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Preface

Forty-two years after the first International Conference on Cerebral Vasospasm (ICCV) was
held in Jackson, Mississippi, USA, a new horizon of translational research and interdisciplin-
ary interests motivated our community to change the name of this traditional meeting. It was
in fact during the last ICCV in Cincinnati, OH, USA, in 2011, that a new name arose to
embrace all disciplines and events related to subarachnoid hemorrhage. After celebrating ven-
ues on all five continents, we had the privilege to hold the newly baptized 12th Conference on
Neurovascular Events After Subarachnoid Hemorrhage (former ICCV) in Lucerne,
Switzerland. During a magical week, from July 10 to 12, 2013, surrounded by the beautiful
Lake of Lucerne and the Swiss Alps, more than 300 participants had the opportunity to meet
and exchange experiences and visions, which will led us Toward Experimental and Clinical
Standardization in this field. This book contains the proceedings of the Conference. We were
motivated by the superb quality of 102 submitted abstracts, most of them included in this book.
The collection of papers were divided into topical chapters: Aneurysm Formation, Early Brain
Injury and Neuroprotection, Macro- and Microcirculatory Disturbances, Pathophysiology of
DIND, Imaging and Endovascular Management, Techniques and Surgical Innovations,
Neurocritical Care, and Clinical Trials. For the first time the Conference included a session on
Animals Models which allowed the participants to have an overview of all experimental tech-
niques routinely used worldwide. This summary will contribute to the standardization of labo-
ratory techniques and will enable the application of data into clinical trials in a more reliable
fashion. We want to acknowledge the authors of the chapters of this book and would like to
express our deepest gratitude to all of those who made the meeting in Lucerne possible, espe-
cially Mrs. Anna Scrowther and Mrs. Antonella Ricci. Finally, we are indebted to our institu-
tion, the Kantonsspital Aarau, and its CEO, Mr. Hans Leuenberger, for the support and
encouragement throughout the organization of the conference. This book will contribute to a
better understanding of cerebrovascular events related to subarachnoid hemorrhage.

Aarau, Switzerland Javier Fandino
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Vasospasm: My First 25 Years—What Worked?

What Didn’t? What Next?

R. Loch Macdonald

Abstract Angiographic vasospasm as a complication of
aneurysmal and other types of subarachnoid hemorrhage
(SAH) was identified about 62 years ago. It is now hypoth-
esized that angiographic vasospasm contributes to delayed
cerebral ischemia (DCI) by multiple pathways, including
reduced blood flow from angiographic vasospasm as well as
microcirculatory constriction, microthrombosis, cortical
spreading ischemia, and delayed effects of early brain
injury. It is likely that other factors, such as systemic com-
plications, effects of the subarachnoid blood, brain collat-
eral and anastomotic blood flow, and the genetic and
epigenetic makeup of the patient, contribute to the individu-
al’s response to SAH. Treatment of aneurysmal SAH and
DCI includes neurocritical care management, early aneu-
rysm repair, prophylactic administration of nimodipine, and
rescue therapies (induced hypertension and balloon or phar-
macologic angioplasty) if the patient develops DCI. Well-
designed clinical trials of tirilazad, clasozentan, antiplatelet
drugs, and magnesium have been conducted using more
than a 1,000 patients each. Some of these drugs have almost
purely vascular effects; other drugs are theoretically neuro-
protective as well, but they share in common the ability to
reduce angiographic vasospasm and, in many cases, DCI,
but have no effect on clinical outcome. Experimental
research in SAH continues to identify new targets for

R.L. Macdonald, MD, PhD
Division of Neurosurgery, St. Michael’s Hospital,
30 Bond St., Toronto, ON M5B 1W8, Canada

Labatt Family Center of Excellence in Brain Injury

and Trauma Research, Keenan Research Center of the

Li Ka Shing Knowledge Institute of St. Michael’s Hospital,
Toronto, ON, Canada

Department of Surgery, Institute of Medical Science,
University of Toronto, Toronto, ON, Canada
e-mail: macdonaldlo@smh.ca

therapy. Challenges for the future will be to identify the
most promising drugs to advance from preclinical studies
and to understand why clinical trials have so frequently
failed to show drug benefit on clinical outcome. Similar
issues with treatment of ischemic stroke are being addressed
by suggestions for improving the quality of experimental
studies, collaborative preclinical trials, and multinational,
multicenter clinical studies that can rapidly include many
patients and be large enough to account for numerous fac-
tors that conspire to disrupt clinical trials.

Keywords Subarachnoid hemorrhage ¢ Vasospasm ¢ Brain
injury

History

There have been at least 12 meetings focused on angio-
graphic vasospasm and now on additional causes of neuro-
logical injury after subarachnoid hemorrhage (SAH)
(Table 1). The first meeting was arranged by Robert R. Smith
and James T. Robertson in Jackson, MS, in 1972. Echlin
[18] wrote there was an earlier meeting in Bari, Italy, in
1970, chaired by Umberto 1zzo, medical director of the
Ospedali di Acquaviva, and Vincente Lombardi, also from
the Ospedali di Acquaviva. The focus of these meetings has
expanded as knowledge about the pathophysiology of brain
injury after SAH has been gained. The honored guests and
many participants at these meetings were or are leaders who
have generated the knowledge that has led to improvement
in outcomes of patients with SAH. I thank the organizing
committee for recognizing me as an honored guest. I do not
feel that I necessarily deserve it yet; I believe this honor
would fit someone who made a definitive advance in terms
of pharmacologic or other treatment for SAH, but few have
met this high bar.

J. Fandino et al. (eds.), Neurovascular Events After Subarachnoid Hemorrhage, Acta Neurochirurgica Supplement, Vol. 120, 1
DOI 10.1007/978-3-319-04981-6_1, © Springer International Publishing Switzerland 2015
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What Worked: Etiology and Pathogenesis

The response to SAH includes an acute increase in intracra-
nial pressure to varying degrees, as well as deposition of
blood into the subarachnoid space or other brain compart-
ments [38] (Fig. 1). Figure 1 summarizes some of the current
pathways and processes leading to poor outcomes after SAH;
these are discussed below and were demonstrated statistically
in one study [57]. There can be transient global (and possibly
focal) cerebral ischemia, and the pathogenesis of early brain
injury probably includes some combination of effects of
ischemia and the subarachnoid blood [46]. Animal models
demonstrate that the etiology of angiographic vasospasm is a
subarachnoid blood clot, and that removal of the clot, even in
humans, lessens angiographic vasospasm [33]. The effect of
clot removal on early brain injury has not been studied; the
relative contributions of ischemia and subarachnoid blood to
early brain injury are unknown.

Angiographic vasospasm correlates strongly with delayed
cerebral infarction, although the correlation is imperfect, and
it is theorized that multiple other processes contribute to
whether a patient develops delayed cerebral ischemia (DCI)
after SAH [6, 7]. Cortical spreading ischemia is one such
process and has been documented in animal models and
humans with SAH [16]. Associative evidence that it contrib-
utes to DCI is that nimodipine, an effective treatment to
improve outcome after SAH, reduced cortical spreading
ischemia in animals [17]. Microthrombi also have been dem-
onstrated in the brain after experimental and clinical SAH
[48]. It is a reasonable hypothesis that they contribute to
brain injury, and nimodipine also could abrogate this process
through its fibrinolytic activity [59]. On the other hand, clini-
cal trials of antiplatelet drugs, which should reduce micro-
thrombosis, have not documented marked improvements in
outcome [15].

The relationship between microthrombi and microcircula-
tory constriction after SAH is not fully worked out yet.

Aneurys

m rupture

. ——

Tran§|err1]t cgrebral Shubarac: noid Aneurysm repair Intracerebral/ventricular
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/ brain damage
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Fig.1 Some aspects of the pathophysiology of SAH
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Studies in animals show that subarachnoid blood alone causes
pial arteriolar constriction, thrombosis, and blood brain bar-
rier disruption [12]. These effects occur acutely, but also have
been documented days after experimental SAH as well as
acutely in penetrating blood vessels [22]. The extent to which
these events occur in humans is not well studied [54].

Some evidence links early brain injury with DCI. Worse
admission neurological grade, which means worse early
brain injury, increases the risk of DCI [40]. Loss of con-
sciousness at the time of SAH, which also should reflect an
acute brain injury, also may increase the risk of DCI [9].

The pathogenesis of early brain injury after experimental
SAH includes neuronal and endothelial cell apoptosis [23].
Humans dying 0-33 days after SAH exhibited neuronal
apoptosis in the dentate gyrus [43]. About half of patients
with SAH and no focal cerebral lesions were found to have
cerebral atrophy on computed tomography (CT) scans
weeks after SAH [50]. It is of note that many of these
patients had good clinical grades and did not develop DCI,
leading to the hypothesis that early brain injury diffusely
injures the brain. To the extent that initial clinical grade
reflects early brain injury, population-based studies suggest
that the initial effect of the SAH contributes significantly to
poor outcome [3].

The impact of the aneurysm repair procedure on clinical
outcome has been investigated decades ago, although a lot
has changed since then, prompting renewed interest [21,
53]. In one randomized clinical trial, 43 % of patients under-
going neurosurgical clipping of ruptured aneurysms experi-
enced neurological deterioration immediately after surgery
[41]. Deterioration was associated with poor outcome. The
contribution of DCI to poor outcome is underestimated if
only mortality is considered, because most patients can be
saved with aggressive interventions including decompres-
sive craniectomy. This comes with a high cost, both finan-
cial and in terms of morbidity. Rescue therapy costs
approximately US $40,000 and DCI at least doubles the risk
of poor outcome [4, 13].

What Worked: Diagnosis

Understanding the time course of angiographic vasospasm
and DCI was fundamentally important [62]. It led to the dif-
ferentiation of DCI from perioperative complications, and to
the concept, which is now widely applied, that the aneurysm
could be repaired early after rupture without more risk than
if performed days later. I described previously the history of
the discovery of the other fundamental finding that subarach-
noid clot on CT scan is the best predictor of angiographic
vasospasm and DCI [37]. Studies showing no relationship
fail to account for clot clearance over time, lack of correla-
tion between transcranial Doppler ultrasound and angio-
graphic vasospasm, and numerous other factors.

Consensus has been obtained on definitions for angio-
graphic vasospasm, DCI, and delayed cerebral infarction
(Table 2) [60]. The authors wrote that angiographic vaso-
spasm might be an appropriate surrogate outcome measure
for proof-of-principle studies. Phase 2 and 3 clinical trials
were recommended to use delayed cerebral infarction and a
clinical outcome measure. There are limitations to this
approach, however (vide infra). The definition and diagnosis
of DCI was believed to be subjective and to probably have
high interobserver variability.

A group of specialists who manage patients with SAH
was convened in 2010 [10]. The GRADE system was used
to assess evidence for different diagnostic tools for DCI [26].
While catheter angiography remains the gold standard for
diagnosis of angiographic vasospasm, its limitations are that
it does not assess brain perfusion or metabolism very well or
at all, and it is invasive and complicated and time consuming
to obtain. The current trend is to use CT angiography and
perfusion to diagnose angiographic vasospasm and DCI [61].
Complications from contrast administration are uncommon
but reported. Risk of developing cancer from radiation also
has to be considered. Smith-Bindman and colleagues esti-
mated that for every 8,100 CT scans in women of median age
40 years, one radiation-induced cancer would develop [47].

Table 2 Results of an international consensus on definitions of angiographic vasospasm and DCI [60]

Term Definition Comments
Angiographic Describes a radiologic test showing artery narrowing This is the recommended term for artery narrowing on
vasospasm computed tomographic, magnetic resonance, or catheter
angiography
Delayed cerebral Focal neurologic deficit or decrease of at least 2 points  The threshold for diagnosis and the duration of deficit are
ischemia in Glasgow coma scale, lasting longer than 1 h, with empirically derived and not based on scientific evidence.
no identifiable cause, such as the aneurysm repair Detection in comatose or sedated patients can be difficult
procedure, rebleeding, infections, seizures,
hyponatremia, or hydrocephalus
Delayed cerebral Cerebral infarction on computed tomography scan, Does not include encephalomalacia from intracerebral
infarction magnetic resonance imaging, or autopsy, present after ~hemorrhage or ventricular drains. Presumably includes only

the time of DCI within 6 weeks of SAH and not

2448 h after aneurysm repair procedure

lesions consistent with arterial territories
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For men, the corresponding number was 11,080 CT scans.
Transcranial Doppler ultrasound is still used, although its
limitations are recognized.

What Worked: Treatment

Guidelines for management of SAH from the American
Heart Association list nimodipine (class 1, level of evi-
dence A), maintenance of euvolemia (class 1, level of evi-
dence B), endovascular coiling (class 1, level of evidence
B), and, if the patient develops DCI, then induction of
hypertension (class 1, level of evidence B) as recom-
mended at the highest class of evidence [5]. Nimodipine
and endovascular aneurysm repair appear to have contrib-
uted to improved outcome after SAH; indeed, mortality
has declined 0.9 % per year from about 50 to 35 % over the
past two decades [36]. But, have other changes in manage-
ment contributed? The American Heart Association
Guidelines also recommend not using prophylactic hemo-
dynamic manipulations; administering fludrocortisone
acetate and hypertonic saline to treat hyponatremia; con-
trolling the blood pressure before aneurysm repair; neuro-
logic, transcranial Doppler, and hemodynamic monitoring;
treatment of hydrocephalus; prophylactic anticonvulsants;
rescue therapy with balloon or pharmacologic angioplasty;
and avoidance of hypoglycemia, fever, hypovolemia and
hypervolemia at class 2-3, level of evidence B [5].
European guidelines are similar but they do not address all
of the same factors [49]. The main difference in the
European guidelines is induced hypertension for treatment
of DCI was considered to have no evidence for its use [49].
A potentially important factor that is not mentioned in the
American Heart Association guidelines is timing of rup-
tured aneurysm repair, perhaps because it is considered
standard of care to repair the aneurysm immediately [5].
European guidelines suggest repair as soon as possible,
independent of grading [49]. The evidence is not based on
large randomized trials. Despite this, early aneurysm
repair has been associated with reduction in mortality
caused by rebleeding, resulting in other factors, such as the
effects of the SAH and medical complications, contribut-
ing increasingly to mortality [32]. Combining the better
medical management of patients with SAH and procedures
that can reduce mortality, such as decompressive craniec-
tomy, led to a shift to a greater portion of mortality being
caused by the SAH itself and by medical complications.
As noted above, however, morbidity from DCI remains
high.

Of the treatments for SAH that have been subjected to
metaanalysis, two, fasudil and intrathecal fibrinolysis, are
not widely used despite evidence to suggest they improve
outcome [33, 35].

Some Noteable Failures

Treatments for DCI that have undergone metaanalysis include
corticosteroids, antiplatelet drugs, calcium channel antago-
nists, hemodynamic therapy, statins, tirilazad, intrathecal
fibrinolytics, fasudil, endothelin receptor antagonists, and
magnesium [8, 14, 15, 20, 24, 25, 28, 33, 35, 56]. Antiplatelet
drugs, tirilazad, endothelin receptor antagonists, and magne-
sium have been studied in randomized trials totaling at least
1,385; 3,821; 2,024; and 2,401 patients, respectively [38].
There are limitations to the metaanalyses including the qual-
ity of the data in some studies and combining different drugs
and doses together. It is notable, however, that tirilazad, endo-
thelin receptor antagonists (principally clazosentan), and
magnesium reduced DCI, but had no effect on clinical out-
come. Why the drugs did not improve outcome has been dis-
cussed (Table 3) [38]. Statins and corticosteroids have
probably not been adequately studied, but sample sizes seem
adequate for tirilazad, clazosentan, and magnesium. The
modified Rankin scale may or may not be very sensitive, but
it did detect a difference in outcome between clipping and
coiling in the International Subarachnoid Aneurysm Trial
[42]. The issue of rescue therapy warrants discussion.

