéjsi kom-
plikace SAH spojend s az 80% mortalitou [2].
Vedle opakovaného krvaceni je obavanou
komplikacl SAH opoZzdéna mozkova ische-
mie (Delayed Cerebral Ischemia; DCI). DCl se
obvykle rozviji mezi ¢tvrtym a 14. dnem, po-
stihuje asi 30 % pacient(l a je spojena s vy-
raznym nardstemn morbidity a mortality [3].
Vazospazmy mozkovych tepen jsou nejéas-
t&j8i pricinou DCI, aviak nahled na DCl se
v posledni dobé prehodnocuje, nebot va-
zospazmy mozkovych tepen nemusi vést
vzdy k DCl a na druhou stranu DCI mdize
vzniknout nezavisle na pfitomnosti va-
zospazmuU [3-5]. Pfedmétem intenzivniho
vyzkumu poslednich let se proto vedle va-
zospazm stalo studium ¢asnych patologic-
kych zmén v mozku (Early Brain Injury; EBI).
EBI je komplex navzéjem provézanych pa-
tologii, které ¢asové pfedchézeji vzniku va-
zospazmU, mohou byt jejich pficinou a za-
rovert mohou vést k DCl nezévisle na vzniku
vazospazmU. K nejvyznamnéjsim patclogiim
ze souboru EBI patif prechodny nérdst in-
trakranidlnino tlaku s pfechodnou mozko-
vou ischemii, zanét, apoptdza neuronalnich
i endotelidlnich bunék nebo edém mozku.
Z molekuldrnich mechanizm je to porucha
produkce a signalni dréhy oxidu dusného,
dysregulace koagulaéni kaskady, excitotoxi-
clta a oxidativni stres [6-8].

Zanét hraje klicovou roli v patofyziolo-
gii SAH a je vyznamnym cinitelem v rozvoji
EBI 1 vazospazm( mozkovych tepen [73,10].
Nadéjnym markerem zanétlivé reakce po
SAH se jevi interleukin-6 (IL-6), jehoz hladiny
v likvoru vyrazné narlstaji ¢asné po atace kr-
vaceni, problémem viak zlistava fakt, ze vyiie
hladin je velmi variabilni. Jsou-li za horni mez
normy povazovany hodnoty do 15 pg/ml,
pohybujf se likvorové hladiny po SAH ve
stovkédch az tisicich pg/ml (11,12]. Predcho-
zimi pracemi byla popsdna mozna souvis-
lost mezi likvorovymi hladinami IL-6 ¢asné
po SAH a pozdéjsim vyskytem vazospazm(
i DCI [13,14]. Paralelnf srovnani vztahu mezi
hladinami IL-6, DCl a rozvojem vazospazmU
mozkowvyich tepen ¢asné po SAH viak prove-
deno nebyle, a to bylo cilem této prace.

Material a metody

Studie i viechny postupy byly schvéleny
etickou komisi FN Brno. Ucast ve studil byla
dobrovolnd, coz bylo stvrzeno podpisem in-
formovaného souhlasu pacientem nebo pii-
buznymi pacientl v bezvédomi. Paclenti
zafazenl do této studie tvofi ¢ast souboru,
ktery byl hodnocen v ramci grantového pro-
jektu probihajictho na Neurochirurgické kli-
nice FN Brno mezi roky 2013 a 2015. V jeho
ramci byli zafazovani pacienti po SAH pro-
kdzanym na vypocetni tomografii, které ne-
bylo starsi nez 24 hod, pricemz klinicky stav
pfi prijeti nebyl rozhoduijici. Z tohoto 3irsiho
souboru byli pro potfeby této studie vy-
bréni pacienti, kteff byli ¢tvrty den po SAH
v bezvédomi (nezavisle na stavu védomi pfi
prijeti).

Viechny diagnostické a lé¢ebné postupy
v, zavedeni zevni lumbaIni drendze nebo
zevni komorové drendze ¢i oSetfeni aneu-
ryzmatu (operace nebo endovaskuldrni

vykon) probihala u pacientl zafazenych
do studie stejnym zpdsobem jako u ostat-
nich pacientl s touto diagnézou. Obecnym
cilem |é¢by bylo osetfit aneuryzma v nej-
kratsi mozné dobé po pfijeti a nasledné udr-
Zovat systolicky krevni tlak nad horni hranici
normy nebo na Urovni hypertenze v pifpadé
pacientt s vazospazmy. Lécba byla v jednot-
livych pfipadech individualizovdna s ohle-
dem na vék a celkovy stav pacienta s dira-
zem na kardiovaskularni onemocnéni.

U pacientd zarazenych do studie byl hod-
nocen vztah likvorovych hladin IL-6 k na-
slednému rozvoji poruch oxygenace
mozkové tkané a vzniku vazospazml moz-
kowych tepen. Za tim ucelem byly u kaz-
dého pacienta vyhodnoceny tii vzorky li-
kvoru odpovidajici ctvrtému dni po SAH.
Vzorky byly odebirany v intervalu 8 hod, byly
zpracovéany cestou Oddéleni klinické bio-
chemie FN Brno za poufZiti standardnich la-
boratornich metod a hladiny IL-6 byly stano-
veny pomoci komeréné dostupnych ELISA
kitd (RD Systems). Za Ucelem detekce va-
zospazmi bylo uviech pacientd standardné
provadéno vysetfeni pomaci transkranialni
dopplerometrie (TCD). Ve studii byly pouzity
stiednf rychlosti tokl (V. 3, kdy za znamky
vazospazmU bylo povazovany rychlosti vyssi
nez 120cm/s na arteria cerebri media (ACM)
nebo 100cm/s na arteria cerebri anterior
(ACA), pficemz sméradatné byly hodnoty
stranové odpovidajici lokalizaci ¢idla moni-
toringu oxygenace mozkové tkané. Jednalo
se 0 jednordzova vysetieni, kterd byla prove-
dena nejdfive po skencenivzork( likvoru, coz
odpovidalo patému dni po SAH. Monitoring
oxygenace mozkove tkané (Pbt0,) byl pro-
vadén pomoci systému Licox, piicemz pro
potieby této studie byla pouZita reprezenta-
tivni hodnota adpovidajici 24hod praméru
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Graf 1. Charakteristika souboru.

F - Fisherovo skére, HH - 8kéla podle Hunta and Hesse, GOS - Glasgow Outcome Scale (3kéla vysledného stavu).

PbtO, odpovidajici patému dni po SAH, coz
bylo konzistentni s hodnocenim TCD. Moni-
torovana oblast byla ipsilateralné k lokalizaci
aneuryzmatu. U stfedotarovych aneuryz-
mat bylo ¢idlo zavedeno ipsilaterdlng k do-
minantni cévé zasobujici aneuryzma. Jestlize
nebylo mozné uréit dominantni cévu zaso-
bujici aneuryzma, potom bylo cidle zave-
deno do nedominantni hemisféry.
Likvorové hladiny IL-6 byly hodnoceny
v zédvislosti na pfitomnosti vazospazm
(skupina s vazospazmy a skupina bez va-
zospazmU) a v zavislosti na hodnoté
PbtO, (skupina s PbtO, niz5( nez 20mmHg
as PbtO, vydinez 20 mm Hg). Déle byla hod-
nocena karelace mezi hladinami IL-6 a para-
metry TCD ¢i PbtQ,,. Statistické hodnoceni
dat bylo provedeno pomoci Mannova-
-Whitneyova testu a pomoci Spearmanova
testu. Graficky jsou data vyjadfena jako me-
didn, 25./75. percentil a minimum/maxi-

mum. Za hladinu vyznamnosti byla pfi viech
analyzach povazovana hodnota a = 0,05.

Vysledky

Charakteristika souboru

Do souboru bylo zafazeno 20 pacient( ve
vékovém rozmezi od 26 do 71 let, pficemz
pramerny vek souboru inil 48,3 let. Charak-
teristiky souboru ukazuje graf 1 a lokalizaci
aneuryzmat tab. 1. V hodnoceném souboru
prevazovaly Zeny, tize krvaceni odpovidala
u vétdiny pacientl stupni Fisher 4 a vét-
dina pacient byla v tézkém klinickém stavu
(HH4 a HH5). Tézkému klinickému stavu
zkoumaného souboru odpovidal i vysledny
stav, ktery byl u vétsiny pacientll neuspo-
kojivy (GOS 1-3). Vysledny stav byl hodno-
cen s odstupem tff mésicl po atace krvaceni
a vysledny stav nebyl dopétran v pfipadé
dvou pacientd, kteff nebyli v relevantnim ca-
sovém intervalu neurologicky vy3etfeni ani

v nasl, ani ve spadové neurclogické ambu-
lanci. Polovina pacientld ze zkoumaného
souboruy, tedy 10 pacientd, bylo operovéno,
u Sesti pacientd bylo pouzito endovasku-
larni fedenf a v pripadé tyf pacientl nebylo
akutni fesen indikovano. Vazospazmy byly
v dobé hodnoceni (paty den po SAH) pfi-
tomny u deviti pacientl a béhem hospitali-
zace se objevily jesté u dalich Sesti pacientd.

Vztah mezi likvorovymi hladinami
IL-6 a parametry TCD

Graf 2 ukazuje porovnani likverovych hladin
IL-6 v zdvislosti na pfitomnosti vazospazmu.
Rozdil v likvorovych hladindch IL-6 v zavis-
losti na pfitemnosti vazospazmU neni sta-
tisticky vyznamny, aviak je patrny naznak
trendu k niz§im hladinam IL-6 u pacient bez
vazospazmU (med: 3 544; 25 %/75 % = perc:
2 106/6 907 vs. med: 10 080; 25 %/75 % perc:
2 540/13 958; p = 0,0946). Grafy 3 a 4 zna-
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Lokalizace aneuryzmatu

Tab. 1. Lokalizace aneuryzmatu u zkoumaného souboru.

ACoA

ACM (vpravo/vlevo)
ACoP (vpravo/vlevo)
ACl (vpravo/vlevao)
AB

AV (vpravo/vlevo)

AB - arteria basilaris, AV - arteria vertebralis.
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ACoA - arteria communicans anterior, ACM — arteria cerebri media,
ACoP - arteria communicans posterior, ACl — arteria carotis interna,

-
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vazospazmy pfitomny

vazospazmy nepfitomny

Graf 2. Hladiny IL-6 podle pfitomnosti vazospazm.
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Graf 3. Korelace likvorovych hladin IL-6 s rychlosti tok{ na arteria

cerebri anterior (ACA).

zorhuji korelaci mezi likvorovymi hladi-
nami IL-6 a rychlostmi tok( na ACA & ACM.
U zkoumaného souboru nebyla prokézéna
korelace mezi hladinami IL-6 v likvoru a rych-
lostmi tokd na ACA (s = 0,13, p = 0,2867,
n = 20; graf 3) ani ACM (rs = 0,327 p = 0,082,
n=20; graf 4).

Vztah mezi likvorovymi hladinami
IL-6 a PbtO,

Graf 5 ukazuje srovnani likvorovych hla-
din IL-6 u pacientd rozdélenych dle hodnot
PbtO,. U pacientl s hodnotami PbtO, vy3-
simi nez 20mmHg byl patrny vyrazny
trend k nizsm hladindm IL-6 v likvoru v po-
rovnani s pacienty s hodnotami PbtO, niz-
§imi nez 20mmHg (med: 2 860; 25 %/75 %
perc. 940/8 580 vs. med: 6 937; 25 %/75 %
perc: 3 811/14 524; p = 0,0587). Graf 6 zna-
zoriiuje korelaci mezi likvorovymi hladi-
nami IL-6 a PbtO,. U zkoumanéha souboru
byla signifikantni korelace mezi hodnotami

Graf 4. Korelace likvorovych hladin IL-6 rychlosti tokl na arteria

cerebri media (ACM).

Pbt0O, a hladinami IL-6 v likvoru (rs = -0,626,

p=0002,n = 20).

Diskuze
Cilem préce bylo vyhodnotit vztah likvoro-
vych hladin IL-6 k rozvoji DCl a vazospazmil
mozkovych tepen u pacientd po SAH.
Zanét hraje vyznamnou roli v rozvoji DCI na
podkladé ¢asného poskozeni mozku i va-
zospazmil mozkovych tepen [7910], a lze
tedy predpokladar, Ze aktivita zanétlivé reakce
bude mit vliv na stav mozkové tkdné samotné
i cévniho fecisté (at jiz mikro- nebo makrovas-
kuldrmiho), ¢emuz bude odpovidat rozvoj DCI
¢i vazospazm( mozkovych tepen s urcitym
¢asovym odstupem, Na druhé strané jsou
poskozeni mozkove tkané i ischemie silnymi
prozanétlivymi podnéty, takze zanét, ische-
mie a tkanové podkozeni tvofi bludny kruh.
Hodnoceni bylo nacasovano do pocatku
obdobi nejvétiiho rizika vzniku vazospazmi
mozkovych tepen s ohledem na dfive po-

psanou dynamiku likvorového IL-6 [15].
Odbéry pro stancveni IL-6 byly provedeny
Ctvrty den po SAH (tfi odbéry po 8 hod)
a reprezentativni hodnota byla vypocitana
jako primér ze tii odbérd. Likvorové hladiny
IL-6 byly vyhodnoceny ve vztahu k para-
metriim nejblizstho TCD vysetfeni po skon-
ceni odbérd, které korespondovalo s patym
dnem po SAH. Parametry TCD odpovidaly
Jjednordzovému vysetfeni, a to mlze pred-
stavovat ur¢ity problém, nebot jednora-
zové vysetfeni nemusi vzdy poskytnout re-
prezentativni hodnotu. V klinické praxi se
viak v ramci poopera¢niho monitoringu
jen ziidka provadi TCD vySetfeni ¢astéji nez
jedenkrat denné a i v rdmci klinického vy-
zkumu je bézny monitoring po 24 hod [16].
Kontinudlni TCD monitoring neni zatim stan-
dardné pouzivan a diky potencidlnimu na-
rlstu teploty tkdné, ke kterému muze kon-
tinualni monitoring vést se i zde doporucuje
intermitentni pouZiti [17].
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Graf 5, Likvorové hladiny IL-6 podle parcialniho tlaku kysliku

v mozku (PbtQ,).

Vztah mezl likvorovymi hladinami
IL-6 a naslednou pfitomnosti vazospazmd
byl u zkoumanéhe souboru podstatné
méné patrny nez v piipadé PbtO, 7 abso-
lutniho hlediska byly hodnoceny likvorové
hladiny IL-6 ve skupinich s vazospazmy
a bez vazospazmi bez ohledu na postizené
cévy. Pfestoze byl ve skupiné pacient( s va-
zospazmy trend k vy3sim hladindm IL-6 nez
u pacientl bez vazospazmdy, neni tento
trend tak jasné vyjédfen jako v pfipadé
PbtQ,. Korelani analyza byla provedena pro
kazdou cévu zvIdst a nebyl prokdzan vztah
mezi likvorovymi hladinami IL-6 ¢tvrty den
po SAH a rychlostmi tokl na ACA ¢ ACM na-
sledujici den, i kdyZz v pfipadé ACM muze byt
naznak trendu slabé korelace patrny. Dosud
publikované tidaje nejsou v otézce likvoro-
vych hladin IL-6 jednotné. Nékteré zdroje
souvislost mezi zvysenim likvoravych hladin
IL-6 ¢asné po SAH popisuji, jiné viak pouka-
zuji na to, Ze souvislost mezi likvorovymi hla-
dinami IL-6 a vyskytem vazospazm( je pro-
kazatelna az v pozdéjsim obdobi [13,18,19]

PbtO, monitoring je invazivni metoda
slouzicl ke kontinualnimu méfeni parcialniho
tlaku kysliku v tkani (mozku). Systém Licox,
ktery pouzivéame na nasi klinice, funguje
na polarografickém principu a v neuroin-
tenzivni péci naléza pomérné diroké uplat-
néni [20,21]. Pfestoze neni definitivné uza-
vfena otazka fyziologickych hodnot PbtO,,
predchozi studie prokazaly, Ze dlouhodoby
pokles Pbt0, pod 20mmHg je u pacientd
po SAH spojen s horsim vyslednym stavem
a déletrvajici pokles PbtO, pod 20mm Hg Ize
povazovat za rizikovy faktor vzniku DCI [22].
U nami zkoumaného souboru byla jasna
tendence k vy3sim hladinam likvorového

Graf 6. Korelace likvorovych hladin IL-6 s hodnotami parcialniho

tlaku kysliku v mozku (PbtQO,).

IL-6 U pacientd, u kterych bylo ndsledné
PbtQ, nizii nez 20mmHg. Za vyznamnéjil
vysledek viak povaZzujeme, ze byla proka-
zana korelace mezi IL-6 a hodnotami PbtQ,,
co? naznacuje souvislost mezi tiZ zanét-
live reakce a Urovni oxygenace mozkoveé
tkane. Vztah mezi likvorovymi hladinami
a Il-6 a pozdéjsim rozvojem DCl byl mimo
jiné popsan ve studii, ze které také vyplyva, ze
obdobi mezi Ctvrtym a patym dnem po SAH
muize byt velmi vhodné ke studiu dynamiky
likvorového IL-6 v souvislosti s pozdéjsim
rozvojem DCI [15]. Zminovand studie je zaji-
mava | z toho dlvodu, Ze nalezla vyznamné
rozdily mezi likvorem a mozkovou extracelu-
larni tekutinou (Extracellular Fluid; ECF) v dy-
namice i koncentracich IL-6 u pacientl po
SAH. Likvorové hladiny IL-6 byly vy3si, aviak
hladiny v likvoru i v ECF mély vysokou vy-
povédni hodnotu stran rozveje DCI. Rozdily
hladin IL.-6 mezi likvorem a mozkovou extra-
celuldrni tekutinou autofi pfipisuji daldimu
zdroji, ktery produkuje IL-6 v likvoru. Jiné stu-
die, které zkoumaji vztah IL-6 a DCl po SAH,
se vétdinou zabyvaji hodnocenim hladin
IL-6 v mozkové extraceluldrni tekutiné a vy-
sledky jsou stran IL-6 pfevazné pozitivni, ne
véak jednoznacné [23-25).

Parametry PbtQ, monitoringu odpovi-
daly patému dni po SAH, coz bylo z hle-
diska natasovani konzistentni s hodnocenim
TCD. Vztah hladin IL-6 k parametr(im oxyge-
nace mozkové tkdné i parametrim TCD byl
hodnocen vyluéné v daném casovém ob-
dobf za ucelem zhodnoceni moZnosti pre-
dikce aktudlniho vyvoje pomoci parametr(
zanétu. Z toho divodu nebyly hodnoceny
ani parametry vysledného stavu pacient(
(GOS), ani konecného rozsahu DCI, k cemuz

by bylo vhodné&jsi pouzit kontrolni CT nebo
MR [26].

Pestoze Casove souvislosti naznaduji spo-
jitost zanétu s poruchami oxygenace moz-
kové tkang, jsme si plné védomi, Ze na za-
kladé nagich dat se nemzeme vyjadfit
k ctazce, zda se jedna o spejitost piimou ¢i
nepfimou. Také si uvédomujeme, 7e jsme
zkoumali pouze ¢asovou souvislost zanét—
porucha oxygenace, ale vzhledem k patofy-
ziologii EBl mize zaroven existovat i opacny
vliv, nebot - jak jiz bylo uvedena vyse — z pa-
tofyziologického hlediska se jednd o bludny
kruh. Uvédomujeme si také, Ze zkoumany
soubor byl pomémé maly a k ucinénf pfes-
néjsich a reprezentativngjsich zavérd by bylo
potfeba zafadit vice pacientd.

Skutetnost, Ze likvorové hladiny IL-6 od-
povidaji spie hodnotdm PbtO, ne? va-
zospazmUm, Je kompatiblini s teoril EBl. Oxy-
genace mozkové tkdné bude zcela jisté
ovlivnéna vazospazmy mozkovych tepen
v pfipadé, Ze jsou hemodynamicky vyznamné.
Vedle vazospazmdl je v3ak teba brét v dvahu
i dalsi faktory, které mohou zdsadné ovlivinit
oxygenaci mozku — napf. tkdfové poskozeni
na podkladé mikroembolizace nebo préaveé za-
nétu. Viechny tyto patologie jsou zahrnuty
pod EBI, které je definovéno jako komplex
navzajem provézanych patologii, jez Casové
predchézejf vzniku vazospazmil a mohou byt
jejich picinou a zarovey mohou vést k DCI ne-
zavisle na vzniku vazospazmul,

Zavér

U pacientt po SAH byla v obdobf repre-
zentujicim zacatek periody nejvétiino rizika
vzniku DCl prokédzana korelace mezi likvoro-
vymi hladinami IL-6 a hodnotami PbtO,, za-
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timco parametry TCD takovou vypovédni
hodnotu nemély. Na zakladé téchto vy-
sledkl se potvrdilo, Ze IL-6 mize pfedstavo-
vat slibny marker, ktery by mohl byt pouZi-
telny k predikci rizika vzniku DCI,
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3.2.1.3 Early Dynamics of Interleukin-6 in Cerebrospinal Fluid after Aneurysmal Subarach-
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Duris K, Neuman E, Vybihal V, Juran V, Gottwaldova J, Kyr M, Vaskd A, Smrcka M. Early Dy-
namics of Interleukin-6 in Cerebrospinal Fluid after Aneurysmal Subarachnoid Hemorrhage.
J Neurol Surg A Cent Eur Neurosurg. 2018;79:145-151.

Type of article: Original article
IF (2018): 1,060
Number of citations without self-citations according to WoS (7/2025): 15

In this study, we aimed to characterize the early dynamics of inflammatory response after
SAH with regard to basic clinical characteristics such as HH or GOS. To characterize inflamma-
tory response, we chose widely used markers TNFa, IL-1B, and IL-6. Blood and CSF samples
were collected every 8 hours for four days.

In total 47 patients with all grades of SAH were enrolled in the study. Compared to blood, CSF
was shown to be a better compartment and IL-6 was a better marker than TNFa and
IL-1B for evaluation of early inflammatory response in the brain. Levels of IL-6 were massively
increased early after SAH, and the additional increase was visible at 72 hours and later. There
was a significant association between IL-6 and GOS in both overall levels (IL-6 was higher in
patients with bad outcomes) and dynamics after 72 hours (IL-6 rose more rapidly in patients
with bad outcomes after 72 hours).

These findings indicate that a massive inflammatory response is triggered immediately after
SAH and that IL-6 is a good candidate as an early marker of inflammation after SAH. However,
it was not possible to define clinically relevant threshold levels due to the high variability of
IL-6.
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Background Subarachnoid hemorrhage (SAH) is a severe condition associated with
high mortality. Early brain injury (EBI) plays an important role in the pathophysiology of
SAH, and inflammation is a major contributor to EBI. Inflammation is a widely studied
topic in both experimental and clinical conditions; however, just a few clinical studies
have focused primarily on the early inflammatory response after SAH, and detailed
information about the association between the dynamics of early inflammatory
response with main clinical characteristics is lacking. This study analyzes the early
dynamics of inflammatory response after SAH and evaluates the possible associations
between the markers of early inflammatory response and main clinical characteristics.
Patients and Methods A total of 47 patients with a diagnosis of aneurysmal SAH
within the last 24 hours were enrolled in the study. All treatments, including treatment
of aneurysm (surgery/coiling) and implantation of a drainage system (external
ventricular drainage/lumbar catheter), were conducted in the same way as in other
patients with this diagnosis. Blood and cerebrospinal fluid (CSF) samples were collected
three times a day for 4 days. The dynamics of proinflammatory cytokines were
assessed, and assaociations between levels of the proinflammatory cytokines inter-
leukin (IL)-6, IL-1B, or tumor necrosis factor (TNF)a and main clinical characteristics
were evaluated using linear mixed-effect models.

Results The CSF levels of IL-6 were massively increased initially after SAH (up to
72 hours) with an additional increase in later phases (after 72 hours), but there was high
variability in IL-6 levels. A significant association was noted between the Glasgow
Outcome Scale score and both overall levels of IL-6 (p = 0.0095) and their dynamics
(p = 0.0208); the effect of the Hunt and Hess scale was borderline (p = 0.0887). No
association was found between IL-6 levels and Fisher grade, modality of treatment
(surgery, coiling, no treatment), and later development of cerebral vasospasm.
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Plasmatic levels of IL-6 increased slightly, but no significant association was found. The
levels of IL-1B and TNFa were within the physiologic range in both CSF and plasma.

Conclusions Early dynamics of IL-6 in CSF are associated with a patients outcome. But
it is difficult to use IL-6 alone for outcome prediction due to its high variability. The
question is whether the dynamics of IL-6 could be used in combination with other early
markers associated with brain injury. More detailed research is required to answer this

question.

Introduction

Subarachnoid hemorrhage (SAH), with an annual incidence of
~ 10 per 100,000 and a case fatality rate of ~ 50%, is a severe
condition mainly affecting patients of reproductive age.' The
most serious complication of SAH is a rebleed, associated with
high morl'ality.2 Delayed cerebral ischemia (DCI), which
usually occurs between day 3 and 14 after the onset of
bleeding, is another severe complication affecting ~ 30% of
patients.>* Cerebral vasospasm was traditionally considered
the cause of DCI; however, it is not always associated with DCI,
and DCI may occur independently of cerebral vasospasm
development.>® Early brain injury (EBI) represents pathalo-
gies that arise before vasospasm dwelopmer1t.7'8 EBI has been
a subject of intensive research in recent years because it may
be associated with both DCI and cerebral vasospasm.®?

Inflammation plays an important role in EBI, and inflam-
matory response after SAH is a widely studied topic in both
experimental and clinical conditions.'®'? Interleukin (IL)-6
is acommonly studied marker of the inflammatory response;
however, only a few clinical studies have focused on early
changes of IL-6 levels following SAH. IL-6 was described as
massively increased in cerebrospinal fluid (CSF) early after
onset of bleeding, and early CSF levels of IL-6 were associated
with clinical status at admission (Hunt and Hess [HH] scale),
cerebral vasospasm, as well as with DCI development and the
final outcome of patients with SAH.">-15 Plasmatic levels of
IL-6 were described as physiologic or slightly elevated early
after SAH, but the association between early plasmatic levels
and DCI or outcome was also described.'®~%

Previous studies focused on the association of the early
levels of IL-6 with particular clinical characteristics, such as
cerebral vasospasm development; however, no detailed
study has described the association of the early dynamics
of IL-6 with main clinical characteristics in one cohort of
patients. Additionally, some important information is still
missing, for example, how the dynamics of IL-6 are affected
by the surgical treatment of a cerebral aneurysm.

The goal of this study was to analyze the early dynamics of
inflammatory response after SAH and evaluate possible
associations between the markers of early inflammatory
response and main clinical characteristics.

Patients and Methods

All the procedures were approved by the ethics committee at the
University Hospital Brno. Patients with a diagnosis of nontrau-

Journal of Neurological Surgery—Part A Vaol. 79 No. A2[2018

matic SAH hospitalized between 2013 and 2015 in the Depart-
ment of Neurosurgery at the University Hospital Brno were
asked to participate in this study. In cases of an unconscious
patient, relatives were asked on behalf of the patient. Participa-
tion in the study was voluntary; it was confirmed by the
signature of informed consent by the patient or relatives of
the unconscious patient. The criterion for inclusion in the study
was an aneurysmal SAH within the last 24 hours. SAH was
diagnosed using computed tomography (CT), and aneurysm was
confirmed by three-dimensional CT angiography. All the treat-
ment, including treatment of the aneurysm (surgery/coiling)
and implantation of a drainage system (external ventricular
drainageflumbar catheter), was conducted in the same way asin
other patients with this cliagrlosis.19 The general goal was the
early treatment of cerebral aneurysm (within 48 hours after
onset of bleeding). Modality of treatment (surgery, coiling,
conservative) was selected individually according to common
standards with regard to clinical status and overall condition of
the patient, shape and location of the aneurysm, or the presence
of an intracerebral hematoma.'” Postoperative/coiling treat-
ment, including treatment of vasospasm, was conducted
according to current gui(‘lelines.'9 Conservative no treatment
was indicated mainly in patients in a poor overall condition or
neurologic condition, as is customary.?

Blood samples and samples of CSF were collected every
8 hours for 4 days after implantation of an external ventricular
drainage/lumbar catheter. The drainage system was implanted
in particular cases between hours 8 and 16 after the onset of
bleeding. Transcranial Doppler (TCD) was performed daily for
2 weeks to detect the development of cerebral vasospasm.
Blood flow velocities higher than 120 cm/s in medial cerebral
artery or 100 cm/s in anterior cerebral artery were considered
a sign of cerebral vasospasm, Samples of blood and CSF were
processed at the Department of Clinical Biochemistry at Uni-
versity Hospital Brno using standard laboratory procedures.
The levels of tumor necrosis factor (TNF)a, IL-1pB, and IL-6 were
analyzed using commercial enzyme-linked immunosorbent
assays (R&D Systems, Minneapolis, Minnesota, United States).

