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Preface

It has been a long, winding, and mysterious way to get here.

The former, current, and future leaders have met at the 14th International Conference on
Neurovascular Events after Subarachnoid Hemorrhage or Vasospasm 2017 at the beautiful
Pacific Ocean Huntington Beach invited here by Prof. John Zhang to his neck of the woods
(Loma Linda University Health) to discuss “Subarachnoid Hemorrhage: Neurological Care
and Protection.”

It has been a long time since the first meeting in Jackson, Mississippi, in 1972 and even
longer from not always civilized public arguments among neurology and neurosurgery giants
about the existence and the role of delayed vasospasm on the outcome of an aneurismal rup-
ture. Fortunately, those altercations were “peacefully” settled by Bryce Weir’s (this meeting
Honorary Guest) seminal paper published in 1978, which through linking the presence of
delayed vasospasm with poor outcome had opened the door to the intensive all-over-the-world
research and led to organizing the international meetings, which since then have been taking
place on three continents at the different time intervals and which have been devoted to the
still-evolving ideas on pathomechanism, prevention, and treatment of vasospasm after aneuris-
mal SAH.

A little bit nostalgic, at the 14th International Conference on Neurovascular Events after
Subarachnoid Hemorrhage or Vasospasm 2017 at the Huntington Beach Resort, CA, 176 reg-
istrants from 14 countries (with an encouraging and importantly an increasing number of
women participants (29; 17%)) gathered to present and discuss their past, current, and future
research and share the experiences and anecdotes about the late and current leaders in the field
and their thoughts and opinions about past mistakes and successes while dealing with an aneu-
rismal subarachnoid hemorrhage and its effects on patients.

This book consists of 31 excellent papers selected from 167 oral and poster presenta-
tions exploring “known knowns, known unknowns,” as well as some “unknown unknowns”
in many fields integrated into preclinical and clinical research of events leading to and
evoked by an aneurismal subarachnoid hemorrhage. Put together, they provide in-depth
inside view of the current state of our knowledge and understanding of events before and
after intracranial subarachnoid hemorrhage and indicate the new directions in our long
pursuit of prevention and treatment of a devastating, despite being treatable, intracranial
aneurism rupture. We strongly believe that those proceedings not only will help the young
basic and clinical researchers to accrue good foundations for understanding
pathomechanism(s) of subarachnoid hemorrhage and vasospasm(s?) to proceed and/or
develop their own ideas and projects but also will facilitate opening of multipronged ven-
ues for further research.

We thank Dr. John Lenart, Ms. Shirley Jones, Ms. Sheila Risley, and Ms. Kathrine McAllister
from the Department of Anesthesiology and Ms. Olivia Portugal and Ms. Xiomara Pineda
from the Department of Neurosurgery for putting in an immense amount of time to set up all
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aspects of the meeting. The foundation they laid made this symposium possible. The last but
not by any means the least, our gratitude is extended to all members of the Organizing
Committee; Dr. Robert D. Martin, Chair of the Department of Anesthesiology, and Dr. Warren
Boling, Chair of the Department of Neurosurgery of Loma Linda University Health; medical
companies; and above all the participants!

Thank you and see you at the 15th Symposium at the Netherlands in 2019!

From the Organizing Committee
Loma Linda, CA, USA Ryszard M. Pluta
John H. Zhang
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Musings from an Old World of Thought

Like many new concepts in medicine, the idea that radiologi-
cally observable vasospasm after aneurysmal rupture might
be causally related to subsequent infarction and poor patient
outcome was initially greeted with skepticism but eventually
accepted with uncritical enthusiasm. It is rewriting history to
suggest that early neurosurgeons considered it to be the sole
cause of morbidity and mortality, although most agreed that
it was a major one. Some clinical practices actually magni-
fied the adverse consequences of vasospasm: performance of
operation in the time of evolving and maximum vasospasm,
deliberate hypotension, dehydration, deep hypothermia, the
use of antifibrinolytic agents, avoidance of ventricular drain-
age, rigid retractor systems with prolonged brain compres-
sion, sacrifice of draining veins and perforating arteries, and
failure to compensate for electrolyte abnormalities occurring
spontaneously or as a result of diuretics.

In the first instants of aneurysmal rupture, the die is cast
for most patients depending on the height of the intracranial
pressure. If the pressure remains sufficiently elevated, the
patient dies. There is a continuum in which the brain sustains
massive or trivial damage. Fluid can shift into the brain and
lungs. Infarcts can develop very early and may be clinically
and radiologically undetected for some time depending on
the assiduousness of the examiner and the sophistication of
the radiological equipment. Blood that is life-sustaining
within the brain’s vessels on the abluminal side becomes
life-threatening. All neural and vascular tissue is adversely
affected.

A key insight was that the time interval from aneurysmal
rupture to medical treatment and the “grade” at the time of
admission were important determinants of outcome. The
“grade” was shorthand for the cumulative damage sustained
by the brain to a certain point in time as evidenced in the
neurological examination.

The introduction of computed tomography added to our
knowledge of vasospasm. Larger clots in the subarachnoid
spaces result in a greater degree of radiologically observable
vessel narrowing. There was some confusion in the first
decades resulting from the use of the term vasospasm to
describe both the angiographically observed vessel narrow-
ing and the clinical syndrome of delayed ischemic neuro-
logical deficit. It has always been obvious that there are
many causes of delayed deficits and that delayed ischemic
neurological deficits from vasospasm alone was only one
(although an important one) of the etiologies.

Decrease in conducting large vessel diameter must be of a
sufficient degree to become hemodynamically significant as
critical closing pressures are reached, in the absence of ade-
quate compensatory collateral flow, in order to cause infarc-
tion. Vasospasm must be “severe” to cause sufficient

reduction in distal flow as evidenced by prolongation of cere-
bral circulation time and time-to-peak times and measure-
able falls in regional cerebral blood flow. The measurement
of time-to-peak and mean transit times in focal vascular ter-
ritories by noninvasive technologies will provide valuable
insights into the relative importance of intracerebral versus
extracerebral resistance to flow. Measurement of tissue oxy-
gen and glucose will be of importance when done
atraumatically.

Some degree of angiographic vasospasm is more com-
mon than delayed deficits from all causes that in turn are
more frequent than delayed ischemic deficits from vaso-
spasm alone that usually outnumber radiologically demon-
strable distal territorial ischemic infarcts. It has been known
for a long time that infarcts could also result from brain
shifts, venous obstruction, intravascular coagulation, emboli,
sulcal clots, hypoxia, hypotension, and hypoglycemia as
well as vasospasm.

It became possible to duplicate clinical and radiological
events in animals by the placement of large clots directly on
surgically exposed arteries, timely removal of these clots by
surgical means or pharmacological dissolution could abort
the subsequent development of vasospasm. Vasospasm is
apparently independent of vessel rupture or an episode of
greatly raised intracranial pressure. Clot placed on brain can
apparently cause small vessel spasm and cortical infarction.

Oscillating aortic pressure is the driving force for the
cerebral circulation. This is influenced by systemic blood
pressure and ventricular function. Friction and kinetic pres-
sure losses mount as the vessels become smaller. Most of the
pressure loss is probably in the precapillary small arterioles
and capillaries. The reduction in flow during “vasospasm”
will be influenced by factors in addition to the predominant
one—reduction in diameter of radiologically observable
arteries—such as length of the narrowed segment, density,
and viscosity of the blood, hematocrit, anatomy of vessels
leaving the involved segment, vasoconstriction of other ves-
sels providing resistance in series (distal) or in parallel (col-
laterals), and possible occluding pressures on bridging
draining veins. The efficiency of cerebral autoregulation by
intrinsic vasodilatation will counter proximal vasospasm and
will vary with the health and age of the brain. The oxygen
content of the reduced volume of circulating blood may be
increasingly drawn down as a compensatory mechanism.
However, at a certain point of critical vasospasm, it is inevi-
table that if flow falls sufficiently the survival of the cells and
neuropil served by the spastic vessel will be threatened. How
long the spasm lasts will play a role. The circle of Willis is
probably a more efficient source of alternate blood supply
than leptomeningeal collaterals.

Nimodipine was introduced because it was thought it
would prevent angiographic vasospasm. We showed this
does not occur. It was accepted as safe and efficacious never-
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theless and became standard of care in the early 1990s when
barriers to acceptance of new therapies were not what they
are today. Its concurrent use was generally permitted in sub-
sequent large drug trials with unknown interactions.

There are several possible explanations of why the
clazosentan study failed to demonstrate improved outcome
despite a significant reduction in vasospasm: too few cases;
too short a follow-up; errors in classification; very late MRI
was not employed; late neuropsychological assessment was
not done; the overwhelming importance of other unknown
factors such as deleterious side effects, efficacy of rescue
therapy, and inclusion of “moderate” vasospasm in which the
reduction in flow may not have been hemodynamically criti-
cal; or even a statistical fluke.

The mortality and serious morbidity from vasospasm has
fortunately fallen progressively since it was first described. It
is now at such a low rate that huge numbers of patients would

be required to definitively demonstrate efficacy of putative
treatments to prevent delayed ischemic deficits and infarcts
due to vessel narrowing. It is also apparent that the optimal
outcome assessment requires a long-term assessment both
psychologically and radiologically—not feasible in most
studies. Other sources of brain damage, particularly early,
are rightly being explored as are other means of delivery of
vasodilators. However, in my opinion it is premature to dis-
miss severe angiographic vasospasm as an independent
cause of cerebral infarction or to downplay it as an epiphe-
nomenon resulting from cortical spreading depression,
inflammation, thromboembolism, or some unknown process.
The “new world of thought” advocates should be careful
they do not throw out the baby with the bathwater.

Conflict of Interest The author declares that he has no conflict of
interest.
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Dawn

In the 1960s Professor Setsuro Ebashi, a physiologist from
the University of Tokyo, discovered calcium ion plays a piv-
otal role in muscle contraction for the first time. However, he
was confounded by icy neglect of the society of physiolo-
gists. The International Conference on Physiology was held
in Boston in 1962, and Dr. Ebashi and his coworker Dr. Anne
Mary Weber gave a talk about calcium signal which is a key
mechanism for regulating muscle contraction. Every single
attendant stood against their theory and even laughed at
them.

In the 1970s Dr. Koichi Yagi, a biochemist from Hokkaido
University, and Dr. Shiro Kakiuchi, a biochemist from Osaka
University, introduced calmodulin as an intracellular cal-
cium receptor which plays an important role in smooth mus-
cle cell contraction via activating myosin light chain kinase.
In 1969 a pioneer neurosurgeon, Jird Suzuki, Professor of
Tohoku University coined moyamoya disease that is caused
by obstruction of internal carotid artery bifurcation.
Moyamoya means a puff of cigarette smoke in Japanese. He
was a distinguished expert on aneurysm clipping and under-
went several thousands of cases. Dr. Suzuki was also a for-
mer officer of Japanese Navy and had an extraordinary visual
acuity good enough to clip aneurysms without microscope.
In the 1970s Keiji Sano, a professor of the University of
Tokyo, introduced early surgery of ruptured aneurysms and
promoted researches for the prevention of vasospasm after
subarachnoid hemorrhage (SAH). His group demonstrated
that the earlier the surgery is started within 3 days of SAH,
the less incidence of vasospasm was shown. Dr. Sano as a
mentor had inspired many neurosurgeons in Japan.
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Sunrise and Sunset

Professor Tomio Ohta, a composer of Vasospasm Research,
from Osaka Medical College founded Spasm Symposium in
1985. The organizing committee included Keiji Sano, Hajime
Handa from the University of Kyoto, Jiro Suzuki, Shozo
Ishii from Juntendo University, Haruhiko Kikuchi from the
University of Kyoto, and Kintomo Takakura from the University
of Tokyo. In the first symposium, Dr. Hiroki Ohkuma presented
“Changes of endothelial cells after vasoconstriction in feline
basilar artery,” Dr. Kenji Kanamaru ‘“Pharmacological evalu-
ation of endothelium-dependent relaxation (EDR) of canine
basilar artery,” Dr. Tomio Sasaki “SAH impairs endothelium-
dependent vasodilating mechanism,” and Dr. Hidetoshi Kasuya
“Eicosanoids of CSF in patients with SAH.” In 1986 the sec-
ond Spasm Symposium moved to Kyoto City from Osaka City.
Ordinarily Spasm Symposium was held in July, in which under
a hottest summer season, the discussion heated up. In addition
attendees enjoyed the Gion festival in July 17 to get rid of bad
luck collected by 33 floats. In the second symposium, Professor
Jiro Suzuki’s group advocated cervical sympathectomy to dilate
spastic cerebral arteries in SAH patients; however, the morbidity
and mortality of such procedure were unacceptably high. Thus
Professor Shozo Ishii criticized it as a dangerous procedure and
did not recommend it universally. We enjoyed discussions made
by famous professors who shouted and yelled occasionally. In
the third symposium in 1987, case reports of vasospasm with
uncertain causes were presented. The question was if a bunch
of case reports without statistical analysis was anecdotal. Dr.
Ohta remarked: “statistics look like young lady in bikini, it is
attractive but a truth is hided.” In the fourth symposium held in
1988, topics were angioplasty, clot removal, irrigation drainage
with urokinase and vitamin C, and intracisternal calcium antag-
onists. Clinical trials with small numbers of patients are under-
gone in each institute sporadically. In the fifth symposium held
in 1989, endothelin was the focus of discussion. Endothelin was
discovered by Professor Tomoo Masaki’s group from Tsukuba
University. It was an attractive idea for us that endothelin antag-
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onists could ameliorate vasospasm. Indeed, endothelin antago-
nist such as clazosentan prevented vasospasm in animal model
of SAH. Unfortunately its clinical trial was prematurely aborted
due to serious lung complications. In the sixth symposium held
in 1990, two special lectures were given: one was EDR factor
(EDREF) inhibition in vasospasm after SAH presented by Dr.
Pyo Kim from the University of Tokyo and the other was cere-
brovascular disorder and lipid peroxidation presented by myself
from Mie University School of Medicine. In the seventh sympo-
sium held in 1991, Professor Bryce Weir from the University of
Alberta came and presented with extensive study for aneurysm
pathology and related diseases. Trends in vasospasm research
were protein kinase C, endothelin, irrigation and drainage of
clots after SAH, and intracisternal urokinase and/or nicardipine.
Professor Namio Kodama from Fukushima University School of
Medicine was a pioneer of intracisternal thrombolysis by using
urokinase. Prevalence of vasospasm in his study was as low as
below 1%. In the eighth symposium held in 1992, Professor
Neal F. Kassell from the University of Virginia came and pre-
sented with pharmacological approaches for the treatment of
vasospasm. In the 11th symposium held in 1995, Professor Max
Findlay from the University of Alberta presented with random-
ized trial of intraoperative, intracisternal TPA for the prevention
of vasospasm. However, there was no significant difference in
occurrence of vasospasm between placebo and TPA groups. In
the 12th symposium held in 1996, Professor Joseph M. Eskridge
from the University of Washington presented with balloon
angioplasty for symptomatic vasospasm. From this symposium
some intra-arterial vasodilators, papaverine, AT877 (Eril®),
and PGE1, were introduced for the prevention of vasospasm.
Head shaking method was also introduced during irrigation and
drainage after SAH. The retrospective study demonstrated that
head shaking was effective in improving vasospasm, infarction,
and neurological outcome of patients with SAH. In the 16th
symposium held in 2000, the highlight of discussion was a Rho
kinase inhibitor, fasudil hydrochloride (Eril®), that had been
used in clinical trial for 5 years. The results were published in
the Journal of Neurosurgery by Drs. Masato Shibuya, Yoshio
Suzuki, Masakazu Takayasu, and Hiroyoshi Hidaka from the
University of Nagoya. Dr. Hidetoshi Kasuya presented with
intracisternal nicardipine pellets placed during surgery for the
prevention of vasospasm. 17th symposium joined up with Japan
Stroke Conference and Surgery for Cerebral Stroke Conference.
The organizing committee of Spasm Symposium worried about
shrinkage of prestige of Spasm Symposium. In the 18th sym-
posium held in 2002, the president was Professor Shigeharu
Suzuki from Hirosaki University School of Medicine. Professor
Bryce Weir came again and presented with cerebral vaso-
spasm—what is known, what is not. In the 20th symposium
held in 2004, the president was Dr. Yoshio Suzuki, a disciple
of Professor Kenichiro Sugita famous for his Sugita clip. He
devoted himself to education of neurosurgical practice in India
for years succeeding Dr. Sugita. It was with great sadness that

we learned of his sudden death from renal cancer in 2008. In
the 24th symposium held in 2008, the president was Professor
Isao Date from Okayama University. His group has published
extensive studies for vasospasm in basic science and clinical tri-
als. He is now the secretary of Spasm Symposium. In the 13th
symposium held in 2014, the president was Professor Hiroki
Ohkuma from Hirosaki University School of Medicine. He
and his colleague, Dr. Norihito Shimamura, published exten-
sive works for vasospasm in basic science and clinical trials.
Remarkably, they published in the Journal of Neurosurgery that
the local product of apple extracts (procyanidins) prevents vaso-
spasm. In the 31st symposium held in 2015, I served as the pres-
ident of the symposium. The place was of peace memorial as
the only city attacked by atomic bomb. The honored guest was
Professor R. Loch Macdonald from the University of Toronto.
My longtime colleague, Dr. Hidenori Suzuki, who became the
chairman of the Department of Neurosurgery, Mie University
School of Medicine, in 2014 supported my presidency. He was
also a member of research associates as a disciple of Professor
John Zhang in Loma Linda. Thirteenth International Conference
on Neurovascular events after subarachnoid hemorrhage held
in Karuizawa in 2015, president was Tomio Sasaki professor
emeritus University of Kyushu. The honored guest was Tomio
Ohta who gave an impressive talk about vasospasm research
(Fig. 1). In the last days of his life, he was so enthusiastic to

Fig. 1 Professor Tomio Ohta presented at Karuizawa
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develop limited hypothermia machine for cooling the brain.
Professor Tomio Ohta, born in 1931 and founder of Spasm
Symposium and chairman of the Department of Neurosurgery,
Osaka Medical College, died of pancreatic cancer on November
21,2016. He was not only a founder of Spasm Symposium but
also the chief editor of Textbook of Neurosurgery from its 1st

edition up to its 12th edition. Professor Tomio Ohta was coura-
geous, humble, and extremely gracious as he interacted with his
coworkers and followers throughout his life but especially in his
final year. And his legacy will live on forever within us.

Conflict of Interest We declare that we have no conflict of interest.
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Abstract Aneurysmal subarachnoid hemorrhage (aSAH)
remains a significant cause of stroke disability despite grad-
ual reductions in physical morbidity and mortality. Heparin is
an effective anti-inflammatory agent and may potentially pre-
vent delayed neurological injury in the days to weeks after the
hemorrhage. Various human studies have shown the safety of
a continuous infusion of low-dose unfractionated heparin in
the setting of subarachnoid hemorrhage as well as its efficacy
in minimizing delayed neurological deficits including symp-
tomatic cerebral vasospasm, vasospasm-related infarction,
and cognitive dysfunction. Studies have also shown mixed
results with low-molecular-weight heparin usage in this
patient population. Heparin treatment is not associated with
significant hemorrhagic complications; however, vigilance is
essential for early detection of heparin-induced thrombocyto-
penia in order to prevent devastating sequelae. Multicenter
randomized controlled trials are necessary for objective char-
acterization of the effects of heparin.

Keywords Low-dose IV heparin - Enoxaparin - Subarachnoid
hemorrhage

Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) remains a
significant cause of stroke fatality and physical disability,
despite some reductions in morbidity and mortality over the
past few decades. The risk of life-altering complications in
the form of debilitating psychosocial and cognitive impair-
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ments remains significant in up to 70% of patients who sur-
vive the initial bleed [1, 11]. Verbal and visual memory,
language, and executive function are the most commonly
impaired cognitive domains [9]. These impairments surface
in the days to weeks following aneurysmal repair and have
been postulated to be due to cerebral vasospasm, neuroin-
flammation, non-obstructive hydrocephalus, cerebral micro-
thrombi, cortical spreading depolarization, oxidative
damage, neuronal cell death, and white matter loss [3, 12—
14, 19, 20, 25]. A reported 59% of surviving patients never
return to their previous occupation, with an even larger
majority experiencing deficits in activities of daily living [1,
7]. No treatment strategies have yet proven the ability to pre-
vent neurocognitive impairments after aSAH.

Unfractionated heparin has been shown to be a promising
agent in preventing symptomatic cerebral vasospasm and vaso-
spasm-related infarction in the setting of aneurysmal subarach-
noid hemorrhage [16, 17]. In addition to its primary clinical
usage as an anticoagulant, heparin binding has been shown to
interfere with a significant number of other biological pathways
[16]. As a negatively charged glycosaminoglycan, heparin has
been shown to be involved in the prevention of neuroinflamma-
tion, myelin preservation, and inhibition of apoptosis [18, 23].
Such effects can be attributed to heparin’s high negative charge
density and strong affinity to bind positively charged molecules
such as plasma proteins, proteins released from platelets, cyto-
kines, chemokines, other small biologically active molecules,
as well as endothelial cells themselves [18, 23]. In this manu-
script, we briefly review the human studies that demonstrate
the effect of heparin on aSAH survivors.

Heparin and Subarachnoid Hemorrhage

Initial human studies investigated the role of enoxaparin
(low-molecular-weight fractionated heparin) in aneurysmal
SAH with mixed results. Citing cerebral vasospasm as the
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leading cause of fatalities and physical impairment after
subarachnoid hemorrhage, Wurm et al. sought to compare
exnoaparin’s abilities to reduce risk of vasospasm com-
pared to placebo [22]. One hundred twenty consecutive
patients with aSAH (Hunt-Hess I-III) were included after
aneurysm repair and were randomly allocated to either one
subcutaneous injection of 20 mg enoxaparin or placebo per
day for 21 days following SAH [22], Results of the study
revealed marked reduction in vasospasm-related infarction
(3.5% vs. 28.3%; p < 0.001), shunt-dependent hydrocepha-
lus (1.8% vs. 16.7% placebo; p = 0.019), and delayed isch-
emic deficits (DID) (8.8% vs. 66.7% placebo; p < 0.001).
At 1-year follow-up, patients in the enoxaparin group had
significantly better outcomes than the placebo group, sup-
porting the neuroprotective properties of low-molecular-
weight heparin [22].

This trial is in stark contrast to a previously conducted
double-blind randomized trial showing no effect of enoxapa-
rin on the outcomes of patients following subarachnoid hem-
orrhage [15]. One hundred seventy patients with aSAH
(WENS grades I-V) were enrolled within 48 h of aneurysm
repair. The main endpoint of the trial was neurological out-
come at 3 months and did not show any difference between
the placebo group and the enoxaparin group [15]. In addi-
tion, there was a slight increase in intracranial hemorrhagic
complications with no concomitant improvement in neuro-
logical outcome [15].

The conflicting data decreased the overall enthusiasm
generated by enoxaparin in the treatment of subarachnoid
hemorrhage.

Recently, a retrospective cohort study showed significant
benefits of unfractionated heparin (UFH) in Fisher grade 3
aneurysmal subarachnoid hemorrhage patients. Eighty-six
consecutive patients post aSAH were included in the study
evaluating the effects of a continuous infusion of low-dose
intravenous unfractionated heparin (LDIVH) on symptom-
atic cerebral vasospasm and delayed infarct [16]. All patients
were treated with craniotomy and surgical clipping of the
ruptured aneurysm at least 12 h prior to administration of
LDIVH. Forty-seven percent of patients in the control group
had symptomatic cerebral vasospasm as compared to 9% in
the heparin group (p = 0.0002). Patients in the heparin group
had significantly decreased vasospasm-related CT infarc-
tions as compared to the patients in the control group (0% vs.
21%, p = 0.003; Fig. 1). The study demonstrated the safety
and potential significant benefit of LDIVH in patients pre-
senting Fisher grade 3 aSAH.

In another retrospective review of 118 patients with
Fisher grade 2—4 aSAH, nimodipine compliance was evalu-
ated as a predictor of discharge to home. The patients were
divided into three groups: full dosing compliance, one or
more doses split to prevent nimodipine-induced hypoten-
sion, and missed dosing. Full dosing compliance in patients
co-treated with low-dose heparin infusion was found to be
associated with the highest odds of discharge to home (75%
who received all doses, 67% who received >1 split doses,
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Fig. 1 Adapted from Simard et al. [16]. Vasospasm-related outcomes.
Incidence of clinical vasospasm and CT infarctions in the control
(CTR) and heparin (HEP) groups. *** p = 0.0002; * p = 0.03

and 37% with >1 missed doses (p = 0.003)). This study
reinforces the importance of full dosing nimodipine compli-
ance and the potential association with improved disposi-
tion outcomes [21].

Bruder et al. conducted a retrospective review of 718
patients receiving treatment for aSAH from 1999 to 2014 to
evaluate the neuroprotective functions of intravenous unfrac-
tionated heparin. One hundred ninety-seven patients in this
cohort were treated with a continuous infusion of unfraction-
ated heparin following endovascular coiling of the aneurysm.
The rate of cerebral vasospasm was significantly reduced in
the heparin group compared with the control group (14.2% vs.
25.4%; p = 0.05) [2]. Duration of treatment was included as an
independent variable in heparin treatment. The neuroprotec-
tive effect of heparin was enhanced when the treatment was
continued for 7 days, but was not significant. About 66.8% of
patients who received therapeutic dosage of heparin post
aSAH achieved good modified Rankin scores (0-2) at
6 months [2]. In combination with the findings from Simard
et al., heparin was proven once again to be safe and potentially
efficacious in the treatment of aSAH with a secured
aneurysm.

Furthermore, James et al. evaluated a retrospective
cohort of 47 aSAH patients for cognitive outcomes based
on standard of care therapy versus LDIVH. The Montreal
Cognitive Assessment (MoCA) test was used to evaluate
the cognitive changes in aSAH patients treated with the
LDIVH protocol vs. controls. Patients in the heparin-
treated group had a mean MoCA score of 26.4, while those
in the control group scored 22.7 (p = 0.013, Fig. 2). Serious
cognitive impairment did not occur in the heparin-treated
cohort as opposed to the control group (0% vs. 32%;
p = 0.008). In their analysis, the authors showed that
LDIVH was associated with a positive influence on MoCA
score, while fevers and anterior communicating artery
aneurysms were associated with negative influences on
MoCA scores [8].

Table 1 is a summary of the main findings in all the human
studies of heparin in aSAH.
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Fig. 2 Used with permission from the Journal of Neurosurgery [8].
Box and whiskers plot showing the distribution of MoCA scores for
each treatment group. Solid horizontal line, median; dashed horizontal
line, mean. Note the tight packing and decreased variance of MoCA
scores in the LDIVH treatment group. Asterisk denotes significance
between the two groups (p = 0.013)

Complications of Heparin

Hydrocephalus is often considered a delayed neurological
deficit associated with aneurysmal subarachnoid hemor-
rhage. A ventriculostomy drain and a shunt for CSF diver-
sion are the two commonly accepted treatment modalities for
hydrocephalus. Ventriculostomy-related hemorrhages have
always been a concern in patients placed on IV heparin fol-
lowing aSAH. A retrospective review including 241 patients
over a 13-year period was conducted to study the risk of
hemorrhage and DVT for ventriculostomy patients on hepa-
rin prophylaxis [24]. Hemorrhages were labeled as major or
minor depending on the size and mass effect, while DVT
incidences were also noted. Among the 53 patients on pro-
phylactic IV heparin, three experienced minor hemorrhages
with no incidence of major hemorrhage. This study provided
more conclusive evidence that hemorrhages related to IV
heparin are rare and minor [24]. This was corroborated by
the study by Manoel et al., which showed that DVT chemo-
prophylaxis does not increase the risk of intracranial hemor-

Table 1 Review of studies available regarding the use of heparin in aneurysmal subarachnoid hemorrhage

Number of
patients
Author, (treatment, Primary outcome results (treatment vs.
year Study design control) Drug, dose, and route control)
Sironen Single-center, No significant difference in outcomes
etal., prospective, Enoxaparin 40 mg SQ QD between the control and the treatment
2003 [15] double-blind, RCT 170 (85, 85) Control: Saline group
Wurm Single-center, 117 (57, 60) Enoxaparin 20 mg SQ QD Cerebral vasospasm:
etal., prospective, Control: Saline Delayed ischemic deficit (8.8% vs.
2004 [22] double-blind, RCT 66.7%; p = 0.001)
Cerebral infarction (3.5% vs. 28.3%;
p=0.001)
Shunt-dependent hydrocephalus (1.8%
vs. 16.7%; p = 0.019)
Overall outcome (GOS) at 1 year
following SAH (4.39 vs. 4.02; p = 0.017)
Simard Single-center, 86 (43, 43) LDIVH (started at 8 U/kgh and increased to 9,  Clinical vasospasm (9% vs. 47%;
etal., retrospective and 10-12 U/kg/h at 12, 24, and 36 h after p =0.0002)
2013 [16] analysis craniotomy, respectively) maintained for Vasospasm-related CT infarct (0% vs.
12—-16 days after ictus 21%; p = 0.003)
Control: UFH 5000U SQ BID Discharge home (62.8% vs. 40.5%;
p=0.05)
Wessel Single-center, 118 (20, 6,92) LDIVH infusion protocol, and Nimodipine Discharge home (75% vs. 67% vs. 37%;
etal., retrospective 60 mg PO Q4H beginning within 96 h of ictus  p =0.003)
2017 [21]  analysis continued until discharge or up to 21 days (if
SBP < 90 mmHg, change in dosing to 30 mg
Q2H)
Bruder Single-center, 394 (197, 197) LDIVH infusion (goal PTT 60 s) for 1-7 days ~ Severe vasospasm (14.2% vs. 25.4%;
etal., retrospective following endovascular treatment p =0.005)
2017 [2] analysis (matched Control: LMWH 40 mg SQ QD
pair analysis)
James Single-center, 47 (25, 22) Maryland LDIVH infusion protocol [16] Cognitive outcome (MoCA) at
etal., retrospective >3 months after treatment (26.4 vs. 22.7
2018 [8]  analysis p=0.013)

MoCA <20 (0% vs. 31.8%; p = 0.008)

RCT randomized control trial, GOS Glasgow Outcome Score, SAH subarachnoid hemorrhage, mRS Modified Rankin Scale, LDIVH low-dose
intravenous heparin, UFH unfractionated heparin, CT computed tomography, LMWH low molecular weight heparin, MoCA Montreal Cognitive

Assessment
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rhage in the setting of aSAH [10]. However, the authors
cautioned against the usage of IV heparin with dual anti-
platelet therapy due to significant concerns of an induced
bleeding diathesis [10].

In addition to hemorrhagic complications, heparin-
induced thrombocytopenia is a potentially fatal complication
associated with a significant decrease in platelet count fol-
lowing multiple day exposure to intravenous heparin [5]. The
incidence of heparin-induced thrombocytopenia type I (HIT
IT) ranges between 0.2 and 3% and has been reported to raise
the risk of thrombotic events in patients with this autoim-
mune disorder [4]. HIT II is characterized by antibodies
directed against complexes that form between heparin or
other anionic mucopolysaccharides and platelet factor 4, a
heparin-binding protein released by activated platelets [6].
Despite a higher incidence of HIT in patients with cerebro-
vascular neurologic disease, careful daily monitoring of
platelet count allows early detection and treatment of HIT
with cessation of the heparin infusion [6].

Conclusion

Intravenous unfractionated heparin is a neuroprotective agent
in aSAH with proven safety and effectiveness in humans.
Multicenter randomized controlled trials are needed to defini-
tively demonstrate the various neuroprotective effects of hepa-
rin in patients with aSAH. The Aneurysmal Subarachnoid
Hemorrhage Trial Randomizing Heparin (ASTROH) is a
phase 2 randomized multicenter trial with blinded adjudica-
tion of outcomes and is currently enrolling subjects to evaluate
LDIVH in aSAH patients (NCT02501434). Additional evi-
dence supporting the safety and effectiveness of LDIVH in
aSAH may help direct future phase 3 studies that could poten-
tially prove heparin is beneficial allowing its acceptance as a
standard treatment for aneurysmal subarachnoid hemorrhage
survivors.

Conflict of Interest RFJ is the study chair for ASTROH, a phase 2
clinical trial evaluating heparin treatment in aneurysmal subarachnoid
hemorrhage. We delare that we have no other conflicts of interest with
the contents of this manuscript.
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Subarachnoid Hemorrhage-Related Epilepsy

Warren Boling and Lydia Kore

Abstract Epilepsy is a significant worldwide public health
problem that leads to reduced quality of life and negative
psychosocial consequences and significantly increases mor-
tality rates in those who are affected. The development of
epilepsy from subarachnoid hemorrhage (SAH) has an
important negative impact on long-term survival, functional
status, and cognitive recovery in patients following aneurys-
mal rupture. Anticonvulsant medication (AED) administra-
tion to prevent the development of epilepsy following SAH
is controversial, and studies to date have not shown effective-
ness of AED use as prophylaxis. This paper reviews the
pathophysiology of SAH in the development of epilepsy, the
scope of the problem of epilepsy related to SAH, and the
studies that have evaluated AED administration as prophy-
laxis for seizures and epilepsy.

Introduction

Epilepsy affects many people worldwide representing 0.6% of
the global burden of disease as measured by disability-adjusted
life years [18]. In North America the prevalence rate is esti-
mated to be 10/1000 [9]. However, in the severely under-
resourced regions of the world such as sub-Saharan Africa,
epilepsy prevalence is much higher. For example, epilepsy
prevalence in East Africa has been estimated to be as high as
13% [13]. Worldwide including North America, poverty has
been strongly linked with elevated epilepsy prevalence [4].
Most people with epilepsy (PWE) will have their seizures
controlled with medication. However, a surprisingly large
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population (about 30%) of PWE will be refractory to medica-
tion, so-called medically intractable epilepsy (MIE). MIE is
defined by the International League Against Epilepsy as the
failure of two or more antiepileptic medications (AEDs) to
control the seizures [16]. Despite the currently approximately
20 medications available in the United States and Europe for
epilepsy, only 2 need to be tried and failed to meet the defini-
tion of intractability. If two or more AEDs have failed to stop
the epilepsy, the opportunity of any new medication or combi-
nation of medications to stop the epilepsy is less than 5% [15].

Individuals with MIE are found to have reduced health-
related quality of life, and MIE is associated with significant
negative psychological and social consequences including
lower education levels, lower rates of employment, social
isolation, and stigma [2, 5, 7].

MIE results over time in morbidity of cognitive decline
due to recurrent seizures and significantly increases the mor-
tality rate of individuals with epilepsy. The cognitive conse-
quence of MIE is most commonly seen in patients with
temporal lobe epilepsy that particularly negatively impacts
memory function. A decline in declarative memory is thought
to result from excitotoxic injury to the mesial temporal lobe
structures, which often manifests neuroanatomically as an
atrophic hippocampus [8]. Epilepsy is a dangerous disease
that has a mortality rate 2.3 times that of age-matched con-
trols in the general population. Most striking however are
individuals with MIE who are exposed to a risk of death 4.69
times the general population [26]. The excess mortality is
mostly due to sudden unexpected death in epilepsy (SUDEP),
trauma, and other injuries.

The Epileptic Focus

A seizure results from paroxysmal depolarization, which is
an exaggeration of the normal neuronal depolarization. This
occurs when a predominance of glutaminergic excitation
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Fig. 1 The figure illustrates a conceptual framework for the initiation
and propagation of a seizure. Cell A represents an epileptic pyramidal
neuron; discharges will capture cell B via excitatory recurrent collateral
connections. When many cells like A and B fire synchronously, an epi-
leptic spike appears on EEG. Inhibitory interneurons (dark round cells)
become activated and turn off cells A and B as well prevent spread of
the seizure discharge to neurons in the surrounding cortex (cell C).
Reprinted by permission of Oxford University Press, USA. From
Lothman EW, Collins RC. Seizures and Epilepsy. In: Neurobiology of
Disease: Seizures and Epilepsy edited by Pearlman and Collins (1990)
Fig. 1 pp. 276-298

overcomes the surrounding GABAergic inhibition (Fig. 1).
The limbic structures including basal forebrain and mesial
temporal lobes are the most susceptible brain regions to epi-
leptogenesis, and these supratentorial bases of the brain
regions are most likely to be involved by an anterior circula-
tion aneurysmal subarachnoid hemorrhage due to the close
proximity to the circle of Willis (Fig. 2).

Different factors related to SAH can induce the changes
required in the cortex that will lead to cortical hyper-
excitability. One of the most important contributors to injury
and neuronal hyper-excitability is the breakdown products of
subarachnoid hemorrhage, predominantly Fe compounds
derived from hemoglobin. Free iron is a potent oxidizer that
damages cell membranes due to creation of reactive oxygen
species, peroxidation damage to cell membrane lipids, pro-
duction of free radicals, and injury to oxidant-sensitive cel-
lular enzymes such as Na, K-ATPase [25]. Yip and Sastry
studied the effects of hemoglobin and its degradation prod-
ucts (hemin and iron) on synaptic transmission in a rat model
[31]. While hemoglobin did not appear to produce signifi-
cant effects on synaptic transmission, both hemin and iron
were shown to have significant effect on neuronal function
by depressing the excitatory postsynaptic potential. In hem-
orrhagic stroke or intracerebral hemorrhage, iron released
from the hemoglobin that has leaked out of the neurovascular
space is a potent oxidative metabolite that produces free radi-
cals which ultimately leads to neuronal cell death [23].

Fig. 2 View of a fixed and injected brain from the orbital frontal sur-
face looking posteriorly. The normal relationship of internal carotid
artery and circle of Willis vascular structures that lie adjacent to the
highly epileptogenic limbic brain structures of the mesial temporal and
orbital frontal regions is visualized. 74 fusiform gyrus of the temporal
lobe, rh rhinal sulcus, Ent entorhinal sulcus (most anterior extent of the
parahippocampus), Un uncus, /II oculomotor cranial nerve, /CA inter-
nal carotid artery, PCA posterior cerebral artery, PCOM posterior com-
municating artery, OPT optic chiasm, BA basilar artery

Additionally, iron compounds, such as FeCl3, have been
commonly used in animal models of epilepsy due to their
highly epileptogenic effect when injected into the animal
hippocampus and cortex [27, 30].

Brain injury of any type leads to an increase in permeability
of the blood-brain barrier and neuroinflammatory responses
[1]. Subarachnoid hemorrhage and blood breakdown products
result in oxidative stress due to overproduction of reactive
oxygen species, which in turn incite a neuroinflammatory
reaction. Neuroinflammation results from a myriad of media-
tors released from the injured blood vessels and immune cells
of the body that responds to injury. The resulting inflammatory
process is a powerful epilepsy inducer that contributes to not
only epileptogenesis but drug resistance as well in animal
models [29]. And a number of anti-inflammatory drugs have
been found to reduce experimental model epilepsy seizure fre-
quency and/or seizure duration as well as mitigate experimen-
tal epileptogenesis [28]. Many human epilepsy syndromes are
being recognized to be mediated by neuroinflammation result-
ing in an increase in immune-modulating therapies benefitting
human epilepsy as well [14].

Subarachnoid Hemorrhage-Related Epilepsy

The risk of developing epilepsy after SAH has been analyzed
in two large population-based studies. The cumulative inci-
dence of epilepsy in a Finnish population served by one ter-
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tiary hospital was found to be 8% at 1 year after hemorrhage
and increased to 12% after 5 years [11]. Olafsson et al. in an
Iceland population-based study identified that 25% of indi-
viduals with ruptured aneurysmal SAH developed epilepsy
[20]. The actuarial risk of epilepsy was 18% by the first year,
23% by the second year, and 25% by the fifth year in survi-
vors of SAH. Aneurysm location most associated with the
development of SAH-related chronic epilepsy is middle
cerebral artery at the M1 branch and artery bifurcation [11].
Severe Hunt and Hess scores as well as intraventricular hem-
orrhage elevate the risk of having a seizure after SAH [21].
Also, the degree of neurological impairment and presence of
an acute seizure soon after the time of SAH have been identi-
fied as factors increasing the risk of chronic epilepsy [20].

The development of epilepsy from subarachnoid hemor-
rhage has an important impact on the cognitive recovery and
long-term survival of the patient after aneurysm rupture. In one
population study of individuals admitted to an Eastern Finland
hospital and alive at least 12 months after subarachnoid hemor-
rhage, Jukka Huttunen et al. analyzed epilepsy-related long-
term mortality [12]. Using cox regression analysis of risk factors
of mortality from ruptured intracranial aneurysms, the authors
identified that acute seizures occurring within 1 week after
admission had no significant relationship with death. However,
death at over 12 months after subarachnoid hemorrhage was
highly correlated with SAH-related chronic epilepsy.

Seizures following SAH more commonly occur acutely
during hospitalization and may be identified in as many as
10-20% of patients who suffer from SAH and are mostly
nonconvulsive [10]. Barret Rush et al. queried a nationwide
inpatient database to evaluate the association between sei-
zures and mortality in patients with aneurysmal subarach-
noid hemorrhage [24]. The presence of seizures during the
hospital stay among several other variables was identified to
be a factor significantly associated with mortality, and in
those patients who survived hospitalization, having a seizure
increased the patients’ hospital length of stay. The overall
burden of number of seizures experienced in SAH-related
nonconvulsive epilepsy was found by De Marchis et al. to be
highly associated with functional and cognitive decline [6].
The authors identified in SAH patients who underwent con-
tinuous EEG monitoring during the hospital stay, the detec-
tion of any seizure on EEG was associated with more than
threefold elevated odds of unfavorable outcome at 3 months
in functional status and cognitive abilities.

AED Prophylaxis

AED prophylaxis is a topic of both interest and controversy.
Due to the high seizure risk observed following SAH and
the unfavorable outcome associated with seizures, preven-

tion should be an important part of treatment to reduce dis-
ability and death. However, prophylactic anticonvulsant
medications have performed poorly and not substantially
reduced the incidence of early or late seizures and epilepsy
after SAH [22].

Raper et al., after reviewing seizures following aneu-
rysmal SAH, determined there was no significant differ-
ence in the incidence of early or late seizures in
individuals who received AEDs compared to those who
received no AEDs [22]. Similarly, Panczykowski et al.
analyzed the use of prophylactic AED administration fol-
lowing spontaneous subarachnoid hemorrhage [21]. This
study identified the risk of clinical or electrographic sei-
zures was significantly associated with severe Hunt-Hess
score and intraventricular hemorrhage. However, the
incidence of seizures did not vary significantly based on
the use of AED prophylaxis, and a propensity score-
matched analysis suggested patients who received pro-
phylactic AED had a similar likelihood of suffering
seizures as those who did not. After adjustment for Hunt-
Hess score, cisternal SAH burden, and intraventricular
hemorrhage, the multivariable regression analysis did not
reveal prophylactic AED therapy to be a significant pre-
dictor of seizure risk; likewise, timing of prophylactic
AED administration and duration of treatment did not
impact seizure risk.

Despite a lack of evidence of efficacy, anticonvulsants
are often prescribed to patients as seizure prophylaxis. Of
the anticonvulsant therapies available, phenytoin has his-
torically been administered for seizure prophylaxis after
SAH, though current practice is trending toward the use of
levetiracetam. However, adverse effects of AEDs may out-
weigh benefit in preventing seizures. Naidech et al. studied
the use of phenytoin in SAH patients [19]. The use of phe-
nytoin was associated with poor functional and cognitive
outcome in a dose-dependent manner following subarach-
noid hemorrhage at 14 days. The higher phenytoin dose
burden increased the odds of poor functional outcome at
14 days. The higher quartile of phenytoin dosage was also
associated with worse cognitive status scores both at dis-
charge and at 3 months.

The newer anticonvulsants have also been implicated
in worse functional outcome when prescribed as seizure
prophylaxis in SAH. Human et al. identified in a random-
ized open-label trial of levetiracetam use as prophylaxis
in SAH patients that administration of medication during
the entire hospitalization resulted in significantly reduced
functional status compared to patients that stopped medi-
cation after 3 days from admission [10]. In an animal
model of neuroinflammation type of epilepsy, exposure to
levetiracetam increased the number of seizures and sei-
zure burden of the epileptic mice that was cumulative over
time [3].
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Abstract Mechanisms governing cerebral aneurysm (CA)
formation, progression, and rupture remain incompletely
understood. However, understanding such mechanisms is
critical to improving treatment for patients harboring CA. In
vitro studies facilitate dissecting molecular mechanisms
underlying vascular pathology and allow screening of thera-
pies that can be subsequently explored in vivo. Cerebral vas-
cular smooth muscle cells (VSMC) are an important
constituent of the vessel wall, and phenotypic modulation of
these cells to a pro-inflammatory, pro-matrix remodeling phe-
notype appears to be important in CA pathology. We have
taken a reductionist approach using cultured cerebral VSMC
to further explore CA biology. We describe techniques for
culturing cerebral VSMC and outline experimental approaches
incorporating these cells to study CA biology.

Keywords Vascular smooth muscle cells - Cell culture -
Cerebral aneurysm - Phenotypic modulation - Inflammation

Introduction

Cerebral aneurysms (CA) remain a devastating disease
despite intense research interest and clinical focus.
Approximately 2-3% of the population harbors unruptured
CA [7]. Rupture of CA produces subarachnoid hemorrhage
(SAH) which unfortunately continues to be associated with a
poor outcome. More than 10% of patients with ruptured CA
die before receiving medical attention, and up to 40% die in
the hospital. Furthermore, only 25% of those surviving for
more than 1 month recover completely [6, 19]. There are
approximately 30,000 ruptures per year in the United States
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(6-9 per 100,000) although this may be fivefold higher in cer-
tain populations [18]. Although SAH accounts for 3—11% of
all strokes, this devastating disease accounts for more than
one-quarter of potential life years lost through stroke [10, 26].

There is much that is unknown about the basic biology of
CA. For example, consider the following case illustration. A
47-year-old female presents with sudden severe headache. A
non-contrast head computed tomography (CT) demonstrates
subarachnoid hemorrhage predominantly in the right sylvian
fissure and carotid cistern (Fig. 1a). The patient undergoes
uncomplicated coil embolization of a right posterior com-
municating artery aneurysm (posttreatment angiogram
shown Fig. 1b). At this time, two other unruptured aneu-
rysms were found on the left internal carotid artery angio-
gram including a left anterior choroidal artery aneurysm and
left middle cerebral artery aneurysm (Fig. 1c). The patient is
lost to follow-up. Five years later she presents with another
SAH (Fig. 1d). A new angiogram demonstrates that the rup-
ture source is a right carotid bifurcation aneurysm (Fig. le).
In retrospect, there was a tiny bump at this location 5 years
earlier. However, according to our current understanding, the
larger previously documented left-sided aneurysms should
have ruptured. Hence, despite the technological advances in
this field, research efforts are still needed to precisely predict
the risk of rupture and to better understand the mechanisms
of origin and growth of aneurysms. Such understanding will
facilitate selecting which patients to treat when an unrup-
tured CA is found and also allow the development of nonin-
vasive or minimally invasive therapies for CA. Currently,
there is no known medical therapy for CA.

Vascular Smooth Muscle Cells

Vascular smooth muscle cells (VSMC) are highly special-
ized in mature animals whose principal function is to regu-
late the attributes of blood vessels in the body, thus having a
vasoregulatory role. However, VSMC, unlike other smooth
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muscle cells (SMC), retain remarkable plasticity and can
undergo profound, reversible changes in phenotype in
response to environmental cues. During development, VSMC
undergo a phenotypic switch, changing into a differentiated
state where its primary function is contraction to regulate
vascular tone and blood pressure. This state is characterized
by expression of SMC marker genes, including smooth mus-
cle myosin heavy chain (SM-MHC), SM-22a, and SM
a-actin. Environmental factors such as cigarette smoke [22,
25] can induce phenotypic modulation in producing VSMC

characterized by a pro-inflammatory, pro-matrix remodeling
phenotype with reduced expression of VSMC marker genes
and concomitant induction of pro-inflammatory and pro-
matrix remodeling genes.

We and others [3, 20, 21, 23, 24] have demonstrated that
SMC marker gene expression is subject to complex combi-
natorial controls. CArG elements are found in the promoter
and/or intronic regions of SMC marker genes and are critical
in the regulation of SMC marker gene expression [16, 17,
29]. Compelling evidence has demonstrated that SMC

Fig.1 (a) Non-contrast head CT of a 47-year-old female demonstrates
subarachnoid hemorrhage, predominantly in the right sylvian fissure
and carotid cistern. (b) Posttreatment angiogram of uncomplicated coil
embolization of a right posterior communicating artery aneurysm. (c)
Two other unruptured aneurysms on the left internal carotid artery

angiogram, including a left anterior choroidal artery aneurysm and left
middle cerebral artery aneurysm, were found at the time of ICA aneu-
rysm coiling. (d) Another SAH presented in patient 5 years later. (e)
New angiogram demonstrating right carotid bifurcation aneurysm as
rupture source
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marker genes are activated through CArG-dependent mecha-
nisms and that myocardin plays a key role as a transcrip-
tional coactivator of the CArG element [15, 27].
Atherosclerotic lesions are found in all cerebral aneurysms
[5, 8, 11], and the role of SMCs in the pathogenesis of ath-
erosclerosis has been well stablished [3]. Genetic lineage
tracing has shown that VSMC phenotypic switching results
in less-differentiated forms that lack VSMC markers includ-
ing macrophage-like cells, and this switching directly pro-
motes atherosclerosis [1]. In addition, VSMC proliferation
may be beneficial throughout atherogenesis, not only in
advanced lesions, whereas VSMC apoptosis, cell senes-
cence, and VSMC-derived macrophage-like cells promote
inflammation [3].

Based upon the above, we have hypothesized that VSMC
phenotypic modulation plays a critical role in CA pathogen-
esis. The differentiated cerebral VSMC, in response to envi-
ronmental cues, undergoes phenotypic modulation to a
pro-inflammatory state that ultimately degrades the vessel
wall, leading to CA formation and rupture. In addition, a ter-
minal fate for certain VSMC may be apoptosis which further
weakens the vessel and/or aneurysm wall. This has been the
subject of numerous studies from our group [2, 4, 20, 24].

In Vitro VSMC Culture Model to Study CA
Biology

Given the unique plasticity of VSMC and the established
importance of VSMC phenotypic modulation in vascular
disease, we have incorporated VSMC culture in our studies
of CA pathogenesis. This reductionist approach allows us to
efficiently investigate molecular mechanisms that may be
important in CA pathogenesis in vivo and also facilitates
screening of candidate therapeutic agents or approaches that
may translate to in vivo models.

We have established cerebral VSMC primary cultures
from rodents (mice and rats) and have more recently utilized
human VSMC (Fig. 2). For primary rodent cultures, cerebral
blood vessels are harvested from the circle of Willis of three
7-week-old Sprague-Dawley rats. The vessels are placed in
cold Hank’s balanced salt solution (HBSS), and the connec-
tive and arachnoid tissues are removed. The processed vessel
segments are then placed in culture dishes containing enzyme
solution (collagenase II 1 mg/mL, soybean trypsin inhibitor
1 mg/mL, and elastase 0.744 U/mL in HBSS) for 2 h. Next,
vessels are washed in media to inactivate the enzymes and
then plated in 60 mm collagen I-coated culture dishes con-
taining growth medium [Dulbecco’s Modified Eagle
Medium/F12 media (20% FBS and 1% anti-anti)]. Cells are
allowed to grow in a humidified atmosphere of 95% air and
5% CO, and passaged at 70-80% confluence. Cells are

Fig. 2 Differentiated cerebral VSMC cultured from cerebral blood
vessels and harvested from the circle of Willis from 7-week-old
Sprague-Dawley rats. Image was collected using an Olympus 1X73
inverted microscope

weaned to 10% FBS after passages 3—-5. For experiments,
cells are starved for 2 h in serum-free media with supplement
[DMEM/F12 L-ascorbic acid (200 pM), apotransferrin
(5 pg/mL), and selenium selenite (6.25 ng/mL)]. They are
subsequently treated with the desired stimulus or stimuli
(e.g., TNF-a).

We have previously shown that TNF-« plays a role in the
mechanism of aneurysm formation and rupture. It increases
the permeability of the aneurysm wall via cytokine cascades
and induces the migration of macrophages and/or neutrophils
to inflamed endothelial cells. Furthermore, it contributes to
phenotypic modulation of VSMC characterized by downreg-
ulation of contractile proteins (SM-MHC, SM-a-actin,
SM-22a) and upregulation of matrix metalloproteinases
(MMPs) and other inflammatory mediators [2]. Dimethyl
fumarate (DMF) (BG-12, Tecfidera) is an oral fumaric acid
ester (FAE) that exhibits immunomodulatory properties and
has been shown to reduce brain damage after experimental
stroke, subarachnoid and intracerebral hemorrhage, and trau-
matic brain injury [9, 12-14, 28]. Hence, to explore the pro-
spective effects of DMF on VSMC, we cultured primary cells
as described above, stimulated them with a previously deter-
mined concentration of TNF-a (50 ng/mL), and treated them
with DMF (75 pM) for 24 h. Control cells were also treated
with the same dose of DMF. Gene expression analysis con-
firmed that TNF-a induces cell dysfunction by upregulating
the inflammatory markers (CCL-2, MMP2, VCAM) (Fig. 3a—
c¢) and downregulating the expression of the SMC markers
(SM-a-actin, SM-MHC) (Fig. 3d, e). This effect was signifi-
cantly improved by DMF in a dose-dependent manner. These
data suggest that DMF regulates the phenotypic modulation
of VSMC involved in the pathogenesis of IAs and can poten-
tially improve vascular function after vascular injury.
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Fig. 3 Gene expression from VSMCs treated with TNFa at 50 ng/mL
and DMF (75 pM) for 24 h. Control cells were also treated with DMF.
(a) MCPI, (b) MMP2, (¢) VCAM-1, (d) SM-a-actin, and (e)

Conclusions

Cerebral aneurysms linger as a devastating and common
clinical problem. Improvements in clinical treatment have
been hindered by a deficient understanding of the basic biol-
ogy and pathogenesis of CA. Delineation of CA pathogene-
sis and biology will allow better patient selection and the
implementation of medical therapy or novel minimally inva-
sive treatment for patients harboring CA. Cerebral VSMC
phenotypic modulation appears to be critical in the patho-
genesis of CA. Cultured cerebral VSMC allow in vitro inves-
tigation of potential mechanisms contributing to CA
pathogenesis as well as screening of candidate therapeutics
that can subsequently be investigated in vivo and ultimately
translated to the care of patients harboring CA.
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Abstract Given the poor outcome of subarachnoid hemor-
rhage due to rupture of intracranial aneurysms (IAs) and
high prevalence of IAs in general public, elucidation of
mechanisms underlying the pathogenesis of the disease and
development of effective treatment are mandatory for social
health. Recent experimental findings have revealed the cru-
cial contribution of macrophage-mediated chronic inflam-
mation to and greatly promoted our understanding of the
pathogenesis. Also a series of studies have proposed the
potential of anti-inflammatory drugs as therapeutic ones. In
this process, a rodent model of IAs plays an indispensable
role. Basic concept of IA induction in such kind of models is
that IA formation is triggered by hemodynamic stress loaded
on damaged arterial walls. To be more precise, although
detailed procedures are different among researchers, animals
are subjected to a ligation of a unilateral carotid artery and
systemic hypertension achieved by a salt overloading, and
IAs are induced at the contralateral bifurcation site.
Importantly, trigger of IA formation in the model mimics
human one, and IA lesions induced share similarity in histol-
ogy with human ones such as degenerative changes of media.
For further elucidating the pathogenesis, we need to well
understand variations, usefulness, and also limits of this
model.
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Introduction

Given the poor outcome of subarachnoid hemorrhage due to
rupture of intracranial aneurysm (IA) once after the onset
and high prevalence of IAs in general public [10, 15], devel-
opment of preemptive medical treatment for IAs, inciden-
tally found through a brain check or so, is mandatory for
social health [4]. To achieve this goal, mechanisms underly-
ing the pathogenesis of IAs should be well understood. In
this process, rodent models of IAs have greatly contributed
to the conceptualization of IAs as a macrophage-mediated
chronic inflammatory disease affecting cerebral arteries and
also to the identification of therapeutic targets for IAs.

Animal Model of I1As

To clarify the pathogenesis of IAs, an animal model in which
IA lesion is induced by biological processes well-mimicking
human pathology is essential. Dr. Nobuo Hashimoto estab-
lished the IA model in rats in accordance with such a require-
ment first at 1978 [8], and this kind of model has been used
for about 40 years as a major one in the field. The basic con-
cept to induce IAs in this model (the Hashimoto model) is
“loading hemodynamic stress to damaged arterial walls” via
referencing the putative trigger, hemodynamic stress, and
histological characteristics, i.e., degenerative changes of
media and disruption of internal elastic lamina, of human
IAs. To achieve this concept, f-aminopropionitrile (BAPN)
[14], a selective inhibitor of lysyl oxidase which mediates
cross-linking of collagen and elastin, is administered to rats
to fragile arterial walls, and the ligation of a unilateral com-
mon carotid artery (Figs. 1 and 2) and the uninephrectomy
and administration of sodium chloride and deoxycorticoste-
rone acetate were applied to alternate and increase hemody-
namic stress to bifurcation sites of cerebral arteries [8]. After
reported in 1978 [8], this model has underwent modifications
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ACA

ECA

CCA

Fig. 1 Schematic drawing of the vasculature from carotid artery to the
circle of Willis. Points of an arterial ligation to alternate circulatory
dynamics in the circle of Willis are indicated as 1 (common carotid
artery), 2 (external carotid artery) or 3 (pterygopalatine artery). Red
arrows indicate alternation or increase of blood flow. CCA common

[1,3, 11, 13] (Table 1) and also applied to other experimen-
tal animal species like mouse [12] and monkey [9].