Table 3 Some possible reasons for failure of drugs to improve out-
come in clinical trials of SAH

1. The drug is truly ineffective

2. The dose, timing, and duration of administration, route of
administration, etc. were wrong

3. The sample size was too small

4. The outcome measure was insensitive or did not detect a
clinically meaningful improvement in outcome

5. The drug benefit was offset by drug adverse effects

6. Rescue therapy was as effective in the placebo group as the drug
was in the treatment group, leading to no overall difference in
outcome

7. Practice misalignment led to application of the drug to patients
who could not benefit from the drug or who were at increased
risk of adverse effects

8. The wrong patient subgroup was studied

9. The drug was not manufactured properly, randomization codes
were wrong, etc.
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If rescue therapy is effective, then unless the drug treatment
being tested is very effective, increased use of rescue therapy
in the placebo groups will reduce the difference in clinical
outcome between the groups. On one hand, it seems impos-
sible to withhold rescue therapy but, on the other hand,
European guidelines do not strongly support use of induced
hypertension, and there is even an ongoing randomized trial
comparing induced hypertension to no induced hypertension
(NCTO01613235, www.clinicaltrials.gov).

What Next?

There are many examples of great successes in treatment of
diseases such as acquired immunodeficiency syndrome and
breast cancer. Another example of success is cystic fibrosis,
from which median survival has increased from 6 months in
1959 to 27 years in 2007 [2]. This is an orphan disease, as is
SAH. It has the advantage for study of having a known
molecular target. In addition and in common with some other
successfully treated conditions, there is a very well-organized
and -funded patient advocacy group that generates $10 mil-
lion a year in the United States for research. The Cystic
Fibrosis Foundation provides many research tools and candi-
date preclinical drugs to researchers for free. Can those of us
studying SAH learn something from them?

When examining causes for the unsuccessful clinical trials,
the question arises regarding which of the numerous preclinical
treatments to advance into clinical trials. At this meeting alone,
papers and posters describe 19 experimental treatments for
SAH that have not been studied or have had only limited study
in humans (inhaled nitric oxide, minocycline, pitavastatin, mel-
atonin, deferoxamine, valproic acid, intrathecal magnesium,
cilostazol, eicosapentanoic acid, ADAMTS13, rhinacanthin,
curcumin, ecdysterone, baivalein, molsidomine, exercise, cys-
tatin C, imatinib, and Ro 25-6981). Guidelines have been pro-
posed for the conduct of experimental studies and there is
evidence that studies that do not follow these guidelines over-
estimate the benefit of the treatment [31, 34]. I support adher-
ence to the guidelines. They reflect good scientific design;
however, bear in mind that the studies of nimodipine, which is
the only US Food and Drug Administration-approved treat-
ment for SAH, would probably not qualify for study in humans
and the animal studies often showed it did not affect its sus-
pected mechanism of action, angiographic vasospasm [19].
There is also the implication that animal models exist or can be
created that are externally valid or, in other words, that efficacy
in the animal model would translate to humans if the guidelines
were followed [55]. Whether this is true in SAH remains to be
seen. Adhering to at least some of the guideline recommenda-
tions is going to be necessary because granting agencies are
requiring this to some extent. The recommendations for

multiple studies in multiple laboratories will require increased
cooperation between investigators and centers. Dirnagl et al.
noted that this already occurs in some fields such as physics
(and astronomy), where some obvious barriers such as author-
ship, student independence, intellectual property, collaboration
of funding bodies between countries, communications, gover-
nance, and monitoring have been overcome [11].

Moving to clinical trials, there is the question of the out-
come measure (Table 3). The modified Rankin scale has
been used in a SAH clinical trial with a positive result, but
whether adding cognitive assessments would disclose dif-
ferences in outcome in the group of patients classified as
good outcome patients, generally modified Rankin score
0-2 in other SAH studies, is an open question [45]. There is
little agreement about what cognitive tests to use to assess
outcome after SAH, and the number of studies is almost the
same as the number of tests used [1]. National and interna-
tional cooperation might be recommended here. Another
reason for this is the observation that, among models of
prognostic factors for outcome after SAH, one study of
3,567 patients found that a detailed logistic regression
explained only 36 % of the variance in outcome [44]. What
is the cause of the rest of the variation? Why do some
patients with angiographic vasospasm not develop DCI?
Why does one grade 4 patient recover and the other die? In
addition to the probable multifactorial pathogenesis, there
are physiologic differences in anatomy and blood flow and
genetic and epigenetic variations that affect individual
responses to SAH, but this personalized approach to medi-
cine is only beginning to be studied in SAH [30, 58].
Ultimately, treatments might need to be adjusted depending
on the genetic makeup of the patient, as in other diseases
where personalized medicine has already been applied.
Some of these discoveries required large, multinational col-
laborative efforts [29, 63]. Practice misalignment also may
result from differing patient responses [52]. Some clinical
trials in SAH focus on the treatment, with varying degrees
of patient subgroup selection, taking a pragmatic approach
[51]. Another option is to focus on very specific hypotheses
and more on the individual characteristics of the patient and
pathology, which is the explanatory trial (Fig. 2). There is
no correct answer, although success was seen in a narrowly
focused neuroprotection trial in humans [27]. Finally, it is
of note that 34 years ago, clinical use of steroids was
described at the second vasospasm meeting. Their use is
still being investigated in SAH in small, single-center stud-
ies. Why don’t we know the answer to whether they are
efficacious in SAH or not, three decades later? Would it be
beneficial to cooperate nationally and internationally to
pool clinical, genetic, radiologic, and such data, develop
common definitions and data elements, both retrospectively
and then on a prospective basis? The SAH international tri-
alists repository seeks to do this [39].


http://www.clinicaltrials.gov/
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Fig.2 Simplistic view of pragmatic versus explanatory clinical trials,
presented in detail by Thorpe et al. [51]. Clinical trials may be prag-
matic and focus on administering a single treatment to unselected

Summary

The pathophysiology of DCI is probably complex and multi-
factorial. Progress has been made in improving outcome but
there is still no cure for DCI. Many promising preclinical
treatments were described at this meeting and others are in
early stage clinical trials. To reduce the chances of failure of
translation, it has been recommended that the quality of pre-
clinical studies be improved, and that treatments be studied
in collaboration between multiple laboratories. Similarly, on
the clinical side, many centers already work together, but it
may be beneficial for investigators to work cooperatively to
develop common definitions and outcome measures, and to
redefine these as new data become available. Funding agen-
cies are increasingly interested in this approach and it may
be beneficial from the position of a relatively uncommon dis-
ease such as SAH for garnering philanthropic and other
sources of support.

Conclusion

Outcome from aneurysmal SAH has improved in the past
decades, in association with introduction of nimodipine
pharmacologic prophylaxis, early aneurysm repair and endo-
vascular coiling. Advances in treatment of angiographic
vasospasm and DCI also have likely contributed, but they are
less well based on randomized clinical trials. Further reduc-
tions in morbidity and mortality will require cooperative
efforts of centers around the world to bring new therapies
identified in preclinical studies into the clinic.

patients with little attention to patient- or pathology-related factors or
they may be explanatory and test a very specific hypothesis in a well-
defined patient subgroup
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Molecular Basis for Intracranial Aneurysm Formation

Miyuki Fukuda and Tomohiro Aoki

Abstract Intracranial aneurysm (IA) is a socially important
disease both because it has a high prevalence and because of
the severity of resultant subarachnoid hemorrhages after IA
rupture. The major concern of current TA treatment is the lack
medical therapies that are less invasive than surgical proce-
dures for many patients. The current situation is mostly caused
by a lack of knowledge regarding the regulating mechanisms
of IA formation. Hemodynamic stress, especially high wall
shear stress, loaded on arterial bifurcation sites is recognized
as a trigger of A formation from studies performed in the field
of fluid dynamics. On the other hand, many studies using
human specimens have also revealed the presence of active
inflammatory responses, such as the infiltration of macro-
phages, in the pathogenesis of IA. Because of these findings,
recent experimental studies, mainly using animal models of
IA, have revealed some of the molecular mechanisms linking
hemodynamic stress and long-lasting inflammation in IA
walls. Currently, we propose that IA is a chronic inflammatory
disease regulated by a positive feedback loop consisting of the

M. Fukuda
Department of Neurosurgery, Kyoto University Graduate
School of Medicine, Kyoto Japan

Department of Pharmacology, Kyoto University Graduate
School of Medicine, Kyoto Japan

Core Research for Evolutional Science and Technology (CREST),
Kyoto University Graduate School of Medicine, Kyoto Japan

T. Aoki (<)
Department of Pharmacology, Kyoto University Graduate
School of Medicine, Kyoto Japan

Core Research for Evolutional Science and Technology (CREST),
Kyoto University Graduate School of Medicine, Kyoto Japan

Innovation Center for Inmunoregulation Technologies
and Drugs (AK Project), Kyoto University Graduate
School of Medicine, Konoe-cho Yoshida, Sakyo-ku,
Kyoto city, Kyoto 606-8501, Japan

e-mail: tomoaoki @kuhp.kyoto-u.ac.jp

cyclooxygenase (COX)-2 — prostaglandin (PG) E, — prosta-
glandin E receptor 2 (EP2) — nuclear factor (NF)-kB signaling
pathway triggered under hemodynamic stress and macrophage
infiltration via NF-xB-mediated monocyte chemoattractant
protein (MCP)-1 induction. These findings indicate future
directions for the development of therapeutic drugs for IAs.

Keywords Intracranial aneurysm ¢ Subarachnoid hemor-
rhage ¢ Inflammation ¢ Nuclear factor (NF)-xB * Macrophage
* Prostaglandin * Cyclooxygenase-2 (COX-2) ¢ EP2 o
Monocyte chemoattractant protein-1 (MCP-1) ¢ Statin

Findings from Studies Performed
with Human Intracranial Aneurysms

Recent studies in the field of fluid dynamics demonstrated
the close interactions of hemodynamics with intracranial
aneurysm (IAs) [10]. For example, among various parame-
ters of hemodynamics, high wall shear stress loaded on the
arterial bifurcation sites, where IAs are formed, is associated
with IA formation and growth [10]. High wall shear stress
can, therefore, be recognized as a trigger of IA formation.

On the other hand, in the field of histopathological analy-
ses, gene linkage analyses and comprehensive gene expres-
sion analyses have revealed that active inflammatory responses,
such as macrophage infiltration and the expression of various
cytokines, are present in human IAs [8]. For example, Shi
et al. [11] analyzed gene expression profiles in human IA
lesions using a microarray technique and revealed that inflam-
mation-related biological pathways, inflammatory response
and apoptosis, were associated with IA development.
Consistent with this, they also confirmed the upregulation of
proinflammatory genes in human IA walls, including interleu-
kin (IL)-1, tumor necrosis factor (TNF)-a, vascular cell adhe-
sion molecule (VCAM)-1, C-X-C chemokine receptor type 4
(CXCR4), and chemokine ligand (CCL) 5 [11].
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However, studies using human IA specimens have
considerable limitations, such as the heterogeneity of indi-
vidual genetic backgrounds and the difficulty of pathological
analyses at each period of IA formation from the same
patient, in elucidating the mechanisms underlying IA forma-
tion and development. We, therefore, have developed experi-
mental models of IA to overcome this situation.

Molecular Mechanisms Regulating IA
Formation Through Linking Hemodynamic
Stress and Long-Lasting Inflammation

We established experimental models of IAs by increasing the
hemodynamics at the bifurcation sites of cerebral arteries
through the ligation of the carotid artery and salt overloading
[5]. Because experimental IA and human IA share histologi-
cal similarities characterized by the degeneration of the arte-
rial wall, the disruption of internal elastic lamina, and the
infiltration of inflammatory cells, these animal models are
suitable for analyses of the pathogenesis of IAs. Indeed,
results from recent experimental studies using these models
remarkably accelerated our understanding of the mecha-
nisms regulating IA formation and development.

Through the studies using animal models, we identified
nuclear factor (NF)-kB as a critical transcription factor for IA
formation [1, 8]. NF-xB leads the induction of various proin-
flammatory genes, such as monocyte chemoattractant protein
(MCP)-1, a factor that recruits macrophages in IA walls [7, §].
Macrophages recruited in cerebral arterial walls by NF-kB-
mediated MCP-1 induction produce a large amount of cyto-
kines and proteinases and exacerbate the inflammation associated
with TA formation and growth [7, 8]. However, how high wall
shear stress induces NF-kB-mediated inflammation and how
the inflammation becomes chronic remain to be elucidated.

We recently demonstrated that the positive feedback loop
consisting of the cyclooxygenase (COX)-2 — prostaglandin
(PG) E, — prostaglandin E receptor 2 (EP2) — NF-kB signal-
ing pathway is formed under high wall shear stress and
induces a long-lasting (chronic) inflammation in [A walls [6, 7].
As previously discussed, at the sites of IA formation, which
are mostly at arterial bifurcations, high wall shear stress is
loaded and recognized as a trigger of IA formation [7]. An
in vitro study, using a primary culture of endothelial cells
from human carotid arteries, demonstrated the induction of
COX-2, a prostaglandin-producing enzyme, and its receptor,
EP2, under high wall shear stress. Both COX-2 and EP2
expression were also consistently upregulated in experimen-
tally induced IAs during IA formation and their expression
was well colocalized in endothelial cells where wall shear
stress was loaded. Here, because either the administration of
Celecoxib (a selective COX-2 inhibitor) or EP2 deficiency
significantly suppressed both IA formation and inflammatory

responses in IA walls, such as NF-kB activation and macro-
phage infiltration, the shear stress-activated prostaglandin
pathway was identified as a mediator of NF-kB-induced
inflammation during IA formation. Indeed, in endothelial
cells, treatment with PGE, or a selective EP2 agonist acti-
vated NF-«xB and its target, MCP-1. Importantly, COX-2 inhi-
bition suppressed EP2 expression, and vice versa. Thus, once
hemodynamic stress induces COX-2 expression in endothe-
lial cells at the bifurcation sites of cerebral arteries, the posi-
tive feedback loop consisting of COX-2 - PGE,—EP2 - NF-xB
was formed, resulting in the amplification and the chronicity
of inflammation (Fig. 1).

Future Prospects for the Development
of Therapeutic Drugs for IA

The recent experimental results indicate that NF-xB is a
potential therapeutic target for IA treatment [4]. The signifi-
cant suppression of IA formation and growth in animals with
NF-xB deficiency or treated with a NF-kB inhibitor, decoy
oligonucleotides, further supports this notion [1].

Statins (3-hydroxy-3 methylglutaryl coenzyme A reduc-
tase inhibitors) were originally developed as therapeutic
drugs for lipid metabolic abnormality. In addition, statins are
well recognized as having powerful anti-inflammatory and
especially anti-NF-«B effects; known as the pleiotropic effect
of statins. Encouraged by this pleiotropic effect of statins, we
administered Pitavastatin, one of the statins, to our rat model
of IA and demonstrated that Pitavastatin treatment effectively
prevented the growth of TAs in rats [3]. Pitavastatin treatment
remarkably suppressed the inflammatory responses in IA
walls, characterized by NF-xB activation and subsequent
induction of the expression of NF-kB-regulating genes, such
as MCP-1, VCAM-1, and IL- 1 [3]. Furthermore, Pitavastatin
treatment effectively inhibited the degenerative change of IA
walls, suggesting a preventive effect of Pitavastatin against
the rupture of IAs [3]. Other kinds of statins, Simvastatin and
Pravastatin, also successfully prevented IA growth through
inhibition of inflammation in IA walls, suggesting that statins
are potential therapeutic drugs for [As [2, 9].