Statistical Analysis
The initial analysis of data revealed the massive increase of IL-6
in CSF; all the other markers did not exceed physiologic levels.
Further analysis thus focused on the evaluation of IL-6 in CSF.
IL-6 data were transformed logarithmically to achieve an
approximately normal distribution that was checked graphi-
cally. Linear mixed-effects hierarchical models were used to
evaluate IL-6 dynamics in CSF. In these models, repeated
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measures were accounted for through random effects modeled
for each subject. The mixed-effects hierarchical approach for
our models can be described briefly as follows. Two-level linear
mixed models were created. At level 1 of the model, linear
change of log(IL-6) over time was modeled for each subject.
Linear splines with nods every 24 hours were used to capture
possible nonlinearity in the rate of change over the evaluated
period of time. However, only a nod at 72 hours was found
significant and retained in the final model. Further, at level 2,
parameters from level 1 were explained using clinical para-
meters of interest modeled as fixed. Both intercept and slopes
were allowed to vary randomly. This is the general composite
formula of our models fitted:

Log(IL6),, = poo + ProTIME,, + pso(TIME,, — 72) + po, PARAM,
+ pua(TIME,, » PARAM,) + py ((TIME, — 72) = PARAM, )

+[bg, + by, TIME,; +5,,].

where the last term in brackets represents random compo-
nents and are assumed to have these distributions:
& ~ N(0,6%1) and b ~ N(0,6°D(©)).

Model Building

At first, all parameters based on the specifications just
described were included in the model. However, because
parameter a,; was not significant in either model, it was not
kept in any model, and only the effect of a parameter on the
rate of change from time 72 (B,; parameter) was modeled.
Further, a final model was created leaving out nonsignificant
interaction terms. If the main (Bo; parameter) was found
insignificant when building a model, it was still retained in
the model to demonstrate its negligible effect. To facilitate
interpretation, final models were shown graphically. The
mean modeled levels of IL-6 with respect to analyzed groups
were given in the figures where a modeled mean trend for a
specific group is shown on the background of case-profile
plots of all data.

The significance of parameter estimates are given contex-
tually with interpretation in the Results section. In further text,
when describing an “overall” effect of a parameter, we refer to
the B parameter and effect; when describing “dynamics,” we
refer to the By, parameter of the model, Statistical analyses
were performed using SAS v.9.3 (SAS Institute, Cary, North
Carolina, United States).

Sample Size Rationale

Sample size estimation or power analysis for even simple
multilevel mixed models is not a common or straightforward
task because many statistical and mainly unknown parameters
need to be known in advance. In more complex designs such as
a power analysis, it is even less feasible. Discussions on a
sufficient number of subjects or the accuracy of estimated
parameters are mainly based on simulation studies and re-
views from experience. Based on these studies and in accor-
dance with the commonly cited rule of thumb, it implies that 20
units for each level are necessary for sufficient accuracy of effect
estimates for a simple multilevel mixed model that is similar to
what we used. Further, we utilized R software with the
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ImmPower procedure (longpower package; www.r-project.
org) to estimate sample size using our data. Based on these
analyses, we can demonstrate that with 20 to 30 subjects in
each group we are able to find ~ 25% change in rate of change
(dynamics) ofevaluated parameter under usual statistical error
conditions (o 5%, power 80%).

Thus, assuming some imbalances, models with one factor
(variable with two to three categories) analyzed at a time (a
univariate model) should demonstrate sufficient accuracy
with a total of 40 to 50 subjects.

Results

The Study Group and Early Inflammatory Response
after SAH

A total of 47 patients were enrolled in this study. The mean age
of the study group was 53.9 years. =Fig. 1 lists the main
characteristics of the study group. The TCD examination could
not be performed in six cases due to the inadequate temporal
window. The final outcome (Glasgow Outcome Scale [GOS]
score after 3 months) remained unknown in six other cases
because of loss to follow-up. The levels of proinflammatory
cytokines TNFa, IL-1[3, and IL-6 were evaluated in plasma and
CSE. The levels of TNFa and IL-1B were within physiologic
levels, both in plasma and CSF, whereas the levels of IL-6 in
plasma were slightly increased above the physiologic level. If
physiologic levels of IL-6 reach 12.5 pg/mL, the mean levels
(geometric mean) of IL-6 in our study group was 32.7 pg/mL
(95% confidence interval [CI], 28.03-37.51). No association
between plasmatic levels of IL-6 and main clinical character-
istics was found. There was a massive increase in the levels of
IL-6 in CSF in our study group, described in the next section.

Levels of IL-6 in Cerebrospinal Fluid Early after SAH
Overall CSF levels of IL-6 in our study group were massively
increased, reaching the mean value (geometric mean) of 2,698
pg/mL (95% (I, 2,388-3,048). There was a high variability in
CSF levels of IL-6 in our study group (25% percentile: 1,240;
median: 2,936; 75%: 7,110). Based on the time model, the
dynamics of IL-6 significantly changed at the 72-hour time
point (=Fig. 2). Thus for further analyses two splines with a
knot at 72 hours were considered in the model, and various
factors were included in the model just described. The associa-
tion between these characteristics and the levels of IL-6 were
found to be insignificant: Fisher grade (~Fig. 3), aneurysm
treatment option (~Fig. 4), and cerebral vasospasm develop-
ment that occurred later (~Fig. 5). The association between
HH grade and the dynamic of IL-6 was found to be borderline
(p = 0.0887; ~Fig. 6).IL-6 levels were similar in all HH grades;
however, the increase beyond hour 72 could hardly be dis-
cerned in grade HH 1-2. Finally, there was a significant
association between GOS and both overall levels of IL-6
(p=0.0095) and their dynamic > 72 hours after SAH
(p = 0.0208; =Fig. 7). The lowest IL-6 levels were found in
the GOS 5 group with an increase beyond 72 hours, In contrast,
higher IL-6 levels were found in the GOS 1 to 2 and 3 to4 groups
at baseline, Moreover, further increase in IL-6 levels could be
noticed beyond hour 72 in the GOS 1 to 2 group.
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Fig. 1 Characteristics of study group, according to (a) gender. (b) Fisher grade, (¢) Hunt and Hess grade, (d) modality of treatment, (e) vasospasm
development, and (f) Glasgow Outcome Scale (GOS) score. Endo. Tr, endovascular treatment; F, female; F, Fisher grade; GOS 1 (+), death; HH, Hunt and Hess
grade; M, male; No. tr., without treatment; Surg. tr, surgical treatment; Vaso No, without vasospasm; Vaso Yes, with vasospasm.

Discussion

Inflammation plays an important role in the pathophysiology
of SAH. Based on the results of experimental research, two
phases of inflammatory response following SAH can be dis-
tinguished. The first step is activation of the local inflamma-
tory response that occurs early after SAH and is mediated by
microglia and endothelial cells?'?? Activation of microglia
and endothelial cells is associated with the production of
proinflammatory cytokines and adhesion molecules.?!-??
This leads to the activation of leukocytes in the periphery,
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Fig. 2 Overall levels of interleukin (IL)-6 in cerebrospinal fluid

{n = 47). Individual gray curves in the background represent indivi-
dual levels of IL-6 second, and mean color curves in the front represent
mean model values. Time 0 corresponds to the onset of symptoms.
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which subsequently infiltrate affected areas and promote the
inflammatory response.?> The immune reaction mediated by
infiltrating leukocytes may be considered the second step of
the inflammatory response. The production of proinflamma-
tory cytokines in the brain following experimental SAH was
also described as biphasic.?2

Most clinical studies have not focused primarily on the early
inflammatory response after SAH, and, to our knowledge, no
study has described the association of the early dynamics of the
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Fig. 3 Association of Fisher (F) grade with cerebrospinal fluid levels of IL-6
(n = 47). Individual gray curves in the background represent individual
levels of IL-6, and mean color curves in the front represent mean model
values for a specific group. Time 0 corresponds to the onset of symptoms.
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Fig.4 Association of treatment option with cerebrospinal fluid levels
of interleukin (IL)-6 (n = 47). Individual gray curves in the background
represent individual levels of IL-6, and mean color curves in the front
represent mean model values for a specific group. Time 0 corresponds
to the onset of symptoms. Endo. tr., endovascular treatment; No tr.,
without treatment; Surg. tr., surgical treatment.
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Fig.5 Association of interleukin (IL)-6 in cerebrospinal fluid with later
development of cerebral vasospasm (n = 41). Individual gray curves
in the background represent individual levels of IL-6, and mean color
curves in the front represent mean model values for a specific group.
Time 0 corresponds to the onset of symptoms. Vaso No, without
vasospasm; Vaso Yes, with vasospasm.

inflammatory response with the main clinical characteristics
in one cohort of patients. The goal of this study was to evaluate
the dynamics of early inflammatory response after SAH and to
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Fig. 6 Association of Hunt and Hess (HH) grade with cerebrospinal
fluid levels of interleukin (IL)-6 (n = 47). Individual gray curves in the
background represent individual levels of IL-6, and mean color curves
in the front represent mean model values for a specific group. Time 0
corresponds to the onset of symptoms.
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Fig. 7 Association of Glasgow Outcome Scale (GOS) score with
cerebrospinal fluid (CSF) levels of interleukin (IL)-6 (n = 41). Individual
gray curves in the background represent individual levels of IL-6, and
mean color curves in the front represent mean model values for a
specific group. Time 0 correspands to the onset of symptoms.

describe the relationships between early inflammatory re-
sponse after SAH and main clinical characteristics. We chose
the most widely used proinflammatory cytokines (IL-1B, TNFa,
and IL-6) as the markers of inflammation. The levels of these
cytokines were evaluated in plasma and CSE. The drainage
system was implanted in particular cases between hours 8 and
16 after the onset of bleeding, so all the collected samples cover
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the interval between 8 hours and 112 hours after SAH where
only the interval between 24 and 96 hours represents all the
patients.

Plasmatic levels of none of the evaluated markers were
substantially increased in our study group. This is consistent
with previously published data that mostly describe the
plasmatic levels of proinflammatory markers within physio-
logic range or increased in later stages, but not early after
SAH.'®24 Levels of TNFo and IL-1f were within physiologic
range in CSF, whereas the levels of IL-6 were massively
increased in our study group. Increased CSF levels of proin-
flammatory markers early after SAH were also described
previously as well as the fact that levels of IL-6 early after SAH
are higher than levels of TNFa and IL-1pB."> ' All these results
suggest that the early activation of the immune system after
SAH may be limited to the brain tissue.

The levels of IL-6 in CSF were massively increased initially
after SAH (up to 72 hours) with an additional increase in later
phases (after 72 hours). These dynamics of [L-6 may be
associated with infiltration of leukocytes from the periphery.
There was a high variability in the IL-6 levels in our study
group, suggesting that early inflammatory response may be
considered a highly individual reaction, which in addition to
SAH is considerably influenced by other factors such as age or
genetic background. The high variability of IL-6 was also
noticeable in previously published studies that describe CSF
levels varying from hundreds to thousands of picograms per
milliliter early after SAH.'*2° Mixed models are the ideal tool
for finding small systemic changes in dynamics hidden in
otherwise very variable data where many unknown and thus
unaccountable factors may play a role.

The dynamics of IL-6 were not associated with vasos-
pasm development in our model. Because all the samples
were collected within 112 hours after SAH, and the TCD was
performed for 14 days, the objective of this analysis was to
evaluate whether the early dynamics of IL-6 may predict
later development of cerebral vasospasm. Increased levels of
IL-6 early after SAH were described as associated with both
cerebral vasospasm development and DCL'426 There are
studies, however, that described the peak of association
between levels of IL-6 in CSF and cerebral vasospasm in later
phases after SAH.2”?8 The associations of Fisher grade or
modality of treatment with the levels of IL-6 were not found
to be significant in our model. We consider the latter an
interesting finding because surgical stress represents a
strong proinflammatory stimulus.?® Based on the fact that
the surgery did not cause any additional increase in the
production of IL-6, we may speculate that activation of the
immune system due to SAH may be very strong, and even a
stress such as surgery may not affect it.

The assaociations of the HH grade or GOS with the dynamics
of IL-6 were found to be borderline or significant. While the
possible association of IL-6 with HH is visible later than
72 hours after SAH, the association with GOS was noticeable
even before this time point. According to the GOS, we divided
patients into these groups: GOS 1 + 2 (death and persistent
vegetative state), GOS 3 + 4 (severe and moderate disability),
and GOS 5 (low/no disability). This is not the traditional way to
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evaluate the outcome, but from a pathophysiologic point of
view, group GOS 1 + 2 represents patients with “fatal brain
damage,” group GOS 3 + 4 represents patients with “nonfatal
brain damage,” and GOS 5 represents patients with “minimal
brain damage.” The model suggests that the early levels of IL-6
are lower in patients with “minimal brain damage,” whereas
the levels of IL-6 are higher from the very beginning of the
evaluated period in patients with “nonfatal” or “fatal brain
injury.” Moreover, further increases of IL-6 are noticeable
beyond hour 72 in patients with “fatal brain injury,” reflecting
the most severe condition and inflammation in this group. The
different dynamics of IL-6 before and after 72 hours following
SAH may refer to a development of early brain injury (EBI).

Increase in CSF levels of IL-6 was previously described
both in experimental and clinical conditions.'-1%26-28 Most
studies focused on the relations between IL-6 and cerebral
vasospasm or DCI development. These studies were mainly
interested in the time period representing the highest risk
of cerebral vasospasm or DCI development, from day 4
onward.'>?7?8 The details on association between early
levels of IL-6 in CSF and GOS is still missing, despite the
fact that the levels of IL-6 in CSF early after SAH were
previously described.'>?* The model presented here of the
dynamics of IL-6 demonstrates that the early dynamics of
IL-6 are associated with GOS. It is, however, hard to deter-
mine threshold levels due to the high variability of data.

This study had several limitations. First, the number of
included patients is limited. Although our sample should be
sufficient to demonstrate accurate estimates of one factor in
a model (univariate models), it does not enable evaluation of
more complicated multivariate models. Our conclusions are
thus based on univariate analyses, and possible interactions
or dependencies on several variables could not be captured.
Second, the study had no control group. Standard cut-off
values, as used by the Department of Clinical Biochemistry at
the University Hospital Brno, were used in this study. Many
factors influence the immune system, and thus it is hard to
use other patients with CSF drainage as a control group. That
is why we used reference values from our Department of
Clinical Biochemistry.

Third, the samples were collected via external ventricular
drainage or lumbar catheter without differentiation. The
external ventricular drainage is indicated in patients with
severe SAH as a standard part of neurointensive care, whereas
the lumbar catheter is used in patients with mild SAH. We
followed this routine because it is not usual to differentiate the
CSF samples for the purpose of protein analysis according to
route of collection. But we are aware that there may be some
differences in protein levels depending on the route of collec-
tion. Fourth, IL-6 CSF levels were not adjusted for potential
meningitis and intraventricular blood because it is not standard
procedure and we were interested in total levels of [L-6, but we
are aware that this may influence the results. Fifth, we did not
use clinical parameters to evaluate DCI because in case of these
parameters, the dynamics should be considered an important
factor (e.g., the dynamics of neurologic deterioration), and such
an evaluation would be much more complicated and require a
more complex model.
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Conclusion

Early dynamics of IL-6 in CSF are associated with a patient’s
outcome, It is, however, hard to use IL-6 solely for outcome
prediction due to its high variability. The question is whether
the dynamics of IL-6 could be used in combination with other
markers associated with EBL. More complex research is re-
quired to answer this question.
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3.2.1.4 Early Inflammatory Response in the Brain and Anesthesia Recovery Time Evalua-
tion After Experimental Subarachnoid Hemorrhage

Duris K, Lipkova J, Splichal Z, Madaraszova T, Jurajda M. Early Inflammatory Response in the
Brain and Anesthesia Recovery Time Evaluation After Experimental Subarachnoid Hemor-
rhage. Transl. Stroke Res. 2019;10:308-318.
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To better understand the nature of inflammatory response after SAH, we conducted this ex-
perimental study in which we studied inflammatory response in different points and various
areas of the brain. The main goal of this study was to find out whether the SAH-associated
inflammatory response in the brain occurs just in areas affected by the hematoma or in the
whole brain.

We used the perforation model of SAH for the purpose of this study. For the final evaluation,
we used 84 animals divided into three groups (sham, mild SAH, severe SAH) and four time
points (2, 4, 6, and 8 hours). In the above-mentioned time points, we studied the dynamics of
MRNA expressions of TNFa, IL-1B, IL-6, ICAM-1, and VCAM-1 in areas adjacent to hematoma
and distant areas. Serum levels of TNFa, IL-1B, and IL-6 were evaluated at 4 and 8 h
timepoints. In the case of severe SAH, the mRNA expressions of pro-inflammatory cytokines
were significantly increased in both adjacent and distant areas, while the inflammatory re-
sponse was less pronounced in mild/moderate SAH. The peak of the initial inflammatory re-
sponse was at 4 hours after SAH. Expression of mRNA for adhesive molecules ICAM-1 followed
the pattern of proinflammatory cytokines mRNA expression, while mRNA expression of
VCAM-1 was not significantly different among the groups.

These findings indicate that severe subarachnoid hemorrhage triggers the strong and early
inflammatory response not only in areas affected by bleeding (where a certain level of inflam-
matory response is required for cleaning/reparation), but the inflammatory response is also
triggered in areas that are not primarily affected by hematoma. This may suggest either that
SAH may cause global damage to the brain (for example by transient global cerebral ischemia)
or that severe SAH may lead to deregulation of inflammatory response. Anyway, these results
indicate that early inflammatory response after SAH is a more complex phenomenon than
just a cleaning reaction.

In this research, we also evaluated the association of SAH severity with anesthesia recovery
time. This may be useful for the prediction of severity of SAH immediately after surgery. SAH
grade is evaluated after animal sacrificing and removal of the brain, it may be also predicted
using neurological testing, which is primarily designed for 24 hours and later time points,
however we do not have a tool for earlier prediction of SAH severity. We addressed this issue
in the second aim of this research.

Anesthesia recovery time was evaluated for pain reaction recovery time (spinal level),
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spontaneous ventilation recovery time (brain stem level), and consciousness recovery time
(neocortical level). The anesthesia recovery time of all selected parameters reflected the se-
verity of SAH. The consciousness recovery time test had the best predictive value, but the
spontaneous ventilation recovery time test may bring the information in the shortest time.
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Abstract

The main objective was to evaluate, whether the subarachnoid hemorrhage (SAH)-associated carly inflammatory response has
focal or global character, i.e., whether areas distant to hematoma may be affected by an early inflammatory response. The second
objective was to evaluate the association of anesthesia recovery time for basic reflexes/neurological functions with severity of
SAH. SAH was induced in rats using an endovascular perforation model. Anesthesia recovery time was evaluated for pain
reaction recovery time (spinal level), spontaneous ventilation recovery time (brain stem level), and consciousness recovery time
(neocortical level). mRNA expressions of TNFe, IL-1p3, IL-6, I[CAM-1, and VCAM-1 in areas adjacent and distant to hematoma
were evaluated between 2 and 8 h after SAH. Serum levels of TNF«, IL-13, and IL-6 were assessed at 4 and 8 h after SAH.
Anesthesia recovery time of all selected parameters was associated with severity of SAH. The consciousness recovery time test
had the best predictive value, while the spontaneous ventilation recovery time test was able to bring information in the shortest
time. The mRNA expressions of pro-inflammatory cytokines were significantly increased in severe SAH groups in both adjacent
and distant areas. The inflammatory response in mild/moderate SAH groups was less strong, peaking at 4 h after SAH. Serum
levels of pro-inflammatory cytokines were ambiguous. Anesthesia recovery time may be useful for bleeding severity prediction
in the SAH model; however, further validation is needed. Severe subarachnoid hemorrhage is associated with the strong early
inflammatory response. which has a global character, while mild subarachnoid hemorrhage is accompanied by a weaker
inflammation.

Keywords Subarachnoid hemorrhage - Inflammation - Early brain injury - Anesthesia recovery time

Introduction cerebral ischemia, oxidative stress, neuronal/endothelial apo-

ptosis, blood-brain barrier disruption, and inflammation [1, 3].

Early brain injury (EBI) is a complex of pathophysiological
processes, which are associated with subarachnoid hemor-
rhage (SAH), and which may significantly contribute to
SAH-related morbidity and mortality [1, 2]. The most impor-
tant contributors to early brain injury are transient global
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Inflammation plays a major role in EBI; inflammation may
be considered as a cross-link among above-mentioned pathol-
ogies [4-8]. Activation of the immune system occurs imme-
diately after onset of bleeding and inflammation after SAH
may be considered as a two-step process: it is initially a local
reaction which is later generalized to systemic response [9,
10]. Local response is represented by the activation of microg-
lia and endothelial cells, which produce pro-inflammatory cy-
tokines and adhesion molecules [11, 12]. Pro-inflammatory
cytokines released into blood activate leukocytes in the pe-
riphery; adhesive molecules attract them to the affected area,
resulting in leukocyte infiltration and subsequent promotion
of inflammatory response [11, 13, 14].

Local response, an initial step of inflammatory response
after SAH, is a minor topic of current research. Previous stud-
ies demonstrated that the local inflammatory response in the
brain may be detected within hours after onset of bleeding,
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peaking between 4 and 6 h afier SAH [11]. However, it is still
not clear whether the local inflammatory response, which re-
flects activation of the immune system in the brain after SAH,
has focal or global character, i.e., whether an early inflamma-
tory response occurs only in areas affected by bleeding or
whether it may occur also in distant areas. Information about
the spatial context of early inflammatory response SAH may
help us to understand whether the early brain injury has global
impact on the brain from the very early beginning or whether
it develops over time. The main goal of this work was to find
out, whether the early inflammatory response after SAH oc-
curs only in areas adjacent to hematoma or whether it may
occur also in distant areas of the brain.

Considering experimental SAH, there is currently no test de-
signed for evaluation of initial neurological status. Standard be-
havioral tests are not suitable for this purpose; these tests are
substantially influenced by anesthesia, because the tests are par-
tially based on spontaneous activity (psychological functions)
[15, 16]. However, we may assume that basic reflexes/
neurological functions, which are crucial for the organism, may
be affected by anesthesia in a more consistent way and similar
exposures to anesthesia may be associated with similar recovery
time unless there is an influence of pathology. Evaluation of
recovery time for basic reflexes/neurological functions could be
potentially used for evaluation of consistency of the model and
prediction of SAH severity. Potential candidates for such evalu-
ation are pain reflex (spinal level), respiratory reflex (brain stem
level), and consciousness regaining (cortical level). The second
goal of this study was to evaluate whether recovery time for the
above-mentioned reflexes/neurological functions may be associ-
ated with severity of SAH.

Material and Methods
Animal Experiments

All the experiments were approved by the Masaryk University
Institutional Animal Care and by the Ministry of Education,
Youth and Sports of the Czech Republic. Adult male Sprague
Dawley rats (260-300 g) purchased from the Animal Facility of
Masaryk University were used for the purpose of this study. The
animals were assigned to sham or SAH group and to one of the
following timepoint groups: 2, 4, 6, or 8 h. The animals were
anesthetized using isoflurane in 60%/40% medical gas/oxygen
mixture. Five percent concentration of isoflurane was used for
induction of anesthesia and after the intubation, the anesthesia
was maintained using 3% isoflurane concentration. SAH was
induced by sharpened 4-0 nylon suture through the left internal
carotid artery as described previously [17]. In the case of sham
animals, the suture was inserted into the artery, but no perforation
was performed. The anesthesia was terminated 5 min after

induction of SAH/suture insertion. At the end of surgery, I ml
of saline was injected intraperitoneally to prevent dehydration.

After the surgery, animals were kept on mechanical venti-
lation until spontaneous ventilation was sufficient. If sponta-
neous ventilation did not recover, the animals were kept on
mechanical ventilation during the whole period of monitoring
and basic vital signs (heart action. color of eyes) were ob-
served. When basic vital signs were not present in uncon-
scious animals, these were excluded, generating mortality
group. In animals which recovered from anesthesia, the fol-
lowing neurological parameters were evaluated: spontaneous
ventilation recovery time, pain reaction recovery time, and
consciousness recovery time. Respiratory reflex recovery
was considered as a criterion for spontancous ventilation re-
covery, no matter whether spontaneous ventilation was suffi-
cient. A pain stimulus represented pinch to tail and any
escape/defensive reaction was considered as a positive result
of the pain reaction recovery test. The criterion for conscious-
ness regaining was a spontaneous awake reaction or awake
reaction in response to pain stimulus, no matter whether ani-
mal later fell asleep again. These parameters were evaluated
every 5 min until full recovery or up to 1 and half hour after
surgery. All the evaluations were performed in a blind manner
by one person. A heating lamp was used during the whole
period of unconsciousness to prevent hypothermia. Detailed
protocol of anesthesia and anesthesia recovery time evaluation
may be found as a supplementary file.

Animals were sacrificed one of the following timepoints: 2,
4, 6, or 8 h, the picture of the basal part of the brain was taken
to evaluate SAH grade, and the samples of the brain and serum
were collected. Severity of SAH was evaluated using the SAH
grading system [17]. According to the SAH grade, the animals
were assigned to mild/moderate SAH group (SAH grade 6—
12; below labeled as mild SAH) and severe SAH group (SAH
grade 13-18), while animals with SAH grade lower than 6
were excluded for insufficient SAH, as it is usual [17].

Samples

Brain samples were collected from the basal part of the left hemi-
sphere (the arca adjacent to hematoma—directly affected by he-
matoma; below labeled as A samples) and from the right dorsal
hemisphere (area distant from hematoma—not affected by he-
matoma; below labeled as D samples). The samples were ho-
mogenized using the glass bead beating technique, frozen in
RNA later, and stored at — 80 °C until processed. Isolation of
total RNA was performed with Tripure reagent (Qiagen) accord-
ing to the manufacturer’s mstructions. RNA samples were
suspended in RNAse-free water and quantified spectrophotomet-
rically. Genomic DNA contamination was removed by DNAse |
treatment (Invitrogen). Single-stranded ¢cDNA was synthesized
from 1 pg total RNA in a volume of 50 pl using the Transcriptor
First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland)
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(using random hexamers). Gene expression was evaluated by
real-time reverse transcription polymerase chain reaction (RT-
PCR) analysis using TagMan chemistry (Applied Biosystems).
TagMan assays were run for TNFe, IL-1f3. IL-6, ICAM-I,
VCAM-1, and two housekeeping genes—f-actin and hypoxan-
thine phosphoribosyltransferase (HPRT1) to determine which
housekeeping genes were most suitable for subsequent normali-
zation of data. Amplification reactions were performed on ABI
PRISM 7000 Sequence Detection System (Applied Biosystems)
with the following thermal cycling conditions: 95 °C for 10 min
and then 40 cycles of 95 °C for 15 s and 60 °C for 1 min. An
average was calculated for Ct of control afier normalization with
HPRT1. The calculation of fold change was according to the
comparative Ct method (2-AACt method). Serum cytokines
TNFa, IL-1f, and IL-6 were measured in samples frozen imme-
diately after sampling and then stored in — 80 °C awaiting anal-
ysis. The samples were analyzed using commercial ELISA pro-
vided by Invitrogen (IL-6, 0—1500 pg/ml; TNFx, 0-750 pg/ml)
and USCN Life Science (IL-1{, 0-800 pg/ml). Intra-assay CV
and inter-assay CV for all analysis were < 10%.

Statistical Analyses

The distribution of the data of SAH grade and neurological
parameters met the criteria of normal distribution (D’ Agostino
and Pearson normality test). Ordinary one-way ANOVA
followed by Bonferroni’s multiple comparison test was used
to evaluate these data. ROC analysis was subsequently per-
formed in mild and severe SAH groups. The results of labo-
ratory analyses were log-normally distributed; these data were
logarithmically transformed, and the statistical analyses were
performed on transformed data using ordinary one-way
ANOVA followed by Bonferroni’s multiple comparison test.
A p value of <0.05 was considered statistically significant.
Statistical analyses were performed using GraphPad Prism
version 7.03 for Windows (GraphPad Software, La Jolla,
CA, USA. www.graphpad.com). Data are presented as mean
and standard deviation (SAH grade and neurological
parameters) or geometric mean and geometric SD factor (the
rest of the data). The data representing mRNA expressions are
presented as a fold change normalized to the absolute control
group. In figures, p < 0.05 is labeled as *, p < 0.01 is labeled as
** and p<0.001 is labeled as ***.

Results
Basic Characteristics of the Study Group

In total, 108 animals were used for purpose of this study, 104
surgeries were performed in this project and another four an-
imals were used as an absolute control (no surgery) for mRNA
standardization. From the total amount of operated animals,
16 animals were excluded due to mortality of the model
(14.6%) and another 4 animals were excluded because of the
insufficient SAH grade. The final laboratory analyses were
performed on the group of 84 animals divided into 12 groups
according to SAH grade (sham, mild SAH, severe SAH) and
timepoint (2, 4, 6, and 8 h), n = 7 per group. The evaluation of
the initial neurological status was performed in sham, mild,
and severe SAH groups with no regard to timepoints used for
laboratory analyses.

Three animals did not fully recover from anesthesia and were
kept on mechanical ventilation for the whole period of monitor-
ing (2-h timepoint, 1 animal; 4-h timepoint, 1 animal; and 8-h
timepoint, 1 animal). Vital signs (color of the eye and heart
action) were present in all animals for the whole period of mon-
itoring and reaction to pain recovered in two cases. These ani-
mals were not used for evaluation of neurological parameters
(infinite recovery time), but all the laboratory parameters were
in the range typical for severe SAH groups and these samples
were included in the evaluation of inflammatory response.

Basic characteristics of the study group, according to the
SAH grade, are summarized in Table 1. In mild SAH groups,
SAH grades are comparable in all the timepoints; the mean
value of SAH grade is around 9. In severe SAH groups, the
SAH grades are also similar in all the timepoints; the mean
value of SAH grade is around 16 in these animals.

The Initial Neurological Status

The aim of this assessment was to evaluate, whether recovery
time of basic neurological parameters is suitable for evaluation
offinitial neurological status of experimental animals. We eval-
uated spontaneous ventilation recovery time, reaction to pain
recovery time, and consciousness recovery time. An important
prerequisite for such an evaluation was similar exposure to
anesthesia in all the groups.