This kind of IA model shares common pathological fea-
tures with human ones such as disruption of internal elastic
lamina and degenerative changes of media (Fig. 3a).
Importantly, IA lesions are spontaneously induced due to
increase of hemodynamic stress loaded on bifurcation sites
without direct handling of cerebral arteries, making lesions
mimicking human pathology more precisely and analysis
and interpretation much easier. Furthermore, incidence of
IAs in rat model is high, almost 100% at the anterior cere-
bral—olfactory artery bifurcation in our current model [1]
(Table 1), enough to examine mechanisms underlying for-
mation and progression of IAs. Indeed, this model has greatly
contributed to conceptualization of IAs as a macrophage-

carotid artery, /CA internal carotid artery, ECA external carotid artery,
PPA pterygopalatine artery, MCA middle cerebral artery, ACA anterior
cerebral artery, OA olfactory artery, PCA posterior cerebral artery,
Acom anterior communicating artery, Pcom posterior communicating
artery, BA basilar artery, VA vertebral artery

mediated chronic inflammatory disease and successfully
identified some therapeutic targets [1, 2, 18] (Table 2). In
addition to high incidence, IA is gradually enlarged and
degeneration of media such as a loss of medial smooth mus-
cle cells is also gradually exacerbated within a small devia-
tion after the induction. Thereby, [As with a specific stage
can be selectively analyzed, i.e., effect of interventional
drugs on initiation, degeneration of media, or size of IAs. In
some derivative models from the original Hashimoto model,
subarachnoid hemorrhage occurs at a relatively high rate, at
around 50%, during experimental period [11] (Table 1,
Fig. 3b). Thus, effect of interventional drugs or genetic mod-
ification on rupture of IAs may be assessable. Also,
mechanisms triggering rupture of IAs which still remain elu-
sive can be addressed.
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Pre-Ligation

Post-Ligation

Fig. 2 Magnetic resonance angiography (MRA) imaging of the circle
of Willis before and after a ligation of a unilateral common carotid
artery. Representative MRA images from a sham-treated (Pre-Ligation,
the left panel) or surgically manipulated rat (Post-Ligation, the right
panel) are shown. Noted the remarkable change of signal intensity and

Special Insight in Some Modifiable Factors

BAPN

As BAPN inhibits cross-linking of collagens and elastin
through irreversibly inhibiting enzymatic activity of lysyl
oxidase [14], this compound induces fragility of arterial
walls and thus facilitates degenerative changes and resul-
tant IA progression. Thereby, addition of BAPN to chow
or drinking water greatly contributes to reduction of
experimental period and may be helpful to make animal
experiments like an evaluation of suppressive effect of
drugs on progression of IAs easier and less expensive.
However, as BAPN interferes a turnover of extracellular
matrix which presumably occurs during IA progression
to counteract to excessive degeneration of media, careful
considerations to the usage of BAPN and if used cautious
interpretations should be paid especially when research-

the tortuous change in the anterior circulation in response to a ligation
of a left common carotid artery. Lt left side, /CA internal carotid artery,
MCA middle cerebral artery, ACA anterior cerebral artery, OA olfactory
artery, BA basilar artery

ers aim to examine something related with extracellular
matrix.

Strains

Incidence of subarachnoid hemorrhage has the great differ-
ence in races, i.e., over three times higher in Japanese and
Finnish although incidence of IAs is similar [7, 10, 15, 17].
In rats, the similar difference of incidence and progression of
IAs among strains such as Sprague-Dawley (SD) rat, Lewis
(Lew) rat, and Long-Evans rat is observed. SD rats, presum-
ably the most popular rat strain used for creating the
Hashimoto model (Table 1), develop larger IAs with more
degenerative changes. Careful examination of differences in
IA progression among each rat strain may reveal some
important insights regarding mechanisms regulating pro-
gression or rupture of TAs.
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a

Elastica van Gieson Staining

Aneurysm

Control

Aneurysm

Fig. 3 Histopathological examination of intracranial aneurysm lesions
induced in rats and onset of subarachnoid hemorrhage in a rat model.
(a) Disruption of internal elastic lamina and thinning of medial smooth
muscle cell layer in the intracranial lesion induced in a rat model.
Images after Elastica van Gieson staining (left and middle panels) to
visualize internal elastic lamina and of immunostaining for alpha-
smooth muscle actin to visualize medial smooth muscle cells (right
panels) from control arterial walls (lower panels) or aneurysm lesions at

Immunostaining for
alpha smooth muscle actin

an anterior cerebral (ACA)—olfactory (OA) bifurcation site of a rat
model (upper panels) are shown. Magnified images corresponding to
the square in left panels are shown in middle panels. Arrow heads indi-
cate disrupted portion of internal elastic lamina. Bar, 10 pm. (b)
Macroscopic view of brain surface and the circle of Willis from autopsy
after onset of subarachnoid hemorrhage in rats. /CA internal carotid
artery, MCA middle cerebral artery
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Table 2 Potential therapeutic targets and candidates of drugs to treat an intracranial aneurysm revealed by experiments using a rodent model

Aneurysm
Therapeutic target and cell Compounds Formation Growth Rupture  Author Reference
NF-xB Simvastatin 1 Aoki et al. Stroke 2008;39:1276
Pitavastatin l AoKki et al. Neurosurgery 2009;64:357
Pravastatin 1 Kimura et al. Brain Res 2010;1322:144
Nifedipine | Aoki et al. Curr Neurovasc Res
2008;5:37
Cyclooxygenase (COX) Aspirin l Liet al. Neurochem Res
2015;40:1537
Chalouhi Hypertension 2016;68:411
et al.
COX-2 Celecoxib ! Aoki et al. Br J Pharmacol
2011;163:1237
NS-398 Chalouhi Hypertension 2016;68:411
et al.
Prostaglandin E receptor subtype 2 PF-04418948 l Aoki et al. Sci Signal 2017;10
(EP2)
Sphingosine-1-phosphate receptor ~ ASP4058 | Yamamoto Br J Pharmacol
type 1 (S1P)) et al. 2017;174:2085
TNF-a Etanercept 1 Yokoi et al. J Neurosurg 2014;120:1193
3,6’ l Starke et al. J Neuroinflammation
dithiothalidomide 2014;11:77
Matrix metalloproteinases Minocycline Makino et al. ~ Stroke 2012;43:2450
Doxycycline Makino et al. ~ Stroke 2012;43:2450
Tolylsam 1 Aoki et al. Stroke 2007;38:162
Inducible nitric oxide synthase Amnoguanidine | Fukudaetal. Circulation 2000;101:2532
(iINOS)
Endothelin receptor K-8794 ! Sadamasa J Neurosurg 2007;106:330
et al.
Cathepsins NC-2300 1 Aoki et al. Stroke 2008;39:2603
Reactive oxygen species Edaravone l Aoki et al. Lab Invest 2009;89:730
Phosphodiesterase 4 Ibudilast ) Yagi et al. Neurosurgery 2010;66:551
Rho-kinase Fasudil | Eldawoody Neurosci Lett 2010;470:76
hydrochloride etal.
Peroxisome proliferator-activated ~ Pioglitazone Shimada Stroke 2015;46:1664
receptor-y (PPAR-y) etal.
Dipeptidyl peptidase-4 (DPP-4) Anagliptin | Ikedo et al. J Am Heart Assoc 2017;6
Angiotensin II type 2 receptor Angiotensin-(1-7) Shimada J Cereb Blood Flow Metab
et al. 2015;35:1163
Estrogen receptor 17B-estradiol Tada et al. Hypertension 2014;63:1339
Diarylpropionitrile Tada et al. Hypertension 2014;63:1339
| Tada et al. Neurosurgery 2014;75:690
Mast cell Emedastine | Ishibashi Curr Neurovasc Res
difumarate etal. 2010;7:113
Tranilast l Ishibashi Curr Neurovasc Res
etal. 2010;7:113
Macrophage Clodronate 1 Kanematsu Stroke 2011;42:173
liposome et al.
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Ligation of Pterygopalatine Artery

In the Hashimoto model, IAs are induced by an increase of
hemodynamic stress loaded on bifurcation sites of cerebral
arteries. In this process, a unilateral ligation of a common carotid
artery is applied to increase blood flow in a contralateral carotid
artery (Figs. 1 and 2). In addition of a ligation of common
carotid artery, a ligation of a contralateral external carotid artery
of course further increases a blood flow in an internal carotid
artery. Intriguingly, as recently reported, in rodents unlike pri-
mates, a pterygopalatine artery is branched as a most proximal
branch of an internal carotid artery, and thus a ligation of this
artery moreover increases a hemodynamic stress presumably
resulting in the exacerbation of IA progression [5, 11] (Fig. 1).

Limitations

As described above, the Hashimoto model has greatly contrib-
uted to our understanding of the pathogenesis underlying TA
formation and progression, and thus its establishment is really
a breakthrough in the field. However, there are of course some
limitations in the Hashimoto model we should well recognize.
First, size of [As induced in this model is small, usually within
0.1 mm in diameter. As a natural consequence, imaging of a
lesion is quite challenging given the resolution of imaging
modalities used for analysis such as MRA (Fig. 2) and CTA,
making the sequential following up of a same lesion quite dif-
ficult. Second, IAs induced in the Hashimoto model usually
have a broad neck unlike many human ones (Fig. 3a). Thence,
hemodynamic status of IA lesions seems to be considerable
different from human ones. Taken together with the small size
for imaging, the Hashimoto model may not be suitable for
computational flow dynamic (CFD) analysis to evaluate
hemodynamic status regulating IA progression.

Although there are certainly some limitations about the
Hashimoto model, this model has revealed many important
insights regarding the pathogenesis of IAs [2, 6, 16].
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in Neuronal Death After Subarachnoid Hemorrhage in Mice
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Abstract Early brain injury is now considered as an impor-
tant cause of delayed neurological deterioration after aneu-
rysmal subarachnoid hemorrhage (SAH), and neuronal
apoptosis is one of the constituents of early brain injury.
Caspase family is popular proteases in apoptotic pathways,
but there also exist caspase-independent cell death pathways
in many pathologic states. In this study, we investigated the
ratio of caspase-related and caspase-unrelated neuronal
deaths in a mice endovascular perforation SAH model. At
24 h after SAH, about half of neurons in the perforation-side
cortex showed increased cleaved caspase-3 immunoreactiv-
ity. On the other hand, about half of cleaved caspase-3-
immunonegative neurons showed abnormal morphology,
suggesting that they were in the process of some sort of cell
death in the absence of caspase-3 activity. These findings
suggest that both caspase-dependent and caspase-
independent signaling pathways may cause neuronal death
after SAH.

Keywords Cell death - Early brain injury - Neuronal apop-
tosis - Subarachnoid hemorrhage

Introduction

Delayed neurological deterioration after aneurysmal sub-
arachnoid hemorrhage (SAH) has been a main concern
among neurosurgeons for many years, and today it is sup-
posed to be mainly caused by vasospasm and early brain
injury (EBI) [1]. Neuronal apoptosis is one of constituents of
EBI [1]. Caspase family forms major population among
apoptosis-related proteases and works in several apoptotic
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signaling pathways [5]. Its role in experimental SAH models
has already been studied and clarified [4, 7]. However, pan-
caspase inhibitors showed great preventive effects against
neuronal apoptosis after SAH, but there remained some neu-
rons to be destined to die [7]. Considering that there are
some caspase-independent cell death pathways reported in
other pathologic states [2, 9], it is supposed that both caspase-
dependent and caspase-independent pathways may work in
neuronal death after SAH. However, studies of the latter are
limited. In this study, thus, we investigated the ratio of immu-
nopositive and immunonegative neurons for cleaved cas-
pase-3, which is an essential protein through apoptotic
pathways, and showed the possible involvement of caspase-
independent pathways in neuronal death in SAH mice
cortex.

Materials and Methods

All procedures were approved by the Animal Ethics Review
Committee of Mie University and were carried out in
accordance with the institution’s Guidelines for Animal
Experiments.

SAH Modeling and Study Protocol

C57BL/6 mice (25-30 g, male) were used for SAH modeling
or sham operation as previously described [8] (Fig. 1).
Briefly, mice were anesthetized, positioned supinely, and
skin incision was made at the midline of the neck to expose
the left carotid artery. A 4-0 monofilament with a sharpen tip
was inserted from the left external carotid artery (ECA) into
the left internal carotid artery and push further to perforate
the bifurcation of anterior cerebral artery and middle cere-
bral artery. Then the filament was withdrawn, and the stump

R. D. Martin et al. (eds.), Subarachnoid Hemorrhage, Acta Neurochirurgica Supplement 127, 43
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Modeling Neurological score

SAH grade
Immunohistochemistry

Sham: n=3
SAH: n=3

Fig. 1 Experimental designs. Experiment was designed to examine
presence or absence of cleaved caspase-3 immunoreactivities among
individual neurons in mice cortex after experimental subarachnoid
hemorrhage (SAH)

of ECA was coagulated. The wound was sutured. The sham
group underwent the same procedure as described above
except for perforating the artery. After evaluating neurologi-
cal scores, mice were sacrificed at 24 h after modeling, and
then assessments of SAH grade and immunohistochemistry
were performed (Fig. 1). Mice were assigned to SAH (n =3)
and sham groups (n = 3).

SAH Grade

SAH grade was evaluated as previously described [8]. The
basal cistern was divided into six segments, and each seg-
ment was allotted a grade from O to 3 depending on the
amount of SAH. A total score ranging from 0 to 18 was
determined by summing the scores. Mice with moderate
SAH grade (8-12) were used for experiments as the SAH

group.

Neurological Score

Neurological impairments were blindly evaluated as previ-
ously described [8]. Neurological scores (3—18) were deter-
mined by summing up six test scores (spontaneous activity,
spontaneous movement of four limbs, forepaw outstretching,
climbing, body proprioception, and response to whisker
stimulation).

Histology

Mice’s brains were used for making paraffin-embedded cor-
onal sections at bregma +1 mm as previously described [8].
At 24 h after modeling, mice were deeply anesthetized with
Avertin® (2,2,2-tribromoethanol) solution and perfused with
cold phosphate-buffered saline followed by 4% paraformal-
dehyde for brain fixation. The brains were removed, embed-

ded in paraffin and cut into 4 pm sections. Sections were
dewaxed, underwent heat-induced antigen retrieval in
10 mM citrate butter (pH 6.0), and were incubated with rab-
bit anti-cleaved caspase-3 primary antibody (1:25; Cell
Signaling Technology; cat #9661) in SignalStain® antibody
diluent (Cell Signaling Technology; cat#8112) at 4 °C for
overnight. Then sections underwent reaction with
SignalStain® boost immunohistochemistry detection reagent
(Cell Signaling Technology; cat#8114) for 30 min at room
temperature, visualized by diaminobenzidine (brown color)
and counterstained with hematoxylin. Sections were dehy-
drated, cleared in xylene, and mounted for observation under
light microscope.

Cell Counting

Left (perforation-side) temporal base cortex was used for
observation of neurons. Neurons were counted in five
sequential fields at x400 magnification. Neurons were deter-
mined morphologically as cells having bright, large, and oval
nuclei with some prominent nucleoli [6, 10]. Cells with
small nuclei were not counted because the possibility of glia
was not excluded. Irregular cell outlines, cell shrinkage or
pyknosis was defined as abnormal morphology [3].

Statistics

The number of neuron was expressed as means +standard
error of the mean, and unpaired 7-tests were used for the
comparison between the two groups. P < 0.05 was consid-
ered significant.

Results

Cleaved Caspase-3-Positive Neurons
Appeared 24 h After SAH

No mice in the sham group died before sacrifice. Mice in the
sham group showed full scores on neurological assessments,
while mice in the SAH group showed neurological deteriora-
tion at 24 h after operation (data not shown). At 24 h after
modeling, there were few neurons being immunoreactive for
cleaved caspase-3 in the sham group. On the other hand,
about half of neurons showed immunoreactivities for cleaved
caspase-3 in the SAH group (Fig. 2). There were significant
differences in the number of immunopositive neurons with
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Fig.2 Cleaved caspase-3 (CC3) immunoreactivity and morphological
abnormality in neurons in the ipsilateral (perforation-side) temporal
base cortex at 24 h after subarachnoid hemorrhage (SAH) in mice. (a)
Representative brain coronal section at bregma +1 mm; (b—e) CC3
immunostaining; (f) comparison between the sham and SAH groups.
Most neurons are negative for CC3 in the sham group (b, d), but posi-
tive (moderate immunoreactivity) in the SAH group (c, e). Scale bars:

normal or abnormal morphology between the sham and the
SAH groups (P < 0.01, respectively, unpaired #-test; Fig. 2).
There was no significant difference about the total number of
neurons between the two groups at 24 h after modeling
(unpaired #-test, Fig. 2).

Both Caspase-3-Related and Caspase-3-
Unrelated Dying Neurons Were Observed
After SAH

As to neurons in the SAH group, both positive and negative
immunoreactivities for cleaved caspase-3 were observed
(Fig. 2). In immunonegative neurons for cleaved caspase-3,
normal morphology (i.e., intact neurons) was more fre-
quently observed in the sham group (P < 0.05 vs. SAH
group, unpaired #-test), while abnormal morphology was
more frequently observed in the SAH group (P < 0.05 vs.
sham group, unpaired r-test; Fig. 2). About half of immuno-
negative neurons for cleaved caspae-3 in the SAH group
showed morphologically abnormal appearance, which was
suggested to be dying.

Discussion

This study showed that almost half of cortical neurons
expressed cleaved caspase-3 and that one fourth of cortical
neurons had both characteristics of no immunoreactivities

1400 |

1200 H
1000 -
800 -
600
400

200

0 - :

Sham SAH Sham SAH Sham SAH Sham SAH Sham SAH
Total neurons  CC3+ CC3+ CC3- CC3-
Normal Abnormal Normal Abnormal

10 pm (b, ¢) and 50 pm (d, e). Unpaired #-test: ns no significance;
*P < 0.01, ¥*P < 0.05. Single or double arrows, CC3-positive (CC3+)
neurons with normal or abnormal morphology, respectively; single or
double arrowheads, CC3-negative (CC3—) neurons with normal or
abnormal morphology, respectively. Normal, morphologically normal
neurons; abnormal, morphologically abnormal neurons

for cleaved caspase-3 and morphologically abnormal appear-
ance in the perforation-side temporal base cortex at 24 h after
SAH (Fig. 2).

Apoptosis is a well-recognized mechanism under physio-
logical conditions such as developmental or mature stages to
form normal organs or eliminate abnormal cells, and also
inappropriate triggers make cells inclined to apoptosis under
many pathologic states [3]. Caspase family forms major pop-
ulation among apoptosis and inflammation-related proteins
[3, 5]. Under physiological conditions, inhibiting caspases
sometimes causes cells to undergo necrosis. It is suggested
that whether cells are destined to undergo apoptosis or necro-
sis depends on the extent of adenosine triphosphate depletion
and availability of caspases [2]. Nevertheless, under patho-
logic conditions, caspase inhibitors are commonly considered
to have therapeutic effects and direct cells to survive [5].
Among caspase family, caspase-3 works in both extrinsic and
intrinsic pathways and is in an essential position in apoptosis
signaling [3, 5]. Caspase-3 exists as an inactive precursor and
then becomes an active form after cleavage by other proteases
[3, 5]. Therefore cleaved (active) caspase-3 could be an indi-
cator of ongoing apoptotic status as used in our study.

Previous studies showed that the rate of active caspase-3-
positive cell was higher in SAH mice cortex compared to that
in the sham group [4]. In addition, a pan-caspase inhibitor sup-
pressed neuronal apoptosis after experimental SAH [7]. In this
study, we compared the number of cleaved caspase-3-positive
and caspase-3-negative neurons directly in the temporal base
cortex in SAH mice. We defined cell shrinkage, pyknosis, and
unusual cell outlines as morphological abnormalities during
apoptosis according to previous studies [3, 6, 10]. As a result,
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one fourth of neurons had both characteristics of morphologi-
cal abnormalities and no immunoreactivities for cleaved cas-
pase-3 in mice cortex after SAH. Although there exists the
possibility that cells in progressive or terminal stages of cas-
pase-dependent apoptosis had already lost the immunoreactiv-
ity for cleaved caspase-3, at least some of them presumably
underwent caspase-independent neuronal death.

Apoptosis-inducing factor (AIF) is a molecule released
from mitochondrial membrane and known to induce apopto-
sis directly [2, 9]. In terms of mitochondrial pathways, cyto-
chrome ¢, which is also released from mitochondrial
membrane, is thought to have an important role in caspase-
dependent pathways through activating caspase-9 [1]. On the
other hand, some studies showed that AIF causes apoptosis in
a caspase-independent manner [2, 9]. However, its role in
SAH models has not been fully investigated. Previous studies
suggested that during development, at least partly, caspase-
independent pathway can compensate for the lack of caspase
activity [9]. Thus, caspase-independent pathways after SAH
would be worth investigating in the following two points: (1)
finding a new neuronal death pathway in SAH and (2) possi-
ble activation of caspase-independent pathways after admin-
istrating caspase inhibitors as a potential therapeutic target.

In conclusion, we showed that a considerable number of
neuronal deaths were caspase-dependent, but caspase-
independent cell death pathways also might be involved in
neuronal death after experimental SAH.
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Abstract Background: Previously studies have shown that
Nox2 and Nox4, as members of nicotinamide adenine dinu-
cleotide phosphate oxidase (NADPH oxidase, Nox), partici-
pate in brain damage caused by ischemia-reperfusion (I/R).
The aim of this study is to investigate the effects of specific
chemical inhibitors of Nox2 and Nox4 on cerebral I/R--
induced brain injury in rats.

Methods: At 0.5 h before MCAO surgery, the rats were
pretreated with vehicle, Nox2 inhibitor (gp9lds-tat), and
Nox4 inhibitor (GKT137831), respectively. After reperfu-
sion for 24 h, the infarct sizes of brain tissues in rats in vari-
ous groups are determined. The penumbra (ischemic) tissues
are collected to measure ROS levels, neuronal apoptosis, and
degeneration, as well as the integrity of the blood-brain bar-
rier (BBB) in brain tissues of rats.

Results: gp91ds-tat and GKT137831 pretreatment signifi-
cantly reduced the infarct sizes in brain tissues of rats,
effectively suppressed I/R-induced increase in ROS levels,
neuronal apoptosis and degeneration, and obviously allevi-
ated BBB damage.
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Conclusion: Under cerebral I/R conditions, Nox2 inhibi-
tor (gp91ds-tat) and Nox4 inhibitor (GKT137831) can effec-
tively play a protective role in the brain tissues of rats.

Keywords Cerebral ischemia-reperfusion - Nox2 - Nox4 -
Middle cerebral artery occlusion - Reactive oxygen species

Introduction

Stroke and its related complications are one of the leading
causes of morbidity and mortality worldwide [4, 24, 30].
Among them, the ischemic stroke patients account for 87%
of stroke-related mortality [13, 21, 22, 27]. Neurons quickly
die at 5 min after hypoxia; therefore, the effective time frame
for treatment of the ischemic stroke is very narrow [28].
Early intravenous thrombolytic therapy is the only method of
treatment in ischemic stroke patients and is currently
approved [19]. Although the blood flow was restored after
early intravenous thrombolytic therapy, the ischemia-
reperfusion (I/R) injury caused by increased reactive oxygen
species (ROS) in the reperfusion phase is particularly serious
and may lead to a poor outcome in patients [11, 25].

Ischemic penumbra is a transitional area between the
infarction and normal brain tissues after ischemic stroke
[3]. The mechanisms underlying cerebral ischemia and
potential clinical therapies have attracted more and more
attention in various studies. Although there are many
enzymes playing important roles in oxidative stress in vari-
ous tissues and cells in many diseases, the family of nico-
tinamide adenine dinucleotide phosphate oxidase (NADPH
oxidase, Nox) is considered as major source of ROS [13].
In mammals, Nox family includes Noxl, Nox2, Nox3,
Nox4, dual oxidase (Duox)-1, and Duox-2 [14]. Previous
studies have shown that some members of Nox family, par-
ticularly Nox2 and Nox4, are important sources of ROS in
cerebral I/R [7].
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Previously, radical scavengers or natural antioxidants,
such as vitamin C and vitamin E, were mostly used to inhibit
oxidative stress with limited efficacy [6]. Nox family play
important roles in cerebral I/R injury through oxidative
stress, nitration stress, blood-brain barrier (BBB) damage,
and cell apoptosis. Therefore, Nox has become a new target
for the treatment of ischemic stroke [26]. Recently, it has
been reported that genetic knockout and/or specific chemical
inhibitor of Nox treatment can significantly reduce oxidative
stress-induced brain damage ischemic stroke [23, 29].
However, the exact mechanisms of the activation of Nox are
not clear, and there is lack of effective drugs that can signifi-
cantly inhibit Nox in clinical practice [17]. gp91ds-tat is a
specific inhibitor of Nox2 and GKT137831 is a Nox4-
specific inhibitor. To our knowledge, these two Nox-specific
inhibitors in the treatment of ischemic stroke have not been
reported.

In this study, we hypothesized that the specific inhibitors
of Nox2 and Nox4 can attenuate cerebral I/R injury in a rat
model of middle cerebral artery occlusion (MCAO) through
reducing ROS levels, inhibiting neuronal apoptosis and
degeneration, and alleviating BBB damage.

Materials and Methods

Ethical Approval

All experiments are approved by the Ethics Committee of the
First Affiliated Hospital of Soochow University and are in
accordance with the guidelines of the National Institutes of
Health on the care and use of animals. Adult male Sprague-
Dawley (SD) rats (250-300 g) are purchased from Animal
Center of Chinese Academy of Sciences (Shanghai, China).
The rats are housed in temperature- and humidity-controlled
animal quarters with a 12-h light/dark cycle.

Establishing the MCAO Model in Rats

Following the intraperitoneal anesthesia with chloral hydrate
(36 mg/100 g body weight), under an operating microscope,
focal cerebral ischemia in rats is achieved by right-sided
endovascular MCAQO. In brief, the right common, external,
and internal carotid arteries (CCA, ECA, and ICA) are
revealed via a midline cervical incision. Then, a piece of
4.0-monofilament nylon suture with the tip rounded by heat-
ing before coating with polylysine is inserted through the
right CCA and advanced it along the ICA until the tip
occluded the proximal stem of the middle cerebral artery

(MCA). Rectal temperature is maintained between 36.5 and
37.5 °C with a heating pad. After 2 h of ischemia, the fila-
ment is withdrawn to allow reperfusion. At 24 h after reper-
fusion, the brain tissue samples of rats in various groups are
obtained for further analyses.

Experimental Group and Drug
Administration

The sample sizes in each group were determined by power
analysis during the animal ethics dossier application. Thirty-
two adult male SD rats are randomly divided into two exper-
imental groups: sham operation group (Sham group, n = 8)
and middle cerebral artery occlusion group (MCAQO group,
n =24). MCAO group is then subdivided into three groups:
At 0.5 h before MCAO surgery, the rats are, respectively,
pretreated with vehicle (n = 8), gp9lds-tat (n = 8), and
GKT137831 (n = 8). According to our previous study [32],
the gp9lds-tat (AnaSpec., USA) is dissolved in normal
saline. 20 pL gp91ds-tat solution is infused into the ventri-
cle using a Hamilton microsyringe, and the final concentra-
tion of gp91ds-tatis 100 ng/kg. Meanwhile, the GKT137831
(MedChem Express, USA) is given by oral gavage at 60 mg/
kg as the previous research [9]. At 24 h after reperfusion,
eight rats in one group were randomly divided into three
parts. For four rats, the total brain sections were collected
for TTC staining; two rats were killed for TUNEL and FJB
staining; the other two rats were used for BBB permeability
and ROS assay. For TUNEL and FJB staining, representa-
tive images from at least three independent experiments
using six different brain sections were shown. For Western
blot analysis and ROS assay showing quantitative results,
each n represents data collected from one independent
experiment; combined data from six independent experi-
ments using two different rats are shown. The “n” is always
defined as number of independent experiments in every fig-
ure legend.

Assay of ROS

The levels of ROS are measured by the Reactive Oxygen
Species Assay Kit (Nanjing Jiancheng Biotechnology
Institute, China). Briefly, after the brain tissues are col-
lected, the samples are homogenized and centrifuged at
12,000 g for 10 min in 4 °C. The supernatants are then col-
lected for ROS assay. ROS concentrations are assessed
using the oxidant-sensitive probe 2,7-dichlorofluorescein
diacetate (DCF-DA) according to the manufacturer’s proto-
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col. The fluorescence intensity is tested by a fluorimetric
microplate reader (FilterMax F5; Molecular Devices, USA)
with excitation and emission at 485 and 530 nm, respec-
tively. The ROS concentration is expressed as the fluores-
cence intensity/mg protein and then normalized to the mean
value of sham group.

TTC Staining

At 24 h after reperfusion, rats are deeply anesthetized by
chloral hydrate (36 mg/100 g body weight) and decapitated.
The brain tissues are quickly removed and frozen in stain-
less steel brain matrices (—20 °C) for 10 min. The brain tis-
sues are subsequently sectioned into 2 mm thick slices
starting from the frontal pole. The cerebellum and olfactory
bulb are discarded. Slices are then immersed in 10 mL of
2% TTC (Sigma, USA) for 30 min at 37 °C. After staining,
the slices are washed three times with saline, fixed in 10%
formalin, and then captured with a digital camera. Then, the
infarct volume in brain slices of rats are calculated as
described previously [21]. Briefly, the total mean infarct
area of each section is calculated as the average of the area
on the rostral and the caudal side. The total area is calcu-
lated by adding the average area from each section.
Multiplication of the total area by 2 mm (thickness of the
sections) is calculated as infarct volume. The infarct volume
is expressed as a percentage of the ipsilateral hemispheric
volume.

Ischemic Penumbra Dissection

After indicated treatment, the rats are deeply anesthetized
by chloral hydrate (36 mg/100 g body weight) and transcar-
dially perfused with ice-cold PBS. Then, in each rat, the cer-
ebellum and olfactory bulb are discarded, and the brain
tissues are quickly removed and frozen in stainless steel
brain matrices (—20 °C) for 10 min. The ischemic penumbra
is determined according to the method described by Ashwal
et al. [2]. Briefly, the brain tissues are subsequently sec-
tioned into three slices beginning 3 mm from the anterior tip
of the frontal lobe. The front and back slices are 3 mm in
thickness. The middle slice is 4 mm in thickness, which is
cut longitudinally in the ischemic hemisphere 2 mm from
the midline. A transverse diagonal cut is made at the 2
o’clock position to separate the core from the penumbra.
The cerebral cortical penumbra and analogous contralateral
region are harvested for Western blot analysis and immuno-
fluorescence assay.

Terminal Deoxynucleotidyl Transferase
dUTP Nick End-Labeling (TUNEL) Staining
and Fluoro-Jade B Staining

TUNEL staining is used to detect cell apoptosis in brain tis-
sues and performed according to the manufacturer’s protocol
(Dead End Flurometric kit, Promega, USA). The sections are
visualized using a fluorescence microscope (Olympus BX50/
BXFLA/DP70; Olympus Co., Japan). The TUNEL-positive
cells are counted by an observer who is blind to the experi-
mental groups. To evaluate the extent of cell apoptosis, the
apoptotic index is defined as the average number of TUNEL-
positive cells in each section counted in six microscopic
fields.

Fluoro-Jade B (FJB, Histo-Chem Inc., USA) staining is
served as a marker of neuronal degeneration. Brain sections
are deparaffinized and rehydrated. After incubation with
deionized water for 1 min, the slides are incubated in 0.06%
K permanganate (Sigma, USA) for 15 min. Slides are then
rinsed in deionized water and immersed in 0.001% Fluoro-
Jade working solution (0.1% acetic acid) for 30 min. Then
they are washed and dried in an incubator (50-60 °C) for
10 min. Sections are cleared in xylene and coverslipped with
a nonaqueous, low-fluorescence, styrene-based mounting
medium (DPX, Sigma, USA). Microscopy of the stained
brain sections are performed by an experienced pathologist
blind to the experimental condition.

Western Blot Analysis

After brain tissues of each rat are collected, the brain sam-
ples are separately homogenized and lysed in ice-cold
RIPA lysis buffer (Beyotime, China). After centrifuge at
12,000 g for 10 min at 4 °C, the supernatants are collected.
The protein concentration is determined by using the
bicinchoninic acid (BCA) kit (Beyotime, China). Then,
protein samples (20 pg/lane) are loaded on a 15% SDS
polyacrylamide gel, separated, and electrophoretically
transferred to a polyvinylidene difluoride membrane
(PVDF, Millipore, USA). The membrane is blocked with
PBST (PBS + 0.1% Tween-20) containing 5% skim milk
for 1 h at 37 °C. Subsequently, the membrane is incubated
with the primary antibodies against albumin and GAPDH
(abcam, USA) overnight at 4 °C. Next, the membrane is
incubated with the horseradish peroxidase (HRP)-linked
secondary antibody (abcam, USA) for 2 h at 37 °C and
then washed with PBST for three times. Then, the mem-
brane is revealed with use of an enhanced chemilumines-
cence detection kit. The relative quantity of proteins is
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analyzed by using Image J program (NIH, USA), and the
data are normalized to that of loading controls.

Statistical Analysis

All data are expressed as mean = SEM and GraphPad Prism
6.0 (GraphPad, USA) is adopted for all statistical analyses.
Data sets are tested for normality of distribution with
Kolmogorov-Smirnov test. Data groups (two groups) with
normal distribution are compared using two-sided unpaired
Student’s t-test, and the Mann-Whitney U test is used for
nonparametric data. P < 0.05 is considered as statistically
significant difference.

Results

General Observation

No significant differences in mortality rate, body weight,
mean arterial blood pressure, heart rate, temperature, or
blood gas data are detected in any experimental groups (data
not shown).

Nox2 Inhibitor (gp91ds-tat) and Nox4
Inhibitor (GKT137831) Treatments Reduce
ROS Levels in Brain Tissues of Rats After
MCAO

Compared to the sham group, the level of ROS is signifi-
cantly increased in penumbra of brain tissues at 24 h after
reperfusion in rats in the MCAO group (P < 0.01, Fig. 1).
However, treatment with Nox2 inhibitor (gp9lds-tat) or
Nox4 inhibitor (GKT137831) significantly decreased the
ROS levels in penumbra of brain tissues of rats compared
with that in the MCAO group (both P < 0.01, Fig. 1).

gp91ds-tat and GKT137831 Treatments
Reduce Cerebral Infarction Area at 24 h
After Reperfusion in MCAO Rats

As shown in Fig. 2, there is a significant infarct area in the
brain tissues of rats in the MCAOQO group compared to the
sham group (P < 0.01, Fig. 2). However, the cerebral infarct
area is significantly reduced after treatment with gp91ds-tat

£$

Relative level of ROS

MCAO

Fig. 1 ROS levels in the penumbra are significantly higher in the
MCAO group than that in the sham group; Nox2 inhibitor (gp91ds-tat)
or Nox4 inhibitor (GKT137831) treatment significantly reduced the
ROS levels in brain tissues compared with the MCAO group. All data
are expressed as mean + SD, **P < 0.01, vs. Sham group; #P < 0.01,
vs. MCAO group; ¥P < 0.01, vs. MCAO group; n = 6

or GKT137831 when compared with that in the MCAO
group (both P < 0.01, Fig. 2).

gp91ds-tat and GKT137831 Treatments
Decrease the Rate of Neuronal Apoptosis
in Penumbra of Brain Tissues in Rats at 24 h
After Reperfusion After MCAO

Compared with the sham group, the TUNEL-positive neu-
rons are obviously increased in the penumbra of brain tissues
at 24 h after reperfusion in rats after MCAO (P < 0.01,
Fig. 3). However, the gp91ds-tat or GKT137831 treatment
significantly reduced the numbers of TUNEL-positive cells
in brain tissues of rats after MCAO compared with that in the
MCAO group, (both P < 0.01, Fig. 3).

gp91ds-tat and GKT137831 Treatments
Reduce Neurodegeneration in Penumbra
of Brain Tissues in Rats After MCAO

We also assessed neuronal degeneration in the penumbra of
brain tissues at 24 h after reperfusion by FJB staining. In the
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numbers of apoptosis neurons compared with that in the MCAO group.
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Fig. 4 The FJB-positive cells are significantly increased in brain tis-
sues of rats in the MCAO group relative to the sham group; while
gp91lds-tat or GKT137831 administration significantly reduced the

MCAO group, FIB-positive cells are significantly increased
compared with that in the sham group (Fig. 4). However,
treatments with gp9lds-tat or GKT137831 significantly
reduce the numbers of FJB-positive cells in brain tissues of
rats compared with that in the MCAO group (Fig. 4).

gp91ds-tat and GKT137831 Treatments
Protect the BBB Integrity at 24 h After
Reperfusion in Rats After MCAO

In order to determine the integrity of BBB in rats, we assess
the levels of albumin in brain tissues by Western blot analy-
sis. Compared with the sham group, the level of albumin is
significantly increased in brain tissues of the rats in the
MCAO group (P < 0.01, Fig. 5), which suggests that there is
albumin leakage in brain tissues of rats after MCAO, result-
ing in BBB injury. However, compared with the MCAO
group, gp9lds-tat or GKT137831 treatment significantly
reduced the levels of albumin in brain tissues in rats after
MCAO (both P < 0.01, Fig. 5).

Discussion

Previous studies have shown that the increasing expression
and activation of Nox induced the massive production of ROS
in cerebral I/R injury [16]. Excessive ROS may cause the per-
oxidation of lipid, protein, and nucleic acids [1, 8], destruction
of the blood-cerebrospinal fluid structure and further increase
3 cysteine-aspartic acid proteases, decrease Bcl-2/Bax ratios,

numbers of neurodegenerative cells compared with that in the MCAO
group; scale bar = 100 pm
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Fig. 5 The protein levels of albumin are significantly increased in
brain tissues of rats in the MCAO group relative to the sham group;
however, gp9lds-tat or GKTI137831 administration significantly
reduced the protein levels of Albumin in brain tissues of rats compared
with that in the MCAO group. All data are expressed as mean + SD,
##P < 0.01, vs. Sham group; #P < 0.01, vs. MCAO group; P < 0.01,
vs. MCAO group; n =6

and finally result in cell apoptosis [12]. In addition, oxidative
stress and inflammation can influence and interact with each
other in a synergistic manner in cerebral I/R-induced brain
injury [5]. Another previous research also found that Nox acti-
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vation and ROS production may lead to activation of microglia
and production of inflammatory mediators, such as IL-1p and
TNF-a in a mice model with focal cerebral I/R injury [15].

As our previous report, Nox2 and Nox4 may play greater
roles than other members of Nox family in cerebral I/R--
induced brain injury [22]. It is reported that Nox2 increases
from 24 to 72 h after reperfusion in endothelial cells and
microglia of the penumbra in a mice model of MCAO. Nox4
is also been conformed that it was increased in the brain tis-
sues after ischemic stroke. In a mice model of MCAO, Nox4
mRNA levels in neurons increase within the 24 h, peak
between days 7 and 15, and slowly decline until day 30 [10,
31]. In analysis of whole brain tissues, the mRNA and protein
levels of Nox2 and p22P"* increase in the ischemic hemisphere
in a rat model of MCAO [20], and Nox4 increases in the isch-
emic cortex and basal ganglia after ischemic stroke in mice
[18]. In this study, our results show that Nox2-specific inhibi-
tor (gp91ds-tat) and Nox4-specific inhibitor (GKT137831)
have significant protective effects in brain injury induced by
cerebral I/R in a rat model of MCAQO. It is expected that Nox2
and Nox4 specific inhibitors may have superior effects than
omni-spectrum inhibitors of the Nox family.

The present study also has the following limitations.
Firstly, we use healthy adult rats in this study, which do not
maximally mimic human high-risk populations, such as the
elderly, women, and patients with cardiovascular diseases.
Additionally, the mechanisms underlying the effects of treat-
ment with Nox2 and Nox4 inhibitors on cerebral I/R induced
brain injury are also not fully investigated. Of course, these
limitations involved in Nox2-specific inhibitor (gp91ds-tat)
and Nox4-specific inhibitor (GKT137831)-induced neuro-
protective effects showed in this study would be explored in
our future work.

In conclusion, this study suggests that Nox2 inhibitor
(gp91ds-tat) and Nox4 inhibitor (GKT137831) treatment
could, respectively, inhibit I/R-induced excessive increasing
of ROS in the penumbra of brain tissues, reduce cerebral
infarction area, mitigate neuronal apoptosis and degenera-
tion, and alleviate BBB damage. Meanwhile, our study pro-
vides a theoretical basis for the clinical use of Nox2-specific
inhibitor  (gp91ds-tat) and Nox4-specific inhibitor
(GKT137831) for stroke therapy.
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Link Between Receptors That Engage in Developing Vasospasm
After Subarachnoid Hemorrhage in Mice
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updates

Fumi Nakano, Fumihiro Kawakita, Lei Liu, Yoshinari Nakatsuka, Hirofumi Nishikawa, Takeshi Okada, Masato Shiba,

and Hidenori Suzuki

Abstract Vasospasm after subarachnoid hemorrhage (SAH)
has been studied, but the mechanisms remain to be unveiled.
Tenascin-C (TNC), which is a matricellular protein and
reported to increase in spastic cerebral artery wall after SAH,
is a ligand for both Toll-like receptor 4 (TLR4) and epider-
mal growth factor receptor (EGFR). Our previous studies
suggested the involvement of TNC and these receptors in
vasoconstriction or vasospasm after SAH. In this study, we
investigated whether upregulation of TNC and TLR4 is
observed and if an EGFR inhibitor has suppressive effects
against them in a mice endovascular perforation SAH model.
At 24 h after SAH, TNC and TLR4 expressions were widely
observed in spastic cerebral arteries, and these expressions
were suppressed by the administration of an EGFR inhibitor.
From these results, EGFR inhibitors possibly suppress the
expression of not only EGFR but also TLR4 at least partly
through regulating TNC upregulation. More studies are
needed to clarify the precise mechanisms linking these
receptors.

Keywords Epidermal growth factor receptor - Toll-like
receptor 4 - Tenascin-C - Cerebral vasospasm

Introduction

Cerebral vasospasm remains an important prognostic factor
after aneurysmal subarachnoid hemorrhage (SAH), but the
mechanisms are still not well unveiled [1]. Tenascin-C
(TNC) is a matricellular protein and one of ligands for epi-
dermal growth factor receptor (EGFR) and Toll-like receptor
4 (TLR4) [2]. Our previous studies showed that TNC was
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suggested to be involved in vasospasm development in both
patients [3] and an experimental animal model [4]. TLR4
activation was also suggested to be involved in vasoconstric-
tion or vasospasm development [1, 5, 6]. Another our previ-
ous study showed that administration of recombinant TNC,
which consisted of epidermal growth factor (EGF)-like
repeats only and did not contain TLR4-binding sites, brought
cerebral vasoconstriction in healthy rats [5]. Surprisingly, an
anti-TLR4 agent had the most therapeutic effects against this
vasoconstriction, and therefore TNC upregulation and subse-
quent TLR4 activation were suggested [7]. In this study, we
investigated whether an EGFR inhibitor has suppressive
effects against TNC and TLR4 expression in in vivo SAH
models.

Materials and Methods

All procedures were approved by the Animal Ethics Review
Committee of Mie University and were carried out in
accordance with the institution’s guidelines for animal
experiments.

SAH Modeling and Study Protocol

Mice (C57BL/6 N, 25-30 g, male) underwent endovascular
perforation SAH or sham modeling as previously described
[1]. Briefly, mice were anesthetized, positioned supinely, and
skin incision was made at the midline of the neck to expose
the left carotid artery. A 4—0 monofilament with a sharpen tip
was inserted from the left external carotid artery (ECA) into
the left internal carotid artery and push further to perforate
the bifurcation of anterior cerebral artery and middle cere-
bral artery. Then the filament was withdrawn and the stump
of ECA was coagulated. The wound was sutured. The sham
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Fig. 1 Experimental designs. Experiment was designed to examine
the effects of epidermal growth factor receptor inhibitor (AG1478) on
tenascin-C upregulation and subsequent Toll-like receptor 4 upregula-
tion after subarachnoid hemorrhage (SAH). DMSO dimethyl
sulfoxide

group underwent the same procedure as described above
except for perforating the artery. At 30 min after surgery,
vehicle or drug was administrated intraventricularly. After
evaluating neurological scores, mice were sacrificed at 24 h
after modeling, and then assessment of SAH grade and
immunohistochemistry were performed (Fig. 1). Mice were
assigned to SAH-vehicle, SAH-drug, and sham groups
(n = 3/group).

Intraventricular Injection

Intraventricular injection of vehicle or drug was performed
as previously described [1]. Mouse was set on the stereotac-
tic head holder, and using a surgical microscope (Zeiss,
Germany), a midline frontoparietal skin incision was per-
formed. A burr hole was perforated at 0.2 mm caudal and
1.0 mm lateral (left) to the bregma. The needle of Hamilton
syringe was inserted 2.2 mm below the horizontal plane of
the bregma, and 2 pL of vehicle (dimethyl sulfoxide, DMSO)
or drug diluent (AG1478; 1 mM diluted in DMSO; Cayman;
cat#10010244) was injected intraventricularly, and the
wound was sutured.

SAH Grade

SAH grading was performed as previously described [1].
The basal cistern was divided into six segments, and each
segment was allotted a grade from O to 3 depending on the
amount of SAH. A total score ranging from 0 to 18 was
determined by summing the scores. Mice with moderate
SAH grade (8-12) were used for experiments as the SAH
groups.

mined by summing up six test scores (spontaneous activity,
spontaneous movement of four limbs, forepaw outstretching,
climbing, body proprioception, and response to whisker
stimulation).

Histology

Mice’s brains were used for making paraffin-embedded
coronal sections at bregma +1 mm as previously described
[1]. Briefly, at 24 h after modeling, mice were deeply anes-
thetized with Avertin® (2,2,2-tribromoethanol) solution
and perfused with cold phosphate-buffered saline followed
by 4% paraformaldehyde for brain fixation. The brains
were removed, embedded in paraffin, and cut into 4 pm
sections. Sections were first deparaffinized followed by
rehydration and heat-induced antigen retrieval in 10 mM
citrate butter (pH 6.0). Sections were incubated with rabbit
anti-TNC primary antibody (1:50; Santacruz Biotechnology;
cat #20932) or rabbit anti-TLR4 primary antibody (1:1000;
Abcam; cat#13556) at 4 °C for overnight. Then, sections
were incubated with anti-rabbit secondary antibody
(Vector; cat#BA-1000) at room temperature for 30 min,
incubated with avidin-biotin complex solution (Vector;
cat#PK-6100) at room temperature for 30 min, visualized
by diaminobenzidine (brown color), and counterstained
with hematoxylin. Sections were dehydrated, cleared in
xylene, and mounted for observation under light
microscope.

Results

Increased Expressions of TNC and TLR4 Were
Observed in Spastic Cerebral Arteries After
SAH

No mice died before sacrifice in the sham group. Mice in the
sham group showed full scores at neurological assessment,
while mice in the SAH-vehicle group showed neurological
deterioration (data not shown). TNC and TLR4 were almost
undetected in cerebral arteries in the sham group (Fig. 2a). In
contrast, expressions of these molecules were widely
observed in the vascular endothelial cells and smooth muscle
cells of spastic cerebral arteries after SAH (Fig. 2a).
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Fig.2 Effects of an epidermal growth factor receptor (EGFR) inhibitor
(AG1478) on expressions of tenascin-C (TNC) and Toll-like receptor 4
(TLR4) after subarachnoid hemorrhage (SAH). (a) Representative pic-
tures of coronal sections of internal carotid artery. Single arrow, immu-

Administration of EGFR Inhibitor
Suppressed Expression of TNC and TLR4
in Cerebral Arteries

Neurological behavior of the SAH-drug group showed improve-
ment compared with that of the SAH-vehicle group (data not
shown). In the SAH-drug group, immunoreactivities for TNC
and TLR4 on cerebral arteries with improved vasospasm were
suppressed mainly in the vascular smooth muscle cells (Fig. 2a).

noreactive endothelial cells; double arrow, immunoreactive vascular
smooth muscle cells. DMSO, dimethyl sulfoxide; bar, 50 pm. (b)
Possible links among molecules, which engage in vasospasm develop-
ment after SAH. MAPK mitogen-activated protein kinase

Discussion

This study showed that after administration of EGFR inhibi-
tor, expressions of TNC and TLR4 were suppressed in cere-
bral arteries in an experimental SAH model (Fig. 2a).

TNC is a matricellular protein, which is rarely detected in
the normal adult tissues [2]. Under pathological conditions,
TNC appears and is suggested to be involved in the patho-
genesis of various diseases such as lung fibrosis [8], rheuma-
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toid arthritis [2], and cerebral vasospasm [3, 4]. TNC is also
known as a ligand for EGFR and TLR4 [2].

Our previous studies suggested that TNC was upregulated
[4] and that TLR4 was one of the receptors activated in major
cerebral arteries after SAH [1, 6]. Positive feedback of TNC was
observed in spastic cerebral arterial wall after SAH [4]. Jones
et al. suggested that exogenous TNC caused EGFR activation in
vascular smooth muscle cells [9]. TNC is thought to be involved
in its own protein synthesis at least partly through mitogen-acti-
vated protein kinase pathway [3]. Furthermore, another of our
previous study showed that EGFR stimulation using recombi-
nant TNC, which had only EGF-like repeats, caused cerebral
vasoconstriction in healthy rats [5] and that unexpectedly a
TLR4 antagonist had therapeutic effects against this vasocon-
striction [7]. Taking these findings into consideration, after acti-
vating EGFR, TNC positive feedback and subsequent TLR4
activation were suggested. In this study, diminished expressions
of TNC and TLR4 on cerebral artery were observed under the
presence of an EGFR inhibitor (Fig. 2a), suggesting the similar
reactions occurred in in vivo SAH models (Fig. 2b).

Inflammation is suggested to cause upregulation of matri-
cellular proteins such as TNC to manage tissue injury [2].
Besides our previous study [4], TNC positive feedback was
reported in experimental animal models of arthritis [2] and
epilepsy [10]. Overexpression of TNC could progress dis-
eases in each condition [6]. Therefore, TNC has been sug-
gested to be a therapeutic target to prevent cerebral vasospasm
[3, 4]. Our results in this study added a new potential feature
of TNC that TNC could exert signaling pathways to upregu-
late a specific receptor: thus, several working points of inhib-
itors can be used to block the signaling.

As mentioned in our previous reports [3, 7], there are many
studies suggesting crosstalk signaling between receptors.
Interaction between EGFR and TLR4 was also reported [11]. In
this study, we could not investigate such crosstalk signalings,
but they are possibly involved in vasospasm development after
SAH. More studies are needed to unveil the mechanisms.

In conclusion, we showed the possibility that an EGFR
inhibitor may have suppressive effects against TLR4 upregula-
tion at least partly via reducing TNC upregulation after SAH.
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Aquaporin4 Knockout Aggravates Early Brain Injury Following
Subarachnoid Hemorrhage Through Impairment
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of the Glymphatic System in Rat Brain

E. Liu,® Linlin Sun,® Yixuan Zhang, Aibo Wang, and Junhao Yan

Abstract Background: It is reported that the expression of
aquaporin4 (AQP4) in the brain is increased and leads to the
brain edema after subarachnoid hemorrhage (SAH). In this
study, by using AQP4 knockout rat model, the opposite role
of AQP4 in early brain injury following SAH through modu-
lation of interstitial fluid (ISF) transportation in the brain
glymphatic system had been explored.

Methods: The SAH model was established using endovas-
cular perforation method, the AQP4 knockout rat model was
generated using TALENS (transcription activator-like (TAL)
effector nucleases) technique. The animals were randomly
divided into four groups: sham (n = 16), AQP4~'~sham
(n = 16), SAH (n = 24), and AQP4~-SAH groups (n = 27).
The roles of AQP4 in the brain water content and neurologi-
cal function were detected. In addition, immunohistochemis-
try and Nissl staining were applied to observe the effects of
AQP4 on the blood-brain barrier (BBB) integrity and the
loss of neurons in the hippocampus. To explore the potential
mechanism of these effects, the distribution of Gd-DTPA
(interstitial fluid indicator) injected from cisterna magna was
evaluated with MRI.

Results: Following SAH, AQP4 knockout could signifi-
cantly increase the water content in the whole brain and
aggravate the neurological deficits. Furthermore, the loss of
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neuron and BBB disruption in hippocampus were also exac-
erbated. The MRI results indicated that the ISF transporta-
tion in the glymphatic system of AQP4 deficit rat was
significantly injured.

Conclusion: AQP4 facilitates the ISF transportation in the
brain to eliminate the toxic factors; AQP4 knockout will
aggravate the early brain injury following SAH through
impairment of the glymphatic system.

Keywords Aquaporin4 - Early brain injury - Subarachnoid
hemorrhage - Glymphatic system - Rat

Introduction

Subarachnoid hemorrhage (SAH) is a life-threatening dis-
ease and accounts for about 6-8% of all human strokes [1].
Early brain injury (EBI) is one of the key mechanisms which
plays a critical role in high mortality and disability after
SAH [2]. After SAH, numerous inflammatory factors (e.g.,
TNF-o) and apoptosis factors (e.g., p5S3) are produced and
released into the extracellular space (ECS), which are harm-
ful to the microvasculature and neurons, and lead to blood—
brain barrier (BBB) disruption and loss of neurons.
Physiologically, the interstitial fluid (ISF) in the ECS is
largely originated from cerebrospinal fluid (CSF). ISF flows
into the brain from para-arterial space and drains out from
the para-venous space and takes the metabolite and toxicant
factors out of the brain [3], that is, glymphatic system in the
brain [4]. Obviously, the glymphatic system damage will
result in accumulation of poisonous substance in ECS and
consequent brain injury.

Aquaporind (AQP4) is mainly expressed on the end feet
of astrocyte, which facilitates the ISF circulation within the
glymphatic system. It was reported that the expression of
AQP4 after SAH was increased, which was commonly
considered to develop brain edema [5]. However, in this
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study, using AQP4 knockout rat model, we found that total
AQP4 knockout could not attenuate the EBI after SAH. The
results indicated that AQP4 might maintain the ISF flow and
preserve the homeostasis through modulation of glymphatic
system function in the brain.

Methods

The methods in this study were approved by the Animal Care
and Use Committee at Peking University Health Sciences
Center and with the Guidelines for the Use of Animals in
Neuroscience Research by the Society for Neuroscience
(Beijing, Certificate No. SCXK 2002-0001).

SAH Model

The male Sprague-Dawley rats (300-350 g) were randomly
divided into four groups: sham (n = 16), AQP4~'~sham
(n=16), SAH (n = 24), and AQP4~"SAH groups (n = 27).

The SAH model was established using endovascular per-
foration method [6, 7]. The rat was anesthetized with 4%
isoflurane in a mixture of 60% medical air and 40% oxygen
and maintained anesthesia with 2% isoflurane. A 4-0 mono-
filament nylon suture was inserted through the right internal
carotid artery to perforate the junction of the middle and
anterior cerebral arteries. The sham rat underwent the same
process except the suture was withdrawn, while the resis-
tance was felt at the junction.

AQP4 knockout rats were generated using transcription
activator-like effector nuclease (TALENs) method [8, 9].
Highly active TALENs were synthesized against the
sequence (5'-CACAGCAGAGTTCCTGG-3") for the sense
strand, and TALEN right was designed against the sequence
(5'-GGATCCCACGCTGAGCA-3’) for the antisense strand.
The TALEN mRNAs were injected into the cytoplasm of rat
pronuclear stage embryos to produce mutant founders (FO).
The FO which were lack of three base pairs were crossed
with the wild-type rat to generate F1 generation. The hetero-
zygous offspring of F1 were crossed to produce the F2 gen-
eration (AQP4~~ rats). The effects of TALEN-induced
mutation were confirmed by western blot and immunohistol-
ogy method (data not shown).

Brain Water Content

The water content of the whole brain was measured as
reported by the others [10]. The brain was harvested and

weighed immediately (wet weight) and weighed again after
being dried in an oven at 105 °C for 24 h (dry weight). The
water content was calculated as [(wet weight — dry weight)/
wet weight] x 100%, n = 6 each group.

Neurological Functions

The neurological functions were blindly assessed at 24 h
after SAH. It is an 18-point sensory—motor assessment sys-
tem and consists of six items with scores of 0-3 (or 1-3) for
each item. These tests include spontaneous activity, symme-
try of the limb movement, forepaw outstretching, climbing,
body proprioception, and whisker stimulation response [6,
11], n = 6 each group.

Magnetic Resonance Imaging (MRI)
Examination

Gd-DTPA is a common contrast used for MRI imaging. It is
also a good tracer for observing the flow and drainage of ISF
in the brain due to its impermeability to the cellular mem-
brane [12]. A 3.0 T MRI system (Magnetom Trio, Siemens
Medical Solutions, Erlangen, Germany) with an eight-
channel wrist coil was applied by using a TIl-weighted
magnetization-prepared rapid acquisition with gradient echo
(MP-RAGE) sequence. The acquisition parameters were as
follows: echo time, 3.7 ms; repetition time, 1500 ms; flip
angle, 12°; inversion time, 900 ms; field of view, 267 mm;
voxel, 0.5 mm?, matrix, 512 x 512; number of averages, 2;
and phase-encoding steps, 96. The acquisition time for each
rat was 290 s. The scanning was performed before and after
the introduction of Gd-DTPA. The scan time points were set
at 0, 0.5 h, 1 h, 2 h, and 3 h following Gd-DTPA injection,
n = 6 each group.

Immunohistochemistry Staining

The immunohistochemistry staining was performed at 24 h
following SAH. The anesthetic animals were perfused using
250 mL ice-cold 0.1 mol/L PBS followed by 400 mL 4%
paraformaldehyde (pH 7.4) through the left ventricles, n = 4
each group. The brain was postfixed in 4% paraformaldehyde
overnight. The brain sample was embedded in paraffin, and
the coronal sections (10 pm thickness) were prepared.

The sections including bilateral hippocampi each group
were stained by Nissl dye and then observed under the BX51
microscope (Olympus, Japan).
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To observe the BBB leakage in the brain, IgG immuno-
histochemistry staining was performed. The section was
incubated with rabbit anti-rat IgG antibody (1:100, ab6735,
Abcam, MA) at 4 °C overnight and then treated with the cor-
responding staining kit. The control serum was applied
instead of the antibody as a negative control [13].

Statistical Evaluation

In the present study, multiple comparisons were analyzed by
one-way analysis of variance (ANOVA) followed by Tukey
multiple comparison post hoc analysis. The neurological
scores were analyzed using the Kruskal-Wallis one-way
ANOVA and then followed by Steel-Dwass multiple com-
parisons. The SigmaPlot software (13.0 version) was used to
create the figures. A P-value<0.05 was considered statisti-
cally significant.

Results

The whole brain water contents in sham and AQP4~~sham
were 78.5% + 0.3% and 78.7% =+ 0.2%, respectively; there
was no significantly difference between them. After SAH,
the brain water content was markedly increased
(79.8% =+ 0.6% in the SAH rat and 80.1% + 0.7% in the
AQP4~~ SAH rat) (Fig. 1a).

compared with those of sham and AQP4~~sham (p < 0.05);
the neurological deficits in AQP4~"~ SAH group were more
severe than that of SAH group (p < 0.05) (Fig. 1b).