Because of these findings from experimental animals, we
examined the preventive effect of statins for the rupture of
human IAs in a case-controlled clinical study in Japan. As a
result, we clarified the inverse relationship between the usage
of statins and the occurrence of aneurysmal subarachnoid
hemorrhage in the Japanese population. Statins were admin-
istered in 9.4 % of cases with ruptured IAs and 26.0 % of
cases with unruptured IAs. The usage of statins, therefore,
significantly prevented the rupture of preexisting IAs with a
relative odds ratio of 0.3 [12].

These studies suggest the potential of statins as therapeu-
tic drugs to prevent the growth and rupture of IAs.
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Fig.1 Schema demonstrating
our hypothesis for the potential
mechanisms underlying the
chronicity of inflammation
contributing to intracranial
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Conclusion

Recent experimental studies using an animal model of IA
have revealed the crucial role of long-lasting inflammation in
its pathogenesis. In this process, prostaglandin-mediated
NF-kB activation plays the role to trigger and amplify the
inflammatory responses in IA lesion suggesting the potential
of NF-xB as a therapeutic target for IA treatment. Indeed,
recent case-control study has demonstrated the suppressive
effect of statins on rupture of IAs in human cases through
their potent anti-NF-kB effect. In near future, a medical
treatment of 1A is supposed to be established.
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Aneurysm Wall Thickness Measurements of Experimental
Aneurysms: In Vivo High-Field MR Imaging Versus Direct

Microscopy

Camillo Sherif, GUnther Kleinpeter, Michel Loyoddin, Georg Mach, Roberto Plasenzotti,

Thomas Haider, Erwin Herbich, and Martin Krssak

Abstract Background: Thin cerebral aneurysm wall thick-
ness (AWT) is connected to high aneurysm rupture risk. MR
imaging of AWT leads to overestimations. The aim of the
present study was to quantify MR inaccuracy by comparison
with accurate light microscopic measurements.

Methods: In 13 experimental microsurgical bifurcation
aneurysms in rabbits, 3 Tesla (3 T)-MR imaging using
contrast-enhanced T1 Flash sequences (resolution:
0.4x0.4x 1.5 mm®) was performed. The aneurysms were
retrieved immediately after MR acquisition, cut longitudi-
nally, and calibrated photographs were obtained. AWT
(dome, neck) and parent vessel thickness (PVT) were mea-
sured on the MR images and microscopic photographs by
independent investigators. All parameters were statistically
compared (Wilcoxon test, Spearman correlation).

Results: AWT and PVT could be imaged and measured
in all aneurysms with good quality. Comparison with the
“real” light microscopic measurements showed a progressive
tendency of MR AWT overestimation with smaller AWT:
AWT at the dome (0.24+0.06 mm vs. MR 0.30+0.08 mm;
p=0.0078; R=0.6125), AWT at the neck (0.25+0.07 mm vs.
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MR 0.29+£0.07 mm; p=0.0469; R=0.7451), and PVT
(0.46+0.06 mm vs. MR 0.48 +0.06 mm; p=0.5; R=0.8568).

Conclusion: In this experimental setting, 3 T-MR imaging
of cerebral AWT showed unacceptable inaccuracies only
below the image resolution threshold. Theoretically, AWT
for clinical usage could be classified in ranges, defined by the
maximum image resolution.
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Introduction

The risk assessment and treatment indications of unruptured
aneurysms remain controversial and additional predictive
parameters are clinically needed. A potential parameter could
be aneurysm wall thickness (AWT). Although we know that
thin aneurysm walls are correlated with higher rupture
risks [3], few studies have focused on MR image-based
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Fig. 1 (a) Three-dimensional reconstruction of the MR images. The
asterisk shows the aneurysm sac. The planes define the points of mea-
surements. (b) MR image showing the aneurysm sac (asterisk) and the
parent vessels (arrows). The points of measurements are marked by red
small lines. (c) Histologic image of the longitudinally cut aneurysm: the

human cerebral AWT measurements [1, 6]. Despite promis-
ing results, there have been theoretical and methodological
shortcomings, showing a tendency toward AWT overestima-
tion [10]. Because of ethical limitations using human sub-
jects, no published studies have yet assessed the relative
accuracy of MR-based AWT with “real” in vivo measure-
ment. However, this comparison would better determine the
clinical relevance of the MR methodological inaccuracies.
Thus, the purpose of this investigation was to evaluate and
quantify the inaccuracy of MR-based AWT evaluations by
comparison with histologic measurements of “fresh” aneu-
rysm walls in experimental aneurysms.

Materials and Methods

In 13 New Zealand White rabbits, saccular bifurcation aneu-
rysms formed by a venous pouch of the external jugular vein
were created using well-established techniques [5, 7, 8].
Four weeks after aneurysm creation, the rabbits were anes-
thetized, and MR images were obtained with well-established
algorithms for 3 Tesla (3 T) high-resolution, three-
dimensional MR imaging in rabbits (Medspec, Bruker
Biospin, Ettlingen, Germany) [9]. A single dose (0.03 mmol/
kg) of vascular contrast agent (Vasovist; Schering, Germany)
was administered by intravenous bolus before image acquisi-
tion. MR images were acquired using 3D FLASH (Fast Low
Angle Shot) T1-weighted sequences, with an image resolu-
tion of 0.41x0.4x1.5 mm?. The aneurysms were retrieved
immediately after MR image acquisition. Within a few min-
utes, digitized color micrographs were taken at 3x and 10x
magnification.

corresponding points of measurements were defined by their exact dis-
tance to the neck plane as seen on the MR image in (a). All measure-
ment points were defined and mutually rechecked by two independent
blinded researchers: AWT at the dome (arrow), AWT at the neck (aster-
isk), and PVT (cross)

For each parameter (AWT at the neck; AWT at the dome;
PVT), two measurement points were defined on both MR
and histologic images (see Fig. 1). To guarantee valid and
precise correspondence, the measurement points were deter-
mined and mutually rechecked by two blinded investigators.
Then the points were measured on MR and histologic
images. For each parameter, both measurement points were
used to calculate a mean value. Mean values were then
rounded to the nearest 0.1 mm. All measurements were per-
formed using the software CoilControl 3D® (NVtec Ltd.,
Vienna, Austria). The MR versus histometric parameters
were compared with the nonparametric 2-tailed Wilcoxon
paired signed-rank test. Agreements between MR image and
microscopic measurements were assessed using a Spearman
rank correlation (7).

Results

There was a clear tendency toward overestimating AWT in MR
images with decreasing wall thickness. Statistically signifi-
cant differences were seen between MR and light microscopic
images at the aneurysm dome and at the neck, but not for mea-
surements of PVT. The mean microscopic AWT measurement
at the dome was 0.24+0.06 mm vs. 0.30+0.068 mm for MR
imaging (p=0.0078). The mean microscopic AWT measure-
ment at the neck reached 0.25+0.07 mm vs. 0.29+0.07 mm
for MR imaging (p=0.0469). The mean microscopic PVT
measurement was 0.46+0.06 mm vs. 0.47+0.06 mm for MR
imaging (p=0.5). Spearman correlation showed better agree-
ment with increasing wall thickness: AWT at dome R=0.6125,
AWT at the neck R=0.7451, PVT R=0.8568.
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Discussion

Clinical Background

We face an increasing number of incidentally found aneu-
rysms. However, parameters for personalized risk assess-
mentarerare. In addition to the description of epidemiological
and aneurysm geometry features, the first clinical attempts
of individualized risk assessment were performed using
fluid dynamic simulations [4]. However, in the literature,
highly contradicting findings are found, such as high versus
low shear stress theories as potential causes for aneurysm
rupture [2].

Aneurysm wall thickness (AWT) might serve as another
clinical parameter because a histologic examination by
Frosen et al. [3] showed that decreasing AWT seems to be
closely correlated with increased aneurysm rupture risk.
However, few authors have focused on human cerebral AWT
measurements. Boussel et al. [1] introduced an indirect
method of AWT evaluation by measuring the inner and outer
aneurysm volumes in an effort to describe the dangerous pro-
gression of fusiform basilar aneurysmal disease. Park et al.
[6] assessed the wall of saccular cerebral aneurysms in 14
patients using a 2D double-inversion recovery black-blood
sequence (BBDI) at 1.5 T, reporting a resolution of
0.48 x0.58 x3 mm?®. Although promising, these studies were
not without criticism because of perceived methodological
shortcomings. Steinmann et al. [10] stated that black-blood
imaging is not acceptable for clinical AWT measurements
because of its potential for overestimation. They encouraged
further ex vivo and in vivo imaging studies to demonstrate
the true capabilities and limitations of MR imaging for
resolving the wall thickness and morphology of unruptured
cerebral aneurysms.

Aneurysm Wall Thickness Measurements

Because of the known limitations of black-blood imaging,
we used contrast-enhanced 3D FLASH TI-weighted
sequences. 3D sequences were used to minimize partial vol-
ume effects. We also found a clear tendency of measure-
ments made from 3-T MR images to overestimate AWT. This
overestimation was closely connected to measurement val-
ues below the image resolution threshold. Above the image
resolution threshold, reasonable values were obtained.
Therefore, clinical utility of MR estimates of AWT may be
reasonable if measurement ranges defined by the maximum
MR resolution are used. In the current study, this would
mean a classification of 0-0.4, 0.41-0.8, 0.81-1.2 mm, etc.
Additionally, a combination of AWT measurements with

shear stress simulations could lead to a better understanding
of the interactions between flow-related physical forces and
aneurysm wall reactions.

Limitations

The results of our study, particularly with respect to applica-
bility in human subjects, may be limited. Additionally, the
act of sectioning the aneurysm may lead to aneurysm wall
deformations. Another possible source of bias would be fail-
ure of proper correspondence of the MR image and light
microscopy measurement points.

Conclusions

In this experimental setting, measurements made from 3-T
MR images of cerebral AWT showed considerable inaccura-
cies below the image resolution threshold. For clinical appli-
cation, AWT should be classified in ranges, defined by the
maximum image resolution. Further experimental and human
studies, especially combining AWT with aneurysmal flow
and shear stress simulations, are needed to better define the
clinical role of AWT as a risk factor for aneurysm rupture.
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Early Events After Aneurysmal Subarachnoid Hemorrhage

Fatima A. Sehba and Victor Friedrich

Abstract The first 72 h after aneurysmal subarachnoid hem-
orrhage (SAH) is a critical period for the patient. Most of the
deaths in the SAH patient population occur during this time,
and a number of key events activate and trigger mechanisms
that not only contribute to early brain injury but evolve over
time and participate in the delayed complications. This
review highlights the contribution of key events to the early
brain injury and to overall outcome after SAH.

Keywords Aneurysmal subarachnoid hemorrhage ¢ Early
events * Chemical brain injury * Cerebral ischemia ¢ Cerebral
hyperemia * Intracranial hypertension

Introduction

Aneurysmal subarachnoid hemorrhage (SAH) accounts for
5 % of all stroke cases. SAH victims are in the prime of their
lives, with a mean age of approximately 55 years of age [1].
Epidemiological and population-based studies show that the
first 72 h are most crucial for survival and outcome (Fig. 1).
During this period, patient mortality is substantial (45 %)
and patient status relates well with the overall outcome. The
overall consensus is that early treatment is essential to reduce
injury and extend survival in this patient population.

Two phases of injury after SAH are recognized: the
early phase, which begins at aneurysmal rupture and
extends through the first 3 days, and the delayed phase,
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which appears 3-14 days later and is characterized by
delayed vasospasm and delayed neurological deficits.
Studies show that early injury is the product of the events
that occur at or immediately after SAH. These key events
can broadly be categorized as: blood release, acute reac-
tive hyperemia, and transient global ischemia (Fig. 2).
Each of these event triggers mechanisms that are specific
to it or are shared among the events to create early brain
injury (Fig. 3). These mechanisms may evolve with time
and contribute to delayed phase complications. Here, we
briefly review key events after SAH and the mechanisms
that they activate.

Subarachnoid Blood

The volume of subarachnoid blood correlates with the
patient’s status at admission and with neurological deficits
and clinical outcome [2]. Blood can damage the brain by
inducing mechanical and chemical trauma (Fig. 3a).

Mechanical Trauma

Mechanical trauma occurs as blood that is released under
high pressure stretches the subarachnoid space, compresses
the surrounding arteries, and elevates the intracranial pres-
sure. Cerebral vasculature is very sensitive to changes
in local environment and vessels constrict as they come in
contact with blood. A short-lived constriction of large cere-
bral arteries is frequently observed in the first minutes after
experimental SAH [3]. Blood, in addition, obstructs the
passage of cerebrospinal fluid (CSF) and hence increases
the risk of acute hydrocephalus, which is observed in as
many as 50 % of SAH patients and is associated with poor
outcome [4].
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Fig. 1 Post SAH patient mortality and underlying mechanisms: mor-
tality in SAH patients is greatest in the early phase (a). Although early
mortality results from early activating mechanisms, delayed mortality
is the product of both the early and the delayed developing complica-
tions (b). See text for explanation
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Fig.2 The early events after SAH: broadly, early events after SAH can
be divided as: release of blood, acute reactive hyperemia representing
the Cushing response, and transient global ischemia. Each of these
events triggers mechanisms that contribute to early brain injury and
evolve with time to participate in delayed complications after SAH

Chemical Trauma

Chemical trauma is created by the products of subarachnoid
blood lysis. Blood lysis begins within minutes after SAH and
results in the appearance of oxyhemoglobin and xanthochro-
mia in the CSF. Hence, xanthochromia is often used for clini-
cal SAH diagnosis when CT scan results are negative [5]. At
least three major products of clot lysis are implicated in SAH
pathology: oxyhemoglobin, iron, and the recently discovered
bilirubin oxidation products (BOXes).

Oxyhemoglobin

Oxyhemoglobin levels peak in the CSF at 24 h after SAH
and decrease thereafter (from animal and patient cerebral
microdialysis studies). Oxyhemoglobin is a potent spasmo-
gen and is implicated in early arterial constriction and in
delayed vasospasm after SAH [2, 6]. Studies that report that
in vivo (subarachnoid space) and in vitro (basilar artery)
exposure to oxyhemoglobin creates ultrastructural altera-
tions in vascular morphology similar to those documented
early after SAH support this implication [7]. These altera-
tions include the appearance of cell craters, blebs, and vacu-
oles in endothelial cells and detachment of endothelium from
the basement membrane [8]. Oxyhemoglobin is also cyto-
toxic to endothelial cells and astrocytes [9, 10]. The mecha-
nisms underlying oxyhemoglobin-induced constriction
include scavenging and creating a deficiency of nitric oxide
(endothelial and neuronal) [11], suppression of voltage-
dependent potassium currents [12], and an increase in endo-
thelin (ET)-1 production [13].

Heme Metabolism Products
Heme is metabolized by heme oxygenase (HO)-1 into iron,
biliverdin, and carbon monoxide [14].