Figure 1 and Table S1 (in supplementary file) demonstrate
that the duration of anesthesia was comparable in all the three

Table 1 Basic characteristics of the study group according to SAH grade expressed as a mean (M) and standard deviation (SD); n =7 per group
Mild2 h Mild 4 h Mild 6 h Mild 8 h Severe 2 h Severe 4 h Severe 6 h Severe 8 h

M 9.29 8.57 9.00 8.71 16.43 16.13 15.57 16.14

SD 1.89 1.51 210 2.14 151 1.89 1.62 1.57
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Fig. 1 Duration of anesthesia groups in sham, mild, and severe SAH
groups. The data are plotted as a mean and SD; n = 28 per group

groups. A total time of anesthesia (including induction of an-
esthesia) was, in average, around 52 min.

Figure 2 and Table S2 (in supplementary file) show the
recovery time of basic vital parameters (A, spontaneous ven-
tilation recovery; B, pain reaction recovery; and C, conscious-
ness recovery). The recovery time was significantly longer in
the severe SAH group compared to that in both the sham and
mild SAH groups in all three parameters. The highest contrast
was observed in the case of consciousness recovery; an aver-
age time in the sham group was around 15 min, in the mild
SAH group around 20 min while in the severe SAH group,
regaining of consciousness took around 45 min on average
(Fig. 2c, Tab. S2).

Table 2 summarizes the results of ROC analysis of mild
and severe SAH groups for a spontaneous ventilation recovery
time, pain reaction recovery time, and consciousness recovery
time. In this case, sensitivity represents the ability of assess-
ment to correctly detect absence of particular reflex in the
severe SAH group, while specificity represents an ability of
assessment to correctly detect presence of the reflex in the
mild SAH group. The best predictive value has consciousness
recovery time (AUC, 0.95; AUC SE, 0.026); the suitable time
for this assessment is around 32nd minute after SAH induc-
tion: if the counsciousness is recovered, there is a 92% chance
that SAH will be mild and if the cousciousness is not recov-
ered, there is an 83% chance that SAH will be severe. Finally,
if the consciousness will not recover within approximately
38 min after SAH induction, severe SAH may be expected
with almost 100% chance and around 67% of severe SAH
animals in our study group did not recover within this period.
Spontaneous ventilation recovery time has lower predictive
value (AUC, 0.87; AUC SE, 0.053) than previous test, but
this test may bring us an information carlier. The suitable time
for this assessment is around 12th minute after SAH induc-
tion: if an animal breathes, there is a 93% chance that SAH
will be mild and if an animal does not breathe, there is a 76%
chance that SAH is severe. If ventilation will not recover
within approx. 18 min, the severe SAH may be expected with

almost 100% chance and around 56% of animals in our study
group with severe SAH did not recover ventilation reflex
within this period. Pain reaction recovery time does not bring
us better information than previous tests, predictive value is
lower (AUC, 0.83; AUC SE, 0.060), and the suitable time for
this assessment is around an 18th minute after SAH induction.

Inflammatory Response in the Brain Following SAH

The inflammatory response in the brain was evaluated on the
level of mRNA expressions of pro-inflammatory cytokines
(TNFa, IL-1p, IL-6) and adhesive molecules (ICAM-1,
VCAM-1). Expressions of the above-mentioned parameters
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Fig. 2 Spontaneous ventilation recovery time (a), reaction to pain
recovery time (b), and consciousness recovery time (¢) in sham (n =
28), mild (n =28), and severe (n =25) SAH groups. The data are
plotted as a mean and SD. p<0.001 is labeled as ***
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Table 2 Selected results of ROC

analysis expressed in percent and Time (min) Sensitivity (%) 95% CI Specificity (%) 95% CI
95% confidence interval range in
mild (7 = 28) and severe (n =25) Ventilation T8 88 69 to 97% 54 33 to 73%
SAH groups for ventilation >125 76 551091% 93 75 10 99%
recovery time (ventilation), pain >17.5 56 35 10 76% 100 87 to 100%
recovery time (pain), and . .
consciousness regaining time Pain >12.5 88 69 to 97% 48 28 to 69%
(consciousness) =175 72 51 to 88% 88 69 to 97%
=225 36 18 to 58% 100 86 to 100%
Consciousness >22.5 100 86 to 100% o8 47 10 85%
>275 88 68 10 97% 76 551091%
>325 83 63 t0 95% 92 7410 99%
>37.5 67 45 to 84% 100 86 to 100%

were evaluated 2, 4, 6, and 8 h after induction of SAH in the
areas adjacent to hematoma (ipsilateral basal hemisphere) and
in the arcas distant to hematoma (contralateral dorsal
hemisphere).

Figure 3 and Table S3 (in supplementary file) show TNFo
mRNA expression 2, 4, 6, and 8 h after induction of SAH.
There was a statistically significant difference between sham
and severe SAH groups in all the timepoints both in areas
adjacent to hematoma (A) and distant areas (D). The differ-
ence between sham and mild SAH groups was statistically
significant 4 h after induction of SAH in both arcas. The
difference between mild and severe SAH groups was statisti-
cally significant in 2- and 6-h timepoints in both adjacent and
distant areas. Finally, the statistically significant difference in

TNF« expression between adjacent and distant areas was ob-
served in sham groups 2 h after surgery.

Figure 4 and Table S4 (in supplementary file) show IL-1p
mRNA expression 2, 4, 6, and 8 h after induction of SAH. The
difference between sham and severe SAH groups was statis-
tically significant in all the timepoints in both areas, while the
difference between sham and mild SAH groups was statisti-
cally significant at 4 h after surgery in both areas. The differ-
ence between mild and severe SAH groups was statistically
significant in 2-, 4-, and 6-h timepoints in the adjacent area
and in 2- and 6-h timepoints in distant areas. Finally, the sta-
tistically significant difference in IL-1( expression between
adjacent and distant areas was observed in severe SAH groups
at 2 and 6 h after surgery.
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Figure 5 and Table S5 (in supplementary file) show IL-6  in none of timepoints in any areas. The difference between
mRNA expression 2, 4, 6, and 8 h after induction of SAH. The  mild and severe SAH groups was statistically significant in all

difference between sham and severe SAH groups was statis-  the timepoints in the adjacent area and in 2- and 4-h timepoints
tically significant in all the timepoints in adjacent areas and in  in distant areas. Finally, the statistically significant difference
2-, 4-, and 8-h timepoints in distant areas. The difference be-  between adjacent and distant areas was observed in severe

tween sham and mild SAH groups was statistically significant ~ SAH groups at 4, 6, and 8 h after the surgery.

Fig. 5 IL-6 expression in areas 1000 3 s 2 Hours i 1000 ves 4 Hours
adjacent (A) and distant (D) to T Ty % — RSNy
hematoma. The data are normal-
ized to absolute control group and
plotted as a geometric mean and
geometric SD factor. p< 0,05 is
labeled as *, p < 0.01 is labeled as
and p <0.001 is labeled as
;=7 per group
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Figure 6 and Table S6 (in supplementary file) show ICAM-
1 mRNA expression 2, 4, 6, and 8 h after induction of SAH.
There was a statistically significant difference between sham
and severe SAH groups in all the timepoints in adjacent areas
and at 2 and 4 h in distant areas. Statistically significant differ-
ence between mild and severe SAH groups was observed in 2-h

timepoint in both areas and in 6-h timepoint in adjacent areas.
Finally, there was statistically significant difference between
sham and mild SAH groups in 4-h timepoint in distant areas.
Figure 7 and Table S7 (in supplementary file) show
VCAM-1 mRNA expression 2, 4, 6, and 8 h after induction
of SAH. In contrast to ICAM-1, no significant difference was
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observed between the groups in any timepoint in case of
VCAM-I1.

Serum Levels of Pro-inflammatory Cytokines After
SAH

Figure 8a, b and Table S8 (in supplementary file) show serum
levels of TNFee and IL-1f in sham and severe SAH groups 4
and 8 h after surgery. No significant differences between sham
and severe SAH groups were observed in the case of TNFo
and IL-1f neither 4 nor 8 h after induction of SAH. Overall
levels of TNFa were within physiological range, while levels
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Fig.8 Serum levels of TNFa (a), IL-1§ (b), and IL-6 (¢) at the 4- and 8-h
timepoints. The data are plotted as a geometric mean and geometric SD.
The dotted line represents the threshold value of physiological levels. p <
0.05 is labeled as * and p< 0.001 is labeled as *#*; n = 7 per group

of IL-1p were increased above physiological levels in a sim-
ilar way in all the groups.

Figure 8c and Table S8 (in supplementary file) show serum
levels of IL-6 in sham, mild, and severe SAH groups 4 and 8 h
after surgery. There was significant difference between sham
and severe groups as well as between mild and severe SAH
groups 4 h after surgery. No significant difference was ob-
served 8 h after surgery.

Discussion

The main goal of this study was to evaluate whether the early
inflammatory response after SAH has in brain focal or global
character. In this study, we used timepoints of 2, 4, 6, and 8 h
after induction of bleeding and since there is no neurological
evaluation designed for such short timepoints, we have also test-
ed whether the anesthesia recovery time of basic reflexes/
neurological parameters may be associated with severity of SAH.

The mortality of the model was 14.6% that is lower than
typical data published in a perforation model of SAH [18-20].
We attribute it firstly to short timepoints, because we may
assume that some of the severe SAH animals, which survived
for a short period of time, would not survive for 24 h or longer.
Additionally, severe SAH animals with respiration failure may
be kept on mechanical ventilation for several hours. It is well
known that severe stroke is associated with respiratory failure
and the need of mechanical ventilation is often in patients
suffering from severe stroke [21]. Keeping animals on me-
chanical ventilation for limited period allowed us to evaluate
severe SAH animals which would die due to respiratory fail-
ure. We had three animals which were kept on mechanical
ventilation for the whole period of monitoring (2-h timepoint,
I animal; 4-h timepoint, 1 animal; and 8-h timepoint, 1 ani-
mal). The vital signs were monitored in these animals—the
heart action and the color of the eyes as a sign of cerebral
circulation—because an ophthalmic artery is a branch of the
internal carotid artery. These animals were not used for basic
reflexes recovery time evaluation, because the recovery time
of some of the parameters would be nonsense (infinite).
Interestingly, parameters of inflammatory response were with-
in a standard range for severe SAH. Based on these observa-
tions (no statistical analysis was performed because of the
sample size). we may assume that these animals may be po-
tentially used for evaluation of inflammatory together with all
other severe SAH animals.

Basic neurological parameters used for evaluation of anes-
thesia recovery time were respiratory reflex (spontaneous ven-
tilation recovery), pain reflex, and consciousness recovery
time. These parameters reflect activity on the spinal level (pain
reflex), brain stem level (respiratory reflex), and neocortical
level (consciousness). We used these parameters because stan-
dard neurological tests are not designed (and suitable) for
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early timepoints [15, 16]. An effect of anesthesia was
discussed in the “Introduction.” Additionally, the standard
neurological tests are designed as a sort of outcome tests and
it has no meaning to perform the tests early after SAH. We
used anesthesia recovery time-based tests to evaluate the in-
fluence of SAH on the initial neurological status. The prereq-
uisite for this evaluation is similar exposure to anesthesia in all
the groups and this criterion was fulfilled in our study groups.
We have also paid attention to consistency in the interval
between SAH induction and termination of anesthesia; the
anesthesia was terminated 5 min after SAH induction/suture
insertion. The results of all the evaluated parameters were
quite uniform: there was a significant difference in recovery
time between severe SAH groups and mild SAH groups while
there was no difference between sham and mild SAH groups.
The highest contrast was observed in the consciousness recov-
ery time test and this test had the best predictive value. The
spontaneous ventilation recovery time was able to bring us
relatively accurate information in the shortest time, while the
pain reaction recovery test did not bring us better information
than previous tests. We think that the most interesting result of
ROC analysis is the finding that an absence of respiratory
response for more than 18 min after induction of bleeding
(or 13 after termination of anesthesia) may indicate severe
SAH with almost 100% probability. However, since the
above-proposed tests represent different levels of neural activ-
ity, we think that it is useful to perform all the tests, even
though some of them do not bring valuable information.
These tests may be theoretically used in two ways. Firstly,
these tests may be used for prediction of SAH severity and
for evaluation of consistency of the model. Secondly, these
tests may be potentially used for evaluation of the precondi-
tioning treatment effect. Hypothetically, if preconditioning
treatment protects against impact of primary injury (for exam-
ple, by the decrease of oxygen/glucose consumption in neu-
rons), recovery time may be shorter than in cases of untreated
animals. And if the recovery time is similar in groups with
preconditioning treatment and without treatment, while later
evaluated, neurological status is improved in treated groups;
this may be indirect evidence that preconditioning targets sec-
ondary brain injury. We may thus assume that anesthesia re-
covery tests may be potentially used in addition to standard
neurologic tests and may possibly bring us useful information.
However, we are aware that further independent validation is
needed before reaching conclusion about the usefulness of
anesthesia recovery time tests.

The major goal of this study was to answer the question,
whether the early inflammatory response in the brain after
SAH has a focal or global character. We evaluated mRNA ex-
pressions of widely used pro-inflammatory cytokines (TNFx,
IL-1B, IL-6) and adhesive molecules (ICAM-1, VCAM-1) in
arcas adjacent to hematoma and the areas distant to the hemato-
ma. In general, the mRNA expressions of selected pro-
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inflammatory cytokines were mainly increased in severe SAH
groups and this was clear in both adjacent and distant areas in
majority of the timepoints. The inflammatory response in mild
SAH groups was less strong with a peak at 4 h after SAH.
Significant changes were also found in ICAM-1 mRNA expres-
sion, while VCAM-1 mRNA expression was not changed. These
results indicate that mainly severe SAH is associated with strong
activation of the immune system in the brain and the early in-
flammatory response has a global character. Areas adjacent to
hematoma are in contact with blood and possibly damaged. The
inflammatory response in these areas may be considered as a
“physiological” reaction to the presence of blood and potential
tissue damage. The activation of an immune response in adjacent
areas has been previously described and our results are in accor-
dance with those of previously published data [11]. Areas distant
to hematoma are not primarily affected by hematoma and acti-
vation of the immune system in these areas indicates global
activation of the immune system in the brain. This suggests that
pathophysiological processes associated with early brain injury
are complex and may affect all the brain from the very early
beginning, especially in the case of severe SAH. A possible
reason for activation of the inflammatory response in distant
areas may be transient global cerebral ischemia, ischemia caused
by acute vasospasms after SAH, or with deregulation of inflam-
matory response which may occur after stroke [22-24]. ICAM-1
mRNA expression indicates that the inflammatory response may
be in severe cases directed to systemic inflammatory response
from very early beginning and this reaction may have also global
character. Early upregulation of ICAM-1 mRNA expression is
known from the ischemic stroke model as well as the fact that
VCAM-1 expression may be unaffected [25].

Finally, we have evaluated serum levels of pro-inflammatory
cytokines (TNFex, IL-1, IL-6) in sclected groups and timepoints
to find out whether we may, early after SAH, detect an effect of
cerebral immune system activation in periphery. Serum levels of
pro-inflammatory cytokines were ambiguous. TNFo was phys-
iological in all the groups, while IL-1[3 was increased in a similar
way in both sham and severe SAH groups in these timepoints.
Serum levels of TL-6 were increased in the severe SAH group at
4-h timepoint, while at 8 h after SAH, IL-6 levels were increased
in all three groups in a similar way. These results may indicate
that the surgical procedure may mask the effect of SAH and
make hard to evaluate levels of pro-inflammatory cytokines in
periphery early after SAH.

There are several limitations of this study. Firstly, the short
timepoints are good to answer the questions about the patho-
physiology of early brain injury, but short timepoints cannot
give us information about the outcome. We did not use any
standard timepoints and this is the limitation. We were, how-
ever, focused on evaluation of the initial step of inflammatory
response (local reaction in the brain). If we use later
timepoints, we would need to take into account inflammation
mediated by leukocytes from periphery, while in timepoints
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we used, we may assume that inflammatory response repre-
sents local reaction [11, 13]. Secondly, we did not evaluate the
potential reason for global activation of the inflammatory re-
sponse. However, in this study, we were focused only on
description of the spatial context of the inflammatory re-
sponse, because the exaggerated inflammatory response itself
may cause significant tissue damage [14, 26). Thirdly, regard-
ing anesthesia recovery time evaluation, we did not evaluate
inter-rater reproducibility, because all the evaluations were
performed by one person. We assume that inter-rater repro-
ducibility may be potentially consistent, because all the pa-
rameters may be considered as relatively objective (presence/
absence of reaction). However, final conclusion has to be
drawn from the future studies.

Conclusion

Severe subarachnoid hemorrhage is associated with the strong
early inflammatory response, which has a global character,
while mild subarachnoid hemorrhage is accompanied by a
weaker inflammatory response. This indicates that inflamma-
tion may affect the whole brain from the very early beginning
of SAH pathophysiology. especially in severe cases. The se-
rum levels of pro-inflammatory cytokines do not reflect the
carly inflammatory response in the brain, possibly because of
the effect of surgery on peripheral inflammation. Anesthesia
recovery time may be useful for prediction of severity of
bleeding in SAH model. Consciousness recovery time has
the best predictive value, while spontaneous ventilation recov-
ery time may indicate severe SAH as early as 18 min after
induction of SAH. Further validation is needed to evaluate
usefulness of anesthesia recovery time tests.

Funding Information This work was supported by the Czech Science
Foundation (GACR), project no. 14-23773P.

Compliance with Ethical Standards

All procedures performed in this study involving animals were in accor-
dance with the ethical standards of Masaryk University Institutional
Animal Care.

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. Fujii M, Yan J, Rolland WB, Soejima Y, Caner B, Zhang JH. Early
brain injury, an evolving frontier in subarachnoid hemorrhage re-
search. Transl Stroke Res. 2013:4:432-46.

2. van Lieshout JH, Dibué-Adjei M, Comelius JF, Slotty PJ, Schneider T,
Restin T, et al. An introduction to the pathophysiology of ancurysmal
subarachnoid hemorrhage. Neurosurg Rev 2017;1-14.

13.

20.

21

Ostrowski RP, Colohan AR, Zhang JH. Molecular mechanisms of
carly brain injury after subarachnoid hemorrhage. Neurol Res.
2006;28:399-414.

Zheng VZ, Wong GKC. Neuroinflammation responses after sub-
arachnoid hemorthage: a review. J Clin Neurosci. 2017:42:7-11.
Ji C. Chen G. Signaling pathway in early brain injury after sub-
arachnoid hemorrhage: news update. Acta Neurochir Suppl.
2016:121:123-6.

Lu Y, Lou J, Liu X, Wang S. Oxysophocarpine reduces oxygen-
glucose deprivation-induced microglial activation and injury. Am J
Transl Res. 2017;9:2266-75.

Kawabori M. Yenari MA. Inflammatory responses in brain ische-
mia. Curr Med Chem. 2015;22:1258-77.

Wang Z, Zhou F, Dou Y, Tian X, Liu C, Li II, et al. Melatonin
alleviates intracerebral hemorrhage-induced secondary brain injury
in rats via suppressing apoptosis, inflammation, oxidative stress,
DNA damage, and mitochondria injury. Transl Stroke Res.
2018:9:74-91.

Lucke-Wold BP, Logsdon AF, Manoranjan B, Turner RC,
McConnell E, Vates GE, et al. Aneurysmal subarachnoid hemor-
rhage and neuroinfl ion: a comp ive review. Int J Mol
Sci [Internet]. 2016 [cited 2018 Feb 19];17. Available from: https://
www.ncbi.nlm.nih.gov/pme/articles’PMC4848953/

Wang Q, Tang XN, Yenari MA. The inflammatory response in
stroke. J Neuroimmunol. 2007;184:53-68.

Ma C, Yin W, Cai B, Wu J, Wang J, He M, et al. Toll-like receptor 4/
nuclear factor-kappa B signaling detected in brain after early sub-
arachnoid hemorrhage. Chin Med J. 2009;122:1575-81.

Frijns CIM, Rinkel GJE, Castigliego D, Van Gijn J, Sixma JJ,
Fijnheer R. Endothelial cell activation afler subarachnoid hemor-
rhage. Neurosurgery 2002:50:1223-1229; discussion 1229-1230.
Kubota T, Handa Y, Tsuchida A, Kaneko M, Kobayashi H, Kubota
T. The kinetics of lymphocyte subsets and macrophages in sub-
arachnoid space after subarachnoid hemorrhage in rats. Stroke.
1993:24:1993-2000. discussion 2000-2001

Atangana E, Schneider UC, Blecharz K. Magrini S, Wagner J,
Nieminen-Kelhd M, et al. Intravascular inflammation triggers intra-
cercbral activated microglia and contributes to secondary brain in-
jury after experimental subarachnoid hemorrhage (eSAH). Transl
Stroke Res. 2017:8:144-56.

Jeon H, Ai J, Sabri M, Tariq A, Shang X, Chen G, et al.
Neurological and neurobehavioral assessment of experimental sub-
arachnoid hemorrhage. BMC Neurosci. 2009:10:103.

Turan N, Miller BA, Heider RA, Nadeem M, Sayeed I, Stein DG, et
al. Neurobehavioral testing in subarachnoid hemorrhage: a review
of methods and current findings in rodents. J Cereb Blood Flow
Metab. 2017;37:3461-74.

Sugawara T, Ayer R, Jadhav V, Zhang JH. A new grading system
evaluating bleeding scale in filament perforation subarachnoid
hemorrhage rat model. J Neurosci Methods. 2008:167:327-34.
Hamming AM, van der TA, Rudrapatna US, Ma L, van Os HJA,
Ferrari MD, et al, Valproate reduces delayed brain injury in a rat
model of subarachnoid hemorrhage. Stroke. 2017:48:452-8.

LiJ, Xu H, Nie S, Peng Y, Fan L-F, Wang Z, Wu C., Yan F., Chen
1.Y., Gu C., Wang C., Chen I.S., Wang L., Chen G. Fluoxetine-
enhanced autophagy ameliorates carly brain injury via inhibition of
NLRP3 inflammasome activation following subarachnoid hemor-
rhage in rats. J Neuroinflammation [Internet]. 2017 [cited 2018 Feb
20]:14. Available from: https://www.ncbi.nlm.nih.gov/pme/articles/
PMC5598033/, 186

Sehba FA. Rat endovascular perforation model. Transl Stroke Res.
2014;5:660-8.

Lahiri S, Mayer SA, Fink ME, Lord AS, Rosengart A, Mangat HS,
et al. Mechanical ventilation for acute stroke: a multi-state popula-
tion-based study. Neurocrit Care. 2015;23:28-32.

4\ Springer

127




318

Transl. Stroke Res. (2019) 10:308-318

22,

23.

24

Offner H, Hurn PD. A novel hypothesis: regulatory B lymphocytes 25.

shape outcome from experimental stroke. Transl Stroke Res.
2012;3:324-30.
Hasegawa Y, Suzuki H, Uekawa K, Kawano T, Kim-Mitsuyama S.

Characteristics of cerebrovascular injury in the hyperacute phase 26.

after induced severe subarachnoid hemorrhage. Transl Stroke Res.
2015;6:458-66.

Liesz A, Kleinschnitz C. Regulatory T cells in post-stroke immune
homeostasis. Trans| Stroke Res. 2016:7:313-21.

&) Springer

Vemuganti R, Dempsey RJ, Bowen KK. Inhibition of intercellular
adhesion molecule-1 protein expression by antisense oligonucleo-
tides is neuroprotective after transient middle cerebral artery occlu-
sion in rat. Stroke. 2004:35:179-84.

Blecharz-Lang KG, Wagner J, Fries A, Nieminen-Kelhd M, Rosner
J, Schneider UC, et al. Interleukin 6-mediated endothelial barrier
disturbances can be attenuated by blockade of the IL6 receptor
expressed in brain microvascular endothelial cells. Transl Stroke
Res. 2018:1-12.

128




4. SAH-associated inflammation as a problem for diagnostics and treatment

Comprehension of inflammatory response is essential for understanding the pathophysiology
of SAH and stroke in general. Stroke-associated inflammatory response is relatively uniform
in both ischemic and hemorrhagic stroke and it is also similar in other acute pathologies like
traumatic brain injury!=113, A certain level of Inflammatory response is essential for cleaning
reaction and tissue repair!4. However, following severe pathologies, the inflammatory re-
sponse may be exaggerative and deregulated, possibly resulting in subsequent tissue damage
and systemic inflammatory response syndrome with multi-organ dysfunction syndrome?!*3,

Thus, an inflammatory response associated with severe pathologies may trigger a vicious cir-
cle of tissue damage — inflammation — additional tissue damage — more inflammation.
An important question related to the inflammatory vicious circle is whether and when the
inflammatory response becomes deregulated and whether and eventually how we can pre-
vent it. Every patient in severe condition has some kind of anti-inflammatory treatment that
is driven by symptoms/clinical needs, i.e. antiphlogistic to control pain, body temperature,
sedation, or general anesthesia in intubated patients. However, we do not have enough con-
sistent markers of inflammation that would help us to conduct anti-inflammatory treatment
specifically, because most inflammation-related laboratory markers have high interindividual
variability.

A promising option to control inflammation represents vagus nerve stimulation (VNS) which
is based on a complex mechanism, cholinergic anti-inflammatory response (CHAIP). CHAIP
is a physiological mechanism of immune system regulation by CNS. The main components
of CHAIP include the vagus nerve, spleen, and a7 nicotinic acetylcholine receptor
(a7 nAChR).

Severe conditions are associated with a disbalance between the activity of the sympathetic
(SNS) and parasympathetic nervous system (PNS) because of stress which contributes to ac-
tivation of SNS. The activity of autonomic nervous system is closely linked to inflammation,
physiological activation of the sympathetic nervous system is in general pro-inflammatory,
while parasympathetic activity is anti-inflammatory*t>116,

VNS decreases inflammation but does not cause immunosuppression'®. In experimental con-
ditions, VNS was to decrease inflammation in various severe conditions such as sepsis, septic
shock, hypovolemic hemorrhagic shock, or stroke!'’12°, The effect of VNS is anti-inflamma-

tory, anti-apoptotic, and antioxidative making VNS very complex and promising therapeutic
too|t2L122.
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4.1 The author’s publications related to the topic of SAH associated inflammation as a
problem for diagnostics and treatment

4.1.1 Evolutionary concept of inflammatory response and stroke

Duris K, Jurajda M. Evolutionary concept of inflammatory response and stroke. J Neurosci Res.
2020;98:98-104.

Type of article: Review article
IF (2020): 4,164
Number of citations without self-citations according to WoS (7/2025): 11

In this conceptual review article, we aimed to build a logical construction of arguments that
implicate possible reasons for the deregulation of inflammatory response after stroke.
We discuss immune system—brain interactions from an evolutionary point of view in order to
demonstrate that the immune system cannot be designed to deal with severe pathologies
such as stroke.

After a short recapitulation of elementary notes about evolution and epigenetics, we sketch
an overview of the functions of the immune system. We are mainly focused on the fact that
the immune system has both analytic (immune surveillance) and executive (defense and heal-
ing) functions, which make this system very powerful. If we take into account that
the immune system has a natural tendency to act aggressively, because dealing with patho-
gens has to be resolute - the immune system cannot lose (in another case the organism may
be lost), it is not a surprise that massive activation of the immune system may cause serious
damage to organism.

The next parts are dedicated to a description of the role of the immune system in CNS under
physiological conditions and after stroke. We mainly discuss the fact that the immune system
cannot be designed to deal with severe pathologies like stroke because such pathologies are
typically not compatible with life in wild nature. Even if the organism survives,
the evolutionary selection mechanism cannot be applied, because stroke predominantly oc-
curs in the postreproductive period of life.

We may conclude that for above mentioned reasons, evolution has no chance to prepare the
immune system for such severe conditions as severe stroke, severe craniotrauma
or polytrauma. These conditions may be associated with exaggerated/deregulated inflamma-
tory response, which may cause more damage than initial pathology.
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1 | INTRODUCTION

Evolution is essential for life in an environment which, in global
measure, changes slowly but constantly (Chevin, Lande, & Mace,
2010; Monaghan, 2008). The main challenges for survival in the
wilderness are to eat/not to be eaten and to resist/to regenerate.
Evolution-development-improvement allows better adaptation in
given environment and central nervous system as well as immune
system are crucial for survival from this point of view (McEwen &
Gianaros, 2010; Medzhitov, 2010). The functions of both central
nervous system and immune system are closely linked to the en-
vironment and both systems allow us to interact with environment
adequately (Blalock, 1984; Morton, Cummings, Baskin, Barsh, &
Schwartz, 2006). Better the central nervous system is, better is a
chance to find food and avoid danger. Better the immune system
is, better resistance and healing functions allowing the organism to
keep integrity in more challenging conditions.

The main tool of evolution is selection which is possible due to
variability in the population (Chevin et al., 2010; Monaghan, 2008). A
certain level of variability is kept in population constantly and the best

combination of phenotypes in given conditions has the evolutionary

The immune system plays an important role under both physiological and pathologi-
cal conditions. Immune surveillance as well as defense and healing processes are
crucial for the organism, but the immune system has a natural tendency to act ag-
gressively when excessively stimulated. We may assume that the immune system is
not designed to deal with severe conditions, such as polytrauma or severe stroke,
because these are not compatible with life in the wilderness and evolution has no
chance to act in such cases. These conditions are associated with exaggerated/de-
regulated inflammatory response, which may cause more damage than initial pathol-
ogy. In this article, we would like to sketch a basic concept of the immune system-brain
interactions from the evolutionary point of view and to discuss some implications

evolution, inflammation, stroke

advantage associated with higher reproducibility rate, resulting in pro-
motion of beneficial features in the population (Chevin et al., 2010;
Monaghan, 2008). This relatively simple mechanism is believed to
direct development and adaptation of population to global environ-
mental changes, and thus the certain level of variability in population
has to be kept constantly (Chevin et al., 2010; Fumagalli et al., 2011;
Monaghan, 2008). This mechanism may be considered as a rough
tool of development which is fine tuned by an epigenetic mechanism
(Nathanielsz & Thornburg, 2003; Tremblay & Hamet, 2008).