The Nissl staining results indicated that the neurons in
the CAl region of hippocampus in the sham and
AQP4~"~sham rats were round and distributed with a layer
mode (Fig. 2A1, A2, al, a2). However, after SAH, the shape
of neuron was irregular (such as triangle or polygon) due to
ischemic injury, and the spatial conformation of neurons
was disordered, especially in the AQP47"SAH group
(Fig. 2A3, A4, a3, a4).

In the sham and AQP4~'~sham rats, there was rare positive
IgG staining around the microvasculature in the hippocam-
pus (Fig. 2B1 and B2). However, numerous IgG positive
products were detected around the microvessels in SAH and
AQP4~SAH groups, which were localized on the capillary
wall and perivascular parenchyma (Fig. 2B3 and B4). A
large number of glial cells were also activated in the AQP4~"
SAH group (Fig. 2B4).

In sham group, the Gd-DTPA injected into the cisterna
magna was widely diffused in subarachnoid space and ven-
tricle system, and gradually distributed throughout the brain
parenchyma, and concentrated in the olfactory bulb at 1 h
and totally cleared from the brain at 3 h following injection
(Fig. 3al-a5). However, the diffusion of Gd-DTPA into the
brain was markedly blocked in Agqgp4~~sham group
(Fig. 3b1-b5). After SAH, Gd-DTPA was concentrated in
the cisterna magna and basilar cisterna, and only a small
amount of Gd-DTPA was drained to the olfactory bulb at 2 h

The neurological scores of the animals in SAH, AQP4~"  after injection, especially in the AQP4"SAH rats
SAH groups were markedly decreased following SAH (Fig. 3c1-d5).
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Fig. 1 The brain water content and neurological deficits following
SAH. After SAH, the brain water content was significantly increased in
both SAH and AQP4~~ SAH groups (a). Additionally, the neurological
scores of the animals in SAH and AQP4~~ SAH groups were markedly

decreased compared with those of sham and AQP4~~sham (p < 0.05),
especially in AQP4~"~ SAH group (b). “*“p < 0.05 compared with those
of sham and AQP4~'~sham groups; “#“p < 0.05 compared with that of
SAH group
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Fig. 2 The neuron damage and BBB disruption following SAH. At
24 h after SAH, the Nissl staining results indicated that the neurons in
the CAl region of hippocampus in the sham and AQP4~~sham rats
were round and distributed with a layer mode (A1, A2, al, a2). However,
after SAH, the shape of neuron was irregular (triangle or polygon), and
the layer mode was damaged, especially in the AQP4~~ SAH group
(A3, A4, a3, a4). In the sham and AQP4~'~sham rats, there was rare
positive IgG in the hippocampus (B1 and B2). However, numerous IgG
positive products were observed around the microvessels in the hippo-
campus in SAH and AQP4~"SAH groups; furthermore, the glial cells

AQP4/-Sham

—

0.5h qi‘ﬂ d

a b2

Fig. 3 The distribution and clearance of Gd-DTPA following SAH. In
sham group, at 0.5 and 1 h after injection, the Gd-DTPA injected into
the cisterna magna was widely diffused in subarachnoid space and ven-
tricle system, gradually distributed throughout the whole brain paren-
chyma, and cleared from the brain at 2 h (al-a5). However, the diffusion
of Gd-DTPA in AQP4 deficit animals was markedly decreased com-

AQP4/-sham

-

adjacent to the microvessels were also activated in the AQP4~"SAH
groups (B3 and B4). The figures A and B were, respectively, the Nissl
staining and IgG staining of sham group for showing the whole brain
and bilateral hippocampi. Figures al—a4 were the magnification for the
square boxes in figures A1-A4, respectively. The arrows in figures al—
a4 indicated the neurons in the CA1 region of hippocampus; the arrows
in figure B4 indicated the activated glial cells. The “*” in figures B1-B4
indicated the lumen of microvessel. In figures A and B, scale
bar = 2.5 mm; in figures A1-A4, scale bar = 100 pm; in figures al—a4
and B1-B4, scale bar = 25 pm

pared with sham group (b1-b5). After SAH, Gd-DTPA was concen-
trated in the cisterna magna and basilar cisterna; only a small amount of
Gd-DTPA was diffused to the olfactory bulb and brain parenchyma at
2 h after injection, especially in the AQP4~"SAH rats (c1-d5). In figure
a2, the arrow showed basilar cistern, the double arrows indicated cis-
terna magna, and “*” indicated olfactory bulb
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Discussion

In this study, we explored the roles of AQP4 in EBI follow-
ing SAH. The results indicated that AQP4 might facilitate
the ISF drainage in the glymphatic system of the brain.
Furthermore, the damage of this system owing to AQP4
knockout could aggravate the EBI after SAH.

Early brain injury (EBI) after SAH is the immediate brain
damage within 72 h. After SAH, the increased intracranial
pressure, decreased cerebral blood flow, and global cerebral
ischemia due to ruptured aneurysm will lead to BBB disrup-
tion, inflammation, and oxidative stress [14, 15]. After SAH,
the ECS is filled with numerous toxic materials, such as
hemoglobin metabolite and thrombin, which will lead to
neuron death [12, 16] and microvascular injury [17]. How to
eliminate these toxins might be a promising therapeutic
strategy to alleviate the injury of neuron and microvascula-
ture following SAH.

The ECS in central nervous system is the microenviron-
ment of the neural cells. The average ECS volume is
15 + 25% of the total adult brain volume as shown by using
some techniques, such as electron microscopy, radiotracers,
and ion diffusion methods [16, 18, 19]. The ISF drainage
system in the brain is critical for clearance of metabolite and
toxin in the ECS. It is reported that the CSF can flow into
ECS from the para-arterial space and out from the para-
venous space [20], that is, glymphatic system in the brain
[4]. The impairment of this drainage system has been veri-
fied to be related to some brain diseases, such as Alzheimer
disease (AD) [21] and brain ischemia injury [22].

The water channel protein AQP4 plays pivotal roles in
regulation of the glymphatic system in the brain. AQP4 is
mainly expressed on the astrocyte end feet [23], which is the
boundary of para-arterial/para-venous space. AQP4 can
facilitate the inflow and outflow of ISF drainage and promote
indirectly the circulation between the CSF and ISF in the
brain [24, 25]. Therefore, AQP4 can accelerate the clearance
of metabolite released from the neural cells, even the blood
components in CSF following SAH.

In this study, we found that, compared with sham animals,
AQP4 knockout rats had no effects on the brain water con-
tent and neurological function. However, after SAH, AQP4
knockout rats showed more severe brain edema and neuro-
logical deficits. These results implied that AQP4 played
important roles in EBI following SAH. These results were in
accordance with the outcomes from other reports. At 7d after
SAH, Luo and colleagues found that AQP4~~ mice showed
no improvements in neurological deficits and neuroinflam-
mation compared with wild-type control mice [17].

In this study, we used the Gd-DTPA under MRI (T1WI)
method to observe the ISF drainage in the glymphatic system.

Gd-DTPA is a common contrast for MRI imaging and has
been proved to be a good indicator for detecting ISF flow
owing to its impermeability to the cellular membrane [26].
Previously, there were some methods to measure the physio-
logical characteristics of ECS in the brain, such as TMA*
method and IOI method [27-29]. Compared with TMA* and
IOI methods, the MRI method in this study can detect the ISF
drainage in the deep brain (such as in hippocampus and cau-
date nucleus) with a three-dimensional mode. This method has
been used to explore the potential mechanism of some central
nervous system diseases, such as AD and aging [30]. Using
this MRI method, we found that the ISF drainage in glym-
phatic system was significantly blocked after SAH, especially
in AQP4~"~ rats, which revealed that AQP4 was critical for
CSF-ISF circulation and ISF clearance. Combined with the
effects of AQP4 knockout on the brain edema and neurologi-
cal function in this study, we speculated that, after SAH, AQP4
had multiple effects, not only leading to the brain edema [31]
but facilitating the ISF drainage in the glymphatic system to
eliminate the toxic factors in the brain and attenuating the neu-
ron death and BBB disruption. AQP4 knockout destroyed the
glymphatic system homeostasis, which resulted in accumula-
tion of poisonous substance and more injury to the neural cells
and BBB, finally exacerbated EBI following SAH.

Conclusion

Our results demonstrated that AQP4 deficits will aggravate
the EBI following SAH, and AQP4 played important roles in
facilitating the transportation of ISF flow to eliminate the
toxicant in the brain after SAH. Furthermore, the MRI-Gd-
DTPA method used in this study will open an avenue to
detecting the unknown ECS structure in the brain and poten-
tial mechanism for some brain diseases.
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Abstract Despite advances in diagnosis and treatment of sub-
arachnoid hemorrhage (SAH), combined morbidity and mortal-
ity rate in SAH patients accounted for greater than 50%. Many
prognostic factors have been reported including delayed cerebral
ischemia, cerebral vasospasm-induced infarction, and shunt-
dependent hydrocephalus as potentially preventable or treatable
causes. Recent experimental studies emphasize that early brain
injury, a concept to explain acute pathophysiological events that
occur in brain before onset of cerebral vasospasm within the first
72 h of SAH, may be more important than cerebral vasospasm, a
classically important determinant of poor outcome, in post-SAH
outcome. Galectin-3 is known for one of matricellular proteins
and a mediator of inflammation in the central nervous system.
Galectin-3 was also reported to contribute to poor outcomes in
SAH patients, but the role of galectin-3 after SAH has not been
determined. We produced experimental SAH mice, of which the
top of the internal carotid artery was perforated by 4-0 monofila-
ment, and evaluated effects of a galectin-3 inhibitor. We assessed
neurological scores and brain water content at 24 h. The admin-
istration of a galectin-3 inhibitor significantly ameliorated brain
edema and neuronal score in experimental SAH mice.

Keywords Galectin-3 - Subarachnoid hemorrhage - Early
brain injury

Introduction

Early brain injury (EBI) is thought to be a pivotal determinant
for poor outcome after subarachnoid hemorrhage (SAH). EBI is
defined as acute pathophysiological events that occur in the
brain before onset of cerebral vasospasm within 72 h of SAH
and consists of any pathophysiological mechanisms except for
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iatrogenic brain injury [1]. We previously reported the possible
mechanisms of EBI, focusing on inflammation and microcircu-
latory disturbance [2—4]. SAH not only induces transient global
brain ischemia secondary to elevated intracranial pressure and
mechanical stress but also produces various substances includ-
ing heme, fibrinogen, intracellular components, and inflamma-
tion-related proteins. These substances stimulate cell surface
receptors including toll-like receptor 4 and induce several
inflammatory pathways [5]. Mitogen-activated protein kinase
(MAPK) pathway seems to be a major inflammatory pathway
related with early brain injury [2-4]. Finally, proinflammatory
substances such as matrix metalloproteinase-9 (MMP-9) and
tenascin-C (TNC) cause and exacerbate cerebral vasospasm,
neuronal apoptosis, and blood-brain barrier disruption [2—-4, 6].

Galectin-3 belongs to galectin family, which consists of
[-galactoside-binding lectins participating in a wide range of
biological processes including immune responses, cell—cell/
extracellular matrix interaction, and apoptosis. Galectin-3 is the
only chimera-type galectin and reported to be involved in brain
inflammatory responses [7]. We previously reported that plasma
galectin-3 levels in non-severe SAH patients were significantly
correlated with the occurrence of delayed cerebral ischemia
(DCI) and delayed cerebral infarction [8]. In this study, first, we
elucidated whether a high concentration of plasma galectin-3 in
SAH patients, including those with severe World Federation of
Neurological Surgeons (WFNS) grade, was associated with poor
outcome. Then, we evaluated whether inhibition of galectin-3
reduced brain edema in experimental SAH models.

Materials and Methods

Clinical Measurements of Plasma Galectin-3
Levels in SAH Patients

We collected blood samples from patients who participated in
the Prospective Registry for Searching Mediators of
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Neurovascular Events After Aneurysmal SAH [pSEED] per-
formed at eight tertiary referral centers in Mie prefecture in
Japan between September 2013 and December 2015 [8].
Inclusion criteria were as follows: >20 years of age at onset,
SAH on computed tomography (CT) scans or lumbar puncture,
saccular aneurysm as the cause of SAH confirmed on three-
dimensional CT angiography, magnetic resonance (MR) angi-
ography, digital subtraction angiography, aneurysmal
obliteration by clipping or endovascular coiling within 48 h of
onset, and post-clipping or post-coiling blood sampling on days
1-3 after onset [8]. SAH that was not due to a ruptured saccular
aneurysm, patients who underwent parental artery occlusion,
patients who had angiographic or treatment-related complica-
tions, patients with pre-onset modified Rankin scale (mRS) 3-5,
patients who could not receive enough anti-DCI therapy due to
severe medical complications, and patients who had past medi-
cal history of concomitant inflammatory diseases that are known
to upregulate galectin-3 were excluded [8]. All blood samples
were centrifuged for 5 min at 3000 x g, and the supernatant fluid
was stored at —78 °C until assayed. Plasma galectin-3 levels
were blindly determined by enzyme-linked immunosorbent
assay kit for human galectin-3 (code no. 27755; Immuno-
Biological Laboratories, Fujioka, Japan) [8] . We defined poor
outcome as mRS 3-6 at 3 months of post-SAH.

Experimental Study as to the Role
of Galectin-3 in SAH

All procedures were approved by the Animal Ethics Review
Committee of Mie University and followed the institution’s
Guidelines for Animal Experiments. C57BL/6 wild-type
(WT) male adult mice (weight, 25-30 g) were used for this
study. To make SAH, endovascular filament perforation was
performed as previously described [9]. Briefly, after midline
skin incision of neck, the left external carotid artery (ECA)
was exposed, and ECA was cut to insert 4-0 nylon monofila-
ment, perforating the bifurcation of internal carotid artery. At
30 min after modeling, an intraventricular injection of 4 ng
modified citrus pectin (MCP), which is known to be a galec-
tin-3 inhibitor [10, 11], or vehicle (sterile phosphate-buffered
saline [PBS]), was performed as previously described [9].
To assess the effect of MCP on EBI, 26 WT mice were
randomly divided into 3 groups: sham + vehicle (n = 7),
SAH + vehicle (n = 10), and SAH + MCP (n = 9) groups.
Neurological score, SAH severity, and brain water content
were evaluated at 24 h after modeling. Neurological score was
blindly evaluated by modified Garcia’s scale as previously
described [4]. Animals were given a total score of 2 to 18 in
I-number steps, and higher scores indicated better function.
SAH severity was blindly evaluated using high-resolution pic-
tures of the base of the brain taken at each sacrifice as previ-

ously reported [4], and mice with moderate severity of SAH
were enrolled in this study. Brain water content was measured
by the wet/dry method for assessing brain edema. In brief, the
brain of sacrificed mice under deep anesthesia was quickly
removed and separated into the left and right hemispheres,
cerebellum, and brain stem. Each part of the brain was weighed
as wet weight, and then they were dried for 24 h at 105 °C and
weighed again as dry weight. The percentage of water content
was calculated according to the following formula: [(wet
weight — dry weight)/wet weight] x 100%.

Statistical Analysis

Categorical variables were reported as the number and per-
centage, and continuous variables were reported as the
mean + standard deviation (SD) and compared between two
groups using the unpaired #-test or among three groups using
one-way analysis of variance with Tukey-Kramer post hoc
tests. A P value <0.05 was considered significant.

Results

High Concentrations of Plasma Galectin-3
Associated with Poor Outcome in SAH
Patients

249 patients were registered in pSEED between September
2013 and December 2015, and 149 patients were eligible for
inclusion criteria. Mean age was 63.9 = 13.5, and there were
107 females. Fifty-four patients developed poor outcome
defined as mRS 3-6. Plasma concentrations of galectin-3 on
days 1-3 were significantly higher in patients with poor out-
comes than those with good outcomes (5.43 * 3.39 vs.
3.77 £2.24 ng/mL, P < 0.001; Fig. 1).

Inhibition of Galectin-3 Ameliorates Brain
Edema in Experimental SAH Mice

No sham-operated mice died, and the mortality rate was not
significantly different between the SAH + vehicle group
(30%) and SAH + MCP group (22%). SAH grade was simi-
lar between the SAH + vehicle group and SAH + MCP group
(Fig. 2a). The SAH-MCP group showed significant improve-
ment of neurological score and brain water content in the left
hemisphere compared with the SAH-vehicle group
(P <0.001, P=0.020, respectively, Fig. 2b, c).
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Discussion

Clinically, elevated plasma galectin-3 levels were reported
to be correlated with the severity and poor outcome in
spontaneous brain hemorrhage and traumatic brain injury
[12, 13], and these results suggested the possibility of the
linkage between galectin-3 and inflammation [12, 13]. Our
previous study elucidated that elevated plasma galectin-3
levels in non-severe SAH patients were significantly cor-
related with the incidence of DCI and delayed cerebral
infarction without cerebral vasospasm and consequently
might contribute to poor outcome [8]. However, the former
study did not include severe SAH patients defined as WFNS
grade 4-5 because of the difficulty in detecting neurologi-
cal worsening due to its severe state [8]. Therefore, in this
preliminary study, we first demonstrated that higher con-
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Fig.2 Effects of modified citrus pectin (MCP) treatment on the severity of subarachnoid hemorrhage (a), neurological scores (b), and brain water
content in the left hemisphere (¢). Data, mean + SD; P value, one-way analysis of variance with Tukey-Kramer post hoc tests
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centrations of plasma galectin-3 were significantly associ-
ated with poor outcome in SAH patients, including those
with worse WENS grades.

Our preliminary experimental study showed that adminis-
tration of MCP ameliorated both neuronal score and brain
edema in experimental SAH mice. In the process of develop-
ment of the central nervous system, galectin-3 is expressed
in various glial cells and induces migration of neural stem
cell and myelination of oligodendrocyte [14]. However, in
rodent brain-resident immune cells, correlating with Janus
kinase/signal transducers and activator of transcription
(JAK-STAT) pathway, galectin-3 acts as an inflammatory
mediator [15]. Buruguillos et al. reported that galectin-3
induces sustained microglial activation and prolonged
inflammatory response through binding to toll-like receptor
4 (TLR4) [7, 16]. Yip et al. demonstrated that galectin-3,
binding to TLR4, promotes inflammation and neuronal death
in traumatic brain injury models of mice [17]. On the other
hand, neuroinflammation after SAH, which is included in the
mechanisms of EBI, induces brain permeability and neuro-
nal apoptosis [1]. Therefore, galectin-3 might induce the
brain permeability as an inflammatory mediator.

The limitations of this study are as follows: the number of
rodent models was too small, and the mechanism how galec-
tin-3 caused brain edema was undetermined. Therefore, fur-
ther studies are needed to elucidate the role of galectin-3
after SAH.
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Abstract Background: Subarachnoid hemorrhage (SAH) is
a severe and emergent cerebrovascular disease, the prognosis
of which usually very poor. Microthrombi formation high-
lighted with inflammation occurs early after SAH. As the
main cause of DCI, microthrombosis associated with the
prognosis of SAH. The aim of this study was to show HSP90
inhibitor 17-AAG effect on microthrombosis after SAH in
rats.

Methods: Ninety-five SD rats were used for the experi-
ment. For time course study, the rats were randomly divided
into five groups: sham group and SAH group with different
time point (1d, 2d, 3d, 5d). Endovascular perforation method
was conducted for SAH model. Neurological score, SAH
grade, and mortality were measured after SAH. The samples
of the left hemisphere brain were collected. The expression
of HSP90 was detected by Western blot. The microthrombo-
sis after SAH in rats’ brain was detected by immunohisto-
chemistry. For mechanism study, rats were randomly divided
into three groups: sham, SAH + vehicle, and SAH +17-AAG
(n = 6/group). 17-AAG was given by intraperitoneal injec-
tion (80 mg/kg) 1 h after SAH. Neurological function were
measured at 24 h after SAH. The expression of RIP3,
NLRP3, ASC, and IL-1f was measured by Western blot.
Microthrombosis was detected by immunohistochemistry.

Results: Our results showed that the HSP90 protein level
increased and peaked at 2 days after SAH. Microthrombosis
caused by SAH was increased in 1 day and peaked at 2 days
after SAH. Administration HSP90 specific inhibitor 17-AAG
reduced expression of RIP3, NLRP3, ASC, and IL-1p,
reduced microthrombosis after SAH, and improved neurobe-
havior when compared to vehicle group.

Y. Zuo - T. He - P. Liao - K. Zhuang - F. Liu (P<)
Department of Neurosurgery, The Third Xiangya Hospital, Central
South University, Changsha, China

X. Yan
Department of Anatomy, The XiangYa Medical School, Central
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Conclusions: 17-AAG can ameliorate microthrombosis
via HSP9O/RIP3/NLRP3 pathway and improve neurobehav-
ior after SAH.

Keywords SAH - 17-AAG - Microthrombosis - HSP90

Introduction

Subarachnoid hemorrhage (SAH) is a severe and emergent
cerebrovascular disease with high morbidity and mortality
and always leads to poor outcome. SAH mainly affects
middle-aged patients and counts a highest fatality in all
stroke subtypes, which brings about a huge burden on econ-
omy and society [1]. Inflammation has been extensively
studied in early brain injury (EBI) after SAH, which is con-
sidered to be the main cause of mortality and lead to poor
outcome [2, 3]. NLRP3 inflammasome, as a part of pro-
inflammation, has been well established to take part in the
pathophysiology of EBI after SAH [4-6].The inflammatory
response and its effect on the occurrence of microthrombosis
are frequently discussed as potential protagonists.
Microthrombosis, usually found to be dissociation
between cerebral vasospasm (CVS) and delayed cerebral
ischemia (DCI), regarded as the major cause of neurologic
deterioration and consequent poor outcome [7]. Microthrombi
were firstly described in patients who were thought to have
died of DCI. The autopsy study showed significantly high
amounts of microthrombi were found in ischemic regions
[8]. Recently, the occurrence of microthrombi was verified
after SAH in animal models [9-11]. Furthermore, endothe-
lial cell apoptosis and coagulation induced by inflammation
have been well established [7, 12],which were considered
the main cause of microthrombosis [10].
17-Allylamino-demethoxygeldanamycin (17-AAG), a
specific inhibitor of HSP90, has been proved to show its
effect on preventing cell death especially necroptosis [11,
13, 14]. Moreover, necroptosis plays a potential role in
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inflammation [15]. Furthermore, HSP90 inhibition shows
its protection effect by attenuating inflammation response
[16] and maintaining blood-brain barrier after ischemia
stroke [17]. RIP3 has been described as a key protein in
NLRP3 inflammasome previously [4, 18]. More recently,
HSP90 has been proven to be an upstream regulator of
RIP3 in necroptosis [19, 20].More recently, the HSP90
inhibitor can reduce cell death induced by oxygen-glucose
deprivation model [19]. Therefore, we hypothesize that
17-AAG reduces microthrombosis via HSP90/RIP3/
NLRP3 pathway after SAH.

Methods and Materials

Animals and SAH Model

Adult male Sprague-Dawley rats (250-280 g) were pur-
chased from the Animal Center of Central South University
(Changsha, China). Rats were housed in a room with con-
stant temperature (25 °C), humidity control and with a
12/12 h light/dark cycle. Standard animal chow and water
were freely available. All the experimental procedures were
approved by the Institutional Animal Care and Use
Committee of Central South University.

SAH model was conducted by modified endovascular
perforation method as previously described. Briefly, rats
were anesthetized with chloral hydrate (400 mg/kg, intra-
peritoneally). The left common carotid artery and external
and internal carotid arteries were exposed, and a 4—0 mono-
filament nylon suture was inserted into the left internal
carotid artery through the external carotid artery stump
until feeling resistance and then advanced 3 mm to perfo-
rate the bifurcation of the anterior and middle cerebral
artery. Sham rats underwent identical procedures except the
perforation.

Experiment Design

Experiment 1: For the time course experiment, 70 animals
were divided randomly into 5 groups (n = 12/group): sham
and SAH (1, 2, 3, 5 days (d)) groups. The neurological func-
tion was measured by modified Gracia score, and beam bal-
ance test was measured. Rats in the sham group underwent a
procedure similar to that of the SAH group except perfora-
tion; rats in the SAH group underwent perforation and then
euthanized in different time point after SAH. At the same
time, SAH grade was measured. Then every group was
divided into two groups used for Western blot and immuno-
histochemistry, respectively (n = 6/group).

Experiment 2: For 17-AAG treatment, 36 rats were
divided randomly into three groups: sham (n = 6),
SAH + vehicle (n = 12), and SAH + 17-AAG (n = 12).
Modified Gracia score and beam balance test were measured.
Then every group was divided into two groups used for
Western blot and immunohistochemistry, respectively. Brain
samples were collected after perfusion by 4% PFA for
immunostaining.

Measurement of SAH Grade

As a parameter to evaluate the severity of SAH, SAH grade
was obtained according to a grading system that was
described previously. Briefly, the system was based on the
amount of subarachnoid blood clots distributed in the six
segments of basal cistern: grade 1, no subarachnoid blood
(score = 0); grade 2, minimal subarachnoid clots (score = 1);
grade 3, moderate subarachnoid clots with recognizable
arteries (score = 2); and grade 4, blood clots covering all
arteries (score = 3). A total score ranging from 0 to 18 was
obtained by adding the scores from all six segments. The
grading of SAH was performed by a partner who was blinded
to the experiment. Rats with the SAH grade lower than 9
were excluded from this study.

Assessment of Neurological Function

The neurological status of all rats was evaluated at 24 h after
SAH induction using the previously described modified
Garcia scoring system and beam balance test [21].

The assessment of neurological score was performed by a
partner who was blind to the experiment.

Western Blot Analysis

Western blot was performed as previously described [22].
Briefly, tissues were extracted by RIPA buffer. The protein
concentrations were detected by using a bicinchoninic acid
(BCA) assay (Beyotime, Shanghai, China). The protein sam-
ples were separated by 10% SDS-polyacrylamide gel elec-
trophoresis (PAGE) and transferred to polyvinylidene
fluoride membranes (Millipore, USA). After blocked, the
membranes were incubated overnight at 4 °C with the fol-
lowing primary antibodies: anti-HSP90 (1:1000, Proteintech),
anti-RIP3 (1:1000, Abcam, USA), anti-NLRP3 (1:500,
Abcam, USA), anti-ASC (1:300, Santa Cruz, USA), anti-
IL-1p (1:1000, Proteintech), and anti-GAPDH (1:1000,
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Proteintech). After incubation with a secondary antibody, the
immunocomplexes were visualized by enhanced chemilumi-
nescence (SuperSignal Pierce Biotechnology).

Immunohistochemistry

Immunohistochemistry was performed as previously
described [23]. Thirty micrometer coronal brain sections
were cut as previously described in a cryostat (Leica
CM3050S, Buffalo Grove, IL). Sections from each animal
were divided into several subsets for immunohistochemis-
try. Microthrombi were visualized by immunohistochemis-
try with fibrinogen staining. After antigen retrieval, the
slides were incubated in anti-fibrinogen antibody (1:500)
(LifeSpan, Seattle, WA, USA) for 2 h and then incubated
by biotinylated secondary antibody (1:400, Abcam,
Cambridge, UK) for 1 h and ABC reagents (1:400; Vector
Laboratories, Burlingame, CA, USA) for 1 h, with the
immunoreactivity visualized in 0.003% H,0O, and 0.05% 3,
3’-diaminobenzidine(DAB), and counterstaining was per-
formed with hematoxylin.

Immunofluorescence

Double immunofluorescence staining was performed as pre-
viously described [24]. The primary antibodies were bioti-
nylated lectin (1:500, B-1175, Vector), followed by
incubation with appropriate fluorescence-conjugated sec-
ondary antibody AMCA streptavidin (1:200, SA-5008,
Vector). TUNEL staining (In Situ Cell Death Detection Kit,
Roche) was performed following the manufacturer’s instruc-
tion. The sections were visualized under a fluorescence
microscope Leica DMi8.

Quantification and Statistical Analysis

Microthrombi counts were performed as previously
described [23]. Predefined regions of interest (ROIs) were
photographed at X200 magnification. The cumulative num-
ber of microthrombi was counted in a blinded fashion. The
data were expressed as means = SD. One-way analysis of
variance (ANOVA) was used in this study to compare
means of different groups followed by a Tukey’s multiple
comparison test. The statistical analysis was carried out
using SPSS 16.0 software (SPSS Inc., Chicago, Illinois,
USA). Statistically significance was accepted with
p <0.05.

Results

General Observation and SAH Severity
and Localization of SAH

A total of 107 rats were used. Eighteen rats were sham group
and 87 rats underwent SAH. Two rats were excluded from
the study due to mild SAH. At 24 h after SAH induction,
blood clots were mainly observed around the Willis circle
and ventral brainstem (Fig. 1a). No statistical differences in
the average of SAH grades were observed between SAH
groups (Fig. 1b). About 17.2% rats (15 of 87) under SAH
condition died within 24 h after SAH induction. No animals
died in the sham group (0 of 18 rats). No statistical signifi-
cance was observed for mortality between operated groups.

Time Course of HSP90 Detected in the Left
Hemisphere and Microthrombosis
in the Cerebellum Following SAH

Western blot was performed to determine the HSP90 expres-
sion in the left hemisphere at the 1, 2, 3, and 5 days after
SAH. Results showed that HSP90 level increased as early as
1 day after SAH and peaked 2 days and then decreased
(Fig. 2a). Quantitative analyses of HSP90 time course show
nearly 2.8 times higher at 2 days when compared with sham
group (Fig. 2a). Immunohistochemistry was performed to
detect the microthrombosis at same time point (Fig. 2b).
Results showed that microthrombi counts increased as early
as 1 day after SAH and peaked 2 days and then decreased
(Fig. 2¢).

HSP90 Inhibitor 17-AAG Treatment Reduces
RIP3 and NLRP3 Inflammasome,
Ameliorates Microthrombosis, and Improves
Short-Term Neurobehavior

The modified Garcia and beam balance scores were signifi-
cantly lower in the SAH + vehicle group than those in the
sham group, and administration of 17-AAG improved the
neurological scores in SAH + 17-AAG group significantly
compared with SAH + vehicle group (P < 0.05; Fig. 1c, d). At
2 days after SAH, the expression of HSP90 was remarkably
increased, and RIP3, NLRP3, ASC, and IL-1f were dramati-
cally increased in SAH + vehicle group compared with the
sham group. However, 17-AAG treatment reduced the level
of HSP90 and inhibited the expression of RIP3, NLRP3,
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Fig. 1 General observation and SAH grade and neurological score. (a)
Representative images of the brains from each group at 24 h after oper-
ation. Subarachnoid blood clots were mainly around the Willis circle
and ventral brainstem. No blood present in the sham group. (b) There
were no significant difference of SAH grade between the SAH groups

ASC, and IL-1p in SAH + 17-AAG group when compared
with SAH + vehicle group (P < 0.05; Fig. 3a). When co-
labeling with TUNEL and vessel marker lectin, the results
show the endothelial cells on the inner surface vessels under
apoptosis in SAH + vehicle when compared to sham; how-
ever the 17-AAG treatment can reverse this change (Fig. 3b,
¢). The microthrombosis was remarkably increased at 2 days
in SAH + vehicle group compared with the sham group.
However, 17-AAG treatment reduced microthrombosis when
compared with SAH + vehicle group (P < 0.05; Fig. 3d, e).

(p < 0.05). Similar SAH bleeding severity was observed in all SAH
groups. (¢) Modified Garcia score and (d) beam balance test between
sham, SAH + vehicle, and SAH + 17-AAG group. n = 6 per group.
*p < 0.05 vs. sham, #p < 0.05 vs. SAH + vehicle

Discussion

In the present study, we found that both microthrombosis and
the expression of HSP90 increased in the brain after SAH in
rats. In addition, the 17-AAG treatment improved neuro-
function after SAH, which were accompanied by a decrease
in RIP3 and NLRP3 inflammasome expression. Furthermore,
17-AAG showed the neuroprotective effects after SAH,
which were associated with the decreased microthrombosis
2 days after SAH.
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Fig. 2 Microthrombosis in cerebellum and expression HSP90 in left
hemisphere after SAH. (a) Representative Western blot images and
quantitative analyses of HSP90 time course from the left hemisphere

The role of NLRP3 inflammasome in the pathophysiol-
ogy of EBI after SAH has been proved previously [12]. The
NLRP3 form a complex with ASC and pro-caspase-1 when
activated and then maturate IL-1p and IL-18 by cleaved cas-
pase-1 contributes to inflammation after SAH [12]. ROS
generation, K+ efflux, and Cl— efflux were proved be three
common upstream of NLRP3 activation [25]. Recently, RIP3
has been elucidated to have regulated NLRP3 inflammasome
after SAH [4]. HSP90, as a chaperone protein, has been
proven to show its effect on ischemia stroke. HSP90 inhibi-
tors such as 17-AAG show its protective effects in ischemia
stroke by attenuating inflammatory responses, ameliorating
neuronal autophagic death, and protecting neural progenitor
cell death and blood-brain barrier from disruption [16, 17,
26, 27]. More recently, HSP90 as a direct upstream regulator
of RIP3 has been proved in neuronal oxygen-glucose depri-
vation model, and inhibition of HSP90 protected neurons
from necroptosis [20]. Interestingly, a clinical study show
that the antibody level of heat shock proteins increased in
stroke patients [28]. However, the HSP90 regulate the
NLRP3 activation after SAH have not been elucidated. In
our present study, we found that HSP90 increased 1 day and

5d

after SAH. (b) Representative image and (c¢) quantitative analyses of
microthrombosis in sham and SAH group with different time point.
n = 6 per group. *p < 0.05 vs. sham

peaked 2 days after SAH, and administration of HSP90
inhibitor 17-AAG reduced inflammation via HSP90/RIP3/
NLRP3 signaling pathway as well as improve
neurofunction.

Microthrombosis, as well as pro-inflammatory cascades
and blood-brain barrier disruption, consist the main cascade
events of secondary injury after SAH. One of the main causes
of microthrombi formation after SAH was endothelial cell
injury [10]. What’s more, endothelial apoptosis after SAH
has been shown to be associated with inflammatory media-
tors such as interleukin-1p (IL-1B) [7, 29]. In the present
study, our results show that 17-AAG can reduce IL-1§ by
inhibiting NLRP3 inflammasome formation and then reduce
microthrombosis after SAH. Thus, reduce NLRP3 inflam-
masome mediated inflammatory response by administration
of 17-AAG may be a pential target to therapy microthrombo-
sis after SAH.

These findings suggested that the administration of
17-AAG could attenuate NLRP3 inflammasome activation,
inhibit microthrombosis, and improve neurofunction after
SAH, at least, in part, through the HSP9O/RIP3/NLRP3 sig-
naling pathway.
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Conclusion

Our study showed that 17-AAG can improve neurofunction
and alleviate inflammation through the HSP9O/RIP3/NLRP3
pathway as well as reduce microthrombosis after SAH. It
may provide an optical method to treatment of SAH.
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Abstract Background: Brain edema is a common and criti-
cal pathology following subarachnoid hemorrhage (SAH).
Toll-like receptor 4 (TLR4) activation may exacerbate brain
edema. The purpose of this study was to clarify if TAK-242,
a TLR4 antagonist, suppresses brain edema formation and
neurological impairments after SAH in mice.

Methods: A total of 46 mice underwent endovascular per-
foration to induce SAH or sham operation and were classi-
fied as Sham+TAK-242, SAH+ phosphate-buffered saline
(PBS), and SAH + TAK-242 groups. The PBS or TAK-242
was administered intracerebroventricularly to mice at 30 min
from the operation. Neurobehavioral tests, SAH severity, and
brain water content were evaluated at 24 h from the
operation.

Results: The SAH + PBS group was significantly worse in
neurological tests (P < 0.001) and brain water content of the
cerebral hemisphere in the bleeding side (p = 0.005) com-
pared with the Sham+PBS group, while there were no differ-
ences between the SAH + TAK-242 and Sham+PBS groups.
SAH severity in the SAH + PBS group was similar to that in
the SAH + TAK-242 group.

Conclusions: Intracerebroventricular administration of
TAK-242 possibly prevents neurological impairments at
least via suppression of brain edema.
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Introduction

Subarachnoid hemorrhage (SAH) is a cerebrovascular dis-
ease with devastating consequences. Brain edema is a com-
mon and critical pathology following SAH, and it is an
independent risk factor for mortality and poor outcome after
SAH [1]. A number of different mechanisms possibly lead to
global edema formation after SAH such as progression of
abnormalities related to ictal circulatory arrest, diffuse
microvascular spasm resulting in ischemia, autoregulatory
breakthrough in the setting of hypertension, shifting of water
into the intracellular compartment due to hyponatremia, and
cerebral inflammation induced by blood products [1, 2] .
However, the underlying mechanisms are obscure. Therefore,
treatment options of brain edema following SAH are limited.
Recent evidences implicated that Toll-like receptor 4 (TLR4)
known as a receptor of immune response is activated in the
central nervous system by damage-associated molecular pat-
terns following SAH [3]. TLR4 activation leads to the pro-
duction of proinflammatory substances via mitogen-activated
protein kinase (MAPK) pathway and nuclear factor-kappa B
(NF-xB) pathway and caused cerebral vasospasm and neuro-
nal apoptosis [4—-6]. However, it has not been determined if
there are some relationships between TLR4 activation and
brain edema following SAH. An exogenous TLR4 antago-
nist, TAK-242, binds selectively to TLR4 and inhibits its
downstream signaling events [7]. Thus, the aim of this study
was to investigate if TAK-242 is effective against post-SAH
neurological impairments and brain edema aggravation.

Materials and Methods

The Animal Ethics Review Committee of Mie University
approved the study protocol, and all experiments were con-
ducted in accordance with the institution’s Guidelines for
Animal Experiments.

R. D. Martin et al. (eds.), Subarachnoid Hemorrhage, Acta Neurochirurgica Supplement 127, 77
https://doi.org/10.1007/978-3-030-04615-6_13, © Springer Nature Switzerland AG 2020
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Figure 1 shows the study protocol. We used C57BL/six
mice (male; weight, 25-30 g) to establish the SAH model.
The SAH was induced by endovascular perforation of left
internal carotid artery (ICA) bifurcation with a sharpened
4-0 nylon monofilament suture as previously described [8].
Sham group underwent the same operative procedures,
except for not puncturing the left ICA. At 30 min after opera-
tive procedures for SAH or Sham, 46 surviving mice were
divided randomly into 3 groups as follows: Sham+TAK-242
(n=38), SAH + phosphate-buffered saline (PBS; n =21), and
SAH + TAK-242 (n =7). The PBS or TAK-242 (0.072 pg in
2 uL PBS; EMD Millipore Corp, Billerica, MA) was admin-
istered intracerebroventricularly with the needle of a 2-pL
Hamilton syringe (Hamilton Company, Reno, Nev) by a
modification of the method previously described [8] . The
needle was removed at 10 min after an infusion, and the
wound was quickly sutured. Neurological impairments,
SAH severity, and brain water content of these groups were
assessed at 24 h after modeling.

Neurological impairments were blindly evaluated using
two methods. Neurological score was assessed using modi-
fied Garcia’s neurological score system as previously
described [4]. In six categories, we marked a grade from 0
to 3 points depending on the degree of response, respec-
tively. Thus the final neurological score was determined by

adding the value from all 6 categories, with 2 being the
worst and 18 the best. A beam balance test investigated the
animal’s ability to walk on a narrow wooden beam for 60 s.
The mice received a score ranging from 0 to 4 points as
previously described [9]. The median score of 3 consecutive
trials in a 5-min period was calculated. The SAH grading
system was used to determine the SAH severity as previ-
ously described [10]. The mice received a total score rang-
ing from O to 18, depending on the amount of SAH. We
excluded the models with SAH grade less than 8 points.
Brain edema was determined using the wet/dry method as
previously described [8] . Brain water content was calcu-
lated according to the following formula: [(wet weight — dry
weight)/wet weight] x 100%.

Discrete variables were expressed as count (percentage)
and continuous variables as mean (standard deviation [SD])
or median (interquartile range [IQR]), as appropriate.
Neurological and beam balance scores and SAH grade were
compared with Mann-Whitney U tests or Kruskal-Wallis
tests for data analysis between the groups, while brain water
content was compared with unpaired Student’s #-test. SPSS
for Windows, version 21.0 (SPSS Japan Inc., IBM, Tokyo,
Japan), was used to perform statistical analyses. Two-side P
value of less than 0.05 was considered as a statistically sig-
nificant difference.

SAH or Sham
modeling
30 min
A
46 surviving
model
v
Intracerebroventicular injection
8 Sham+TAK-242 21 SAH+PBS 7 SAH+TAK-242
24 h
7 deaths || 1 death ||
within 24h within 24h
A A A
8 analysed 14 analysed 6 analysed
v

Fig. 1 Flow diagram of the study design. SAH subarachnoid hemorrhage; PBS phosphate-buffered saline
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Results

At 24 h from modeling, the mortality rate was higher in the
SAH + PBS group, accounting for 0 (0%) of 8§
Sham+TAK-242 mice, 7 (33%) of 21 SAH + PBS mice,
and 1 (14%) of 7 SAH + TAK-242 mice (Fig. 1).
Neurological score except for mortality models was signifi-
cantly worse in the SAH + PBS group (median, 6; IQR,
3-12) compared with the Sham+TAK-242 group (median,
18; IQR, 18-18), while there was no significant difference
between the SAH + TAK-242 (median, 16; IQR, 14-18)
and Sham+TAK-242 groups (Fig. 2a). Beam balance score
except for mortality models was also significantly impaired
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Fig. 2 Box-and-whisker plots showing neurological score (a), beam
balance score (b), and the amount of subarachnoid hemorrhage (SAH;
c¢) at 24 h except for mortality models. Data are expressed as

in the SAH + PBS group (median, 1; IQR, 0-1) compared
with the Sham+TAK-242 group (median, 4; IQR, 4-4),
while there was no significant difference between the
SAH +TAK-242 (median, 2; IQR, 0—4) and Sham+TAK-242
groups (Fig. 2b). The SAH grading score was similar
between the SAH + PBS (median, 8; IQR, 8-10) and
SAH + TAK-242 groups (median, 11; IQR, 9-12; Fig. 2c).
Brain water content in the left hemisphere was significantly
higher in the SAH + PBS group (mean, 79.7; SD, 1.8) com-
pared with the SAH + TAK-242 group (mean, 78.1; SD,
0.9; Fig. 3a). In contrast, brain water contents in the right
hemisphere, cerebellum, and brain stem were similar
between the two groups (Fig. 3b—d).
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Discussion

TAK-242 selectively inhibits TLR4 signal by covalently
binding to Cys747 in the intracellular domain of TLR4 [7].
The present study demonstrated that brain water content in
the bleeding side and neurological score improved in mouse
SAH models by injecting TAK-242 intracerebroventricularly
without expediting SAH clearance. This finding suggests
that TLR4 antagonists suppressed brain edema formation
caused by a mechanism different from mechanical injury
with elevation of intracranial pressure resulting from the
bleeding spreading into the subarachnoid space after occur-
rence of SAH. Klatzo [11] classified brain edema as vaso-
genic edema arising from a breakdown of the tight
interendothelial junction forming blood-brain barrier (BBB)
and cytotoxic edema arising from a disruption in cellular
metabolism. TLR4 stimulation leads to the radiation of
NF-xB and activator protein (AP)-1 via the myeloid differen-
tiation primary response gene-dependent pathway [3]. NF-
kB produces proinflammatory substances, such as tumor
necrosis factor-«, interleukins (ILs), intercellular adhesion
molecule-1, monocyte chemoattractant protein-1, matrix
metalloproteinase (MMP)-9, cyclooxygenases, and reactive
oxygen species, while AP-1 mainly mediated by MAPKs
also produces many proinflammatory mediators, such as
MMPs, protease, IL-1, and interferon [3]. Among the proin-
flammatory mediators, MMP-9 possibly plays critical roles
in BBB disruption leading to vasogenic brain edema by dev-
astating tight junction proteins and basal membrane proteins,
such as fibronectin, laminin, and collagen [2, 12] . MMP-9
knockout mice significantly suppressed the BBB disruption
leading to the prevention of brain edema formation after
transient focal ischemia [13]. Thus, TLR4 activation possi-
bly implicates BBB disruption by inducing MMP-9. This
study cannot show that the exact mechanism leading to
reduction of brain edema via TLR4 inactivation. However,
the present study is potentially important in showing that
TLR4 may be a novel treatment option targeting SAH by
suppressing brain edema. Immunohistochemical analysis
and protein quantification assay will reveal the pathological
mechanism of brain edema leading to neurological impair-
ment. Another limitation of this study is the possibility that
TAK-242 inactivates other TLRs and neuroreceptor known
to be involved in brain edema and neurological impairments
rather than TLR4. Further studies are needed to reinforce the
findings.

In conclusion, an intracerebroventricular administration
of TAK-242 possibly prevents neurological impairments and
brain edema in mouse SAH models.
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Abstract There is considerable variability in the presenta-
tion of patients with acute subarachnoid hemorrhage (aSAH).
Evidence suggests that a thick, diffuse clot better predicts the
development of delayed cerebral ischemia and poor out-
comes. In a rodent model of acute SAH, we directly mea-
sured the effects of the volume of blood injected versus the
pattern of distribution of hemorrhage in the subarachnoid
space on markers of early brain injury, namely, cerebral
blood flow (CBF), cerebrospinal fluid (CSF) concentrations
of P450 eicosanoids and catecholamines, and cortical spread-
ing depolarizations (CSDs). There is a significant decrease in
CBF, an increase in CSF biomarkers, and a trend toward
increasing frequency and severity of CSDs when grouped by
severity of hemorrhage but not by volume of blood injected.
In severe hemorrhage grade animals, there was a progressive
decrease in CBF after successive CSD events. These results
suggest that the pattern of SAH (thick diffuse clots) corre-
lates with the “clinical” severity of SAH.
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Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is a devas-
tating form of stroke with an incidence of approximately
9 in 100,000 person-years [1]. This condition results in
immediate mortality of approximately 22%. There is a
nearly 50% mortality rate in the first month, and of those
patients surviving at least 1 year, 46-60% remain dependent
[2]. One major hallmark of aSAH is the marked variability
in clinical presentation, radiographic appearance, and long-
term outcomes across patients. Furthermore, many patients,
but not all, develop delayed cerebral ischemia (DCI) that, in
the past, has been attributed to large vessel vasospasm due
to numerous vasoactive compounds in the subarachnoid
space. Progressive iterations of radiographic grading scales
have improved the prediction of DCI by accounting for dif-
fuse thick hemorrhage [3-5]. In addition, several recent
reports have shown that the pattern of SAH and not the vol-
ume of blood per se, in patients with non-aneurysmal SAH
is correlated with the development of angiographic vaso-
spasm and delayed infarcts [6-8].

Early brain injury (EBI), damage sustained within the
first 72 h after ictus, leads to delayed pathological
changes such as brain tissue hypoxia, cerebral inflamma-
tion, and blood-brain barrier disruption [9, 10]. EBI plays
a primary role in the initial clinical presentation of
patients with SAH and contributes to secondary injuries,
including DCI and subsequent poor prognosis [10].
Consequently, multiple groups have been studying the
effects of various biomarkers after aSAH. The P450 eico-
sanoids are vasoactive and inflammatory products of ara-
chidonic acid metabolism that have been shown to be
present in the spinal fluid of aSAH patients. These
metabolites play numerous and often opposing roles.
Some have been shown to be vasoconstrictive and con-
tribute to DCI [11, 12], and others have been shown to be
neuroprotective in cerebral ischemia/reperfusion injury
and can reduce cerebral edema [13, 14].
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Epoxyeicosatrienoic acids (EETs) are vasodilatory, anti-
inflammatory, and antithrombotic [15]. 14,15-EET may
protect against the development of DCI in both human
and animal studies [16, 17], whereas 20-hydroxyeicoast-
etraenoic acid (20-HETE) and 5-hydroxytryptamine
(5-HT) are associated with early and delayed vasospasm
[11, 12]. Another hallmark brain injury after SAH is the
presence of cortical spreading depolarizations (CSDs)
that may contribute to the development of DCI [18].
These are self-propagating waves of neuronal and glial
depolarization that trigger a vascular response through
neurovascular coupling. The vascular response can range
from a spreading hyperemia to a pronounced oligemia
and can lead to significant ischemia and cell death [19].
Under normal conditions, CSDs lead to increased cere-
bral metabolic demand and trigger a hemodynamic
response composed of multiple opposing vasomotor
influences at various stages of the CSD wave [20]. In the
pathologic state after SAH CSDs lead to paradoxical
hypoperfusion during the period of elevated metabolic
demand which leads to tissue damage [21]. CSDs have
been well-documented in animal models and human
patients with severe SAH [19, 21]. We propose that a
thick diffuse pattern of hemorrhage is the driver of the
cascade of events that occurs after hemorrhage rather
than a dose response to the spasmogens in the extrava-
sated blood.

In this study, we directly compare the pattern of blood in
experimental SAH [22, 23] to the volume of blood on cere-
bral blood flow, the CSF expression of P450 eicosanoids, and
the development of CSDs. We find that a thick diffuse hem-
orrhage most closely correlates with the severity of injury
after SAH.

Materials and Methods

Animals and Surgical Preparation

This study protocol was approved by the Institutional
Animal Care and Use Committee at Oregon Health &
Science University, which is in accordance with the NIH
Guide for the Care and Use of Laboratory Animals. All
institutional and national guidelines for the care and use of
laboratory animals were followed. As previously published
[22], rats were anesthetized with isoflurane, catheterized
(central venous and arterial), placed in a stereotactic frame,
and maintained in a “lightly anesthetized state” with i.v.
Brevital. The skull was thinned for laser Doppler flowmetry
and optical intrinsic signaling (OIS) and a craniotomy per-
formed for placement of a spinal needle in the prechiasmatic
cistern for injection of autologous blood into the subarach-
noid space.

Experimental Subarachnoid Hemorrhage
and Recording

Freshly drawn autologous blood of varying volumes (50 pL,
100 pL, 200 pL, and 250 pL) was infused over 1 min through
the spinal needle to minimize changes in intracranial pressure
(ICP) [24, 25]. Control animals received an injection of 200 pL.
of artificial cerebral spinal fluid (aCSF). CBF, mean arterial
pressure (MAP), flick latency, and temperature were moni-
tored during a 10-min baseline to ensure a stable anesthetic
plane and for an additional 30 min after induction of SAH. OIS
was recorded using a multispectral imaging system using
QiOptiq Optem FUSION (QiOptiq, NY) modular lens system.
A broadband light from a fiber-optic illuminator filtered
through a liquid crystal tunable filter (VariSpec VIS, Perkin-
Elmer, MA) was used to illuminate the thin skull preparation
3 mm right lateral to the sagittal suture and 2 mm posterior to
the coronal suture, at 30° angle with respect to the optical axis
of the imaging system. The reflectance from the sample was
acquired by monochrome camera (Model: Flea2 IEEEb, Point
Grey Research, Inc., Canada) controlled by custom software
written using LabVIEW (National Instruments, Austin, TX).

Cerebrospinal Fluid Collection

The rat was given a bolus of 0.5 mL sodium Brevital (20 mg/
mL), and the head angled ventrally 30°. A 27-gauge needle was
percutaneously inserted into the cisterna magna and 100—
200 pL of CSF aspirated. CSF was centrifuged for 10 s at
10,000 RPM and then at —80 °C. Control CSF was obtained
from anesthetized naive rats in a similar fashion. All samples
were analyzed for P450 eicosanoids and catecholamines by the
lipidomics core on a mass spectrometer. Following CSF collec-
tion, the animals were euthanized by sodium Brevital overdose
and perfusion fixed with 100 mL saline followed by 100 mL
10% formalin. The whole brain was removed carefully and
images of the ventral and dorsal surfaces obtained. The hemor-
rhage grade was assigned as previously described [22]. Briefly,
the ventral surface of the brain was partitioned into six sections.
Each section was allotted a number from 0 to 3 depending on
the amount of subarachnoid blood in the section: 0 no blood, 1
minimal blood, 2 moderate blood clot with recognizable arter-
ies, and 3 blood clot obliterating all arteries. Scores were
summed from all six sections. Scores were categorized as fol-
lows: 07 mild, 812 moderate, and 13—18 severe.

Analysis

CBF was normalized to the baseline. The mean percent
change, in 5-min epochs, was calculated for each group and
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compared using the one-way ANOVA and post hoc Tukey
test. Differences in the mean concentrations of metabolite
markers in the CSF were compared using the one-way
ANOVA and post hoc Tukey test. The number of cortical
spreading depressions was compared with the nonparametric
Kruskal-Wallis test. Statistics were performed with
MATLAB and IBM SPSS v24 software.

Results

There were a total of 31 experimental animals. Five (5) ani-
mals were given a 250 pL injection, eight (8) animals were
given a 200 pL injection, four (4) animals were given a
100 pL injection, and four (4) animals were given a 50 pL
injection. Ten (10) animals were given an aCSF injection.
This resulted in fourteen (14) mild hemorrhages, eight (8)
moderate hemorrhages, and nine (9) severe hemorrhages.
There were no severe hemorrhages in the 50 pL. group (2/4
mild and 2/4 moderate). Of the other three injection groups,
there were 25% (1/4), 62.5% (5/8), and 60% (3/5) severe
hemorrhages in the 100 pL, 200 pL, and 250 pL injection
groups, respectively.

Cerebral Blood Flow

CBF was reduced immediately after experimental SAH in all
animals; however, there was a large amount of variability in
the severity of the reduction. CBF categorized according to
the volume of blood injected was only significantly reduced
from aCSF injection in the 250 pL group (the largest volume
injected) due to the large variability in responses across
groups (Fig. 1a). By contrast, there is a significant difference
in relative CBF depending on the hemorrhage grade of the
animal (Fig. 1b) consistent with previous reports [22]. There
is a substantial decrease in CBF in the early phase after SAH
injection compared to the baseline in the moderate and severe
groups. The differences between mild, moderate, and severe
hemorrhages are significant for the first minutes after injec-
tion (P < 0.05), after which differences between mild and
severe hemorrhages persist for 20 min post-injection
(P <0.05).

Cerebrospinal Fluid

The concentration of 14,15-EET was significantly elevated
in all hemorrhage grades compared to naive controls
(P < 0.01). When grouped by injected blood volume, only
the largest blood volume group was statistically different

(P < 0.05) likely due to the large variability. Similarly, the
mean concentrations of 20-HETE are significantly different
when grouped by hemorrhage severity but not by volume
injected. The mean concentration of 5-HT is significantly
different in severe hemorrhage compared to control
(P < 0.01) and moderate hemorrhage (P < 0.05), whereas
there is no significance when grouped by volume injected.
There was no significant difference in the CSF concentration
of norepinephrine (NE) independent of grouping (Fig. 2 and
Table 1).

Cortical Spreading Depolarization

The number of CSD events were compared between hem-
orrhage grades as well as volume of blood injected. Of the
14 animals with mild hemorrhages, 3 experienced CSD
events; of the 8 moderate hemorrhage animals, 3 experi-
enced CSD events; and of the 9 severe hemorrhage ani-
mals, 5 experienced CSD events. There was a trend toward
increased frequency of CSD events in severe hemorrhages,
but it did not quite reach significance (P = 0.064). In ani-
mals with multiple CSD events, subsequent CSD events
appeared different between mild and severe hemorrhage
grades (Fig. 3). In the mild hemorrhage animal, the initial
CSD event was a brief period of oligemia followed by
hyperemia. In subsequent CSD events, oligemia dimin-
ished or was absent and the hyperemic response increased.
In the moderate hemorrhage animal, there is a more grad-
ual shift from oligemia to hyperemia. In the severe hemor-
rhage animal, successive CSD events lead to progressively
worsening oligemia and a loss of the hyperemic compo-
nent (Fig. 3).

Discussion

In this study we examined the correlation between the vol-
ume of blood injected in the subarachnoid space and the dis-
tribution or pattern of SAH on markers of early brain injury:
cerebral perfusion, CSF levels of the P450 eicosanoids and
catecholamines (14,15-EET, 20-HETE, 5-HT, and NE), as
well as the development of CSDs and their effects on
CBF. We found that an acute decrease in cerebral perfusion
was quite variable across animals if grouped by the volume
of blood injected. By contrast, Sugawara grade correlated
closely with the severity of cerebral perfusion deficits and
levels of the vasoactive metabolites 20-HETE, 5-HT, and
14—-15-EET. There was a trend toward increasing frequency
of CSD events in high-grade hemorrhages, and these CSD
profiles demonstrated worsening oligemia compared to those
associated with low-grade hemorrhages. These changes
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Table 1 Eicosanoid concentrations by hemorrhage grade and volume injected blood

Hemorrhage Grade

Injection Volume

Control Sugawara Sugawara Sugawara aCSF 50&100 pL
Metabolite Mild Moderate Severe 2008250 puL.
14,15-EET  6.75+3.94 3715+ 11.44% 3544 +6.66%  460.8 + 87.5*% 396.1 £45.77  440.7+97.80  458.3 £ 121.65°
20-HETE 0 8.7+2.52 202 +6.31 38.6 = 10.20%#% 1.5+1.45 19.9 £7.55 22.1+9.10
5-HT 0.09 = 0.02 18 +£5.70 11.6 £5.23 444 +10.91%# 13.1 £4.78 19.6 = 8.34 28.0 = 8.86
NE 0.58 £ 0.03 1.80 = 1.27 3.43 £2.63 0.97 +0.21 3.24+£1.99 0.46 +£0.23 0.53+0.20

Units are pg/100 pL for the eicosanoids (EETs, HETEs, and DHETS) and units are ng/mL for NE
*P < 0.01 when compared to Control; °P < 0.05 when compared to Control; # P < 0.05 when compared to Moderate; & P < 0.01 when compared

to Mild
a 0 SAH Grade: Mild b .5 SAH Grade: Moderate c 10 SAH Grade: Severe
CSD: 1 CSD: 1 CSD: 1
CSD: 2 CSD: 2 CSD: 2
CSD: 3 CSD: 3 CSD: 3]
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Fig. 3 rCBF changes in successive CSD events. (a) An animal with
mild-grade hemorrhage and three spontaneous CSD events. Initial oli-
gemia of the first CSD is absent in subsequent CSD events. (b) An
animal with moderate-grade hemorrhage and five spontaneous CSD
events. Initial oligemia persists for four CSD events but begins to
diminish after the second event and is absent in the fifth event. The late
hyperemic phase increases in magnitude with each successive wave. In

likely contribute to early brain injury and prime the brain for
DCI [26] .