Iron

Approximately 70 % (1,800 mg) of the body’s iron is bound
to hemoglobin in the form of heme; each hemoglobin mol-
ecule has four heme groups. As a result, a substantial
amount of iron is released into the subarachnoid space after
lysis of subarachnoid blood. HO-1 (see above) is upregu-
lated and the expression of ferritin, an iron-binding protein,
increases 1-3 days after SAH [15, 16]. The ferritin level in
the CSF is considered a good diagnostic measure for SAH
patients who present late to the clinic [17]. After SAH, fer-
ritin expression increases in microglia, neurons, and cells
in the adventitia of the arterial wall [15, 16, 18]. Lee et al.
used an iron chelator, deferoxamine, to establish a role of
iron in oxidative injury after SAH [18]. In this experiment,
deferoxamine administered 3—6 h after SAH reduced cere-
bral iron deposits, HO-1 and ferritin expression, oxidative
stress and neuronal apoptosis, and extended animal sur-
vival [18].

Bilirubin Oxidation Products (BOXes)

BOXes, as the name indicates, are formed upon oxidative
degradation of bilirubin [19]. Bilirubin is formed by the
action of biliverdin reductase on biliverdin (a product of
heme metabolism; see above). BOXes are potent vasocon-
strictors and are present in significantly higher concentration
in the CSF of SAH patients who develop vasospasm than in
the CSF of the patients who do not [20]. Hence, BOXes are
being studied for their possible contribution to the
pathogenesis of delayed vasospasm. A role of BOXes in
early brain injury is anticipated but remains to be
elucidated.
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Fig. 3 Mechanisms of early brain injury after SAH: (a) outlines the
mechanism by which subarachnoid blood participates in early brain
injury after SAH; (b) outlines the triggers of the Cushing response (CR)

Acute Reactive Hyperemia;
Cushing Response (CR)

The Cushing response (CR) is a compensatory hypothalamus-
mediated response to a rise in intracranial pressure (ICP). The
severity of the CR at SAH depends on the magnitude of rise
in ICP, which in turn depends upon the volume of subarach-
noid blood. The CR acts to maintain the difference between
blood pressure (BP) and ICP to oppose drops in cerebral
blood flow (cerebral perfusion pressure (CPP)=BP-ICP);
however, it is not always successful [21]. In SAH patients, the
CR is mostly observed as a sympathetic surge with increased
serum epinephrine (EP) and/or norepinephrine (NE) levels.
Two major complications, myocardial dysfunction and pul-
monary edema, are associated with sympathetic surge [22]
(Fig. 3b). These complications develop early after SAH and
are often associated with poor patient outcome.

Cardiac Complications

In most SAH patients, cardiac complications appear immedi-
ately or develop within a few hours after aneurysmal rupture
[22]. These complications include electrocardiographic
(ECG) abnormalities, cardiac arrhythmias, and myocardial
damage. ECG abnormalities develop within the first 48 h

after SAH, mechanisms that the CR activates, and the complications
that follow; and (c) outlines the main mechanism by which transient
global ischemia contributes to early brain injury after SAH

after SAH and reappear at rebleed [23-25]. Prominent ECG
abnormalities include P wave abnormalities, prolonged QT
interval, ST segment, and T-wave and are associated with
poor neurologic grade on admission [26]. Cardiac arrhyth-
mias can occur as the first symptom of acute SAH and are life
threatening in 5-10 % of cases [27]. Major rhythmic abnor-
malities include sinus tachycardia, sinus bradycardia, and
premature atrial and ventricular beats [25]. Myocardial injury
is found in approximately 30-60 % of SAH patients and is
associated with higher mortality [28-30]. Serum creatine
kinase (CK)-MB and troponin-1 concentrations that are asso-
ciated with myocardial injury are frequently increased within
24-48 h in SAH patients [28-30]. In addition, contraction
band necrosis, myocardial fragmentation, and focal myocy-
tolysis in the myocardium is found in autopsy of patients who
died early after SAH [29-32]. In animals, increased serum
CK-MB and cardiac troponin-1 are found as early as 10 min
[33], and myocardial damage at 3 h, after SAH [32].

Pulmonary Complications

Pulmonary edema, also called neurogenic pulmonary edema,
occurs in 10 % of all SAH cases and is a predominant
complication in poor grade (Hunt and Hess grade III-V)
patients [34]. Pulmonary edema usually develops within
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hours after SAH; however, a delayed form that appears 3-5
days after SAH is also reported [35]. In animals, leakage of
lung capillaries occurs 8 min after injection of blood into the
cisterna magna [36]. The nature of mechanisms underlying
SAH-related pulmonary edema are cardiogenic (myocardial
dysfunction leading to a raised hydrostatic pressure and fluid
retention), noncardiogenic (such as acute lung injury or acute
respiratory distress syndrome), and neurogenic (pressure of
blood on respiratory centers at SAH) [34, 35].

Transient Global Ischemia (TGI)

Ischemia after SAH affects the entire brain and appears early.
Mechanisms triggered by SAH-induced transient global
ischemia (TGI) can be broadly classified as energy failure,
ionic disturbances, and biochemical and molecular mecha-
nisms (Fig. 3c). A brief description of these mechanisms is
given below; for a review that is more detailed, an interested
reader is referred to recent reviews [37, 38].

Energy Failure

Energy failure after SAH is mostly observed as changes in
cerebral energy metabolism as detected in cerebral microdi-
alysis studies. In addition, depletion of high-energy phos-
phate stores (fall in ATP and ADP and rise in AMP) in the
cerebral cortex is noted as early as 6 h after experimental
SAH [39, 40]. Cerebral microdialysis studies in animals have
established that energy metabolism is disturbed within min-
utes after SAH, causing depletion of pyruvate and glucose
and rises in lactate and in the lactate-to-pyruvate ratio [41,
42]. Similar findings are made in clinical SAH. Sarrafzadeh
and colleagues noted that the lactate-to-pyruvate ratio remains
significantly high for the first 8 days after SAH in patients
with acute ischemic neurological deficits [42].

lonic Changes

Energy is required to fuel ATPases to maintain ionic homeo-
stasis across cell membranes. After SAH, as brain energy
stores deplete, rapid alterations in ionic distributions across
the membranes of brain cells and of cerebral vascular cells
occur. In metabolically active neurons and astrocytes, as
NatK*-ATPases cease to work, intracellular Na* rises and,
on reaching a critical point, reverses the operation of the
Na*—Ca?* exchange carrier, creating increases in intracellu-
lar Ca?* and extracellular K*. Changes in neuronal ionic

content promotes the cortical spreading depolarization and
disturbed neurovascular coupling that contributes to the
acute pathophysiology of SAH and the later-occurring
delayed ischemic neurological deficits (DINDs) [43]. In
cerebral endothelial and smooth muscle cells, a pathological
rise in intracellular calcium promotes constriction [44, 45].
Other pathological consequences of rises in intracellular
calcium include the release of neurotransmitters such as
glutamate and activation of enzymes, including ones that are
detrimental to cells, such as inducible nitric oxide (NO) syn-
thase (iNOS) and caspases [46, 47].

Biochemical and Molecular Mechanisms

Although the list of biochemical and molecular mechanisms
that activate early and contribute to SAH pathology is long,
the key mechanisms are as follows:

Extracellular Glutamate

Animal cerebral microdialysis studies show that interstitial
glutamate concentration increases after SAH, reaches a peak
at 40 min, and is associated with early pathology [48, 49].
Clinically, microdialysis studies have found that, during the
first 8 days after SAH, the cerebral glutamate concentration
correlates with early and delayed status of SAH patients; the
concentration is greatest in the patients who develop acute
ischemic neurological deficits, and is elevated (although not
as much) in patients who develop delayed ischemic neuronal
deficits [42].

Nitric Oxide (NO)

Cerebral NO levels are altered after SAH. Cerebral NO lev-
els decrease in animals minutes after SAH and increase at
24 h [11, 50]. Sehba et al. found that an NO donor adminis-
tered early after SAH recovers the cerebral blood flow (CBF)
reduction and prevents ischemic glutamate release in ani-
mals after SAH [49]. In the clinic, the initial increase in cere-
bral NO has not been studied, but an increase in NO level in
the CSF at 24 h after SAH has been established [51, 52].
Patients with low NO levels in the CSF at 0-12 days after
SAH are more prone to develop delayed vasospasm [51, 52].

Endothelin (ET)-1

An increase in CSF ET-1 is observed within minutes in ani-
mals and within 24 h in patients after SAH [53]. Because
ET-1 is a potent spasmogen that produces long-lasting con-
striction, the potential of receptor antagonists in preventing
the pathogenesis of delayed vasospasm after SAH was evalu-
ated. These clinical trials successfully reduced/inhibited
development of the delayed vasospasm but did not improve
patient's outcomes [54, 55].
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Inflammation

The status of acute mediators of inflammation, cells of the
immune system (such as neutrophils and platelets), pro-
inflammatory cytokines (interleukin (IL)-1p, IL-6, tumor
necrosis factor (TNF)-a, and others), and adhesion molecules
(intercellular adhesion molecule (ICAM)-1, P and S-selectins,
and others), is studied after SAH. Animal studies establish
overt vascular neutrophil accumulation, serum cytokine con-
centration, and expression of adhesion molecules within the
hours after SAH and their associations with early brain injury
[37]. In patients, similar increases in serum and CSF cyto-
kines and in soluble forms of adhesion molecules (within 1-3
days from ictus) are established and associated with hyper-
thermia, vascular spasm, and unfavorable outcome [56-58].

Oxidative Stress

Oxidative stress after SAH is observed as the presence of
lipid peroxidation products, decreased activities of enzy-
matic and non-enzymatic antioxidant systems, and genera-
tion of reactive oxidative species. In experimental animals,
oxidative stress is present within the first 24 h [59] and, in
patients, within the first 72 h after SAH [60]. In patients, an
increase in lipid peroxidation products during the early phase
of SAH is associated with the pathogenesis of delayed vaso-
spasm and with poor outcome [61, 62].

Conclusion

In conclusion, a number of key events are activated within
the first 72 h after SAH and trigger mechanisms that contrib-
ute to early brain injury and are also associated with delayed
vasospasm and overall outcomes of patients. A better under-
standing of early mechanisms and their timely prevention
may provide a superior strategy to improve clinical outcome
in this patient population.

Conflict of Interest Statement We declare that we have no conflict of
interest.

References

1. Le Roux PD, Winn HR (1998) Management of the ruptured aneu-
rysm. Neurosurg Clin N Am 9:525-540

2. Macdonald RL, Weir BK (1991) A review of hemoglobin and the
pathogenesis of cerebral vasospasm. Stroke 22:971-982

3. Simeone FA, Ryan KG, Cotter JR (1968) Prolonged experimental
cerebral vasospasm. J Neurosurg 29:357-366

4. Dupont S, Rabinstein AA (2013) Extent of acute hydrocephalus
after subarachnoid hemorrhage as a risk factor for poor functional
outcome. Neurol Res 35:107-110

5. Vermeulen M, van Gijn J (1990) The diagnosis of subarachnoid
haemorrhage. J Neurol Neurosurg Psychiatry 53:365-372

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ishiguro M, Murakami K, Link T, Zvarova K, Tranmer BI, Morielli
AD, Wellman GC (2008) Acute and chronic effects of oxyhemo-
globin on voltage-dependent ion channels in cerebral arteries. Acta
Neurochir Suppl 104:99-102

. Sehba FA, Friedrich V (2013) Cerebral microvasculature is an

early target of subarachnoid hemorrhage. Acta Neurochir Suppl
115:199-205

Kajikawa H, Ohta T, Yoshikawa Y, Funatsu N, Yamamoto M,
Someda K (1979) Cerebral vasospasm and hemoglobins — clinical
and experimental studies. Neurol Med Chir (Tokyo) 19:61-71
Meguro T, Chen B, Lancon J, Zhang JH (2001) Oxyhemoglobin
induces caspase-mediated cell death in cerebral endothelial cells. J
Neurochem 77:1128-1135

Rollins S, Perkins E, Mandybur G, Zhang JH (2002)
Oxyhemoglobin produces necrosis, not apoptosis, in astrocytes.
Brain Res 945:41-49

Sehba FA, Schwartz AY, Chereshnev I, Bederson JB (2000) Acute
decrease in cerebral nitric oxide levels after subarachnoid hemor-
rhage. J Cereb Blood Flow Metab 20:604-611

Ishiguro M, Morielli AD, Zvarova K, Tranmer BI, Penar PL,
Wellman GC (2006) Oxyhemoglobin-induced suppression of
voltage-dependent K+ channels in cerebral arteries by enhanced
tyrosine kinase activity. Circ Res 99:1252-1260

Ohlstein EH, Storer BL (1992) Oxyhemoglobin stimulation of
endothelin production in cultured endothelial cells. J Neurosurg
77:274-278

Maines MD (1997) The heme oxygenase system: a regulator of
second messenger gases. Annu Rev Pharmacol Toxicol 37:
517-554

Ozawa H, Nishida A, Mito T, Takashima S (1994)
Immunohistochemical study of ferritin-positive cells in the cere-
bellar cortex with subarachnoidal hemorrhage in neonates. Brain
Res 651:345-348

Ono S, Zhang ZD, Marton LS, Yamini B, Windmeyer E, Johns L,
Kowalczuk A, Lin G, Macdonald RL (2000) Heme oxygenase-1 and
ferritin are increased in cerebral arteries after subarachnoid hemor-
rhage in monkeys. J Cereb Blood Flow Metab 20:1066—-1076
Petzold A, Worthington V, Appleby I, Kerr ME, Kitchen N, Smith
M (2011) Cerebrospinal fluid ferritin level, a sensitive diagnostic
test in late-presenting subarachnoid hemorrhage. J Stroke
Cerebrovasc Dis 20:489—493

Lee JY, Keep RF, He Y, Sagher O, Hua Y, Xi G (2010) Hemoglobin
and iron handling in brain after subarachnoid hemorrhage and the
effect of deferoxamine on early brain injury. J Cereb Blood Flow
Metab 30:1793-1803

Kranc KR, Pyne GJ, Tao L, Claridge TD, Harris DA, Cadoux-
Hudson TA, Turnbull JJ, Schofield CJ, Clark JF (2000) Oxidative
degradation of bilirubin produces vasoactive compounds. Eur J
Biochem 267:7094-7101

Pyne-Geithman GJ, Morgan CJ, Wagner K, Dulaney EM,
Carrozzella J, Kanter DS, Zuccarello M, Clark JF (2005) Bilirubin
production and oxidation in CSF of patients with cerebral vaso-
spasm after subarachnoid hemorrhage. J Cereb Blood Flow Metab
25:1070-1077

Brinker T, Seifert V, Dietz H (1992) Cerebral blood flow and intra-
cranial pressure during experimental subarachnoid haemorrhage.
Acta Neurochir 115:47-52

Lee VH, Oh JK, Mulvagh SL, Wijdicks EF (2006) Mechanisms in
neurogenic stress cardiomyopathy after aneurysmal subarachnoid
hemorrhage. Neurocrit Care 5:243-249

Brouwers PJ, Wijdicks EF, Hasan D, Vermeulen M, Wever EF,
Frericks H, van Gijn J (1989) Serial electrocardiographic recording
in aneurysmal subarachnoid hemorrhage. Stroke 20:1162-1167
Eisalo A, Perasalo J, Halonen PI (1972) Electrocardiographic
abnormalities and some laboratory findings in patients with sub-
arachnoid haemorrhage. Br Heart J 34:217-226



28

F.A.Sehba and V. Friedrich

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Frontera JA, Parra A, Shimbo D, Fernandez A, Schmidt JM, Peter
P, Claassen J, Wartenberg KE, Rincon F, Badjatia N, Naidech A,
Connolly ES, Mayer SA (2008) Cardiac arrhythmias after sub-
arachnoid hemorrhage: risk factors and impact on outcome.
Cerebrovasc Dis 26:71-78