Evolution acts on the level of population, while epigenetic mod-
ulations act on the level of individual organisms and epigenetics is
a dynamic field of science because of its involvement in the patho-
physiology of literally any human disease (Nathanielsz & Thornburg,
2003; Portela & Esteller, 2010; Tremblay & Hamet, 2008). The role
of epigenetics in inflammation and in stroke pathophysiology has
been extensively reviewed too (Lindgren, 2014; McCall, Gazzar, Liu,
Vachharajani, & Yoza, 2011; Qureshi & Mehler, 2010a, 2010b, 2011;
Shanmugam & Sethi, 2013).

In this article, we would like to sketch a basic concept of the im-
mune system-brain interactions froam the evolutionary point of view
and to discuss some implications related to stroke.

98 ‘ © 2019 Wiley Periodicals, Inc.

wileyonlinelibrary.com/journal/jnr
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Significance

The goal of this article is to sketch basic concept of inflam-
matory response after stroke with a respect to evolution.
This approach may possibly help us to understand the limi-
tations of inflammatory response and the consequences for
the pathophysioclogy of stroke.

2 | IMMUNE SYSTEM

The role of immune system for survival is crucial under both physi-
ological and pathological conditions (Medzhitov, 2010; Zhao &
Schwartz, 1998). The immune system is the main and universal tool
designed to restore a large variety of problems and life-threaten-
ing situations (Medzhitov, 2010). The organism is evolutionarily de-
signed to resolve any problems with its own powers and the immune
system is a powerful instrument to achieve it (Janeway, 1992; Lee &
Mazmanian, 2010).

Considering pathological processes in general, external and in-
ternal factors are usually taken into account as determining aspects
(Engel, 1960; Tran, Cuesta, Van, Nauta, & Wesdorp, 1993) (Figure 1).
External factors represent a threat from outside of the organism and
these may be both, one-time thread, such as traumatic event, or lon-
ger lasting threads, like invasion and persistence of pathogens in the
organism (Engel, 1960; Tran et al., 1993). Internal factors represent
features which are more stable, like existing comorbidity, or even
permanent, like genetic background (Engel, 1960; Tran et al., 1993).

It seems to be useful to distinguish reaction of the immune sys-
tem from above-mentioned factors, because immune system rep-
resents the dynamic interaction of organism to any pathological
condition and immune system is closely connected to both exter-
nal and internal factors (Strieter, Kunkel, & Bone, 1993; Tran et al.,
1993). External factors activate the immune system, while internal
factors determine (genetical background) and modulate (comorbid-
ities) function of the immune system. The main functions of the im-
mune system are immune surveillance, defense as well as reparation
processes and arganism and the level of its activity is proportional to
actual needs (Park & Barbul, 2004; Parkin & Cohen, 2001) (Figure 2).

Pathological condition

External Internal
factors factors
e.g. trauma e.g. predisposition

FIGURE 1 The pathophysiological role of immune system
Note. The immune system represents a dynamic interaction, which
is influenced by the external factors as well as internal factors and
which deals with pathological conditions.

Neuroscience Researc

Analytic functions

urveillance

Damage
e.g. trauma, necrosis

Danger
e.g. malign cells, pathogens

ﬁ Defense

Executive functions

Healing h

FIGURE 2 The main functions of immune system
Note. The immune system is all in one system combining both
analytic and executive functions.

Surveillance may be considered as an analytic function, which
is performed continuously, while the defense and healing processes
may be considered as executive functions which are performed on
demand, when it is needed (Park & Barbul, 2004; Parkin & Cohen,
2001). Surveillance is performed mainly by lymphoid organs and by
tissue macrophages, immune cells scattered through the organism,
which are devoted to detect danger or damage and either solve the
problem by themselves or activate the systemic immune response
(Davies, Jenkins, Allen, & Taylor, 2013; Ransohoff & Engelhardt,
2012). Dangerous stimuli, such as pathogen invasion or the pres-
ence of potentially malign cell, trigger defense functions to remove
dangerous element, while tissue damage initiates immune system-
dependent repairing processes (Davies et al., 2013; Ransohoff &
Engelhardt, 2012).

Both defense functions and healing processes are closely inter-
connected, because the potentially dangerous element, like patho-
gen invasion, may be associated with tissue damage and on contrary
structural damage is a risk factor for pathogen invasion. Thus, it
seems to be useful that both defense functions and healing pro-
cesses, which basically represent opposite processes (destruction
and reparation), are realized by one system. Moreover, combining
analytic and executive functions, immune system represents com-
plex all in one self-regulated system which is very powerful but also
potentially dangerous, because the immune system has a natural
tendency to act aggressively.

The main functions of immune system reflect a spectrum of
problems which immune system is designed to deal with; these are
mainly infections and injuries/tissue damage. Infections were the
most often cause of death before the era of antibiotics (Adedeji,
2016). Microorganisms have short reproduction time and short re-
production time of pathogens may be possibly associated with ag-
gressivity of the immune system. The immune system has to defeat
pathogen quickly and effectively, in the other case the organism is
potentially lost. However, it is worth to mention, that although the
pathogenic microorganisms are an important issue in medicine, ma-
jority of microorganisms are symbiotic (Lee & Mazmanian, 2010).
Mareover, interaction with microorganisms and the need to dif-
ferentiate between symbiotic and pathogen microorganisms is be-
lieved to shape the evolution of the adaptive immune system (Lee &
Mazmanian, 2010).
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The immune system is designed to deal with pathologies which
have to be considered as mild from the point of modern medicine.
In the wilderness, even the simple fracture has to be considered as
a big problem, while severe pathologies, which modern medicine
can manage, are not compatible with a life. Therefore, when we take
into account that the immune system is on one hand designed to act
aggressively and on the other hand is not designed to deal with se-
vere pathologies, the possible consequences are clear. First, severe
pathologies may be associated with strong activation/deregulation
of the immune system which may cause more damage than initial
pathology (Lu et al., 2009). Second, the immune system may also
significantly contributes to tissue damage, especially in severe con-
ditions, such as stroke (Lu et al., 2009).

3 | CENTRAL NERVOUS SYSTEM

Similarly to the immune system, the role of nervous system is es-
sential; central nervous system allows us to survive and better adapt
in an environment (McEwen & Gianaros, 2010). Higher development
of nervous system is associated with higher performance and bet-
ter adaptation or even control over the environment (Burdet, Osu,
Franklin, Milner, & Kawato, 2001). The nervous system is designed
for performance, which seems to be evolutionary priority (Wood,
2010).

During evolution central nervous system has developed in a very
complex structure, which individually grows step by step during
embryonic as well as postnatal period (Crespo, O'Leary, & Maxwell
Cowan, 1985; Mrzljak, Uylings, Van Eden, & Judas, 1991). The weak
point of nervous system complexity and successive developmental
design is a very limited capability of organism to restore damage
and this topic is a major challenge for research (Albensi, 2001; Qin,
Zhang, & Yang, 2015).

Practical inability of organism to restore neuronal damage seems
to be partially balanced by prevention, which is clearly reflected in
anatomy of central nervous system (Melvin & Lighthall, 2002), Skull,
meninges, and cerebrospinal (CSF) fluid represent mechanical pro-
tection to the outer environment, hematoencephalic barrier rep-
resents a homeostatic barrier to inner environment, while glial cells
maximally support neuronal functions. Microenvironment in brain
is kept in optimal range by these mechanisms, allowing neruons to
survive a whole life of an organism (Walz, 1989).

Skull, CSF as well as hematoencephalic barrier are perfect tools
to protect the central nervous system against the minor threads
of common life, they may, however, represent problem when
major pathology occurs, resulting in triggering of the vicious cir-
cle of brain damage caused by volume changes, pressure changes,
and brain ischemia (Melvin & Lighthall, 2002; Robba, Cardim,
Sekhon, Budohoski, & Czosnyka, 2018; Steiner & Andrews, 2006;
Thiagarajah, Papadopoulos, & Verkman, 2005).

Intracranial compartmentalization is not only important for sta-
bility of microenvironment and for mechanical protection, but it
is also significant form immunoclogical point of view. All the three

compartments, i.e. vascular, parenchymal/interstitial fluid and cere-
brospinal fluid, are strictly separated by hematoencephalic, hema-
toliquor, and meningeal barriers (Laterra, Keep, Betz, & Goldstein,
1999; Saunders, Habgood, Mgllgard, & Dziegielewska, 2016; Weller,
Sharp, Christodoulides, Carare, & Mullgard, 2018).

The major population of immune cells in the brain is represented
by macrophages, which reside both in the parenchyma (microglia)
and outside the parenchyma, linked to barriers (perivascular macro-
phages, meningeal macrophages, macrophages of the circumventric-
ular organs, and macrophages of the choroid plexus) (Herz, Filiano,
Smith, Yogev, & Kipnis, 2017). The immune cells may traffic from
CSF to parenchyma and back, but the connection, allowing cellular
trafficking between CSF and regional lymph nodes, was established
only recently (Engelhardt et al., 2016; Engelhardt, Vajkoczy, & Weller,
2017; Hatterer, Touret, Belin, Honnorat, & Nataf, 2008; Kaminski et
al., 2012). This connection is represented by nasal and dural lym-
phatics which drain CSF to cervical lymph nodes (Engelhardt et al.,
2016; Kaminski et al., 2012).

The most numerous myeloid population in the brain is microglia,
which has several important functions including synaptic pruning,
neurotrophic factors synthesis, phagocytosis, and immune surveil-
lance (Kierdorf & Prinz, 2017; Parkhurst et al., 2013; Schafer et al.,
2012; Takahashi, Rochford, & Neumann, 2005). Microglial activa-
tion occurs in response to pathological conditions, shifting microglia
to pro-inflammatory M1 or anti-inflammatory M2 phenotype. The
initial response is typically pro-inflammatory, exaggerating tissue
damage, and the second step is usually antiinflammatory response
promoting healing processes (Kanazawa, Ninomiya, Hatakeyama,
Takahashi, & Shimohata, 2017).

Non-parenchymal macrophages play animportant roleinimmune
surveillance, phagocytosis, barrier-maintaining functions as well as
in local intercellular communication (Brendecke & Prinz, 2015; Herz
et al,, 2017). Non-parenchymal macrophages contribute to antigen
processing and closely cooperate with dendritic cells, which are also
localized in the meninges and choroid plexus (Chinnery, Ruitenberg,
& McMenamin, 2010; Henning et al., 2009),

Dendritic cells are not present in brain parenchyma under phys-
iological conditions, but these cells may infiltrate the brain under
pathological conditions (Hatterer et al., 2008). After antigen pro-
cessing, dendritic cells returns in the subarachnoid space and reach
cervical lymph nodes, where initiate adaptive immune response
(Filiano, Gadani, & Kipnis, 2017; Hatterer et al., 2008).

4 | STROKE

Stroke is an acute neurological dysfunction caused by blood sup-
ply interruption and tissue damage due to ischemic or hemorrhagic
event (Hankey, 2017). The core of infarction or hematoma represent
primary injury, which is associated with quick neuronal cell death
due to critical ischemia or mass effect of extravasated blood (Brouns
& De Deyn, 2009; Xi, Keep, & Hoff, 2006). Adjacent penumbra/
perihematomal areas are affected by secondary injury, which may
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lead by several mechanisms to delayed neuronal and endothelial cell
death with subsequent vasogenic edema formation and possible ad-
ditional tissue ischemia in severe cases (Hossmann, 1994; Qureshi
etal., 2003).

Both primary and secondary injuries contribute to brain ischemia
and possibly to immediate or delayed neuronal cell death, accord-
ing to severity of ischemia and energy depletion (Kitagawa, 2012;
Manwani & McCullough, 2013). Tissue damage caused by stroke
is immediately detected by the immune system, which triggers an
inflammatory response {ladecola & Anrather, 2011) (Figure 3). The
inflammatory response is also modulated by the autonomic nervous
system, physiological activation of sympathetic nervous system is
in general pro-inflammatory, while parasympathetic activity is an-
tiinflammatory (Pongratz & Straub, 2014; Tracey, 2009). However,
severe conditions, such as stroke or polytrauma may be associated
with delayed immunosuppression, possibly due to fact that severe
conditions represent very strong stress, which may be associated
with overstimulation of sympathetic nervous system and subse-
quent direct or rebound immunodepression (Jiang, 2008; Yan &
Zhang, 2014; Zuo, Shi, & Yan, 2016).

Immune surveillance in the brain is mainly performed by microglia
and stroke associated tissue damage is a strong signal for microglia
activation (Ahmad & Graham, 2010). Stimulated microglia start to
produce pro-inflammatory cytokines, activating endothelial cells, and
leukocytes in the periphery (Atangana et al., 2017; Hanisch, 2002).
Stimulated microglia also produce chemokines, attracting leukocytes
to the affected area (Hanisch, 2002; Pennypacker, 2014). Activated
endothelial cells produce adhesive molecules, allowing leukocytes
from blood to infiltrate the affected area (Atangana et al., 2017).

Blood-brain barrier represents a problem for leukocyte traf-
ficking, because the blood-brain barrier is not permeable for cell

Stroke associated tissue damage

Local inflammatory response

Pro-inflammatory | Adhesion

cytokines molecules
Activation Targeting
Systemic inflammatory response
| Peripheral WBC infiltration
Pro- inflammatory  Reactive oxygen Proteolytic
cytokines species enzymes

Inflammation associated tissue damage

FIGURE 3 Inflammatory response after stroke Note.
Inflammatory response after stroke is a two-step process
consisting of local and systemic inflammatory response. The local
inflammatory response is mediated by microglia and endothelial
cells, which activate peripheral white blood cells (WBC) and attract
them to the affected area. Systemic inflammatory response is
mediated by infiltrating WBC, which may cause additional tissue
damage.

Neuroscience Research

trafficking (Bechmann, Galea, & Perry, 2007). After extravasation,
leukocytes are trapped in perivascular space and to penetrate the
glia limitans, the leukocytes release proteolytic enzymes causing
blood-brain barrier disruption (Arba et al., 2019; Bechmann et al.,
2007). Blood-brain barrier disruption plays an important role in
stroke pathophysiclogy and the inflammation is crucial contributor
blood-brain barrier disruption (Blecharz-Lang et al., 2018; Florczak-
Rzepka, Grond-Ginsbach, Montaner, & Steiner, 2012).

Infiltrating leukocytes also produce other harmful substances,
namely reactive oxygen species and pro-inflammatory cytokines
(Wang, Tang, & Yenari, 2007). Reactive oxygen species are massively
released after stroke due to several mechanisms, including mito-
chondrial dysfunction, calcium overload, or inflammation (Lakhan,
Kirchgessner, & Hofer, 2009; Wang et al., 2007). Pro-inflamma-
tory cytokines represent potentially harmful substance by several
mechanisms, including induction of apoptosis, blood-brain barrier
disruption as well as by amplification of the inflammatory response
(Behrouz, 2016). This may potentially initiate a vicious circle of in-
flammation and tissue damage, especially when we consider that the
inflammation, oxidative stress, blood-brain barrier disruption, and
neuronal apoptosis are closely interconnected and that inflamma-
tory response after stroke is closely related to outcome (Chou et al.,
2011; Wang et al., 2018).

Inflammatory response after stroke is quite uniform regard-
less of stroke subtype (Chen, Yang, Chen, & Zhang, 2015; Jin, Liu,
Zhang, Nanda, & Li, 2013). Inflammatory respcnse plays an import-
ant role in debris clearing and tissue repair; thus, the certain level
of inflammation is required (Patel, Ritzel, McCullough, & Liu, 2013).
Immunosuppression may be as harmful as exaggerated inflammation
and balanced regulation of inflammatory response, mediated by reg-
ulatory B and T cells, is critical (Duffy, Keating, Perera, & Moalem-
Taylor, 2018; Han et al., 2016; Liesz & Kleinschnitz, 2016).

5 | CONCLUSION

Neither brain nor immune system is designed to deal with severe
pathologies such as severe stroke, craniotrauma, or polytrauma.
These pathologies are typically not compatible with life in the wil-
derness and evolution cannot act in such cases. Considering evolu-
tion, stroke typically occurs in postreproductive period, thus even if
the organism survives, the evolutionary selection cannot be applied.

An important aspect of stroke pathophysiology is that the im-
mune system, which is designed to act aggressively, interacts with
a nervous system which is very sensitive and prone to damage.
Exaggerated inflammatory response causing additional damage to
initial pathology may be considered as a logical consequence of im-
mune system-brain interaction in severe cases. Additional damage
may exaggerate the inflammatory response, which has a tendency
for self-propagation, potentially triggering a vicious circle with po-
tentially fatal consequences.

The important challenge for current science is to find out to
which point is an inflammatory response exaggerated and when
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deregulation begins. The problem is, how to define deregulation.
We may assume deregulation as uncontrolled, chaotic process due
to lack of regulatory mechanism. A high level of randomness and un-
predictability is characteristic for such a process. But the processes
which are not known in detail may be due to lack of information con-
sidered as random, chaotic, and deregulated too.

The strong inflammatory response may damage cells in any case,
but it is important to distinguish between exaggeration and deregu-
lation, because of potential therapeutic strategies. We may assume
that possible therapeutic approach will be different in exaggerated
and deregulated inflammatory response. Our knowledge about reg-
ulations of inflammatory response in its complexity is still limited,
but we hope that “simple" logic of evolutionary concepts should
be taken into account in discussion about the pathophysiology of

stroke.
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4.1.2 Inflammatory response in sepsis and hemorrhagic stroke
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In this review article, we intended to describe inflammatory responses in sepsis and hemor-
rhagic stroke side by side to highlight similar features and differences. Sepsis represents an
inflammatory response that has a systemic character from the beginning, while hemorrhagic
stroke represents pathology, in which inflammation has initially local character and subse-
guently turns into systemic inflammation. Inflammatory response is often exaggerated/de-
regulated in severe cases of both sepsis and hemorrhagic stroke.

The initial part is dedicated to the description of pathophysiological and clinical aspects
of sepsis and hemorrhagic stroke including molecular mechanisms and treatment strategies.
In the next section, we describe experimental models of both conditions. In the final section,
we describe the role of inflammatory response and underlying molecular signaling mecha-
nisms in sepsis and hemorrhagic stroke.
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Exaggerated/deregulated inflammatory response is a major medical problem that is often associated with
bad outcomes or even the death of the patient. Sepsis and severe hemorrhagic stroke are two illustrative
examples because sepsis represents inflammation that is systemic initially, while stroke is initially a local
pathology that in severe cases turns into systemic inflammation. There are clear differences between the
two pathological conditions in terms of mechanisms and dynamics of inflammatory response at an early
stage, while later the inflammatory response becomes uniform. This article aims to describe side-by-side
sepsis and hemorrhagic stroke so that similar features and differences can stand out. We will describe the
pathophysiological and clinical aspects of sepsis and hemorrhagic stroke, experimental models, the role
of inflammation, and molecular mechanisms of inflammation in both conditions. Comparison of inflam-
matory response in these two model situations may lead to a better understanding of life-threatening
conditions pathophysiology, in which the exaggeration/deregulation of the inflammatory response may
occur with potentially severe consequences. This article is kept detailed to provide the reader with in-
depth information, which should allow him to find the mechanisms of inflammatory response and to
elaborate them by himself in the context of his particular needs.

© 2022 International Hemorrhagic Stroke Association. Publishing services by Elsevier B.V. on behalf of
KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creati-

vecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The response of the immune system is an essential pathophys-
iological mechanism. Immune system reaction in terms of acute or
chronic inflammatory response is part of all pathologies. A major
medical problem is an exaggerated/deregulated inflammatory
response, which often causes bad outcomes or even the death of
the patients. Sepsis and severe cases of hemorrhagic stroke are
two illustrative examples of how exaggeration/deregulation of
the inflammatory response may occur.

Stroke and sepsis are closely interconnected ' . Patients suffer-
ing from both ischemic and hemorrhagic stroke are at risk of sepsis
development, most often from lung infection.' On the other hand,
patients with sepsis are at higher risk of both ischemic and hemor-
rhagic stroke.”” The risk of stroke onset is highest in the first two
weeks and the risk of stroke remains increased up to 1 year after
the sepsis’. Although the association of stroke with sepsis is an
important topic, the aim of this article is not to describe the rela-

* Corresponding author at: Department of Pathophysiology, Faculty of Medicine,
Masaryk University, Brno, Czech Republic.
E-mail address: kduris@med.muni.cz (K. Duris).

https://doi.org/10.1016/j.hest.2022.10.005

tionship between hemorrhagic stroke and sepsis in terms of
stroke-associated etiopathogenesis of sepsis and vice versa.

Instead, this article aims to describe sepsis and hemorrhagic
stroke side-by-side so that similar features and differences in
inflammatory response can stand out. From this point of view sep-
sis and hemorrhagic stroke may be illustrative examples of inflam-
matory response pathophysiology. Sepsis represents inflammation
that has a systemic and exaggerated/deregulated character from
the beginning, while stroke is initially a local pathology that in sev-
ere cases turns into systemic inflammation (as do other severe
pathologies). There are clear differences between the two patho-
logical conditions in terms of mechanisms and dynamics of inflam-
matory response at an early stage, while later the inflammatory
response becomes uniform. Understanding both dichotomy and
uniformity of inflammatory response in these two model situations
may lead to a better understanding of life-threatening conditions
pathophysiology, in which the exaggeration/deregulation of the
inflammatory response may occur with potentially severe
consequences.

In this article, we will describe the pathophysiological and clin-
ical aspects of sepsis and hemorrhagic stroke, experimental mod-
els, the role of inflammation, and molecular mechanisms of

2589-238X/© 2022 International Hemorrhagic Stroke Association. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0f).
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inflammation in both conditions. We keep this article detailed to
provide the reader with in-depth information, which should allow
him to find the mechanisms of inflammatory response and to elab-
orate them by himself in the context of his particular needs.

2. Sepsis and hemorrhagic stroke
2.1. Sepsis

Sepsis is a “life-threatening organ dysfunction caused by a dysreg-
ulated host response to infection™. Sepsis arises when the organism’s
response to an infection injures its own tissues and organs” (Singer
et al. 2016). Sepsis is a health issue of physiological, pathological,
and biochemical abnormalities induced by infection. It is a major
public health concern worldwide, associated with high mortality
rates and considerable economic consequences’ (Tiru et al.
2015). The incidence of sepsis is increasing, likely due to an aging
population with more comorbidities (Chronic obstructive pul-
monary disease, cancer, heart failure, etc.),*® 7 (Iwashyna et al.
2010; Singer et al. 2016; Vincent 2009). Although the true inci-
dence is unknown, mainly due to scarce or nonexistent data from
low- and middle-income countries, even conservative estimates
indicate that sepsis is a leading cause of mortality for patients in
intensive care units®® (Fleischmann et al. 2016; Vincent et al.
2014).

Sepsis has been defined as matching 2 or more symptoms of
systemic inflammatory response syndrome (SIRS) plus infection®
(Singer et al. 2016). Meaning that sepsis meets at least some SIRS
criteria, but not vice versa because SIRS criteria can be met by
other etiologies such as trauma, ischemia, or pancreatitis. These
pathologies can also increase heart rate, respiratory rate, and white
blood cell count, but are not caused by an infection.

Brain Hemorrhages 4 (2023) 96-107

The true incidence and mortality of sepsis cases are unknown in
any given country. Most data describe only rich countries where it
is estimated that the mortality is 2-8 million deaths per year®
(Fleischmann et al. 2016). In Europe, the incidence numbers can
be estimated to be 100 to 300/100 000 per year, with a mortality
of around 30 %° (Fleischmann et al. 2016). The most common infec-
tion sites that lead to sepsis are the lungs (64 % of cases), abdomen
(20 % of cases), bloodstream (15 % of cases), and renal or genitouri-
nary tracts (14 %)’ (Vincent 2009). The most frequently identified
organisms responsible for sepsis occurrence are Staphylococcus
aureus (20.5 %, Gram-positive) and Escherichia coli (16 %, Gram-
negative)’ (Vincent 2009).

The precise mechanisms of sepsis-induced cell injury and organ
dysfunction are not fully understood; however, it is commonly
accepted that sepsis interferes with the distribution of systemic
blood flow via vasodilation and disturbance to the microcirculation.

A well-described immune activation pathway as a response to
infection involves microbial pathogen-associated molecular pat-
tern molecules (PAMPs), which are recognized by pattern-
recognition receptors (PRRs), such as Toll-like receptors (TLRs) on
the innate immune system cells (Fig. 1)'” (Cecconi et al. 2018). This
pathway leads to the activation of nuclear factor kB (NFkB) and the
release of pro- and anti-inflammatory mediators by neutrophils.
Similar signaling occurs with activation by damage-associated
molecular pattern molecules (DAMPs)'' (Denning et al. 2019).
These inflammatory mediators include cytokines such as inter-
leukin (IL)-1, IL-2, IL-6, IL-8, tumor necrosis factor o (TNFo), and
others'” (Hotchkiss and Karl 2003). They help with neutrophil-
endothelial adhesion and activate the clothing and complement
pathways, which can lead to the creation of microthrombi'®'?
(Cecconi et al. 2018; Hotchkiss and Karl 2003) (Fig. 2).

The inflammatory mediators contribute to changes in hemody-
namic response. Cytokines, mainly TNFa, are released from mono-

Neutrophil and monocyte activation
PAMPs (LPS) — PRRs (TLR) — NFxB

Proteases, oxidants,
phospholipases

TVasodilation

TVascular permeability

Loss of plasma fluid

Fig. 1. Pathophysiology of sepsis: the pathogen-associated molecular pattern molecules

Death

(PAMPs) are recognized by pattern-recognition receptors (PRRs) on the plasmatic

membrane. The recognition through PRRs simulates the imbalance activation of pro-inflammatory response (leading to cellular damage and tissue impairment) and anti-

(leading to i system impairment). It leads to the secretion of cytokines, proteases, complement, leukocyte, and coagulation activation. The

Ly
deregulation of inflammatory response together with age, genetics, and comorbidities can contribute to organ dysfunction and ultimately death.
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Fig. 2. TLR4 signaling diagram.

cytes/macrophages after the simulation by microbial products,
such as lipopolysaccharide of gram-negative bacteria (LPS)'® (Cec-
coni et al. 2018). TNFo then binds to receptors on various types of
cells and causes vasodilation and increased vascular permeability
and consequently loss of plasma fluid'® (Cecconi et al. 2018). These
effects are not clinically apparent at first, because elevated heart
rate and cardiac output compensate them to maintain normal
blood pressure'” (Jacobi 2002). However, as sepsis progresses, this
compensation is exceeded which manifests as hypotension'”
(Jacobi 2002).

Hypotension may be managed by fluid therapy, but in patients,
non-responding to fluid therapy hypotension may worsen septic
shock'” (Font, Thyagarajan, and Khanna 2020). Patients with septic
shock that do not respond to treatment by inotropic or vasopressor
agents are at great risk of developing multiple organ dysfunction
syndrome (MODS) from hypoperfusion'® (Jacobi 2002). MODS
can be associated with a higher death rate'” (Cecconi et al. 2018)
(Fig. 3.).

In the physiological inflammatory response, neutrophils are
attracted to the inflammation site, roll along the endothelium,
and adhere to it through interaction between endothelial selectins
with integrins and chemokine receptors in the surface of leuko-
cytes'” (Newton and Dixit 2012). Although local adhesion is
expected as part of the host defense response, in sepsis systemic
activation of leukocytes causes the release of damaging proteases,
oxidants, and phospholipases causing damage to the endothelium
and increasing microvascular permeability’*'® (Duris and Jurajda
2020; Jacobi 2002).

The endothelium has many important functions because it
maintains vascular integrity, regulates vascular tone, and con-
tributes to the local balance of coagulation and anticoagula-
tion'”'® (Bermejo-Martin et al. 2018, Godo and Shimokawa
2017). The endothelial damage in inflammation causes the release
of tissue factors, which is an important trigger of the extrinsic clot-
ting system'” (Bermejo-Martin et al. 2018). In addition, the tissue
factor release is stimulated by cytokines from neutrophils and
macrophages'? (Jacobi 2002). Other important released molecules
are procoagulants (such as plasminogen activator factor and von
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Willebrand's factor), anticoagulants (activated protein C,
antithrombin), and fibrinolytic factors (tissue plasminogen activa-
tor)'” (Bermejo-Martin et al. 2018). However, in systemic inflam-
mation anticoagulants and fibrinolytic are quickly consumed
leading to an overwhelming procoagulant response'’ (Jacobi
2002). Therefore, microvascular coagulation develops and con-
tributes to further damage because of local ischemia. Inflammatory
response and coagulation are closely linked in sepsis and SIRS.

2.2, Hemorrhagic stroke

The cerebrovascular incident, more commonly referred to as a
stroke, is a medical condition in which impaired blood flow causes
damage or cell death in the brain. Hemorrhagic stroke is caused by
bleeding from a ruptured blood vessel into the brain.

Hemorrhagic stroke can be subdivided into intracerebral hem-
orrhage (ICH), in which the bleeding is to the brain parenchyma,
and subarachnoid hemorrhage (SAH) in which the bleeding is to
the subarachnoid space.