Acute global ischemia is well-known to accompany
high clinical grade hemorrhages. Patients have poor neuro-
logical function, cerebral edema, and at times early infarcts
[27, 28]. In our study, animals with large perfusion deficits
had significant increases in the CSF concentration of
20-HETE, 14,15-EET, and 5-HT. Previous work has shown
that an increase in 5-HT stimulates the synthesis and/or
release of 20-HETE, which is a powerful vasoconstrictor
[11] that contributes to vasospasm and poor outcomes in
animal models and human studies [17, 29, 30]. 14,15-EET,
on the other hand, is a potent vasodilator [17] and has
been shown to be neuroprotective in ischemic stroke [31,
32], reduce perivascular inflammation [14], and decrease
DCI[17,33] after SAH. Different genetic polymorphisms
of soluble epoxide hydrolase (sEH), an enzyme that
metabolizes EETs into inactive secondary products, have
been shown to correlate with neurologic outcomes after
SAH [14, 16, 33]. Human polymorphisms with decreased
sEH activity or animal models of knockout SEH demon-

high-grade hemorrhage, there is an initial oligemia with a mild com-
pensatory hyperemia that progresses to severe, uncompensated olige-
mia. (¢) An animal with severe-grade hemorrhage and four CSD events.
Initial oligemia increases with each successive event, while the com-
pensatory hyperemia diminishes and is eventually absent in the third
and fourth waves

strated improved neurologic outcomes. Both 14,15-EET
and 20-HETE are elevated in the CSF of patients with poor
clinical grade [17, 30, 33]. Consistent with these clinical
studies, we demonstrate elevated 20-HETE and 14,15-
EET with severe hemorrhage grades. Interestingly, 14,15-
EET is also elevated in low-grade hemorrhages suggesting
that an increase in 14,15-EET is a compensatory response
to SAH to maintain cerebral blood flow and that it is over-
whelmed by the increased vasoconstrictive tone secondary
to 20-HETE and 5-HT release in high-grade hemorrhages
[17, 34].

Though previous work has reported elevated CSF epi-
nephrine levels in human subjects at a higher risk for early
death or disability [34], the CSF concentration of NE was not
significantly different regardless of animals grouped by hem-
orrhage grade or volume of blood injected. The predictive
value of elevated NE and epinephrine was weak with low
sensitivity and specificity in the human study, and our find-
ing is consistent given the small sample size. It has also been
shown that plasma concentrations of catecholamines can be
increased after SAH [35]. Our data did not demonstrate con-
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sistently elevated catecholamines in the CSF in high-grade
hemorrhages, which suggests that catecholamine release
associated with SAH is peripheral rather than central.
Interestingly, we did not see a close relationship between
CSF marker and volume of blood injected which would have
been expected if CSF levels of metabolites were due to their
presence in the peripheral blood used for SAH. In our model,
ICP is controlled which may impact the degree of plasma
catecholamines in the CSF sample due to a diminished
Cushing’s response.

Consistent with the findings of reduced CBF and increased
CSF levels of 20-HETE, there is a trend toward increasing
frequency of CSD events with increasing hemorrhage grade.
Increased 20-HETE reduces CBF through vasoconstriction
and has also been shown to be released at the level of the
capillaries after CSD events [36] potentially exacerbating
underlying ischemia. Interestingly, the CSD events in an ani-
mal with severe hemorrhage and multiple CSD events dem-
onstrated increasing oligemia with each successive event
(Fig. 3). By contrast, in animals with mild and moderate
hemorrhages, the successive CSD events demonstrated
hyperemic responses suggesting intact compensatory sys-
tems. Without these systems, animals with severe hemor-
rhages are at an increased risk of global ischemia and
potential infarction due to decoupling of the neurovascular
unit and an inability to compensate for the elevated meta-
bolic demand [37].

The risk of DCI is also likely related to the diffuse distribu-
tion of blood through the subarachnoid space. Previous work
has demonstrated the importance of a paravascular, glym-
phatic, waste clearance mechanism in the brain which is dis-
rupted by blood in the subarachnoid space [38—40]. Tissue
plasminogen activator (tPA) injected into the intraventricular
space improves glymphatic perfusion and restores CSF flow
[41-43] and cortical perfusion [43] after experimental SAH.
In addition, parenchymal CSF flow is severely impaired sec-
ondary to perivascular blood clots which supports a localized
effect of blood and its contribution to DCI [39]. Our model
and data support the idea that the diffuse, thick distribution of
subarachnoid blood impairs paravascular, glymphatic CSF
flow and increases the incidence of EBI and DCI.

Conclusion

In conclusion, this study demonstrates no significant correla-
tion between the volume of blood injected into the subarach-
noid space and the severity of induced SAH as measured by
the modified Sugawara grade. When grouped by hemorrhage
grade, there is a significant decreased initial post SAH CBF;
increased CSF concentrations of 20-HETE, 14,15-EET, and
5-HT; and a trend toward increased CSD events in high

Sugawara grade experimental SAH. Our model confirms that
the diffuse, thick pattern of SAH leads to increased early
brain injury and therefore a likely increased risk of DCI.
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Abstract Toll-like receptor 4 (TLR4) is expressed in vari-
ous cell types in the central nervous system and exerts maxi-
mal inflammatory responses among the TLR family
members. TLR4 can be activated by many endogenous
ligands having damage-associated molecular patterns includ-
ing heme and fibrinogen at the rupture of a cerebral aneu-
rysm, and therefore its activation is reasonable as an initial
step of cascades to brain injuries after aneurysmal subarach-
noid hemorrhage (SAH). TLR4 activation induces tenascin-
C (TNC), a representative of matricellular proteins that are a
class of inducible, nonstructural, secreted, and multifunc-
tional extracellular matrix glycoproteins. TNC is also an
endogenous activator and inducer of TLR4, forming positive
feedback mechanisms leading to more activation of the sig-
naling transduction. Our studies have demonstrated that
TLR4 as well as TNC are involved in inflammatory reac-
tions, blood-brain barrier disruption, neuronal apoptosis, and
cerebral vasospasm after experimental SAH. This article
reviews recent understanding of TLR4 and TNC in SAH to
suggest that the TLR4-TNC signaling may be an important
therapeutic target for post-SAH brain injuries.
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Introduction

The rupture of a cerebral aneurysm suddenly elevates intra-
cranial pressure, followed by transient global cerebral isch-
emia. Global cerebral ischemia as well as breakdown products
of red blood cells derived from subarachnoid hemorrhage
(SAH) trigger a number of cascades including inflammatory
reactions, causing early brain injury (EBI), cerebral vaso-
spasm, and delayed cerebral ischemia (DCI) [21]. DCI
remains a major preventable cause of morbidity and mortality
after aneurysmal SAH, and many pathophysiologies may be
involved in the development of DCI including EBI and cere-
bral vasospasm [21, 29]. Toll-like receptors (TLRs) belong to
a large family of pattern recognition receptors that recognize
damage-associated molecular patterns (DAMPs) and mediate
host inflammatory responses to injury [19]. TLR4 is unique in
that it can activate two parallel signaling pathways, the
myeloid differentiation primary-response protein 88
(MyD88)-dependent and the toll-receptor-associated activa-
tor of interferon (TRIF)-dependent cascades, because all
TLRs except TLR3 and TLR4 rely on the MyD88-dependant
cascade and TLR3 signals solely through the TRIF adaptor
[19]. Thus, TLR4 exerts maximal inflammatory responses
among the TLR family members. In addition, TLR4 is acti-
vated by many endogenous ligands having DAMPs such as
heme, fibrinogen, heat shock proteins, matricellular protein
(MCP) tenascin-C (TNC), intracellular components of rup-
tured cells, and products of genes that are activated by inflam-
mation, all of which are produced after SAH [10, 26].
Moreover, TLR4 is expressed in various cell types in the cen-
tral nervous system, including neurons, astrocytes, microglia,
and capillary endothelial cells in the brain, endothelial,
smooth muscle, and adventitial (fibroblasts and macrophages)
cells of cerebral arteries, as well as in peripheral blood cells,
such as leukocytes, macrophages, and platelets [10, 19].
Thus, activation of TLR4 is reasonable as an initial step of
cascades to neuroinflammation, EBI, cerebral vasospasm,
and DCI after aneurysmal SAH.
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Possible TLR4-TNC Signaling After SAH
(Fig. 1)

As described above, TLR4 is widely expressed in the brain
and can be activated by the extravasated blood and dam-
aged brain at the onset of SAH, and the resultant inflamma-
tory reaction and thereby tissue damages may furthermore
activate TLR4, causing EBI [19]. At an early phase, the
MyD88-dependent pathway activates transcriptional factors
nuclear factor (NF)-xB and activator protein (AP)-1, the lat-
ter of which is mainly mediated by mitogen-activated protein
kinases (MAPKSs) [19]. Both transcription factors produce
proinflammatory cytokines or mediators such as tumor necro-
sis factor (TNF)-a, interleukins (ILs: IL-1p, IL-6, IL-8, and
IL-12), intercellular adhesion molecule-1, monocyte che-
moattractant protein-1, matrix metalloproteinase (MMP)-9,
cyclooxygenases, and reactive oxygen species (nitric oxide,
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hydrogen peroxide, and superoxide) [19]. Proinflammatory
cytokines coordinate other immune cells, attract them to the
site of invasion or damage, and amplify it until the insult is
eliminated or dampened by immune-suppressing feedback
mechanisms [19]. NF-kB and MAPKs also upregulate a MCP
TNC [1, 18], which is a ligand of TLR4 and may have the pos-
itive feedback mechanisms on upregulation of TNC itself and
TLR4, leading to more activation of the TLR4-TNC signaling
transduction [19, 26]. TLR4 upregulation may be mediated
by both NF-kB and MAPKs [19, 30]. In addition, cytokines
and reactive oxygen species may induce TNC production by
NF-xB and MAPK-dependent or MAPK-independent path-
ways [14] . TNC may modulate activation, adhesion, rolling
and infiltration of inflammatory cells via various signaling
pathways, resulting in promotion of inflammatory reaction
in SAH, although TNC may inhibit inflammatory reaction
depending on the pathological conditions [14].
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Fig. 1 Possible toll-like receptor 4 (TLR4) and tenascin-C (TNC) sig-
naling in cerebral vasospasm and brain injuries after subarachnoid hem-
orrhage (SAH). BBB blood-brain barrier, DAMP damage-associated
molecular pattern, EGFR epidermal growth factor receptor, MAPK

mitogen-activated protein kinase, MCP matricellular protein, MMP
matrix metalloproteinase, NF-kB nuclear factor-kB, PDGF platelet-
derived growth factor, PDGFR PDGEF receptor, R receptor, VEGF vas-
cular endothelial growth factor, VEGFR VEGF receptor
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On the other hand, the TRIF-dependent pathway induces
“late phase‘“activation of NF-kB and AP-1, and the subse-
quent reaction is basically similar to the MyD88-dependent
pathway [19]. The TRIF-dependent pathway also induces
interferon-B synthesis through the “late phase” NF-kB,
which exerts both anti-inflammatory and anti-apoptotic
effects, counteracting inflammation [19]. However, when
and why the proinflammatory pathway is switched to the
anti-inflammatory pathway is not well understood [19].

Possible Role of TLR4 Signaling in EBI,
Cerebral Vasospasm, and DCI After SAH

A clinical study reported that patients with aneurysmal SAH
had higher TLR4 levels on peripheral blood mononuclear
cells, which were associated with more massive SAH, occur-
rence of cerebral vasospasm, delayed cerebral infarction, and
worse outcome [19]. An experimental study showed that
TLR4 knockout suppressed neuronal apoptosis in the dentate
gyrus in a prechiasmatic cisternal blood injection model in
mice: the early phase was largely dependent on the TLR4-
MyD88-dependent and microglial-dependent pathways,
while the late phase was dependent on the TLR4-TRIF-
dependent and microglial-independent pathways [8]. TLR4
knockout also inhibited cerebral vasospasm in the same
model via the suppression of the MyD88-dependent pathway
in the early phase and the TRIF-dependent pathway in the late
phase: microglial TLR4 was necessary for vasospasm devel-
opment in both the early and late phases of vasospasm possi-
bly via TNF-a induction [8]. Some experimental studies also
reported that non-specific TLR4 antagonists suppressed EBI
and cerebral vasospasm by the inhibition of NF-kB signaling
[19]. Our recent studies demonstrated that specific TLR4
antagonists prevented EBI by MAPK inactivation and TNC
downregulation (unpublished data) and cerebral vasospasm
by downregulation of cyclooxygenase-1 [10].

Possible Role of TNC Signaling in EBI,
Cerebral Vasospasm, and DCI After SAH

TNC, an MCP, belongs to inducible and secreted extracellular
matrix (ECM) glycoproteins that do not contribute directly
to the formation of structural elements but serve diverse
functions as biological mediators of cell function by direct
binding to cell surface receptors, other matrix proteins, and
soluble factors [13, 26]. TNC is composed of an assembly
domain, 14 epidermal growth factor (EGF)-like repeats, a
series of fibronectin type III repeats, and a C-terminal fibrino-
gen-like globular domain and forms a typical disulfide-linked

hexamer emanating from a central globular particle [26]. In
addition, due to alternative splicing of the fibronectin type III-
like repeats, posttranslational modifications, and proteolytic
processing, TNC exists as a number of isoforms with varying
functions and sizes, although this has not been clearly defined
[13, 14]. TNC levels are low in steady-state condition, and
the distribution of TNC is typically limited in adult tissues,
but TNC is readily and transiently upregulated in pathologi-
cal conditions, apparently regardless of the location or type
of causative insult, by various pro- and anti-inflammatory
cytokines, hypoxia, reactive oxygen species, and mechani-
cal stress [14]. In a clinical setting, cerebrospinal fluid (CSF)
TNC levels peaked immediately after SAH, and the high-
est levels in CSF occurred in the first 3 days followed by a
decrease over time [27]. It was suggested that more severe
SAH or EBI induces more TNC in CSF, causing angiographic
vasospasm and DCI separately or simultaneously; that is,
DCI may occur by severe angiographic vasospasm with more
TNC induction and/or by vasospasm-unrelated causes with
TNC induction that are supposed to be EBI [26]. TNC in the
peripheral blood also transiently increased a few days before
the onset of DCI in patients with aneurysmal SAH [25].
Experimental studies demonstrated that TNC is induced
in both cerebral arterial wall (smooth muscle cell layers,
adventitia, and periarterial inflammatory cells) and brain
parenchyma (possibly astrocytes, neurons, and capillary
endothelial cells) in an endovascular puncture model of SAH
in rats or mice [7, 26]. Exogenous TNC activated MAPKs in
the smooth muscle cells of the major cerebral artery, causing
prolonged cerebral arterial contraction in both healthy and
SAH rats, while effects of exogenous TNC on brain may be
different between healthy and SAH rats possibly because of
cleavage of TNC by SAH-induced MMPs and serine prote-
ases [4, 19, 26]. Hexameric, monomeric, and protease-
cleaved TNC exhibit distinct functions through binding to
different receptors, although the full extent of these functions
is not currently clear [14]. In recent studies using a filament
perforation SAH model in mice, however, TNC knockout
(TNKO) prevented EBI, that is, suppressed neurological
impairments, brain edema, and blood-brain barrier (BBB)
disruption associated with inactivation of three major
MAPKSs (c-Jun N-terminal kinase [JNK], p38, and extracel-
lular signal-regulated kinase [ERK] 1/2) in the brain capil-
lary endothelial cells leading to an inhibition of MMP-9
induction and the consequent preservation of the tight junc-
tion protein zona occludens-1 [6]. TNKO also inhibited post-
SAH activation of ERK1/2 and JNK possibly in neurons in
the cerebral cortex [5]. Although a previous study suggested
that post-SAH neuronal apoptosis occurred via TNC-induced
activation of ERK1/2 and p38 [20], differences in expression
of MAPKSs in post-SAH brain may be explained by limited
injury with an irregular pattern in the cerebral cortex or by
differences in animal species or models. Apoptosis may be
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induced through EGF-like repeats of TNC [13]. Furthermore,
TNKO suppressed post-SAH neuronal apoptosis in the cere-
bral cortex associated with inactivation of NF-kB and down-
regulation of IL-1p and IL-6 (unpublished data). Exogenous
TNC treatment re-aggravated EBI in TNKO SAH mice [6].
In contrast, exogenous TNC treatment had no effects on neu-
roscore, brain edema formation, and BBB disruption in
TNKO sham mice [6]. Post-SAH TNC induction upregulates
MMP-9, and MMP-9 in turn cleaves TNC, which may acti-
vate different pathways causing brain injuries. TNKO SAH
mice also showed less severe cerebral vasospasm as well as
fewer inflammatory cell infiltration in the periarterial space
associated with inactivation of MAPKSs in the smooth muscle
cell layers of the cerebral artery, compared with wild-type
SAH mice [7]. Thus, TNC may be a key mediator of EBI in
terms of neuroinflammation, BBB disruption, and neuronal
apoptosis, as well as cerebral vasospasm after SAH.

Receptors that Mediate TNC’s Effect

TNC is cleaved by some proteases and interacts with several
cell surface receptors including EGF receptors, TLR4, and
integrins [14]. Intracisternally administered intact (full-
length) TNC was reported to cause prolonged cerebral vaso-
constriction, which was reversed by a TLR4 antagonist in
healthy rats [19]. On the other hand, recombinant TNC
(r-TNC) consisting of the EGF-like repeats that theoretically
can activate only EGF receptors also constricted cerebral
artery in healthy rats, which was significantly inhibited by
not only an EGF receptor antagonist [4] but also TLR4 and
L-arginyl-glycyl-L-aspartate-dependent integrin receptor
antagonists [15]. One plausible explanation for this phenom-
enon is that the -TNC induces full-length TNC through EGF
receptor activation, as we previously reported that r-TNC
upregulated TNC itself [26]. Other possible explanations are
that cross signaling exists between EGF receptor and TLR4
and that TLR4 may be downstream of EGF receptor activa-
tion. De et al. [2] reported that an EGF receptor inhibitor
prevented EGF-stimulated phosphorylation of TLR4. The
crosstalk of EGF receptors and integrins is also reported [3].
Thus, there may be many approaches existing for blocking
TNC'’s effects.

Interactions with Other Molecules
and Receptors

TNC directly binds to ECM molecules such as fibronectin,
perlecan, aggrecan, versican, brevican, and presumably
many other ECM molecules that remain to be identified,

modulating their functions [14]. For example, periostin,
another MCP and mediator of post-SAH BBB disruption, is
induced in brain capillary endothelial cells and neurons after
SAH, and interacts with TNC through its fasciclin [ domains,
forming a positive feedback mechanism to aggravate BBB
disruption by regulating the expression each other and alter-
ing downstream signaling pathways including NF-kB and
MAPK [12]. Osteopontin (OPN), another MCP, may antago-
nize TNC’s effect by inactivating NF-kB [22, 26], activating
an endogenous MAPK inhibitor MAPK phosphatase-1 [23,
241, and inhibiting TNC’s binding to its receptor competi-
tively, because they share some receptors [14].

TNC also may be involved in post-SAH upregulation of
platelet-derived growth factor (PDGF) receptor in spastic
cerebral arteries and vascular endothelial growth factor
(VEGEF) receptor-2 in the brain [11, 26]. In addition, TNC
may enhance activation of PDGF receptor by PDGF via
crosstalk signaling through Src between TNC and PDGF
receptors [9, 26]. Although both PDGF and VEGF are
inducers of TNC and may cause EBI and cerebral vaso-
spasm, induced TNC may be an important mediator that in
turn activates the cell itself through a paracrine and auto-
crine mechanism, leading to more upregulation or activation
of PDGF, VEGF, TNC, the receptors, and signaling and
therefore internally augmenting EBI and cerebral vaso-
spasm after SAH [11, 20, 26]. In addition, TNC interacts
with growth factors including VEGF via binding sites
located in fibronectin type III repeats 3—5, prolonging their
half-life, increasing their local concentrations, and/or affect-
ing their conformation, all of which will affect their ability
to signal to the cell [13]. Furthermore, TNC can modulate
phospholipase C, protein kinase C, calcium/calmodulin
kinase, and RhoA and upregulate endothelin receptor type A
in addition to proinflammatory cytokines and some growth
factors [14]. These TNC’s effects have not been investigated
in the context of SAH but may contribute to the develop-
ment of EBI, vasospasm, and DCI.

Perspective

Increasing evidence has shown that TLR4-TNC signaling
plays an important role in SAH-induced brain injuries. TNC
may be efficient modulators of post-SAH brain injuries at
several different levels. As TLR4 and TNC may have the
positive feedback mechanisms on upregulation of TLR4 and
TNC themselves in an acute phase of SAH, the vicious cycle
may lead to more activation of the signaling transduction and
the development or aggravation of cerebral vasospasm and
brain injuries after SAH. Cells can interact with TNC via
other cell surface receptors that are not described in this arti-
cle including syndecans 1 and 4 and annexin II [14]. It is also
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interesting to investigate a possibility of the interaction
between TNC and other MCPs or molecules in the extracel-
lular space or inside the cells, which may provide TNC with
crosslinking functions [13]. There are many other known
MCPs that have never been investigated in the context of
cerebral vasospasm and brain injuries after SAH [17]. Future
studies are required to determine if other MCPs are involved
in post-SAH pathophysiological process, how each MCP
orchestrates various phases of vasospasm and brain injuries,
and to define the therapeutic potential of MCPs in post-SAH
vasospasm and brain injuries. Thus, TNC is equipped not
only to modulate the cellular environment but also to influ-
ence the behavior of cells. However, the resulting cell
responses and their potential in vivo relevance are still poorly
understood at a mechanistic level [16]. In addition, the bio-
logical functions of TNC are highly variable, and often
seemingly contradictory, depending on the biological sce-
nario surrounding its induction. Although further meticulous
studies are needed [28], novel treatment options targeting
TLR4 and TNC are being to be proved efficacious in pre-
clinical models as well as clinical studies for preventing EBI,
vasospasm, and DCI .
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Abstract Spreading depolarization (SD) has been suggested
as a pathomechanism for delayed cerebral ischemia after
subarachnoid hemorrhage (SAH). However, the role of SD
during the acute phase of SAH is still unclear. The objective
of this study was to investigate (a) the occurrence of SD with
intrinsic optical signal (I0S) imaging, (b) the effect of ket-
amine on SD, and (c) the resulting brain edema (brain water
content (BWC)) during the acute stage of experimental SAH
in mice. SAH was elicited by the endovascular filament per-
foration method. After SAH or sham operation, ketamine or
saline, 30 mg/kg, was given every half hour. Changes in tis-
sue light reflectance were recorded with I0S. BWC was
measured during the acute stage. Overall, 199 SDs occurred
in SAH groups and 33 SDs appeared in sham groups. These
SDs displayed distinct originating and spreading patterns.
Compared with saline, ketamine decreased SD spread and
influenced the amplitude, duration, and speed of
SD. However, the occurrence of SD was not prevented by
ketamine. Moreover, ketamine did not reduce BWC after
SAH. These results demonstrate that SD occurs with a high
incidence during the acute stage of SAH. SDs are heteroge-
neous in incidence, origination, and propagation. It remains
unclear whether ketamine effects on SD may be viewed as
therapeutically beneficial after SAH.
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Introduction

Spreading depolarization (SD) is a near-complete depolar-
ization wave of neuronal and glial cells in the gray matter of
central nervous system, propagating at 2-5 mm/min [6, 14].
A main feature of these waves is a remarkable breakdown of
ion gradients between extra- and intracellular spaces, which
favors neuronal swelling and dendrite distortion due to an
osmotic imbalance [14]. For the restoration of ion hemosta-
sis, SD is accompanied by an increase of energy metabolism
with a pronounced utilization of oxygen and an increase of
the regional cerebral blood flow (rCBF). Under conditions of
anoxia and ischemia, the hemodynamic response to SD is
sometimes inverted to a marked, prolonged hypoperfusion
initiated by the severe vasoconstriction [6]. This perfusion
deficit is so severe that it markedly elevates metabolic stress
and is capable of inducing brain damage.

Subarachnoid hemorrhage (SAH) resulting from intracra-
nial aneurysmal rupture is associated with a high morbidity and
mortality [22]. Early brain injury, activated at aneurysm rup-
ture, evolves with time and has been considered as one of
important factors determining the prognosis of SAH [21].
Currently, SD was reported to occur during the early phase of
SAH in clinical and experimental studies. Hubschmann et al.
[11] recorded cellular depolarization waves with ECoG and
ion-specific microelectrodes in a cat SAH model and suggested
that SAH generated a primary cellular dysfunction capable of
inducing SD during the acute phase. In another study, Beaulieu
et al. [4] detected SD in rat cortex after SAH using diffusion-
weighted MRI. They concluded that the occurrence of SD was
a consequence of the acute hemorrhage process during
SAH. Moreover, Van Den Bergh et al. [24] found that pro-
longed depolarizations occur immediately after SAH in a rat
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model and the duration of SD was associated with the extent of
ischemic lesions. Additionally, multicenter, retrospective clini-
cal studies have demonstrated that SD appeared during the
early phase of SAH [7, 18]. However, until now, little informa-
tion about SD during the acute phase of SAH is known.

Intrinsic optical signal (IOS) imaging is a functional neu-
roimaging technique that enables the visualization of optical
reflectance changes at the brain surface [3]. IOS allows for
fine temporal and spatial resolution (i.e., seconds and
micrometer). It is particularly appropriate for the study of
SD because a large region of cortex can be studied simulta-
neously and multiple time points can be collected over time
as the depolarization spreads.

Here, we investigated SD incidence, the effect of ketamine
on SD, and the dynamic of the spatial-temporal patterns of SD
with IOS during the acute phase of SAH. Moreover, acutely
developing brain edema was studied at 3 h after
SAH. Meanwhile, intracranial pressure (ICP) was monitored.

Materials and Methods

Forty-eight male C57B16 mice (23-25 g body weight;
Charles River Laboratory, Sulzfeld, Germany) (Fig. 1)
were used for experiments approved by the authorities in
animal research in Baden-Wiirttemberg (Protocol Number
35-9185.81/G-203/12).

Experimental Animals and Monitoring

Animals had free access to food and water prior to surgery.
Anesthesia was induced by intraperitoneal injection with a
threefold combination of midazolam (5 mg/kg), fentanyl
(0.05 mg/kg), and medetomidine (0.5 mg/kg) and maintained
by hourly injections of one-third of the initial dose. Animals
were intubated and mechanically ventilated with 50% oxygen
and 50% nitrogen (Minvent Type 845, Hugo Sachs Elektronik
Harvard Apparatus GmbH, March, Germany). The left femo-

Ketamine
/NaCI*

SAH+Ketamine
(n=12)

Sham-+Ketamine
(n=12)

ral artery was cannulated for continuous blood pressure mea-
surement, blood sample collection, and fluid administration.
The body temperature was recorded by a rectal thermometer
(LSI, Letica Scientific Instruments, Barcelona, Spain) and
kept constantly at 37 °C by a servo-controlled heating pad.

ICP was continuously measured from 40 min before until
3 h after SAH in the parenchyma of the left hemisphere using
a Codman ICP microsensor (Johnson & Johnson Medical
Limited, Berkshire, UK).

Induction of Subarachnoid Hemorrhage

After the right carotid artery was exposed with careful con-
servation of the vagus nerve, a 5-0 nylon monofilament was
advanced via the external carotid artery (ECA) into the inter-
nal carotid artery (ICA). Then the filament was pushed for-
ward until a massive ICP increase was observed. This was
the sign of perforation and SAH. After observing ICP
increase, the filament was withdrawn immediately into the
stump of ECA, and then the vessel was closed by means of
ligature. Then the wound was sutured.

Assessment of Brain Water Content

Animals were sacrificed 3 h after induction of SAH. The
olfactory bulb and the cerebellum were removed, and the wet
weight (WW) of the brain was assessed. Thereafter, the brain
was dried for 24 h at 110 °C and their dry weight (DW) was
determined. Brain water content (%) was calculated using
the following formula [(WW — DW)/WW] x 100.

10S Acquisition

The mouse’s head was illuminated by two LED white-light
sources. A CCD camera (Smartec GC1621M, 8 bit gray-
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Fig. 1 Schematic design of the current study for IOS after SAH. Animals were randomly assigned into SAH and sham groups. After SAH or sham
operation, they were given ketamine or saline every 30 min until 180 min later
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scale, 1628 x 1236 pixels, Maxx Vision GmbH, Stuttgart,
Germany) was mounted above the thinned skull and con-
nected to a computer. An optical band-pass filter (564 nm,
10 nm FWHM) in front of the camera selected the desired
wavelength. Image acquisition was performed until 3 h after
induction of SAH at a rate of two images per second at
700 x 600 resolutions to fit the size of mouse’s head. Images
were saved onto a hard disk for later processing.

Data Analysis

I0S images were elastically registered to a manually chosen
reference image. The registration procedure was to reduce
movement artifacts of the cortex induced by breathing and
heartbeat.

For each experiment, ten regions of interest (ROIs) with
5 x 5 pixels in size distributed along one hemisphere were
selected. Similar locations for ROIs were chosen in all of the
experiments by taking anatomical landmarks, such as skull
sutures and large vessels, to identify similar locations. Custom-
written software based on ImageJ was used to inspect the large
amounts of images and to identify relevant ROIs. The intensity
profiles extracted from the ROIs at identified time points were
then analyzed in Labchart software. After obtaining a baseline
intensity value, the amplitude was achieved. The duration of
intensity changes and the speed and number of ROIs reached
per SD were also measured. The cortex area touched per SD
was also analyzed with our software. Aided by the parameter
images of maximal and minimal intensity changes during SD,
the manually selected expansion area gave the absolute visible
area of expansion of SD. To compare the expansion areas
between different animals, these areas were normalized by the
whole visible cortex area, for each mouse. This resulted in the
percentage of visible cortex covered by a specific SD.

Statistical Analysis

Descriptive statistics were calculated for all outcome vari-
ables of interest. All data are presented as means*standard
error of the mean (SEM), if not indicated otherwise. To test
differences in means and numbers of events, independent

sample Student’s t-test and Mann-Whitney tests were used.
All statistical tests were performed two-sided, and the statis-
tical significance was assumed as p < 0.05. For statistical
analysis SPSS 20.0 for Windows (SPSS Inc., Chicago,
Illinois, USA) was used.

Results

Physiological Parameters

The mean arterial pressure, rectal temperature, and arterial
blood gases were in the normal range before induction of
SAH (Table 1).

Observation of SD

A total of 199 SDs occurred in animals with SAH (8.3 SD
per animal), while, interestingly, 33 SDs also occurred in
sham groups (1.4 SD per animal) (Mann-Whitney U-test:
p < 0.01 vs. sham). Most of SD appeared within 30-60 min
(42.6%) after SAH, which means that SAH leads to immedi-
ate SD.

Spatiotemporal Patterns of SD

SD had different originating sites, propagation direction, and
patterns (Fig. 2) in the cerebral cortex of mice after SAH.

Originating Sites

The originating sites of SD were classified into three types:
the cerebral cortex adjacent to the ICP sensor, other area of
the cerebral cortex, and the olfactory bulb. After SAH, 48
SDs initiated from the cerebral cortex next to the ICP sensor,
115 SDs came from other parts of the cerebral cortex, and 36
SDs originated from the olfactory bulb.

Initiation and Propagation Patterns
Radial wave: These waves originated from a single point,
and their wave front diverged in all directions, assuming a

Table 1 The result of blood gas analysis before SAH induction or sham surgery

pH pO, pCO, HCO;~ Na* K* Cl- Ca*
SAH + ketamine 7.29+0.01 922+1.8 40.5+0.8 19.0+0.2 147.45 £ 0.50 4.6+0.1 119.5+0.7 0.94 £ 0.04
Sham+ketamine 732+0.01 96.2=+1.0 403 +04 19.7+0.2 147.00 £ 0.49 4.4+0.1 116.8 £ 0.5 1.04 £0.02
SAH + NaCl 7.32+£0.01 922=x1.1 39.1+0.9 193+0.3 147.22 £ 0.58 44+0.1 117.9+0.7 1.00 £ 0.02
Sham+NaCl 731+£0.01 96.2+0.7 40.3+04 19.2+0.2 146.68 + 0.64 43+0.1 116.7£0.7 0.99 +0.01
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Fig.2 Spatiotemporal patterns of SD after SAH. Origins of sponta-
neous SDs (A) distributed on different locations of the brain: the
cerebral cortex adjacent to the ICP sensor (Aa), other cerebral cor-
tex in the contralateral hemisphere (Ab) or the ipsilateral hemi-
sphere (Ac), and the olfactory bulb (Ad). And SD initiates with
radial (Ba/) or irregular radial pattern (Bb7). The most common
initiation pattern in the current study is the irregular radial pattern.
It expands and creates a solitary broken radial wave (b2-3). The
radial wave of SD forms two semi-planar waves when it encounters
vessels or fissures (a2-3). All SDs evolve into semi-planar waves
(Ca). When two wave fronts collide, they interact and may annihi-
late (Cb1-2)

spherical shape. Waves may then “break’ at some time points
when hampered, forming two or more semi-planar waves.

Irregular radial wave: These waves began as a radial
wave from the origination point expanding asymmetrically
during the early spreading phase, breaking the integrated
circle. Wave fronts could develop into a single semi-planar
wave.

There were 186 SDs (93.5%) initiating as irregular radial
waves and 13 SDs (6.5%) originating as radial waves after
SAH.

Semi-planar wave: Waves with a flat-rounded front pre-
serve some radial direction and have two open ends, travel-
ing in one direction.

Collision: When two wave fronts collide, they can annihi-
late because of the resistance of the excitable medium.

One hundred and ninety-nine SDs quantified in all experi-
ments spread in a semi-planar fashion. The morphology of
SD waves was affected by the surface of the cerebral cortex,
the presence of ICP sensors, and other SDs. When two SDs
wave fronts encountered each other, they interacted and
collided.

Effect of Ketamine on SD

After SAH, 91 SDs occurred in animals treated with ket-
amine, and 108 SDs appeared in saline-treated animals
(Mann-Whitney U-test: p = 0.775). ROIs reached by SD was
3.2 £ 0.3 in ketamine-treated SAH animals and 3.8 + 0.3 in
saline-treated SAH group (Mann-Whitney U-test: p < 0.05).
After SAH, the speed of SD between ketamine-treated and
saline-treated groups significantly differed (2.7 + 0.1 mm/
min vs. 3.3 + 0.1, independent sample Student’s t-test,
p < 0.01). The area covered by SD was 14.4 + 1.5% in
ketamine-treated mice with SAH and 19.0 + 1.7% in saline-
treated animals with SAH (Mann-Whitney U-test, p < 0.01).
Moreover, the intensity change between these two groups
was also significantly different (7.7 £ 0.6% vs. 9.9 + 0.5%,
Mann-Whitney U-test, p < 0.001). In addition, the interval
time among SDs was 21.2 + 3.1 min in the ketamine-treated
SAH group, whereas, in the saline-treated mice with SAH,
the interval was significantly lower at 11.9 + 1.1 min.

Brain Water Content

After SAH, the brain water content at 3 h was 80.2 + 0.6%
vs. 79.6 = 0.3% in sham-operated animals (independent sam-
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Fig. 3 Total brain water content (BWC) after SAH or sham surgery:
the water content in ketamine-treated (a) and saline-treated (b) SAH or
sham groups. BWC of SAH groups is higher than that of sham groups,

ple Student’s t-test, p < 0.05). Although brain water content
in ketamine-treated animals (79.8 = 0.1%) was lower than in
saline-treated groups (79.9 + 0.1%) after SAH, there was no
significant difference (independent sample Student’s t-test,
p =0.683) (Fig. 3).

Discussion

Using I0S, the incidence of SD during the acute stage (3 h)
of SAH was measured, as exemplified by a mouse model. It
was found that SD occurred in almost 100% of mice after
SAH, which is higher than had been reported following
aneurysmal SAH (72%) in patients [7] and similar to that
after malignant ischemic stroke (100%) in humans [5]. A
possible reason for higher incidence of SD is the recording
method: I0S can record SD in large area of cerebral cortex
and has high spatiotemporal resolution. However, subdural
electrode strips only capture SD that spread across it. In
addition, SD during the first 3 hours after SAH cannot be
investigated in patients. Furthermore, global brain ischemia
exists during the first hour after SAH and coincides with the
peak of SD activity at that time.

The results presented by this study also demonstrate that
SD is heterogeneous in incidence, origination, and propaga-
tion after SAH in mice. SD may originate from the cerebral
cortex adjacent to the ICP sensor, olfactory bulb, or other
area of the cerebral cortex. As an exception, SD from the

b [ Contralateral hemisphere Mean+ SD, *p<0.05

82 — I |psilateral hemisphere

81 —

—

80 —

79 —

Water content (%)
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75 —
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and in sham groups, BWC of contralateral hemispheres significantly
increases. The data is expressed as mean + standard deviation

olfactory bulb did not spread out of this region. These phe-
nomena would appear at least superficially consistent with
the anatomical differences between cerebral cortex and the
olfactory bulb. In the olfactory bulb, the susceptibility to SD
is low because of GABAergic inhibition [2]. Moreover, the
cytoarchitectural separation of the olfactory bulb might pro-
vide an explanation for restriction of SD propagation in this
area. SDs originating from the cerebral cortex nearby the
ICP sensor were most likely induced by the sensor, since it is
known that relatively minor mechanical stimuli are able to
evoke SD.

SD is regarded as a roughly isotropic and concentric phe-
nomenon; however, we found that expansion patterns of SD
after SAH in mice were different. As we know, the truly con-
centric and isotropic SD is observed in chicken retina, which
has a uniform, avascular structure [15]. This implies that the
heterogeneity of SD in cerebral cortex may be due to ununi-
formed cellular and vascular structures. In our study, most of
SD with the radial pattern appear in the ipsilateral hemi-
sphere. As we know, The origin sites of radial pattern SD are
areas with apparent reduced perfusion because of accumula-
tion of K* and ischemia after SAH [19]. The ipsilateral hemi-
sphere suffers more serious ischemic damage than
contralateral one after SAH [23], in which accumulation of
[K*], and ischemia can appreciate the area with marked
decreased perfusion, observed in SD with radial patterns.

Furthermore, the present study underscores that ketamine
with the dosage of 30 mg/kg has the capacity to suppress SD
propagation and reduce SD amplitude and duration in mouse
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SAH model. However, SD induction is not prohibited.
Moreover, ketamine does not reduce brain edema at 3 h after
SAH. As a noncompetitive antagonist, ketamine can bind at
the phencyclidine site and thus decrease the channel opening
time and the amplification of the response to a repeated stim-
ulation. In addition, ketamine is capable of binding in one
site located in the hydrophobic domain of the NMDA recep-
tor where it decreases the frequency of channel opening [20].
Therefore, ketamine is capable of modulating SD properties.
Other experimental studies also report that SD is blocked by
ketamine at significantly high doses in diverse lissencephalic
animal models [1, 13]. In addition, ketamine at dosage used
in human can prevent SD induced by KCI stimulation in the
gyrencephalic swine brain [17]. However, those studies were
carried out in physiological conditions, and the effect of ket-
amine on SD may be different in pathological situations. In
the current study, SD induction after SAH was not blocked
by ketamine, although it did suppress SD expansion and
propagation. Petzold et al. suggested that in pathological
conditions, the efficacy of NMDA receptor antagonists was
reduced, and they were not able to block SD induced by high
extracellular potassium concentration [16]. Conversely, after
the MCAO model in rats, delayed (8 h after ischemia) appli-
cation of an NMDA receptor antagonist reduced infarct vol-
ume and the frequency of SDs [8]. Furthermore, clinical
studies demonstrated that ketamine decreased SD incidence
in patients with brain injury [10, 18]. It may be implied that
the occurrence of SD is related to both different intensities
between conditions and usage of NMDA receptor antago-
nists; if the effect of the deleterious condition is stronger than
the NMDA receptor antagonist, SD will occur despite the
presence of the drug in the region exposed to the deleterious
condition [9]. Additionally, the blocking effect of ketamine
on SD is also dependent on used dosage and administration
route. In the present study, a subanesthetic dosage of 30 mg/
kg was used through intraperitoneal injection, but SDs were
not blocked. Ketamine may be able to block SD completely
through intravascular infusion or increasing the dosage. As
shown by Sanchez-Porras et al., ketamine infusion at 2 mg/
kg/h was not able to inhibit SD induction but prevented its
expansion, whereas at 4 mg/kg/h, SDs were fully blocked
[17]. Until now, there has been limited evidence available
regarding clinical benefits after the administration of ket-
amine. The low dosage of ketamine and occult adverse
effects may contribute to this failure in patients with brain
injury [12]. However, ketamine still exhibits a neuroprotec-
tive potential, and it is necessary to carry on more experi-
mental studies in proper animal models and prospective
clinical trials in patients with deleterious conditions to clar-
ify the effect of ketamine on SD in pathophysiological condi-
tion and to establish optimal dosages and administration
routes.
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The PERK Pathway Plays a Neuroprotective Role During the Early @)

Phase of Secondary Brain Injury Induced by Experimental

Intracerebral Hemorrhage
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updates

Juyi Zhang?, Peng Zhang*, Chengjie Meng, Baoqgi Dang, Haiying Li, Haitao Shen, Zhong Wang, Xiang Li, and Gang Chen

Abstract The protein kinase RNA-like endoplasmic reticu-
lum kinase (PERK) pathway, which is a branch of the
unfolded protein response, participates in a range of patho-
physiological processes of neurological diseases. However,
few studies have investigated the role of the PERK in intrace-
rebral hemorrhage (ICH). The present study evaluated the
role of the PERK pathway during the early phase of ICH-
induced secondary brain injury (SBI) and its potential mecha-
nisms. An autologous whole blood ICH model was established
in rats, and cultured primary cortical neurons were treated
with oxyhemoglobin to mimic ICH in vitro. We found that
levels of phosphorylated alpha subunit of eukaryotic transla-
tion initiation factor 2 (p-elF2a) and activating transcription
factor 4 (ATF4) increased significantly and peaked at 12 h
during the early phase of the ICH. To further elucidate the
role of the PERK pathway, we assessed the effects of the
PERK inhibitor, GSK26064 14, and the elF2a dephosphory-
lation antagonist, salubrinal, at 12 h after ICH both in vivo
and in vitro. Inhibition of PERK with GSK2606414 sup-
pressed the protein levels of p-elF2a and ATF4, resulting in
increase of transcriptional activator CCA AT/enhancer-bind-
ing protein homologous protein (CHOP) and caspase-12,
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which promoted apoptosis and reduced neuronal survival.
Treatment with salubrinal yielded opposite results, which
suggested that activation of the PERK pathway could pro-
mote neuronal survival and reduce apoptosis. In conclusion,
the present study has demonstrated the neuroprotective effects
of the PERK pathway during the early phase of ICH-induced
SBI. These findings highlight the potential value of PERK
pathway as a therapeutic target for ICH.

Keywords Intracerebral hemorrhage - Endoplasmic reticu-
lum stress - Unfolded protein response - PERK pathway -
Neuroprotection

Introduction

Stroke, also known as a cerebrovascular accident, is a morbid
state produced by insufficient blood flow to meet the meta-
bolic demands of the brain. Intracerebral hemorrhage (ICH) is
the deadliest type of stroke with a 30-day mortality up to 40%
and severe disability in the majority of survivors [1]. The
mechanisms of ICH are extremely complex, including pri-
mary brain injury and secondary brain injury (SBI). At pres-
ent, it is generally accepted that SBI plays a more critical role
in the poor prognosis of hemorrhagic stroke. Unfortunately,
we currently have no effective solutions to SBI, which involves
oxidation, inflammation, apoptosis, and hematotoxicity [2].
SBI results in disruption of cellular metabolism and activation
of a series of stress responses such as the unfolded protein
response (UPR) in endoplasmic reticulum (ER) stress [3].
The ER is an important subcellular organelle in eukary-
otic cells. It plays a vital role in many cellular processes that
include folding of newly synthesized secretory and mem-
brane proteins, posttranslational modifications, and regula-
tion of intracellular Ca®* homeostasis [4]. Normally, only
properly folded proteins are transported from the ER to the
Golgi apparatus; unfolded or misfolded proteins are
degraded. ER stress occurs when unfolded or misfolded
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proteins accumulate and the folding capacity of ER chaper-
ones exceeds the capacity of the ER lumen to facilitate their
disposal. As a consequence, a battery of adaptive processes,
collectively known as the UPR, can be activated that transmit
signals from the ER to the cytosol and nucleus to combat
harmful effects of ER stress and restore normal cellular
homeostasis [5]. The UPR can remove unfolded or misfolded
proteins when ER stress occurs, and it might play a signifi-
cant role in cell survival [6]. However, if stimuli are severe or
prolonged, ER stress responses may be unable to compen-
sate, and cell apoptosis may be induced [7].

The UPR is triggered by activation of three sensor pro-
teins at the ER membrane: activating transcription factor-6
(ATF6), inositol-requiring enzyme-1 (IRE1), and protein
kinase RNA-like ER kinase (PERK) [8]. Activated PERK
phosphorylates the alpha subunit of eukaryotic translation
initiation factor 2 (eIlF2a), which can block the initiation
stage of translation, thereby reducing protein synthesis and
decreasing the ER load [9]. If ER stress is sustained, the
ER-specific apoptosis pathway is activated by promoting
expression of transcriptional activator CCAAT/enhancer-
binding protein homologous protein (CHOP) and cas-
pase-12 (CASP12) [10]. In recent years, several studies
have reported that the UPR plays a vital role in the fate of
neuronal cells following ischemic stroke. Although ICH
only accounts for 10-20% of all cerebrovascular accidents
worldwide [11], it is the most devastating type of stroke
with a high morbidity and mortality; up to 50% of patients
die within the first 24 h [12].

It is not clear whether ER stress and the UPR are involved
in mechanisms that underlie ICH-induced SBI. The purpose
of this study was to investigate the role of the PERK pathway
during the early phase of ICH-induced SBI and its potential
mechanisms. We monitored the time course of expression of
the PERK pathway and utilized two experimental tools,
PERK inhibitor GSK2606414 [13, 14] and elF2a dephos-
phorylation inhibitor salubrinal [15, 16], which exert oppo-
site effects both in vivo and in vitro.

Materials and Methods

Animals

Adult male Sprague-Dawley rats (250-300 g, Animal Center
of the Chinese Academy of Sciences, Shanghai, China) were
raised with free access to water and food and housed in tem-
perature- and humidity-controlled animal quarters with a 12-h
light/dark cycle. All animal experiments were approved by the
Ethics Committee of the First Affiliated Hospital of Soochow
University and in accordance with the National Institutes of
Health Guide.

ICH Model

The ICH model was established in rats using stereotaxic
injection of autologous whole blood according to a previous
report [17] with some modifications. In brief, rats were anes-
thetized and then mounted on a stereotaxic frame
(ZH-Lanxing B type, Anhui Zhenghua Biological Equipment
Co. Ltd. Anhui, China). Then, a cranial burr hole was drilled
0.2 mm anterior to bregma and 3.5 mm lateral to the midline,
which corresponded to the right basal ganglia. Autologous
whole blood (100 pL) was collected by cardiac puncture and
injected slowly (5.5 mm ventral to the cortical surface,
20 pL/min) with a microinjector (Hamilton Company, NV,
USA). To prevent reflux, the needle was kept in place for an
additional 5 min. The bone hole was sealed with bone wax,
and the scalp was then disinfected and sutured. During the
entire surgery, rats were placed on a heating pad in a supine
position, and the pad was maintained at ~27-35 °C. Vital
signs were monitored continuously. After establishment of
the ICH model, the rats were returned to their cages with
food and water. A representative brain coronal section was
shown in Fig. 1a.

Experimental Design

There were two types of in vivo experiments. In experiment
1, we analyzed the time course of changes in levels of
p-elF2a and ATF4 after ICH. A total of 72 rats (80 rats were
used, 72 rats survived after surgery) were randomly (used the
randomization table) divided into six groups of 12 rats per
group, which included a sham group and five experimental
groups arranged by time after ICH: 4, 8, 12, 16, and 24 h. At
the indicated time point after ICH, rats were killed, and the
brain samples of six rats in each group were dissected and
used for Western blot analysis. Double immunofluorescence
staining of p-eIF2a and ATF4 with neuronal nuclei (NeulN)
was performed in the sham group and 12 h after ICH
(Fig. 1b).

In experiment 2, 108 rats (129 rats were used, 108 rats
survived) were randomly (used the randomization table)
divided into six groups of 18 rats per group: sham, ICH,
ICH + vehicle (for GSK2606414), ICH + GSK2606414
(90 pg in 5 pL sterile saline), ICH + vehicle (for salubrinal),
and ICH + salubrinal (1 mg/kg body weight). Neurological
scoring and brain edema were assessed at 12 h after
ICH. Expression levels of p-elF2a, ATF4, CHOP, and
CASP12 were determined by Western blot analysis at 12 h
after ICH. Finally, terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) and fluoro-jade
B (FJB) staining were also performed at 12 h after ICH in
each group (Fig. 1c).
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In experiment 3, primary rat cortical neurons were treated
with oxyhemoglobin (OxyHb) (10 pmol/L) to mimic effects
of ICH in vitro. The experimental groups were similar to
those of experiment 2 in vivo, and we assessed changes in
protein levels of p-elF2a, ATF4, CHOP, and cleaved CASP12.
At 12 h after OxyHb treatment, a sulforhodamine B (SRB)
assay was used to test cell viability, and the cell culture super-
natants were collected for lactate dehydrogenase (LDH)
activity detection. Double immunofluorescence staining of
TUNEL and NeuN was performed in all groups (Fig. 1d).

For neurological scoring and brain edema evaluation, the
observers did not know group of rats, either the component of
infusion. For Western blot analysis, the bands were collected
from one independent experiment using one rat, and the sta-
tistical data were from at least six rats. For all the immuno-
fluorescence analysis, the representative images were from at
least three independent experiments using six rats.
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tigate effects of the PERK pathway on ICH-induced SBI and potential
mechanisms. (d) Experiment 3 was designed to investigate the role of
the PERK pathway in vitro

Antibody Characterization and Drugs

Anti-p-elF2a  antibody (ab32157), anti-el[F2a antibody
(ab169528), anti-CHOP antibody (ab11419), anti-CASP12
antibody (ab62484), mouse anti-NeuN monoclonal antibody
(ab104224), and anti-p-tubulin antibody (ab179513) were
purchased from Abcam (Cambridge, MA, USA). Anti-ATF4
antibody (sc-200) was purchased from Santa Cruz (Santa
Cruz, CA, USA). Salubrinal and GSK2606414 were pur-
chased from TargetMol (Boston, MA, USA).

Drug Administration

One hour after surgery, the PERK pathway inhibitor,
GSK2606414, was dissolved in dimethyl sulfoxide (DMSO)
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and further diluted in sterile saline to a final concentration of
0.5%. Five microliters of GSK2606414 (90 pg) was then
administered intracerebroventricularly at a rate of 0.5 pL/
min [18]. The microsyringe was left in situ for another
10 min before being removed slowly. The elF2a dephos-
phorylation inhibitor, salubrinal, was infused intraperitone-
ally at a dose of 1 mg/kg in saline with 1.5% DMSO [19].
Equal volumes of DMSO solutions were respectively admin-
istered to vehicle control animals.

Intracerebroventricular Injection

Intracerebroventricular injection was conducted as reported
previously [20]. Briefly, rats were placed in a stereotaxic
frame after anesthetization as described above. Then, a small
burr hole was drilled into the skull 1.0 mm lateral to and
1.5 mm posterior to bregma over the left hemisphere. The
needle of a 10 pL Hamilton syringe was slowly inserted
through the burr hole into the left lateral ventricle 4.0 mm
below the dural surface. A reagent was infused into the left
lateral ventricle at a rate of 0.5 pL/min.

Establishment of the In Vitro ICH Model
and Cell Treatment

Isolation and culture of primary cortical neurons has
been described previously [21, 22]. Briefly, whole brains
of 17-day rat embryos were used to prepare primary
neuron-enriched cultures. Every effort was made to mini-
mize the number of embryos used and their suffering.
First, we removed the blood vessels and the meninges.
Then, the brain tissues were digested with 0.25% trypsin
for 5 min at 37 °C. After termination of digestion, the
suspension was centrifuged at 1500 rpm for 5 min, and
the pellet was resuspended in plates and cultured in
Neurobasal Medium (GIBCO, Carlsbad, CA, USA).
Cultures were maintained in an atmospheric incubator at
37 °C with 5% CO,. Neurons were cultured for 2 weeks,
and half of the media was replaced every 2 days. To
mimic ICH, neurons were treated with 10 pM OxyHb
[23]. The cultures were divided into four groups as fol-
lows: control; OxyHb treatment for 12 h; OxyHb + vehi-
cle (for GSK2606414), pretreatment with GSK2606414
(1 pM) for 1 h, thorough rinsing, and OxyHb treatment
for 12 h [24]; OxyHb + vehicle (for salubrinal); and pre-
treatment with salubrinal (50 pM) for 1 h, thorough rins-
ing, and OxyHb treatment for 12 h [25].

Table 1 Behavior and activity scores

Category Behavior Score
Appetite  Finished meal 0
Left meal unfinished 1
Scarcely ate 2
Activity ~ Walk and reach at least three corners of the cage 0
Walk with some stimulations 1
Almost always lying down 2
Deficits  No deficits 0
Unstable walk 1
Impossible to walk 2

Neurological Scoring

At 12 h after ICH, rats in experiment 2 were assessed by neu-
rological scoring before euthanasia. All rats were evaluated
using a previously published scoring system that monitored
appetite, activity, and neurological deficits [21] (Table 1).

Brain Edema

The index of brain edema was determined using the wet/dry
method as described previously [26]. Briefly, the brain tissue
was removed and collected, and the samples were weighed
immediately (wet weight), followed by drying at 100 °C for
72 h. And then the tissues were reweighted to obtain the dry
weight. The percentage of water content was calculated as
follows: [(wet weight — dry weight)/wet weight] x 100%.

Cell Viability

Neuronal viability was evaluated by SRB assay. Following
treatment incubation, the culture medium was removed, and
neurons were fixed with 10% trichloroacetic acid (TCA) fol-
lowed by staining with 0.4% SRB. Absorbances were mea-
sured at 540 nm with a Bio-Rad Microplate reader. Cell
viability was measured in triplicate and repeated at least
three independent times.

LDH Assay

The concentrations of LDH in the culture medium were mea-
sured using a LDH detecting kit (A020-2; Jiancheng Biotech,
Nanjing, China) according to the instructions. The data were
presented relative to standard curves.
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Western Blot Analysis

After perihematomal tissues were collected, the brain samples
of each animal were homogenized separately and then
mechanically lysed in lysis buffer (Beyotime Institute of
Biotechnology, Jiangsu, China). After centrifuging at
15000 x g for 10 min at 4 °C, the supernatants were collected
immediately. Protein concentration was determined using an
enhanced bicinchoninic acid (BCA) protein assay kit
(Beyotime Institute of Biotechnology). Then, the protein
(30 pg/lane) were loaded on a 10% SDS-PAGE gel, separated,
and then electrophoretically transferred to a polyvinylidene
difluoride (PVDF) membrane (Millipore Corporation,
Billerica, MA, USA). The membrane was blocked with 5%
bovine serum albumin (Biosharp, Hefei, AH, China) for 1 h at
room temperature and then probed with the primary antibody
overnight at 4 °C. Next, the membrane was incubated with the
corresponding HRP-conjugated secondary antibody for 2 h at
37 °C and then washed with phosphate buffer saline (PBS)-
Tween20 (PBST). Finally, bands were visualized by enhanced
chemiluminescence (ECL) as reported previously [26] and
analyzed using Image] software. Relative quantity of proteins
was determined by normalizing to levels of loading controls.

Immunofluorescence Microscopy

Brain tissues were fixed in 4% paraformaldehyde and embed-
ded in paraffin. The tissues were cut into 4 pm sections and
dewaxed immediately before immunofluorescence staining.
Double immunofluorescence was performed with primary
antibodies for p-e[F2a or ATF4 and NeuN. After washing
three times with PBS, the samples were stained with appro-
priate secondary antibodies. All primary antibodies were
applied at a dilution of 1:100, and all secondary antibodies
were diluted 1:500. Normal rabbit IgG was used as a nega-
tive control (data not shown). Sections were observed with a
fluorescence microscope (BX50/BX-FLA/DP70, Olympus
Co., Japan), and relative fluorescence intensity was analyzed
as described previously [27].

TUNEL Staining

Quantitation of apoptotic cells was performed using TUNEL
staining according to the manufacturer’s protocol (DeadEnd
Fluorometric Kit, Promega, WI, USA). Three sections per rat
were examined and photographed in parallel for TUNEL-
positive cell counting.

FJB Staining

FJB staining was used to reveal the neuronal degradation,
which was sensitive and highly specific [28]. The procedures
were performed as previously described [29]. In brief, the
brain sections were deparaffinized and then dried in an oven.
Then, sections were rehydrated using xylene and a series of
graded ethanol solutions followed by water. Brain sections
were permeabilized in 0.04% Triton X-100 and incubated
with FIB dye solution. Then they were observed and photo-
graphed in parallel by a fluorescence microscope (BX50/
BX-FLA/DP70, Olympus Co.). The FIB-positive cell num-
bers were counted after being observed and photographed in
parallel for six microscopic fields in each tissue. Microscopy
was performed by an observer blind to the experimental

group.

Statistical Analysis

GraphPad Prism 7 was used for all statistical analy-
sis. Neurobehavioral scoring is presented as the median
with the interquartile range. All other data represent
mean + SEM. One-way ANOVA for multiple comparisons
and the Student-Newman-Keuls post hoc test were used to
assess differences among all groups. Differences were con-
sidered significant at p < 0.05.

Post hoc power analysis was performed according to a
power analysis (PRISM, t-test comparison of the mean).
Based on a two-sample #-test with a specified mean difference
between the sham and ICH group, an estimated standard
deviation was calculated, and alpha = 0.05, power > 0.75 for
a sample size of n = 6 per groups. We assigned six rats in each
groups because this number was close to the prediction.

Results

Elevation of p-elF2x and ATF4 Levels
in Brain Tissues After ICH

In experiment 1, the Western blot analysis showed that the
ICH group expressed higher protein levels of p-elF2a and
ATF4 compared with the sham group. After induction of
ICH, protein levels of p-elF2a and ATF4 in brain tissues
were significantly elevated at 4 h and peaked at 12 h, which
were remarkably higher in the 12 h group compared with the
8 h and 16 h groups (Fig. 2a, b). Double immunofluores-
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cence staining in sham and ICH groups further verified that
p-elF2a and ATF4 were markedly expressed in neurons and
increased at 12 h after ICH (Fig. 2c, d). Hence, we focused
on the PERK pathway in neurons at 12 h after ICH in the
following studies.