Sakr YL, Lim N, Amaral AC, Ghosn I, Carvalho FB, Renard M,
Vincent JL (2004) Relation of ECG changes to neurological out-
come in patients with aneurysmal subarachnoid hemorrhage. Int J
Cardiol 96:369-373

van der Kleij FG, Henselmans JM, van de Loosdrecht AA (1999)
Cardiac arrhythmia as initial presentation of aneurysmal subarach-
noid hemorrhage. Neth J Med 55:242-246

Norris JW, Hachinski VC, Myers MG, Callow J, Wong T, Moore
RW (1979) Serum cardiac enzymes in stroke. Stroke 10:548-553
Fabinyi G, Hunt D, McKinley L (1977) Myocardial creatine kinase
isoenzyme in serum after subarachnoid haemorrhage. J Neurol
Neurosurg Psychiatry 40:818-820

Zhu BL, Ishikawa T, Michiue T, Li DR, Zhao D, Bessho Y,
Kamikodai Y, Tsuda K, Okazaki S, Maeda H (2007) Postmortem
cardiac troponin I and creatine kinase MB levels in the blood and
pericardial fluid as markers of myocardial damage in medicolegal
autopsy. Leg Med (Tokyo) 9:241-250

Kolin A, Norris JW (1984) Myocardial damage from acute cere-
bral lesions. Stroke 15:990-993

Sato K, Masuda T, Izumi T (1999) Subarachnoid hemorrhage and
myocardial damage clinical and experimental studies. Jpn Heart J
40:683-701

Masuda T, Sato K, Yamamoto S, Matsuyama N, Shimohama T,
Matsunaga A, Obuchi S, Shiba Y, Shimizu S, Izumi T (2002)
Sympathetic nervous activity and myocardial damage immediately
after subarachnoid hemorrhage in a unique animal model. Stroke
33:1671-1676

Muroi C, Keller M, Pangalu A, Fortunati M, Yonekawa Y, Keller E
(2008) Neurogenic pulmonary edema in patients with subarach-
noid hemorrhage. J Neurosurg Anesthesiol 20:188-192
McLaughlin N, Bojanowski MW, Girard F, Denault A (2005)
Pulmonary edema and cardiac dysfunction following subarachnoid
hemorrhage. Can J Neurol Sci 32:178-185

Walder B, Brundler MA, Totsch M, Elia N, Morel DR (2002)
Influence of the type and rate of subarachnoid fluid infusion on
lethal neurogenic pulmonary edema in rats. J Neurosurg
Anesthesiol 14:194-203

Sehba FA, Pluta RM, Zhang JH (2011) Metamorphosis of sub-
arachnoid hemorrhage research: from delayed vasospasm to early
brain injury. Mol Neurobiol 43:27-40

Sehba FA, Hou J, Pluta RM, Zhang JH (2012) The importance of
early brain injury after subarachnoid hemorrhage. Prog Neurobiol
97:14-37

Fein JM (1976) Brain energetics and circulatory control after sub-
arachnoid hemorrhage. J Neurosurg 45:498-507

Fein JM (1978) Brain energetics and cerebral death. Ann NY Acad
Sci 315:97-104

Gewirtz RJ, Dhillon HS, Goes SE, DeAtley SM, Scheff SW (1999)
Lactate and free fatty acids after subarachnoid hemorrhage. Brain
Res 840:84-91

Sarrafzadeh AS, Sakowitz OW, Kiening KL, Benndorf G, Lanksch
WR, Unterberg AW (2002) Bedside microdialysis: a tool to moni-
tor cerebral metabolism in subarachnoid hemorrhage patients? Crit
Care Med 30:1062-1070

Dreier JP, Drenckhahn C, Woitzik J, Major S, Offenhauser N,
Weber-Carstens S, Wolf S, Strong AJ, Vajkoczy P, Hartings JA
(2013) Spreading ischemia after aneurysmal subarachnoid hemor-
rhage. Acta Neurochir Suppl 115:125-129

Kohno K, Sakaki S, Ohue S, Kumon Y, Matsuoka K (1991)
Intracellular calcium levels in canine basilar artery smooth muscle
following experimental subarachnoid hemorrhage: an electron
microscopic cytochemical study. Acta Neuropathol 81:664-669
Wang J, Ohta S, Sakaki S, Araki N, Matsuda S, Sakanaka M (1994)
Changes in Ca(++)-ATPase activity in smooth-muscle cell mem-

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

branes of the canine basilar artery with experimental subarachnoid
hemorrhage. J Neurosurg 80:269-275

Hubschmann OR (1987) The role of calcium in parenchymal cell
injury in subarachnoid haemorrhage. Neurol Res 9:265-269
Sakaki S, Ohue S, Kohno K, Takeda S (1989) Impairment of vas-
cular reactivity and changes in intracellular calcium and calmodulin
levels of smooth muscle cells in canine basilar arteries after sub-
arachnoid hemorrhage. Neurosurgery 25:753-761

Bederson JB, Levy AL, Ding WH, Kahn R, DiPerna CA, Jenkins
AL 3rd, Vallabhajosyula P (1998) Acute vasoconstriction after
subarachnoid hemorrhage. Neurosurgery 42:352-360

Sehba FA, Ding WH, Chereshnev I, Bederson JB (1999) Effects of
S-nitrosoglutathione on acute vasoconstriction and glutamate
release after subarachnoid hemorrhage. Stroke 30:1955-1961
Yatsushige H, Calvert JW, Cahill J, Zhang JH (2006) Limited role
of inducible nitric oxide synthase in blood-brain barrier function
after experimental subarachnoid hemorrhage. J Neurotrauma
23:1874-1882

Durmaz R, Ozkara E, Kanbak G, Arslan O, Dokumacioglu A,
Kartkaya K, Atasoy M (2008) Nitric oxide level and adenosine
deaminase activity in cerebrospinal fluid of patients with subarach-
noid hemorrhage. Turk Neurosurg 18:157-164

Jung CS, Oldfield EH, Harvey-White J, Espey MG, Zimmermann
M, Seifert V, Pluta RM (2007) Association of an endogenous
inhibitor of nitric oxide synthase with cerebral vasospasm in
patients with aneurysmal subarachnoid hemorrhage. J Neurosurg
107:945-950

Wang X, Zhu C, Zhang G, Lu Y (1995) Changes of endothelin dur-
ing cerebral vasospasm after experimental subarachnoid hemor-
rhage. Chin Med J (Engl) 108:586-590

Kramer A, Fletcher J (2009) Do endothelin-receptor antagonists
prevent delayed neurological deficits and poor outcomes after
aneurysmal subarachnoid hemorrhage?: a meta-analysis. Stroke
40:3403-3406

Etminan N, Vergouwen MD, Ilodigwe D, Macdonald RL (2011)
Effect of pharmaceutical treatment on vasospasm, delayed cerebral
ischemia, and clinical outcome in patients with aneurysmal sub-
arachnoid hemorrhage: a systematic review and meta-analysis. J
Cereb Blood Flow Metab 31:1443-1451

Mathiesen T, Edner G, Ulfarsson E, Andersson B (1997)
Cerebrospinal fluid interleukin-1 receptor antagonist and tumor
necrosis factor-alpha following subarachnoid hemorrhage. J
Neurosurg 87:215-220

Dumont AS, Dumont RJ, Chow MM, Lin CL, Calisaneller T, Ley
KF, Kassell NF, Lee KS (2003) Cerebral vasospasm after sub-
arachnoid hemorrhage: putative role of inflammation. Neurosurgery
53:123-133; discussion 133-135

Kaynar MY, Tanriverdi T, Kafadar AM, Kacira T, Uzun H, Aydin
S, Gumustas K, Dirican A, Kuday C (2004) Detection of soluble
intercellular adhesion molecule-1 and vascular cell adhesion mol-
ecule-1 in both cerebrospinal fluid and serum of patients after
aneurysmal  subarachnoid  hemorrhage. J  Neurosurg
101:1030-1036

Gaetani P, Marzatico F, Rodriguez Y, Baena R, Pacchiarini L,
Vigano T, Grignani G, Crivellari MT, Benzi G (1990) Arachidonic
acid metabolism and pathophysiologic aspects of subarachnoid
hemorrhage in rats. Stroke 21:328-332

Lin CL, Hsu YT, Lin TK, Morrow JD, Hsu JC, Hsu YH, Hsieh TC,
Tsay PK, Yen HC (2006) Increased levels of F2-isoprostanes fol-
lowing aneurysmal subarachnoid hemorrhage in humans. Free
Radic Biol Med 40:1466-1473

Kamezaki T, Yanaka K, Nagase S, Fujita K, Kato N, Nose T (2002)
Increased levels of lipid peroxides as predictive of symptomatic
vasospasm and poor outcome after aneurysmal subarachnoid hem-
orrhage. J Neurosurg 97:1302-1305

Hsieh YP, Lin CL, Shiue AL, Yin H, Morrow JD, Hsu JC, Hsich
TC, Wei HJ, Yen HC (2009) Correlation of F4-neuroprostanes lev-
els in cerebrospinal fluid with outcome of aneurysmal subarach-
noid hemorrhage in humans. Free Radic Biol Med 47:814-824



Mouse Genetic Background Is Associated with Variation
in Secondary Complications After Subarachnoid Hemorrhage

Josephine A. D’Abbondanza, Elliot Lass, Jinglu Ai, and R. Loch Macdonald

Abstract Spontaneous subarachnoid hemorrhage (SAH) is
a form of hemorrhagic stroke that accounts for approxi-
mately 7 % of all strokes worldwide and is associated with
mortality in approximately 35 % of cases and morbidity in
many of the survivors. Studies have suggested that genetic
variations may affect the pathophysiology of SAH. The goal
of this study was to investigate the effect of mouse genetic
background on brain injury and large artery vasospasm after
SAH. SAH was induced in seven inbred strains of mice, and
the degree of large artery vasospasm and brain injury was
assessed. After 48 h, SAH mice showed a significant reduc-
tion in middle cerebral artery diameter and increased neuro-
nal injury in the cerebral cortex compared with sham-operated
controls. Mouse strains also demonstrated variable degrees
of vasospasm and brain injury. This data suggests that differ-
ent genetic factors influence how much brain injury and
vasospasm occur after SAH. Future investigations may pro-
vide insight into the causes of these differences between
strains and into which genetic contributors may be responsi-
ble for vasospasm and brain injury after SAH.
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Introduction

Subarachnoid hemorrhage (SAH) is a form of hemorrhagic
stroke that can occur traumatically or spontaneously. The
most common cause of spontaneous SAH is a ruptured intra-
cranial aneurysm. SAH is associated with significant mor-
bidity and mortality and, even with appropriate treatment,
patients often experience secondary complications, such as
angiographic vasospasm (aVSP) and delayed cerebral isch-
emia (DCI). Mouse models have been used extensively to
study the pathophysiological changes that occur after
SAH. Although these models are fairly successful at mim-
icking some of the secondary complications of SAH, there is
still limited knowledge regarding how genetic variation may
impact outcome after aneurysm rupture.

Previous studies of SAH in mice used predominately the
C57BL/6] strain [3, 9] as well as transgenic mice with a
mixed genetic background [12, 15]. Inherent genetic differ-
ences in susceptibility to stroke may mask the effects of gene
mutations with the use of different background strains [5].
Although backcrossing over 12 generations is suggested to
eliminate genetic heterogeneities, this may not be sufficient
if the genes contributing to stroke sensitivity are located
close to the mutated genes of interest [5]. The genetic back-
ground of mice has also been shown to influence spatial
learning [18], excitotoxic cell death [14], the inflammatory
response [16], neurogenesis [16], and brain and vascular
anatomy [1, 4,7, 10, 11, 17, 20].

In a model of hindlimb ischemia, BALB/c mice had
worse flow (poor collaterals), worse recovery, less angio-
genesis, and lower tumor necrosis factor (TNF)-a expres-
sion compared with C57BL/6 mice [2]. In addition, BALB/c
mice had an almost complete absence of collaterals in the
pial circulation and suffered greater ischemic damage of the
cortex after middle cerebral artery occlusion (MCAQO) com-
pared with C57BL/6J mice [2]. This suggests that interstrain
variability may be influenced by differences in collateral
density. Research on ischemic stroke demonstrated that
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there are differences in infarct volume depending on the
mouse strain used [6]. Keum and Marchuk induced cerebral
infarction by permanent MCAO in 16 inbred mouse strains
and performed genome-wide linkage analysis for infarct
volume as a quantitative trait. They found a significant locus
on mouse chromosome 7 that was responsible for the major-
ity of the infarct volume variants, as well as loci on chromo-
somes 1 and 8 that accounted for a lesser degree of the
difference.

There has been much research focused on identifying bio-
markers and substances that make individuals susceptible to
SAH; however, to our knowledge, no studies have been con-
ducted on factors that may determine variation in a patient’s
injury sensitivity after SAH or that are aimed at finding genes
that may alter susceptibility to brain injury and aVSP after
SAH. Although a locus for sensitivity to cerebral infarction
was found in a model of ischemic stroke [6], no similar stud-
ies have been conducted in experimental SAH. Studies of
SAH in genetically manipulated mice represent an artificial
state that may not accurately mirror the effect of the genetic
variation if it occurred naturally. Therefore, to identify genes
that may contribute to differences in the response to an
injury, it may be useful to observe changes in a natural state.
This study aims to identify how genetic background in inbred
mouse strains results in variation in aVSP and brain injury
after experimental SAH.

Methods

Animals and SAH Model

All experimental protocols were approved by the Animal
Care Committee at St. Michael’s Hospital, Toronto, Canada
and were conducted in accordance with the regulations of the
Canadian Counsel on Animal Care. We used 72 male mice
weighing 20-25 g from seven inbred strains: C57BL6/J,
DBA/2J, FVB/NJ, A/J, 129S/SvimJ, KK/HIJ, and BALB/c
(Jackson Laboratories, Bar Harbor, ME, USA). Animals
were anesthetized with spontaneous inhalation of isofluorane
(5 % induction; 2-3 % maintenance) with an oxygen flow
rate of 1 L/min. Body temperature was maintained at
37.0+0.5 °C with a homeothermic heating pad and rectal
temperature probe (Harvard apparatus, Holliston, MA,
USA).

The SAH model was performed according to a previously
published protocol [13]. Briefly, the head was fixed in a ste-
reotactic frame equipped with a mouse adaptor (Harvard
apparatus) and stereotactic manipulators to hold a laser
Doppler flow probe (BLT21, Transonics Systems, New York,
NY, USA) and a 27-gauge spinal needle (BD Biosciences,

San Jose, CA, USA). An incision was made in the midline of
the anterior scalp to expose the skull and a burr hole was
drilled 4.5 mm anterior to the bregma and lateral to the mid-
line using a 0.9-mm STARRETT drill (TRANSCAT,
New York, NY, USA) angled ventrally at 40°.

For the SAH group (n=35 per strain), nonautologous blood
(80 pl) was withdrawn from a donor mouse of the same
strain. Donor mice were anesthetized with an intraperitoneal
injection of ketamine (120 mg/kg) and xylazine (30 mg/kg).
The spinal needle was advanced at a 40° angle through the
burr hole until the base of the skull was contacted (~5 mm)
and withdrawn (~0.5—-1 mm) to position the needle in the
prechiasmatic cistern. Sixty microliters of the nonautologous
blood was manually injected through the spinal needle over
10 s. The sham-operated group (n=>5/strain) underwent the
same procedure as the SAH group but the spinal needle was
inserted without blood injection. Animals were sacrificed
48 h after SAH or sham surgery. They were anesthetized
with an intraperitoneal injection of ketamine (120 mg/kg)
and xylazine (30 mg/kg). Mice were perfused through the
left cardiac ventricle with 0.9 % NaCl (1 ml), followed by
4 9% paraformaldehyde in phosphate-buffered saline (5 ml).
Brain sections were processed, embedded in paraffin, and cut
into 5-um-thick sections using a microtome (Leica, Wetzlar,
Germany).