Hemorrhagic stroke is associated with high morbidity and mor-
tality. 101.5 million people worldwide suffer from stroke in 2019'°
(Virani et al. 2021). Hemorrhagic stroke, ICH and SAH, account for
10 to 30 % of all stroke cases'??? (Chen, Zeng, and Hu 2014; Virani
et al. 2021). The socioeconomic burden of stroke is considerable.
Cerebrovascular diseases, including ischemic and hemorrhagic
stroke, are the second biggest cause of death in the European
Union”' (Wafa et al. 2020).

The most common risk factors of hemorrhagic stroke are age,
race, sex, hypertension, diabetes, and smoking”” (Grysiewicz, Tho-
mas, and Pandey 2008). However, myriad other risk factors con-
tribute to stroke. The risk factor of suffering from stroke doubles
every decade, therefore the elderlies are the most threatened group
of individuals®® (Ariesen et al. 2003). Generally speaking, Asians,
Blacks, and Hispanics are at higher risk of suffering from stroke
than Caucasians™ (Labovitz et al. 2005). However, many factors
play into reported numbers, such as a higher prevalence of hyper-
tension or poorer control of hypertension in these people. Women
are at lower risk of suffering from hemorrhagic stroke than men,
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Fig. 3. Inflammatory response in hemorrhagic stroke.

which is the opposite trend from ischemic stroke’” (Grysiewicz,
Thomas, and Pandey 2008). Hypertension is associated with a
higher risk of developing hemorrhagic stroke*®* (Grysiewicz, Tho-
mas, and Pandey 2008; Chen, Zeng, and Hu 2014). Also, people
with a so-called “unhealthy lifestyle”, which includes patients with
diabetes, smokers, alcohol users, etc., have been associated with a
higher risk of suffering from hemorrhagic stroke’®*? (Grysiewicz,
Thomas, and Pandey 2008; Chen, Zeng, and Hu 2014).

The common characteristic of ICH and SAH is the formation of
hematoma caused by bleeding into the brain. In ICH, the most com-
mon sites are basal ganglia and cerebral lobes”® (Muschelli et al.
2015). The most common cause of SAH is a rupture of cerebral
aneurysm which is most frequently localized at the circle of Willis
at the bifurcation of cerebral arteries’® (Chen et al. 2014). The for-
mation of hematoma disrupts neurons, glial cells, endothelium,
and smooth muscle cells, which results in hypoperfusion of the
brain, ischemia, neurotransmitter release, mitochondrial dysfunc-
tion, cellular swelling, and activation of glial cells (microglia and
astrocytes), resulting in inflammation and edema®®*" (Chen
et al. 2014; Kleinig and Vink 2009; Saand et al. 2019; Testai and
Aiyagari 2008).

The primary injury is caused by the mass of hematoma in the
cranium, compressing the brain and increasing the intracranial
pressure (ICP)*®?# (Chen et al. 2014; Kleinig and Vink 2009; Saand
et al. 2019). This is referred to as a mass effect. As a consequence of
the mass effect, cerebral perfusion pressure and cerebral blood
flow are decreased, causing blood flow arrest and subsequently
coagulation and ischemia’’*® (Kleinig and Vink 2009,Saand et al.
2019).

The secondary injury is caused by inflammation, cytotoxic com-
ponents of blood (hemoglobin, iron, free radicals’ overproduction,
excitotoxicity, and upregulation of proteolytic enzymes”® *° (Chen
et al. 2014; Jelinek, Jurajda, and Duris 2020; Kleinig and Vink 2009;
Saand et al. 2019; Testai and Aiyagari 2008). All of this may result
in damage to the endothelium, damage to the blood—-brain barrier

(BBB), cerebral edema, hydrocephalus, and ultimately neuronal cell
death?>#* ! (Chen et al. 2014,Saand et al. 2019; Zhang et al. 2020).

3. Management and treatment of sepsis and hemorrhagic
stroke

3.1. Sepsis

The management and treatment of sepsis and septic shock is an
important part of current research. An effective treatment should
focus on an early intervention, which includes the removal of the
infection source. Assessment of the source of infection (especially
if unidentified) or undrained abscess through appropriate diagnos-
tics is essential for the early management of sepsis'*** (Cecconi
et al. 2018; Nishie 2013). Additionally, initial sepsis management
should include the initiation of appropriate antimicrobial therapy,
and restoration of tissue perfusion through fluid resuscitation
(Nishie 2013). Prompt intravenous access should be obtained,
blood and other appropriate samples should be taken, and assess-
ment for organ dysfunction and tissue hypoperfusion con-
ducted'”*? (Cecconi et al. 2018,Nishie 2013).

Fluid resuscitation is important for patients with hemodynamic
instability, hypotension, or elevated lactate concentration. This
management should be conducted by the administration of crys-
talloid fluids (30 ml/kg) within the first hour'"** (Cecconi et al.
2018,Nishie 2013). Control of the source of the infection is usually
managed by removal of the mfected tissue, drainage of an abscess,
or removal of an infected device** (Marshall et al. 2004). It is done
by open surgery or percutaneous drainage’” (Marshall et al. 2004).
Antimicrobial therapy has also been shown to be greatly beneficial
to septic patients, especially when conducted promptly™ (Sey-
mour et al. 2017). Vasoactive drugs are an important part of ther-
apy for patients with septic shock to help maintain perfusion
pressure'” (Cecconi et al. 2018). Targeted mean arterial pressure
is 65 mm Hg at the initial stage, but a higher targeted mean blood
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pressure (80-85 mm Hg) has been suggested to have better sur-
vival rates'®*” (Asfar et al. 2014,Cecconi et al. 2018). The preferred
first-line vasopressor is norepinephrine’® (Daniel et al. 2010).

3.2. Hemorrhagic stroke

There are several different approaches to the treatment of hem-
orrhagic stroke. The most common ones are blood pressure man-
agement, management of raised ICP, hemostatic therapy,
antiepileptic therapy, and surgery*’ (Lapchak and Araujo 2007).

Blood pressure should be reduced gradually to 150/90 mmHg
using various forms of medication (beta-blockers, ACE inhibitors,
etc.)’”*® (Chen, Zeng, and Hu 2014,Morotti and Goldstein 2020).
ICP can be managed by elevating the head to 30 degrees and osmo-
tic agents’™*® (Chen, Zeng, and Hu 2014; Morotti and Goldstein
2020). Hemostatic therapy is given to reduce the advancement of
the hematoma®“*? (Chan et al. 2021,Chen, Zeng, and Hu 2014). Dif-
ferent types of surgical therapy can be used such as the evacuation
of hematoma from the craniotomy, endoscopic aspiration, and
stereotactic aspiration, while surgical clipping or endovascular
coiling can be used in SAH patients’”*” (Chen, Zeng, and Hu
2014; van Gijn and Rinkel 2001). The general goal is to reduce
the invasiveness of the surgery to a minimum.

4. Experimental models of sepsis and hemorrhagic stroke
4.1. Sepsis

Rodents, such as mice and rats, are the most widely used animal
models for studying sepsis. Several main models have been devel-
oped so far. They include injection of a toxic agent (LPS, zymosan,
CpG, or another PRR ligand), administration of viable pathogens
(bacteria or intestinal contents), and impairment of barrier tissue
integrity (cecal ligation and puncture model, etc.)*'*** (Korneev
2019,Kuzmich et al. 2017). The first two are an example of low-
invasive nonsurgical methods, whereas the third is an example of
a method where invasive surgery is necessary.

The murine sepsis models described below possess many limi-
tations regarding humans. Age, gender, choice and timing of deliv-
ery, anesthetics, analgesics, and antibiotics choices are just a few
examples of variation” (Lewis, Seymour, and Rosengart 2016).
There is also a difference in the severity of sepsis caused by each
of these methods. Furthermore, rodents are often housed in the
pathogen- and microbe-free environments that do not correlate
well with the environment of the “real world"** (Lewis, Seymour,
and Rosengart 2016).

4.2. Impairment of barrier tissue integrity models

In the most clinically relevant sepsis models, polymicrobial
peritonitis is imitated by disrupting the integrity of the gut, allow-
ing microorganisms to enter the peritoneal cavity’? (Kuzmich et al.
2017). These models are widely used because they are considered
to mimic human sepsis’’ (Kuzmich et al. 2017). The endotoxin
release is relatively slow and can be modified based on the number
and size of punctures™ (Hubbard et al. 2005). It is also comparable
to human sepsis in regards to the hemodynamic, biochemical, and
cytokine changes** (Hubbard et al. 2005,Kuzmich et al. 2017).
The most used models are the cecal ligation and puncture model,
colon ascendens stent peritonitis model, and cecal ligation and
incision model.

The cecal ligation and puncture (CLP) model imitates a clinical
state of an intraperitoneal abscess and polymicrobial peritonitis
because bacteria gradually enter the peritoneal cavity’' (Korneev
2019). The CLP does not require the administration of toxins or liv-
ing pathogens. This model offers stimulation of both pro-
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inflammatory and anti-inflammatory immune responses’ (Rit-
tirsch et al. 2009). It gives a similar dynamic of sepsis in DAMPs
production, cytokine response, metabolic alterations, and the sub-
sequent development of SIRS and MODS™ (Rittirsch et al. 2009). In
some cases, abscess form around the puncture location blocking
the release of the cecal content and not allowing the sepsis to pro-
gress into septic shock, transforming an acute inflammatory
response into a chronic one, which may persist for months*®
(Nacionales et al. 2016). The severity and dynamics of developing
sepsis can to some extent be regulated by the length of the ligation
in a certain cecal region, the number of punctures, the needle size,
administration of antibiotics or another form of therapy*” (Mishra
and Choudhury 2018). Because of the varied nature of surgical
parameters, such as the aforementioned needle size, ligation
length, number of punctures, laparotomy technique, anesthesia,
and the reaction of individual rodents, it is difficult to reproduce
a specific model*”? (Lewis, Seymour, and Rosengart 2016). There-
fore, a large sample is required for good reproducibility”'** (Kor-
neev 2019; Lewis, Seymour, and Rosengart 2016).

Colon ascendens stent peritonitis (CASP) mimics the clinical
state of polymicrobial acute diffuse peritonitis*' (Korneev 2019),
It better shows the pathophysiological alterations as compared to
CLP, because bacteria continuously enter the peritoneal cavity
together with cytokine production and MODS development*' (Kor-
neev 2019). In CASP abscess does not form*’ (Lewis, Seymour, and
Rosengart 2016). The dynamics of sepsis development may be reg-
ulated by varying stent diameter or by removing the stent and
suturing the perforation in repeated surgery’’ (Korneev 2019). This
model is not as explored as CLP, the hemodynamic and metabolic
changes are not completely characterized, and the immune
response is not reproduced because the anti-inflammatory cytoki-
nes arise almost at the same time as the pro-inflammatory*'**
(Korneev 2019; Lewis, Seymour, and Rosengart 2016).

Cecal ligation and incision (CLI) is a relatively new model to
mimic the more acute onset of sepsis compared to CLP*' (Korneev
2019). Unlike CLP, CLI is not used as widely. The metabolic, hemo-
dynamic, and immune response changes have not yet been fully
characterized"' (Korneev 2019).

4.3. Administration of viable pathogens models

Administration of live Gram-positive (e.g. Staphylococcus and
Pseudomonas) or Gram-negative (e.g. Escherichia coli) bacteria pro-
vides a low-invasive method with high reproducibility to induce
sepsis’! (Korneev 2019). It is a suitable model for studying the
mechanisms by which a particular pathogen triggers the immune
response, depending on whether clinical isolates or laboratory
strains are used”' (Korneev 2019). A specific polymicrobial injec-
tion may be utilized, but more commonly only a single bacteria
strain is used*” (Kuzmich et al. 2017). Single bacteria strains may
be a good model for hospital mono-infections, but it does not
mimic polymicrobial sepsis®’ (Korneev 2019).

The magnitude of the host’s response depends on whether
intravenous or intraperitoneal injection is used, with intraperi-
toneal showing an attenuated response™ (Lewis, Seymour, and
Rosengart 2016). In general, this model poorly reflects the human
sepsis state. A single massive administration of the bacteria is used
to achieve bacterial infection, whereas in sepsis there is a continu-
ous spread of bacteria from the infection site”' (Korneev 2019). The
single massive administration of bacteria causes many bacteria to
die because of complement activation, the resulting development
of endotoxemia causes death and limits the full development of
sepsis’' (Korneev 2019). Some researchers tried to resolve this
problem by using vascular catheters and infusing bacteria over
several hours”® (Poli-de-Figueiredo et al. 2008).

The bacteria and fibrin clot implantation model combines stan-
dardized amounts of bacteria which serve as a reservoir for bacte-
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ria release™ (Lewis, Seymour, and Rosengart 2016). This fibrin clot
with bacteria is implanted in the peritoneal cavity which requires
surgery and general anesthesia®' (Korneev 2019). It results in a
continuous release of bacteria, better mimicking the gradual
spread of bacteria from the infection®® (Lewis, Seymour, and
Rosengart 2016). This model prevents early mortality associated
with bacterial injection, it is suitable for studying mono-
infections and their treatment, it is simpler than CLP or CASP,
and sepsis can be regulated by changing the clot density and bac-
terial concentration®'** (Korneev 2019; Lewis, Seymour, and
Rosengart 2016). Some authors conflict about whether this is a
reproducible model, there are some difficulties with preparing
the infected fibrin clot and surgical technique, however, these
parameters are potentially controllable®'** (Korneev 2019; Lewis,
Seymour, and Rosengart 2016).

Intraperitoneal injection of a fecal solution or cecal slurry is a
simple, low-invasive method that provides polymicrobial sepsis*’
(Korneev 2019). The dynamics may be regulated by changing the
injected amount®® (Starr et al. 2014). However, it is difficult to
standardize and reproduce metabolic, hemodynamic, and
immunological features of this approach, because of the variation
in pathogen composition injected”® (Starr et al. 2014).

4.4. Induction of administering toxins models

Injection of PRR ligands (LPS, CpG, peptidoglycan, lipoteichoic
acids, zymosan, etc.) is an easy-to-perform model for inducing
inflammatory response with good reproducibility*'** (Korneev
2019,Kuzmich et al. 2017). There is an early release of high levels
of pro-inflammatory cytokines which promote the rapid develop-
ment of SIRS* (Kuzmich et al. 2017). The disadvantage coming
with this is that the pathophysiological aspects of human sepsis
are not fully mimicked (Kuzmich et al. 2017).

The most used model usually consists of either intraperitoneal
or intravenous injection of purified LPS into the host animal*’
(Lewis, Seymour, and Rosengart 2016). The response to LPS doses
is variable, smaller doses cause a hyperdynamic state whereas lar-
ger doses produce hypotension and hypothermia mimicking a
murine septic shock™ (Lewis, Seymour, and Rosengart 2016). On
the molecular level, important pro-inflammatory cytokines such
as TNFuo,, IL-1p and IL-6 peak earlier and for a shorter duration after
intravenous application in endotoxemia, compared to intraperi-
toneal administration™® (Lewis, Seymour, and Rosengart 2016).

The advantages of this model are low invasiveness, it is easily
controllable, standardized, and reproducible’’ (Korneev 2019).
There are several alternative methods for LPS administration.
There is no need to manipulate pathogens. Although it is easy to
do this model, it poses some limitations, LPS is a single component
of the many PAMPs associated with Gram-negative bacteria, it
ignores the host-pathogen interaction of the polymicrobial sepsis,
the model usually results in endotoxemia rather than sepsis. In
general, the pathophysiological aspects of human sepsis are not
fully mimicked*' " (Korneev 2019, Kuzmich et al. 2017; Lewis,
Seymour, and Rosengart 2016).

Besides LPS administration, there is also a method where p-
galactosamine (p-GalN) is administered together with LPS for bet-
ter sensitization to LPS"' (Korneev 2019). This model possesses all
the advantages of the only LPS administration and reduces the
amount of LPS needed’' (Korneev 2019). With this method, septic
shock develops rapidly, leading to early death.

4.5. Hemorrhagic stroke

Models of intracerebral hemorrhage

Experimental models of ICH have been around since the 1960 s.
The most common models involve the injection of autologous
blood or bacterial collagenase into the brain®® (Yan, Chopp, and
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Chen 2015). Many species have been used in these experiments,
including rodents, cats, dogs, and primates’® (Yan, Chopp, and
Chen 2015).

The autologous blood injection models are straightforward
methods that involve introduction of blood to the brain and the
subsequent formation of hematoma in a single injection. Blood is
taken from the same animal into which it is later injected. Different
volumes can be used to establish the hematoma model. The rapid
accumulation of blood in the brain parenchyma is applicable to ICH
patients”" (Clark et al. 1998). Cerebral blood flow is reduced
around the hematoma and the surrounding brain tissue, but there
is no significant alteration in cerebral perfusion pressure’” (Krafft
et al. 2012).

The collagenase injection models involve the use of collage-
nases which are proteolytic enzymes that are secreted at sites of
inflammation®” (Krafft et al. 2012). Brain tissue contains collagen
in the basal lamina of its blood vessels™ (Krafft et al. 2012). The
pathophysiological mechanisms described earlier lead to the
release of collagenase from the injured cells®* (Woo and Broderick
2002). Therefore, collagenase injection can be directly used to dis-
rupt the extracellular matrix in the basal lamina® (Krafft et al.
2012). The collagenase injection models are well reproducible for
the study of spontaneous intracerebral bleeding that develops over
several hours™® (MacLellan et al. 2008).

Other models used to induce ICH are balloon inflation models,
which involve inducing the ICH using a balloon introduced into
the right striatum through a burr hole®® (Shi et al. 2010). It was
used in piglets®® (Shi et al. 2010). The avulsion of cerebral blood
vessels model involves stripping the cortical surface of blood ves-
sels, where avulsion of the veins creates cortical hemorrhages™®
(Xue and Del Bigio 2003). In the avulsion model, there is more
necrosis, less hemorrhage, and lesser neutrophil infiltration than
in the autologous blood injection model and collagenase injection
model®® (Xue and Del Bigio 2003).

Models of subarachnoid hemorrhage

SAH is usually caused by the rupture of an arterial aneurysm
from which blood flows into the subarachnoid space. The most
common models to study the effects of subarachnoid hemorrhage
include injecting blood into the cisterna magna (once or twice) and
endovascular perforation of an intracranial artery.

The blood injection model uses blood administration to the cis-
terna magna’’ (Marbacher, Fandino, and Kitchen 2010). In the sin-
gle hemorrhage, models an injection is given only once, in the
double hemorrhage models a second injection with autologous
arterial blood is given 48 h after the first®” (Yan, Chopp, and Chen
2015). The model is quite reproducible due to the fixed blood
amount injected in the subarachnoid space™ (Prunell et al. 2018).

The endovascular perforation model uses the external carotid
artery (ECA) as the main access point™ (Sehba 2015). The ECA
branches are dissected, cauterized, and divided. A suture is
inserted in the ECA, advances through the internal carotid artery,
and is finally put to the middle cerebral artery where the vessel
is punctured® (Sehba 2015). The suture is withdrawn through
the same route’” (Sehba 2015). This model allows reperfusion
and produces a SAH that imitates the clinical situation to the great-
est extent possible®” (Yan, Chopp, and Chen 2015). The most com-
mon animal used in this model are rats, although mice have also
been used”” (Yan, Chopp, and Chen 2015).

5. Local to systemic inflammatory response

Inflammation is a set of physiological responses of the organism
to violation of its integrity®” (Medzhitov 2010). Inflammatory
response likely evolved as a response to restore homeostasis®’

144




M. jelinek and K. Duris

(Kotas and Medzhitov 2015). Inflammation can be triggered by
noxious stimuli and conditions, such as infection, chemical and
physical tissue damage, and ischemia® (Medzhitov 2008). It leads
to adaptive reactions that result in the localization of the damage,
its elimination, and healing.

The classical signs of local inflammation are redness (rubor),
swelling (tumor), pain (dolor), heat (calor), and loss of function®”
(Medzhitov 2010). It is generally thought that a controlled inflam-
matory response is beneficial (for example when fighting an infec-
tion), but it can become harmful when deregulated (for example
causing septic shock)'® (Duris and Jurajda 2020).

Immune system reaction occurs almost instantly after an injury
and is considered to be a two-step process, local and systemic™
(Lucke-Wold et al. 2016). Acute inflammation can be triggered by
infection or injury and happens in a horizon of minutes and
hours® (Kumar et al. 2004). This inflammatory response can be
best characterized by microbial infection (particularly bacterial).
In this setting, the inflammatory response is triggered by receptors
of the innate immune system, such as PAMPs and DAMPs'*“? (Bar-
ton 2008; Newton and Dixit 2012). After recognition, mastocytes
and tissue-resident macrophages mediated the initial inflamma-
tory response” (Barton 2008). They give the first signals for the
development of an inflammatory response by the production of a
variety of inflammatory mediators (cytokines, chemokines, eicosa-
noids, etc.)°® (Wright 1997). Endothelial cells upregulate adhesion
molecules®” (Duris et al. 2019).

The main effect of these inflammatory mediators is to elicit
plasma proteins and leukocytes to access the site of infection, thus
initiating the systemic inflammatory response'” (Newton and Dixit
2012). Leukocytes and plasma proteins are normally restricted to
the blood vessels, but now the activated endothelium allows selec-
tive extravasation'® (Newton and Dixit 2012). This selectivity is
mediated by the interaction of endothelial selectins with integrins
and chemokine receptors on the surface of leukocyte-monocytes/
macrophages and neutrophils'® (Newton and Dixit 2012). Leuko-
cytes then follow gradients of cytokines and other inflammatory
mediators to the exact site of infection®® (Kratofil, Kubes, and Deni-
set 2017). In the affected tissue site, neutrophils become activated,
either by cytokines from the tissue-resident cells or by direct con-
tact with the pathogen”® (Kratofil, Kubes, and Deniset 2017). Neu-
trophils try to kill the invading agents by phagocytosis or
degranulation of various toxic components including reactive oxy-
gen species (ROS), reactive nitrogen species, proteinase 3, cathep-
sin G, and elastase® (Nathan 2006). These effective components
do not differentiate between microbial and host targets, so collat-
eral damage to the host tissue is unavoidable'®”® (Duris and Jura-
jda 2020; Nathan 2002).

A successful inflammatory response results in the elimination of
the infectious agents and the promotion of repair phase. If the
acute inflammatory response fails to eliminate the infectious
agents, the inflammatory process persists and acquires new
attributes.

The systemic inflammatory response can occur even without
local inflammation if there is a massive infiltration of microorgan-
isms into the bloodstream, such as in septic shock”" (Cai, Deitch,
and Ulloa 2009). Alternatively, by massive degranulation of baso-
phils and complement activation by non-infectious intravascular
antigen stimuli, such as in anaphylactic shock’ (Reber, Hernandez,
and Galli 2017). Both states are life-threatening events, because of
the extensive release of inflammatory mediators, which cause
strong vasodilatation, leading to hypothesis, circulatory failure,
multiple organ dysfunction syndrome (MODS), and ultimately
death'®7? (Cecconi et al. 2018,Reber, Hernandez, and Galli 2017).

When the inflammatory response is exaggerated it can evolve
into systemic SIRS. SIRS is an inflammatory state that affects the
whole body. Symptoms of SIRS are fever (>38°C) or hypothermia
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(<36°C), tachycardia (heart rate > 90/min), tachypnea (respiratory
rate > 20/min or PaCO; < 32 mm Hg) and leukocytosis (>12 000/
mm?) or leukopenia (<4 000/mm*)* (Singer et al. 2016). Two or
more symptoms must be met to diagnose SIRS' (Singer et al.
2016). Fever is induced by stimulation of the anterior hypothala-
mic nucleus and the adjacent preoptic area of the hypothalamus
by prostaglandin E2 (PGE2)”* (Garami, Steiner, and Romanovsky
2018). PGE2 synthesis is induced by proinflammatory cytokines
that stimulate its creation from arachidonic acid by cyclooxyge-
nase’” (Garami, Steiner, and Romanovsky 2018). This hypothala-
mic stimulation leads to the activation of hypothalamus -
pituitary gland - adrenal glands axis, ultimately increasing tissue
metabolism’ (Garami, Steiner, and Romanovsky 2018). Tempera-
ture increase in itself is an important activator of metabolic pro-
cesses in immunocompetent cells’* (Evans, Repasky, and Fisher
2016).

6. Inflammatory response in sepsis and stroke

Inflammatory response plays a pivotal role in the pathophysiol-
ogy of both sepsis and hemorrhagic stroke. It is associated with
overexpression of adhesion molecules on monocytes, neutrophils
and endothelial cells lead to enhanced presence of blood phago-
cytes in organs, Complement activation also contributes to organ
injury and lethality in sepsis’® (Ward 2010). Also, in both of these
conditions SIRS may develop’' (Cai, Deitch, and Ulloa 2009).

6.1. Sepsis

Inflammation is the core of sepsis. In sepsis, there is evidence of
overactivation of phagocytes and dendritic cells, but later there is
the functional deterioration of these cells’® (Delano et al. 2011).
It results in reduced innate immunity functions’® (Delano et al.
2011). The onset of sepsis is accompanied by inadequate innate
and adaptive immune responsiveness which can contribute to
immunosuppressant effect early on in sepsis’’ (Ward 2011). An
immunosuppressive environment impairs the efficient removal of
infectious organisms (especially those that triggered the septic
response)’® (Bosmann and Ward 2013). Immunosuppression in
sepsis is caused by extensive apoptotic depletion of T a B cells from
their reservoirs’® (Ward 2011). It is caused by activation of both
intrinsic (mitochondrial) and extrinsic (Fas and Fas ligand, TNFx
and its receptors) pathway’” (Takahashi et al. 2012). Macrophages
and dendritic cells depletion also occur, resulting in defective anti-
gen presentation to T cells and compromising adaptive immunity’®
(ward 2011).

During inflammatory response in sepsis, neutrophils and
macrophages produce high amounts of reactive oxygen species
(ROS) and in some cases nitric oxide (NO), which appears to inten-
sify SIRS®® (Andrades et al. 2011). This oxidative state quickly low-
ers antioxidants by depleting them® (Jelinek, Jurajda, and Duris
2020).

Septic patients have confirmed or suspected infection by defini-
tion. It can be accompanied by endotoxemia if endotoxin can be
detected in the bloodstream®' (Dickson and Lehmann 2019). Endo-
toxin is released by microorganisms during growth and when they
are destroyed®' (Dickson and Lehmann 2019). The immune system
induces a strong response to endotoxins. Lipopolysaccharide (LPS)
is a part of the cell membrane of Gram-negative bacteria (such as
Escherichia coli) and it is a classic endotoxin with well-
established signaling and a role in inflammatory pathways. Other
bacterial components (for example peptidoglycan or lipoteichoic
acid) from both Gram-negative and Gram-positive bacteria can
also induce systemic inflammatory response®’ (Dickson and Leh-
mann 2019). As LPS is the most common endotoxin used in sepsis
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and endotoxemia models we will describe the molecular signaling
in the model of LPS.

From the structural point of view, LPS consists of three parts,
the lipid A endotoxin, core oligosaccharide, and O-antigen® (von
Kiigelgen et al. 2020). The lipid A endotoxin is responsible for
LPS toxicity in sepsis, the O-antigen part varies between bacterial
species and gives a species-specific serotype®” (von Kiigelgen
et al. 2020).

6.2. TLR signaling in sepsis

Molecular signaling in response to LPS involves an interaction
between LPS and a specific membrane receptor of the immune cell.
The TLR is a family of receptors that triggers innate immune
response after recognizing bacterial PAMPs. LPS activates TLR4
and myeloid-differentiation factor 2 (MD-2), which is an associated
protein needed for correct LPS signaling®' (Dickson and Lehmann
2019). Two more molecules are needed for the signaling, serum
lipopolysaccharide-binding protein (LBP) and membrane-
associated CD14 protein® (Park et al. 2009). They allow LPS to bind
to TLR4. LPS binds to the hydrophobic pocket in MD-2 through
interaction with lipid A*’ (Park et al. 2009). This signaling results
in the formation of a dimer consisting of two copies of the TLR4-
MD-2 complex and an LPS bridge**** (Kuzmich et al. 2017; Park
et al. 2009). The signaling cascade continues intracellularly by
recruiting an intracellular domain of the complex which can acti-
vate MyD88-dependent and MyD88-independent pathways. The
intracellular signal can follow the TLR4/MyD88/NFkB or TLR4/
TRIF/IRF3 pathways.

The TLR4/MyD88/NFkB pathway starts from the LPS/TLR4/MD-
2 dimer located on the plasma membrane®” (Kuzmich et al. 2017).
CD14 plays an important role in promoting the internalization of
this complex into endosomes™ (Zanoni et al. 2011). In this
MyD88-dependent pathway, TIRAP adapters bind to the intracellu-
lar TIR-domains of the dimerized TLR4 and together they form a
platform for the arrival and binding of MyD88" (Kuzmich et al.
2017). The MyD88 molecules then bind serine/threonine kinases
called interleukin-1 receptor-associated kinases (IRAK) 2 and 4**
(Kuzmich et al. 2017). Together they form the so-called myddo-
some, which promotes IRAK4 autophosphorylation®® (Gay, Gan-
gloff, and O'Neill 2011). IRAK1 can as well bind to the MyD88-
IRAK4 complex and be phosphorylated by its kinase domain®’
(Kuzmich et al. 2017). Then, TNF receptor-associated factor 6
(TRAFG) is recruited to bind to IRAK1, forming a trimer™® (Guven-
Maiorov et al. 2015). E3 ubiquitin ligase poly-ubiquitinates chains
of TRAF6 which are recognized by TAB2/TAB3 adaptor proteins and
IKKy subunit of IKK-complex** (Kuzmich et al. 2017). It allows the
recruitment and activation of TAK1 and phosphorylation of the IKB
complex™ (Kuzmich et al. 2017). IkB complex phosphorylation
promotes degradation and the release of NFkB** (Kuzmich et al.
2017). TAK1 along with NFkB induces the production and release
of pro-inflammatory cytokines TNFe, IL-14, and 11-6" (Kuzmich
et al. 2017).