PERK Pathway Activation Ameliorated
Neurological Behavior Impairment
and Brain Edema in the Early Phase of ICH

The PERK inhibitor, GSK2606414, was injected intracere-
broventricularly at 1 h after ICH, and the eIF2a dephosphor-
ylation inhibitor, salubrinal, was injected intraperitoneally at
30 min before ICH. Then the protein levels of p-elF2a and
ATF4 were detected by Western blot. It was shown that
administering GSK2606414 significantly suppressed the
increases in protein levels of p-e[F2a and ATF4 after ICH. On
the contrary, the inhibitor of e[F-2a dephosphorylation, salu-
brinal, could significantly increase protein levels of p-elF2a
and ATF4 (Fig. 3a—c). To assess the effects of manipulating
the PERK pathway on neurological behavioral impairment
after ICH, all rats were subjected to behavioral testing before
being killed. Remarkable neurological behavioral impair-
ment was observed in the ICH, ICH + vehicle (for
GSK2606414), and ICH + vehicle (for salubrinal) groups
compared with the sham group at 12 h after ICH. After intra-
cerebroventricular GSK2606414 injection, neurological
behavioral impairment was exacerbated. In contrast, after
intraperitoneal injection of salubrinal, neurobehavioral defi-
cits were significantly ameliorated (Fig. 3d). Furthermore,
we evaluated brain water content in each group. In the ICH
group, brain water content was significantly increased when
compared with the sham group. Salubrinal treatment signifi-
cantly reduced ICH-induced brain water content, whereas
GSK2606414 treatment significantly increased brain edema
(Fig. 3e).

PERK Pathway Activation Inhibited
Neuronal Apoptosis and Necrosis Induced by
ICHat 12 h In Vivo

It has been reported that PERK signaling pathway was
involved in ER stress-induced apoptosis. The ER-specific
apoptosis pathway is activated by promoting expression of
CHOP and CASP12 [10]. Western blot was used to measure
the protein levels of CHOP and the cleavage of CASP12.

The protein levels of CHOP and cleaved CASP12 signifi-
cantly increased at 12 h in the ICH, ICH + vehicle (for
GSK2606414), and ICH + vehicle (for salubrinal) groups
(Fig. 4a). With the administering of GSK26064 14, the levels
of CHOP and cleaved CASP12 were significantly increased.
Otherwise, with the treatment of salubrinal, it showed an
opposite effect, exhibiting that significantly suppressed the
increase of CHOP and cleaved CASP12 induced by ICH
(Fig. 4a). In addition, histological examination showed that
the number of TUNEL-positive neurons and FJB-positive
cells significantly increased at 12 h in the ICH, ICH + vehi-
cle (for GSK2606414), and ICH + vehicle (for salubrinal)
groups (Fig. 4b, c). Treatment with GSK2606414 signifi-
cantly increased the total number of TUNEL and NeuN
double-stained cells at 12 h after ICH, as well as the FIB-
positive cells, compared with the ICH + vehicle (for
GSK2606414) group at 12 h after ICH (Fig. 4b, c).
Compared with the inhibition experiments, activation of the
PERK pathway yielded opposite results. Treatment with
salubrinal significantly lowered the total number of TUNEL
and NeuN double-stained cells at 12 h after ICH (Fig. 4b).
Similarly, the ICH + salubrinal group showed a significant
reduction in the number of FJB-positive cells compared
with the ICH + vehicle (for salubrinal) group at 12 h after
ICH (Fig. 4c).

PERK Pathway Activation Promoted
Neuronal Survival at 12 h After ICH In Vitro

In vitro, primary cortical neurons were subjected to OxyHb
to mimic the ICH model. Similar trends were observed in
expression of p-elF2a and ATF4 with the in vivo experi-
ment after the treatment of GSK2606414 and salubrinal.
The results demonstrated that GSK2606414 treatment
could significantly suppress the increases in protein levels
of p-elF2a and ATF4 induced by the OxyHb treatment. On
the other hand, salubrinal significantly increased protein
levels of p-elF2a and ATF4 (Fig. 5a). Compared with the
control group, a significant decrease in neuronal viability
was observed in the OxyHb group, and this was exacer-
bated by inhibition of the PERK pathway (Fig. 5b). On the
contrary, after the treatment of salubrinal, the cell viability
was rescued in neurons under OxyHb stimulus (Fig. 5b).
Similar to the results of cell viability, the LDH release was
elevated after OxyHb stimulus. And with the treatment of
GSK2606414 and salubrinal, the release of LDH was exac-
erbated rescued respectively compared to vehicle group
(Fig. 5¢).



112 J.Zhang et al.

a b
8
ICH - + + + + + 5
. > &&
Vehicle (GSK2606414)  — - + - - - 5 4
GSK2606414 - - - + - - -g § #
Vehicle (salubrinal) - - - - + - 2 g 4 P
salubrinal - - - - - + KD 'g s
mm— £°,
p-eIF2a N — ——— — —| 30 ua:J
= 0
IF2c | S S - — - CH -+ 4 o+ o+ 4
P 1 R L R ———— | Vehicle (GSK2606414)  — - + - - -
GSK2606414  — - - + - -
B-tubulin P e ---d] 55 Vehicle (salubrinal) - - - - + -
salubrinal - - - - - +
Cc e
& "
B 5 = 82 “
2 # < &&
3 4 € 814
c * % * % *k E *kk *kk *kk
Sv3 2
= L [e)
<) S g0+
ak S 80
2752 K
© Z 791
° 1 £
@
0 78
ICH - + + + + + ICH - + + + + +
Vehicle (GSK2606414) - - + - - - Vehicle (GSK2606414) - - + - - -
GSK2606414 - - - + - - GSK2606414 - - - + - -
Vehicle (salubrinal) - - - - + - Vehicle (salubrinal) - - - - + -
salubrinal - - - - - + salubrinal - - - - - +
d
#
4= Yvy
&
o * %k *kk * %k
£ 39 L i YYWwyv CHOPPESOIOD 0000
g
I
2 24 A A YYVYY XXX B —
2
(0]
o
e
=}
2 1+ EEE AAA *e 0000
0 -— T T T T T
sham - Vehicle (GSK2606414) GSK2606414 Vehicle (salubrinal) salubrinal
ICH

Fig. 3 Effects of PERK pathway on brain injury in vivo at 12 h after ~ group, “p < 0.01 vs. sham group; *p < 0.05, ¥p < 0.05, *“p < 0.01,
ICH. (a—c) Western blot analysis showing phosphorylation levels of  n=12.(d) Neurological scoring. ““p < 0.001 vs. sham group; *p < 0.05,
elF2a and expression of ATF4 in the sham, ICH, ICH + vehicle (for  “p <0.05, n = 18. (e) Brain water content at 12 h post-ICH. *"p < 0.001
GSK2606414), ICH + GSK2606414, ICH + vehicle (for salubrinal),  vs. sham group; p < 0.05, **p <0.0l,n=6

and ICH + salubrinal groups at 12 h after ICH onset. p < 0.05 vs. sham



The PERK Pathway Plays a Neuroprotective Role During the Early Phase of Secondary Brain Injury... 113
a
ICH - + + + + + % 8 S ENS #t
K >~
Vehicle (GSK2606414) - - + - - - & o 854
354 o §< &&
GSK2606414 - - - 4+ - - ko) o £33 P
Vehicle (salubrinal ad 53 xp  Ew
ehicle (salubrinal) — - - - + - 252 252
saluprinal - - - - -+ ¢p 3 321
— i TS
ICH - + + + + + ICH - + + + + +
cIeaved-CASP12|; ig“‘?_l g Vehicle (GSK2606414) ~ -~ + - - - Vehicle (GSK2606414) - - + - - -
GSK2606414 - - - 4+ - - GSK2606414 - - - o+ - -
B'tUbU””I—-—-———I 55 Vehicle (salubrinal) - - - -+ - Vehicle (salubrinal) - - - -  + -
salubrinal - - - - - + salubrinal - - - - - +
b
ICH (12h)
Vehicle-1 GSK2606414 Vehicle-2 Salbrinal
60 #
g e
2
8 40 &
% * % i * %
3
S 20
w
4
]
=
0
ICH - + + + + +
Vehicle (GSK2606414) - -  + - - -
GSK2606414 - - - 4+ - -
Vehicle (salubrinal) - - - - + _
salubrinal - - - - - +
C 30
ICH (12h) ©
£
Sham - Vehicle-1 GSK2606414 Vehicle-2 Salbrinal % 20
£
5
c
210
0
ICH - + + + + +
Vehicle (GSK2606414)  — - + - - -
GSK2606414 - - + - _
Vehicle (salubrinal) - - - = + -
salubrinal - - - - - +

Fig.4 PERK pathway was involved in ICH-induced neuronal apopto-
sis and necrosis in vivo at 12 h. (a) Western blot analysis showing
expression of CHOP and cleaved CASP12 in the sham, ICH,
ICH + vehicle (for GSK2606414), ICH + GSK26064 14, ICH + vehicle
(for salubrinal), and ICH + salubrinal groups at 12 h after ICH onset.
“p < 0.01 vs. sham group; #¥p < 0.01, **p < 0.01, n = 6. (b) TUNEL
staining showing apoptotic cells in the sham, ICH, ICH + vehicle (for
GSK2606414), ICH + GSK2606414, ICH + vehicle (for salubrinal),
and ICH + salubrinal groups at 12 h after ICH onset. Double immuno-

fluorescence was performed with TUNEL (green) and a neuronal
marker (NeuN, red), and nuclei were fluorescently labeled with DAPI
(blue). Scale bar = 30 pm. The percentage of TUNEL-positive neurons
in each group. “p < 0.01 vs. sham group; *p < 0.05, p < 0.05, n = 12.
(c) FJB staining (green) shows neuronal degradation in the cerebral cor-
tex. Scale bar =26 pm. Arrows indicate FJB-positive cells. FJB-positive
cells/mm? was determined in the brain cortex at 12 h. “p < 0.05 vs. sham
group; *p < 0.05, 4p < 0.05,n =12



114 J.Zhang et al.

a b
OxyHb - + + + + + 1.5+
Vehicle (GSK2606414) - - + - - _
GSK2606414 - - - + — _
Vehicle (salubrinal) - - - - + - = 1.04 H#it# &&
salubrinal - - - - - + Q % *kk sk k x
>
P-EIF20l | me e S == e @ 35 3
O 0.54
ATF | s e - w—— o ey | 50 0.0
OxyHb — + + + + +
B-tubulin I-.... — - ] 55 Vehicle (GSK2606414) — - N _ _ _
GSK2606414 - - - + - _
Vehicle (salubrinal) - - - - + _
° && salubrinal - - _ _ _ +
T 4
2
£3 3 #
B L * %
gg *% *%
252
©
g 1
0
OxyHb - + + + + +
Vehicle (GSK2606414) - - + - — _
GSK2606414 — - - + — _ c
Vehicle (salubrinal) — - - - + —
salubrinal - - - - - + 4 = Hit#
25 = 88&
5 # & =5 *kk *kk *xk
> 20 5
o *% *% o S,
£ T
oF15 =)
ok -
a <<
©5 1.0 1d
Z
g 0.5
0.0 0 -
OxyHb - + + + + + OxyHb - + + + + +
Vehicle (GSK2606414) - - + - - - Vehicle (GSK2606414) - - ¥ _ _ _
GSK2606414 — - - + - - GSK2606414 - - - + - _
Vehicle (salubrinal) - - - -+ - Vehicle (salubrinal) - - - - + -
salubrinal - - - - - + salubrinal - - - - - +

Fig. 5 Effects of PERK-elF2-ATF4 pathway on in OxyHb-induced  vs. control group; #p < 0.05, *p < 0.05, “4p <0.01, n = 6. (b) Cell viabil-
neuronal damage. (a) Western blot analysis showing phosphorylation ity in neurons was measured by SRB assay. ““p < 0.001 vs. control
levels of eIF2a and expression of ATF4 in the control, OxyHb, OxyHb  group; #¥p < 0.001; *“p <0.01, n = 6. (¢) LDH analysis. “"p <0.001 vs.
+ vehicle (for GSK2606414), OxyHb + GSK2606414, OxyHb + vehi-  control group; *#*p < 0.001; “44¢p < 0.001,n =6

cle (for salubrinal), and OxyHb + salubrinal groups at 12 h. “p < 0.01



The PERK Pathway Plays a Neuroprotective Role During the Early Phase of Secondary Brain Injury... 115

PERK Pathway Activation Reduced Neuronal
Apoptosis at 12 h After ICH In Vitro

Experiments performed in vitro yielded similar results. With
the treatment of GSK2606414, the protein levels of CHOP
and cleaved CASP12 were significantly increased at 12 h in
neurons after treatment with OxyHb (Fig. 6a), when
compared with the OxyHb + vehicle (for GSK2606414)
group. In addition, neurons subjected to OxyHb +
GSK2606414 showed a significant increase in neuronal
apoptosis compared with the OxyHb + vehicle (for
GSK2606414) group measured by TUNEL staining (Fig. 6b).
However, treatment with salubrinal could significantly sup-
press the expression of CHOP and cleaved CASP12 at 12 h
in neurons after treatment with OxyHb (Fig. 6a) when com-
pared with the OxyHb + vehicle (for salubrinal) group. Also,
neurons subjected to OxyHb + salubrinal showed significant
inhibition of neuronal apoptosis compared with the OxyHb +
vehicle (for salubrinal) group (Fig. 6b).

Discussion

ER stress-induced cell death is one of the most significant
causes of brain injury [30]. When ER stress occurs, cells
restore ER function by initiating a series of adaptive pro-
cesses through the UPR [31]. Previous reports have sug-
gested that the PERK pathway, which is part of the UPR,
may participate in a range of pathophysiological processes of
neurological diseases [32, 33]. However, it is unclear whether
the PERK pathway is involved in the occurrence and devel-
opment of post-ICH brain injury. Here, for the first time, we
explored a possible role of the PERK pathway during the
early phase of ICH-induced SBI both in vivo and in vitro. As
previously reported, when unfolded or misfolded protein
accumulates, PERK is activated by oligomerization and
trans-autophosphorylation [34]. Phosphorylated PERK spe-
cifically induces phosphorylation of eIF2a at ser51 (p-elF2a),
which then upregulates transcription factor ATF4 (Fig. 7)
[35]. In experiment 1, we first investigated spatial-temporal
expression of p-elF2a and ATF4 protein after ICH. As shown
in Fig. 2a, b, under ICH condition, p-elF2a and downstream
ATF4 showed the same trend, such that the ratio of p-elF2a/
elF2a and protein levels of ATF4 were remarkably elevated
at4 h and peaked at 12 h. Furthermore, to investigate spatial
expression of the PERK pathway in brain tissue, as shown in
Fig. 2¢, d, double immunofluorescence staining indicated

that p-elF2a and ATF4 were markedly expressed in neurons
after ICH. This suggests that the PERK pathway was acti-
vated and that this pathway may play a vital role in ICH-
induced SBI. Based on these findings, subsequent
experiments focused on the PERK pathway in neurons at
12 h after ICH.

It is well known that levels of phosphorylated protein can
be regulated by inhibiting both phosphorylation and dephos-
phorylation. Consistent with previous studies [36, 37], as
shown in Fig. 3a, the potent p-eIF2a dephosphorylation
inhibitor, salubrinal, significantly increased expression of
p-elF2a and ATF4 at 12 h after ICH, whereas levels of both
proteins were decreased by the selective PERK inhibitor,
GSK2606414. Previous research has demonstrated that
p-elF2a suppresses initiating translation of global protein
synthesis, which promotes cell survival by preventing further
accumulation of unfolded or misfolded proteins in the ER
[38, 39]. In addition, it is important for recovery from vari-
ous stresses that ATF4 triggers expression of genes involved
in amino acid metabolism, antioxidant stress, protein fold-
ing, and autophagy [40]. To define the effects of the PERK
pathway on ICH-induced neurological behavioral impair-
ment and brain edema, we performed neurological scoring
and measured brain water content.

As shown in Fig. 3d, e, rats showed severe neurological
behavioral impairment and brain edema compared with the
sham group at 12 h after ICH induction. ICH-induced neu-
rological deficits and edema were ameliorated after activat-
ing the PERK pathway with salubrinal and aggravated by
blocking the PERK pathway with GSK2606414. In addi-
tion, TUNEL and FIB staining were utilized to explore
effects of the PERK pathway on apoptosis in brain tissues at
12 h post-ICH induction. As shown in Fig. 4b, c, the num-
bers of TUNEL-positive cells and FIB-positive cells in
brain tissue around the hematomas were significantly
increased in the ICH group compared with the sham group,
and these cell numbers were augmented in the
ICH + GSK2606414 group and reduced in the ICH + salu-
brinal group. These data clearly suggest that increasing
expression of p-e[F2a and ATF4 promotes neuronal survival
and suppresses apoptosis, and this process can be reversed
by reducing these protein levels after ICH.

At least three branches participate in ER stress-induced
apoptotic events. These include the CHOP pathway [41], the
ER-associated CASP12 pathway [42], and the cJUN NH2-
terminal kinase (JNK) pathway [43, 44]. Interestingly, as
shown in Fig. 4a, GSK26064 14 administration significantly
increased CHOP expression at 12 h after ICH, while treat-
ment with salubrinal remarkably suppressed expression of
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Fig.7 Schematic representation of potential mechanisms of the PERK
pathway in neuroprotection under ICH conditions. Following ICH, the
activation of the ER stress response induces neuronal apoptosis.
Consequently, activated PERK pathway increases the protein levels of
p-elF2a and ATF4. At the early phase of ICH-induced brain injury, the
PERK pathway is triggered to block the initiation process of transla-
tion, thereby reducing protein synthesis and decreasing the ER load,
which might play a significant role in neuroprotection

these pro-apoptotic proteins. CHOP, also known as growth
arrest- and DNA damage-inducible gene 153 (GADD153), is
an ER stress-specific transcription factor that consist of an
N-terminal transcriptional activation domain and a
C-terminal basic-leucine zipper [45]. Normally, CHOP is
expressed at extremely low levels. However, once ER stress
occurs, its expression significantly increases. CHOP can be
activated via the PERK-elF2a phosphorylation pathway,
which triggers an increase in expression of ATF4. ATF4 then
binds to the site of an amino acid reaction element of the
CHOP promoter. In this study, we found that although the
PERK-elF2a-ATF4 axis is indispensable for CHOP expres-
sion, after treatment, there is an inverse relationship between
protein levels of CHOP and expression of p-eIF2a and ATF4.
This suggests that the PERK pathway primarily plays a neu-
roprotective rather than pro-apoptotic role at 12 h after ICH.

Another important pro-apoptosis protein is CASP12,
which can induce apoptosis alone through ER stress rather
than other apoptotic pathways. Under normal physiological

conditions, CASP12 exists as an inactive zymogen similar to
other cysteine proteases. Abnormal calcium can trigger spe-
cific activation of CASP12 in the ER, which coordinates
with other ER stress molecules to activate CASP9 that trans-
mits information to CASP3, causing cells to eventually
undergo apoptosis [46]. In CASP12-deficient cells, apopto-
sis can be evoked by certain stimuli other than ER stress,
which suggests that CASPI12 is a specific apoptosis factor
associated with ER stress [47]. Therefore, we selected CHOP
and CASP12 as markers of ER stress and apoptosis. As
shown in Fig. 3b, results support anti-apoptotic effects of the
PERK pathway during the early phase of ICH-induced
SBI. However, although CASP12 has been recognized as a
marker of ER stress-induced apoptosis in rats and mice,
humans lack a functional CASP12 homologue due to multi-
ple stop codons [45]. This represents a major impediment in
translation from basic experiments to clinical practice.

In many previous in vitro studies, ER stress could be
induced by tunicamycin, which is a glycosylation inhibitor,
or thapsigargin, which is a highly selective inhibitor of the
ER Ca*-dependent ATPase [48, 49]. To define further the
role of the PERK pathway, we established an in vitro model
of ICH by treating primary cortical neurons with OxyHb. As
shown in Figs. 5 and 6, neurons subjected to OxyHb yielded
similar results regarding TUNEL staining and expression of
p-elF2a, ATF4, CHOP, and CASP12. Compared with the
control group, a significant decrease in neuronal viability
was observed in the OxyHb group, and viability was reduced
by GSK2606414 treatment and enhanced by salubrinal
administration. Consistent with these findings, as shown in
Fig. 6b, the necrosis index showed a trend similar to that of
the apoptotic index. Taken together, these data further con-
firm that the PERK pathway plays a neuroprotective role
during the early phase of SBI induced by ICH. In addition,
studies of ICH have increasingly recognized the significance
of particular blood components in brain injury [50]. Thus,
different responses may be induced by different blood com-
ponents. Although that OxyHb mimics ICH induction has
been well-accepted, which specific blood component is pre-
dominantly responsible for activation of the PERK pathway
is unknown.

The current study has several limitations. The generally
accepted view is that in a physiological state, the three trans-
membrane protein receptors, ATF6, IRE1, and PERK, are
bound by glucose-regulated protein 78 (GRP78), which dis-
sociates from these receptors and allows their activation
under stress conditions [51]. This point of view has been
challenged because it has been reported that unfolded or mis-
folded proteins can bind directly to ER stress sensor proteins
to activate the UPR [52]. In this study, we only focused on
effects of the PERK pathway, and initiation of the PERK
pathway after ICH requires further study. In addition, current
knowledge indicates that the UPR protects cells from ER
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stress by reducing synthesis of new proteins and enhancing
degradation of unfolded or misfolded proteins. However,
failure of the UPR due to severe or prolonged ER stress
eventually promotes apoptotic cell death, which is an effec-
tive measure of protecting an organism from rogue cells
expressing  dysfunctional  signal  molecules  [53].
Unfortunately, it has not been clear how the UPR globally
coordinates cytoprotective and pro-apoptotic outcomes
between a survival or death fate [54].

Based on this, we have proposed a hypothesis that the
PERK pathway predominantly plays a neuroprotective role
in the early phase and a pro-apoptotic role in the late phase
of ICH-induced SBI. In our recent study, it has been reported
that PERK pathway activation promoted ICH-induced SBI
by inducing neuronal apoptosis in the late phase [55]. And in
this study, the neuroprotective role of the PERK pathway in
the early phase has been confirmed.
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Abstract Subarachnoid hemorrhage (SAH) is a devastating
stroke type. Approximately 50% of survivors suffer from
the permanent disability, caused by the cognitive deficits. To
enrich the pre-clinical research on the neurological deficits
after SAH, we investigate the temporal cognitive deficits
and the longitudinal course of cognitive recovery in endo-
vascular perforation SAH murine model. The SAH mice
show reproducible body weakness and headache-symbol-
ized moaning symptoms, which is closed to clinical patients.
SAH mice exhibit significantly impaired cognitive function
in domains of learning ability, short-term and long-term
memory. The cognitive deficits occur mostly in the early
phase and recover gradually till day 10 after SAH. The sys-
tematical assessments of cognitive function after experi-
mental aneurysmal SAH elucidate the time course of
cognitive deficits and provide the time window of potential
interventions.

Keywords Subarachnoid hemorrhage - Animal model -
Cognitive deficits

Introduction

Subarachnoid hemorrhage (SAH) is a devastating disease
which accounts for the second mortality among stroke pop-
ulation. The most common cause of SAH is the ruptured
aneurysm. Approximately 50% of survivors suffer from the
permanent disability, caused by the cognitive deficit [3].
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More than 20% of aneurysmal SAH (aSAH) patients expe-
rience one or more domain deficits, which commonly pres-
ent in memory, executive function, and language [1, 16].
Early cognitive deficits exhibit more in the domains of
visuospatial memory and language [17] . Delayed cerebral
infarction is reported the potential risk factors for post-
SAH cognitive impairments. Cognitive deficits correlate
independently with poor functional outcome after aSAH
[13, 16] . Since the mechanism underlying the cognitive
impairments after aSAH is poorly understood, few effec-
tive therapeutic targets are proven to improve the cognitive
outcome.

Rodent SAH models are highly developed since for its
low costs and short experimental timeline. SAH models
vary with different induction methods. The endovascular
perforation model is considered the closest to human
patients, which mimicked the ruptured aneurysm. Well-
established SAH animal models contribute to reveal the
pathogenesis and evaluate the intervention with therapeutic
targets. So far, few studies systematically evaluate the
impact of the cognitive domain in experimental aSAH
model. Therefore, in this study, we aim to investigate the
temporal cognitive deficits and the longitudinal course of
cognitive recovery in the endovascular perforation SAH
murine model.

Materials and Methods

Endovascular Perforated SAH Model

Male, wild-type C57BL/6, average weighing 25-30 g, were
used in this study. SAH was induced by endovascular perfo-
ration under ketamine anesthesia. Briefly, a 20 mm-long
blunted 5-0 monofilament nylon suture was inserted from
external carotid artery (ECA) to the lumen of internal carotid
artery (ICA). The artery was perforated at the bifurcation
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where the resistance was encountered. The filament was
immediately withdrawn to introduce the blood into sub-
arachnoid space. The sham model was operated in the same
procedures without inserting the filament. Buprenorphine
was injected twice a day for consecutive 3 days for the anal-
gesic. The procedures involving animal and their care were
conducted under the approval of the Ethics Committee of the
Chinese University of Hong Kong.

Mouse Motor and Sensory Scale (mMSS)

Neurobehavioral assessments were performed on post-
surgery day 1, day 3, day 5, and day 10. The Mouse Motor
and Sensory Scale (mMSS) was employed to evaluate the
sensorimotor functions as published previously. Neurologic
function was graded on a scale of 5-27 (27 as normal score
and 5 as maximal deficit score). The scale was a composite
of the motor (0-12) (spontaneous activity, symmetry of
limb movements, climbing, balance) and sensory (5-15)
(proprioception, vibrissae, visual, olfactory, and tactile
responses) [5].

Morris Water Maze Test

Morris water maze (MWM) was widely used to test learning
ability and memory in rodents [15]. MWM testing was per-
formed in a circular water tank, 114 cm in diameter and
71 cm in height. The tank was filled with opaque water made
by white nontoxic baby powder. The water temperature was
maintained at 25 + 2 °C. Mice were given a 5-day training to
learn to escape on hidden platform, depending on the spatial
cues. The spatial learning ability was presented as the latency
to escape platform.

To detect the long-term memory, a probe test was con-
ducted 24 h after the last training trial. Mice were allowed a
60-s free swimming to explore in the water tank without
escape platform. Memory was determined by the preference
for the target quadrat where the platform was placed
previously.

Object Recognition Test

Short-term memory was assessed by object recognition test
[11]. Mice were allowed to get familiar with two same
objects within an open-field chamber in the familiarization
phase. After a 2-h interval, in the test phase, one object was
replaced by a novel one to test the short-term discriminative

memory. The discrimination index (DI) eliminated the varia-
tion of exploration time to define the short-term memory
operationally. Discrimination Index (DI) = (Novel Object
Exploration Time/Total Exploration Time)—(Familiar Object
Exploration Time/Total Exploration Time) x 100] [2].

Statistic

All data were analyzed by SPSS 23 (IBM, Armonk,
New York, USA) and Prism 7.0 (GraphPad Software, Inc.,
La Jolla, CA, USA). P value <0.05 was regarded significant.
#**p < 0.001, ¥*p < 0.01, *p < 0.05. Repeated measures
ANOVA was used for the statistical analyses of mMSS and
MWM test. Two-way ANOVA was used in ORT. Single
time-point behavioral measurements were compared with a
Student’s t-test. Data were presented as mean + standard
error of the mean (SEM).

Results

SAH Model Establishment

Mice were randomized to each group. The mortality of SAH
group is 13.1%, and the most death occurred in the first
24 hours. There was no death in sham group. The endovascu-
lar perforation induced subarachnoid bleeding around the
circle of Willis. The sham model presented the clean skull
base (Fig. 1). The mice with unfavorable hemorrhage in epi-
dural or ventricular space would be excluded for the subse-
quent studies. SAH mice presented body weakness and
headache-symbolized moaning, while the sham group mice
showed the normal activities.

SAH

Fig. 1 The general appearance of the experimental SAH

Sham
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The Time-Course of Neurological Deficits
After SAH

Sensorimotor Deficits

Mice were scored according to mMSS on both motor and
sensory domains. SAH mice had significantly lower
scores compared with the sham-operated mice (group
effect, F[1,34] =64.125, p < 0.001; days effect,
F[2.252,76.558] =101.059, p < 0.001; interaction,
F[2.252,76.558] =72.894, p < 0.001). The significant sen-
sorimotor deficits were observed from day 1 to day 5 after
SAH and gradually recovered on delayed phase on day 10
(Fig. 2a).

Learning Disability and Long-Term Memory
Dysfunction

In training phase of MWM test, SAH mice exhibited signifi-
cantly impaired learning ability over time, with a flat learn-
ing curve at primary stage. However, the shamoperated mice
displayed a relatively steep one. SAH mice spent longer
latency to find the escape platform compared with the sham
ones, which was significant from day 1 to day 4 (group
effect, F [1, 17] =16.587, p = 0.001; days effect,
F[2.903,49.343] =75.840, p < 0.001; interaction,
F[2.903,49.343] =3.452, p = 0.025; Fig. 2b). The swimming
path showed the distance and pathway to reach the escape
platform through training sessions. SAH mice obviously
swam a longer distance than sham ones (Fig. 3A, B). All the
mice were trained to successfully escape the water tank
within 20 s during this phase.

In the probe trial, SAH mice showed the significant dete-
rioration of long-term memory, presenting significantly less
exploration in the target quadrant (t [17] = — 2.493, p =0.023;
Figs. 2c and 3¢, d). SAH mice failed to recall the memory of
the position where the platform was previously placed after a
long interval. SAH and sham mice showed the comparable
swim speeds, suggesting equivalent swimming skills.

Short-Term Memory Dysfunction

In ORT, 2-hour interval was used for assessing the short-
term memory. It was the intrinsic nature of normal mice to
explore the novel things. SAH mice demonstrated the epi-
sodic short-term memory deficits, failing to discriminate
the novel object from the familiar one in test phase. These
deficits were characterized by a similar exploration dura-
tion on both novel and familiar object. The shamopereated
mice showed preference for novel object, illustrated by the
increased exploration time and frequency of the novel
object compared to the familiar one (objects effect, F[1,72]
=11.225, p = 0.001; days effect, F[3,72] =3.441, p = 0.021;
interaction, F[3,72] =5.56, p = 0.002; Figs. 2d, e and 3e, f).
The short-term memory deficit occurred in the early phase

from day 1 to day 3 and gradually recovered on delayed
phase from day 5 to day 10. Consistently, the discrimina-
tion index eliminated the variation of exploration time,
showing a significant decrease in SAH group compared to
control one (Fig. 2f).

Discussion

SAH, even less common, accounts for nearly 30% of
stroke-related life lost before age 65 and is responsible for
the great burden for both individuals and society [9]. The
development of effective treatment is of great urgency. The
pre-clinical animal models are facilitated for the investiga-
tion of pathogenesis and potential therapy. Especially,
recent studies suggest that prevention of vasospasm fails to
generate the long-lasting benefits to SAH patients. Neither
sufficient nor necessary conditions of vasospasm contrib-
ute to the delayed ischemic infarct after SAH [7, 18]. That
is essential to explore the relevant mechanism by employ-
ing the pre-clinical SAH models. The endovascular perfo-
rated SAH model in this study mimics the ruptured
aneurysm, which is similar to the clinical patient, present-
ing the SAH-like symptoms. The behavioral assays illus-
trate a stable and persistent neurological dysfunction after
SAH. That should be an approach for developing the tar-
geted therapeutics by defining the broader landscape of
cognitive deficits. Given the cross-laboratory and experi-
mental variability in model establishment, the evaluation
of cognitive deficits on SAH model suffers discrepancy
[6]. That may be a limitation we face when applying this
approach widely.

Global cerebral edema and left-sided infarction are the
evidenced risk factors for the cognitive dysfunction after
SAH [10]. That is also reported that the frontal hematoma,
intraventricular hemorrhage, and acute hydrocephalus
contribute to the cognitive dysfunction compared with
SAH patients without these findings [8]. Although several
events are proved highly related to the cognitive dysfunc-
tion, the underlying mechanism largely remains to be
clear. SAH mice, in this study, shows the neurological dys-
functions on sensory-motor, spatial learning, and short-
term and long-term memory domains. The neurological
deficits arise in early phase after SAH induction. The early
brain injury (EBI) in human patients initiates within the
first 72 h, during which the most deaths occur. The EBI is
believed owing to the increased intracranial pressure
(ICP), acute hydrocephalus, microvascular alterations, and
transient global ischemia [14]. The early nature of neu-
robehavioral deficits might potentially relate to early brain
injury. One-third of patients develop into the secondary
injury, which contributes to the delayed cerebral deteriora-
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Fig. 3 Behavioral assessments on SAH/sham mice. (a, b) The typical
swim path of SAH/sham mice in the training trials of MWM. SAH mice
spent longer latency to reach the platform. (¢, d) The typical swim path
of SAH/sham in the probe trials of MWM. SAH mice spent less time
exploring in target quadrant. (e, f) The typical exploration path in the
test phase of ORT. SAH mice spent less time exploring the novel object

tion [4]. Events occurring in this phase include blood-brain
barrier disruption, microvascular spasm, arteriolar con-
striction and thrombosis, and cortical spreading depolar-
ization [12]. Delayed cerebral infarction is also an
independent risk factor for two or more domains of cogni-
tive deficit [16]. A better understanding of these issues is
necessary to elucidate how the SAH affects cognitive
function.

In conclusion, the systematical assessments of cognitive
function after aneurysmal SAH elucidated the longitudinal
course of cognitive recovery and provided the time window
of potential interventions.
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Endovascular Ultraviolet Laser-Facilitated Reversal
of Vasospasm Induced by Subarachnoid Hemorrhage in Canines

Brant D. Watson, Chander Sadasivan, and Robert W. Hurst

Summary Background: Because treatments for cerebral
arterial spasm—a delayed consequence of subarachnoid
hemorrhage (SAH)—are clinically inconsistent, we describe
here a new method for reversal of arterial spasm, possibly
extensible to nitric oxide (NO)-sensitive microvasculature.

Methods: We subjected dogs to the intracisternal double-
hemorrhage model of SAH (autologous blood injection on
days 1 and 3) and began endovascular treatment of the
spasmed basilar artery (BA) on Day 4. A conical-tip fused
silica optical fiber was introduced via a microcatheter
(inserted femorally) into the proximal vicinity of the spasmed
BA. After local saline flushing of blood, an ultraviolet (UV)
pulsed laser beam (355 nm Nd:YAG) was focused into the
optical fiber and converted into a concentric ring beam, which
facilitated endovascular irradiation for 30 s at intensities of
12-20 W/cm?. BA diameters were measured angiographi-
cally using a semiautomated routine over the entire BA length
as well as the proximal, medial, and distal segments.

Results: On Day 4 the BAs had constricted by 21 + 11%.
After UV laser irradiation on Day 4, the constricted BAs
dilated to 93 + 15% of their normal diameters within min-
utes, and the dilation (91 + 12%) persisted on Day 5. Most
BA segments recovered to their respective baselines after
UV irradiation, even when the UV beam was located consid-
erably proximal to the BA origin. At days 4 and 5, the per-
cent BA dilation normalized to Day 4 pre-treatment decreased
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linearly (by scatter plot, p < 0.02) over a range of about
60 mm from the UV irradiation site.

Conclusions: We conjecture that the vasodilator nitric
oxide, produced at high local concentration from its vascular
storage forms (chiefly nitrites) by UV laser-induced pho-
toscission, stimulates a wave of arterial dilation, possibly by
longitudinal propagation of transnitrosation reactions in the
arterial wall, which reverses cerebral vasospasm semi-locally
and thus avoids the deleterious effects of systemic treatment.

Keywords Subarachnoid hemorrhage - Vasospasm - Nitric

oxide - Angiography - Ultraviolet laser irradiation - Rapid
vasodilation

Abbreviations

BA Basilar artery

eNOS Endothelial nitric oxide synthase
Nd:YAG Neodymium yttrium aluminum garnet
NO Nitric oxide

SAH Subarachnoid hemorrhage

uv Ultraviolet

Introduction

Cerebral vasospasm has long been thought to be a major con-
tributor to morbidity and mortality following subarachnoid
hemorrhage (SAH) caused by aneurysm rupture [1, 2, 28]. But
interventional therapies (e.g., ballooning or stenting) [2, 12, 16,
20, 21, 24] to reverse post-SAH vasospasm lack consistency
and clinical benefit, as they are often fraught with vascular com-
plications [6, 7, 15]. Outcomes of drug-based therapies to
reverse vasospasm and its sequelae have also been inconsistent
and overall effectiveness compromised owing to systemic com-
plications, chiefly hypotension [1, 4, 10, 18, 28, 34, 55]. This
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was recently exemplified by recent clinical trials of clazosentan,
an endothelin-1 inhibitor, in which occasional reversal or inhibi-
tion of vasospasm was described but, owing to hypotension-
induced enhanced morbidity, lacked overall clinical benefit at
3 months compared to placebo treatment [28-31, 47].

In the past decade, the clinical relevance of late-stage
arterial spasm reversal has been challenged and maybe even
subsumed by the concept of early brain injury (EBI), which
postulates that microvascular effects such as arteriolar spasm
and thrombosis occur at the onset of SAH, and thus are the
progenitors of delayed ischemic neurological deficits
(DINDS) arising from critical loss of tissue perfusion [7, 15,
39, 40, 45, 46]. Therefore, the optimal treatment must even-
tually include reversal of arteriolar spasm, which may be
preceded by interventional reversal of arterial spasm. A new
approach is evidently needed, perhaps based on known but
underutilized physiological properties.

The possibility that SAH-induced vasospasm may be
reversed reliably without concomitant loss of blood pressure has
not been reported, however. Restoration of nitric oxide (NO)-
mediated vascular tone to the spasmed artery would seem fun-
damental, inasmuch as degradation products such as
oxyhemoglobin and bilirubin in the subarachnoid blood scav-
enge NO in the arterial wall, thus lowering smooth muscle
c¢GMP and causing vasoconstriction [9, 11, 32, 39, 40, 58]. In
the absence of exogenous donors, nitric oxide can be produced
photophysically (independent of endothelium) from its vascular
wall storage forms (e.g., nitrites and S-nitrosothiols) by means
of ultraviolet light (UV) irradiation [3, 5, 25, 37]. To illustrate
the utility of this application, severe vasospasm (to ca. 40% of
baseline) in rat middle cerebral artery (MCA) was observed dur-
ing platelet thrombus formation in a rat model of MCA-territory
stroke [54]. This was reversed to 120% of baseline by exovascu-
lar UV laser irradiation at 13 W/cm?, concomitant with dissolu-
tion of the occluding platelet thrombus and recanalization of the
MCA [51, 52, 54]. Subsequently, common carotid arteries
(CCAs) in naive rats were irradiated endovascularly by a
351 nm argon laser beam delivered by a conical-tip optical fiber
ensheathed within a microcatheter. The fiber transformed the
input laser beam into an expanding ring pattern [51, 52] and
facilitated circumferential endovascular irradiation at an inten-
sity of 20 W/cm?, with UV-absorbing blood displaced from the
optical path by saline flushing. This resulted in dilation which
was immediate (<1 s), persistent (>45 min), and long-range
(>12 arterial diameters from the ring beam locus) [52].

Based on this work, we describe herein a pilot study of a
clinically relevant demonstration of this technique in dogs
subjected to the intracisternal double-hemorrhage model of
SAH. The vertebrobasilar arterial system, constricted by
post-SAH vasospasm, was exposed to endovascular illumi-
nation by a pulsed 355 nm ultraviolet Nd:YAG laser beam
transported toward the affected territory. Our aims were to
determine the capability of this treatment to quickly reverse
post-SAH vasospasm in the proximal, medial, and distal seg-
ments of the basilar artery and to show that this method is

semi-localized within the brain and cannot induce systemic
consequences such as hypotension.

Materials and Methods

General Outline

A model of subarachnoid hemorrhage (administered in two
stages, SAH1 and SAH 2; cf. [50]) was created in three mon-
grel dogs (22-29 kg), resulting in spasm of the vertebrobasi-
lar arterial tree. Angiographic responses to SAH and its
endovascular UV laser treatment were recorded and analyzed
over a 5-day period on a Siemens Angiostar system (New
York, NY) in the Large Animal Vascular and Interventional
Radiology Research Suite at the University of Pennsylvania
School of Medicine. All experimental protocols and proce-
dures were approved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania in accord
with the Guide for Care and Use of Laboratory Animals.

Endovascular Laser Irradiation via
the Optical Fiber/Microcatheter System

The TEM,, beam of a acousto-optically Q-switched ultravio-
let laser (New Micro frequency-tripled Nd: YAG, wavelength
355 nm, pulsewidth 100 ns, cycled at 7 Kz; Quanta System,
Milan, Italy) was focused directly into a 100 pm core diam-
eter fused silica optical fiber (Ocean Optics, Dunedin, FL)
attached to the laser head. The fiber tip was ground and pol-
ished into a conical shape with an apex angle of 36° (Ultrapol
Fiber Lensing System, Ultra Tec, Santa Ana, CA). Introduced
into the vertebrobasilar arterial system via a microcatheter,
the output ring beam facilitated annular irradiation of the
inner circumference of a subject artery, in concert with con-
tinuous saline displacement of (the optically dense) blood.
The beam power necessary to produce a preselected maxi-
mum ring beam intensity was deduced from a proprietary
formula, but this intensity must not exceed 20 W/cm?, a
safety criterion determined from previous work [52].

Experimental Protocol

Dogs were fasted the night prior to procedures and i.v. catheters
were placed into the cephalic veins. Subjects were sedated with
intravenous injections of ketamine (10 mg/kg) and diazepam
(0.2 mg/kg) and premedicated prior to intubation with intramus-
cular injections of atropine (0.05 mg/kg) and, for analgesia,
maloxicam at 0.2 mg/kg. Once intubated, the dogs were placed
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on inhaled isoflurane (1-5%) and oxygen for the remainder of
the procedure. Temperature, heart rate, EKG, respiratory rate,
blood pressure, and oxygen saturation were monitored and
maintained within normal limits for the examination. Dogs
received an intravenous infusion of normal saline (10 mL/kg per
hour) to replace fluid losses. Dogs were then placed on a heating
pad on the procedure table in dorsal recumbency.

Days 1 and 3 (SAH1 and SAH2)

The right groin was clipped, prepped, and draped in sterile
fashion. Access to the femoral artery was obtained under
ultrasound guidance with a Mini Access Kit (Infiniti Medical,
Malibu, CA). A 0.018” hydrophilic guide wire was advanced
into the aorta, a 4 Fr introducer sheath was emplaced, and the
vertebral artery with the larger diameter (or fewer anomalies)
was selected with a 4 Fr Berenstein catheter followed by fur-
ther insertion of the guide wire. A baseline cerebral arterio-
gram of the vertebrobasilar system in the anterior-posterior
projection was performed by hand injection of Omnipaque
300 (GE Health Care, Waukesha, WI).

The base of the skull was clipped free of hair and then
prepped and draped in sterile fashion. The dog was placed in
lateral position with slight Trendelenburg. The cisterna
magna was punctured with a 22-gauge spinal needle (Becton
Dickinson, Franklin Lakes, NJ), and up to 3 mL of cerebral
spinal fluid was removed. An equal volume of fresh, non-
heparinized arterial blood was aspirated from the femoral

sheath and injected into the cisterna magna via the indwell-
ing needle; this procedure constituted SAHI. The dog was
then placed in Trendelenburg position for 30 min. The dog
was returned to dorsal recumbency and the vertebral artery
was again selected and a cerebral arteriogram performed.
The catheter and sheath were removed, hemostasis obtained
with manual compression, and the animal recovered.

On Day 3 the identical procedure to Day 1 was performed
and this second blood injection constituted SAH2.

Day 4

The right groin was prepped in sterile fashion and draped.
Access to the femoral artery was obtained under ultrasound,
and a 4 Fr sheath was placed. A cerebral arteriogram was
performed in the anterior-posterior projection, utilizing the
same technique as described previously. The dog was given
a therapeutic dose of heparin (100 units/kg), and additional
heparin was given as needed to maintain the activated clot-
ting time between 200 and 400 s.

A 3 Fr Turbo-tracker 18 infusion microcatheter (Boston
Scientific, Watertown, MA) was advanced through the 4 Fr
guide catheter over a Synchro 2 guide wire (Boston Scientific,
Watertown, MA) into the anterior spinal artery to a location
either inside the proximal BA segment (Dog 1) or far proxi-
mal to it, owing to the presence of severe spasm (cf. Fig. 1).
The guide wire was removed and a diagnostic arteriogram
performed. A proprietary optical fiber (model Opus-14,

Dog 2

Fig. 1 Optical/fiber microcatheter emplacement in the three dogs. Note that in Dogs 2 and 3, spasm in the anterior spinal artery was sufficiently
severe to prevent close approach to the BA origin. UV irradiation was nonetheless undertaken at these sites remote from the BA origin
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OpusGen LLC, Doral, FL) was inserted and advanced
through the catheter until its tip was marginally beyond the
distal marker band of the microcatheter. A Touhy-Borst
adapter was placed on the end of the microcatheter, and the
side arm of the adapter was then connected to a three-way
stopcock. A 60 mL syringe filled with normal saline and a
1 cm?® polycarbonate syringe (Infiniti Medical, Malibu, CA)
were connected to the three-way stopcock to allow rapid and
continuous flushing of the microcatheter so as to provide an
optically clear field for the UV irradiation. This saline flush
of the microcatheter was performed manually at the maximal
rate possible for the entire duration of the irradiation.
Dilution of the blood by >1000-fold was required to pro-
duce an optical field sufficiently clear (>91%) to allow endo-
vascular transmission of UV laser light to the inner wall of
the basilar artery [38], typically 1.5 mm in diameter. During
saline flushing, the 355 nm UV laser beam was admitted into
the optical fiber for 30 s, resulting in endovascular ring beam
irradiation intensities of 12 W/cm? (for Dog 1) to 20 W/cm?
(for Dogs 2 and 3) emitted from the optical fiber conical tip.
The fiber was removed and cerebral arteriograms repeated
by hand injection of contrast through the microcatheter and
then, after the microcatheter was removed, through the 4 Fr
diagnostic catheter. The anticoagulation was reversed with
protamine (1 mg/kg per 100 units of heparin administered)
and the sheath and catheters removed. A cutdown was per-
formed, and the femoral artery was ligated above and below
the puncture site. The incision was closed in two layers with
Monosof nonabsorbable sutures (Syneture, Mansfield, MA).

Day 5

The right neck was clipped free of hair and the groin and
right neck were prepped in sterile fashion and draped. Access
to the femoral artery was obtained under ultrasound guid-
ance and a 4 Fr sheath was placed. The same vertebral artery
was selected, and a cerebral arteriogram was performed in
the anterior-posterior projection using the technique previ-
ously described.

The 4 Fr sheath was exchanged for a 7 Fr sheath (Infiniti
Medical, Malibu, CA). A 7 Fr compliant occlusion balloon
(Infiniti Medical, Malibu, CA) was placed through the sheath
and advanced to the descending thoracic aorta. A cutdown was
performed on the right neck, and access to the right carotid
artery was obtained with a needle and guide wire. An 8 Fr
drainage catheter (Infiniti Medical, Malibu, CA) was placed
into the ascending thoracic aorta. A jugular vein puncture was

performed, and a 10 Fr drainage catheter (Infiniti Medical,
Malibu, CA) was placed into the right atrium. The depth of
anesthesia was increased. The occlusion balloon was inflated
to isolate perfusion to the brain and forelimbs. The jugular
catheter was attached to wall suction, and 4% paraformalde-
hyde at pH 7.4 was infused into the aorta using a pressure bag,
and the dog was euthanized by an overdose of sodium pento-
barbital. The brain, associated meninges, and cervical spinal
cord were then explanted, trimmed, processed in paraffin, sec-
tioned, and stained with hematoxylin and eosin.

Angiographic Diameter Measurements

The diameter of the basilar artery was determined with a semi-
automated routine written in Matlab® (The Mathworks,
Natick, MA). The angiographic image with maximal opacifi-
cation of the basilar artery was selected and converted to a
binary image by thresholding, and the centerline of the basilar
was calculated. Grayscale profiles of the original angiographic
image along lines perpendicular to the centerline were
obtained. Vessel edges were determined as the full-width-at-
half-maximum locations on the grayscale profiles. Gross
errors in determining vessel edges (at side branch locations)
were manually corrected. Diameters were calculated orthogo-
nal to the centerline between the two edges. The calibration
factor noted by the angiographic machine was used to scale
the pixel values to millimeters. The extradural vertebral artery
does not undergo spasm in this model, and thus its diameter
can be expected to remain constant. If the extradural vertebral
was adequately visualized in the angiogram, its diameter was
measured to verify the accuracy of the machine calibration
factor. On each angiogram, the diameter of the basilar artery
was calculated at about 90 locations on average (range of
63—-103 locations) over the entire length of the basilar artery.
To evaluate the effect of dilation over distance, three segments
approximately 3.5-4 mm in length were demarcated on the
proximal, medial, and distal basilar segments (Fig. 2). The
axial locations of these segments were identical on all angio-
grams for all animals. Diameters were calculated at about nine
locations on average within each segment (range 7—11 loca-
tions). Changes in these basilar segment diameters were statis-
tically compared using ANOVA. Further, the amplitude of
dilation of these segments immediately post-treatment as well
as at 24-h follow-up was normalized to Day 4 pre-treatment
diameter and then correlated to the arc-length distance of these
segments from the device tip. Statistics were conducted using
GraphPad Instat (Instat, GraphPad Software, La Jolla, CA).
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Results

BA Spasm and Its Subsequent Reversal by
Endovascular UV Laser Irradiation

The procedures were carried out successfully, although some
individual variations were encountered. The fiber tip was
positioned in the distal ventral spinal artery in Dogs 2 and 3
and in the proximal basilar artery in Dog 1 (Fig. 1); thus, the
Dog 1 proximal segment could not be analyzed. However,
this dog died after treatment on Day 4 owing to uncontrolla-
ble femoral artery hemorrhage at the access site; thus no Day
5 follow-up angiogram was acquired. The pre-treatment and
post-treatment angiograms used for diameter quantification
were acquired 112 + 41 min apart (the post-treatment angio-
gram was acquired 2-3 min after irradiation), while the fol-
low-up angiograms were acquired 21 + 1 h after the
post-treatment angiograms. In Fig. 2 the course of spasm
development in Dog 3 and its post-treatment reversal is visu-
ally obvious (top); the locations of the analyzed BA seg-
ments are defined (lower left), and BA segment response
over the 5-day study period is statistically analyzed (bottom).
Figure 3 shows the average diameters taken over the entire
basilar artery at the various time stages for all three animals.
Figure 4 shows the proximal, medial, and distal segment
diameters at baseline, pre-treatment, post-treatment, and
follow-up for all three animals (except follow-up for Dog 1).
Of the 20 angiograms acquired at the different stages in the 3
animals, the machine calibration factor was adjusted for 2
stages based on comparison with the extradural vertebral
artery [27]: Dog 1 before the second SAH (pre-SAH2,
changed from 0.13 mm/pixel to 0.12 mm/pixel) and Dog 3
post-treatment (post-Tx, changed from 0.09 mm/pixel to
0.1 mm/pixel).
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Fig. 3 Plots of the average diameter of the entire basilar artery at dif-
ferent study stages for the three animals; error bars represent standard
deviation (n ranges from 63 to 103 for each point); S statistically signifi-
cant, NS not significant, D2 Dog 2, D3 Dog 3, Tx treatment, FU
follow-up

Over the entire basilar artery length, the vasospasm
reduced the arterial diameter to 79 + 11% of baseline before
treatment (p < 0.001 as compared to baseline), and the irra-
diation dilated the vessel to 93 + 15% of baseline immedi-
ately after treatment (p < 0.001 as compared to pre-treatment).
The dilation was maintained until the 24-h follow-up time at
91 + 12% of baseline (p > 0.05 as compared to post-
treatment). Based on average diameters of the proximal,
medial, and distal segments instead of the entire basilar
artery, the corresponding values were 78 = 10% at pre-
treatment (p < 0.001 compared to baseline), 94 + 14% at
post-treatment (p < 0.001 compared to pre-treatment), and
93 + 10% at 24-h follow-up (p > 0.05 compared to post-
treatment). Figure 5 shows the progression of the overall
average diameter superimposed on control (no treatment)
literature data showing the natural progression of vasospasm
in the canine dual hemorrhage model. The ability of the UV
laser method to induce arterial dilation at locations distant
from the irradiation site is shown in Fig. 6. The amplitude of
dilation is negatively correlated with distance from the
device tip and persists for about 6 cm.

Effect of UV Treatment on Blood Pressure

Blood pressure was monitored continuously for each dog dur-
ing the procedures. For Dog 1, systolic pressure (SP, in
mmHg) was unchanged (100-110) throughout, including the
UV treatment interval. Diastolic pressure (DP, in mmHg) was
60 just before UV treatment, increased transiently, decreased
to 50 within 45 min, and then increased in the next hour to 70.
For Dog 2, SP ranged between 110 and 120 throughout,
including during UV treatment. DP was 85 at the start of the
UV irradiation, decreased to 75 an hour later, and resumed to
baseline. For Dog 3, SP was 110 throughout, except for a
transient increase to 120 just before UV treatment, which
decreased to baseline within 15 min. DP was more variable,
ranging from 40 to 70 but was stable at 70 during UV treat-
ment and afterward. We thus observed no hypotension that
could be correlated with UV laser irradiation.

Histology

Isolated focal ischemic areas with minimal to mild malacic
changes were observed in the spinal cord and brainstem of
two animals. Importantly, no vascular, meningeal, or paren-
chymal changes were observed that could be ascribed to the
UV laser irradiation, but occasional slight mural laceration
of the smooth muscle tissue was observed, likely from cath-
eter manipulation during emplacement.
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Discussion

The double-hemorrhage model in dogs reproducibly facilitates
post-SAH vasospasm in the intradural vertebral arteries and the
basilar artery [19, 26, 33, 43, 50, 59]. In our hands, the BA in
particular underwent statistically significant post-SAH vaso-
spasm to a clinically relevant degree (22 + 10%). We then dem-
onstrated that these arterial segments could be dilated rapidly

PostTx FU

sent standard deviation (n ranges from 7 to 11 for each point); S
statistically significant, NS not significant, P proximal segment, M
medial segment, D distal segment

and sustainably (>18 h) by 10-30% over the minimum spastic
basilar diameter, to their baseline or near-baseline diameters
when irradiated by the UV laser system. The arterial diameter
in the canine dual-hemorrhage model progressively reduces for
7 days after the first SAH and then begins to naturally resolve
to the baseline diameter over the next 5 weeks [43]. We treated
the artery 3 days after the first SAH (midway through the
period of spasm, Fig. 5) in order to avoid conflation of treat-
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ment-induced dilation with natural resolution. There was no
evidence of vessel damage from laser treatment, such as intra-
vascular thrombus formation, delay of flow, or thermal effects
leading to barrier leakage.

UV light-induced relaxation of smooth muscle and its action
spectrum (240-675 nm) were first determined by Furchgott
et al. in preconstricted rabbit aortic rings [17]; such relaxation
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Fig. 5 The average (over all segments for all animals) basilar artery
diameter from the study (UV treatment) plotted along with comparative
literature data points [19, 43, 59] and dashed linear fit showing the
decrease in basilar artery diameter in the native canine dual-hemorrhage
model. The untreated control average diameter at Day 4 is about 78% of
baseline before treatment, while the UV-treated diameter on the same
day has dilated to about 94% of baseline. Note that the Day 5 follow-up
average is over two animals

was later found to be independent of eNOS activity. The diffus-
ibility of this effect was observed in a similar preparation, in
which the entire aortic ring dilated after 351 nm UV irradiation
was focused at one point [8]. Such relaxation is now ascribed to
release of NO from vascular stores of UV-photolyzable meta-
bolic by-products, such as nitrites and s-nitrosothiols, with sub-
sequent activation of smooth muscle guanylate cyclase [3, 5,
25, 37, 48]. Scavenging of NO by hemoglobin or its degrada-
tion products has been implicated in large artery vasoconstric-
tion and other deleterious consequences of SAH [46, 58]. The
endovascular UV laser dilation system thus appears to replace
the NO putatively scavenged during SAH, despite continuing
confinement of the spasmed and then UV-irradiated arterial
segments by extravasated blood.

The rate of NO production by UV photolysis can be calcu-
lated from previously determined absorption cross sections
(from formula 4 in [42]). A UV laser intensity of 5 W/cm? at
355 nm is predicted to convert nearly all of these adducts to NO
within 45 s (demonstrated in [51, 52, 54]). Most of the initial NO
is produced from nitrite photolysis, with less than 1% derived
from S- and N-nitrosothiols. At saturation under UV laser irra-
diation, the intra-arterial NO concentration of 10 pM (in rat
aorta) [42] is far higher than can be obtained from systemic NO
donor drugs used safely [13]. Accordingly, we attribute the near-
immediate arterial dilation and its acute propagation to a spread-
ing chain of transnitrosation reactions in the arterial wall, initiated
by a large initial bolus of NO and mediated by N,O; [36], in
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Fig. 6 Scatter plots of the amplitude of UV-induced arterial dilation
normalized to the Day 4 pre-treatment diameter are negatively corre-
lated with the distance of the measured segment from the irradiation
site. Top: immediately post-treatment (post-pre). Bottom: at 24-h fol-
low-up (FU-pre). Values are plotted as percentage increase over the Day

- Distance from Fiber-Tip (mm)

4 pre-treatment diameter (% Pre). Note: the follow-up data is for two
animals. These plots show that the UV dilation effect is long range but
semi-localized and thus incapable of inducing systemic hypotension, an
assertion consistent with the blood pressure measurements
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which the nitrosated product molecules act as vasorelaxants in
sequence. However, a chain process in which new NO molecules
are produced cyclically has not been reported.

“Spreading vasodilatation” over much smaller distances
after acetylcholine application to resistance arteries was attrib-
uted to waves of hyperpolarization via gap junctions indepen-
dent of NO signaling, but this requires infact endothelium
[14]. We have previously seen that UV laser-facilitated dila-
tion, however, can propagate in the presence of photochemi-
cally destroyed endothelium [51, 52, 54], in which mRNA for
eNOS was undetectable [53]. In other works, distal transport
of arterial dilation in a similar canine double-hemorrhage
model was reported to reverse spasm transiently after stimula-
tion of the sphenopalatine ganglion, but the posterior vertebro-
basilar system is not accessible by this route [56].