Hematoxylin and Eosin Staining

Brain sections were deparaffinized in xylene and rehydrated
with decreasing concentrations of ethanol solutions. Slides
were stained with hematoxylin and eosin, and coverslipped
with a xylene-based mounting medium (Permount, Sigma-
Aldrich, St. Louis, MO, USA). Samples were viewed using a
light microscope (Olympus, Center Valley, PA, USA) and
images were taken using constant parameters.

Fluoro-Jade B Staining

Fluoro-jade B (Histo-Chem, Jefferson, AR, USA) staining
was performed according to a previously published protocol
[13]. After deparaffinization and rehydration, the slides were
incubated in 0.06 % potassium permanganate (VWR
International, Strasbourg, France) for 15 min. Slides were
then rinsed in deionized water and immersed in 0.001 %
fluoro-jade B in 0.1 % acetic acid for 30 min. Slides were
washed and dried at 60+ 1 °C for 15 min. Xylene was used to
clear the slides and they were coverslipped with a nonaque-
ous, low fluorescence, styrene-based mounting medium
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(Sigma-Aldrich). Slides were viewed under a light
microscope with a fluorescent module (Olympus) and images
were taken using constant parameters.

Data Quantification and Statistical Analysis

Images of the middle cerebral artery (MCA) were taken at
200x magnification and the lumen area and thickness of the
MCA wall were quantified using Image J (NIH, Bethesda,
MD, USA). After calibration, the MCA lumen area was out-
lined and measured with the free-hand tool. Artery wall
thickness was measured at four equally spaced points around
the circumference and averaged. To determine fluoro-jade B
staining, we took images at 200x magnification of the entire
cerebral cortex, hippocampus, and the basal ganglia, thala-
mus, and midbrain. Two blinded observers counted the num-
ber of degenerated neurons in these regions and measured
the degree of MCA VSP; these values were averaged.
Quantification was performed on all sham control and SAH
samples.

All statistical analyses were performed using SigmaStat
3.1 (Systat Software Inc., San Jose, CA, USA). Data are pre-
sented as means=standard error of the mean (SEM).
Student’s #-test was performed when two groups were com-
pared and ANOVA was used when assessing significance
across multiple groups. If the ANOVA was significant, pair-
wise comparisons were performed using Fisher LSD.

Results

Mortality

Mortality was 3 % (2 of 72 mice). Both deaths occurred in
the SAH group immediately after blood injection in one KK/
HIJ and one DBA/2J mouse. These mice did not survive to
tissue collection (48 h) and were not included in analyses.
No mortality was observed in sham-operated animals.

MCA Vasospasm

At 48 h, sham controls had no evidence of MCA contraction
and the artery had a normal histological appearance. SAH
mice had a large reduction in the lumen of the MCA and an
increase in artery wall thickness with a corrugated appear-
ance. The MCA lumen/wall thickness ratio was considerably
smaller in SAH mice compared with their sham counter-
parts; this was statistically significant across all strains
except DBA/2J and KK/HIJ (Student’s #-test, P<0.05;
Fig. 1). The MCA lumen/wall thickness ratio in sham mice
was variable across strains but did not differ significantly.
The level of vasoconstriction observed after SAH was simi-
lar across strains and was not statistically significant
(ANOVA, P>0.05; Fig. 1). 129S1/SvImJ mice had the least
MCA vasoconstriction, whereas FVB/NJ mice had the most.
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Fig.1 MCA vasospasm in seven
inbred mouse strains after sham
and SAH surgery. Data expressed
as mean MCA radius/wall 0 -
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n=>5 control and 5 SAH/strain
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Fig.2 Total number of
fluoro-jade B-positive cells in
coronal sections of seven inbred
mouse strains after sham or SAH
surgery. Data expressed as
mean+SEM, * P<0.05
compared with KK/HIJ,

#* P<0.001 compared with KK/
HIJ, ## P <0.05 compared with
A/J, and P<0.05 compared with
BALB/c, + P<0.05 compared
with 129S1/SvimJ, ANOVA
(Fisher LSD), n=5 control and 5
SAH/strain
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All SAH animals exhibited fluoro-jade B-positive cells in
molecular layers 1 and 2 of the cerebral cortex and in the
hippocampus and dentate gyrus. Sham animals had few to
no fluoro-jade B-positive cells present. All SAH animals
differed significantly from sham controls (Student’s #-test,
P <0.05). KK/HIJ mice had the greatest number of damaged
neurons, whereas C57BL/6] mice had the least amount of
brain damage (Fig. 2). Across strains, the difference in brain
damage differed significantly between KK/HIJ and BALB/c,
DBA/2J, FVB/NJ, and 129S1/SvIimJ mice (ANOVA, Fisher
LSD, P<0.05) and C57BL/6J mice (P<0.001). C57BL/6J
mice also differed from A/J (P<0.001), BALB/c, and 12951/
SvImJ mice (P<0.05, Fig. 2).

Discussion

Previous work in ischemic stroke has demonstrated that
inherent genetic differences in mice can contribute to differ-
ences in cerebral infarction [6]. Other studies have also iden-
tified differences across mouse strains in performance during
the Morris water maze [17], neurogenesis [16], and natural
brain and vascular anatomy [1, 4, 7, 10, 11, 17, 20]. Here we
show that genetic background in seven inbred mouse strains
can contribute to variation in the severity of aVSP and neu-
ronal injury after experimental SAH.

In the current experiments, aVSP and brain injury were
assessed in C57BL/6J, BALB/c, DBA/2J, FVB/NJ, A/J, KK/HIJ,

BALB/c

FVB/nJ
Mouse strains

DBA/2 AlJ KK/HIJ  129S/SvimJ

and 129S1/SvImJ mouse strains. Forty-eight hours after SAH,
strains showed differences in the severity of MCA VSP. All
strains differed significantly from sham controls, except
DBA/2J and KK/HIJ mouse strains (Student’s ¢-test, P<0.05).
129S1/SvImJ mice had the least aVSP (largest MCA radius/
wall thickness ratio), whereas FVB/NJ mice had the greatest
aVSP (smallest MCA radius/wall thickness ratio); however,
these differences were not statistically significant (Fig. 1).
Differences across strains were also observed in terms of the
total number of fluoro-jade B-positive neurons. All mice dif-
fered significantly from sham controls, with KK/HIJ and
C57BL/6J mice showing the most and least neuronal degen-
eration, respectively (ANOVA, Fisher LSD, P<0.05; Fig. 2).

These underlying strain characteristics have important
implications for the conduct of studies using mouse models.
These findings suggest that because differences in VSP and
brain injury have at least some genetic basis, experimental
findings between different mouse strains should be compared
with caution. Also, although transgenic technology is useful
for the study of specific gene function, these mice are often a
hybrid of multiple strains. Therefore, the amalgamation of
traits may alter the reported levels of aVSP or neuronal injury,
rather than what may be seen in the strain’s natural state. It is
suggested that backcrossing over 12 generations can eliminate
genetic heterogeneities; however, this may not be sufficient if
genes responsible for stroke sensitivity are located close to the
mutated genes of interest [5]. Therefore, avoiding interstrain
crosses may give the truest representation of results.

Across numerous mouse studies, the C57BL/6J strain
tends to be more successful at enduring injury compared with
other strains [6, 8, 11, 17]. This has implications for future
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experimental models. The C57BL/6]J strain is most common
in SAH studies, so the degree of brain injury and aVSP
detected may be less than if other strains were used.
Identifying the most appropriate strain to model human SAH
is important for translational studies. It is possible that a strain
exhibiting more brain injury may be a better representation of
clinical SAH because approximately 10-15 % of patients
with spontaneous aneurysmal SAH die before reaching the
hospital [19]. More importantly, identifying the genetic basis
for the variation in aVSP and brain injury between strains
may lead to insight into the pathogenesis of these complica-
tions and potentially even to treatments for SAH.

Conclusion

Mouse genetic background can influence the degree of brain
injury and aVSP after experimental SAH. FVB/NJ and
129S1/SvlmJ mice had the most and least severe aVSP,
while KK/HIJ and C57BL/6J had the most and least neuro-
nal damage, respectively. These findings are important for
animal modeling of disease, and suggest that the mouse
strain used may alter the results of SAH studies. Identifying
the appropriate strain to model human SAH is essential for
translation from bench-to-bedside. Future investigations into
the genetic factors that modify brain injury and aVSP across
mouse strains may strengthen our understanding of sec-
ondary complications after clinical SAH.
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The Value of Perfusion Computed Tomography (PCT)
Imaging After Aneurysmal Subarachnoid Hemorrhage:

A Review of the Current Data

Kerim Beseoglu, Nima Etminan, and Daniel Hanggi

Abstract Background and Purpose: The estimation of the
extent of early brain injury (EBI) and sensitive detection of
delayed cerebral ischemia (DCI) remains a major chal-
lenge in the context of aneurysmal subarachnoid hemor-
rhage (aSAH). Cerebral perfusion computed tomography
(PCT) imaging is increasingly used as an additional diag-
nostic tool to monitor early brain injury as well as delayed
cerebral ischemia after aSAH. Here, we review the current
literature as well as the resulting implications and illus-
trate our institutional experience with PCT imaging in this
context.

Methods: The current literature on PCT imaging for
SAH was identified based on a search of the PubMed data-
base. Patient cohorts were dichotomized according to the
time of PCT after ictus into early PCT (<72 h after ictus)
and subsequent PCT (>72 h after ictus). The specific
aspects and findings of PCT at different times are compared
and discussed.

Results: Sixteen relevant publications were identified,
nine of which focused on early PCT and seven on subsequent
PCT diagnostics after aSAH. Early PCT provided relevant
details on the extent of EBI and identified patients at risk for
developing DCI, whereas subsequent PCT imaging facili-
tated the monitoring and detection of DCIL.

Conclusions: The present review demonstrates that PCT
imaging is able to detect EBI as well as DCI in patients expe-
riencing aSAH. As a consequence, this technique should be
routinely implemented in monitoring strategies for this
patient population.
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Introduction

The extent of primary or early brain injury (EBI) and the
incidence of delayed cerebral ischemia (DCI) are predomi-
nant determinants for neurological outcome in patients after
aneurysmal subarachnoid hemorrhage (aSAH) [5, 20].
Several noninvasive and invasive modalities have been used
to monitor patients for EBI as well as DCI [3]. Within the
last years, different clinical studies reported the use of perfu-
sion computed tomography (PCT) in patients suffering from
aSAH and, in general, suggest that PCT imaging in this con-
text may provide data that is more comprehensive on macro-
circulatory and microcirculatory impairment, as opposed to
angiographic imaging of large proximal cerebral vessels
[21]. The goal of the present article is to provide an overview
of currently available data for PCT monitoring after aSAH.

Methods

A Medline search was conducted for articles published
through July 2013 with the key words “subarachnoid hemor-
rhage” combined with (1) perfusion CT, (2) delayed cerebral
ischemia, (3) vasospasm and/or (3) early brain injury, limited
to publications in English and excluding animal studies.
Case reports, reviews, and comments were not included in
the present review. Subsequently, the resulting publications
were dichotomized according to the time of PCT after initial
aSAH into (a) early PCT, defined as PCT within 72 h after
ictus, and (b) subsequent or follow-up PCT, defined as after
3 days but within the first 14 days.

J. Fandino et al. (eds.), Neurovascular Events After Subarachnoid Hemorrhage, Acta Neurochirurgica Supplement, Vol. 120, 35
DOI 10.1007/978-3-319-04981-6_6, © Springer International Publishing Switzerland 2015
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Results

A total of 16 studies were identified that evaluated the role of
PCT after aSAH, nine in the early phase and seven with sub-
sequent analysis (Table 1).

Summary of Early PCT Data

In the first 72 h after aSAH, the majority of patients
demonstrated changes in cerebral blood flow (CBF) and
cerebral blood volume (CBV), which suggests an impaired

autoregulation [11]. This reduction of CBF may persist over
the initial phase after hemorrhage, independent from intra-
cranial pressure and/or cerebral perfusion pressure.
Additionally, a strong correlation between impaired global
perfusion and clinical presentation at admission was demon-
strated using Xenon-enhanced CT imaging [15]. In line with
the aforementioned decrease in CBF, a prolongation of mean
transit time (MTT) was reported. Early MTT prolongation
significantly correlated with early mortality and occurrence
of angiographic vasospasm [9]. These findings were con-
firmed by data reporting an association of prolonged early
MTT in the thalami with poor outcome [17]. Moreover, a
global MTT prolongation in the first hours after aSAH was
reported as an independent predictor for poor outcome [16].

Table 1 Tabular overview of recent relevant publications focusing on PCT after aSAH sorted by scanning time after ictus. The size of the patient

cohort and the key finding of the respective publication are given

Time of PCT Publication Patient cohort

Time of scan

Key finding

Early PCT Tateyama et al. [16] 21 patients

Tsuang et al. [17] 38 patients

Etminan et al. [4] 79 patients

Schubert et al. [15] 17 patients

Honda et al. [6] 94 patients

Nabavi et al. [11] 15 patients

Van der Schaaf et al. [19] 45 patients

Sanelli et al. [13] 75 patients

Van Asch et al. [18] 138 patients

Follow-up PCT Sanelli et al. [14] 97 patients

Pham et al. [12] 38 patients

Dankbaar et al. [2]
Wintermark et al. [22]

42 patients

27 patients
Kunze et al. [8] 53 patients
Aralasmak et al. [1] 55 patients

Moftakhar et al. [10] 14 patients

<3h

<6 h

<12h

<12h

24-72h

<48 h

<72h

<72h

<72h

Day 6-8

>3 days, <14 days

<3 days to 14 days
<3 days to 14 days

>3 days, <14 days

Day 3 to day 15

Day 1-15

Global MTT prolongation is an independent
predictor of outcome

Early bilateral prolonged MTT at the thalami is
associated with poor outcome

Subarachnoid clot volume and early MTT
prolongation have an amplified risk for DCI and
poor outcome

The first 12 h after aSAH are characterized by
reduction of CBF independent of ICP or CPP

Higher CBF and lower MTT was found in
patients with favorable outcome

The majority of patients showed changes in CBF
and CBV with time suggestive of disturbed
autoregulation

The development of DCI is related to brain
perfusion assessed by PCT shortly after aSAH

CBF reduction and MTT prolongation can be
demonstrated early in aSAH patients who later
develop vasospasm

Acute hydrocephalus after aSAH reduces CBF in
the deep grey matter and periventricular white
matter

CBF and MTT at days 6-8 have the highest
diagnostic accuracy for DCI

Time to peak in PCT is a sensitive and early
predictor of secondary cerebral infarction
CBF and MTT values worsening precedes DCI

MTT represents the most sensitive parameter to
detect vasospasm

Repeatedly obtained PCT is a valuable tool to
detect DCI

PCT indicates high likelihood of perfusion
abnormality in case of macrovascular vasospasm

High agreement between DSA and PCT for
detection of DCI

MTT mean transit time, DCI delayed cerebral ischemia, aSAH aneurismal subarachnoid hemorrhage, CBF cerebral blood flow, /CP intracranial
pressure, CPP cerebral perfusion pressure, CBV cerebral blood volume, DSA digital subtraction angiography
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Additionally, we recently reported that the risk for new cere-
bral infarction and poor outcome is higher in patients with
concomitant large subarachnoid clot volumes and ultra-early
MTT prolongation, as opposed to sole MTT prolongation.
Using a risk model based on these two variables, we defined
three different risk groups for outcome prediction [4].
Changes in early cerebral perfusion, as detected by PCT, can
be related to the risk for DCI because patients developing
DCI show significantly more asymmetry in perfusion
between the hemispheres in semiquantitative data sets [19].
An early reduction of CBF and prolongation of MTT within
the first 72 h after aSAH was related to the incidence of sub-
sequent DCI [13]. This was also supported by our own data
[4]. Correspondingly, patients with favorable outcomes had
increased CBF and lower MTT values. Thus, discriminant
analysis of these parameters can predict patient outcome
with fair probability [6]. Interestingly, early PCT can also
show the effect of acute hydrocephalus on the CBF in the
periventricular white matter and deep grey matter [18].