The TLR4/TRIF[IRF3 transduction begins after complex internal-
ization into endosomes™ (Kuzmich et al. 2017). Then, the TRIF-
related adaptor molecule (TRAM) binds to the TLR4's TIR-
domains® (Kuzmich et al. 2017). TRAM has an analogous bridging
function to the TIRAP adapter of the MyD88-dependent signaliza-
tion pathway. TRIF binds to this TLR4-TRAM complex®’ (Gay
et al. 2014). Phosphorylation of TRIF is required to activate and
recruit IRF3 by TRAF3®’ (Gay et al. 2014). Phosphorylated IRF3
dimer is translocated to the nucleus to initiate the transcription
of the IFN-p genes®’ (Gay et al. 2014). In some situations, TRAF6
can bind to TRIF and activate NFxB*” (Gay et al. 2014),

Toll-like receptor 4 (TLR4) signaling does not have to be acti-
vated only by pathogen-associated molecular patterns molecules
(PAMPs) (e.g., LPS). Damage-associated molecular pattern mole-
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cules (DAMPs) which come from damaged and necrotic tissues
can also activate TLR4 response®” (Kuzmich et al. 2017). Other
endogenous stimuli such as high-mobility group box 1 (HMGB1)
have also produced TLR4 activation® (Mu et al. 2018). LPS pos-
sesses a relatively conserved lipid A structure that ensures the
optimal interaction with CD14 and MD-2 molecules*” (Kuzmich
et al. 2017). On the other hand, DAMPs are a structurally diverse
group of molecules and the role of CD14 and MD-2 in TLR4 activa-
tion is not yet fully understood®” (Kuzmich et al. 2017). DAMPs are
implicated to cause TLR4 activation in many pathologies, such as
atherosclerosis, rheumatoid arthritis, neuroinflammation, trauma,
and hemorrhage'*®® (Kuzmich et al. 2017; Mu et al. 2018).

Sepsis is the most serious PAMPs/TLR4 disease. Septic shock
with increased LPS levels in the bloodstream leading to violation
of local and general hemodynamics and endothelial dysfunction
has been shown to signal via the TLRs signaling pathway®’ (Keynan
et al. 2011). Among others, sepsis is a possible complication after
severe influenza® (Keynan et al. 2011).

TLR4 signaling and the subsequent release of NFkB from the
IKK-complex plays a role in the expression of inflammasome
NLRP3“ (Danielski et al. 2020). NLRP3 is another important com-
ponent of the complex pathophysiology of sepsis and can be asso-
ciated with pyroptosis. It is a macromolecular protein complex that
regulates the activation of caspase-1 and secretion of pro-
inflammatory cytokines (IL-1p and IL-18)"" (Danielski et al.
2020). Inhibiting the assembly and activation of NLRP3 inflamma-
some may help to ameliorate the inflammatory response in sep-
sis”” (Danielski et al. 2020). Similar signaling involving the
NLRP3 role has been also described in hemorrhagic stroke” (Luo,
Reis, and Chen 2019).

6.3. Hemorrhagic stroke

Sepsis and hemorrhagic stroke have many common features
that were discussed above. However, unlikely in sepsis, a strong
inflammatory response in hemorrhagic stroke is not caused by
pathogen infection, it is an aseptic inflammation.

The clinical manifestation of systemic inflammation in hemor-
rhagic stroke is very similar to the clinical signs in sepsis. It is no
surprise because these criteria were originally selected for acute
diseases or injuries such as sepsis” (Singer et al. 2016). Several
studies have also reported a positive correlation between the
development of SIRS and higher risk for other SAH and ICH compli-
cations and worse outcome’™ °® (Boehme et al. 2018,Dhar and
Diringer 2008; Elmer et al. 2017; Festic et al. 2014; Rass et al.
2018; Tam et al. 2010; Yoshimoto, Tanaka, and Hoya 2001). Meet-
ing SIRS criteria were also associated with larger hematoma vol-
ume, suggesting that SIRS may be a response or associative
marker for SAH and ICH severity. SIRS seems to be an important
clinical feature in hemorrhagic stroke and may contribute to gen-
eral outcome and associated complications.

The interaction between local cerebral inflammation and sys-
temic inflammation is of great importance in the pathophysiology
of hemorrhagic stroke. As mentioned above, peripheral immune
activation influences stroke outcome. For example, an experimen-
tal study where rats underwent splenectomy found that it had a
beneficial effect on the reduction of infarct size and inflammatory
infiltrate® (Ajmo et al. 2008; Lee et al. 2008). Thus, having an anti-
inflammatory effect”™'® (Ajmo et al. 2008; Lee et al. 2008).
Another study, focusing on RANTES (also known as CCL5) in ICH,
found that RANTES-deficient mice had significantly blunted effects
of ICH in terms of leukocyte and platelet adhesion, BBB permeabil-
ity and tissue infarction'®" (Terao et al. 2008). RANTES is a potent
chemotactic factor'®' (Terao et al. 2008).

Immune system reaction is initiated very almost instantly after
the onset of bleeding. It is considered to be a two-step process with
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local and systemic components” (Lucke-Wold et al. 2016). The
local response happens over a horizon of minutes and hours and
involves the activation of glial cells (microglia and astrocytes)
and endothelial cells®” (Duris et al. 2019). After activation glial
cells upregulate the production of pro-inflammatory cytokines,
and endothelial cells upregulate adhesion molecules® (Duris
et al. 2019). Both processes contribute to the infiltration of neu-
trophils and macrophages, which is a part of the systemic inflam-
matory response and happens in the horizon of days.

The inflammatory responses of ICH and SAH are somewhat sim-
ilar, but there are some important differences. In ICH, blood com-
ponents are introduced directly to the brain parenchyma.
Thrombin in particular seems to play a pivotal role in the initiation
of inflammatory mechanisms following ICH. When heparinized
blood is experimentally introduced to the brain it causes minimal
edema, where thrombin infusion causes massive leukocyte infiltra-
tion and edema”’ (Kleinig and Vink 2009).

Several studies have focused on the connection between the
elevation of circulating leukocytes and complications associated
with worsened clinical outcome,”®? 1°2-'%% (Boehme et al. 2018;
Chou et al. 2011; Saand et al. 2019; Tapia-Pérez et al. 2016). In
SAH, leukocytosis has been associated with an increased incidence
of vasospasms'” (Chou et al. 2011). It is thought that SAH patients
with a higher risk for complications and poor outcomes, have a dif-
ferent inflammatory response to the initial insult over time’®
(Saand et al. 2019). This difference in immune response can distin-
guish between patients at risk for vasospasm and/or poor out-
come’® (Saand et al. 2019). Studies focusing on leukocyte
elevation associated with ICH outcome have provided conflicting
results'®~'% (Morotti et al. 2016; Tapia-Pérez et al. 2016; Yu
et al. 2016).

Fever, although a physiological response with beneficial effects
in infection, is generally associated with worse outcomes for many
acute diseases, specifically patients with ICH and SAH'°%'%7 (Bush
2018; Kramer et al. 2017). SAH patients with fewer fever hours had
better clinical outcomes'® (Pegoli et al. 2015). Moreover, the fever
seems to be an independent risk factor for delayed cerebral ische-
mia (DCI) following SAH'® (Park 2018). Fever is very prevalent in
ICH patients and a higher fever burden is associated with neurolog-
ical deterioration and worsen outcome,”*'%® "% (Bush 2018; Elmer
et al. 2017; Gillow et al. 2017). Therefore, fever management and
targeted temperature management are recommended''’ (Madden
et al. 2017). The general evaluation of whether fever control can
improve outcome and reduce complications associated with hem-
orrhagic stroke remains to be determined.

6.4. Inflammatory response after ICH

For the inflammatory response following ICH is typical rapid
activation of resident microglia and infiltration of circulating
inflammatory cells''? (Zhou et al. 2014). Excessive microglial acti-
vation promotes inflammatory injury by releasing pro-
inflammatory mediators, which promote infiltration of peripheral
inflammatory cells''” (Zhang et al. 2017). Recruitment of periph-
eral leukocytes occurs early after experimentally induced ICH™
(Yan, Chopp, and Chen 2015). The increased neutrophil count is
associated with deterioration in ICH patients’'” (Zhou et al.
2014). Therefore, inhibition of both microglial and leukocyte acti-
vation attenuates BBB damage, brain edema, and subsequent cell
death and poses a promising target for treatment in ICH patients.

T cells, both CD8+ and CD4+, are increased after ICH and con-
tribute to inflammatory injury. Decreased total counts of T cells
in the perihematomal area improve neurological function and
reduces brain edema after ICH in mouse models''*'"® (Rolland
et al. 2013; Xie, Qin, and Yin 2020). The number of reactive astro-
cytes also increases in the perihematomal area and contributes to
secondary injury through induction of matrix metalloproteinase
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(MMP) 9 activity,”®''® """ (Munakata et al. 2013; Yan, Chopp,
and Chen 2015; Pan, Liu, and Liu 2021).

Taken together, microglial activation, neutrophil infiltration
from the periphery, increase in T-cells, and reactive astrocytes have
unfavorable effects after ICH.

6.5. Inflammatory response after SAH

In SAH inflammatory response glial activation, of microglia and
astrocytes, is caused by transient ischemia''® (D'Souza 2015). Acti-
vated glial cells release pro-inflammatory cytokines, which pro-
mote leukocyte infiltration and activation of the endothelium.
Activation of endothelium results in upregulation of adhesion
molecules, which further reinforces leukocyte infiltration. Leuko-
cyte infiltration is considered to be a systemic inflammatory
response.

Infiltrate leukocytes cause collateral damage by the production
of MMPs, ROS, and continuous release of pro-inflammatory cytoki-
nes making it a positive feedback loop® (Lucke-Wold et al. 2016).
These molecules can cause BBB damage, endothelial apoptosis,
vasospasms, and neuronal cell death” (Lucke-Wold et al. 2016).

6.6. Molecular signaling in hemorrhagic stroke

Similarly, to sepsis, the initiators of the inflammatory response
to hemorrhagic stroke are TLRs. It has been demonstrated that TLRs
have many endogenous ligands and function as “danger sensors”
by recognizing damage-associated molecular patterns (DAMPs)
and pathogen-associated molecular patterns (PAMPs). DAMPs are
released early after the tissue injury. High mobility group box 1
(HMGB1) is potent DAMPs that are expressed after brain injury,
such as hemorrhagic stroke''® (Paudel et al. 2020).

HMGB1 can interact with TLR2, TLR4, or TLR9 to ultimately trig-
ger NF-xB and interferon regulatory factors (IRF) activation®® (Mu
et al. 2018). Similarly, to the signaling described in the molecular
signaling in sepsis, TLRs can signal through MyD88-dependent
and MyD88-independent pathways'”® (Wang et al. 2013). In the
MyD88-dependent pathway, TLRs activity upregulates MyD88,
which interacts with interleukin-1 receptor-associated kinases
(IRAKs) to activate p38 mitogen-activated protein kinase (MAPK)
or TNF-receptor associated factor (TRAF) 3 or TRAF6 to induce acti-
vation of downstream factors like NF-xB and IRF'*" (Wang, Ge, and
Zhu 2013). In the early stages of SAH, the HMGB1 mediated TLR4/
MyD88/NF-kB signaling pathway induces neuronal apoptosis,
nerve injury, and brain edema'’' (Zhang et al. 2016). The
MyD88-independent pathway signals through TIR-domain-contain
ing-adapter-inducing interferon (INF)- § (TRIF) which interacts
with TRIF-related adaptor molecule (TRAM), activating TRAF3 or
TRAF6 and finally phosphorylating 1kKe to activate IRF3, IRF7,
and IFN- #'** (Wang, Ge, and Zhu 2013).

TLR signaling induces the synthesis and secretion of pro-
inflammatory cytokines like IL-1p, IL-6, and TNF-o'*° (Wang, Ge,
and Zhu 2013). They promote both the local and systemic inflam-
matory response and upregulate the expression of HMGB1 and
receptors for advanced glycation end-products (RAGE), forming a
positive feedback loop™'*" (Mu et al. 2018; Wang, Ge, and Zhu
2013).

HMGRB1 can interact with RAGE. RAGE activates MAPK, extracel-
lular signal-regulated kinase (ERK) 1, and ERK2, which in turn
causes phosphorylation and degradation of the inhibitor of nuclear
factor kB (IkB) to activate NF-kB**'?* (Mu et al. 2018; Murakami
et al. 2011; Yang et al. 2010). RAGE is more expressed around
the hematoma, which promotes the activation of NF-kB in the
early stages'?*'%° (Li et al. 2014; Zhao et al. 2016).

Another important signaling cascade involves Janus kinase
(JAK) and signaling transducer and activator of transcription
(STAT). The most prominent in hemorrhagic stroke are JAK2 and
STAT1 and STAT3'*® (Nicolas et al. 2013). The signaling occurs
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when the ligand bind to its corresponding receptor, which phos-
phorylates JAK2; JAK2 then phosphorylates STAT1 or STA3'%’
(Raible, Frey, and Brooks-Kayal 2014). They dimerize and are
translocated to the nucleus, where they bind to specific promotor
region and activates transcription'?’ (Raible, Frey, and Brooks-
Kayal 2014). This signaling can produce both pro- and anti-
inflammatory mediators, depending on the specific molecules
and ligands involved'?® (Nicolas et al. 2013).

PI3K/Akt/mTOR pathway has also been discussed in recent
studies'?*'*? (Okada 2019; Sun 2019). The most important mole-
cules in this signaling pathway are receptor tyrosine kinase
(RTK), phosphatidylinositol 3-kinase (PI3K), Akt also known as pro-
tein kinase B (PKB), and mammalian target of rapamycin (mTOR).
To put it simply, the RTK is activated by its corresponding ligand
(cytokine, growth factor, hormone, etc.) and autophosphorylation
occurs. RTK activates PI3K which in turn phosphorylates
phosphatidylinositol-4,5-bisphosphate (PIP2) to
phosphatidylinositol-3,4,5-trisphosphate (PIP3)'*° (Manning and
Cantley 2007). PIP3 binds to Akt which by activation of other
downstream molecules can activate mTOR'*” (Manning and Cant-
ley 2007). PI3K/Akt/mTOR is an important signaling pathway that
is involved in cell metabolism, proliferation, cancer, apoptosis,
autophagy, and many other processes. This pathway is also impor-
tant in hemorrhagic stroke. It is a key regulator of autophagy in the
early stages where it has neuroprotective effects'*? (Li et al. 2020).
Inhibiting the activity of mTOR decreases neuronal damage in
hemorrhagic stroke'*'""*? (Kardideh et al. 2019; You et al. 2016).
Modulation of the PI3K/Akt/mTOR pathway by certain molecules
(such as 0X40) can lead to the elevation of anti-apoptotic mark-
ers'** (Wu et al. 2020).

7. Conclusion

Exaggeration/deregulation of inflammatory response is a medi-
cal problem, because it may be associated with additional morbid-
ity and mortality. Sepsis represents a model pathology of
inflammatory response exaggeration/deregulation, Understanding
similar features of inflammatory response in sepsis and hemor-
rhagic stroke may help us better understand the mechanisms of
inflammatory response exaggeration/deregulation. This is impor-
tant for the development of new treatment strategies to control
the inflammatory response in stroke.
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CHAIP represents a physiological mechanism by which CNS regulates an activity of an immune
system and controls inflammation. In this review article, we discuss the role of CHAIP in stroke
and VNS as a possible tool to control inflammation.

After brief introduction notes on stroke and inflammatory response, we describe the main
components of CHAIP which include the vagus nerve, spleen, and a7 nicotinic acetylcholine
receptor

(a7 nAChR). We cover anatomy, physiology, and molecular signaling pathways in CHAIP. In
the next part, we overview CHAIP as a potential target for therapy after stroke. We discuss
pharmacological stimulation of a7nAChR as well as both direct and indirect vagus nerve stim-
ulation.
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1. INTRODUCTION pro-inflammatory signals inducing activation of microglia,
astrocytes and endothelial cells, which start to produce pro-
inflammatory cytokines and adhesion molecules. Pro-
inflammatory cytokines activate leukocytes in the blood and
spleen and these are attracted to affected areas by adhesive
molecules. Infiltrating leukocytes produce large amount of
cytotoxic substances, including matrix metalloproteinases,
pro-inflammatory cytokines or reactive oxygen species re-
sulting in subsequent damage of extracellular matrix as well
as neurons and endothelial cells [6-9].

Stroke is devastating cerebrovascular event which is a
major cause of long term disability and premature death [1,
2]. Stroke is responsible for 6.7 million deaths each year
(11,9% of all deaths) and it represents the number two cause
of the death worldwide [3]. The majority of stroke (around
80%) is of ischemic ctiology duc to vessel obstruction
mainly by arterial thrombosis or by embolization from the
heart [4, 5]. The remaining 20% of strokes are of hemor-
rhagic etiology due to vessel or aneurysm rupture, resulting
in intracerebral (ICH) or subarachnoid hemorrhage (SAH) The inflammatory response is an essential reaction par-
[4]. ticipating in healing processes and certain degree of
inflammation is necessary for tissue reparation after the
stroke [10]. Severe pathologies, such as shock, trauma or
extensive ischemia may be, however, associated with
deregulation of inflammatory response which may cause
more tissue damage than initial pathology [11, 12]. Targeting
inflammation after stroke is thus highly acute topic for both
experimental and clinical research [13-15]. Inflammatory
response after stroke has been recently targeted in several
clinical trials with mixed results [16-21] indicating that
selective manipulations with the immune system may be

Inflammation plays an important role in the pathophysi-
ology of stroke. Despite the differences in the pathophysiol-
ogy of ischemic and hemorrhagic stroke, which may be
traced on the level of gene expression, inflammatory re-
sponse is quite uniform regardless of stroke type and below
described steps of inflammatory response were previously
reviewed clsewhere [6-9]. Ischemia, extravasation of blood
from vessels as well as direct tissue damage are strong
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to review studies focused on CHAIP as a therapeutic target
for ischemic and hemorrhagic stroke. Both pharmacological
stimulation of «7 nAChR and vagus nerve stimulation after
stroke are reviewed. According to our best knowledge, the
similar review is still missing.

2. CHOLINERGIC ANTI-INFLAMMATORY PATH-
WAY

Big advances in molecular biology and biotechnologies
have been made during the past decade. Potential new thera-
peutic targets and strategies evolve constantly [22-24], new
ways of drug delivery using micro/nano technologies are
tested intensively [25, 26], the possibilities of gene expres-
sion silencing are investigated extensively and the top of
current science is a stem cell research [27, 28]. Immuno-
modulation represents one of the progressive therapeutic
approaches which is intensively studied in a variety of pa-
thologies [29-31].

Cholinergic anti-inflammatory pathway (CHAIP) is a
physiological mechanism by which central nervous system
regulates immune response and control inflammation [32].
Targeting cholinergic anti-inflammatory pathway is a prom-
ising way of immunomodulation which attenuates inflamma-
tion in a complex manner without causing immunosuppres-
sion [33]. Stimulation of CHAIP attenuates inflammation in
experimentally induced sepsis [34], pancreatitis [35], post-
operative ileus [36], renal ischemia/reperfusion injury [37],
ischemic [38] or hemorrhagic shock [39]. Vagus nerve,
spleen and a7 nicotinic acetylcholine receptor (a7 nAChR)
are the main components of CHAIP [32].

2.1. Vagus Nerve

Vagus nerve is the longest cranial nerve innervating tho-
racic and most of the abdominal cavity (down to flexura coli
sinistra). Vagus nerve monitors visceral environment and
majority of fibers (around 80%) are afferent [40]. Previous
studies demonstrated that the vagus nerve may be activated
by both inflammation inducers (LPS) [41] and inflammatory
cytokines [42]. Noninfectious production of pro-inflammatory
cytokines is associated mainly with tissue damage [11]. In-
terestingly, the similar information is carried by nociceptive
pathways which may be also activated by pro-inflammatory
cytokines [43]. Based on central processing of information
about inflammation, the activity of the sympathetic (SNS)
and parasympathetic (PNS) nervous system is modulated;
increased sympathetic activity is pro-inflammatory while
increased parasympathetic activity is anti-inflammatory [33,
44]. The overall response of the immune system depends on
the ratio between activation of the SNS and PNS [33].

Severe conditions such as polytrauma are predominantly
associated with massive activation of the SNS and deregula-
tion of inflammation [45]. Enhancing the activity of PNS by
vagus nerve stimulation or direct pharmacological activation
of a7 nAChR seems to be promising therapeutic intervention
which may attenuate inflammation [46].

2.2. Spleen

The spleen plays major role in the inflammatory response
[47]. Spleen represents a reservoir of leukocytes which may
be released in response to tissue damage and which infiltrate
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the affected area [48, 49]. The spleen is crucial for CHAIP
and it was demonstrated that vagal nerve stimulation as well
as analogical pharmacological stimulation of a7 nAChR
failed to attenuate inflammation in splenectomized animals
[50]. Interestingly, there is no direct parasympathetic inner-
vation of spleen and communication between vagus nerve
and spleen is mediated by SNS (splenic nerve): vagus nerve
regulates activity of the splenic nerve through ganglion
coeliacum [51]. Details about the involvement of particular
receptor systems was for a long time obscure and last details
have been described only recently [52]. CHAIP is associated
with a7 nAChR and PNS, while SNS acts through adrenore-
ceptors, B2 adrenoreceptors were described to be critical for
the anti-inflammatory effect of vagus nerve stimulation and
vagus nerve stimulation failed to attenuate inflammation in
B2 knock-out mice [53]. It was also demonstrated that 2
signaling is mediated by splenic regulatory lymphocytes
[53]. The final piece of the puzzle was described in 2011,
when splenic T-lymphocytes were shown to produce acetyl-
choline [52]. Communication between vagus nerve and
splenic leukocytes is most probably as follows (Fig. 1):
vagus nerve (PNS - acetylcholine) regulates the activity of
splenic nerve (SNS-norepinephrine) through ganglion coeli-
acum, Splenic nerve regulates activity of splenic T-
lymphocytes through B2 signaling and these produce acetyl-
choline. Acetylcholine has anti-inflammatory effect on
splenic leukocytes via o7 signaling. More recently, an alter-
native concept has evolved postulating that the effect of
vagus nerve stimulation is mediated by T-lymphocytes from
an outside of the spleen and splenic nerve is activated by
these T-lymphocytes [54, 55]. This interesting concept basi-
cally extends the effect of vagus nerve stimulation to all the
immune system which sounds very reasonable, but this con-
cept has to be proved.

2.3. a7 nAChR

a7 nAChR is a subtype of nicotine receptors, which are
ligand gated channels consisting of five transmembrane
subunits [56]. u7 nAChR is homopentameric receptor com-
posed of five a7 subunits [56] and it is an ion channel selec-
tively permeable to calcium [57]. Acetylcholine, choline or
nicotine are natural ligands activating «7 nAChR in a non-
selective manner, a-bungarotoxin is a selective antagonist of
a7 nAChR [58].

a7 nAChR is expressed in a variety of cells involved in
immune response, including leukocytes, lymphocytes and
endothelial cells [59]. a7 nAChR is also widely expressed in
the CNS where it can be found in astrocytes [60], microglia
[61], endothelial cells [50] and neurons [59]. Localization of
o7 nAChR in neurons may be postsynaptic, generating exci-
tatory responses, or presynaptic/perisynaptic, modulating
signal transduction [62]. In hippocampal neurons o7 nAChR
plays a major role in synaptic plasticity [63] and synaptic
formation during development [64]. Stimulation of o7
nAChR has anti-inflammatory [65], antioxidative [66] and
anti-apoptotic [67] properties (Fig. 2).

Anti-inflammatory effect of «7 nAChR signaling is asso-
ciated with JAK2/STAT3/NFkB pathway [68]. a7 stimula-
tion was demonstrated to decrease production of pro-
inflammatory cytokines in liver [39], macrophages [69]/
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Fig. (1). Current model of vagus nerve associated neurohumoral
regulations. Neural components include both parasympathetic (PNS)
and sympathetic (SNS) nervous system, while the production of
acetylcholine by T-lymphocytes should be considered as a humoral
component of splenic macrophage regulations.

monocytes [70]. o7 stimulation was also demonstrated to
decrease production of adhesive molecules in endothelial
cells and subsequent leukocyte trafficking [65]. Anti-
apoptotic effect of a7 signaling is linked to JAK2/PI3/Akt
pathway [71] and ERKI1/2-PKA [72]. a7 stimulation was
demonstrated to decrease expression of proapoptotic proteins
like cleaved caspase 3 or GSK-3 [71] and increase expres-
sion of anti-apoptotic proteins like BCL-2 in neuronal cells
[67]. The antioxidative effect of a7 signaling was demon-
strated to be connected to both JAK2/STAT3/NFkB [73] and
JAK2/PI3/Akt [74] pathways. a7 signaling was referred to
be associated with both increased expression of antioxidant
enzymes like superoxide dismutase or glutathione peroxidase
and decreased expression of prooxidative enzymes like
NADPH oxidase [66].

3. CHAIP AS A THERAPEUTIC TARGET AFTER
STROKE

Targeting of CHAIP is a promising therapeutic approach
of immunomodulation which attenuates inflammation with-
out causing immunosuppression [33]. There are two options

Current Drug Delivery, 2017, Vol. 14, No. 4 451

of CHAIP activation: pharmacological stimulation of «7
nAChR and electrical stimulation of the vagus nerve (VNS)
[32].

The effect of both VNS and pharmacological targeting of
o7 nAChR is similar outside of the CNS and this effect is
antioxidative and anti-inflammatory [32], since a7 nAChR is
expressed in a variety of cells involved in immunity includ-
ing leukocytes or endothelial cells [59]. The effect of VNS
and pharmacological stimulation of a7 nAChR may, how-
ever differ in the brain. In the brain, «7 nAChR is expressed
not only in cells related to immunity (astrocytes [60], micro-
glia [61] and endothelial cells [50]) but 7 nAChR is widely
expressed also in neuronal cells [59]. Pharmacological
stimulation of o7 nAChR has thus antioxidative and anti-
inflammatory effect related to immune cells [75, 76] and
antioxidative and anti-apoptotic effect in neuronal cells [67].
The effect of VNS on the brain is not directly related to
CHAIP because central projections of vagus nerve are not
associated with acetylcholine and o7 signaling, but these
very complex projections are associated predominantly with
norepinephrine signaling via locus coeruleus [77, 78]. Nore-
pinephrine signaling was reported to be neuroprotective in a
very complex way, including attenuation of neuroinflamma-
tion or reduction of oxidative stress and this was reviewed
elsewhere [79]. However VNS was also described to be as-
sociated with up-regulation of a7 nAChRs [80], so in the
brain, VNS may influence CHAIP indirectly.

3.1. Pharmacological Stimulation of a7 nAChR
3.1.1. Ischemic Stroke

The first study focused on CHAIP in ischemic stroke
model was conducted by Norman in 2011 [81]. a7 agonist
GTS-21 reduced microglial activation (MAC-1 expression),
mRNA expression of TNF-a, IL-1B and IL-6 as well as neu-
ronal cell death in global cerebral ischemia model in mice
[81].

Kalappa described that a7 positive allosteric modulator
PNU-120596 reduced neuronal injury in hippocampal cell
cultures subjected to oxygen glucose deprivation (OGD) and
significantly reduced infarct size in transient middle cerebral
artery occlusion (MCAQO) model in rat [82]. The neuropro-
tective effect of PNU-120596 was described to be present
even when the drug was administered 6 hours after onset of
transient MCAQ in rat [83].

In a series of experiments Han studied effect of a7 ago-
nist PHA568487 in permanent MCAO model in mice [66].
Treatment improved neurological status, reduced infarct size
and neuronal apoptosis. Treatment was associated with a
decrease in M! (pro-inflammatory) and an increase in M2
(anti-inflammatory) microglia/macrophage populations.
Treatment was also associated with increased expression of
anti-oxidants (Superoxid dismutase - SOD1 and Glutathion
peroxidase - GPX1) and decreased expression of pro-oxidative
NADPH oxidase. Neuronal injury, neuroinflammation and
oxidative stress were aggravated by additional stress repre-
sented by tibia fracture and this was also reversed by the
treatment. Based on these results the authors concluded that
the neuroprotective effect of PHA5648487 is associated with
reduction of neuroinflammation and oxidative stress [66].
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Fig. (2). The effects and the main signaling pathways associated with a stimulation of a7 nAChR.