In the present work, propagation of dilation during vaso-
spasm has evidently contributed to angiographic reversal of
vasospasm at long range. Serious mechanical damage such as
rupture seems unlikely, so long as the UV irradiation safety
criterion of 20 W/cm? [52] is obeyed, because the mechanism
of dilation involves stimulation of an entirely natural path-
way. This was demonstrated previously, in which quite severe
(ca. 40% of baseline) vasospasm was observed during occlu-
sion of rat MCA by a pure platelet thrombus following singlet
oxygen-mediated photochemical injury to endothelium [51,
52, 54]. This was reversed to 20% beyond baseline following
exovascular irradiation with 355 nm laser light at 5 W/cm?
[54]. In fact, the principal result was complete MCA recana-
lization by means of a new process, designated UV laser-
facilitated dethrombosis, in which destabilization of
intraplatelet fibrinogen/GPIIb-Illa cross links leads to con-
tinuous formation and branching of microchannels through-
out the platelet matrix until disappearance of the occlusive
platelet thrombus, indicating that a significant portion of NO
escapes into the intravascular space [41]. We therefore pro-
pose that, to the extent that accumulation of platelets contrib-
utes additional diminution or obstruction of flow during
hemorrhage-induced vasospasm, mural obstructions should
also be cleared readily and flow anomalies resolved.

Limitations

Although we used a semiautomated routine to mitigate manual
measurement errors, it was difficult with our Siemens Angiostar
system to measure 10-30% changes in basilar arteries of approx-
imately 1.5 mm in diameter. These changes amount to 1-3 pixel
changes in an artery about 12 pixels wide in a 1024 x 1024 pixel
image. We compensated for this imprecision by taking many
measurements and extensively analyzing them statistically. We
also adjusted the calibration factor at the Dog 3 post-treatment
point, which has relevance to the results. If this adjustment had

not been made, the average post-treatment diameter would have
been 90 + 15% instead of 94 + 14%, with statistical significance
being maintained (p < 0.001) over the pre-treatment diameter.
Overall, therefore (and especially considering the natural pro-
gressive decrease in diameter in this model as shown in Fig. 5),
the results clearly indicate that UV laser irradiation quickly
(within minutes) induced sustainable dilation, which was visu-
ally evident by comparison of the pre- and post-treatment angio-
grams (cf. Fig. 2). As seen in Figs. 3 and 4, this dilation increased
the diameter in Dog 1 to a statistically higher value than baseline
(108 = 7%, p < 0.001 in Fig. 4). Given that the pre-treatment
diameter was higher (87 + 9% of baseline) and that the irradia-
tion site was within the proximal basilar segment as opposed to
Dogs 2 and 3, this “supra-dilation” is entirely plausible (as noted
previously in rats [51, 52, 54]).

Future Research

Whether UV laser-induced reversal of arterial spasm can miti-
gate reversal of DINDs remains to be ascertained, given that
spasm is not apparent until 3—5 days from the onset of hemor-
rhage [5, 6, 22, 24, 35, 56]. The concept of “early brain injury
(EBI)” has been invoked to explain the general refractoriness
of SAH to treatment, where microvascular compromise medi-
ated by barrier leakage, platelet activation, and embolic occlu-
sion is believed to be a main acute consequence of SAH and,
owing to its persistence, will contribute significantly to mor-
bidity and lethality [7, 15, 39, 40, 45, 46]. The ultimate therapy
for SAH and its complications is likely complicated beyond
effective reversal of arterial spasm. But, the UV method has
several unique properties: (1) arterial dilation at semi-local but
still long range can be achieved independent of endothelial
integrity, (2) adjacent mural and occlusive platelet thrombi can
be dissolved by dethrombosis [51, 52, 54], (3) the maximum
duration of spastic dilation in a milieu of exovascular blood is
unknown but is at least 1 day, (4) there is no discernible nega-
tive systemic consequence of the dilation, (5) the dilation
counteracts the propagation of spasm caused by extravasated
blood in the perivascular space [23, 44, 57], and (6) platelet-
occluded arteriolar-side microvasculature is likely responsive
to nitric oxide-induced reversal of spasm and recanalization
[49, 52, 54], thus posing the possibility of restoring tissue per-
fusion in addition to reversing parent artery spasm.

Conclusions

Post-subarachnoid hemorrhage basilar artery vasospasm in
canines can be reversed, rapidly and sustainably by endovas-
cular UV irradiation, even if considerably proximal to the
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desired point, at laser intensities which apparently do not
disrupt vascular structure and function. UV irradiation of
NO storage forms in the arterial wall is believed to photo-
physically replace the arterial NO scavenged by hemorrhagic
by-products, and the NO so produced continues to replicate
the dilation effect, possibly via transnitrosation, far beyond
the initial point of irradiation—but not systemically (Fig. 6).
We conjecture that UV laser reversal of vasospasm might be
extensible to recovery of NO-sensitive arteriolar function
and mitigation of DINDs. For now, this method appears to
treat the spastic consequences of hemorrhagic stroke in
unique fashion and, owing to its concomitant potential for
distal dethrombosis [51, 52, 54], may also be applicable to
treatment of microfocal ischemic stroke as a sequela of
SAH. We propose that this new approach has the potential to
convey significant benefit to patients not responsive to cur-
rently available therapies.
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Abstract Background. Detection of delayed cerebral isch-
emia (DCI) after aneurysmal subarachnoid hemorrhage
(aSAH) in patients with a poor clinical exam is challenging.
Brain tissue oxygen tension monitoring (PbtO,) and cerebral
microdialysis (CMD) can detect ischemia and metabolic
derangements. Our aim was to evaluate efficacy of these
modalities in real-time detection of DCI.

Methods. All patients with aSAH who underwent with
multimodality monitoring (MMM) with PbtO, and/or CMD
between the years of 2013 and 2015 at our institution were
retrospectively studied. Mean PbTO,, lactate to pyruvate
ratio (LPR), and glucose over the 24-h period prior to each
angiogram for evaluation and treatment of vasospasm were
correlated to the extent of vasospasm observed in the hemi-
sphere with the monitors. The average measurements were
also compared in the setting of presence and absence of angi-
ographically significant vasospasm.

Results. A total of ten patients with aSAH who underwent
MMM were identified. PbtO, decline correlates with severity
of proximal vasospasm (r = —0.66). PbtO, was significantly
lower in the setting of vasospasm (17.6 vs. 25.8, p = 0.003),
but LPR (34.5 vs. 26.8, p = 0.1) and glucose (0.8 vs. 1.1,
p = 0.6) were not significantly different.

Conclusion. Proximal vasospasm after aSAH is associ-
ated with MMM indicator of tissue ischemia and/or meta-
bolic derangement. PbtO, and CMD help in real-time
detection and management of DCI.

Keywords Delayed cerebral ischemia - Cerebral vasospasm
Multimodality monitoring - Brain tissue oxygen tension
Cerebral microdialysis
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Introduction

Delayed cerebral ischemia (DCI) is a major cause of death
and disability after aneurysmal subarachnoid hemorrhage
(aSAH). The clinical detection of DCI is challenging, par-
ticularly in the setting of a comatose patient. Up to 30% of
ischemic lesions are clinically silent [1, 2]. Transcranial
Doppler ultrasound (TCD) is routinely done at many institu-
tions but has limited sensitivity and specificity in diagnosing
DCI [3]. CT and MR angiography and perfusion imaging
may provide detection of tissue ischemia during cerebral
vasospasm but are limited by restrictions in temporal resolu-
tion and repeatability in the clinical setting [1].
Intraparenchymal tissue multimodality monitors (MMM),
such as brain tissue oxygen tension monitor (PbtO,) and cere-
bral microdialysis (CMD), are easily implanted at the bedside
and provide real-time data points on the perfusion, metabolic
state, and neuronal damage. Data from multimodality monitors
have demonstrated prognostic value in patients with subarach-
noid hemorrhage [1, 2, 4, 5]. However, there is a paucity of data
about the reliability, impact, and usefulness of MMM to guide
diagnosis and treatment of DCI after subarachnoid hemorrhage
[6, 7]. Our objective was to study changes in brain tissue oxy-
gen tension and cerebral microdialysis in the setting of con-
firmed angiographic cerebral vasospasm. Our hypothesis is
that MMM would provide a reliable indicator of DCI after
SAH in comatose patients. We selected to study the reliability
of PbtO2 and CMD separately and in aggregate in this study.

Methods

This is retrospective observational, IRB-approved study of a
consecutive series of comatose aSAH patients who under-
went PbtO, and CMD monitoring between 2013 and 2015 at
our institution. TCD was performed on a daily basis to screen
for vasospasm. Indications for MMM were (1) coma and (2)

R. D. Martin et al. (eds.), Subarachnoid Hemorrhage, Acta Neurochirurgica Supplement 127, 141
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presumed DCI due to vasospasm, and MMM was used as
standard of care. The probes for the PbtO, and CMD moni-
toring were placed at bedside at Kocher point 2-3 cm deep
into the unaffected white matter. This location corresponds
to anterior cerebral artery (ACA)-middle cerebral artery
(MCA) watershed territory [8]. Hourly values of CMD and
PtbO, were used for this study. Using CMD metabolic vari-
ables, glucose and lactate to pyruvate ratio (LPR) were sam-
pled and monitored on an hourly basis. Licox® monitors
were used to continuously monitor PbtO, [9]. The patients
subsequently received routine clinical care in the intensive
care unit (ICU) and underwent digital subtraction angiogra-
phy (DSA) when there was concern for vasospasm that
remained refractory to medical management.

Blinded assessment of data points was carried out retro-
spectively. MMM measures were averaged during the 24-h
epoch prior to DSA. The angiographic vasospasm for each
vessel was graded by the interventionalist performing the
procedure and retrospectively quantified from 0, indicating
there was no vasospasm, to 6 representing severe proximal
vasospasm [10] (Fig. 1). The extent of vasospasm for each
DSA was estimated by the weighted average of the internal
carotid artery (ICA), MCA, and ACA: (3 x ICA + 2 x

MCA + 1 x ACA)/6. Based on the proposed calculation, the
epochs were dichotomized to one of two groups: vasospasm
present, when the calculated value was equal or greater than
one, and vasospasm absent.

Based on the limited number of observations, the simpli-
fying assumption was made that the noted observations from
all epochs were statistically independent. A two-tailed
unpaired student T-test was used to compare the observations
in the groups with and without vasospasm. We then looked at
the relation of extent of vasospasm to PbtO, and LPR and the
relationship between PbtO, and LPR in this population using
the Spearman correlation coefficient. We subsequently fit
receiver operating characteristic (ROC) curves for both
PbtO, and LPR predicting presence of vasospasm.

Results

Ten subjects were identified with aSAH who had undergone
PbtO, and CMD monitoring, out of which six had epochs
with evidence of radiographic vasospasm. The patients’
characteristics are depicted in Table 1.

Fig. 1 A representative example of the left ICA without spasm (grade 0) B. A representative example of the left ICA in moderate spasm (grade 4)
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Sixteen time intervals were evaluated for PbtO, and 18
intervals were utilized for glucose and LPR. The average
PbtO, during spasm was significantly lower (17.6 + 5.5 vs.
25.8 £3.73, p =0.003). LPR was not different in spasm ver-
sus non-spasm (34.5 vs. 26.8, p = 0.1). Glucose was compa-
rable in both groups: (0.8 vs. 1.1, p = 0.6) (Fig. 2). The
correlation coefficients for the extent of spasm with PbtO,,

Table 1 Patient characteristics

LPR, and PbtO, and LPR, respectively, were —0.66, 0.38,
and —0.55 (Fig. 3).

The area under the curve (AUC) for fitted ROC curve for
PbtO, was 0.9. When choosing the threshold for PbtO, to be
less than 20 mmHg, it was 71% sensitive and 89% specific in
prediction of vasospasm. AUC for fitter ROC curve for LPR
was 0.75. When choosing threshold for LPR to be more than
25, it was 80% sensitive and 43% specific in prediction of
vasospasm.

Number of patients 10
Age: mean + SD (years) 62+ 10 Discussion
Gender
Women 60% Our study results indicate a severity-dependent reduction in
Aneurysm location pre-angiographic PbtO, values in patients with cerebral
Anterior circulation 90% vasospasm. In contrast, CMD LPR was abnormal >25 in all
Hunt-Hess grade severities of vasospasm and across a wide spectrum of PtbO,
4 60% values. This indicates divergence of MMM indicators across
3 20% the spectrum of vasospasm severity. These results occurred
2 20% despite having clinical goals of desired cerebral perfusion
Modified Fisher grade pressure (CPP), intracranial pressure (ICP), oxygen satura-
4 30% tion (SP(?Q), and hemog%obin (Hgb). in botl} g'roups (Tal?le 2).
3 20% The ability to validate tissue-level ischemia in the setting of
Intervention mild to moderate severity of large artery vasospasm is dem-
Coil embolization 90% onstra.ted by tl'lese data. Such Vahd.atllon may bec.ome 1mpor-
) o tant in making treatment decisions, especially when
Duration of monitoring: mean + SD (days) T7+5 . . ..
treatments may carry risk of iatrogenic injury [11-13].
a b c
40 80 4
= 80 £ 60 = 3
T > o
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Fig. 2 (a) PbtO, significantly decreased in the setting of vasospasm, (b) LPR and (c) glucose were not significantly different during spasm
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Fig. 3 (a) Scatter plot of PbtO, changes as a function of the extent of
vasospasm. Spearman correlation coefficient was —0.66. (b) Scatter
plot of LPR changes as a function of the extent of vasospasm. Spearman

Severity of vasospasm

PbtO2 (mmHg)

correlation coefficient was 0.38. (c). Scatter plot of LPR changes with
PbtO,. Spearman correlation coefficient was —0.55
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Table 2 Level of other cofactors affecting cerebral oxygen delivery in
epochs with and without vasospasm

No spasm Spasm

(mean + SD) (mean = SD) p-value
CPP 0.25
(mmHg) 104 +£9 115+22
ICP 9.1+3 1023 0.45
(mmHg)
SpO2 (%) 99.6 +0.3 99.8 £0.2 0.1
Hgb (¢/dL)  11.0+0.6 10.7 0.6 0.27

For reproducible and meaningful real-time clinical use of
MMM, clear diagnostic thresholds need to be determined. To
quantify such thresholds, quantitative angiographic mea-
sures of vasospasm need to be established. The optimum
time window for comparison also remains poorly defined. A
myriad of different intervals, a few hours for up to 24 h, have
been used in other studies, with no established rationale to
support such decisions [7].

Notable strengths of our study include diversity of popu-
lation making the study generalizable. The patients included
also have severe initial presentation with guarded clinical
examination for whom clinical detection of vasospasm is
challenging making them the best population for application
such monitoring techniques.

There are several limitations to our study, including the
study design as a retrospective observational study. This
design subjects the study to recall bias and does not allow for
controlling for confounding variables. However, the relevant
clinical co-variables affecting cerebral perfusion are accounted
for and are comparable in the two groups. Given the limited
number of observations, the recorded intervals within and in-
between subjects were presumed to be statistically
independent.

In our study the extent of each subject’s angiographic
vasospasm was determined on a previously established grad-
ing scale based on caliber changes to large and medium cere-
bral vessels [10]. However, more dynamic measures of
cerebral blood flow such as perfusion imaging would be
more accurate in detection of hypoperfusion [14], such as
MMM, which we propose.

Conclusion

Proximal vasospasm after aSAH is associated with MMM
indicator of tissue ischemia and/or metabolic derangement.
Brain tissue oxygen tension monitoring and cerebral micro-
dialysis can assist in clinical decision-making for the

real-time detection of vasospasm and guide perfusion opti-
mization at the bedside.

Conflict of Interest We declare that we have no conflict of interest.
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Abstract Delayed cerebral infarction (DCI) is related to
unfavorable outcome after aneurysmal subarachnoid hemor-
rhage (SAH). There lacks a clear understanding how the DCI
load affects cognitive function after SAH. We conducted a
literature review on the clinical classification systems on
brain hemorrhages and cerebral infarction and devised a
Delayed Cerebral Infarction Load Scoring System (DCI
Score). DCI Score significantly correlated with Symbol
Digit Modalities Test (—0.334, p = 0.032), Color Trail Test
(—0.310, p = 0.032), Hong Kong List Learning Test (—0.318,
p = 0.036), Verbal Digit Span Forward (—0.382, p = 0.017),
and Visual Digit Span Backward (—0.425, p =0.012). In con-
clusion, higher DCI load impacted significantly on memory
and executive function. DCI Score is a useful system for
clinical quantification of DCI load and clinical research.

Keywords Cognitive function - Delayed cerebral infarction
Stroke - Subarachnoid hemorrhage

Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a highly
morbid disease resulting in cognitive dysfunction and activ-
ity limitation despite reduction in mortality [1, 3, 4, 10-12].
Cognitive dysfunction is an important determinant for func-
tional outcome and is associated with delayed cerebral
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infarction (DCI) [6]. However, few studies reported on the
quantitative impact of DCI, and there is no commonly used
quantification method for DCI. Although volume measure-
ment seems to be the most accurate, it does not take into
account the dispersal of DCI, and it is not practical to do
volume measurement in routine clinical setting. We have
reported recently that using a semiquantitative method to
measure DCI load, after adjustment for age, admission World
Federation of Neurosurgical Societies Grade and mode of
aneurysm treatment, both middle cerebral artery cortical
infarct load and perforator infarct load were independently
associated with poor cognitive outcomes (Montreal Cognitive
Assessment and Mini-Mental State Examination) and modi-
fied Rankin Scale [9]. We postulated that this DCI scoring
system could predict neuropsychological test scores at
3 months post-SAH.

Materials and Methods

We prospectively recruited SAH patients in a regional neu-
rosurgical center in Hong Kong over a 2-year period. The
study was approved by the Joint NTEC-CUHK (New
Territories East Cluster-Chinese University of Hong Kong)
Clinical Research Ethics Committee. The study conformed
to the Declaration of Helsinki, and written informed con-
sent was obtained from all of the participants or their next
of kin.

The patient inclusion criteria were (1) spontaneous SAH
with angiography-confirmed intracranial aneurysms, (2)
hospital admission within 96 h after ictus, (3) between 21
and 75 years of age, (4) a speaker of Chinese (Cantonese),
(5) a CT of brain done at 4—-6 weeks, and (6) informed con-
sent from the patients or their next of kin. The patient
exclusion criteria were (1) a history of previous cerebrovas-
cular or neurological disease other than unruptured intra-
cranial aneurysm or (2) a history of neurosurgery before
ictus.
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Al CT scans were performed on a 64-slice CT (Lightspeed
VCT; GE Healthcare), with axial images acquired in 5-mm
thick sections, which were reviewed for image analysis.
Delayed CT was defined as posttreatment 4—-6 weeks. DCI
was defined as new parenchymal hypoattenuation on delayed
CT, which was not present in early and posttreatment (after
24-48 h) CT and cannot be accounted by hydrocephalus.

DCTI load was measured by DCI Score as described previ-
ously [9]. In brief, the affected territories of the anterior cir-
culation were graded by a systematic quantitative scoring
system modified from Alberta Stroke Program Early CT
Score (ASPECTS) as m-ASPECTS [2]. The m-ASPECTS
value was calculated from two standard axial CT cuts, at the
level of the thalamus and basal ganglia, and just rostral to the
ganglionic structures. The territory of the middle cerebral
artery (MCA) is allocated 10 points. We modified by adding
1 point for each anterior cerebral artery territory for each cut.
One point is subtracted for an area of parenchymal hypoat-
tenuation, for each of the defined regions. The m-ASPECTS
thus allocated the anterior circulation 24 points (Fig. 1). For
posterior circulation infarct, posterior circulation Acute

Stroke Prognosis Early CT Score (pc-ASPECTS) is used [5].
pc-ASPECTS allocated the posterior circulation 10 points
(Fig. 2). DCI Score was the sum scores of the m-ASPECTS
and pc-ASPECTS. The sum scores ranged from 0 to 34 (no
parenchymal hypoattenuation).

Cognitive outcomes were assessed by a comprehensive
neuropsychological battery at 3 months post-SAH. The bat-
tery of cognitive assessments used in this study was previously
applied in a local Chinese population [7]. Its selection was
based on (a) its efficacy in previous cognitive studies in local
Chinese patients and standard cognitive tests validated in a
Cantonese-speaking population and (b) its balanced range of
tests covering verbal and visuospatial memory, attention and
working memory, executive functions, psychomotor speed,
and language. This battery included the following.

Verbal Memory Domain

1. Hong Kong List Learning Test (HKLLT).

Fig.1 m-ASPECTS. The m-ASPECTS value was calculated from two
standard axial CT cuts, (a) at the level of the thalamus and basal ganglia
and (b) just rostral to the ganglionic structures. The territory of the
middle cerebral artery (MCA) is allocated 10 points. We modified by

adding 1 point for each anterior cerebral artery territory for each cut.
One point is subtracted for an area of parenchymal hypoattenuation, for
each of the defined regions. The m-ASPECTS thus allocated the ante-
rior circulation 24 points
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Fig.2 pc-ASPECTS. The pc-ASPECTS allocated the posterior circulation 10 points. (a) Thalamus and occipital lobe, (b) midbrain, (¢) pons and
cerebellum

Visuospatial Skill and Memory Domain

1. The Rey Osterrieth Complex Figure Test.

Attention and Working Memory Domain

1. The verbal and visual digit span forward and backward
tests from the Chinese Wechsler Memory Scale-Third
Edition.

Executive Function and Psychomotor Speed
Domain

1. Symbol-Digit Modalities Test.
2. Color Trails Test (CTT).
3. Animal fluency.

Language Domain

1. Modified Boston Naming Test (mBNT).

Cognitive test scores were converted into z scores of the
respective test measures derived from established age- and
education-matched norms.

Statistical Analyses

Data were analyzed using SPSS for Windows, version 20.0
(SPSS Inc.). Correlations were assessed by Kendall’s tau b
coefficients. Statistical significance was taken as a 2-tailed p
value of 0.05 or less.

Results

Out of 126 SAH patients recruited into an earlier DCI study,
35 SAH patients consented for and completed the 3-month
neuropsychology battery assessments. Twenty-four (69%)
were female and age (mean + SD) was 52 + 10 years.

On admission, World Federation of Neurosurgical
Societies (WFNS) grade was I in 20 (57%), Il in 11 (37%),
Il in 2 (6%), and IV in 2 (6%). Thirteen (37%) had known
preexisting hypertension. Sixteen (46%) had intraventricular
hemorrhage, two (6%) had intracerebral hemorrhage, and
one (3%) had subdural hematoma. Ten (29%) had hydro-
cephalus upon admission. Ruptured cerebral aneurysms
were located in anterior circulation in 27 (77%) and in poste-
rior circulation in 8 (23%). Twenty-one (60%) aneurysms
were coiled and 14 (40%) aneurysms were clipped.

Median Mini-Mental State Examination score was 28
(IQR 24.75-29). Median Montreal Cognitive Assessment
score was 22 (IQR 20-25). DCI Score significantly corre-
lated with Symbol Digit Modalities Test (—0.334, p = 0.032),
Color Trail Test (=0.310, p = 0.032), Hong Kong List
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Learning Test (—0.318, p = 0.036), Verbal Digit Span
Forward (—0.382, p = 0.017), and Visual Digit Span
Backward (—0.425, p = 0.012).

Discussion

In this study, we found that DCI Score was associated with
executive function, verbal and visual memory neuropsycho-
logical test scores. Cognitive function plays an important
role in instrumental activity of daily living [7]. In our earlier
analyses, domains of instrumental activity of daily living
[use of telephone (OR 1.5; 95% CI 1.3-1.7; p < 0.001),
transportation (OR 1.3; 95% CI 1.2-1.4; p < 0.001), shop-
ping (OR 1.3;95% CI 1.2-1.3; p < 0.001), meal preparation
(OR 1.3; 95% CI 1.2-1.4; p < 0.001), housework (OR 1.2;
95% CI 1.1-1.3; p < 0.001), handyman work (OR 1.2; 95%
CI 1.1-1.3; p < 0.001), laundry (OR 1.2; 95% CI 1.1-1.3;
p < 0.001), medication management (OR 1.3; 95% CI 1.2—
1.4; p < 0.001), and money management (OR 1.4; 95% CI
1.2-1.5; p < 0.001)] were significantly correlated with
MoCA score after adjustment for age [8].

There were several limitations in our current study.
Firstly, the study did not examine how cognitive dysfunc-
tion interfered with different tasks of activity of daily living.
Secondly, quality of life and neuropsychiatric assessments
were not included. Thirdly, the sample size did not allow
meaningful evaluation of predictive values of DCI Score.
Fourthly, we did not had serial assessments in these patients
to see the pattern of cognitive dysfunction at different time
points and how these dysfunction evoluted over time.

Our work is important as to provide an understanding of
the DCI Score and cognitive dysfunction after SAH. These
data suggests that DCI load as reflected by DCI Score pre-
dicts cognitive function 3 months after SAH. A multicenter
study to further investigate the impact of DCI load should be
pursued.

Conclusions

Higher DCI Scores impacted significantly on memory and
executive function. DCI Score is a useful system for clinical
quantification of DCI load and clinical research. Treatment
strategy should be developed to minimize them.
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Changes on Dynamic Cerebral Autoregulation Are Associated
with Delayed Cerebral Ischemia in Patients with Aneurysmal

Subarachnoid Hemorrhage

Check for
updates

S. Ortega-Gutierrez, E. A. Samaniego, A. Reccius, A. Huang, B. Zheng-Lin, A. Masukar, R. S. Marshall, and N. H. Petersen

Abstract Background: Early identification of vasospasm
prior to symptom onset would allow prevention of delayed
cerebral ischemia (DCI) in aneurysmal subarachnoid hemor-
rhage (aSAH). Dynamic cerebral autoregulation (DCA) is a
noninvasive means of assessing cerebral blood flow regula-
tion by determining independence of low-frequency tempo-
ral oscillations of systemic blood pressure (BP) and cerebral
blood flow velocities (CBFV).

Methods: Eight SAH patients underwent prospectively a
median of 7 DCA assessments consisting of continuous
measurements of BCFV and BP. Transfer function analysis
was applied to calculate average phase shift (PS) in low
(0.07-0.2 Hz) frequency range for each hemisphere as con-
tinuous measure of DCA. Lower PS indicated poorer regula-
tory response. DCI was defined as a 2-point decrease in
Glasgow Coma Score and/or infarction on CT.

Results: Three subjects developed symptomatic vaso-
spasm with median time-to-DCI of 9 days. DCI was signifi-
cantly associated with lower PS over the entire recording
period (Wald = 4.28; p = 0.039). Additionally, there was a

Presentation at a conference: 14th International Conference on
Neurovascular Events after Subarachnoid Hemorrhage or Vasospasm
2017.

S. Ortega-Gutierrez (D<) - E. A. Samaniego - B. Zheng-Lin
Stroke Division, Neurointerventional Surgery Section,
Departments of Neurology, Neurosurgery and Radiology,
University of lowa Hospitals and Clinics, lowa, IA, USA
e-mail: santy-ortega@uiowa.edu

A. Reccius
Department of Critical Care, Clinica Alemana, Universidad del
Desarrollo, Santiago, Chile

A. Huang - A. Masukar - R. S. Marshall
Department of Neurology, Columbia University,
New York, NY, USA

N. H. Petersen

Division of Neurocritical Care and Emergency Neurology,
Department of Neurology, Yale University School of Medicine,
New Haven, CT, USA

R. D. Martin et al. (eds.), Subarachnoid Hemorrhage, Acta Neurochirurgica Supplement 127,

significant change in PS over different recording periods
after adjusting for DCI (Wald = 15.66; p = 0.001); particu-
larly, a significantly lower mean PS day 3-5 after bleed
(14.22 vs 27.51; p = 0.05).

Conclusions: DCA might be useful for early detection of
symptomatic vasospasm. A larger cohort study of SAH
patients is currently underway.

Keywords Vasospasm - Delay cerebral ischemia - Dynamic
cerebral autoregulation

Abbreviations

ABP Arterial blood pressure

aSAH  Aneurysmal subarachnoid hemorrhage
CBF Cerebral blood flow

CBFV  Cerebral blood flow velocity

CPP Cerebral perfusion pressure

CT Computerized tomography

CTA Computerized tomography angiogram
DCA  Dynamic cerebral autoregulation

DCI Delayed cerebral ischemia

EBI Early brain injury

FFT Fast Fourier transformed

GCS Glasgow Coma Scale

GEE Generalized estimating equations
MAP  Mean arterial pressure

MCA  Middle cerebral artery

TCD Transcranial Doppler

Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) affects

21,000-30,000 people/year in the United States [20] and
remains the most common cause of cerebral vasospasm.
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Delayed cerebral ischemia (DCI) attributed to vasospasm is
defined as clinical deterioration and/or the presence of new
infarct not previously seen on admission or after the immedi-
ate postoperative period [8]. DCI may develop between days
4 and 14, with a peak incidence between days 7 and 10 [8, 9].
Despite medical and surgical advances, DCI remains a major
cause for morbidity and mortality in aSAH survivors: it is
responsible for 25-50% of permanent disability and 10-23%
of death in aSAH [19].

DCI develops symptomatically in 20-30% among the ini-
tial aSAH survivors [8]. However, vasospasm can be detected
invasively in up to 70% of aSAH with angiography [7, 11].
This dissociation between the angiographic appearance of
vasospasm and the clinical symptomatology suggests the
need of an optimal noninvasive screening tool for DCI.

The capability of brain vasculature of auto-adjusting CBF
in response to variations of cerebral perfusion pressure (CPP)
and systemic mean arterial pressure (MAP) is called dynamic
cerebral autoregulation (DCA) [21]. DCA can be measured
by determining the independence of low-frequency temporal
oscillations of systemic blood pressure and cerebral flow
velocities [13, 21]. The pathophysiologic mechanism of
vasospasm and DCI is not yet fully disclosed, although alter-
ations in inflammatory response, vascular biomechanics and
cerebral blood flow (CBF) dysregulation are involved [2].
The aim of this study is to examine the presence of disturbed
DCA in SAH and its potential value in the early detection of
vasospasm prior to symptom onset.

Materials and Methods

In this prospective observational study, we included eight
patients with aSAH admitted to the neurologic intensive care
unit. Inclusion criteria were age greater than 18, subjects
with SAH bleeding occurring in less than 48 h prior to admis-
sion, and Fisher score >3. Diagnosis was confirmed by com-
puterized tomography (CT) of head and/or CT angiogram
(CTA). Exclusion criteria were undetermined time of onset,
subarachnoid hemorrhage of etiologies other than aneurys-
mal rupture, use of vasopressors within the first 48 h of onset,
patients with inadequate transtemporal windows for
insonation, and death or withdrawal of care within 72 h of
admission. Consent was obtained from the patient or surro-
gate decision-maker prior to enrollment. All patients were
provided detailed written information regarding the intent
and methods of the study. Approval for the study was
obtained from the Institutional Review Board at Columbia
University Medical Center.

Dynamic autoregulation was assessed by calculating the
relationship between changes in arterial blood pressure
(ABP) and cerebral blood flow velocity (CBFV) using the

transfer function analysis, which quantifies the spatial rela-
tion between slow fluctuations in ABP and CBFV in the fre-
quency domain. DCA assessments occurred at day days 0-3,
4-6, and >7 after bleed.

Briefly, cerebral blood flow velocities were assessed
using transcranial Doppler (TCD) (DWL-Multidop-X,
Sipplingen, Germany). The proximal middle cerebral artery
(MCA) was insonated through the temporal window with a
2 MHz probe attached to a head frame, insonation
depth = 45-60 mm. Blood pressure was recorded simultane-
ously using intra-arterial catheter or servo-controlled finger
plethysmography in the right or left middle finger (Finometer
Pro, Amsterdam, Netherlands) [15]. After establishing a
stable recording and calibration, measurements were
recorded for 10 min. All analog signals sampled at 100 Hz
were digitized and stored for editing and offline analysis.
Temporal synchronization of the blood pressure and blood
flow velocity wave forms using ICU pilot software (Dipylon
Medical, Solna, Sweden) was followed by visual inspection
and removal of all major artifacts. The data were then ana-
lyzed using Matlab (MathWorks, Natick, USA) with an in-
house written program. The transfer function H(f) relating
each CBFV to ABP was approximated by assuming linear-
ity and time invariance. Estimation of spectra and transfer
function was based on the method described by Welch [7],
details of which are described elsewhere [8]. In brief, arte-
rial blood pressure ABP and CBFV from the left and right
middle cerebral arteries were normalized and fast Fourier
transformed (FFT) to calculate the auto-spectra and the
cross spectrum of the two signals (ABP and CBFV). The
coherence, gain |H(f)l, and phase @(f) of the system were
calculated. Coherence significance criterion (y,,), above
which coherence differs significantly from 0, was derived
from the degrees of freedom v of the spectral estimate at a
significance level a of 0.05 [9]. Phase shift was calculated
by averaging the values of all valid bins in the low-frequency
range (0.06-0.12 Hz; each bin is a frequency value at
0.01 Hz increments) where coherence was >0.53. The
resulting phase shift describes the extent to which oscilla-
tions in CBFV lead those in ABP and can be interpreted as
active early counterregulation. Less phase shift reflects
increased latency in cerebral vasomotion and thus poorer
autoregulation.

Daily Glasgow Coma Scale (GCS) evaluation was per-
formed to evaluate clinical deterioration. CT head/CTA and/
or angiography were used to determine the presence of
DCI. If no symptoms occurred, a CT was performed to eval-
uate new silent infarcts before the patients left the ICU. DCI
was used as the primary outcome and defined as a decrease
of 2 points or more on GCS and/or new infarction on CT/
CTA or angiogram.

Continuous variables were tested for normality using the
Kolmogorov-Smirnov test. Data were reported as means and
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standard deviation or median, 25th and 75th percentile.
Univariate comparisons at single time points were performed
using paired t-tests for normally distributed data and
Wilcoxon signed-rank test for median comparison.
Generalized estimating equations (GEE) with an exchange-
able correlation matrix were used to examine the change in
PS over time. A p-value of less than 0.05 was considered
statistically significant.

Results

Among patients median age = 41 (IQR = 45-55), 100%
women, median Hunt and Hess scale on admission was 3,
median modified Fisher score was 3 (Table 1). Three of the
subjects developed symptomatic vasospasm with median
time-to-DCI of 9 days. Five underwent surgical clipping.
Presence of DCI was significantly associated with lower
PS over the entire recording period (Wald = 4.28; p = 0.039).

Table 1 Demographic data

In addition, there was a significant change in phase shift over
different recording periods after adjusting for DCI
(Wald = 15.66; p = 0.001), in particular, a significantly lower
mean PS on day 4-6 after bleed (14.22 vs 27.51; p = 0.05)

(Fig. 1).

Discussion

aSAH is a devastating disease: about 10% of patients die
prior to hospital admission, 25% die in the first 24 h after
bleeding, and 45% in the following 30 days [1, 3, 10].
Despite therapeutic advances, DCI remains one of the most
common complications and accounts for 25-50% of perma-
nent disability and 10-23% of death in aSAH [19].

TCD performed within 48 h of bleeding onset to detect
DCT has limited sensitivity and specificity and is only able to
detect 38% of patients with impaired cerebral blood flow
compared to 70% with angiography [5, 7]. Consequently, the

Age  Gender  NIHSS on admission  Hunt and Hess scale  Fisher Scale ~ Aneurysm location ~ Aneurysm secure method ~ DCI
49 Female 18 4 3 ICA Clipping Yes
55 Female 3 2 4 ACom Clipping No
44 Female 0 1 3 PCom Clipping Yes
34 Female 11 4 1 ICA Coiling No
62 Female 0 3 3 ACA Coiling No
53 Female 25 5 3 PICA Clipping No
65 Female 2 2 3 MCA Coiling yes
45 Female 0 2 3 ICA Clipping No

NIHSS score, Hunt and Hess scale, and Fisher Scale were obtained on patient admission. DCI delayed cerebral ischemia, N/HSS, National Institute
of Health Stroke Scale, ACA anterior cerebral artery, ACom anterior communicating artery, /CA internal carotid artery, PCom posterior communi-
cating artery, PICA posterior inferior cerebellar artery, MCA middle cerebral aneurysm

Fig. 1 The average values for
phase shift over the three phases
of study separated by patients
with delayed cerebral ischemia
developing. Phase 1, post-bleed
day PBD 0-3; phase 2, PBD
4-6; phase 3, PBD >7. *
p=0.05

351

Phase shift (degrees) +/- STD

0to 3

Cerebral autoregulation and SAH

*

—

mDCI (-)
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4106
Days after bleed

More than 7
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development of an optimal noninvasive screening tool to pre-
dict DCA before irreversible damage occurs is warranted.

In our study, the median time-to-DCI was 9 days, which
was significantly associated with an impaired DCA indicated
by lower mean PS on day 3-5 after initial bleed. We also
observed that those patients might have an absolute lower PS
during the entire recording period. These data suggest early
impairment of DCA may predict a later occurrence of DCI in
patients with aSAH. In addition, early decrease DCA with-
out subsequent recovery might represent a novel biomarker
of early brain injury (EBI).

The role of cerebral autoregulation in vasospasm is com-
plex and remains poorly understood. Cerebral blood flow is
under intricate continuous regulation controlled by several
mechanisms. Brain vasculature dilates or constricts in
response to (1) variations of blood gases, (2) activity of auto-
nomic nervous system, and (3) to continuous and rapid fluc-
tuation of blood pressure, in a homeostatic mechanism
termed DCA [21]. Disturbance of DCA around the peri-
ischemic area is believed to be caused by tissue lactic acido-
sis and the subsequent local vasoparalysis, inhibiting the
autoregulatory function of the blood vessel [6].

With advances in neuroimaging and operational informat-
ics, cerebral autoregulation can be monitored using different
time-domain and frequency-domain methodologies, and its
measurement has been reported to be useful in a variety of neu-
rological diseases including traumatic brain injury, intracranial
hemorrhage, and stroke [12, 17, 18]. Otite et al. used daily mea-
surements of TCD, heart rate, and blood pressure, and calcu-
lated the relationship between beat-to-beat fluctuations in the
mean flow velocity and mean arterial pressure across low- and
high-frequency ranges using transfer function analysis. They
observed a higher transfer function gain was predictive of angi-
ographic vasospasm and DCI [14]. Budohoski et al. suggested
in their study that elevation in two autoregulatory indices, Sxa
and TOxa, during the first 5 days within initial bleeding was
independently predictive of DCIin SAH. Sxa was derived from
the linear correlation coefficient between arterial blood pres-
sure and systolic cerebral flow velocity measured with TCD,
whereas TOxa was a linear coefficient that correlates arterial
blood pressure with values of tissue oxygen index measured
with near-infrared spectroscopy [4]. In our study, we applied a
frequency-domain method using phase shift in low-frequency
range as a continuous measurement for DCA, which was
obtained using transfer function analysis and based on blood
pressure and CBF velocities measured with TCD.

We previously studied measured DCA using PS in patients
with ischemic stroke in the middle cerebral artery territory
[16]. They observed a significant difference between the
average PS in the infarcted cerebral hemisphere versus unaf-
fected hemisphere, with a 29.6° + 10.5° versus 42.5° + 13°,
respectively (p = 0.004). When comparing the infarcted
hemisphere of patients with those of healthy control subjects

(mean PS = 47.9 + 16.8), the difference remained statisti-
cally significant (p = 0.001). More importantly, they reported
DCA remained impaired 1 week after stroke [16]. To our
knowledge this monitoring methodology has never been uti-
lized in detection of DCI in aSAH, and this work represents
the first experience using this noninvasive methodology as a
predictive tool of DCI and potentially a marker of EBI. Our
study is not without limitations. It is a single-center experi-
ence with a limited cohort. Additionally, TCD is an operator-
dependent technology, and its use may be limited in some
patients due to unfavorable temporal windows.

Conclusions

Our study suggests disturbance in DCA takes place after
aSAH and may be predictive of vasospasm before clinical
symptoms emerge. In summary, DCA monitoring may be a
useful noninvasive bedside tool for early screening of DCI
and biomarker of EBI. Future investigations with larger
cohort should be conducted to further determine its impact
on the acute management of patients with aSAH.
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Pathological Entities and Supplement Each Other
in the Diagnosis of Delayed Cerebral Ischemia
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Hans Jakob Steiger, and Athanasios K. Petridis

Abstract Introduction: There is still controversial discus-
sion of the value of transcranial Doppler (TCD) in predicting
vasospasms in patients with aneurysmal SAH (aSAH). A
newer method of predicting a delayed ischemic deficit (DCI)
is CT perfusion (CTP), although it is not quite understood
which kind of perfusion deficit is detected by this method
since it seems to also identifying microcirculatory distur-
bances. We compared the TCD and CTP values with angiog-
raphy and evaluated TCD and CTP changes before and after
patients received intra-arterial spasmolytic therapy.

Material and Methods: Retrospective analysis of TCD,
CTP, and angiographies of N = 77 patients treated from 2013
to 2016. In 38 patients intra-arterial spasmolysis had been
performed, and in these cases TCD and CTP data were com-
pared before and after lysis. Thirty-nine patients had a patho-
logical CTP but no angiographically seen vasospasm.

Results: There was no correlation between the known
thresholds of mean transit time (MTT) in CTP and vaso-
spasm or with mean velocities in TCD and vasospasm. After
spasmolysis in patients with vasospasms, only the MTT
showed significant improvement, whereas TCD velocities
and Lindegaard index remained unaffected.

Conclusion: TCD and CTP seem to identify different
pathological entities of DCI and should be used supplemen-
tary in order to identify as many patients as possible with
vasospasms after aSAH.
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Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) occurs in about
5% of all strokes and has still a mortality of 50% and a signifi-
cant morbidity in survivors [1]. The second cause of disability
after the initial hemorrhage is cerebral vasospasm and the
delayed cerebral ischemia which occurs in 50-70% of patients
[2]. These two pathological entities seem to have different
pathophysiological etiologies and cannot be detected by the
same techniques. Vasospasms of the vessels of the circle of
Willis can be detected by transcranial Doppler ultrasonography
(TCD), whereas microcirculation disturbances can be detected
by perfusion imaging techniques. Digital subtraction angiogra-
phy (DSA) remains until now the gold standard of imaging
vasospasms, but it is invasive, and it is proven to be associated
with the risk of mild neurological deficit as well as ischemic
insults [3]. On the other side, DSA cannot display cerebral
blood flow and is unsuitable to monitor changes in microcircu-
lation [3]. TCD, which is still recommended for arterial vaso-
spasm by the American Heart Association Management
Guidelines for SAH, has a number of limitations like operator
dependence and inter-observer variability, inadequate acoustic
windows in 10% of patients, but, much more important, high
variability of TCD vasospasm criteria in the literature as well as
highly controversial results [4, 5]. However, in a number of
cases TCD vasospasm could be identified and proven by DSA;
therefore TCD should not be neglected from clinical routine [6].
The techniques used for identification of microcirculatory
changes are xenon-enhanced CT scanning, positron emis-
sion tomography, single photon emission computed tomog-
raphy, MRI perfusion imaging, and CT perfusion (CTP) with
CTP being in advantage because of its low cost, rapid imag-
ing, high spatial resolution, and ease of performance [3].
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Apart from imaging techniques, the clinical symptoms
and the neurological examination of the patient play a cru-
cial role. The disadvantage is that by the time cerebral
vasospasms cause clinical symptoms, the ischemic event
may have progressed too far, and the chance of a therapeu-
tic intervention may have been missed [2]. Predictive fac-
tors of vasospasm occurrence and DCI have been named in
a number of studies but remain inconsistent and controver-
sial [2]. Such factors are age, sex, and SAH grade, to name
a few.

Since vasospasm and DCI seem to be different patholo-
gies, there is a possibility that TCD, DSA, and CTP are iden-
tifying different pathological entities and do not have to
correlate but supplement each other. We aimed to study if
there is any correlation between TCD, CTP, and DSA in the
patient population as well as to evaluate if there is any change
of the CTP and TCD values after intra-arterial spasmolytic
therapy in patients with vasospasms on DSA.

Material and Methods

Patient Population

Seventy-seven patients with aneurysmal subarachnoid hem-
orrhage admitted to our department between January 2013
and September 2016 had a pathological CTP and received
digital subtraction angiography. Patients in the present retro-
spective study were selected meeting the following criteria:
(a) severe angiographic vasospasm followed by intra-arterial
nimodipine (vasospasmolysis) as a rescue treatment, (b) tran-
scranial Doppler (TCD) examination within 1 day before and
after vasospasmolysis, and (c) perfusion computer tomogra-
phy (CTP) within 1 day before and after vasospasmolysis. As
a control cohort, patients with aSAH treated in our hospital
during the same period, who did not receive i.a. vasospas-
molysis but showed pathological TCD/CTP values, were ana-
lyzed (n = 39). Scientific use of the data was approved by the
local ethics committee of the Medical Faculty of the Heinrich-
Heine University Diisseldorf, Germany (study ID: 5276). The
management of the patients in the presented cohorts was in
accordance with current SAH guidelines [4].

Definitions

The indication of vasospasmolysis was severe vasospasm,
defined in angiography as the radiographic narrowing of an
intracranial vessel to 33% or less of its original diameter. For
comparison, the initial angiographic imaging (DSA or CTA)
upon admission was used. Vasospasmolysis consisted of
3.2 mg intra-arterial nimodipine, injected in the internal
carotid artery of the pathological side.

The following TCD values were considered pathological:
mean blood flow velocity of the middle cerebral artery (MCA)
>120 cm/s and mean blood flow velocity of the anterior cere-
bral artery (ACA) >50 cm/s Lindegaard index >3. The
Lindegaard index is the relation of MCA-mean velocity to
ipsilateral mean velocity of the cervical internal carotid artery
(ICA). TCD was performed by experienced neurosurgical
residents in order to minimize inter-observer variability.

The CTP value indicating severe vasospasm was a mean
transit time (MTT) > 3.98 s, based on a study by Mathys
et al. [7]. CTP data were acquired with a Siemens scanner
using singular-value decomposition with an acquisition time
of 35 s. The automated image analysis integrated a 1 cm cor-
tical layer with 180 overlapping regions of interests and cor-
responding values, using 360° cortical banding analysis.
After the generation of perfusion maps, CTP data, such as
MTT among others, were calculated using the
STROKETOOL-CT software (Version 2.5, Digital Image
Solutions, Frechen, Germany). MTT were pooled according
to the cortical map, and mean values for each vessel territory
(ACA, MCA, PCA) were calculated.

Statistical Analysis

For statistical analysis, CTP and TCD values were matched to
the vessel territory showing angiographic vasospasm. For
example, in case of severe angiographic vasospasm detected
in the left MCA, mean MTT of the left MCA territory and
ipsilateral mean MCA velocity and Lindegaard index of this
patient were selected for further statistical analysis. If all cere-
bral vessels showed vasospasm, mean overall MTT and the
higher mean MCA velocity and Lindegaard index were used.

To verify the value of TCD and CTP in predicting severe
angiographic vasospasm, its sensitivity, specificity, and posi-
tive predictive value (PPV) were calculated using the Fisher’s
exact test. Furthermore, ICA mean velocity was correlated to
MTT before and after vasospasmolysis using Pearson product
moment correlation. In order to detect an effect of i.a.
nimodipine after vasospasmolysis in TCD and CTP, first a
Shapiro-Wilk normality test was performed to confirm nor-
mal distribution followed by a Student t-test. A level of
p < 0.05 was considered significant. All statistical analysis
was performed using the program R Core Team 2016, Version
3.3.0 (R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria).

Results

Out of the 77 patients, 38 patients were treated with i.a.
nimodipine (13 patients were treated twice, 2 patients 3
times, 1 patient 4 times, and 1 patient 6 times during their
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hospital stay; the remaining 32 patients received spasmolysis
once). Additionally, six patients got i.a. nimodipine without
severe angiographic vasospasm, but they showed highly ele-
vated MTT suggesting cerebral perfusion deficits. These
patients were excluded in the present study. In nine cases
exclusion from the study was necessary because of insuffi-
cient interventional documentation. Vasospasmolysis was
performed between day 1 and 19 after ictus, averagely on
day 8. Mean patient’s age was 55.8 + 11 years; 65% were
female.

Transcranial Doppler Ultrasonography

Of the 38 vasospasmolysis cases, TCD was documented in
23 within 1 day before and in 20 cases within 1 day after the
treatment. Only 14 cases had complete documentation of
TCD before and after angiography. TCD values Lindegaard
index and MCA and ACA velocity did not predict severe
angiographic vasospasm (p > 0.799; PPV < 0.231; sensitiv-
ity <0.167; specificity <0.955). Lindegaard index before
spasmolysis was 2.29 = 1.3 (n = 18), mean MCA velocity
was 81.58 + 37.2 cm/s (n = 19), and mean ACA velocity was
47.75 = 8.8 cm/s (n = 4) according to the vasospasm terri-
tory. Intra-arterial nimodipine had no effect on Lindegaard
index (p = 0.95), as TCD values did not differ significantly:
Lindegaard 2.40 + 1.2 (n = 20) and mean MCA velocity
89.2 +£35.6 cm/s (n = 20) (Fig. 1). There was no mean ACA
velocity documented after vasospasmolysis. We could not
find a predictive cutoff for Lindegaard index and MFV as
well as angiographically proven vasospasms.

Perfusion Computer Tomography

A CTP exam was performed in 77 cases within 1 day before
and after vasospasmolysis. Mean MTT of the spastic vessel
territory did not predict severe angiographic vasospasm
(p = 0.289; PPV = 0.745; sensitivity = 0.673; specific-
ity = 0.625). Thirty-nine patients had a pathological MTT in
CTPs, but no angiographic vasospasm was detected. The
mean MTT was 4.30 + 1.0 s. In cases with intra-arterial
nimodipine, the MTT went back to physiological values
(» <0.001; 3.71 £ 0.9 s; Fig. 2a). This effect was even more
significant regarding only the vessel territory with vasospasm
(» <0.0003, MTT = 3.66 + 0.9 s). The Tmax showed no sta-
tistical significant changes before and after spasmolysis
(Fig. 2b).

Correlation of CTP, TCD, and Angiography

There was no correlation between mean MTT and ICA or
MCA mean velocity before and/or after vasospasmolysis
(p=0.37, n=24). There was no statistical correlation between
angiographically proven vasospasm and CTP or TCD.

Discussion

We failed to show a congruence of TCD and angiography on
the day of angiography although the number of cases with a
TCD analysis before and after treatment was low. There was
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Fig.1 (a) Lindegaard index in transcranial Doppler in CTP in patients
with aSAH and severe angiographic vasospasm before (lower boxplot)
and after (upper boxplot) the intra-arterial application of nimodipine.
No significant changes could be seen. Even in patients with angio-

graphically seen vasospasms, the Lindegaard index was physiological
before and after spasmolysis. (b) The MCA velocity before and after
spasmolysis was also insignificantly changed
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Fig.2 (a) Overall mean transit time (MTT [s]) in CTP in patients with aSAH and severe angiographic vasospasm before (upper boxplot) and after
(lower boxplot) intra-arterial application of nimodipine. (b) Tmax showed no statistical significance before and after spasmolysis

no significant change in the TCD mean velocity or the
Lindegaard index before and after spasmolysis. The reason
for this could be inter-observer variability and failure to
monitor more distal vessels than around the circle of Willis.
The failure of congruence between TCD and angiography
could also be explained by microthrombotic incidents which
were exclusively identified in CTP.

Since there would not be any chance to identify by TCD
microthrombotic lesions which cause a DCI, CTP was per-
formed every third day. Pathological TCD velocities and
Lindegaard index as well as abnormal CTPs led to an early
angiography in our patients.

TCD is easy to perform, and, in contrast to angiography
where transport of the patient to the angio-suite is manda-
tory, the patient does not need to be transported anywhere for
TCD. It needs about 20 min to complete the examination and
is noninvasive. Therefore it is a recommended diagnostic
tool in vasospasm detection of patients with aSAH [4, 8].
However, there are many inter-observer and intra-observer
variabilities which lead to many controversies about the use
of TCD as a routine, daily diagnostic tool. Additionally, the
thresholds of mean velocity, Lindegaard index, etc. are not
clearly defined, and TCD is unable to identify vasospasms of
arteries other than the circle of Willis. In a prospective cohort
series, patients with daily Doppler monitoring were com-
pared to a group of aSAH patients without TCD monitoring,
and there was no difference in mortality or outcome between
the two patient groups [8]. No congruence between TCD and
DSA could be seen in the study leading the authors to aban-
don TCD from their ICU routine in aSAH patients [8].

On the other side, TCD is the most used diagnostic tool in
modern NICU. In a survey, 70% of US and 53% of non-US
practitioners use TCD in aSAH patients because of lack of an
alternative [9]. There are studies showing a good prediction

of vasospasms by TCD, especially for the MCA like a mean
flow velocity (MFV) of >175 cm/s and a Lindegaard index of
>6 [1]. In general, a MFV of up to 120 cm/s is associated with
a mild angiographic stenosis, between 120 and 200 with a
moderate stenosis and > 200 with a severe stenosis although,
as mentioned already, the cutpoints are open to debate [10-
12]. For example, other studies show that only MFV of
<120 cm/s or > 180 cm/s had a predictive value [12, 13].
Other studies emphasize that an absolute increase of MFV
over days is predicting vasospasm [1, 14, 15]. Despite the
questionable results of TCD, it did still influence the manage-
ment of about 18% of aSAH patients in one study after detect-
ing vasospasms (4). Even when angiographical vasospasms
occur, they can be tolerated well and have no clinical signifi-
cance owing to collateral flow, systemic flow, volume aug-
mentation, metabolic activity, and other factors [1].

Awareness of the inter-observer failure led to the develop-
ment of new-generation TCD which should minimize inter-
observer variability [5].

After failure of improving clinical outcome of patients even
after asatisfying treatment of vasospasms in the CONSCIOUS-1
study, the concept of DCI changed. DCI is not exclusively
vasospasm dependent but seems to have a complex pathophysi-
ology which is influenced by vasospasm of small distal vessels,
microthromboses, and microcirculatory disturbances [12, 16].
Since TCD does not seem to reliably predict patients with vaso-
spasms (at least only a small subgroup of patients is identified),
clinical examination in comatose patients is not feasible, and
angiography too invasive, we established a CTP monitoring
protocol at days 3, 6, 9, and 12. Even when CTP values did fail
to predict macrovasospasms (seen with TCD and angiogra-
phy), it still identified DCI. On the other side, CTP values
improved after spasmolytic therapy, showing a response to the
spasmolysis in each individual patient with macrovasospasm.
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There is an additional cause of CTP MTT prolongation
except vasospasm, which we identify by our every 3 days
CTP protocol. In one study of xenon-CT and CT perfusion in
the acute phase of aSAH where vasospasms are absent, there
was still a prolongation of MTT especially in territories that
do not belong to one of the major arteries, indicating toward
an increased small vessel resistance [17].

Unlike other studies we could not identify a cutoff value
for MTT which would generally predict macrovasospasm
[17, 18]. Differences between the hemispheres and between
vascular territories led to angiography. In patients with vaso-
spasm in angiography, CTP showed a significant improve-
ment of MTT.

Mathys et al. [7] showed already that a MTT of >3.98 s
was associated with a negative outcome. Hinggi et al. [19]
could show an improved Tmax after i.a. spasmolytic therapy
in N = 24 patients with angiographic vasospasm and a trend
for improved MTT in CTP.

Despite the radiation, which is kept to a minimum, CTP in
these critically ill patients is easier to perform than diffusion-
perfusion MRI which takes longer (30 min), although a
diffusion-perfusion mismatch has been demonstrated in the
early stages of vasospasm too [20].

The mean transit time (MTT) in CTP has been proven to be
the most reliable parameter of hypoperfusion. The MTT is
related to cerebral blood flow and cerebral blood volume by the
equation: MTT = CBV/CBF [21]. MTT could identify angio-
graphic vasospasm in 15/15 patients even when CBV and CBF
were minimally changed [22]. In comparison to the present
study, the MTT threshold in the study of Wintermark et al. [22]
was set much higher (6.4 s compared to 3.98 s), and this
explains the higher rate of identifying vasospasms. By such a
high MTT threshold though, there is a risk of missing patients
with microcirculatory perfusion pathology not seen in angiog-
raphy. In an experimental study with an aSAH rabbit model,
the MTT on day 2 after SAH could predict the occurrence of
later vasospasm [23]. This increase of MTT before the occur-
rence of vasospasms could be attributed to inflammatory cyto-
kines and endothelial dysfunction of small vessels [23]. We
also used the MTT in our study and decided to proceed to angi-
ography when there were differences of MTT in different brain
territories. However there was no significant correlation
between these changes in CTP and angiographically proven
vasospasms, which is similar to other studies showing only a
weak correlation between CTP and CTA vasospasm [24].

Conclusion

Our study shows no correlation of TCD, angiographically
proven vasospasms, and CTP. These results do not suggest
that TCD or CTP should be abandoned but that every single

diagnostic method seems to identify another patient group
suffering a DCI. TCD is able to identify patients with macro-
vasospasms of basal arteries, whereas CTP identifies micro-
circulatory and macrocirculatory disturbances leading to
neurologic deterioration without angiographically detected
vasospasms. The fact that TCD values did not change after
vasospasmolysis is complex and cannot be explained with
this study. More patients and a prospective study would be
needed. MTT on the other hand showed a significant response
after vasospasmolysis. The weakness of the study is that the
data was collected retrospectively, whereas its strength is the
large number of patients and the frequency of CTP exams as
well as the analysis of the response of TCD and CTP after
spasmolysis which, to our knowledge, had not been studied
until now.
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Abstract Background: Delayed cerebral ischemia (DCI) is a
significant cause of morbidity and mortality after aneurysmal
subarachnoid hemorrhage (SAH). Recently, we reported the
possibility that computational fluid dynamics (CFD) could
predict DCI in terms of the cross-sectional area and flow
velocity of the ipsilateral extracranial internal carotid and dis-
tal parent arteries in a single-center retrospective study.
Methods: This is a multicenter, prospective, cohort study.
Patients with aneurysmal SAH will undergo CFD analyses
using preoperative three-dimensional computed tomography
angiography, and we will investigate hemodynamic features
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of cerebral arteries in an acute stage of SAH. Primary out-
come measures will be CFD features in patients with subse-
quent occurrence of DCI. Secondary outcome measures will
be CFD features in patients with subsequent occurrence of
cerebral vasospasm and cerebral infarction and the relation-
ships with eventual modified Rankin scale score at 3 months.

Conclusions: The present protocol for a multicenter pro-
spective study is expected to provide a novel diagnostic
method to predict DCI before aneurysmal obliteration in an
acute stage of SAH.