Summary of Subsequent PCT Data

For the period after the first 3 days after SAH ictus, a routine
PCT screening is warranted, because perfusion changes may
precede occurrence of DCI at several days [12]. A worsening
of absolute and relative CBF and MTT values before the actual
onset of clinical DCI has been demonstrated, with MTT being
the most sensitive parameter for the diagnosis of angiographic
vasospasm [22]. Here, increasing asymmetry between the
hemispheres was found to be an important indicator for DCI
[2]. In addition to MTT prolongation, time to peak (TTP) has
been also reported as a sensitive and early predictor of DCI
[12]. Standardized PCT screening from the immediate time
after aSAH to day 14 or, if necessary, extended over 14 days is
recommended [8]. A high agreement between digital subtrac-
tion angiography (DSA) and PCT for detection of DCI has
been demonstrated; however, the highest diagnostic accuracy
for DCI has been demonstrated for PCT at day 6-8 [10, 14].
At this time, positive and negative predictive values for detect-
ing impeding DCI are comparable to DSA [7]. In case of angi-
ographic vessel narrowing exceeding 50 %, PCT demonstrates
a high likelihood of perfusion abnormality in the correspond-
ing vascular territory [1].

Conclusion

The present review illustrates that PCT imaging is able to
provide additional insight into the extent of EBI as well as
the detection of DCI in patients suffering from aSAH. Thus,

this technique should be routinely implemented in monitoring
strategies for this patient population.
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Neurovascular Events After Subarachnoid Hemorrhage:

Focusing on Subcellular Organelles

Sheng Chen, Haijian Wu, Jiping Tang, Jianmin Zhang, and John H. Zhang

Abstract Subarachnoid hemorrhage (SAH) is a devastat-
ing condition with high morbidity and mortality rates due
to the lack of effective therapy. Early brain injury (EBI)
and cerebral vasospasm (CVS) are the two most important
pathophysiological mechanisms for brain injury and poor
outcomes for patients with SAH. CVS has traditionally been
considered the sole cause of delayed ischemic neurological
deficits after SAH. However, the failure of antivasospas-
tic therapy in patients with SAH supported changing the
research target from CVS to other mechanisms. Currently,
more attention has been focused on global brain injury
within 3 days after ictus, designated as EBI. The dysfunc-
tion of subcellular organelles, such as endoplasmic reticu-
lum stress, mitochondrial failure, and autophagy—lysosomal
system activation, has developed during EBI and delayed
brain injury after SAH. To our knowledge, there is a lack of
review articles addressing the direction of organelle dysfunc-
tion after SAH. In this review, we discuss the roles of organ-
elle dysfunction in the pathogenesis of SAH and present the
opportunity to develop novel therapeutic strategies of SAH
via modulating the functions of organelles.

Keywords Organelles ¢ Subarachnoid Hemorrhage ¢ Early
Brain Injury ¢ Cerebral Vasospasm ¢ Therapy
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Introduction

Subarachnoid hemorrhage (SAH), which only accounts for
5 % of stroke, is often a devastating condition because of sig-
nificant morbidity and mortality [58, 73]. Among SAH, 85 %
are caused by intracranial ruptured aneurysms, termed spon-
taneous aneurysmal SAH [63]. Although much progress has
been made with the surgical clip and endovascular coil for
intracranial ruptured aneurysms over the last decade, long-
term outcomes for patients with SAH are still unsatisfactory
[9, 49]. Further elucidation of the pathogenesis is helpful for
developing novel therapeutic interventions for SAH.

To date, early brain injury (EBI) and cerebral vasospasm
(CVS) are the two most important determinants for poor
outcome in patients with SAH [43, 55]. CVS, which occurs
between 3 and 14 days after SAH [11], is traditionally con-
sidered the sole cause of delayed ischemic neurological
deficits (DINDs) [23, 51]. Endothelin (ET)-1, a potent vaso-
constrictor, plays a key role in CVS after SAH [53]. However,
randomized, double-blind, placebo-controlled trials demon-
strated that the ET-1 receptor antagonist, clazosentan, which
can significantly ameliorate angiographic vasospasm, failed
to improve functional outcomes in patients with SAH [35,
36]. Furthermore, CVS was a common imaging finding in
approximately 70 % of patients with SAH, but only one-third
of those patients went on to suffer from DINDs [1]. Those
findings suggest that SAH-induced DINDs may be a result
of multiple factors. The importance of EBI (which occurs
within the first 72 h after SAH) has recently been emphasized
because of its potentially critical role in the pathophysiology
of SAH [5]. Inflammation, oxidative stress, excitotoxicity,
and impaired ionic homeostasis (but not mechanical force)
have all been proposed as having a role in EBI and other
types of stroke [56, 60]. To date, studies of the alteration of
organelles after SAH have included endoplasmic reticulum
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(ER) stress, mitochondrial dysfunction, and activation of the
autophagy-lysosomal system. Neurobehavioral deficits were
dependent on the disturbance of organelles in several kinds
of cerebral cells. A new review focusing on disturbance or
alteration of organelle function is helpful in understanding
the pathophysiology of SAH [16]. Targeting organelles may
provide a novel therapeutic potential for SAH treatment.

Appropriate animal models are imperative in understand-
ing the pathogenesis of and treatment strategies for SAH
[61]. This review summarizes preclinical evidence of the
functional alteration of subcellular organelles in the patho-
genesis of SAH. This is followed by a discussion of future
research directions in developing new therapeutic strategies
of SAH via modulating the organelles.

The Functional Alteration of Organelles
Within the Progression of SAH

The main subcellular organelles in central nervous system
(CNS) cells are the nucleus, ER, mitochondria, lysosomes,
ribosomes, and Golgi body. Experimental studies have dem-
onstrated that some subcellular organelles, including the
ER, mitochondria, and autophagy-lysosomal system, have
altered functions after SAH and are implicated in the patho-
physiology of SAH. In the following sections, we describe
the underlying roles of these organelles in SAH (Fig. 1).

Nucleus: Transcription Factor Activation

The Nuclear Factor-Erythroid 2-Related Factor 2
(Nrf2)-Antioxidant Response Element (ARE)
Signaling

The nuclear factor-erythroid 2-related factor 2 (Nrf2)—
antioxidant response element (ARE) pathway was the key
regulator in maintaining cellular homeostasis via antioxi-
dant defense, making it a therapeutic candidate for SAH
[3]. Nrf2 is a cap ‘n’ collar (CNC) transcription factor,
which possesses a basic region leucine zipper structure
[76]. In the latent state, Nrf2 is sequestered by Kelch-like
erythroid cell-derived protein with CNC homology-asso-
ciated protein 1 (Keapl)-dependent ubiquitination—pro-
teasomal degradation in the cytoplasm. Modifying critical
cysteine thiols of Keapl and Nrf2 by some oxidants pro-
motes Nrf2 dissociation from the Keapl/Nrf2 complex
and translocation into nuclei. Subsequently, Nrf2 binds to
ARE in the promoter of cytoprotective genes leading to
upregulated expression of relevant proteins, such as heme
oxygenase-1, NAD(P)H:quinone oxidoreductase 1, and
glutathione-S-transferase [34, 64].

Evidence from experimental SAH research indicates a
protective role of the Nrf2/ARE pathway in EBI and CVS
after SAH. Nrf2/ARE signaling was activated during the EBI
period after SAH [66, 74]. Post-SAH treatment with mela-
tonin and recombinant human erythropoietin reduced brain
edema and improved neurobehavioral outcome via activat-
ing the Nrf2/ARE pathway and modulating oxidative stress
after SAH, making these drugs promising for treatment. In
addition, an elevated level of Nrf2 was detected in endo-
thelial and smooth muscle cells in the basilar arterial walls
[65]. The activation of Nrf2 increased in the arterial wall,
parallel to the development of basilar artery vasospasm, in a
double-injection SAH rabbit model. Because of the elevated
expression of Nrf2, the Nrf2/ARE pathway was hypoth-
esized to prevent CVS after SAH [78]. In an in vitro SAH
model, sulforaphane, an agonist of the Nrf2—-ARE pathway,
can inhibit oxyhemoglobin (OxyHb)-induced inflammatory
cytokine, such as interleukin (IL)-1p, IL-6, and tumor necro-
sis factor (TNF)-a, release in vascular smooth muscle cells
[77]. Oxyhemoglobin-induced inflammation was aggravated
in astrocytes from Nrf2-knockout mice via nuclear factor
(NF)-xB signaling [45]. Thus, the Nrf2/ARE pathway may
exert anti-inflammatory and antioxidative effects that con-
tribute to alleviation of EBI and CVS after SAH. However,
additional in vivo experiments using Nrf2 agonists or antag-
onists are required to further investigate the role of Nrf2 on
SAH-induced brain injury.

NF-xB Signaling

NF-kB signaling is involved in various CNS disorders
because it regulates immune and inflammatory responses
including infection, brain trauma, neurodegenerative dis-
eases, and stroke [48, 54]. In mammalian cells, the NF-xB
family of transcription factors consists of five members, Rel
A (p65), c-Rel, Rel B, p50, and p52. Under inactive con-
ditions, NF-kB is sequestered in the cytoplasm by binding
with IxkB family members. The IkB kinase (IKK) enzyme
complex can phosphorylate IkB proteins to release active
NF-kB, leading to translocation of NF-kB into the nucleus.
Subsequently, NF-kB dimmers (p50-p65) are free to bind
to the promoters of genes of inflammatory mediators and
increase the release of those mediators [42]. An in vitro study
demonstrated that the phosphorylation of IkB diminishes its
association with NF-xB, leading to NF-kB translocation into
the nucleus, where NF-kB binds to the promoter of nitric
oxide synthase (NOS)-2 in endothelial cells [8].

NF-xB signaling in SAH has been explored and some tri-
als are ongoing trials. Toll-like receptor (TLR)-4 is an impor-
tant upstream receptor of NF-kB. At the acute stage of SAH,
TLR4/NF-xB signaling is significantly activated, suggesting
that this pathway may regulate the inflammatory response
in experimental SAH [33]. Post-SAH administration of pro-
gesterone attenuated EBI via suppressing the activation of
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Fig. 1 The functional disturbance of organelles in the pathogen-
esis of SAH. The components of the vascular neural network of the
brain, including neurons, glia, endothelium, pericytes, vascular smooth
muscle cells, and perivascular nerves, all suffer from SAH-induced
injuries. The dysfunctions/functional alterations of the organelles that
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take place are in the transcription factors (e.g., Nrf2, NF-kB, and HIF-
1), mitochondrial dysfunction, endoplasmic reticulum stress, and the
autophagy-lysosomal system. These pathophysiologic cascades play
a critical role in inflammation, apoptosis, necrosis, and autophagy in
brain parenchyma after SAH
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TLR4/NF-xB signaling in the cortex after SAH [68]. p65,
a nuclear NF-kB subunit, was overexpressed in the basilar
artery, which indicated that the NF-kB-mediated inflamma-
tory response may also facilitate the development of CVS
after SAH. Intracisternal administration of pyrrolidine dithio-
carbamate, an inhibitor of NF-kB, reduced the levels of TNF-
o, IL-1p, intercellular adhesion molecule (ICAM)-1, and
vascular cell adhesion molecule (VCAM)-1 and alleviated
CVS in a rat model of SAH [79]. In addition, Nle4, DPhe7-
o-MSH (NDP-MSH) and trehalose exerted protective effects
on CVS via inhibiting NF-kB signaling in the basilar artery
[13, 15]. Similarly, 6-mercaptopurine increased the level of
IkB, downregulating NF-xB activity. Thus, 6-mercaptopu-
rine was capable of hindering the production of inflamma-
tory cytokines (e.g., IL-1p, IL-6, and TNF-a) after SAH. The
anti-inflammatory effect of 6-mercaptopurine contributed to
its antivasospastic property in SAH animals [7]. Furthermore,
because of the association of p65 with the estrogen recep-
tor, 17f-estradiol blocked the binding of p65 to the gene
target inducible NOS (iNOS). Therefore, this hormone drug
reduced iNOS and showed a neuroprotective effect on CVS
[57]. The activation of NF-kB was biphasic in a single injec-
tion rabbit SAH model. The peaks of NF-«xB activity occurred
around day 3 and day 10 after SAH. The first peak plays a
prominent role in neuronal injury, but the exact role of the
second peak requires additional investigation [72].

In conclusion, these data indicated an essential role of the
NF-xB pathway in the pathogenesis of EBI and CVS after
SAH.

Hypoxia-Inducible Factor (HIF)-1

HIF-1 is a critical regulator of cellular adaptation to hypoxic
stress and is a heterodimeric DNA-binding complex com-
posed of one a- and one B-subunit [30, 37]. Cytoplasmic
HIF-1a is continuously degraded via ubiquitination in nor-
moxic conditions. However, in hypoxia, the proteasomal
degradation of HIF-1a is inhibited, leading to HIF-1a accu-
mulation. Nondegraded HIF-1a recruits HIF-1p to form the
functional HIF complex, which enters the nucleus. HIF-1
binds in the location of hypoxia response elements to induce
the transcription activation of these genes (e.g., erythropoi-
etin, vascular endothelial growth factor (VEGF), and heme
oxygenase (HO)-1) [2].

During the EBI, the expression of HIF-1a, VEGF, and
BNIP3 were increased in the hippocampus and cortex [44].
Hyperbaric oxygen reduced the expression of HIF-1a and its
target genes (including VEGF and BNIP3), which resulted
in fewer apoptotic cells [12]. A recent study demonstrated
that HIF-1a may exert a deleterious effect in EBI by upregu-
lating its downstream proteins BNIP3 and VEGF, resulting
in cell apoptosis, blood brain barrier (BBB) disruption, and
brain edema [69]. However, 3-(5"-hydroxymethyl-2-furyl)-
1-benzylinda-zole (YC-1), a HIF-1a inhibitor, increased cell

apoptosis in the hippocampus and increased cognitive func-
tion damage in SAH rats, suggesting that HIF-1a might exert
beneficial effects in SAH [10].

In the brainstem, an upregulated HIF-lo protein level,
but not mRNA level, was detected in the acute (10 min) and
chronic (7 days) phases of SAH. The difference in levels
between protein and mRNA is not yet clear. Deferoxamine
promoted the expression and activity of HIF-1a, which ame-
liorated basilar artery vasospasm [20]. Additionally, isoflurane
significantly attenuated vasospasm by increasing endothelial
HIF-1 and iNOS in SAH mice [38]. Conversely, HIF-1a was
suggested as an important contributor in the development of
CVS in other studies. 2-Methoxyestradiol might reduce CVS
and improve neurological deficient via inhibiting HIF-1o/
VEGEF and HIF-1o/BNIP3 apoptotic pathways after SAH [70].