In a study conducted by Parada, o7 agonist PNU-282987
reduced production of reactive oxygen species, TNF-a and
reduced cell death in hippocampal cultures subjected to
OGD [84]. The neuroprotective effect was not present in
microglia depleted cultures or in cultures from Nrf2 deficient
mice, suggesting that the effect of the drug was associated
with heme oxygenase -1 (HO-1) pathway in microglia. In the
same study, the authors performed in vivo experiment in
which PNU-282987 reduced infarct size and improved neu-
rological status in photothrombotic stroke model in mice.
The beneficial effect of the drug was eliminated by inhibition
of HO-1 expression. Based on these results the authors con-
cluded that activation of a7 nAChR associated pathway in
microglia regulates neuroinflammation and oxidative stress
via a Nrf2/HO-1 pathway and this mechanism is responsible
for neuroprotection in ischemic brain [84]. Neuroprotective
effect of a7 agonist PNU-282987 against oxidative stress
was studied by the same scientific team using neuronal cell
cultures [74]. The authors used in vitro model of mitochon-
drial ROS production using roterone/oligomycin, Neuronal
cultures were exposed to rot/oligo for 8 hours and left for
another 16 hours in medium without rot/oligo. Such experi-
mental conditions induced apoptosis in 30% of cells. Treat-
ment with PNU-282987 after rot/oligo incubation prevented
cell death in a concentration dependent manner. In following
experiments authors used PNU-282987 with specific inhibi-
tors and found that activation of a7 nAChR was linked to
JAK2/P13/Akt pathway which induced antioxidant enzyme
HO-1 [74].

In hippocampal slices subjected to OGD o7 agonist gal-
antamine protected neural cells and this was reversed by
JAK2 antagonist AG490 [73]. The authors describe two
mechanisms of action associated with galantamine linked
a7-JAK2 signaling. The first, galantamine inhibited NADPH
oxidase (NOX) and production of reactive oxygen species.
The second, galantamine reduced NFxB/iINOS induction and
subsequent production of NO which was promoted by OGD
[73].

The effect of oral administration of o7 agonist choline
after permanent MCAO in rats was studied by Jin [85].
Treatment for 10 days improved neurological deficit, re-

duced infarct volume and neuronal cell death. Higher expres-
sion of a7 nAChR, HIF-la and VEGF was found in the
ischemic cortex in the treated group and higher levels of
VEGF were also found in serum. Effect of treatment was
reversed by selective a7 antagonist methylcaconnitine as
well as by HIF-1a siRNA. Choline induced angiogenesis and
this was also confirmed by in vitre study. The authors con-
cluded that choline attenuates brain ischemic injury in a
permanent MCAO model in rats, possibly by facilitating pial
arteriogenesis and cerebral-cortical capillary angiogenesis by
up-regulating a7 nAChR and inducing the expression of
HIF-1o and VEGF [85].

3.1.2. Hemorrhagic Stroke

The first study focused on CHAIP in experimentally in-
duced intracerebral hemorrhage (ICH) was published by Lee
in 2010 [86]. The authors were testing whether they could
mimic vagus nerve stimulation by central activation of para-
sympathetic nervous system and whether this effect could be
neuroprotective. Intraventricular administration of muscarine
was associated with improved neurological deficit, reduced
brain water content and decreased expression of pro-
inflammatory cytokines (TNF-a, IL-1B) and pro-apoptotic
Fas ligand. Treatment with muscarine was ineffective in re-
ducing brain water content after splenectomy, suggesting
that the effect of muscarine was associated with CHAIP [86].

Mechanism of neuroprotection associated with a7 signal-
ing was systematically studied by Krafft in mice ICH model
[71, 87]. Administration of o7 agonist PHA-343613 im-
proved neurological outcome, reduced brain edema forma-
tion and reduced neuronal cell death in perihematomal area.
Treatment was associated with decreased expression of pro-
apoptotic GSK-3f and cleaved caspase 3 in neurons through
PI13-Akt pathway [71]. Involvement of GSK-3p in blood-
brain barrier (BBB) disruption was studied by the same
authors in other work using an identical model [87]. In this
study, the authors described that inhibition of GSK-3B by
PHA-543613 was associated with stabilization of B-catenin
which is involved in regulation of gene expression of pro-
teins essential for BBB [87].
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The first study focused on the role of CHAIP in the
pathophysiology of subarachnoid hemorrhage (SAH) was
conducted in 2006, when Bowman studied the effect of o7
signaling in posthemorrhagic vasospasm development in rat
femoral artery model [88]. Pretreatment with a7 agonist
CNI-1493 was associated with dose-dependent attenuation of
posthemorrhagic vasospasm and with a reduction in levels of
pro-inflammatory cytokine 1L-6 [88].

The neuroprotective effect of a7 signaling was described
also in the rat SAH model [89]. Administration of PNU-
282987 was associated with improved neurological outcome,
reduced brain edema formation and reduced neuronal cell
apoptosis. PNU-282987 significantly increased phosphory-
lated Akt levels and significantly decreased cleaved caspase
3 levels in neuronal cells in ipsilateral hemispheres and the
effect of the drug was reversed using specific inhibitors [89].

3.2. Vagus Nerve Stimulation

The first report about the neuroprotective effect of VNS
after ischemic stroke was reported in 1993 when Masada and
colleagues described reduced neuronal cell death in hippo-
campus following stimulation of left cervical vagus nerve in
forebrain ischemia model in gerbil [90]. In the same model
Miyamoto et al. studied neuroprotective effect of VNS
stimulation in hippocampus using microdialysis and Doppler
flowmetry. They found that VNS stimulation was associated
with decreased accumulation of glutamate extracellularly
and decreased cerebral blood flow, suggesting that the neu-
roprotective effect of VNS contribute to suppression of glu-
tamate excitotoxicity as well as to the suppression of reper-
fusion injury [91].

In 2009, Ay reported that stimulation of cervical vagus
nerve ipsilaterally to the vessel occlusion reduced infarct size
and improved neurological status in rat transient MCAO
model [92]. In further study the same authors described that
stimulation of vagus nerve contralaterally to vessel occlusion
has similar effect as the stimulation of ipsilateral nerve [93].
The main goal of this study was, however, to describe the
effect of VNS on cerebral blood flow. The author described a
transient decrease in arterial blood pressure and regional
cerebral blood flow during stimulation (30s) which immedi-
ately returned to the original levels at the end of each train of
stimulation. Stimulation was performed every 5 minutes for
1 hour and overall cerebral blood flow during entire stimula-
tion period was not significantly affected [93]. Similar re-
sults were reported by Hiraki, who also reported reduced
infarct size, improved neurological outcome as well as a
hemodynamically insignificant transient decrease in cerebral
blood flow during train of stimulation in transient focal
ischemia model [94]. These results suggest that the neuro-
protective effect of VNS after ischemic stroke is not attrib-
uted to alteration in CBF [93].

Sun et al. compared effect VNS in rat models of both
transient and permanent focal cerebral ischemia. VNS re-
duced infarct size and improved neurological score after
transient focal cerebral ischemia and reduced infarct size, but
not improved neurological score in permanent ischemia
model [95].
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Ekici et al. reported antioxidant properties of VNS in
transient focal cerebral ischemia model. The authors referred
that VNS was associated with increased levels of antioxidant
glutathione and decreased levels of lipid peroxidation marker
MDA, suggesting that VNS may be effective against free
radical generation and lipid peroxidation [96].

In a series of studies, Jiang ef al. studied anti-inflammatory
and anti-apoptotic properties of VNS in transient focal cere-
bral ischemia. VNS was associated with decreased produc-
tion of pro-inflammatory cytokines TNF-a, IL-1f and IL-6
in the ischemic penumbra. VNS stimulation was also associ-
ated with p-Akt up-regulation/ CC3 down-regulation and
decreased level of neuronal apoptosis in the ischemic pe-
numbra. Interesting finding of this study was that ischemia
reperfusion injury is associated with down-regulation of
a7nAChR and this was reversed by VNS [80]. Additionally
the neuroprotective, anti-inflammatory properties of VNS
were also associated with up-regulated expression of PPAR y
in the ischemic penumbra [97].

The same authors studied the effect of VNS on the level
of microRNA (miR) and they reported neuroprotective effect
of miR-210 expression after VNS stimulation. Increased
miR-210 was associated with increased p-Akt expression,
decreased levels of cleaved caspase3 and decreased neuronal
apoptosis. Increased miR-210 was also associated with re-
duction in oxidative stress, particularly decreased the lipid
peroxidation (MDA levels), and increased antioxidative ca-
pacity (SOD and GSH). Neuroprotective effects were re-
versed after miR-210 blockade using miR-210 antagomir
[98].

3.3. Transcutancous Vagus Nerve Stimulation

Vagus nerve stimulation is a promising way of neuro-
modulation, but it is an invasive procedure. The most recent
way of research is therefore focused on indirect vagus nerve
stimulation. Indirect stimulation is based on electrostimula-
tion of skin area which is innervated by vagus nerve or
which is above vagus nerve. External ear (concha and the
external auditory meatus) is the only skin area which is in-
nervated by vagus nerve [99, 100]. Transcutaneous auricular
vagus nerve stimulation (TA-VNS) is the most often use way
of indirect stimulation and TA-VNS was shown to suppress
inflammatory response [101]. So far three studies were con-
ducted to test the effect of indirect vagus nerve stimulation
after ischemic stroke.

In 2015, Ay et al. referred that TA-VNS reduced infarct
size and improved neurological outcome in transient MCAO
model in rat [102]. Using immunohistochemistry the authors
demonstrated that stimulation of left cavum conchae resulted
in bilateral activation of nucleus tractus solitarius and locus
coeruleus [102].

The neuroprotective effect of TA-VNS in the transient
MCAO model was also reported by Jiang et al. Beside re-
duced infarct size and improved neurological outcome the
authors described that TA-VNS was also associated with
increased angiogenesis and expression of angiogenic factors
(brain-derived neurotrophic factor, vascular endothelial
growth factor and endothelial nitric oxide synthase) in ischemic
penumbra [103].
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Finally Ay ef al. reported effectiveness of transcutaneous
stimulation using surface electrodes applied on the skin
above the cervical vagus nerve. The authors used transient
MCAO model and neuroprotective effect was detectable
when stimulation was initiated up to 4 hours after stroke
[104].

4. FUTURE DIRECTIONS

Despite the fact that we have enough evidence about the
beneficial effects of CHAIP stimulation on inflammation,
more information is needed for better understanding of
CHAIP in its complexity.

The interesting part of CHAIP problematic is an in-
volvement of SNS (splenic nerve, B2 signaling), suggesting
that at least in some situations the SNS and PNS act com-
plementarily in a highly organized manner (cooperation be-
tween SNS and PNS is also well known in control of erection/
ejaculation). More information about cooperation/anti-
cipation between SNS and PNS could bring us better knowl-
edge about autonomic nervous system with many potential
clinical implications.

Another interesting point which should be clarified by
future studies is the effect of CHAIP stimulation on lymph
nodes. The potential role of T-lymphocytes from an outside
of the spleen has been already suggested [54, 55] and this
was mentioned above.

Finally, the most important step in research of CHAIP as
a potential treatment of stroke will be clinical testing.

CONCLUSION

Inflammation plays an important role in the pathophysi-
ology of stroke. CHAIP represents promising therapeutic
target, because CHAIP stimulation attenuates inflammation
in a complex manner without the side effect of immunosup-
pression. Stimulation of CHAIP also reduces inflammation
associated pathologies, such as oxidative stress and apopto-
sis. Neuroprotective effects of both vagus nerve stimulation
and pharmacological stimulation of o7 nAChR have been
proven in various stroke models and new approaches such as
non-invasive indirect vagus nerve stimulation may help to
introduce this therapeutic option into the clinical practice.
However, this is an initial phase of research in this field and
more experimental studies are needed to understand the pos-
sibilities and limits of CHAIP stimulation in stroke treat-
ment.
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In this review article, which may be considered as an update of previous article, we aimed to
summarize current knowledge about the immunomodulatory effect of VNS. We extensively
review signaling pathways associated with VNS and bring a comprehensive overview of ex-
perimental studies focused on targeting CHAIP after stroke.
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ARTICLEINFO ABSTRACT

Keywords: Stroke is a devastating cerebrovascular pathology with high morbidity and mortality. Inflammation plays a
Stroke central role in the pathophysiology of stroke. Vagus nerve stimulation (VNS) is a promising immunomodulatory
Vagus nerve stimulation method that has shown positive effects in stroke including protection, anti-apop anti-
Inflammation

inflammation, antioxidation, reduced infarct volume, improved neurological scores, and promotion of M2
mieroglial polarization. In this review, we summarize the current knowledge about the vagus nerve's immu-
nomodulatory effects through the cholinergic anti-inflammatory pathway (CAP) and provide a comprehensive

assessment of the available experimental literature focusing on the use of VNS in stroke treatment.

1. Introduction

Stroke is a serious cerebrovascular event in which poor blood flow to
the brain causes cell death. The global prevalence is around 101.5
million; 76% of these causes are of ischemic etiology due to vessel
obstruction mainly by arterial thrombosis or embolization from the
heart (Foulkes et al., 1988; Virani et al., 2021). The remaining stroke
cases (24%) are of hemorrhagic etiology mainly due to vessel or cerebral
aneurysm rupture resulting in intracerebral (ICH) or subarachnoid
hemorrhage (SAH) (Foulkes et al., 1988; Virani et al., 2021). It is also a
major cause of premature death as it rep ts the second cause
of death worldwide with 6.6 million deaths every year (Virani et al.,
2021; Kim et al., 2020). 3.3 million individuals died of ischemic stroke;
2.9 million of ICH; and 0.4 million of SAH (Virani et al., 2021),

Inflammation plays a crucial role in the pathophysiology of stroke.
Despite the differences in the pathophysiology of ischemic and hemor-
rhagic stroke, the inflammatory response is quite similar regardless of
the stroke type (Aronowski and Zhao, 2011; Chen et al., 2015).
Ischemia, blood extravasation, and direct tissue damage pose strong pro-
inflammatory signals. They induce endothelial cells, microglia, and as-
trocytes to start producing pro-inflammatory mediators and adhesion
molecules. Pro-inflammatory cytokines activate leukocytes in the blood
circulation and the spleen, chemokines attract them to the site of the
injury, and adh molecules mediate their rolling, activation, stable
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arrest, and transmigration (Ren et al., 2011). To manage the injury,
infiltrating leukocytes produce large amounts of pro-inflammatory me-
diators, cytotoxic molecules, reactive oxygen, and nitrogen species
which results in collateral damage of surrounding cells (neurons, glia,
and endothelial cells) as well as extracellular matrix (Aronowski and
Zhao, 2011; Chen et al., 2015; Jelinek et al., 2021).

The inflammatory response is a physiological process that is neces-
sary for the elimination of harmful stimuli and the starting of the healing
processes, therefore the inflammation is to a certain extent essential for
tissue reparation after stroke (Xiong and Yang, 2015). However, pa-
thologies like major ischemia, trauma, or shock may be associated with
the deregulation of inflammatory response causing further damage to
the already serious initial pathology (Duris and Jurajda, 2020; Lu,
2009). Targeting inflammation after stroke is thus a highly sought-after
topic in both clinical and experimental research (Dziedzic, 2015).

The vagus nerve (VN, cranial nerve X, Latin: nervus vagus, wandering
nerve), a mixed nerve with efferent fibers that are primarily cholinergic,
participates in the pathophysiology of stroke through its anti-
inflammatory, neuroprotective, and immunomodulatory effects. The
VN is involved in regulating the autonomic, cardiovascular, respiratory,
gastrointestinal, immune, and endocrine systems (Berthoud and Neu-
huber, 2000). Thus consequently, the VN regulates heart rate, blood
pressure, vascular resistance, airway diameter, respiration, digestion,
peristalsis, and release of enteroendocrine mediators (Berthoud and
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Neuhuber, 2000). After stroke, the VN can be activated, leading to a
decrease in inflammation and improved neurological function.

Vagus nerve stimulation (VNS) is a therapeutic technique that in-
volves electrically stimulating the vagus nerve, VNS works by stimu-
lating the VN to release neurotransmitters, such as acetylcholine and
norepinephrine, which have a variety of effects, including anti-
inflammatory properties, modulating the immune system, inhibiting
pain signals, regulating mood and anxiety, and improving cognitive
functions.

The goal of this review is to summarize the basic characteristics of
the cholinergic anti-inflammatory pathway (CAP), describe vagus nerve
stimulation (VNS) as a promising immunomodulatory method that
could be used to regulate inflammation and give a systematic list of
studies where VNS was used to treat stroke.

2. The vagus nerve role in the immune system

The vagus nerve modulates the immune response in two main ways:
(1) the afferent vagus nerve fibers interacting with the anti-
inflammatory hypothalamic-pituitary-adrenal (HPA) axis, and (2) the
efferent vagus nerve fibers activating the cholinergic anti-inflammatory
pathway (CAP) (Fig. 1).

2.1. The afferent vagus nerve and HPA axis pathway

The afferent vagus nerve is a major component of the anti-
inflammatory hypothalamic-pituitary-adrenal (HPA) axis pathway.
The vagus nerve is an integral part of the neuro-endocrine-immune axis,
providing neural, behavioral, endocrine, and immune responses as a
part of first-line innate defense against infection/inflammation (John-
ston and Webster, 2009). The VN is particularly sensitive to pro-
inflammatory cytokine levels, such as interleukin (IL)-1p, IL-6, and
tumor necrosis factor (TNF)a (Hosoi et al., 2005). These cytokines are
released by macrophages and other immune cells in various

Adrenal glands
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inflammatory conditions such as sepsis (Hosoi et al., 2005).

The afferent VN fibers are outfitted with IL-1p receptors at the par-
aganglia level. They convey the information to the nucleus of the soli-
tary tract. There, neurons based in the A2 noradrenergic group are
activated and project information to the parvocellular zone of the par-
aventricular nucleus of the hypothalamus (nucleus paraventricularis
hypothalami) around corticotropin-releasing hormone (CRH)-containing
neurons. The CRH neurons stimulate hypophysis to release the adreno-
corticotropic hormone (ACTH) which stimulates the release of gluco-
corticoids by the adrenal glands to decrease peripheral inflammation
(Bonaz et al, 2016). Thus, making up the hypothalamic-pituitary-
adrenal axis and giving the VN anti-inflammatory properties.

Furthermore, the HPA axis can also be activated by circulating pro-
inflammatory cytokines on the circumventricular organs (Buller,
2001). These structures are located outside of the blood-brain barrier
(BBB) and stimulate nearby neurons to activate the CRF neurons of the
paraventricular nucleus, hence also activating the HPA axis (Buller,
2001).

2.2, The efferent vagus nerve and the CAP

Another anti-inflammatory pathway that the VN is involved in is the
cholinergic anti-inflammatory pathway. Essentially, it is a vago-vagal
reflex, where afferent VN fibers activate efferent VN fibers. The anti-
inflammatory effect is due to the release of acetylcholine (ACh) at the
distal end of the VN. ACh inhibits the release of pro-inflammatory cy-
tokines such as IL-1p, IL-6, and TNFx by macrophages and other immune
cells. It is mediated through the connection of ACh with «-7-nicotinic
acetylcholine receptors (a7nAChR) which can be found on macro-
phages. This connection is called the cholinergic anti-inflammatory
pathway (CAP).

CAP is a physiological mechanism by which the central nervous
system controls immune response and regulates inflammation (Rosas-
Ballina and Tracey, 2009). Targeting CAP is a promising way of

Pituitary gland

Splemc nerve

CD4+ T cells

Fig. 1. Diagram of HPA axis and cholinergic anti-inflammatory pathway. «7nAChR - @-7-nicotinic acetylcholine receptor; ACTH - Adrenocorticotropic hormone; CAP
- Cholinergic anti-inflammatory pathway; CRH - Corticotropin-releasing hormone; HPA axis - Hypothalamic-pituitary-adrenal axis; NTS - nucleus of the solitary tract;

TLRs - Toll-like receptors; VN - Vagus nerve.
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immunomodulation that attenuates inflammation without causing
immunosuppression (Tracey, 2009).

3. Cholinergic anti-inflammatory pathway (CAP)

Three main components play a role in the complex mechanism by
which the CAP functions, the vagus nerve, spleen, and the a7nAChR.

3.1. Vagus nerve in CAP

The vagus nerve can be activated by inflammatory inducers (e.g.
LPS) and inflammatory cytokines (Hosoi et al., 2005; Goehler et al.,
1997). Based on the central processing of information about inflam-
mation, the activity of the sympathetic and parasympathetic nervous
system is modulated (Tracey, 2009; Pongratz and Straub, 2014). Both
sympathetic and parasympathetic nervous cooperates and acts as one
functional unit in which the overall response depends on the ratio be-
tween sympathetic and parasympathetic activity. Increasing the tone of
the sympathetic nervous system promotes a pro-inflammatory response,
whereas increasing the tone of the parasympathetic nervous system has
anti-inflammatory properties. In severe conditions (such as stroke or
sepsis), there is a massive activation of sympathetic activity, which
promotes deregulation of the inflammatory response (Tracey, 2009).

3.2. Spleen

Spleen is a major part of the immune system thus it plays an
important role in the inflammatory response (Offner et al., 2006). The
spleen acts as a leukocyte reservoir, so they can be released in response
into the bloodstream and transported to the affected area (Pennypacker,
2014; Swirski et al., 2009). The spleen is essential for the CAP, which
was demonstrated in animals with splenectomy, where vagus nerve
stimulation or pharmacological stimulation of the a7nAChR failed to
attenuate inflammation (Huston et al., 2006). Interestingly, there is no
direct link between the VN and the spleen. The parasympathetic nervous
system regulates spleen activity by regulating the sympathetic nervous
system activity via the celiac ganglia (ganglia coeliaca) and the splenic
nerve, which are part of the sympathetic nervous system (Rosas-Ballina
et al., 2008). The VN and CAP are associated with a7nAChR and the
parasympathetic nervous system, whereas sympathetic activity is asso-
ciated with adrenoreceptors. 32 adrenergic receptors are essential for
anti-inflammatory response to VNS, which was proven using p2 adre-
noreceptor knock-out mice (Vida et al., 2011). It was also shown that p2
signaling is moderated by splenic CD4+ T-cells and a particular subset of
these splenic CD4+ T-cells can produce acetylcholine (Vida et al., 2011;
Rosas-Ballina et al., 2011). Acetylcholine binds to a7nAChR on splenic
macrophages and results in the inhibition of the production of TNFa and
other cytokines (Murray and Reardon, 2018).

In summary, it seems that the signaling between the VN and splenic
leukocytes starts with the VN (parasympathicus, acetylcholine), which
through the celiac ganglia regulates the activity of the splenic nerve
(sympathicus, norepinephrine). The splenic nerve then modulates the
activity of splenic T-lymphocytes through the p2 adrenoreceptor and
these lymphocytes produce acetylcholine which has an anti-
inflammatory effect on splenic macrophages via their a7nAChR, inhib-
iting the release of TNFu and other pro-inflammatory cytokines.

3.3. a7nAChR signaling

a7nAChR (a7 receptor) is a type of nicotinic acetylcholine receptor
(Millar, 2003). It is a ligand-gated calcium ion channel which consists of
five transmembrane subunits (Millar, 2003). It is a homopentamer
composed of five o7 subunits (Millar, 2003). Natural agonists are for
example acetylcholine (ACh), choline, and nicotine, a positive allosteric
modulator is, for instance, ivermectin, and antagonists include com-
pounds such as ethanol or a-bungarotoxin (Clarke, 1992; Krause et al.,
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1998).

o7nAChR is expressed on several immune cells, including macro-
phages, lymphocytes and endothelial cells (Clementi et al., 2000). In the
CNS, a7nAChR can be found on astrocytes, microglia, endothelial cells
and neurons (Huston et al., 2006; Clementi et al., 2000; Sharma and
Vijayaraghavan, 2001; Shytle et al., 2004). In neurons, a7nAChR ap-
pears to have a critical role in memory, learning and attention (Berg and
Conroy, 2002; Yakel, 2014). Its localization can be presynaptic/peri-
synaptic, in which case a7nAChR modulates signal transduction; or
postsynaptic, where it generates excitatory responses (Berg and Conroy,
2002).

On a molecular level, «7nAChR interacts with three primary
signaling pathways, which regulate a wide range of cellular activities
and physiological processes. These signaling pathways are: 1) JAK2/
STAT3/NFxB; 2) JAK2/PI3K/Akt; and 3) ERK/PKA. Through the
network of complex and overlapping signal transductions, a7nAChR is
involved in various cascades that have anti-inflammatory, anti-oxida-
tive, and anti-apoptotic effects (Fig. 2).

Typically, stimulation of a7nAChR increases intracellular levels of
calcium ion (Ca®"), because as mentioned the a7nAChR serves as an ion
channel (Fucile, 2004). Ca®" can then activate phosphatidylinositol-3-
kinase (PI3K) and phospholipase C (PLC) (Blanchet et al., 2006).
These two proteins have profound effects on inflammatory pathways.

NFxB is an important protein complex involved in the transcription
control of many inflammatory mediators, like IL-1p, IL-6, and TNFa. It
can be activated in response to several cellular processes such as stress,
cytokines, reactive species, oxidation, and viral or bacterial antigens
(Liu et al., 2017).The activation of NFkB involve ubiquitination of IkB,
which is one of the most important inhibitors of NFkB (Rioux and Cas-
tonguay, 2000). NF-kB predominantly exists as a heterodimer of p50 and
p65 subunits., that are usually sequestered in the cytoplasm by a family
of inhibitory proteins. Once the inhibitor is disintegrated, p50 and p65
subunits get released and translocated to the nucleus where they regu-
late the transcription of NFxB-related genes (Rioux and Castonguay,
2000). The interaction between NFxB and a7nAChR is based on
a7nAChR ability to prevent IkB breakdown, which in turn prevents the
nuclear translocation of p65 and/or p50 (Saced et al., 2005).

Another important nuclear factor modulated by «7nAChR signali-
zation is nuclear factor erythroid 2-related factor 2 (Nrf2), which is a
transcription factor involved predominantly in response to oxidative
stress. Kelch-like ECH-associated protein 1 (Keap1) is the main negative
regulator/repressor of Nrf2. Cullin 3 ubiquitinates Nrf2, while Keapl
was reported to be a substrate adaptor protein that facilitates protea-
somal degradation (Cuadrado et al., 2019). Keapl contains highly
reactive cysteines that upon modification prevent Keap1 from targeting
Nrf2 (Cuadrado et al., 2019). Nrf2 is then quickly translocated to the
nucleus. It binds to antioxidant response elements (ARE), thus regu-
lating the transcription of ARE genes (Cuadrado et al., 2019), a7nAChR
activation induces Nrf2-dependent expression of heme oxygenase-1
(HO-1), which is an antioxidant enzyme involved in heme group
degradation (Funes et al., 2020; Navarro et al., 2015). a7nAChR agonists
can be used to upregulate Nrf2 and associated antioxidant genes (Patel
et al, 2017). Also, astrocytes lacking Nrf2 have reduced anti-
inflammatory response to a7nAChR stimulation (Patel et al., 2017).

The strongest anti-inflammatory effects show signalization via JAK/
STAT pathway. This cascade involves three main components: Janus
kinase (JAK), signal transducer and activator of transcription proteins
(STAT), and receptor. This pathway participates in inflammation and
immune response. However, STAT3 signaling typically promotes anti-
oxidative and anti-apoptotic pathways. It has been shown that JAK2
can be recruited to the a7 subunit of the nicotinic acetylcholine receptor,
which, in turn, phosphorylates STAT3 (de Jonge et al., 2005). Simul-
taneously, STAT3 phosphorylation can also be dependent on activation
of many other kinases, such as PI3K or mitogen-activated protein kinase
(MAPK) (Tanaka et al., 1999). Most of them function side-by-side with
JAK2 and are sensitive to intracellular levels of Ca®*. As mentioned,
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a7nAChR is an ion channel and activator of JAK2. Thus, a7nAChR can
manipulate with JAK2/STAT3 signaling through multiple mechanisms
(Maldifassi et al., 2014; Park et al., 2008). Moreover, it has been shown
that STAT3 signalization may have a dual effect in inflammation
potentially activating pro-inflammatory as well as anti-inflammatory
pathways (Park et al., 2008).

a7nAChR signaling associated with JAK2/STAT3/NFkB was shown
to have anti-inflammatory effects by decreasing the production of pro-
inflammatory cytokines and adhesive molecules (Saeed et al., 2005;
de Jonge et al., 2005; Wang et al., 2003).

a7nAChR signaling associated with JAK2/PI3K/Akt and ERK1/2/
PKA was shown to have anti-apoptotic effects by decreasing expression
of pro-apoptotic proteins like cleaved caspase 3, Bax or GSK-3f and
increasing expression of anti-apoptotic proteins Bel-2, Additionally,
GSK-3p regulates the expression of its downstream protein p-catenin, an
important regulator of intercellular junction structure, which affects
blood-brain barrier integrity and permeability (Dajas-Bailador et al.,
2002; Krafft et al., 2012; Egea et al., 2012). Anti-oxidative effects can be
also linked to JAK2/PI3K/Akt/Nrf2/HO-1 and JAK2/STAT3/NFxB
pathway via increased expression of antioxidants such as HO-1, super-
oxide dismutase, and glutathione peroxidase, and decreased expression
of superoxide producing NADPH oxidase (Egea et al., 2012; Han et al.,
2014; Parada et al., 2010).

4. Vagus nerve stimulation (VNS)
Vagus nerve stimulation similarly to pharmacological stimulation of

a7nAChR stimulation may be a promising method of controlling
inflammation.

4.1. Direct and indirect VNS

Vagus nerve stimulation (VNS) is a promising therapeutic approach
that stimulates the a7nAChR and activates the cholinergic anti-
inflammatory pathway. It has immunomodulatory properties by which
it attenuates inflammation without causing immunosuppression
(Tracey, 2009). As mentioned above, it prevents the systemic release of
pro-inflammatory cytokines, thus it has an anti-inflammatory effect.
Furthermore, it has also been shown to have anti-apoptotic, anti-
oxidative properties and prevent hypotension (Kanashiro et al., 2017).