Keywords Subarachnoid hemorrhage - Delayed cerebral
ischemia - Cerebral aneurysm - Computational fluid dynam-
ics - Computed tomography angiography

Introduction

Delayed cerebral ischemia (DCI) remains a significant cause of
morbidity and mortality after aneurysmal subarachnoid hemor-
rhage (SAH) [1-4]. Early brain injury, cerebral vasospasm,
microcirculatory thrombosis and dysfunction, and cortical
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spreading depolarization may contribute to the development of
DCI [3, 5]. To improve outcomes of SAH patients, it is impor-
tant to detect DCI in its earlier stage. However, for the purpose,
transcranial Doppler, cerebral perfusion study, and cerebral
angiography are not optimal because of its limited sensitivity or
invasiveness. Recently, we retrospectively reported that the
development of DCI was associated with the narrowing of
extracranial internal carotid artery and distal parent artery and
increased flow velocity of distal parent artery on computational
fluid dynamics (CFD) using preoperative computed tomogra-
phy angiography (CTA) in an acute stage of SAH [6]. Thus, the
aim of this multicenter prospective study is to determine whether
CFD is useful to predict the development of DCI after SAH.

Materials and Methods

This is a multicenter, prospective, cohort study and was
approved by the ethical committee of Mie University
Graduate School of Medicine and was performed in accor-
dance with the institutional guidelines.

Participants

Neurosurgeons in charge will check all patients presenting
with aneurysmal SAH for the study eligibility. Inclusion cri-
teria are 20 or older years of age, modified Rankin scale 0-2
before onset, ruptured saccular aneurysms in the internal
carotid artery (ICA) or middle cerebral artery (MCA) diag-
nosed with subtraction CTA within 72 h after onset, aneurys-
mal obliteration by surgical clipping or coil embolization
within 72 h after onset, and written informed consent from
patient’s family members. Exclusion criteria are non-
aneurysmal SAH, death within 14 days after onset, and
rejection of participation (Fig. 1).

Patient Management

Timing of aneurysmal obliteration, selection of clipping or
coiling, and other medical management or treatment will be
decided by site investigators and not limited.

CFD Analysis

CFD analysis is performed as previously described (Fig. 2)
[7]. Briefly, from preoperative three-dimensional CTA, the

Eligible patients with SAH

CFD analysis using acute-stage preoperative CTA

DCI group

Non-DCI group |

‘ Outcome assessment |

Fig. 1 Flow diagrams of this study. SAH subarachnoid hemorrhage;
CFD computational fluid dynamics; CTA computed tomography angi-
ography; DCI delayed cerebral ischemia

patient-specific geometries are generated as stereolithogra-
phy (Mimics 16.0; Matelialise Japan, Yokohama, Japan).
The computational meshes are generated with tetrahedral
and prism elements (ANSYS ICEM CFD16.1; ANSYS, Inc.,
Canonsburg, PA, USA). A straight inlet extension is added to
the cervical (C5) segment of the ICA to obtain fully devel-
oped laminar flow. Numeral modeling is performed using a
commercially available CFD package (ANSYS CFX 16.1;
ANSYS, Inc., Canonsburg, PA, USA). Blood is assumed to
be an incompressible Newtonian fluid with a blood density
of 1056 kg/m? and a blood dynamics viscosity of 0.0035 Pas.
Pulsatile boundary conditions are based on the superposition
blood-flow waveforms of the common carotid artery as char-
acterized by Doppler ultrasound in normal human subjects
for CFD analysis.

The ipsilateral C1-3 segments and M1 segment are
defined as the parent arteries of aneurysms at the ICA and
MCA, respectively (Fig. 3).

Outcome Measures

Primary outcome measures will be hemodynamic differences
in cerebral arteries on CFD analyses between patients with
and without subsequent development of DCI. DCI is defined
as otherwise unexplained clinical deterioration (i.e., new
focal neurological deficits [motor or speech deficits], decrease
in Glasgow Coma Scale of >2 points, or both), which lasts for
>1 h [1, 6]. Other potential causes of clinical deterioration,
such as clipping- or coiling-related complications, rebleed-
ing, hydrocephalus, electrolyte or metabolic disturbance,



Role of Computational Fluid Dynamics for Predicting Delayed Cerebral Ischemia After Aneurysmal Subarachnoid Hemorrhage: Study... 163

Flg. 2 Procedure for analysis of CFD for cerebral aneurysms
computational fluid dynamics. CFD . )
computational fluid dynamics; 3DCTA 3DCTA r— Stereolithography —p Meshing

three-dimensional computed
tomography angiography

Verification & R Visualization Af— CFD

Validation analysis

infection, and seizures, will be rigorously excluded on clini-
cal assessments, computed tomography (CT), magnetic reso-
nance (MR) images, or laboratory studies.

Secondary outcome measures will be hemodynamic dif-
ferences in cerebral arteries on CFD analyses in patients with
subsequent occurrence of cerebral vasospasm and cerebral
infarction and the relationships with eventual modified

L Rankin scale score at 3 months post-SAH. Cerebral vaso-
spasm is defined as >50% arterial narrowing of the intracra-
nial ICA, MI-2 segments, Al-2 segments of anterior
cerebral artery, or P1-2 segments of posterior cerebral artery
on CTA and/or digital subtraction angiography compared
with the preoperative findings. Cerebral infarction is defined
as newly developed cerebral infarction on CT or MR images
that is not visible on admission or immediate postoperative
or post-intervention scans or both.

Sample Size

L /\l Assuming that the incidence of DCI is 20%, a total of 200
' patients will be required based on our preliminary study [6].

Statistical Analysis

Data will be expressed as mean =+ standard error of the mean
or median + interquartile range. Comparisons between two
groups will be made by unpaired #-tests or Mann-Whitney’s
U tests as appropriate. A value of p < 0.05 will be considered
significant.

Fig.3 Definition of parent arteries for aneurysms at the internal carotid
artery (a) and middle cerebral artery (b). The C1-3 segments and M1
segment are defined as the parent arteries, respectively



164

M. Shiba et al.

Discussion

The present study is intended to investigate whether CFD
can predict DCI after SAH. Hemodynamic features obtained
with CFD have shown the significant relationships with
aneurysm initiation, growth, and rupture [8]. Recently, we
reported that rupture status [7], rupture points [9], and hemo-
static patterns [10] of cerebral aneurysms were character-
ized by hemodynamic parameters on CFD analyses.

Our previous study, which analyzed CFD with acute-
stage preoperative CTA, showed that the cross-sectional area
of ipsilateral extracranial ICA and distal parent artery tended
to be smaller, and the flow velocity in the distal parent artery
tended to be higher in patients who subsequently developed
DCT after SAH [6]. In addition, we reported that CFD analy-
ses using 3D-CTA could characterize ruptured cerebral
aneurysms in poor-grade patients as a small diameter of par-
ent artery, a large shape index, and a low wall shear stress
[11]. The findings probably might reflect early vasospasm or
early brain injury; however, the mechanisms have not yet
been elucidated. Moreover, we did not investigate relation-
ships between other hemodynamic parameters of cerebral
arteries, such as wall shear stress, and the subsequent devel-
opment of DCI in our preliminary study [6]. Thus, it would
be meaningful to assess various hemodynamic parameters
using CFD analyses in the present study. We believe that this
multicenter prospective study will provide a novel useful
diagnostic method to predict DCI before aneurysmal oblit-
eration in an acute stage of SAH.

Study Status

The study is currently ongoing.
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Abstract Subarachnoid hemorrhage after cerebral aneu-
rysm rupture (aSAH) leads to delayed cerebral ischemia
(DCI) in 25-35% of surviving patients. It is believed that
DCI has a multifactorial etiology, including vasospasm.
Furthermore, aSAH is associated with the development of
hypercoagulation and microthrombosis; thus, its pharmaco-
logical correction may help to prevent DCI. We encountered
a case where hypercoagulation was detected using rotational
thromboelastometry (ROTEM), although the standard coag-
ulation test results were within the normal ranges. Based on
reviews of viscoelastic tests in cases of aSAH, ROTEM
could be more sensitive to hypercoagulation after aSAH,
compared to standard coagulation testing.

Keywords Subarachnoid hemorrhage - Microthrombosis
Delayed cerebral ischemia - Secondary brain injury

Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is an acute
cerebrovascular disease associated with high levels of mor-
tality and disability [1]. Delayed cerebral ischemia (DCI)
remains one of the main causes of poor neurological out-
come after aSAH [2]. The mechanisms underlying the for-
mation of DCI are incompletely understood. The historical
assumption was that large-vessel cerebral vasospasm was the
only cause of DCI. However, most of patients with aSAH
develop angiographic vasospasm, but only >30% develop
DCT [3]. Recent evidence indicates that other pathological
mechanisms apart from vasospasm are involved [4]. For
example, the coagulation system is activated early after the
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initial SAH, and these hypercoagulation changes lead to
microthrombosis, which is considered one of the main patho-
physiological mechanisms leading to DCI [5]. Adequate
diagnosis of hypercoagulation and early initiation of prophy-
laxis and treatment may help prevent DCI (Fig. 1).

Case Report

A 52-year-old woman was admitted after rupture of an ante-
rior communicating artery aneurysm, which led to intracere-
bral and intraventricular hemorrhages (Fisher IV) (Fig. 1).
The patient was in stupor (Glasgow coma scale score, 10
points) with left-side hemiparesis, severe headache, and
nuchal rigidity (Hunt-Hess 4 points). The patient was fol-
lowed up in the neurocritical care department with a standard
local protocol of care for acute period of aSAH, including
early performed neurosurgery (aneurysm occlusion), inten-
sive care with invasive hemodynamic monitoring, and man-
agement of intracranial complications. After aneurysm
clipping, we evaluated hemostasis based on standard coagu-
lation tests (Table 1) and rotation thromboelastometry
(ROTEM) parameters (Table 2).

Blood samples were obtained via direct peripheral veni-
puncture after a tourniquet was placed for <30 s. Appropriate
volumes were collected in vacuum tubes containing sodium
citrate, and the first tube was not included in the coagulation
testing. All coagulation tests were performed within 10 min
after blood collection. ROTEM was performed using whole
blood that was incubated at 37 °C in a heated cup. A pin in the
cup was connected to an optical detector system, and the cup
and pin were oscillated relative to each other. The forming clot
impedes the pin’s rotation, and the extrinsic coagulation path-
way (EXTEM assay) and intrinsic coagulation cascade
(INTEM assay) were evaluated. The influence of fibrinogen
on clot firmness was estimated using the platelet-inactivating
FIBTEM assay [6]. The following ROTEM parameters were
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Fig. 1 Computed tomography scan upon admission

analyzed: (1) clotting times (CT, s), initiation of clotting,
thrombin generation, and start of fibrinogen polymerization;
(2) clot formation time (CFT, s) and a, estimation of clot
growth kinetic by fibrin polymerization, platelets, and factor
XIII; (3) clot strength based on oscillation amplitude at fixed
times (A10-A20); and (4) maximum clot firmness (MCF).

The standard coagulation tests included activated partial
thromboplastin time (APTT), international normalized ratio
(INR), fibrinogen level, and inhibition of factor X (anti-FXa
assay). These tests were performed using ACL 9000 analyzer.

All standard coagulation test results were considered nor-
mal, although thromboelastometry revealed hypercoagula-
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tion based on increased clot strength (elevated MCF values
in the INTEM, EXTEM, and FIBTEM assays) on the second
day after the aSAH. The patient also had clinical signs of
hypercoagulability, such as preliminary thrombosis in the
veins of the lower extremities. Infections of the central ner-
vous system, blood, and urinary tract were excluded as
causes of the hypercoagulation, as well as pneumonia and
diabetes. Anticoagulation therapy was initiated with low-
molecular-weight heparins (LMWH) and maintained within
the prophylactic range using the anti-FXa assay (0.32). The
next day, before the LMWH treatment, a dynamic evaluation
of the hemostasis was performed using ROTEM, which
revealed persistent hypercoagulability. Thus, a therapeutic
LMWH dose was administered (0.6). The patient was dis-

Table 1 Serum lab values at serial time points after aSAH
Normal range PBD1 PBD2 PBD3 PBD4 PBD5

APTT 254-369s 270 255 264 262 257

INR Below 1.1 096 1.10 1.00 1.00 0098

Fibrinogen 1.7-4.4mg/ 3.5 4.0 33 3.6 3.8
dL

D-dimer Below 618 620 627 631 630
550 ng/mL

Platelet 150-450 10%/ 243 237 226 240 200

count pL

PBD post bleed day; APTT activated partial thromboplastin time; /NR
international normalized ratio

Table 2 Parameters of ROTEM at serial time points after aSAH

Normal
range PBD1 PBD2 PBD3 PBD4 PBDS5
EXTEM
CT 38-79 53 68 77 72 57
CFT 34-159 57 70 85 73 99
o 63-83 79 76 73 76 71
A10 43-65 65 65 61 67 59
A20 50-71 70 76 72 71 66
MCF 50-72 71 76 74 71 68
INTEM
CT 100-240 195 197 195 186 173
CFT 30-110 56 58 57 57 76
o 70-83 78 78 75 79 75
Al10 44-66 64 65 60 67 56
A20 50-71 70 78 72 71 62
MCF 50-72 70 78 74 71 62
FIBTEM
CT 38-62 54 59 62 62 51
o N/A 79 78 75 72 73
A10 7-23 22 27 24 22 21
A20 8-24 23 28 26 22 22
MCF 9-25 23 28 27 23 22

charged after 36 days, with clear consciousness and no signs
of hypercoagulation (complete regression of venous throm-
bosis and the absence of ischemic foci on the brain CT scan).

Literature Review

Over the last years, vasospasm has been identified as the
main pathophysiological mechanism contributing to
DCI. However, recent studies suggest a multifactorial etiol-
ogy of DCI, including microvascular dysfunction and micro-
thrombi formation [4, 5, 7, 8].

Tissue factor (TF) is expressed by various cells within the
vessel wall and surrounding blood vessels; thus, the endothe-
lium physically separates this potent “activator” of hemosta-
sis from the blood flow [9—12]. High levels of TF are detected
in the brain, lungs, heart, kidneys, and placenta, while low
levels are usually detected in the liver, spleen, skeletal mus-
cle, and thymus [9]. High TF levels in the brain help to pro-
tect against intracranial hemorrhage, and damage to cerebral
vessels can lead to hypercoagulation and thrombosis [4, 12].

The appearance of procoagulant activity precedes DCI
[13], and Stein et al. [ 14] have reported that microthrombosis
preceded DCI in various brain structures (e.g., cingulate,
hippocampal, and insular areas) of 29 patients after fatal
aSAH. For example, significantly more microthrombi were
detected in patients with signs of DCI, compared to patients
without ischemic lesions (10.0/cm? vs. 2.8/cm?). Sehba et al.
[15] also detected increased platelet aggregation in cerebral
vessels within 10 min after rupture in animal models of
aSAH. Juvela et al. [16] evaluated platelet aggregation and
release of thromboxane B2 in 52 patients with aSAH and
reported that increased platelet activity and thromboxane
release were associated with DCI development. Furthermore,
the highest values for thromboxane release were observed in
patients with clinical and radiological signs of DCI. Another
possible mechanism for hypercoagulation after aSAH
involves the vasopressin receptor V1a, which is broadly dis-
persed throughout the brain (e.g., on the surface of endothe-
lial cells) [17], as the interaction between vasopressin and
the V1a receptor promotes platelet aggregation and vasocon-
striction [18]. Thus, Liu et al. [19] studied the dynamics of
vasopressin V1a receptor expression and its effect on platelet
aggregation in experimental aSAH models and found that
vasopressin levels rapidly increased during the first 6-24 h
after hemorrhage. The peak expression of GPIIb/IIla integrin
responsible for platelet aggregation was located in the cortex
and hippocampus, and was co-localized with vasopressin,
which led the authors to conclude that high plasma levels of
vasopressin were correlated with secondary brain damage
after experimental aSAH [20]. Foreman et al. [21] have also
reported that nosocomial infections were associated with
DCI among 156 patients with aSAH, which they attributed to
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a systematic inflammatory response leading to thrombosis
and subsequently ischemia. Ettinger [22] reported that,
among patients with aSAH, significantly elevated fibrinogen
levels were associated with an increased risk of mortality.
Other researchers [23] have also indicated that elevated lev-
els of fibrinogen, D-dimers, and thrombin-antithrombin com-
plex may be predictors of DCI after aSAH.

A search of the PubMed database using “thromboelas-
tography” and “subarachnoid hemorrhage” only returns two
studies that examined thromboelastography (TEG) in cases
of aSAH. Ramchand et al. [24] evaluated 22 patients with
moderate-to-severe SAH based on several TEG parameters,
complete blood count, fibrinogen, C-reactive protein, and
D-dimers at 1-10 days after hemorrhage and reported that
TEG-detected hypercoagulation was associated with poor
outcomes. Furthermore, they reported that the associations
between several TEG parameters and the outcomes were
stronger than the associations with traditional biomarkers.
Frontera et al. [25] also analyzed platelet function in 106
patients with aSAH using TEG, as well as C-reactive pro-
tein dynamics. In that study, patients with severe early brain
injury after aSAH (Hunt-Hess grade 4-5) had significantly
increased levels of platelet activation and C-reactive protein
compared to the control group, which were associated with
poor 3-month functional outcomes.

Although aSAH is associated with the development of
hypercoagulation and formation of microthrombosis, which
may lead to DCI, the pathophysiological mechanisms under-
lying aSAH-related hypercoagulation are incompletely
understood. Several studies have suggested that the relation-
ship is driven by platelet hyperaggregability, while others
have suggested that high brain levels of TF can predispose
the patient to hypercoagulation.

Discussion

In the present case, we examined whole-blood samples using
ROTEM, which revealed elevated clot strength (increased
MCEF during the INTEM, EXTEM, and FIBTEM assays),
although normal results were observed during standard
coagulation testing. This may because the most widely used
screening tests (INR, APTT, and fibrinogen level) are per-
formed using plasma, which may obscure information
regarding interactions between coagulation factors and phos-
pholipid surfaces, provide limited information regarding clot
stability, and fail to detect minor shifts of hemostasis [12].
Thus, we believe that viscoelastic testing using whole blood
is necessary during the acute period of aSAH. In this context,
point-of-care viscoelastic testing using TEG and ROTEM
provides more complete information regarding hemostasis

by simultaneously measuring coagulation, platelet function,
and fibrinolysis [6]. Moreover, the FIBTEM assay abolishes
platelet function using cytochalasin D (an inhibitor of actin
polymerization) and generates data specifically regarding
fibrinogen. This crucial differentiation between the contribu-
tions of platelets and fibrin to clot strength can facilitate cus-
tomized prophylaxis and microthrombosis treatment.
Previous studies have suggested using the maximum ampli-
tude from TEG, although this parameter does not distinguish
fibrin and platelet bonding via GPIIb/IIIa and is strongly cor-
related with platelet function, which precludes a pathophysi-
ological customized treatment. As our patient exhibited
clinical and laboratory signs of hypercoagulation, early treat-
ment was started using LMWH at only 15 h after surgery,
although clinical signs of bleeding were absent. We believe
that the success of this approach is related to specific dose
assessments using the anti-FXa assay, as it is suited for mon-
itoring patients who are receiving LMWH and provides the
most accurate assessment of the anticoagulation effect. The
anti-FXa assay should be ordered as a “peak” test at 3—4 h
after the LMWH treatment, when the blood levels are
expected to be highest. Our initial treatment targeted the pro-
phylactic ranges (0.32), although the dose was subsequently
increased to 0.6 because the lower dose was not effective.
The patient subsequently experienced complete regression
of venous thrombosis, had no ischemic foci on the brain CT
scan, and was discharged with clear consciousness and no
clinical or laboratory signs of hypercoagulation.

Conclusion

Hypercoagulability is common during the acute period of
aSAH, and leads to microthrombosis and ischemic foci,
although standard coagulation testing may not detect these
changes. Thus, thromboelastometry may be effective for
evaluating hemostasis using whole blood, as it is sensitive to
even minor shifts in hemostasis. Furthermore, adequate pro-
phylaxis and hypercoagulation therapy after aSAH may help
to prevent DCI and improve neurological outcomes, although
further studies are needed to evaluate this approach.
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The Treatment of a Ruptured Anterior Communicating Artery
(ACoA) Aneurysm with Coiling and Flow Disruptor (WEB-Device)
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and Management of Symptomatic Post-Interventional Delayed

Vasospasm: A Case Report

Michael Dobrzeniecki, Alex Trofimov, and Stefan Rath

Abstract The article reports a clinical case illustrating a
favorable outcome of endovascular treatment of a patient
with a ruptured wide range neck ACoA aneurysm by WEB-
Device. The peculiar characteristics of the pre-procedural
period and the procedure are described.

Keywords Cerebral aneurysm - ACoA aneurysm - WEB-
Device - Perfusion CT

Introduction

The intrasaccular flow disruptor “WEB-Device” (Sequent
Medical, Aliso Viejo, California) has been used successfully
in the treatment of complex ruptured and unruptured wide
range neck aneurysms with an adequate occlusion rate
between 79.4 and 85% [1]. It was invented to provide flow
disruption along the aneurysm neck and induce intrasaccular
thrombosis [2].

Despite the safety of the WEB-Device with a periproce-
dure morbidity of 2% and mortality of 0%, respectively, and
a 1-year morbidity 4% and mortality 2% [2], only a few post-
procedure complications are described in the literature.
Thromboembolic events up to 21% in ruptured and 5% in
unruptured aneurysms [3] or incomplete occlusion with the
need of re-intervention between 3.6 and 16.7% [4, 5] are
found discussed in detail.

We present an illustrative case of a 45-year-old male with
a history of SAH due to a ruptured anterior communicating
artery (ACoA) aneurysm. The aneurysm was initially treated

M. Dobrzeniecki (P<) - S. Rath

Department of Neurosurgery, Spine Surgery and Interventional
Neuroradiology DONAUISAR Klinikum Deggendorf,
Deggendorf, Germany

A. Trofimov
Department of Neurosurgery, Nizhniy Novgorod State Hospital
Named After NA Semashko, Nizhniy Novgorod, Russia

endovascular with coiling of the aneurysm tip and subse-
quently with WEB-Device. After insertion of the WEB-

Device, the patient developed symptomatic delayed
vasospasm.
Case

A 45-year-old male was transferred from a peripheral hospi-
tal to our department. The patient had a history of severe
headache for 1 week before admission to the peripheral hos-
pital. The headache initially improved during the week and
then significantly worsened. In the peripheral hospital, a
head CT with CT-angio was performed and showed a left
wide range neck anterior communicating artery (ACoA)
aneurysm.

The clinical status at admission in our department was
Glasgow Coma Score 15, WENS II, with positive menin-
gism. The patient was very sensitive to light and noise with
no neurological deficit.

The follow-up unenhanced computed tomography (CT)
and CT angiography (CTA) done in our department showed
no signs of hydrocephalus or vasospasm. The same day, an
angiography was performed to estimate the configuration of
the aneurysm and to establish the best treatment strategy.
Therapy with nimodipine 6 x 60 mg over 24 h was initiated.
Due to the complex configuration of the aneurysm (large
ACoA aneurysm with multiple lobes and a wide neck), we
considered our options to be surgery, stent-assisted coiling,
or WEB-Device.

According to our hospital policy, we always attempt an
endovascular approach to treating aneurysms.

Due to the age of the patient and the possible adverse
effects of dual antiplatelet therapy, we took the WEB-Device
into consideration. Unfortunately due to logistic reasons, we
had to adjust our treatment strategy, and we decided to coil
the aneurysm tip first, and in a subsequent procedure, we
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Fig. 1 CT and rotational digital angiography of the patient. L. ACoA aneurysm, no signs of hydrocephalus, no vasospasm (a), pre-interventional
angiography (b), configuration of the ACoA aneurysm (c), implantation of WEB-Device post-coiling angiography (d)

performed the final closure of the aneurysm with the WEB-
Device (Fig. 1).

Post-coiling, the patient was transferred to the
ICU. Neurological status checks were performed hourly, and
transcranial Doppler (TCD) was measured daily. On day 2
post admission, the patient developed non-symptomatic left
middle cerebral artery (MCA) vasospasm detected by TCD.
“Triple-H” therapy was initiated.

On day 17, no further vasospasm was detected through
the TCD and CT perfusion. The “Triple-H” therapy was
stopped. We continued daily TCD and waited 3 more days
for the final procedure to complete the closure of the
aneurysm.

On day 20 post admission, the final procedure with the
WEB-Device (8 x 3 mm) was performed. No intra-procedural
complications occurred.

A few hours after the procedure was completed, the
patient developed a severe headache with right hemiparesis
(BMC1-2/5) and right hemineglect. Vasospasm was detected

of the left MCA in TCD. Urgent head CT with perfusion
(PCT) was performed (Fig. 2) with no clear evidence of
vasospasm. “Triple-H” therapy was initiated again and ASA
100 mg was given prophylactically.

During the next few hours, the neurological status of the
patient deteriorated. He developed a right hemiplegia, disorien-
tation, and persistent right hemineglect. Despite no clear evi-
dence of vasospasm in the PCT, we decided to perform an
urgent angiography with intra-arterial vasospasmolysis with
nimodipine (2 mg over 30 min) of the left MCA based on the
patient’s deterioration in neurological status and TCD findings.

On day 22, the patient’s neurological status decreased to
GCS 7. He required intubation. A PCT with CTA was per-
formed (Fig. 2).

Urgent angiography with intra-arterial vasospasmolysis
(nimodipine 2 mg over 1 h) of the left ICA was performed.
After the intervention the patient was extubated. The
disorientation resolved. The hemiplegia and the hemineglect
slowly resolved during the next few days.
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Fig. 2 CT perfusion with no signs of vasospasm or hydrocephalus (a), CT perfusion with signs of hypoperfusion in the left temporal lobe (b),
CTA vasospasm of the left MCA (red arrow) (c)

Day 27 post admission, the TCD showed no cerebral
vasospasm. One day later the “Triple-H” therapy was
stopped. ASA 100 mg was continued.

On day 35 day post admission, the patient was discharged
to rehab with GCS 15, mRS 0, no neurological deficit.

Discussion

Delayed symptomatic vasospasm after WEB-Device inser-
tion is a very rare complication. In the literature only one
report was found which describes two cases of post-
interventional vasospasm [6] with no further detailed infor-
mation about the onset, the severity, or their treatment
strategy. In our department, we have used the WEB-Device
since 2012. Since then, we treated 45 patients with the flow
disruptor. As far as we know, this is the first described in
detail case of post-interventional delayed symptomatic vaso-
spasm after a WEB-Device based on our patient base and
literature review. Reviewing this case raises the questions of
whether vasospasm could be avoided or at least the severity
reduced by performing only one procedure, by waiting lon-
ger until the final procedure with the WEB-Device was per-
formed or if the vasospasm was induced because of
intra-procedural manipulation.

Our case demonstrates that despite the sensitivity of only
58% [7], daily obtained TCD in experienced hands can be a
useful tool in detecting peripheral vasospasm which is very
difficult to detect even in CT perfusion.

Conclusion

Despite the complication, we believe that the WEB-Device is
a very useful and safe device for the endovascular treatment
of ruptured and unruptured wide neck aneurysms.

However, more studies with a larger patient numbers and
longer follow-up as well as detailed descriptions of compli-
cations and their management are still needed.
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Treating Patients with Frontal Neurocognitive Deficits After SAH

and Stroke

Michael Gilewski

Abstract Five frontal systems circuits connect with the
basal ganglia and other structures to control and regulate
thinking and behavior. Subarachnoid hemorrhage and stroke
following anterior circulation aneurysms typically disrupt
these circuits, sometimes markedly affecting a patient’s
function. This article reviews the primary pathways and
associated brain functions. The principles of cognitively and
behaviorally rehabilitating these functions are also discussed
by creating external structure and building on what the brain
is still capable of doing.

Keywords Stroke - Subarachnoid hemorrhage - Frontal
brain systems - Frontal lobes - Cognitive rehabilitation -
Rehabilitation - Restoration of function

Many brain aneurysms involve the anterior cerebral artery
(ACA) circulation, particularly the anterior communicating
artery (AComm) [1]. Their rupture and resultant subarach-
noid hemorrhage significantly impact a patient’s frontal
brain functions. The aim of this paper is to review the func-
tional frontal systems and the nature of neuropsychological
treatment for impairment.

Tekin and Cummings [2] among others have identified
five primary frontal systems pathways involving areas of
frontal cortex and subcortical connections in the basal gan-
glia and diencephalon. These include:

1. The motor circuit projects from neurons in the supple-
mentary motor, premotor, motor, and somatosensory cor-
tices to the putamen and then to other areas of the basal
ganglia. This activates all motor functions, including
thought-mediated executive functions.
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2. The oculomotor circuit originates in the frontal eye field
(Brodmann area 8) and posterior parietal cortex. The
fibers project to the body of the caudate nucleus, dorso-
medial globus pallidus, and ventrolateral substantia nigra
and then to the mediodorsal thalamic nuclei and back to
area 8. This provides attentional control of eye movement
and awareness of and orientation to the environment.

3. The dorsolateral prefrontal circuit originates in
Brodmann areas 9 and 10 on the lateral surface of the
anterior frontal lobe and projects to the dorsolateral head
of the caudate nucleus. Neurons project then to the glo-
bus pallidus and substantia nigra and then to the ventral
anterior and mediodorsal thalamus. Feedback to the dor-
solateral frontal cortex completes the circuit. This circuit
involves all the typical cognitive thinking skills, such as
complex attention, abstraction, reasoning, and analysis.
Multiple white matter pathways to the parietal lobes inte-
grate language and complex visual and contextual pro-
cesses into the frontal thinking processes.

4. The orbitofrontal circuits originate in Brodmann areas 10
and 11 and send fibers to the ventromedial caudate
nucleus. Neurons form this region of the caudate project
to the mediodorsal globus pallidus and to the substantia
nigra. Fibers connect to the ventral anterior and medio-
dorsal thalamus and project back to the orbitofrontal cor-
tex from thalamus. This circuit is involved in integrating
sensory information into behavior and emotional and
behavior control.

5. The anterior cingulate circuit originates in the anterior
cingulate cortex (Brodmann area 24) and projects to the
ventral striatum onward to the ventral anterior nucleus of
the thalamus and back to the anterior cingulate cortex.
This area integrates memory into function and selectivity
of response to environmental demands.

Although the middle cerebral artery circulation feeds
most of the frontal cortex, all these circuits can get disrupted
by ACA circulation as projections get disrupted between
medial subcortical areas and feedback from the thalamus.
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Functionally this can manifest in disruptions of frontal brain
control of thinking and behavior.

One critical function of the frontal lobes is to stop behav-
ior. This allows for persons to control and utilize attention in
a willful way. Inhibition involves resisting the environment,
such as pull-to-stimulus, in which the person reacts to an
external stimulus in automatic fashion. This can manifest as
picking up an object without thinking or purpose, interrupt-
ing a conversation by talking, or responding to someone
without editing speech or behavior. Stopping allows for
appropriate thinking and analysis, especially when a situa-
tion is complex. Impaired persons react in overly simplistic
or self-centered ways without awareness of consequence.
Stopping can also permit reflective thinking, dreaming, and
sensory appreciation. Persons otherwise may stay in motion
in a compulsive way, in purposeless activity or keep talking
when they should otherwise be quiet. A final benefit of stop-
ping is to become mindful, a skill essential for meditation
and deep attentional concentration. Impaired persons cannot
focus and remain constantly distracted internally or exter-
nally. They cannot remain on task, disrupting purposeful and
efficient thinking and behavior.

A second basic function is to initiate behavior. Especially
with impairment in the orbitofrontal circuit, such persons
may be inert and vegetative. They may verbalize good inten-
tion but be unable to activate themselves to carry through on
that intention. They may appear depressed but are not
because they lack the necessary negativity of self, others, and
the environment.

The first two functions then balance themselves to permit
control of behavior. This involves shifting speech, thinking,
and behavior to environmental demands or internal desire.
Impaired persons often get stuck in a mental or behavioral
set. They cannot inhibit impulsive actions, sustain their
attention, adjust behavior as situations shift, or properly time
reactions. Such individuals appear and are out of control,
presenting problems for their own safety and demand con-
stant efforts at control by others around them.

Growing out of these basic functions is the capacity to
think. Internal symbolic analysis and external speech utilize
the same functions, varying only in the relative shifts between
the context of starting and stopping behavior. Manifested
behavior often reflects the internal level of skill or impair-
ment. Thinking can also take on a relational or contextual
analysis that transcends language and sequential analysis. A
simple response, “no,” can be appropriate or inappropriate
given the context of the situation. “No” in the context of a
command from authority can reflect lack of cooperation. A
pattern of “no” responses can infer an attitude of defiance
and insubordination. In a situation of free choice, it may
reflect one’s desire or an attempt to defer decision to another.
The loudness, directness, and emphasis of the “no” may also
vary across situations. Persons impaired in this area remain

out of sync with others and environmental demands. Thinking
and behavior reflect poor analysis and result in disruptive
behavior.

The pinnacles of these higher order frontal brain func-
tions are self-awareness and self-monitoring. The more these
develop in a patient’s recovery, the greater the exercise of
self-control and self-regulation. This will ease demands on
family and others to provide structure and feedback.

Neuropsychological Treatment of Frontal
Brain Impairment

Treating patients impaired by the cognitive effects of a rup-
tured aneurysm or subarachnoid hemorrhage affecting fron-
tal thinking involves external or internal approaches (see
Table 1). Both require treatment over time. Externally, the
guiding principle is to externalize the impaired functions.
Someone who is very impulsive, disorganized, and mentally
incapacitated may require living in an institutional setting or
need conservatorship of property or person. More com-
monly, family will assume the care of the patient. Others
must do what the person cannot, assist the person in func-
tional activities, and supervise the person’s actions. Following
an assessment, the neuropsychologist can educate the patient
and family about the specific impairments and more effi-
ciently guide the patient’s assistance and supervision needs.
The goal would be for the patient to assume more indepen-
dent function as recovery from the hemorrhage progresses
over months (and even years). The first rule for family and
any caregiver is to care for oneself. Burnout and physical and
psychological problems are major risks in caring for persons
with frontal systems impairments. Because executive func-
tions permeate every activity, family should prioritize inter-
ventions, focusing first on behaviors that impact everyone’s
safety. Family may not be able to modify every problem
behavior or correct every impairment.

Table 1 Interventions for patients with frontal systems impairment

External interventions Internal interventions

Guiding principle

Utilize the functional
organization of the brain

Externalize impaired functions

Types of interventions

1. Caregiver supervision and 1. Medication
assistance
2. Daily structure 2. Relaxation skills
3. Behavior management 3. Emotional self-control
4. Environmental control 4. Inhibition of sensory

overstimulation

5. Compensatory mechanisms 5. Cognitive rehabilitation
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A critical external intervention is to establish daily struc-
ture and routines. These not only helps the brain organize
activity through the day, but routines can run automatically
without the need for conscious use of frontal systems and
memory. The foundation for any daily structure is sleep. In
addition to patterning day and night, sleep is the primary
source for internal healing and building of restorative
energy. Family members also need their restorative sleep.
The plan is to start with a time to rise each day and work
backward to an appropriate sleep onset time. The hours
before should wind down activity in preparation for sleep,
much as a child learns a sleep routine. A brief power nap in
the day (typically an hour or less) can be helpful rejuvena-
tion if it does not disturb the longer night sleep. Meals and
small snacks should be scheduled about the same time of
day. This serves as the skeleton for daytime structure. Other
activities such as exercise, chores, cognitive stimulation,
community activity, downtime, and social activity are then
built around this skeleton. Activities should balance energy
demands and minimize stress. Such structure creates a sense
of timing, which is an essential mechanism for the brain to
function. The regular structure across the day and week also
eases the need for frequent conscious moment-to-moment
decisions that lead to distraction and loss of mental set. The
structure then creates predictability and enhances problems
with memory.

Another set of external interventions involves behavior
management. These are behavioral interventions to increase
desirable activity (initiation, remembering, organization,
etc.) or decrease undesirable behavior (emotional dyscon-
trol, impulsiveness, inappropriate verbalization, etc.) The
most problematic behaviors are the primary targets for inter-
vention. It is very helpful to have a neuropsychologist, reha-
bilitation psychologist, or some other specialist in brain
injury to help with the process. The aim is to avoid endless
control battles between the person and caregiver and to help
the patient develop better self-control. As an example of a
positive behavior intervention to go for a walk at 10 a.m., the
caregiver might start with an early reminder before the time,
second reminder to get on walking shoes or other needs, and
then at the time physically walk the person out the door. In
time, this might be faded to one pre-reminder and then “Time
to go!” at 10 a.m. This could progress to the patient having
their own reminder system on a smart phone or computer
calendar and waiting for the patient in another room. For
reducing anger outbursts, the behavior plan might start with
ceasing activity and walking away from the person. Then it
might progress to incorporating a positive coping technique,
such as a verbal or gestural cue to take a few relaxing breaths.
Then perhaps progress to modeling the caregiver’s own deep
breath as a cue. The process of behavior management is very
personalized and behavior focused and requires discovering
and building on what works.

A third set of external interventions involves controlling
the environment as feasible. Because the patient may not
have the internal means of filtering environmental stimuli,
there may need to be external control. Overstimulation by
light, sound, or other sensory input or proximity to intense
activity is a common trigger for anxiety, agitation, and
behavioral problems. Understimulation can also be a prob-
lem if a patient is left alone without supervision and any
graded activity. A sale at a large retail store may be enjoyable
for a healthy adult hunting for good buys. For the patient
with frontal brain impairment, the bright lighting, back-
ground noise, multitude of people, and inundation of visual
products can be overwhelming. Monitor behavior in such
situations. Persons with good insight need to learn to self-
regulate environmental interaction with their capability to
filter these sensory triggers.

For persons who have some awareness of deficits, a fourth
set of external interventions involves the use of compensa-
tory mechanisms. These can include calendars, lists,
reminder systems, organizational notebooks, and other such
devices. Current technology offers a host of programs and
apps that might be useful. The guiding principle is to make
any compensatory mechanism simple, straightforward in
use, and personalized to the individual’s needs. Even if one
remembers an appointment, having it written in some way
enhances encoding at the outset and serves as a backup if
memory does fail. The external organization continues to
facilitate the brain’s internal organization. Reliance on such
aids makes life easier, freeing energy for the tougher cogni-
tive tasks. Reading larger print material, for instance, despite
good vision frees up more brain energy for processing the
content and enhancing memory.

Internal interventions include medication to help with
symptom management and challenging the brain to function
better. Medication will rarely alleviate impairments but can
support better function. For medication, psychostimulants
should be used cautiously in patients who are vegetative or
under aroused. These typically activate the brain in a gener-
alized fashion, which may be too much. Short-acting Ritalin
(methylphenidate) could provide a trial for efficacy. There is
a concern about the effect of stimulants on blood pressure,
which is typically carefully controlled after a brain hemor-
rhage. The major frontal brain circuits all interact between
frontal lobes and basal ganglia structures. As such, dopami-
nergic medication (e.g., amantadine or bromocriptine) can
have an activating effect to enhance frontal brain systems. A
trial with a short-acting agent can verify efficacy in a specific
patient. BuSpar (buspirone) is a preferred anxiolytic because
long-term use of benzodiazepines has the risk of dependence
and adverse effects on physical balance and memory. The
most common class of medications for mood and behavioral
stability are the antidepressants. Mood stabilizers (anticon-
vulsants) can also help with more severe emotional and
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behavioral control. One may already be taken for seizure
control post hemorrhage. Novel antipsychotics (e.g., que-
tiapine and risperidone) can also be used to help with sleep,
and some have a potential benefit on frontal brain cognition.
Sleep agents may be necessary when structure and good
sleep hygiene are insufficient. Psychiatrists are all aware of
these classes of medications, but many may not be as knowl-
edgeable about neurobehavior. Neuropsychologists may pro-
vide some guidance, but outside of a few states, psychologists
cannot prescribe medication.

A guiding principle for neuropsychological treatment is
the inherent functional organization of the brain (e.g., Luria
[3]). Rehabilitation and any restoration of function move
from the basic functions upward to the more complex. At the
base are essential self-regulation functions woven into hor-
mone production and control with the autonomic nervous
system. Further upward is neurotransmitter production and
control of arousal and emotions. Sensory reconstruction
within the brain and integration across sensory domains take
place in the posterior cortex and connections. The speech,
motor, and thinking in frontal areas then generate responses
to that stimulation. Thus, effective intervention starts with
control of autonomic stress and emotional reactions, pro-
gresses to control of sensory input to the level one can pro-
cess information effectively, and then builds frontal brain
skills to expand cognitive capability.

To advance the patient beyond the need for external con-
trol via caregivers or environmental regulation, he or she is
taught ways to breathe to regain self-control. Other relax-
ation methods can build the skill at calming and self-soothing.
These methods serve as a means of emotional control as
well. As the patient has insight and self-awareness, psycho-
therapy can be helpful to address depression, anger, and
other emotional disorders with cognitive-behavioral tech-
niques. For persons with less self-insight, techniques can
train specific behavior responses or focus on management of
triggers for emotional outbursts.

To deal with sensory overload, one treatment principle is
guided inhibition. This involves gradual exposure to a sen-
sory input that creates overstimulation and pairs it with
relaxation, self-soothing, or self-talk until the level of stimu-
lation is mastered. The exposure method helps rebuild lost
neurological inhibition and sensory filtering. This is most
effective when the overloading stimuli are limited in number
or domain. For most patients, this becomes an additional tool
along with external environmental control.

Frontal systems themselves can benefit from formal cog-
nitive rehabilitation. This is often done in structured rehabili-
tation programs, by neuropsychologists that do treatment or
speech or occupational therapists trained to work with per-
sons with brain injuries. Evidence-based guidelines exist

[4-6]. Sohlberg and Turkstra [7] provide a comprehensive
method to address frontal brain and related impairments.
Targets for intervention typically involve building speed and
accuracy of response; improving the ability to initiate, sus-
tain, and shift mental set; increasing attention capacity;
enhancing visual attention in space; improving learning and
retention skills; and challenging the brain with graded com-
plexity of thinking and problem-solving. Some rehabilitation
programs also focus on social cognition, building accurate
self-awareness, and developing mindful self-control.

In summary, patients suffering subarachnoid hemorrhage
and stroke that affect frontal systems thinking often have
persistent cognitive and behavioral problems that challenge
themselves and their families. Following a comprehensive
assessment to identify the profile of impairment, treating
neuropsychologists or rehabilitation psychologists can guide
patients and families on effective means to maximize the
patient’s recovery of function and degree of self-control.
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Abstract From 2013 to 2017, at the Burdenko Institute of
Neurosurgery, intra-arterial verapamil for treatment of cerebral
vasospasm following intracranial hemorrhage after aneurysm
rupture was administered to 35 patients (total 75 procedures).
The age is from 8 to 77 years. All ruptured aneurysms were
treated: in 26 cases with open approach—clipping—and in 9
cases with endovascular occlusion. The procedure was carried
out from 0 to 11 days after the operation. Severity of spasm was
assessed by angiography and TCDU. Efficacy of the administra-
tion was assessed by TCDU 1 h after the procedure and by clini-
cal evaluation of the patient’s condition. The dose of verapamil
was 15-50 mg (on average 40 mg) per procedure/per carotid
pool and depended on the data of TCDU and clinical and radio-
logical picture. The procedure was performed repeatedly (1-5
times) according to the indications and depending on the patient’s
condition, with an interval of 24 h. The procedure was effective
as a preventive measure for care of patients in the initial stage of
cerebral ischemia and was ineffective with a formed focus of
ischemia. Endovascular administration of verapamil for treat-
ment of cerebral vasospasm is a safe technique which positively
affects the overall recovery of such patients.

Keywords Intracranial aneurysm - Cerebral angiospasm
Verapamil - Subarachnoid hemorrhage - Intra-arterial admin-
istration of verapamil

Introduction

One of the main complications after subarachnoid hemor-
rhage is a spasm of the cerebral vessels with subsequent
delayed secondary ischemia of brain tissue, which signifi-
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cantly worsens the clinical outcome [1]. A large number of
treatment options were introduced for this complication, but
none of them has been very successful [2, 3]. Hence, the
search for an effective method for the prevention and treat-
ment of angiospasm still continues. In a number of clinics,
intra-arterial administration of vasodilator drugs, in particu-
lar verapamil (IAV), has shown some promising results. It
should be noted that there is no single protocol describing
the exact time of initiation of therapy, frequency of adminis-
tration, exact dosing, and other features of the procedure.
However, the presence of sufficiently large series of patients
for whom the positive effect of intra-arterial administration
of vasodilators has been shown enabled this method to be
included in the latest guidelines for the treatment of patients
after SAH (class Ila, level of evidence B) [2]. In this article a
retrospective series of 35 patients was analyzed, in which
TAV was used.

Materials and Methods

During the past 6 years (2012-2017) at the Acad.
N.N. Burdenko Institute of Neurosurgery, this method (IAV)
has been implemented. This paper is a retrospective analysis
of the results of treatment of 35 patients who underwent one
or several procedures of IAV into cerebral vessels. The crite-
ria for inclusion into analysis were the first (or only) IAV
procedure within 2 weeks after the last SAH, total dose of
verapamil per procedure >15 mg, and follow-up—not less
than 3 months after discharge. Verapamil was intra-arterially
administered at the concentration of 0.25 mg/mL at an aver-
age rate of 10 mL per minute. The dosage was selected
empirically and depended on the severity of vasospasm. The
drug was administered in a manual mode, based on hemody-
namics and in some cases on intracranial pressure monitor-
ing data. The condition of patients before the verapamil
injection was analyzed according to the Hunt-Hess score at
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the time of admission, the severity of hemorrhage by Fisher’s
scale, the time (day) of the operation after SAH, the presence
and nature of ischemic foci on CT, the patient’s state accord-
ing to the modified Rankin scale, the fact of the deterioration
of the clinical state at the time of the procedure, and some
other parameters. The following data concerning the AV
procedure were recorded: the day of the first procedure after
SAH, the amount and doses administered, transcranial
Doppler ultrasound (TCDU) data in dynamics, angiographic
data in dynamics, and parameters of hemodynamics during
treatment. “Angiographic spasm” of the vessel was calcu-
lated in percentage relative to the standard average size for
the internal carotid artery on both sides, 4 mm; for the mid-
dle cerebral artery on both sides, 3.2 mm; for the larger ante-
rior cerebral artery, 2.6 mm; and for the main artery, 3 mm
[4, 5]. In accordance, mild (0-30%), moderate (30-60%),
and severe (more than 60%) angiographic spasms were dif-
ferentiated [6]. The outcomes of the treatment were evalu-
ated based on the presence of new foci of ischemia after the
completion of IAV. The patient’s status was analyzed accord-
ing to the modified Rankin scale at the time of discharge and
more than 3 months after discharge.

Results

The average age in the analyzed group of 35 people was
46.7 = 14.5 years (from 8 to 77 years), and gender was 13
males and 22 females. In 26 cases surgery was performed
and—in 9 cases—endovascular intervention. All the patients
analyzed in this study had an ‘“angiographic spasm.” The
overwhelming majority, these were severe cases—77.2% of
patients, had III or higher grade of Hunt-Hess scale. A mas-
sive SAH, whose degree according to the Fischer scale was
classified as 3—4, was observed in 90.6% of patients (see
Table 1). Each patient was operated within the first 2 weeks.
The median day of the operation was the fourth; all patients
were operated at the earliest possible time. In 12 cases, pri-
mary decompression was performed during the surgical
intervention, and in three cases, delayed decompression
according to vital indications was done. In 14 patients, exter-

Table 1 Distribution of patients upon admission according to the clini-
cal status per Hunt-Hess scale and the degree of hemorrhage per Fisher
scale

Hunt-Hess Fisher

1 1 2.8% I 3 9.4%
I 7 20%

I 16 45.7% I 8 25%
v 8 22.9% v 21 65.6%
Vv 3 8.6% No data 3

nal ventricular drainage was used for the first few days after
the operation. Ischemic foci before the IAV were observed in
eight patients; in seven of those patients, the foci were sec-
ondary to the developed angiospasm (not associated with
intraoperative damage of any artery). Three patients had
ischemic foci due to complete obstruction or stenosis of an
arterial branch during surgery. Assessment of the clinical
state of the patient by the time of the first AV does not seem
very informative, since most of the patients received some
form of sedative therapy: 82.9% of patients were grade V of
the modified Rankin scale. Nine patients were operated due
to obvious clinical deterioration. The first IAV procedure
was performed on different days within 2 weeks after SAH
(on average 7.4 + 3.2 days after SAH). The number of proce-
dures ranged from one (minimum) to five (maximum). In
some cases, if the condition improved after the first proce-
dure, the next one was performed in 1 day or even later. The
total dose of verapamil per course is—the average value—
78.6 (15 to 220) mg and median 55 (32.5, 107.5) mg. In total,
75 TAV procedures were performed in all patients. The total
dose of verapamil per procedure was 36.7 + 9.7 (15 to 50)
mg. In a number of cases, verapamil was administered only
to the angiographically or clinically most spasmodic vascu-
lar bed, in other cases to all beds prophylactically.
Administration to 1 bed was performed in 12 cases, to 2 in 48
cases, and to 3 in 15 cases. Quite often typical changes in
hemodynamics in the form of lowering blood pressure and
bradycardia were observed. The fall of systolic blood pres-
sure by more than 11 mmHg and/or a decrease in heart rate
by 5 beats per minute was observed in 43 cases (57.3%). A
drop in the arterial blood pressure by more than 50 mmHg
was observed in 8 cases (10.7%) and a decrease in heart rate
by more than 20 beats/min in 8 cases (10.7%). Obviously,
these reactions should be considered in view of the fact that
many patients simultaneously received inotropic support. It
should be noted that no complications directly related to
hemodynamic fluctuations were observed. In eight cases,
invasive ICP monitoring was performed. In one case, an
uncontrolled rise in ICP was observed, requiring urgent
decompressive craniotomy. In 20 cases an improvement in
the neurological status was observed immediately after the
IAV procedure. An analysis of angiographic spasm was pos-
sible for 30 patients, with moderate or pronounced narrow-
ing of the lumen of the main vessels. The severity of spasm
was evaluated at its worst state during the treatment period of
the most affected vascular bed. Separately, the severity of
spasm for MCI (M1 segment) was assessed. With repeated
administration, the dynamics of angiographic spasm was
evaluated in 16 cases. In 68.8% (11 cases), progression of
spasm was noted, and only in 12.5% of cases (2 patients), its
regression was noted as a result of procedures. At that in one
of these two patients, the IAV course was started on day 10
and in the other on day 13; hence, the regress of spasm could
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Table2 Immediate and long-term outcomes of treatment according to
the modified Rankin scale
Modified
Rankin scale

Long-term follow-up
patients %

Short-term follow-up
patients %

1 1 2.9% 9 257% 14.3%
2 2 5.7% 8 229%
3 7 20% 28.6% 9 25.7%
4 14 40% 714% 2 57% 25.7%
5 7 20% 3 8.6%
6 4 11.4% 4 11.4%

be attributed to the natural course of the disease. In six cases,
an angiographic control of the effectiveness of the IAV pro-
cedure was performed 30 min after the administration; in all
the cases, an increase in the diameter of the vessels was
recorded to varying degrees. The effect of enlarging the
lumen of the vessels was more pronounced for the most spas-
modic areas. TC USDG after the procedure (approximately
an hour later) showed the decrease in LCA for CMA by
20—40% (on average by 27%) in all cases, with the difference
disappearing the next day. Angiographic spasm of the periph-
eral bed was observed in 21 patients (70%). Treatment out-
comes were analyzed for all 35 patients (see Table 2). At the
time of discharge, only 28.6% (10 people) had favorable out-
comes. In the long term (after the third month of observa-
tion), most patients were compensated, and favorable
outcomes were noted in 74.3% of cases. New ischemic foci
(delayed ischemia) after starting the IAV course occurred in
12 cases (34.3%). Of the four patients who died, only one
died due to the progression of angiospasm, while the IAV
course for him was started only after the appearance of an
ischemic focus due to the progression of angiospasm. Causes
of death of three other patients were postoperative ischemic
changes, exacerbation of severe somatic pathology, and sep-
sis followed by detection of pathogens on the central cathe-
ter. When comparing outcomes with different parameters, a
number of clinically relevant facts were identified. There was
no correlation between the immediate and distant outcomes
with the severity of the condition on the Hunt-Hess scale
upon admission. It should be noted that none of the three
patients with the Hunt-Hess score “5” die. Out of ten patients
with a Hunt-Hess score of 4-5, in the long-term period, only
two patients had adverse outcomes (mRs 4-06). Eight patients
underwent the IAV after the appearance of secondary isch-
emic foci as a consequence of angiospasm. These were quite
severe patients in the nearest postoperative period; the mRs
score for each of them was at least 4, with the significant dif-
ference from the rest of the group (p = 0.09). In the long-term
period, three of them were restored to grade III of mRs;
nonetheless the outcomes in this group were significantly
worse than in patients without secondary ischemia before
TIAV (p < 0.05). In six of these eight patients subsequently,

occurrence of new secondary ischemic foci or expansion of
the ischemic zone was observed, which also significantly
distinguishes this group of patients from other patients
(p = 0.01). Of the nine patients whose IAV was initiated due
to the clinical worsening, only one patient had a satisfactory
outcome (mRs 3). In this group of patients, there was also a
significant difference in the immediate outcomes with
respect to other patients (p < 0.05). Also, in four of these
patients, secondary ischemic foci appeared after the proce-
dure. In assessing the correlation of outcomes with angio-
graphic data (angiographic spasm), a significantly worse
outcome—by more than 70% (p = 0.02)—was observed in
the nearest future in case of spasm of at least one vascular
bed. All other attempts to detect a correlation have not
yielded meaningful results. The progression of spasm in
repeated angiography (11 patients) was not accompanied by
a worse clinical outcome or a greater probability of second-
ary ischemia. We will only note here that among 8 patients
with a moderate spasm only 1 had a secondary ischemic
focus, while among 22 patients with a marked angiographic
spasm, secondary foci appeared in 9 patients. Of the 20 cases
in which we observed angiographic spasm of peripheral ves-
sels, nine patients developed secondary ischemic foci after
the initiation of the IAV course. Among patients without
angiographic spasm of peripheral vessels, secondary isch-
emia did not occur in any case.

Discussion

The search for an effective method of treating angiospasm is
one of the pressing problems medical science has yet to
solve. To date, no conservative measures have been proposed
that significantly affect the development and course of vas-
cular spasm after SAH [2]. One of the effective methods of
treating a local spasm is balloon angioplasty. However, this
technique allows to eliminate only local spasms of large
enough vessels and is ineffective in case of spasm of distal
vessels and has a rather high percentage of complications—
up to 7% [6-8]. Intra-arterial administration of drugs can
provide an instantaneous maximum concentration of the
drug in the area suffering from an arterial spasm, and in this
connection, a number of studies assess the possibility of this
particular method of treatment. For intra-arterial administra-
tion, various drugs have been used in various studies: papav-
erine, nimodipine, nicardipine, verapamil, milrinone, fasudil,
and colforsin daropate [9]. The availability of verapamil, its
low price, and its encouraging results of a number of studies
with the minimum number of complications, all these factors
led us to use this drug. Verapamil is an antiarrhythmic drug
of class IV according to the Vaughan-Williams classification
from the group of diphenylalkylamines. Verapamil also
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reduces the tone of the smooth muscles of the coronary and
peripheral arteries, as well as the general peripheral vascular
resistance, and is the drug of choice for the treatment of
vasospastic angina. Half-life with intravenous injection
biphasic: early—about 4 min, terminal—2-5 h. After IV
introduction, antiarrhythmic effect develops within 1-5 min
and hemodynamic effects (vasodilation, decrease in blood
pressure) within 3—5 min and maintained for 10—20 min [10,
11]]. Little is known about the dynamic and kinetic features
after the intra-arterial administration. In animal experiments
it has been shown that the effect of vasodilation occurs in
30 min [12, 13]. Due to temporary effect of vascular dilata-
tion, a number of authors explain the positive effect after the
administration of verapamil in SAH by its greater tropicity to
resistive arterioles (prearterioles) [13, 14]. The intra-arterial
administration of verapamil for the treatment of angiospasm
was first used in cardiology for the treatment of coronary
artery spasm in 1988 [15]. Later, cases of intracoronary
administration of verapamil in patients with acute coronary
syndrome were described, leading to a statistically signifi-
cant improvement in coronary blood flow [16]. For the first
time, the effect of the intra-arterial administration of vera-
pamil on the cerebral blood flow was described by Joshi and
co-authors in 1997 [17]. The first series of 29 patients who
received the TAV course for cerebral angiospasm was pub-
lished by Feng in 2002 [18]. Later five more original articles
describing similar series of patients were published. In each
of these studies, the authors spontaneously chose the dose of
verapamil used. The recommended dose for intravenous
administration is 5-10 mg [10]. In published studies on
intra-arterial administration of verapamil, the dose varied
from 3 to 360 mg per procedure for a different period of
time. Depending on the effect of treatment and the severity
of spasm, the authors would repeat the procedure multiple
times; thus, according to Jun (2010), more than half of the
patients underwent repeated injections [6]. Albanese and co-
authors followed a different pathway, administering a solu-
tion of verapamil with heparin for many hours [19]. In the
published works [20-22], the following evidence of the
effectiveness of IAV for the prevention and treatment of
spasm was presented: the dilatation of arteries (especially the
most spasmodic) 20-30 min after IAV and the relatively
good results of treatment of patients using IAV. We were
unable to find any article containing discussion of compara-
ble groups treated with and without IAV. After analyzing the
available data from the literature, we came to the conclusion
that verapamil bolus administration is safer at a dosage of up
to 20 mg per carotid bed and up to 10 mg per vertebrobasilar
bed. Due to the possibility of the thromboembolic complica-
tions from the prolonged administration of verapamil, it was
decided to forgo it. Thus, the maximum dose of verapamil
for the procedure in our cases was 50 mg. In the case of a
moderate spasm, we adhered to smaller doses, especially at

the initial stage. In all six cases of angiographic control, after
30 min, the dilatation of the arterial bed was recorded with a
tendency to a greater effect on the spasmodic vessels, which
is consistent with the results published in the literature.
Reduction of the blood flow velocity according to the data of
the TCDU was also recorded in all cases. However, both
“angiographic” and “ultrasound” improvements in the vast
majority of cases were not preserved the next day. Due to the
obvious temporary effect of the procedure, we resorted to the
repeated administration of verapamil in 60% of cases. To
date, we believe that the daily IAV procedures are justified,
which is at odds with the recommendations of Jun et al. [6]
offering treatment every 3 days. We currently consider that
the risks and technical difficulties during the IAV several
times a day, as well as in the case of prolonged administra-
tion of the drug through a fixed catheter, exceed the possible
benefits from such treatments. The series described by us
included patients with rather severe conditions: grade III or
more on the Hunt-Hess scale for 77.2% of patients and SAH
3—4 degrees on the Fisher scale in 90.6% of patients. In this
regard, we believe that the results obtained (satisfactory out-
comes in 28.6% of cases at discharge and in 74.3% of cases
in the long-term period) indicate the effectiveness of the IAV
technique. According to our data, the outcome of treatment is
significantly influenced by the presence of secondary isch-
emic foci due to angiospasm prior to the initiation of intra-
arterial administration of verapamil. This is due to both the
irreversibility of brain necrosis in the field of ischemia and
the limited “therapeutic power” of bolus intra-arterial admin-
istration of verapamil in the case of unfolded vasospasm.
This also explains the worst results of treatment for patients
who began intra-arterial treatment amid a worsening of the
clinical condition. In this regard, in case of massive hemor-
rhage, we propose to perform the first intra-arterial adminis-
tration of verapamil to all vascular beds already on day 3 or
4 after SAH to ensure a preventive effect. Subsequent admin-
istration, in case of a stable clinical status and in the absence
of acceleration of blood flow according to USDG, is permis-
sible every other day. The further scheme of treatment, dose,
and catheterized vessels depend on the individual course of
the disease. In the case of severe spasms, it is also acceptable
to conduct IAV procedures daily. The duration of the AV
course can be up to 7-9 days. The change in the diameter of
the main vessels by the time of repeated intra-arterial admin-
istration of verapamil is a conditional indicator of the effec-
tiveness of treatment. The presence of spasm of peripheral
vessels is often associated with an unfavorable outcome of
the disease, which requires consideration of the possible
expediency of super selective catheterization for the admin-
istration of verapamil. It should be noted that the presence of
secondary ischemic foci is not a contraindication to TAV;
endovasal treatment can stop the progression of the disease
and favorably affect the penumbra zone. In our series, as in
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the published literature, the minimal controlled effect of the
intra-arterial administration of verapamil on systemic hemo-
dynamics is shown. Cases of uncontrolled increase in intra-
cranial pressure are rare; they are described in several
publications [6, 19] and were also observed in our series. In
this regard, with severe hemorrhages, we recommend IAV in
conditions of external ventricular drainage or if a decom-
pressive craniectomy was already performed.