It has been shown that the VN plays a crucial role in anti-
inflammatory signaling. Blockage of VN signaling in vagotomized ani-
mals or ®7nAChR-deficient animals results in aggravated levels of pro-
inflammatory cytokines and accelerated shock development,
compared to the control (Wang et al., 2003; Borovikova et al., 2000).

Vagus nerve stimulation can be performed by direct stimulation of
the VN. This is a method that requires an invasive surgery. A more recent
approach focuses on indirect stimulation of the skin area which is
innervated by VN. The external ear (concha and external auditory
meatus) is the only area of the skin that is innervated by the VN (He
et al., 2013; Frangos et al., 2015; Huston et al., 2007). Therefore, it is
often called transcutaneous auricular vagus nerve stimulation (taVNS).
Indirect stimulation and taVNS were shown to ameliorate inflammatory
response (Zhao et al., 2012). There is also so-called transcutaneous VNS
(tcVNS) where the cervical branch of the VN is stimulated indirectly
through the skin (Yap et al., 2020). tcVNS seems to be a safe and feasible
method in the setting of acute ischemic stroke (Arsava et al., 2022).

The clinical applicability of VNS on humans is limited by the inva-
siveness of the surgical procedure that is required for a direct VNS.
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Furthermore, the surgical approach requires anesthesia, which limits
successive use of this technique, and anesthetic drugs interfere with
neuronal activity and exhibit anti-inflammatory properties (Kanashiro
et al,, 2017), Therefore, the real VNS effect may not be properly
represented.

4.2. Experimental and therapeutic potential of VNS

The vagus nerve stimulation has been in clinical use since 1997 when
it was approved by the FDA for the treatment of pharmacoresistant
epilepsy. Since then, more than 100, 000 patients have been implanted
with vagus nerve stimulation devices (Ben-Menachem et al., 1994;
Gonzalez et al., 2019). Furthermore, in 2005 VNS was approved by the
FDA for treatment of chronic or recurring depression (Bajbouj et al.,
2010; Johnson and Wilson, 2018). The specific mechanisms of the VNS
effect in patients with epilepsy and depression are not fully understood,
however it is possible that VNS modulates regional cerebral blood flow,
helps with changes in neurotransmitter concentrations, and ensures the
synchronization of the electric activity of the brain (Milby et al., 2008).

The use of VNS has since been investigated in experimental animal
models and clinical trials for treatment of various conditions involving
the immune system. Most studies are conducted on rodents, rats, and
mice (Kwan et al., 2016). Experimental studies focus on a large range of
diseases such as obesity (de Lartigue, 2016; Gobel et al., 2017), diabetes
(Meyers et al., 2016) cardiovascular disease (Abraham and Smith, 2013;
Sabbah, 2011), autoimmune disorders (Koopman et al., 2017), irritable
bowel syndrome (Bonaz et al., 2021; Payne et al., 2019), inflammatory
bowel syndrome (Caravaca et al., 2022), neurodegenerative diseases
(Broncel et al., 2020), hypertension (Annoni et al., 2019; Gierthmuehlen
and Plachta, 2016), chronic pain (Chakravarthy et al., 2015), sepsis
(Kanashiro et al., 2017; Mihaylova et al., 2014) or stroke (Ay et al.,
2009; Hiraki et al., 2012; Jiang et al., 2014).

There are also clinical trials for stroke patients where both direct and
indirect vagus nerve stimulation is paired with rehabilitation for upper
limb motor functions (Dawson et al., 2021; Kimberley et al., 2018; En-
gineer et al,, 2019; Capone et al., 2017; Chang et al., 2021; Xie et al.,
2021); and where VNS is used to help with brain plasticity recovery after
ischemic stroke (Keute and Gharabaghi, 2021; Ma et al., 2019; Meyers
etal., 2018; Pruitt et al., 2021). We have not further focused on articles
concerning these pathologies, as this review is focused on VNS treatment
potential for primary stroke injury and inflammation.

Our search of the term “vagus nerve stimulation AND anti-
inflammatory effects” on clinicaltrials.gov, resulted in 9 registered
studies, one of which was actively recruiting and the rest terminated,
suspended or with an unknown status. In these clinical studies, the ef-
fects of VNS were investigated on pathologies such as Crohn’s disease,
postoperative ileus, rheumatoid arthritis, or systemic inflammation, The
results of these studies are either unknown or equivocal. A search with
terms “vagus nerve stimulation” AND “stroke” was also conducted but
no studies were found.

VNS has been a successful and useful clinical treatment option for
epilepsy and depression. There is substantial evidence that VNS may
help in overcoming autonomic nervous system disorders (e.g. heart
rhythm disorders, blood pressure) or inflammatory conditions. The re-
sults of the experimental animal studies are promising, however further
research, data analysis, and successful translation into clinical research
are still needed. Systemic approach and standardization in experimental
design and reporting are needed to help with reproducibility; consid-
eration of the effect gender can have on inflammation (Mabley et al.,
2005); developmental stages; and diverse animal models could help to
fully understand and harness the potential of vagus nerve stimulation as
a treatment option.
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5. Vagus nerve stimulation in stroke treatment - a systematic
review

This systematic review section was written using published articles
that examined the use of VNS on stroke. A search of electronic databases
SpringerLink, ScienceDirect, and PubMed/Medline was conducted. The
research terms used were 1) “vagus nerve stimulation™ OR VNS AND
stroke; 2) “vagus nerve stimulation” OR VNS AND “cerebral ischemia™;
3) “vagus nerve stimulation” OR VNS AND “subarachnoid hemorrhage™;
4) “vagus nerve stimulation” OR VNS AND “intracerebral hemorrhage™.
We have found 215 articles with these search terms. Articles were
excluded if they were irrelevant to this review's topic (e.g. not focusing
on the use of the immunomodulatory properties of the VN such as the
recovery of upper limb motor functions); were reviews, meta-analyses,
comments, editorials; were in a different language than English. After
this exclusion, we were left with 32 articles. The results of these studies
are summarized in Table 1.

As mentioned above, we have not found any clinical trial that would
attempt to use VNS anti-inflammatory properties in stroke treatment.
Within the experimental articles, 32 studies focused on the use of VNS in
ischemic stroke (both transient and permanent) and one study focused
on subarachnoid hemorrhage. For ischemic stroke, the middle cerebral
artery occlusion model was used in all included studies. For subarach-
noid hemorrhage, it was elastase injection. We have not found any
studies where VNS was used in the treatment of intracerebral
hemorrhage.

Cervical (direct) VNS, trans-cutaneous (indirect) VNS, and trans-
auricular (indirect) VNS were used in experimental stroke treatment.
Cervical VNS was used in 24 studies, transcutaneous VNS in 6, and trans-
auricular VNS in 5 studies. The reason that the sum of VNS methods used
exceeds the number of studies is the fact that Lindemann et al. (2020)
used four different experimental settings as indicated in Table 1.

The effects of VNS on stroke in these experimental studies showed a
variety of effects; among others neuroprotection (Ay et al., 2011; Chen
et al., 2018; Jiang et al., 2016; Li et al., 2020a); anti-apoptotic (Jiang
et al., 2014; Jiang et al,, 2015a; Xu et al.,, 2018; Zhang et al., 2017;
Zhang et al., 2021b; Zhao et al., 2019), anti-inflammatory (Jiang et al.,
2014; Ay et al., 2011; Ay etal., 2015; Ay et al., 2016; Karson et al., 2013;
Chen et al., 2018; Jiang et al., 2015a; Jiang et al., 2015b; Jiang et al.,
2016; Li et al., 2020a; Li et al., 2020b; Lindemann et al., 2020; Lu et al.,
2017; Ma et al., 2016; Suzuki et al., 2019; Tang et al., 2022; Xiang et al.,
2015; Xu et al., 2018; Yang et al., 2018; Zhang et al., 2017; Zhang et al.,
2021b; Zhang et al., 2022; Zhao et al., 2019; Zhao et al., 2022) and anti-
oxidative effects (Meyers et al., 2018; Karson et al., 2013; Chen et al.,
2018; Jiang et al., 2015a; Li et al., 2020b; Liu et al., 2023; Suzuki et al.,
2019); reduced infarct volume (Ay et al., 2009; Hiraki et al., 2012; Jiang
etal.,, 2014; Ay et al,, 2011; Ay et al., 2015; Ay et al., 2016; Karson et al.,
2013; Chen et al., 2018; Jiang et al., 2015a; Jiang et al., 2015b; Jiang
et al., 2016); improved neurological deficit scores (Ay et al., 2009;
Hiraki et al., 2012; Jiang et al., 2014; Ay et al., 2011; Ay et al., 2015; Ay
et al., 2016; Karson et al., 2013; Chen et al., 2018; Jiang et al., 2015a;
Jiang et al., 2015b; Jiang et al., 2016; Li et al., 2020b; Liu et al., 2023;
Lindemann et al., 2020; Liu et al., 2016; Lu et al., 2017; Ma et al., 2016;
Sun et al., 2012; Suzuki et al., 2019; Tang et al., 2022; Xiang et al., 2015;
Zhang et al., 2017; Zhang et al., 2021a; Zhang et al., 2021b; Zhang et al.,
2022; Zhao et al., 2019); and promotion of M2 microglial polarization
(Zhang et al., 2022; Zhao et al., 2019; Zhao et al., 2022).

The most commonly used parameters of VNS are initiation of stim-
ulation 30 min after ischemia, with 30 s of stimulation every 5 min for 1
h and electrical parameters of 20 Hz and current of 0,5 mA.

The most commonly used animals were unsurprisingly rats and mice,
but gerbils were also used.

6. Future directions

There are several things that future vagus nerve stimulation research

166




M. Jelinek et al. Experimental Neurology 372 (2024) 114628

Table 1
A summary of articles from our systematic research. ¢VNS — cervical vagus nerve stimulation; MCAO — middle cerebral artery occlusion; SAH — subarachnoid hem-
orrhage; taVNS — trans-auricular vagus nerve stimulation; tcVNS — transcutaneous vagus nerve stimulation.

Article Animal VNS Stroke type Stroke model Stimulation Stimulation Timepoint Markers Effect
model type parameters description
(time;
frequency; el.
current)
VNS initiated 30
min after

ischemia; group 1:
30 s stimulation at
every 30 min for 3

Ischemic h; group 2: 30 s
Ay et al., stroke - 30 s; 20 Hz; stimulation every Infarct volume; Smaller ischemic lesion;
2009 Rats CcVNS transient MCAO 0,5 mA 5 min for 1 h 24h Neurological score better functional score
Neuroprotection after
ischemic brain injury is
not mediated by changes
in CBF; stimulation of both
the right and left vagus
VNS initiated 30 nerve have comparable
min after effects, VNS is effective
Ischemic ischemia; 30 s after ipsilateral and
Ay etal, stroke - 30 s; 20 Hz; stimulation every 24h; 3 Infarct volume; CBF; contralateral focal
2011 Rats C¢VNS transient MCAO 0,5 mA 5 min for 1 h days Neurological score ischemia
VNS initiated 30
min after
Ischemic ischemia; 30 s
Ay etal, stroke - 30's; 20 Hz; stimulation every Infarct volume; Reduced infarct volume;
2015 Rats taVNS  transient MCAO 0,5 mA 5 min for 1 h 24h Neurological score better neurological score

nVNS inhibits ischemia-
induced immune
activation and reduces the
extent of tissue injury

and functional deficit in
rats without causing
cardiac or hemodynamic

Ischemic ischemia; 2 min adverse effects when
Ay et al., stroke - 2 min; 25 Hz; stimulation every Infaret volume; initiated up to 4 h after
2016 Rats tcVNS  transient MCAO 72V 10 min for 1 h 7 days Neurological score MCAO
VNS initiated 10
min before
Karson Ischemic ischemia and Infarct volume;
etal., stroke - 30 s; 20 Hz; 1 continued for 30 30 min; 24 neurological score; Antioxidative properties of
2013 Rats CcVNS transient MCAO mA min of reperfusion  h MDA, SOD, GSH 'VNS; smaller infarct area
VNS initiated 30
min after Smaller ischemic lesion;
Ischemic ischemia; 30 s Infarct volume; better functional score;
Hiraki et al., stroke - 30 s; 20 Hz; stimulation every neurological score; CBF in MCA area did not
2012 Rats VNS transient MCAO 0,5 mA 5 min for 1 h 21 days CBF differ between groups
The BBB permeability,

infarct volume, activation
of microglia and astrocytes
and oxidative stress
decreased in VNS treated
mice

and this neuroprotection
was associated with the
suppression of BBB
permeability,

VNS alleviated CMI and
this neuroprotection was

VNS initiated 30 associated with
min,1d,2d,3 suppression of BBB
Ischemic d after CMI; VNS permeability,
Chen et al., stroke - 30s; 5 Hz; for 30 s every 5 BBB permeability; neuroinflammation and
2018 Mice VNS transient MCAO 0,5 mA min for 1 h 36 days histology oxidative stress
Better neurological deficit
Neurological score, scores, reduced cerebral
infaret volume, infarct volume, and
poptosis number of
VNS initiated 30 (cleaved caspase-3, TUNEL positive cells; the
min after TUNEL); pro- levels of pro-inflammatory
Ischemic ischemia; 30 s inflammatory cytokines and cleaved
Jiang et al., stroke - 30 s; 20 Hz; stimulation every cytokines; a7nAchR, caspase 3 protein were
2014 Rats CcVNS transient MCAO 0,5 mA 5 min for 1 h 24h p-Akt significantly decreased,

(continued on next page)
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Table 1 (continued )

Article Animal VNS Stroke type  Stroke model Stimulation Stimulation Timepoint Markers Effect
model type parameters description
(time;
frequency; el.
current)
and the levels of a7nAchR
and phosphorylated Akt
were significantly
increased
VNS initiated 30
min after Infarct volume; Increased miR-210
Ischemic ischemia; 30 s neurological score; expression; decreased
Jiang et al., stroke - 30 s; 20 Hz; stimulation every miR-210; MDA, SOD, apoptosis; increased
2015a Rats CcVNS transient MCAO 0,5 mA S min for 1 h 24h GSH; TUNEL antioxidant stress response
PPARy diminished the
extent of ischemic infarct,
VNS initiated 30 PPARy; gical lleviated injury,
min after score; infarct volume;  and suppressed pro-
Ischemic ischemia; 30 s pro-infl v infl ¥ cytokine
Jiang et al., stroke - 30 s; 20 Hz; stimulation every cytokines (TNFa, expression and immune
2015b Rats cVNS transient MCAO 0,5 mA Sminfor1h 24h IL1B, IL6, HMGB1) cell activation
aVNS had significant

neuroprotective effects
and enhanced
angiogenesis;
improvements in the
behavioral scores and

brain histopathology,
VNS initiated 30 including increased levels
min after of microvessel density and
ischemia; 30 s endothelial cell
stimulation every proliferation surrounding
Ischemic S min for 1 h twice Infaret volume; the infarct area; BDNF,
Jiang et al., stroke - 30's; 20 Hz; daily until the 24 h; 21 neurological score; €eNOS and VEGF were
2016 Rats taVNS transient MCAO 0,5 mA time of sacrifice days BDNF, VEGF, eNOS expressed at higher levels
VNS initiated 30
min after Neuroprotection in the
ischemia; 30 s chronic phase of stroke;
stimulation every mRNA (a7nAchR, enhanced axonal
Ischemic 5 min for 1 h twice GAP43) cAMP, PKA, plasticity; activation of the
Lietal, stroke - 30 s; 20 Hz; daily until the p-CREB, axonal BDNF/cAMP/PKA/p-
2020a Rats taVNS  transient MCAO 0,5 mA time of sacrifice 28 days plasticity CREB
VNS initiated 30 Upregulated PPAR-y7
min after expression; better
ischemia; 30 s neurobehavioral recovery,
stimulation every alleviated neuronal injury,
Ischemic Smin for 1h twice PPARy; neurological reduced infarct volume,
Lietal, stroke - 30 s; 20 Hz; daily until the score; infarct volume;  and increased
2020b Rats taVNS  transient MCAO 0,5 mA time of sacrifice 28 days BDNF, VEGF, P-eNOS  angiogenesis
VNS decreased the levels
of pro-inflammatory
phenotype markers iNOS
Infarct volume, and TNFa and increased
ioral the ion of
VNS initiated 30 assessment; iNOS, regulatory phenotype
min after TNFs, TGFb, TLR4, markers Argl and TGFp
Ischemic ischemia; 30 s MyD88, NFkB, Argl, through activating
Liuetal., stroke - 30 s; 20 Hz; stimulation every 1,235 IL-10, IL-1B, CD206, a7nAchR; phenotypic
2023 Rats VNS transient MCAO 0,5 mA 4 min for 1 h days CDh86 microglial conversion
Reduced the frequency of
SDs in the cortical peri-
Infaret volume, infarct area compared to
VNS initiated 30 behavioral tests sham VNS, without
min after (Garcia), affecting relative blood
Lindemann Ischemic ischemia; 30 s pulsoxymetry, blood flow changes, blood
et al., stroke - 30 s; 25 Hz; stimulation every pressure pressure, heart rate or
2020 Rats VNS permanent MCAO 0,5 mA 5 min for 1 h 3 days measurement breathing rate

Reduced the frequency of
SDs in the cortical peri-

Infarct volume, infarct area compared to
behavioral tests sham VNS, without
(Garcia), affecting relative blood
Lindemann Ischemic ischemia; VNS for pulsoxymetry, blood flow changes, blood
etal, stroke - 2 min; 25 Hz; 2 min repeated pressure pressure, heart rate or
2020 Rats VNS permanent MCAO mA unknown  once after 15 min 3 days measurement breathing rate

(continued on next page)
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Table 1 (continued )

Article Animal VNS Stroke type  Stroke model Stimulation Stimulation Timepoint Markers Effect
model type parameters description
(time;
frequency; el.
current)
Infarct volume, Cortical stroke volume was
VNS initiated 30 behavioral tests reduced; stroke volume in
min after (Garcia), the basal ganglia remained
Ischemic ischemia; 30 s pulsoxymetry, blood unchanged; motor
etal, stroke - 30 s; 25 Hz; stimulation every pressure outcome was improved 2
2020 Rats cVNS transient MCAQ 0,5 mA Sminfor1h 3 days measurement days after transient MCAQ
Cortical stroke volume was
reduced; stroke volume in
the basal ganglia remained
Infarct volume, unchanged; motor
VNS initiated 30 behavioral tests outcome was improved 2
min after (Garcia), days after transient MCAO,
Lindemann Ischemic ischemia; VNS for pulsoxymetry, blood but was similar to sham
etal., stroke - 2min; 25 Hz; 2 min repeated pressure VNS animals 3 days after
2020 Rats tcVNS transient MCAO mA unknown once after 15 min 3 days ischemi;
VNS initiated 30
min before
occlusion and just
after MCA
Ischemic reperfusion; 3 § Behavioral
Liu et al., stroke - 35; 20 Hz; 1 on, 3 s off for total experiments (Morris Improved spatial memory;
2016 Rats CVNS transient MCAO mA of 10 min 16 days ‘water maze) improved fear memory
Improved neurological
VNS initiated 30 Infarct volume; function and reduced
min after neurological score; cerebral infarct volume;
Ischemic ischemia; 30 s protein levels enhanced levels of
Luetal, stroke - 30520 Hz;  stimulation every (a7nAChR, p-JAK2, a7nAchR, p-JAK2, and p-
2017 Rats VNS permanent MCAO 0,5 mA 5 min for 1 h 24h p-STAT3 STAT3
Improved neurobehavioral
recovery, upregulated
cerebral GDF11 and
VNS initiated 30 downregulated splenic
min after GDF11, ALKS; GDF11; increased
Ischemic ischemia; 30 s 24h; 3 behavioral i ion of ALKS in ECs
Ma et al,, stroke - 30s; 20 Hz; stimulation every days; 7 function; EC and stimulated
2016 Rats t@aVNS  transient MCAO 0,5 mA 5 min for 1 h days proliferation proliferation of ECs
Occlusion of
the bilateral
Masada Ischemic common
etal, stroke - carotid 3min; 40Hz; VNS for 3 min Reduced neuronal cell
1996 Gerbils C¢VNS transient arteries 0,1 or0,2mA  during ischemia 5 days Neuronal density death in hippocampus
VNS during ischemia
Occlusion of rescued hippocampal
the bilateral neurons from ischemic
Miyamoto Ischemic common Glutamate release, insult; VNS affects both
etal, stroke - carotid 5 min; 40 Hz; VNS for 5 min hippocampal blood glutamate release and CBF
2003 Gerbils VNS transient arteries 0,4 mA during ischemia 7 days flow, hyperemia in ischemia.
VNS initiated 30
min after
Ischemic ischemia; 30 s Ischemic lesion volume
Sun et al., stroke - 30 s; 20 Hz; stimulation every Infaret volume, was smaller; better
2012 Rats CVNS transient MCAO 0,5 mA 5 min for 1 h 24h neurological score functional scores at 24 h
VNS initiated 30 Ischemic lesion volume
min after was smaller; no
Ischemic ischemia; 30 s statistically significant
Sun et al., stroke - 30 s; 20 Hz; stimulation every Infarct volume, differences in the
2012 Rats CVNS permanent MCAO 0,5 mA 5 min for 1 h 24h neurological score neurobehavioral scores
In lower SAH grades VNS
significantly reduced
aneurysm rupture rate; in
VNS initiated 24 h higher SAH grades VNS
after SAH; 2 min significantly improved the
Intracranial stimulation survival rate; VNS
Aneurysm repeated twice 5 mRNA (IL1B, IL6, significantly improved the
Suzuki Model - min apart once 21 days or iNOS, MMP9, MCP1);  survival rate; chronic daily
etal., elastase 2 min; 25 Hz; daily until severe neurological VNS reduced MMP-9
2019 Mice tcVNS SAH injection mA unknown euthanasia signs examination expression
VNS initiated 30
min after NLRP3 VNS inhibited the
Ischemic ischemia; 30 s infl; pression of pyroptosis-
Tang et al., stroke - 30s; 20 Hz; stimulation every neurological score; related molecules and
2022 Rats cVNS transient MCAO 0,5 mA Sminforlh 3 days TUNEL; decreased the number of

(continued on next page)
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Table 1 (continued )
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Article Animal VNS Stroke type  Stroke model Stimulation Stimulation Timepoint Markers Effect
model type parameters description
(time;
frequency; el.
current)
inflammatory pyroptotic cells and
cytokines membrane pores
VNS initiated 30
min after
ischemia;
aditional Reduced infarct volume,
stimulation at 12 improved neurological
h, 1,237, 14 Infaret volume, function, and decreased
Ischemic days after surgery; 12h;1d,2  neurological score, the expression levels of
Xiang et al., stroke - 30's; 20 Hz; 30 s stimulation d,3d,7d, pro-inflammatory tumor necrosis factor-o
2015 Rats VNS transient MCAO 0,5 mA everySminforlh  14d cytokines (TNFa, IL6)  and interleukin-6
Restored cognitive and
motor impairments;
VNS initiated 30 Infarct valume, significantly neurological
min after neural apoptosis, deficits; infract volume,
Ischemic ischemia; 30 s 1d,3d,7 inflammatory neural apoptosis and
Xu et al., stroke - 30 s; 20 Hz; stimulation every d,104d,14  secretion and inflammatory cytokines
2018 Rats CcVNS transient MCAO 0,5 mA 5 min for 1 h d,21d signaling pathway release
Significantly smaller
VNS initiated 30 infarct sizes; VNS
min after protected vascular tight
ischemia; total of Jjunction proteins from
Ischemic 5, 2 min disruption in microvessels,
Yang et al., stroke - 2 min; 25 Hz; stimulations, one Infarct volume, BBB and reduced expression of
2018 Rats tcVNS  transient MCAO mA unknown  every ten min 24h leakage MMP-2/9
The expression of L-PGDS
VNS initiated 30 Neurological score; increased; better
min after infarct volume; neurological deicit scores,
Ischemic ischemia; 30 s neuronal apoptosis reduced infarct volume,
Zhang et al., stroke - 30 s; 20 Hz; stimulation every 24h; 3 (Bax, Bel-2, cleaved and decreased neuronal
2017 Rats cVNS transient MCAO 0,5 mA Sminfor1h days caspase-3; L-PGDS apoptosis
VNS initiated 30 Promotion of M2
min after microglia polarization;
Ischemic ischemia; 30 s Infaret volume; inhibition of M1 microglia
Zhang et al., stroke - 30s; 20 Hz; stimulation every neurological score; polarization; inhibition of
2021a Rats VNS transient MCAO 0,5 mA 5 min for 1 h 3 days TLR4, MyD88, NFkB TLR4/MyD88/NFkB
VNS initiated 30
min after Infarct volume, Decreased infarct volume
Ischemic ischemia; 30 s neurological deficit, and suppresses
Zhang et al., stroke - 30 s; 20 Hz; stimulation every autophagy, and neurological; inhibited
2021b Rats C¢VNS transient MCAO 0,5mA Sminfor1h 24h apoptosis autophagy and apoptosis
Promation of the M1-to-
M2 phenotype conversion
VNS initiated 30 to alleviate inflammatory
min after response and brain injury
Ischemic ischemia; 30 s Infaret volume; through inhibition of
Zhang et al., stroke - 30s; 20 Hz; stimulation every neurological score; TLR4/MyD88/NF-kB
2022 Rats CcVNS transient MCAO 0,5 mA 5 min for 1 h 3 days TLR4, MyD88, NFkB pathway
Decreased infarct volume,
Unknown when improved neurological
was VNS initiated; Neurologieal score; outcomes, reduced
Ischemic 2 min stimulation infarct volume; apoptotic neurons;
Zhao et al., stroke - 2min; 25 Hz;  every 10 min for 1 1 apop p d microglial M2
2019 Mice tcVNS transient MCAO mA unknown h 3 days (Bax, Bcl-2) polarization
Promoted the secretion of
acetylcholine, inhibited
the secretion of
VNS ated 24 h interleukin-1p,
after ischemia; 30 interleukin-6, and tumor
Ischemic min stimulation necrosis factor-a, and
Zhao et al., stroke - 30 min; 10 once per days fora 24h; 7 Ach, IL1B, IL6, TNFa; reduced connexin 43
2022 Rats taVNS  transient MCAO Hz; 1 mA total of 7 days days connexin 43 phosphorylation

in the treatment of stroke (and other pathologies where inflammation
plays a central role) could focus on.

Firstly, even though hemorrhagic stroke accounts for approximately
a quarter of all stroke cases, VNS was only used by Suzuki et al. (2019) in
SAH. To our knowledge, there are no publications that would attempt to
use either direct or indirect VNS in intracerebral hemorrhage. It could be
beneficial to focus more on VNS as a treatment option for hemorrhagic

stroke.

The stimulation parameters and design also vary significantly.
Initiation of VNS ranges between 30 min after ischemia to 3 days. The
time of one uninterrupted stimulation varies between 30 s and 30 min.
The electrical parameters range between 10 and 40 Hz and 0,1 and 1 mA
(some studies included voltage as a parameter, but we do not deem this
to be correct because voltage is dependent on current as well as
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resistance, and resistance of the tissue can be variable with every
experimental unit). Thus, more standardized stimulation parameters
could help with reproducibility.

A period of 1 h of interrupted stimulation (30 s of stimulation, 5 min
apart for 1 h) was most commonly used. However, it is possible that the
VN gets depleted after such period and that desired anti-inflammatory
effects mediated by CAP are no longer present. The depletion of the
nerve would have to be studied.

Vagus nerve stimulation is undoubtedly intriguing method for
modulating inflammatory response. Nevertheless, there are certain
discrepancies between experimental and clinical studies. It is possible
that in highly inflammatory states (such as stroke) VNS will not be a
suitable therapeutic option, because promising results of experimental
studies have not yet been successfully translated into the clinical prac-
tice. Thus, VNS could pose as a supplementary treatment option and be
combined with other treatment strategies.

7. Conclusion

Vagus nerve stimulation is an interesting approach to modulating
inflammatory response. It has been focused on repeatedly in the stroke
context. In this review, we have described vagus nerve anatomy, its role
in the immune system, and mechanisms of the cholinergic anti-
inflammatory pathway. We have provided a summary of available
experimental literature focusing on vagus nerve stimulation as a thera-
peutic option in ischemic and hemorrhagic stroke and added ideas for
future research directions.
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5. Conclusion

Subarachnoid hemorrhage (SAH) is predominantly caused by the rupture of a cerebral aneu-
rysm, and it represents a severe medical condition associated with high morbidity and mor-
tality. There are several life-threatening complications associated with SAH, like acute hydro-
cephalus, rebleeding, or delayed cerebral ischemia (DCl).

DCl is a severe late complication, which affects approximately 30% of patients with SAH and
significantly contributes to worsening outcomes. Cerebral vasospasm was considered the
only cause of DCI however, DCI may occur independently of vasospasm development. The
concept of early brain injury (EBI) was elaborated to explain the pathophysiology of DCI. EBI
includes pathologies like transient global cerebral ischemia, oxidative stress, blood-brain bar-
rier disruption, brain edema, endothelial/neuronal apoptosis, and inflammation.

Inflammation plays a key role in the pathophysiology of SAH, interconnecting all EBI-related
pathologies. Inflammation is also associated with both DCI and cerebral vasospasm. One of
the most extensively studied proinflammatory markers associated with SAH is IL-6. IL-6 is as-
sociated with severity of SAH as well as with outcome. However, there is a high variability in
levels of IL-6 which is a problem for effective therapy targeting inflammation after SAH. Vagus
nerve stimulation is a promising way to activate CHAIP and control inflammation without a
risk of immunosuppression.
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