Conclusion

The intra-arterial administration of verapamil to cerebral
vessels is a simple and safe procedure. The effectiveness of
this treatment, in our opinion, is obvious, but the degree of its
effects is not the same for all patients. We recommend start-
ing the IAV course as a preventive measure from 3 to 4 days
after a massive hemorrhage. Further study and development
of a protocol for the intra-arterial administration of vera-
pamil—in view of the apparent infeasibility of conducting a
randomized study—require comparison of large normalized
retrospective series of patients with or without this
treatment.
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Cerebral Arterial Compliance in Polytraumazed Patients

with Cerebral Vasospasm

Alex Trofimov, Michael Dobrzeniecki, and Denis E. Bragin

Abstract The purpose was to determine the status of the
cerebral arterial compliance (cAC) in a concomitant head
injury and cerebral vasospasm (CVS) with and without the
development of intracranial hematomas (ICH). In Materials
and Methods, we examined 80 polytrauma patients with
severe TBI and CVS. During or immediately after dynamic
helical computed tomography angiography (DHCTA), the
monitoring of the transcranial Doppler of the MCA was
recorded bilaterally with 2-MHz probes. The cerebral blood
volumes were calculated from the DHCTA data with com-
plex mathematical procedures using the “direct flow model”
algorithm. In Results, CAC was significantly decreased
(p < 0.001) in both the first and second group TBI and CVS
(with or without ICH) in comparison with normal data
(p <0.001) and TBI without CVS. The cAC was significantly
decreased on the side of the former hematoma with CVS
than on the contralateral side with CVS (p = 0.003). In
Conclusion, the cAC in TBI and CVS gets significantly
lower as compared to the normal condition (p < 0.001). After
removal of the ICH and development of CVS, the compli-
ance in the perifocal zone remains much lower (p = 0.003) as
compared to compliance of the other brain hemisphere.
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Introduction

Cerebral vasospasm (CVS) after traumatic brain injury (TBI)
may dramatically affect the neurological and functional
recovery. Secondary insults in patients with TBI and CVS
are greatly affected by changes in the compliance and stiff-
ness of cerebral vessels. The walls of downstream vessels
have no external elastic membrane; therefore, the cerebral
capillary network becomes vulnerable to intracranial and
intravascular pressure surges [1, 2].

One of the features characterizing flexibility of the vascu-
lar network and its resistance to the changes is cerebral arte-
rial compliance (cAC) [3, 4].

The state of the cAC at TBI and CVS is of great impor-
tance for the brain microcirculation. Since the brain is located
within an inextensible cranial cavity and is surrounded by an
incompressible fluid [5], the compensation of intracranial
pressure surges caused by the pulse wave passage through
the brain blood vessels occurs also through the reciprocal
changes in arterial lumens [2, 6, 7].

Thus, the higher is the cAC, the greater is the compliance
of a vascular wall, and, respectively, the better is the capacity
of a vessel to change its lumen (i.e., vasomotion phenome-
non) and thereby to maintain the adequate capillary bed
perfusion.

Information on the compliance and stiffness of the cere-
bral vascular bed in the damaged brain after CVS is currently
rather inconsistent [4, 8], and the aspects of the cAC reaction
to the intracranial hematoma (ICH) development and the dis-
turbed cerebral blood flow (CBF) in the case of TBI and
CVS are still under investigation [9].

The purpose of our work was to determine the status of
the cerebral arterial compliance in a concomitant head injury
and posttraumatic cerebral vasospasm with and without the
development of intracranial hematomas.
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Materials and Methods

The study was approved by the Ethics Committee of the
Nizhny Novgorod State Medical Academy and conformed to
the standards of the Declaration of Helsinki. We examined
80 polytrauma patients with severe head injury and CVS
who were treated at the Nizhny Novgorod Regional Trauma
Center Level I in 2013-2015. The mean age of the patients
with head injury was 35.5 + 14.8 years (from 15 to 73 years,
38 women and 42 men). The criterion for the inclusion in the
study was the CVS of the M1 and M2 segments of the mid-
dle cerebral artery revealed during the contrast-enhanced CT
scanning of the brain.

All patients were divided into two groups. The first group
included 41 polytraumazed patients with the CVS in the
acute period head injury without the development of intra-
cranial hematomas (ICH). The second included 39 polytrau-
mazed patients with the developed CVS and the brain
compression caused by epidural, subdural, or multiple hema-
tomas (6, 29, and 4, respectively).

The average wakefulness level according to GCS
(Glasgow Coma Score) was 9.7 £ 2.5 in the first group and
10.1 = 2.5 in the second group. The severity of their state
according to ISS (Injury Severity Score) was 34.3 + 8.2 in
the first group and 35.2 + 9.3 in the second group. Clinical
outcomes are summarized in Table 1.

Dynamic Helical Computed Tomography
Angiography

All patients were subjected to dynamic helical computed
tomography angiography (DHCTA) by 64-slice tomograph
Philips Ingenuity CT (Philips Medical systems, Cleveland,
USA). Tomography was performed 1-12 days after TBI
(mean 4 + 3 days) in the first group and 2-8 days (mean
4 + 2 days) after surgical evacuation of the hematoma in the
second group.

The perfusion examination report included an initial
contrast-free CT of the brain. Extended scanning was further
performed of 16 “areas of interest,” 160 mm in thickness,

Table 1 Clinical outcome (Glasgow Outcome Score) of polytrau-
mazed patients with CVS

GOS 1 GOS 2 GOS 3 GOS 4 GOS

Good Moderate  Severe Vegetative 5

recovery  disability  disability  state Death
Group 1 15 12 8 3 3
Group2 16 9 8 3 3

within 60 s with a contrast agent (“Perfusion JOG” mode).
The scanning parameters were 160 kVp, 160 mA, 70 mAs,
512 x 512. The contrast agent Ultravist 370 (Schering AG,
Germany) was administered with an automatic syringe injec-
tor (Stellant, Medrad, Indianola, PA, USA) into a peripheral
vein through a standard catheter (20 G) at a rate of 4-5 mL/s
in a dose of 30-50 mL per one examination.

After scanning, data were transferred to a PACS (JSC
“KIR,” Kazan, Russia) and a Philips Extended Brilliance
Workspace workstation (Philips HealthCare Netherland
B.V., Best, the Netherlands) and MATLAB 2013b (The
MathWorks Inc., Natick, MA, USA). Artery and vein marks
were automatically recorded, followed by the manual control
of indices in the time-concentration diagram. The so-called
region of interest (ROI) was established based on subcortical
areas of middle cerebral artery.

The computed tomography angiography source image
(CTASI) analysis enabled to visualize the main vessels of the
brain and to assess the state of their lumen. In all patients the
minimal intensive projection analysis identified the local
luminal narrowing middle cerebral artery (MCA) more than
30% of the diameter as compared to adjacent sections of the
same vascular segment; based thereon an “angiographic”
CVS was diagnosed. Vasospasm according to its severity is
usually classified into three grades: mild, the vessel still has
70% of luminal flow; moderate, more than 50% of reduction
of the lumen; and severe, less than 30% of luminal flow on
angiography.

Perfusion maps were derived from the tissue time-
attenuation curve on the basis of the change in X-ray
attenuation, which is linearly related to iodinated con-
trast concentration on aper-voxel basis with time. Errors
introduced by delay and dispersion of the contrast bolus
before arrival in the cerebral circulation were corrected
by block-circulant deconvolution algorithm. Quantitative
perfusion indices, including CBF, were calculated on a
voxelwise basis and were used to generate color-coded
maps. The voxels with CBF >100 mL/100 g/min or CBV
>8 mL/100 g were assumed to contain vessels and
removed from the ROI.

During or immediately after DHCTA, the transcranial
Doppler (TCD) of the MCA was recorded bilaterally with
2-MHz probes within 10 min (Sonomed 300 M,
Spectromed, Russia). Amplitude of arterial blood pressure
(ABPamp) and ECG-gated duration of the systole (Tsys)
and the diastole (Tdia) were measured noninvasively
(IntelliView MPS5, Philips Medizin Systeme, Germany). A
complex of the neuromonitoring “Centaurus” was used
during the study (Ver. 2.0, Nizhny Novgorod State Medical
Academy, Russia).

The system view is shown in Fig. 1.
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Fig. 1 The investigation system view. White arrow indicates a com-
puter tomograph, blue arrow shows a TCD, red arrow shows ECG-ABP
monitor, black arrow marks a syringe injector, and green arrow indi-
cates cerebral oximeter

Statistical Analysis

CBF and cerebral blood volume (CBV) were calculated from
DHCTA data by the “direct flow model” algorithm [10]. The
systolic—diastolic values of the MCA diameters (Dsys and
Ddia) were determined in DHCTA series in the proximal part
of the M1 of both MCA. Amplitude of regional CBV oscil-
lation (ACBV) was calculated as the difference between
CBVs, which flowed through the MCA in systole (CBVsys)
and diastole (CBVdia). We used Egs. (1, 2, and 3) proposed
by de Jong, Alexandrov, and Avezaat [11-13].

ACBV = CBVsys —CBVdia (1)

ACBV = %x Dsys” x CBFVsys x Tsys —%
xDdia® x CBFVdia x Tdia 2

cAC = ACBV =+ ABPamp (3)

Reference range cAC was chosen according Ikdip K. as
0.105 = 0.043 cm*/mmHg [14].

The t-test for dependent samples was utilized to analyze
differences in means of parameters between the ipsilateral
and contralateral sides of the temporal lobes. Statistica 7.0
software (StatSoft Inc., USA) was used for the analysis. Data
are presented as Mean + SEM. Significance level was preset
to p <0.05.

Results

In the first group, the “angiographic” CVS was unilateral in
30 cases and bilateral in 11 cases, and in three cases it
extended to segments of the anterior cerebral artery. In 15
cases the CVS was mild, in 21 cases it was moderate, and

in 5 cases it was severe. The “angiographic” CVS coin-
cided with the “dopplerographic” CVS in all patients with
the severe CVS and in five patients with the moderate
CVS. In the second group in 28 cases, the “angiographic”
CVS was revealed on the side of the removed hematoma. In
ten cases it was developed on the side opposite to the
removed ICH, and in one case it was bilateral and included
in addition to M1-2 also segments Al-2. In 13 cases the
CVS was mild, in 16 cases it was moderate, and in 10 cases
it was severe. The “angiographic” CVS coincided with the
“dopplerographic” CVS in nine patients with the severe
and moderate CVS.

Mean values of cAC were significantly decreased
(p < 0.001) in both the first and second group of with TBI
and CVS (with or without ICH) comparing to reference data
(p <0.001) and TBI without CVS.

The cAC was significantly decreased on the side of the
former hematoma with CVS than on the contralateral side
with CVS (p = 0.003). The acquired and analyzed data are
summarized in Table 2.

Discussion

It has been proven that the constriction of cerebral arteries
developing after traumatic subarachnoid hemorrhage (SAH)
may result in reduction in CBF more distal than the spastic
segment and depending on the state of the autoregulation
may lead to brain ischemia and cerebral infarction [15, 16].
However, there are contradictory data on CVS as the cause of
cerebral ischemia development after SAH. According to
some reports, only in 20-30% of patients with the “angio-
graphic” CVS some cerebral ischemia symptoms would
develop [17]. Furthermore, the localization of the secondary
ischemia in almost 25% of cases does not coincide with the
territory of the spastic artery [10, 17, 18].

However, other researchers have reported high correlation
between the “angiographic” CVS and secondary ischemia
development. According to R. Crowley, only 3% of cerebral
ischemia cases with SAH are either not followed by vaso-
spasm, or it may be referred to a mild one [19].

Despite the fact that foregoing data mainly describe the
dynamics of aneurysmal subarachnoid hemorrhages, they
quite fully reflect total variety of cerebral microvascular
reactions aimed at maintaining the adequate perfusion with
available CVS, including a posttraumatic CVS [20-22].

It has been previously shown that cerebral microcircula-
tion undergoes significant changes (especially in the com-
pression of the brain by ICH), which remain even after
hematoma’s removal [23].
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Table 2 Comparison of the analyzed parameters

CBF (mL/100 g/min) ABPamp (mmHg) ACBYV (cm?) CAC (cm*/mmHg)

1 Group 1 33.1+124 56.5+15.6 23+0.7 0.034 £ 0.029
2 Group 2 (ipsilateral sides with CVS) 28.3+15.9 60.4 +21.6 2.1x1.1 0.024 = 0.027
3 Group 2 (ipsilateral sides without CVS) 374 +204 55.7+£29.2 24+12 0.055 £ 0.049
4 Group 2 (contralateral sides with CVS) 29.6 +£9.8 579+ 179 22+09 0.037 £0.029

P (1-2) 0.183 0.563 0.510 0.097

P (1-3) 0.312 0.892 0.764 0.172

P (1-4) 0.215 0.892 0.351 0.34

P (2-4) 0.695 0.616 0.282 0.003*

CVS cerebral vasospasm, CBF cerebral blood flow, ABPamp amplitude of arterial blood pressure, ACBV amplitude of regional cerebral blood

volume oscillation, cAC cerebral arterial compliance
*Significant difference (p < 0.01)

At the same time, it is known that enveloped hematoma
and the concomitant injury are factors that provoke posttrau-
matic CVS development [3, 4, 24].

Thus, the study of the cerebral arterial compliance state
during the CVS formation in the acute period of head injury
is obviously important for its prevention and timely diagno-
sis [25].

This study has shown that with developing CVS in the
acute period (on the 2nd-third day after the accident) of a
concomitant craniocerebral injury, the cAC significantly
decreases as compared to the “normal” (reference) data.

One of the common causes of decreasing cAC is the
development of a cytotoxic and vasogenic cerebral edema
causing the compression of pial vessels [5, 26].

The indirect proof for this hypothesis is the identification
of CT signs of cerebral edema in all 80 patients. However, as
we have not carried out the blood-brain barrier breakdown
study, we could not distinguish zones of ischemic injury and
vasogenic edema.

Because of this limitation in our study, we have not been
able to investigate the correlation between the change in
cAC, the CVS development, and the secondary ischemia.

Another reason for the decreasing cAC may be a regional
microvascular CVS due to the formation of a large amount of
blood degradation products fallen into the subarachnoid cis-
terns. This effect is realized through the auto-oxidation of
hemoglobin to methemoglobin with release of iron ions,
which in turn cause the formation of superoxide radicals.
Superoxide is supposed to cause change in the nitric oxide
concentration and peroxide damage to the endothelium of
pial vessels, thus causing the microvascular CVS develop-
ment [27-29].

We have not used laser Doppler flowmetry (another limi-
tation of the work); therefore, we could not directly examine
the state of microvessels. However, taking into account that
the “dopplerographic” CVS have coincided with the “angio-
graphic” CVS in the most severe patients of the both groups,
we assume that in this forth part of the patients (24% in first

group, 23% in second group), the symptomatic character of
a spasm took place, which was typical for its microvascular
CVS [30].

Another possible reason for microvascular bed compres-
sion may be astrocytic endfeet swelling. Such swelling
evolving in the first hours after injury may persist for a week
thereafter [31, 32].

Finally, the compression of pial vessels both in a brain
injury and in a vasospasm is associated with the dysfunction
of pericytes—cells located in the basal pericapillary mem-
brane. It was shown that the narrowing of arterioles and cap-
illaries occurs because of the disturbance in the expression of
endothelin-1 and pericytial receptors, types A and B, as well
as the migration of over 40% of pericytes from the basal
membrane [33-36].

All these factors as it has been shown above may result in
the reduction of the total capillary bed lumen and accord-
ingly to the decrease of cAC [37, 38]. It should be noted that
the CVS formation after elimination of the brain compres-
sion by enveloped ICH changes even more the cAC value
[39, 40].

It results in the sudden reduction of the number of function-
ing capillaries and in the decreasing cAC on the side of the
vascular spasm and compression [4, 8]. The findings of our
investigation may have the practical significance for optimiz-
ing the selection of individual regimens for brain edema ther-
apy and vascular treatment with CVS available, which would
prevent the development of cerebral perfusion disorders in
patients with concomitant craniocerebral injury. Further stud-
ies are required to delineate the role of cAC in CVS.

Conclusion

The peripheral resistance of brain vessels in the cerebral
vasospasm development in the acute period of a concomitant
craniocerebral injury significantly increases as compared to



Cerebral Arterial Compliance in Polytraumazed Patients with Cerebral Vasospasm

189

the norm. The CVS formation in the perifocal zone after the
removal of an enveloped hematoma is followed by a
significant decrease of the cAC as compared to the symmet-
ric area of the opposite hemisphere.
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The Cerebrovascular Time Constant in Patients with Head Injury
and Posttraumatic Cerebral Vasospasm
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Anatoly Sheludyakov, Dmitry Martynov, Michael Yuryev, Artem Kopylov, and Alex Trofimov

Abstract The aim of the study was to assess the time con-
stant of cerebral arterial bed in TBI patients with cerebral
vasospasm (CVS) with and without intracranial hematomas
(ICH).

We examined 84 patients with severe TBI (mean
35 + 15 years, 53 men and 31 women). The first group
included 41 patients without ICH and the second group
included 43 patients with epidural (7) and subdural (36)
hematomas.

Perfusion computed tomography (PCT) was performed in
1-12 days after TBI in the first group and in 2—-8 days after
craniotomy in the second group. Arteriovenous amplitude of
regional cerebral blood volume oscillation was calculated as
the difference of arterial and venous blood volume in the
“region of interest.” Mean arterial pressure was measured
and the flow rate of middle cerebral artery was recorded with
Transcranial Doppler after PCT. Time constant was calcu-
lated by the formula modificated by M. Kasprowicz.

Results and Conclusion: The = was shorter (p < 0.005) in
both first and second group in comparison with normal val-
ues. The 7 in the second group on ipsilateral side former
hematoma with CVS was shorter than in the first group and
in the second group on contralateral side former hematoma
without CVS (p = 0.024).
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Introduction

Initial management of traumatic brain injury (TBI) after
polytrauma focuses on patient stabilization and treatment of
elevated intracranial pressure (ICP). Surgical treatment of
TBI can decrease mass effect and brain edema, thus mitigat-
ing progressive neurologic decline.

The basic principle of the brain damage therapy is to
maintain adequate perfusion and oxygenation, which is
impossible without the evaluation of these parameters and
the timely correction of detected disorders [1].

It is believed that neuromonitoring should not be limited
to monitoring of single parameters of homeostasis but should
tend to determine and monitor the state of various organs and
systems based on the integral analysis with the calculation of
“surrogate” indices and values, which reflect the state of
various parts of homeostasis for further correction of any
detected disorders [2].

This approach enables us to determine the functional state
of those structures, the direct study thereof is either impos-
sible at all or only accessible experimentally, such as the
microvasculature [2].

However, in clinical practice, the determination of these
values has had until recently some significant technical con-
straints associated with the necessity of the lifetime assess-
ment of pulse changes in the area of the main vessel under
study during one cardiac cycle [3, 4].

There are no such constraints when determining 7—cere-
brovascular time constant, which characterizes the time for
complete filling with blood of the cerebral pial bed during
one cardiac cycle [5].

Hence, cerebrovascular time constant can be evaluated,
by analogy with an electrical RC circuit, as a product of
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compliance of the cerebral arterial bed [6] and cerebrovascu-
lar resistance [5].

This index is independent of the pulse difference of the
blood transfer vessel area [7].

Although the term “time constant” is used, the values of
the time constants vary widely with different cerebral pathol-
ogy, such as subarachnoid hemorrhage, carotid stenosis, and
traumatic brain injury [8—10].

In a broad sense, 7 changes reflect the brain ability to
maintain the continuous perfusion of the cerebral microcir-
culation under conditions of spontaneous variations of intra-
cranial pressure [11, 12]. However, 7 peculiarities at TBI and
CVS remain poorly studied.

The aim of the study was to assess the time constant of
cerebral arterial bed in severe traumatic brain injury patients
(TBI) with CVS with and without intracranial hematoma
(ICH).

Materials and Methods

The study was approved by the Ethics Committee of the
Nizhny Novgorod Regional Hospital n.a. Semashko.

We examined 84 polytrauma patients with severe head
injury who were treated at the Nizhny Novgorod Regional
Trauma Center Level I in 2012-2017.

The mean age of the patients with head injury was
35 + 15 years (from 15 to 79 years). They were 31 women
and 53 men.

The first group included 41 patients with CVS without
intracranial hematoma, and the second group included 43
patients with CVS and with epidural (7) and subdural (36)
hematomas.

The wakefulness level according to Glasgow Coma Score
(GCS) in first group averaged 11.2 + 1.4, in the second group
—-10.1 +£3.4.

Perfusion Computed Tomography

All patients were subjected to the perfusion computed
tomography (PCT) by 64-slice tomograph Toshiba Aquilion
TSX-101A (Toshiba Medical Systems, FEurope BY,
Netherland).

PCT was performed in 2—-12 days after TBI in the first
group and in 2—8 days after surgical evacuation of the hema-
toma in the second group. The computed tomography angi-
ography source image (CTASI) analysis enabled us to
visualize the main vessels of the brain and to assess the state
of their diameter. In all patients included in this study, the
minimal intensive projection data analysis identified the

focal narrowing MCA more than 30% of the diameter as
compared to adjacent sections of the same vascular segment,
based thereon an “angiographic” CVS was diagnosed.

The perfusion examination report included an initial
contrast-free CT of the brain [13]. The so-called area of inter-
est was established based on areas of middle cerebral artery.

There were further performed four extended scanning of
such “area of interest,” 32 mm in thickness, within 55 s with
a contrast agent administered (the Brain Perfusion mode).
The scanning parameters were 120 kVp, 70 mA, 70 mAs,
and 1000 ms. The contrast agent Ultravist (Schering AG,
Germany) was administered with an automatic syringe injec-
tor (Stellant, One Medrad, Indianola, PA) into a peripheral
vein through a standard catheter (20 G) at a rate of 4-5 mL/s
in a dose of 50 mL per 1 examination.

After scanning the data volume was transferred to work
station Vitrea 2 (Vital Imaging, Inc., ver 4.1.8.0). Artery and
vein were marks automatically recorded followed by the
manual control of indices in the Time-Concentration Diagram.

The so-called area of interest was established based on
subcortical areas of middle cerebral artery.

Arteriovenous amplitude of regional cerebral blood vol-
ume oscillation (delta Cerebral Blood Volume—ACBYV) was
calculated as the difference of arterial and venous blood vol-
ume in the “region of interest” of 1 cm® [11].

Cerebral blood flow velocity of middle cerebral artery was
recorded bilaterally using Transcranial Doppler ultrasound
with 2-MHz probes attached with a headband (Sonomed
300M, Spectromed, Russia). Arterial blood pressure and
amplitude of arterial blood pressure (ABPamp) were mea-
sured noninvasively (MAP-03, Cardex, Russia) after PCT.

Statistical Analysis

Used for the calculation of the time constant formula pro-
posed M. Kasprowicz [11] amended Czosnyka [14]:

7 = ampCaBV x MAP / Vmean x ampABP

e ampCaBV—arteriovenous amplitude of cerebral blood
volume.

* MAP—mean arterial pressure.

* Vmean—mean flow velocity rate of middle cerebral
artery.

e ampABP—amplitude arterial blood pressure.

e Reference range 7 was chosen according Kasprowicz M.
[710.22 £ 0.06 sec.

The t-test for dependent samples was utilized to analyze
differences in means of parameters between the ipsilateral
and contralateral sides of the temporal lobes. The program
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Statistica 7.0 (StatSoft Inc., USA, 2004) was used for the
said analysis. The significance level of less than 0.05 was
determined.

Results

Mean values and standard deviations of the data were sum-
marized in Table 1.

The time constant was shorter (p < 0.005) in both first and
second group in comparison with normal data [7].

The time constant in the second group on ipsilateral side
former hematoma with CVS was shorter than in the first
group.

Item 7 in the second group on ipsilateral side former
hematoma with CVS was shorter than in the second group on
contralateral side former hematoma without CVS (p =0.024).

No significant effects of sufferers’ age on the 7 value have
been found (p > 0.05).

Discussion

Microcirculatory disorders play a key role in the develop-
ment of hypoperfusion and secondary brain ischemia at post-
traumatic CVS [14, 15].

One of the factors, which enables to estimate simultane-
ously both the capacitive and resistive characteristics of the
cerebral pial bed, is cerebrovascular time constant, which is
calculated as the product of cerebrovascular arterial compli-
ance and cerebrovascular resistance [10].

In our opinion, there may be a few reasons for z reduction
but all of them seem to be associated with the brain edema.

First, development of the combined (vasogenic and cyto-
toxic) edema due to fall of arterial compliance [6, 16].

Table 1 Comparison of the analyzed parameters

Second, brain edema may cause the pial compression and
reduce the total volume of capacitive vessels, thus changing
the value of resistivity [17].

The changes in vascular lumen (e.g., in CVS) still change
7. We have shown that there is a shortening of = on the side of
posttraumatic CVS. In addition, = decreased even more in the
perihematomic area. Perhaps this can be explained by the
fact that CVS changes the total volume of the vascular bed
and increases the cerebrovascular resistance.

The time constant shortening by hematoma on the side of
the eliminated cortical compression may be explained by the
vasodilation of vessels resulting from the vascular wall tone
dysautoregulation [17].

It is indirectly confirmed by the fact of remaining 7
variations even after the compression factor elimination.
The failure of microcirculatory autoregulation may result
in the disturbed venous blood outflow from the channel
and in the long stagnation of a part of blood in resistive
vessels, whereby the pial bed may be filled much
faster [18].

Limitation of the Study

We suppose that it is impossible to carry out the dynamic
assessment of 7 without a repeated PCT.

We have to admit that we have failed to completely elimi-
nate a mathematical error associated with the measurement
of the “area of interest” space.

We believe that the results of our study shall provide con-
ditions for a differentiated approach to solving the question
on timing of orthopedic correction of extracranial injuries in
polytraumatized patients with CVS—during the period of
microcirculatory normalization and the minimal risk of the
secondary brain injury. Further research is needed for the
understanding of these phenomena.

MAP ampABP Vmean ACBV
(mmHg) (mmHg) (cm/s) (cm?) 7(s)
1 Group 1 (without hematoma with CVS) 98.3+11.7 56.5+15.6 444 +10.5 23+0.7 0.09 = 0.05
2 Group 2 (ipsilateral side former hematoma with CVS) 97.5+15.2 60.4 +21.6 484 +19.3 2.1=x1.1 0.07 = 0.04
3 Group 2 (ipsilateral side former hematoma without 97.5+15.2 55.7+£29.2 42.0+10.4 24+1.2 0.10 £ 0.06
CVS)
4 Group 2 (contralateral side former hematoma without 97.5+15.2 579179 41.1£12.7 22+09 0.09 £ 0.06
CVS)
P (1-2) 0.756 0.563 0.172 0.510 0.0004*
P (1-3) 0.756 0.892 0.897 0.764 0.379
P (1-4) 0.756 0.892 0.379 0.351 0.437
P (2-4) 1 0.616 0.045° 0.282 0.024*

*Difference is statistically significant
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Abstract Cerebral revascularization was pioneered half a
century ago. Gradual improvements in microsurgical instru-
mentation and training in microsurgical techniques have
allowed significant changes that improved outcomes in neu-
rosurgery, extrapolating this knowledge to other neurosurgi-
cal diseases (brain tumor, aneurysms, and skull base tumor
surgery). But the popularity of cerebral bypass procedures
was followed by their decline, given the lack of clear benefit
of bypass surgery in chronic cerebrovascular ischemia after
the EC-IC bypass studies. Over the last couple of decades,
the formidable advance of neuro-endovascular techniques
for revascularization has lessened the need for application of
open cerebral revascularization procedures, either for flow
augmentation or flow replacement. However, there is still a
select group of patients with chronic cerebral ischemia, for
whom open cerebral revascularization with flow augmenta-
tion is the only treatment option available, and this will be
the objective of our current review.

Keywords Cerebral bypass - Cerebral ischemia Revascu-
larization - Flow augmentation - Flow replacement - Verte-
brobasilar insufficiency - Microsurgery
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Introduction

More than a century was required to refine the surgical tech-
niques in cerebrovascular anastomosis. Alexis Carrel was
awarded the Nobel Prize for Medicine and Physiology in
1912 for pioneering vascular suturing techniques [1].
Microsurgical magnification was introduced in neurosurgery
by Theodore Kurze in 1957 at University of Southern
California. In 1965, Yasargil joined Donaghy and Suarez at
their laboratory in Vermont where they worked together on
experimental microvascular anastomosis techniques, though
it was not until 1972 that Yasargil performed the first suc-
cessful STA-MCA bypass for Moyamoya disease [2], which
remains one of the most precise microsurgical procedures
performed until date.

At the same time, other cerebral revascularization options
emerged with the use of saphenous graft by Lougheed in
1971 [3], radial artery graft by Ausman in 1978 [4], as well
as posterior circulation revascularization procedures for ver-
tebrobasilar insufficiency and unclippable aneurysms by
Sundt [5].

This very productive period saw a worldwide decline in
cerebral revascularization after the International Cooperative
Study of Extracranial/Intracranial Arterial Anastomosis (EC/
IC Bypass Study) in 1985 [6]. This study included 1377
patients with MCA or ICA stenosis or occlusion, or a recent
(within 3 months) TTA or stroke in the same territory. Patients
were randomized for medical treatment with aspirin and
blood pressure control or medical treatment and STA-MCA
bypass. The patency of the graft was above 96%, but it did
not prevent stroke compared with medical treatment, and
presence of nonfatal and fatal stroke increased in the surgical
group. The dissemination of these results led to a worldwide
decrease in the use of these techniques and lack of training in
microvascular anastomosis techniques at residency pro-
grams. Later, in 1987 Sundt questioned the results of the EC/
IC Bypass Study regarding the inadequate identification of
population at higher risk for stroke [7].
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The COSS trial (Carotid Occlusion Surgery Study) is a
randomized trial conducted from 2002 to 2010, where the
best medical therapy was compared against STA-MCA
bypass and best medical therapy [8]. In this study, 195 patients
with symptomatic internal carotid artery occlusion and isch-
emia identified by ipsilateral increased oxygen extraction
fraction measured by positron-emission tomography (PET)
were selected, of whom 97 were randomized to receive sur-
gery and 98 for medical therapy. The main outcome measures
were stroke in initial 30 days after surgery or randomization
and ipsilateral stroke within 2 years of randomization. The
results showed that 30-day rates of stroke were 14.4% (14/97)
in the surgical group and 2.0% (2/98) in the nonsurgical
group, whereas the 2-year rates did not differ significantly,
with 21.0% for the surgical group and 22.7% for the nonsur-
gical group. Much criticism emerged, due to the fact that
early surgical morbidity could be the result of lack of unifor-
mity and experience among centers performing the bypass.

More recently, the ELANA technique was introduced as
an option for extracranial to intracranial anastomosis with
the potential benefit of avoiding temporary occlusion. This
technique mainly targets flow replacement rather than flow
augmentation. Additionally, it cannot be used in donor sites
smaller than 2.6 mm in diameter [9].

Acute ischemic stroke treatment has changed radically
since 2015 with the publication of multiple randomized con-
trolled trials evaluating the endovascular therapies where
stent retrievers have become the standard of care, signifi-
cantly improving outcomes, with such therapies being cou-
pled with improvement in multimodal imaging,
multidisciplinary approach with workflow improvement, and
creation of comprehensive stroke centers [10].

Functional Neuroimaging for Chronic
Cerebral Ischemic Disease

Functional neuroimaging aids in determining cerebrovascu-
lar reserve (CVR) and may therefore help predict which
patients could benefit from endovascular or surgical revascu-
larization [11]. In the face of decreased cerebral perfusion
pressure (CPP), both hemodynamic and metabolic responses
occur to maintain adequate cerebral rate of oxygen metabo-
lism (CMRO2) [12].

Hemodynamically, cerebrovascular dilatation down-
stream from stenosis or occlusion seeks to maintain cerebral
blood flow (CBF)—the amount of blood passing through a
portion of the brain per unit time [12]. Dynamic CT and MR
perfusion imaging allows for assessment of flow dynamics
of a bolusperfusion, imaging passing through a portion of the
brain [13, 14]. Specifically, the mean transit time (MTT)—
the amount of time a bolus takes to travel through a region of

the brain—has been demonstrated to correlate with CVR
[15]. Acetazolamide, an indirect cerebral vasodilator, can be
used to further evaluate CVR for a patient [16, 17]. Dynamic
CT or MR perfusion imaging is performed both prior to and
following a dose of acetazolamide, with calculation of per-
cent change in perfusion parameters between the two exams.
In particular, the percent change in CBF (pcCBF) has been
shown to correlate strongly with CVR [18, 19].

As CPP falls, the metabolic response is to increase oxy-
gen extraction fraction (OEF) from blood to maintain
CMRO?2 [12]. The gold standard for imaging OEF is 150-
PET, during which a patient inhales 150-labeled oxygen,
and then subsequently has cerebral PET imaging. While
increased OEF assessed with 150-PET has been associated
with a sixfold increased stroke risk for a given degree of ste-
nosis [20], the 123 second half-life of 150 requires an on-
site cyclotron and significantly limits availability. Due to
these limitations, research is ongoing to find additional
methods for evaluating OEF with MRI. Many methods have
been proposed or attempted [21, 22], but quantitative suscep-
tibility mapping (QSM) shows perhaps the greatest promise,
with its ability to quantitatively evaluate venous deoxygen-
ated hemoglobin [23].

Moyamoya Disease

It was in 1972 that Yasargil performed the first successful
STA-MCA bypass for Moyamoya disease [2]. Since then,
the EC-IC bypass procedure for Moyamoya disease has been
in and out of favor with surgeons for revascularization of
cerebral ischemia based on landmark studies like the EC/IC
Bypass Study in 1985 [6] and the COSS trial in 2011 [8].
Current literature leaves surgeons in need of finding ways to
lower their complication rate, achieve a high level of surgical
safety, select patients based on preoperative measurements,
and monitor flow intraoperatively to ensure that the benefits
of bypass significantly exceed the risks associated with this
procedure [24].

EC-IC bypass for symptomatic Moyamoya disease can
be categorized as direct, indirect, or a combination of the
two. The direct method involves taking an external carotid
(EC) artery branch and anastomosing it to either the tempo-
ral M4 branch or to the anterior cerebral artery (ACA)
branch. Classically, the EC branch is the superior temporal
artery (STA) because of its location, length, and lack of col-
laterals with the ophthalmic artery. The M4 branch of the
middle cerebral artery (MCA) is normally chosen, to avoid
ischemia in the frontal branches during occlusion and
because of good collaterals with the posterior cerebral artery
(PCA). This causes immediate revascularization of the isch-
emic brain [25].
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The indirect method involves multiple techniques, includ-
ing encephalo-myo-synangiosis (EMS), encephalo-duro-
myo-arterio-pericranial-synangiosis (EDMAPS),
encephalo-arterio-duro-myo-synangiosis (EDAMS), and
encephalo-duro-arterio-synangiosis (EDAS) for bypass.
EDAS and EDAMS are the most commonly used indirect
theses to these methods, which involve taking the EC branch,
as in EDAS, and both the EC branches with a portion of the
temporalis muscle in the case of EDAMS, and laying them
over the dura in the hope that with time new capillary col-
laterals will develop and revascularize the ischemic brain. If
the indirect technique is to be used, the surgeon must be sure
that immediate revascularization is not needed, since it takes
time for the collaterals to develop. The indirect method is a
low-flow method and can be used when the brain is unable to
accommodate a high flow rate [25].

The combined method pairs the direct/indirect techniques
to take advantage of the strengths of each method, namely,
the early flow restoration of the direct (STA/MCA) and the
durable long-term revascularization of the indirect method
(EDAMS). Although the combined direct and indirect anas-
tomosis in patients with Moyamoya disease is in itself a
more complex surgical procedure than each of these methods
singly, it is associated with an immediate increase in cerebral
blood flow and has been shown to be an excellent option
when one faces the challenge of treating this condition [26].
However, the decision as to which technique to use should
ultimately be made on a patient-to-patient basis and the oper-
ating neurosurgeon’s familiarity with the procedure.

Unilateral or Bilateral Carotid Steno-
Occlusive Disease

Carotid artery occlusion (CAO) is associated with high mor-
bidity and mortality rates. Fifteen percent of stroke patients
and those who present with transient ischemic attack in the
carotid artery territory present with carotid artery occlusion
[27]. The reasons for cerebral ischemia may include embolic
occlusion distal to the arterial stenosis or reduced perfusion
in the territory of the occluded artery [28]. One of the treat-
ment strategies of patients with hemodynamically notable
carotid artery stenosis is carotid endarterectomy (CE), which
has supported the prevention of stroke and shown good clini-
cal recovery after CAO [27, 29].

The main benefit of CE is that it allows the removal of
potential source of emboli and increases the diameter of the
occluded vessel by eradicating the stenosis itself. However,
patients undergoing carotid endarterectomy still have
increased risk of recurrent stroke, which represents a clinical
dilemma and brings to light the necessity for advancement of
existing management strategies [30].

In patients with uni- or bilateral chronic carotid occlusion
with failure of maximal medical treatment, the surgical strat-
egy consists of cerebral revascularization by extracranial-
intracranial (EC-IC) arterial bypass. The decision of EC-IC
bypass is made based on different imaging modalities,
including xenon-enhanced computed tomography (CT),
xenon single-photon emission CT, and PET scanning [31,
32]. The principal intention of EC-IC bypass is raising the
blood flow to the cerebral hemisphere, where due to occlu-
sion of the CA there is significant hemodynamic insuffi-
ciency with subsequent metabolic disturbances [33].

Despite results of EC-IC bypass study and COSS trial, in
patients with unilateral or bilateral carotid occlusion with
persistent symptoms after failure of medical treatment and
documented hypoperfusion, open cerebral revascularization
with flow augmentation is still performed at experienced
cerebrovascular centers.

Vertebrobasilar Insufficiency

Less common, and more complex, are cases of vertebrobasi-
lar insufficiency where flow augmentation procedures have
been performed.

Vertebrobasilar insufficiency (VBI) describes the lack of
blood flow to the posterior circulation due to embolism, large
vessel atherosclerosis, and arterial dissection. Patients pres-
ent with ischemic symptoms stemming from the occipital or
temporal lobes, cerebellum, pons, and brain stem with asso-
ciated cranial nerves (posterior circulation supply).
Hemodynamic ischemia occurs due to progressive athero-
sclerotic plaque narrowing of the vasculature. Evaluation for
VBI includes a noninvasive computed tomography with
angiography (CTA) or a magnetic resonance angiography
(MRA), followed by a diagnostic cerebral angiogram.
Treatment options largely center around risk factor modifica-
tion and the use of antiplatelet medication like aspirin, which
has been shown to decrease the incidence of brain stem
strokes [34]. In those patients that fail maximal medical ther-
apy and have evidence of progressive, symptomatic verte-
brobasilar stenosis with flow-related pathology, surgical
revascularization with bypass surgery may be indicated.

Extracranial-intracranial bypass has been utilized to help
revascularize the posterior circulation in the setting of VBL. It
has been demonstrated to have low complication rates,
improved symptoms, and augmented regional blood flow
along with a reduction of future strokes [35, 36]. The first
EC-IC bypass for VBI was performed by Khodad et al. in
1976, via an occipital artery to posterior inferior cerebellar
artery (OA-PICA) anastomosis [37]. A follow-up angiogram
at 2 weeks demonstrated patency of the bypass, with partial
improvement of symptoms. Low-flow vascular bypass routes
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include the superficial temporal artery to superior cerebellar
artery (STA-SCA), superficial temporal artery to posterior
cerebral artery (STA-PCA), and OA-PICA [36, 38, 39].
High-flow bypasses include the radial artery and saphenous
vein grafting with revascularization routes from the carotid
artery to the posterior cerebral artery (PCA) [40, 41]. The
goal of bypass is to choose an arterial pedicle that can be
anastomosed to a vessel distal to the site of occlusion. Known
complications of bypass include restenosis, graft occlusion,
surgical hematomas, infection, and postoperative stroke.

Ausman et al. published in 1990 their series on 83 patients
who underwent EC-IC bypass to the posterior circulation for
VBI [42]. Using the aforementioned techniques, 69% had
complete resolution of their symptoms, with an 8.4% mortal-
ity rate and a 13.3% morbidity rate. OA-PICA demonstrated
a 73% patency with 53% of patients demonstrating complete
relief of symptoms, as compared to the OA-AICA group
which had 94% patency with 70% of patients experiencing
complete resolution of symptoms. At long-term follow-up,
83% of patients were improving, and 48% were achieving
normal function after bypass. Upon conclusion of their
series, it was felt that STA-SCA anastomosis was well toler-
ated and less technically demanding compared to the other
techniques. Patients with stable VBI tolerated the bypass
procedure better than those presenting with crescendo tran-
sient ischemic attack (TIA) or evolving strokes.

Other options for revascularization include the use of an
interposition graft, derived from either the saphenous vein or
radial artery. Britz et al. [40] published on their case series of
three patients the use of radial artery graft for revasculariza-
tion, augmenting flow from the common carotid artery
(CCA) to the posterior cerebral artery (P2 segment). Sixty-
seven percent of patients had complete resolution of symp-
toms. In contrast, Sundt et al. utilized saphenous vein grafts
in their series of 13 (1 additional for treatment of aneurysm)
patients, augmenting flow from the external carotid artery to
the PCA (34). This series yielded a 67% graft patency rate,
with 50% of patients demonstrating complete resolution of
their symptoms. Although small sample sizes, both studies
demonstrate the utility of interposition grafts in augmenting
flow to the posterior circulation.

Multiple studies have attempted to argue for an increased
role of EC-IC bypass for VBI. Since the first bypass for VBI
in 1976 by Khodad et al., thanks to medical and technologi-
cal advances surgical intervention has fallen by the wayside,
with arguments surrounding morbidity and mortality of the
surgical approach. Authors have argued the use of transposi-
tion grafting as compared to direct anastomosis, analyzing
high-flow versus low-flow bypasses. However, there is
understanding that this approach is not without its technical
challenges. Based on a multitude of case series in the litera-
ture, there is a role for EC-IC bypass for VBI in carefully
selected patients.

Conclusions

With all the progress in the field of stroke management, and
despite the controversial viewpoints related to extracranial to
intracranial bypass in numerous publications, this procedure
remains one of the principal elements of treatment of chronic
cerebrovascular occlusion with refractory hypoperfusion.
Adequate identification of a subset group of patients with
chronic and progressive ischemic conditions not amenable to
endovascular techniques and refractory to maximal medical
treatment, such as Moyamoya disease, unilateral or bilateral
carotid steno-occlusive disease, and vertebrobasilar insuffi-
ciency, is crucial to ensure benefit from open revasculariza-
tion interventions at experienced cerebrovascular surgery
centers.
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Abstract Transcranial Doppler ultrasonography (TCD) is a
noninvasive technique used to detect vasospasms following a
subarachnoid hemorrhage. While the gold standard to evalu-
ate vasospasms is angiography, this technique is invasive and
poses additional risks as compared to TCD. TCD is per-
formed by insonating circle of Willis arteries to measure
cerebral flow velocity. TCD allows dynamic monitoring of
CBF-V and vessel pulsatility, with a high temporal resolu-
tion. It is relatively inexpensive, repeatable, and portable;
however, the performance of TCD is highly operator depen-
dent and can be difficult, especially with inadequate acoustic
windows. This review summarizes the use of transcranial
Doppler ultrasonography (TCD) for the assessment of cere-
bral vasospasm.
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Introduction

Transcranial Doppler ultrasonography (TCD) is a simple, non-
invasive, nonradioactive, portable technique that indirectly
estimates cerebral blood flow (CBF) by measuring the CBF
velocity [1]. TCD has been used increasingly as a diagnostic
tool for detecting intracranial vasospasm following aneurys-
mal subarachnoid hemorrhage (aSAH). The purpose of this
review is to provide an understanding of the techniques and
clinical application of TCD, TCD’s role in monitoring cerebral
vasospasm, and to summarize the CBF thresholds that can be
used to indicate vasospasms in various cerebral arteries.
Cerebral vasospasm after aneurysmal subarachnoid hemor-
rhage (aSAH) is defined as the narrowing of the large- and
medium-sized intracranial arteries that leads to impaired per-
fusion of the brain [1]. Delayed cerebral ischemia (DCI) stem-
ming from the cerebral vasospasm is associated with significant
morbidity and mortality; hence much interest has been focused
on developing effective preventive, diagnostic, and therapeutic
measures for vasospasm [2]. The evolution of vasospasms is
usually initiated between the third and seventh day after initial
hemorrhage, with a typical increase on the fourth day after
SAH and a gradual decrease following the 14th day [3, 4].
This phenomenon is primarily located adjacent to the initial
hemorrhage, or it can be diffuse and affect blood vessels distal
to the bleed [1]. While the exact mechanisms behind these
phenomena have not been fully elucidated, it is hypothesized
that extravasated blood from the initial hemorrhage triggers
complex cellular mechanisms which culminate in vascular
smooth muscle contraction [1, 5-7].
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Currently, the gold standard for diagnosing vasospasms is
cerebral digital subtraction angiography (DSA) or computed
tomography angiography (CTA); however these diagnostic
measures are not as feasible as bedside assessments [8].
Conversely, bedside clinical assessments are only able to
detect symptoms once the vasospasms have already mani-
fested their deleterious effects on cerebral function [8]. The
use of TCD, a noninvasive tool, allows for bedside monitor-
ing and can recognize cerebral vasospasm in its earlier stages
before it becomes clinically apparent and can be used pre-,
intra-, and postoperatively.

Principles of Transcranial Doppler (TCD)

Transcranial Doppler ultrasonography (TCD), which is
based on the theory of the “Doppler effect,” was originally
introduced by Christian Andreas Doppler in 1842; in 1981,
Aaslid and colleagues developed a 2.00 MHz Doppler
which allowed for better skull penetration [9].The Doppler
effect is based on the principle that the velocity of blood
flow in a given artery is inversely proportional to the respec-
tive cross-sectional area of the artery [9]. TCD ultrasonog-
raphy involves the use of a low-frequency (<2.00 MHz)
transducer to insonate the basal cerebral arteries through a
relatively thin bone windows to measure the cerebral blood
flow velocity (CBFV) [9]. The TCD probe emits an ultra-
sonic beam at a particular frequency (f;) and speed (c),
which after crossing the skull gets reflected back by the
moving erythrocytes at an altered frequency f, [9]. This dif-
ference in frequency is known as the “Doppler
shift”(fy = f> — f1) which is directly proportional to the veloc-
ity (V) of the reflector [9]. The following equation derived
from this principle is the basis for calculating CBF velocity
(CBF-V) via TCD:

CBF V =(cfy)/(2- f,-cos0)

where 0 is the angle between the direction of the ultrasonic
beam and the direction of blood flow [9]. In order to deter-
mine a particular vessel’s depth, the time interval from emis-
sion of f; frequency and reflection of f, frequency is calculated
to derive the Doppler frequency shift [9]. Since individual
erythrocytes move at different speeds, the Doppler signal is a
mixture of different frequency components displayed as a
Doppler signal graph where peak velocities, mean velocities,
and pulsatility indexes are calculated [1, 9]. Mean flow
velocity (FVm) is a central parameter in TCD calculated as:
(FVm) = (systolic velocity — diastolic velocity/3) + diastolic
velocity. Each vessel has a normal mean flow velocity. The
middle cerebral artery (MCA) and anterior cerebral artery
(ACA) have the highest velocities and the posterior cerebral

artery (PCA) and basilar artery (BA) have lower velocities. It
is important to note what the normal velocities for each ves-
sel highly dependent on the patients age. Velocities that fall
out of the normal range may be indicators of disease. The use
of color TCD has further improved this technique by giving
color-coding flow information to denote the directionality of
the blood flow. This technology is called power M-mode
TCD [1].

Technique

TCD is a noninvasive monitoring tool for cerebral vasospasm
in SAH patients [10]. In this technique, the first effort is to
establish the location or “windows” where ultrasound beams
can penetrate the skull to assess the intracranial arteries [10,
11]. To evaluate cerebral arteries, the ultrasound beams pass
through the transtemporal window, which is located between
the eye and pinna [10], the transorbital window is used to
evaluate the ophthalmic artery [10], and the transforaminal
window (which crosses the foramen magnum) is used to
evaluate vertebral arteries [10]. Through each “window,”
blood flow characteristics of the vessels and resultant wave-
forms are evaluated [10]. Using the transtemporal window,
the middle cerebral artery (MCA), bifurcation of MCA, and
the internal carotid artery (ICA) and the anterior carotid
artery (ACA) are evaluated. The MCA is often insonated at a
depth of 30-60 mm from the skull surface while ACA, at
65—-80 mm depth with the probe in an anterosuperior position
and ICA, at 55-70 mm depth, with the probe in a posteroin-
ferior position [10].

While there are useful alternatives available for diagnos-
ing cerebral vasospasms, including CTA and cerebral DSA,
these techniques have additional risks, are invasive, and
require radiation exposure [10, 12]. As a result, these tech-
niques are less practical surveillance tools, making transcra-
nial Doppler ultrasonography the clear choice. With the
development of new technology including power motion
Doppler, better visualization of posterior circulation vessels
is achievable, even in patients with thick temporal bone [10].
In addition, the power motion Doppler’s window finding tool
allows the visualization of flow intensity, giving it an overall
advantage to other conventional methods like conventional
catheter angiography, as vasospasms are dynamic in nature
and constantly reconfigure [10]. Doppler ultrasonography is
able to detect other physiologic outcomes of SAH, including
increased intracranial pressure via analyzing the trends in
both pulsatility and changes in waveforms [10]. Conclusively,
Transcranial Doppler surveillance provides a reliable and
accurate means for continued monitoring and management
of SAH.
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Diagnostic Criteria for Transcranial Doppler
Evidence of Cerebral Vasospasm

Evidence from as recent as 2015 is in strong support of the
use of TCD in patients status post-SAH to diagnose MCA
vasospasm [13, 14], whereas the use of TCD to detect basilar
artery (BA) [15] and other arteries in the circle of Willis is
not as strongly supported [13, 16—18]. In addition to FVm,
additional diagnostic measures include Lindegaard ratio
(LR) for MCA vasospasm and the Sviri ratio (SR) for BA
vasospasm. Both the LR and SV are indexed measures that
account for diffuse systemic changes in FVm. Their use has
applications in an array of diseases that make vasospasm and
other hyperdynamic circulatory states more likely, including
SAH and others (anemia, fever, etc.). Kumar et al. have dem-
onstrated that the calculation of the LR entails dividing the
FVm of the MCA by the FVm of the proximal ipsilateral
internal carotid artery (ICA). The FVm of the ICA is to be
measured via a 2.00 MHz pulsed wave transducer. The SV is
calculated similarly by dividing the FVm of the BA the by
the time averaged maximum average of the FVm of the bilat-
eral vertebral arteries. The raw FVm values of the vertebral
arteries are to be measured via 2.00 MHz transducer (pulsed
wave) below the tip of the mastoid process at a depth of
40-50 mm [12]. FVm values of the vertebral arteries are dif-
ficult to obtain due to their proximity to both the occipital
arteries and ICA. To discern these vessels from one another:
first, adequate probe pressure must be applied to obliterate
the occipital artery, next, the probe is to be moved in the
anterior direction until both the ICA and vertebral artery are
identified, ensuring that the ICA is anterior to the vertebral
artery will allow for accurate selection of the vertebral artery
to be made.

FVm,.,
FVm.

ipsilaterallCA

Although the LR and SR should in theory allow for accurate
distinction between hyperdynamic flow and vasospasm, their
utility does not surpass that of cerebral DSA when it comes to
determining the occurrence of vasospasm or in predicting
delayed neurologic deficits resulting from cerebral ischemia [4].

Lindegaard Ratio(LR ) = (D

The Use of TCD in Predicting MCA
Vasospasm

Symptomatic vasospasm frequently occurs following SAH,
typically occurring four to 17 days after initial hemorrhage.
Predictors of MCA vasospasm and its severity are mean flow
velocity (FVm) in the MCA and angiographic lumenal diam-
eter of the vessel. Sloan et al. [19] have delineated a signifi-

cant correlation between MCA FVm and angiographic
lumen diameter of MCA, while Lindegaard et al. [20] have
shown that the two measures exhibit an indirect relationship
to each other, as lumen diameter decreases, MCA FVm
increases.

Further studies suggest a correlation between MCA FVm
and vasospasm severity with FVm ranges from <120 cm s/,
>120 cm s7!' to <200 cm s~! and > 200 cm s~! corresponding
to varying degrees of arterial stenosis and vasospasm sever-
ity of mild, moderate, and severe, respectively [21-23]. Such
spikes in FVm can be used to indirectly indicate the occur-
rence of a vasospasm and can be detected via TCD up to
2 days prior to symptom onset with high sensitivity and spec-
ificity [4, 19, 21, 24, 25] as well as a high positive predictive
value of 0.97 [26].

A cohort study conducted by McGirt showed that vaso-
spasm preceded over half (64%) of SAH cases where delayed
neurological deficits were seen [27]. Thresholds indicative of
possible development of vasospasm include both relative
(increase of 20-50 cm s7') [19, 28, 29] and absolute
(>120 cm s7") [11] FVm values. Maschia et al. [24] provided
strong support for the use of daily TCD when they showed
that an absolute threshold FVm of >160 cm s~! could be used
to distinguish between those with and without MCA vaso-
spasm with a sensitivity and specificity of 1.00. However,
when considering the results of 26 independent studies, a
more inclusive absolute FVm of >120 c¢cm s~ found via TCD
identified patients with MCA vasospasm of greater than 25%
stenosis with a sensitivity and specificity of 0.99 and 0.67,
respectively, when compared to the findings of a cerebral
DSA as the gold standard [30]. In a retrospective study con-
ducted by Vora et al., an FVm of >120 cm s~!' was found to
have sensitivity and specificity of 0.72 and 0.88, respectively
(compared to cerebral DSA), in identifying MCA vasospasm
with >33% stenosis [4]. In the same study, an FVm of
<120 cm s~! corresponded with a negative predictive value of
0.94 [4].

The Use of TCD in Predicting BA Vasospasm

Analogous FVm thresholds for BA vasospasms have also
been explicated in previous studies, but these require the
adjunct of an SR threshold. It has been delineated that an
FVm > 85 cm s! and SR > 3 could predict BA vasospasms
of greater than 50% occlusion with a sensitivity of 0.92 and
specificity of 0.97 [15]. A similar study suggests that
FVm > 95 cm s~! corresponds with a sensitivity of 1.00 [22].
Interestingly, there exists a strong correlation between SR
and BA diameter, which may provide insight as to why the
SR is used over others as a concomitant measure with FVm
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over others for predicting BA vasospasm [15]. Sousitel and
colleagues found that an SR > 3 indicated 50% BA stenosis
for all patients in their study.

TCD in Practice

All patients at risk of vasospasm receive preemptive care
(prophylaxis includes nimodipine and management of
sodium balance) in attempt to establish a euvolemic state.
Physical exams and TCD daily are performed to establish
baseline FVm. Should any abnormalities, obscurities, or
difficulties be seen in physical exam or TCD, even at a low
threshold, we proceed with either MRI perfusion, MRA,
CTA, or cerebral DSA to confirm or rule out vasospasm.
Treatment if required includes more frequent physical exam-
ination, increased application of positive sodium protocols,
hemodynamic augmentation, and endovascular intervention.

Limitations of the TCD

Although there are obvious advantages to the use of TCD in
intensive care patients status post-SAH, there are limitations
nonetheless. The following are the three limitations of the
TCD. First, the accuracy and reliability of the study is highly
dependent upon the one conducting the TCD. Therefore,
only the most adept TCD technicians should be tasked.
Secondly, certain populations, typically women and the
elderly, lack sufficient bone windows for proper ultrasound
beam penetration and may lead to false-negative results [19].
The final limitation results from the fact that not all studies
on the TCD are in agreement. Indeed, the relationship
between a positive TCD and delayed neurologic deficit fol-
lowing SAH has been questioned [11]. One prospective
study showed that among SAH patients who exhibited
delayed neurologic deficits, only 84% showed evidence of
vasospasm in cerebral DSA [31].

Conclusion

The use of TCD and concomitant LR as tools in the early
detection of cerebral vasospasm following aSAH has been
studied for several decades and entails several advantages
including that the procedure is noninvasive, is easily avail-
able at the bedside, is radiation free, and can help prevent
delayed neurologic deficits. In line with this, current recom-
mendations included in the American Heart Association’s
evidence-based national guidelines for the management of

SAH indicate the use of transcranial Doppler ultrasonogra-
phy to be a reasonable tool for vasospasm monitoring [32].
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