To date, both beneficial and detrimental effects of HIF-1a
have been found in SAH. Therefore, the exact mechanism of
HIF-1ain the pathogenesis of SAH is not yet fully elucidated.

Mitochondrial Dysfunction

Mitochondria, the double-membrane organelle, are the pri-
mary energy-generating systems in most eukaryotic cells.
Mitochondria play a vital role in cellular bioenergetics, func-
tion, and survival [29]. Mitochondrial dysfunction leads to a
serial of detrimental consequences, including collapse of the
mitochondrial inner transmembrane potential, disruption of
mitochondrial biogenesis, overproduction of reactive oxygen
species, outflow of matrix calcium, and release of apopto-
genic proteins [6, 25]. Mitochondrial disturbance, as a start-
ing mechanism, results in apoptosis and necrosis.

Mitochondrial dysfunction in neuronal cells of the cortex
has been described in EBI. SB203580, a p38-specific inhibi-
tor, might prevent mitochondrial depolarization, increase
ATP content and decrease cytochrome c release. SB203580
administration attenuated mitochondrial impairment-induced
neuronal apoptosis [21]. However, the molecular mechanism
of SB203580 in the amelioration of mitochondrial dysfunc-
tion is not yet fully elucidated. Tea polyphenols inhibited
mitochondrial membrane potential polarization, leading to
increased ATP content, and blocked cytochrome c release in
the cerebral cortex [41]. Taken together, mitochondrial dys-
function likely plays an important role in the pathogenesis of
SAH, especially in apoptosis.

Autophagy-Lysosomal System

The lysosome, an acidic organelle, is the terminal proteo-
lytic compartment in cells. It can degrade macromolecules
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from endocytosis, phagocytosis, and autophagy [32, 52].
Autophagy, a lysosomal degradation pathway, is involved
in protein degradation and clearing, defective organelle
turnover, and cellular remodeling [39]. Some sequential
processes of autophagy are phagophores, autophagosomes,
the fusing of autophagosomes with lysosomes, degrada-
tion, and recycling/reuse of degradative products [40, 62].
Microtubule-associated protein light chain-3 (LC-3) is an
autophagosome biomarker. Beclin-1 is a Bcl-2-interacting
protein required for autophagy [26].

Increasing attention has been paid to the diverse role of
autophagy in CNS disorders. Appropriate autophagic activ-
ity can facilitate the clearance of the dysfunctional/aging
macromolecules and organelles, thus it can promote neuro-
nal survival, whereas excessive autophagy induces cell death
and is detrimental [59].

The activation of autophagy in neurons was detected in
the EBI period after SAH [28]. The autophagy activity in
cortical neurons peaked at 24 h and recovered at 48 h after
SAH. Rapamycin, an autophagy activator, ameliorated corti-
cal neuronal apoptosis, brain edema, and BBB breakdown by
increasing autophagy-related signaling (LC-3 and beclin-1)
24 h after SAH. Conversely, 3-methyladenine, an autophagy
inhibitor, decreased the level of autophagy-related proteins
and worsened neurological deficits [67]. Furthermore, simv-
astatin suppressed apoptosis and attenuated EBI via enhanc-
ing autophagy [75]. The activation of autophagy prevented
activation of SAH-induced neuronal caspase-dependent and
-independent pathways to inhibit apoptosis [22]. However,
the mutual link between autophagy and apoptosis after SAH
is still unclear and needs to be further investigated.

The role of autophagy in the pathogenesis of cerebral CVS
after SAH also has been investigated. Cystatin C increased
LC-3 in the artery wall 48 h after SAH, which attenuated
SAH-induced CVS [31].

Taken together, these data indicate that autophagy may
be a potential effective target for preventing EBI and CVS
after SAH, but that more investigation focusing on the pre-
cise mechanism is required.

ER Stress

The ER is a cellular organelle with a network of tubular
membranes and is responsible for calcium storage and sig-
naling as well as for protein folding and processing [46].
Once the ER is impaired by some pathophysiological insult,
unfolded proteins accumulate in the lumen of the ER [24].
To cope with lethal conditions, the ER has a variety of stress
responses, including unfolded protein response, ER overload
response, and ER-associated degradation. Those responses
can block the new synthesis of unfolded proteins, but can

also promote the degradation of unfolded or misfolded pro-
teins, which is important for restoring normal ER function.
At the same time, ER stress can also cause a disturbance in
ER function and eventually lead to apoptosis of the affected
cells [47].

ER dysfunction is involved in the pathogenesis of CNS
disorders, including SAH [46, 50]. The pS53-upregulated
modulator of apoptosis (PUMA) promotes apoptosis of endo-
thelial cell and results in BBB disruption after SAH. PUMA
siRNA suppressed the expression of ER-related proteins in
microvascular endothelial cells of the hippocampus [71].
Further studies are likely to yield the exact mechanisms
behind PUMA, ER stress, and apoptosis. C/EBP homolo-
gous protein (CHOP) overexpression was recently found
to possibly play an important role in the ER stress-induced
apoptotic cascades after SAH. CHOP silencing by small
interfering RNA is capable of inhibiting apoptosis, reducing
BBB disruption, and improving neurological function after
SAH [17].

ER stress plays a critical role in the development of
CVS as well. CHOP was elevated in the basilar artery after
SAH. CHOP knockout by its siRNA could reduce bim and
cleaved caspase-3 while increasing bcl-2 in vascular tissues;
therefore, suppressing endothelial apoptosis and amelio-
rating CVS after SAH [18]. Overall, ER stress may be an
important response in EBI and CVS after SAH.

Future Directions and Conclusion

The incomplete knowledge of the mechanisms of SAH and
loose translational research hinder the development of tar-
geted therapies for this devastating disease [27]. Currently,
the significance of functional disturbance of organelles in
the pathophysiology of SAH is emerging. Further identifica-
tion of the precise roles of each organelle in SAH pathogen-
esis will help to elucidate the exact molecular mechanisms
and create hope in discovering effective treatments for this
devastating form of stroke. Electron microscopy or other
imaging technologies will be useful in observing the phe-
notypic transformation of organelles after SAH. Organelle-
specific manipulations may be effective for SAH therapy.
Furthermore, because organelles are a collection of inter-
related components, multitarget therapeutic strategies that
focus on multiple organelles is likely to be more efficient
for SAH treatment. Moreover, considering the significance
of EBI on the outcome of SAH, more efforts on EBI are
required to develop a novel treatment paradigm [14, 51].
Finally, sex differences in the organelles need to be empha-
sized in experimental studies [4, 19].

In conclusion, the functional disturbance of organelles
contributes to the pathogenesis of EBI and CVS after SAH
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by transcription factor entry into the nucleus, ER stress,
mitochondrial dysfunction, and autophagy-lysosomal sys-
tem activation. The crosstalk among these organelles and
their exact roles in SAH remain unclear. Further exploration
to address these issues will broaden our knowledge of the
pathogenesis of SAH and facilitate the development of novel
therapeutic strategies for SAH.

Acknowledgement This study was supported by a National Institutes
of Health grant (NS053407) to JH Zhang and by a National Natural
Science Foundation of China grant (N0.81171096) to JM Zhang.

Conflict of Interest Statement We declare that we have no conflict of
interest.

References

10.

11.

12.

13.

Alaraj A, Charbel FT, Amin-Hanjani S (2009) Peri-operative mea-
sures for treatment and prevention of cerebral vasospasm follow-
ing subarachnoid hemorrhage. Neurol Res 31:651-659

Bain JM, Moore L, Ren Z, Simonishvili S, Levison SW (2013)
Vascular endothelial growth factors A and C are induced in the
SVZ following neonatal hypoxia-ischemia and exert different
effects on neonatal glial progenitors. Transl Stroke Res 4:158-170
Baird L, Dinkova-Kostova AT (2011) The cytoprotective role of
the Keap1-Nrf2 pathway. Arch Toxicol 85:241-272

Bramlett HM (2013) Importance of sex in the pathophysiology and
treatment of acute CNS repair. Transl Stroke Res 4:379-380
Caner B, Hou J, Altay O, Fuj M 2nd, Zhang JH (2012) Transition
of research focus from vasospasm to early brain injury after sub-
arachnoid hemorrhage. J Neurochem 123(Suppl 2):12-21

Chan DC (2006) Mitochondria: dynamic organelles in disease,
aging, and development. Cell 125:1241-1252

Chang CZ, Wu SC, Lin CL, Hwang SL, Kwan AL (2012) Purine
anti-metabolite attenuates nuclear factor kappaB and related
pro-inflammatory cytokines in experimental vasospasm. Acta
Neurochir (Wien) 154:1877-1885

Chen LC, Hsu C, Chiueh CC, Lee WS (2012) Ferrous citrate up-
regulates the NOS2 through nuclear translocation of NFkappaB
induced by free radicals generation in mouse cerebral endothelial
cells. PLoS One 7:46239

Coppadoro A, Citerio G (2011) Subarachnoid hemorrhage: an
update for the intensivist. Minerva Anestesiol 77:74-84

DongY, LiY, Feng D, Wang J, Wen H, Liu D, Zhao D, Liu H, Gao
G, Yin Z, Qin H (2013) Protective effect of HIF-1alpha against hip-
pocampal apoptosis and cognitive dysfunction in an experimental
rat model of subarachnoid hemorrhage. Brain Res 1517:114-121
Dorsch NW, King MT (1994) A review of cerebral vasospasm
in aneurysmal subarachnoid haemorrhage part I: incidence and
effects. J Clin Neurosci 1:19-26

Dzietko M, Derugin N, Wendland MF, Vexler ZS, Ferriero DM
(2013) Delayed VEGF treatment enhances angiogenesis and
recovery after neonatal focal rodent stroke. Transl Stroke Res
4:189-200

Echigo R, Shimohata N, Karatsu K, Yano F, Kayasuga-Kariya 'Y,
Fujisawa A, Ohto T, Kita Y, Nakamura M, Suzuki S, Mochizuki
M, Shimizu T, Chung UI, Sasaki N (2012) Trehalose treat-
ment suppresses inflammation, oxidative stress, and vasospasm
induced by experimental subarachnoid hemorrhage. J Transl Med
10:80

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Fujii M, Yan J, Rolland WB, Soejima Y, Caner B, Zhang JH (2013)
Early brain injury, an evolving frontier in subarachnoid hemor-
rhage research. Transl Stroke Res 4:432-446

Gatti S, Lonati C, Acerbi F, Sordi A, Leonardi P, Carlin A, Gaini
SM, Catania A (2012) Protective action of NDP-MSH in experi-
mental subarachnoid hemorrhage. Exp Neurol 234:230-238
Gump W, Laskowitz DT (2008) Management of post-subarachnoid
hemorrhage vasospasm. Curr Atheroscler Rep 10:354-360

He Z, Ostrowski RP, Sun X, Ma Q, Huang B, Zhan Y, Zhang JH
(2012) CHOP silencing reduces acute brain injury in the rat model
of subarachnoid hemorrhage. Stroke 43:484-490

He Z, Ostrowski RP, Sun X, Ma Q, Tang J, Zhang JH (2012)
Targeting C/EBP homologous protein with siRNA attenuates cere-
bral vasospasm after experimental subarachnoid hemorrhage. Exp
Neurol 238:218-224

Herson PS, Palmateer J, Hurn PD (2013) Biological sex and mech-
anisms of ischemic brain injury. Transl Stroke Res 4:413—419
Hishikawa T, Ono S, Ogawa T, Tokunaga K, Sugiu K, Date I (2008)
Effects of deferoxamine-activated hypoxia-inducible factor-1 on
the brainstem after subarachnoid hemorrhage in rats. Neurosurgery
62:232-240; discussion 240-231

Huang L, Wan J, Chen Y, Wang Z, Hui L, Li Y, Xu D, Zhou W
(2013) Inhibitory effects of p38 inhibitor against mitochondrial
dysfunction in the early brain injury after subarachnoid hemor-
rhage in mice. Brain Res 1517:133-140

Jing CH, Wang L, Liu PP, Wu C, Ruan D, Chen G (2012)
Autophagy activation is associated with neuroprotection against
apoptosis via a mitochondrial pathway in a rat model of subarach-
noid hemorrhage. Neuroscience 213:144-153

Kassell NF, Sasaki T, Colohan AR, Nazar G (1985) Cerebral vaso-
spasm following aneurysmal subarachnoid hemorrhage. Stroke
16:562-572

Kaufman RJ (1999) Stress signaling from the lumen of the endo-
plasmic reticulum: coordination of gene transcriptional and trans-
lational controls. Genes Dev 13:1211-1233

Kroemer G, Dallaporta B, Resche-Rigon M (1998) The mito-
chondrial death/life regulator in apoptosis and necrosis. Annu Rev
Physiol 60:619-642

Kumari S, Anderson L, Farmer S, Mehta SL, Li PA (2012)
Hyperglycemia alters mitochondrial fission and fusion proteins in
mice subjected to cerebral ischemia and reperfusion. Transl Stroke
Res 3:296-304

Lapchak PA, Zhang JH, Noble-Haeusslein LJ (2013) RIGOR
guidelines: escalating STAIR and STEPS for effective translational
research. Transl Stroke Res 4:279-285

Lee JY, He Y, Sagher O, Keep R, Hua Y, Xi G (2009) Activated
autophagy pathway in experimental subarachnoid hemorrhage.
Brain Res 1287:126-135

Lin MT, Beal MF (2006) Mitochondrial dysfunction and oxidative
stress in neurodegenerative diseases. Nature 443:787-795

Lisy K, Peet DJ (2008) Turn me on: regulating HIF transcriptional
activity. Cell Death Differ 15:642-649

Liu Y, Cai H, Wang Z, Li J, Wang K, Yu Z, Chen G (2013)
Induction of autophagy by cystatin C: a potential mechanism for
prevention of cerebral vasospasm after experimental subarachnoid
hemorrhage. Eur J Med Res 18:21

Luzio JP, Pryor PR, Bright NA (2007) Lysosomes: fusion and
function. Nat Rev Mol Cell Biol 8:622-632

Ma CX, Yin WN, Cai BW, Wu J, Wang JY, He M, Sun H, Ding JL,
You C (2009) Toll-like receptor 4/nuclear factor-kappa B signaling
detected in brain after early subarachnoid hemorrhage. Chin Med J
(Engl) 122:1575-1581

Ma Q (2013) Role of nrf2 in oxidative stress and toxicity. Annu
Rev Pharmacol Toxicol 53:401-426

Macdonald RL, Higashida RT, Keller E, Mayer SA, Molyneux A,
Raabe A, Vajkoczy P, Wanke I, Bach D, Frey A, Marr A, Roux S,



Neurovascular Events After Subarachnoid Hemorrhage: Focusing on Subcellular Organelles 45

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kassell N (2011) Clazosentan, an endothelin receptor antagonist,
in patients with aneurysmal subarachnoid haemorrhage undergoing
surgical clipping: a randomised, double-blind, placebo-controlled
phase 3 trial (CONSCIOUS-2). Lancet Neurol 10:618-625
Macdonald RL, Kassell NF, Mayer S, Ruefenacht D, Schmiedek
P, Weidauer S, Frey A, Roux S, Pasqualin A (2008) Clazosentan
to overcome neurological ischemia and infarction occurring
after subarachnoid hemorrhage (CONSCIOUS-1): randomized,
double-blind, placebo-controlled phase 2 dose-finding trial. Stroke
39:3015-3021

Majmundar AJ, Wong WJ, Simon MC (2010) Hypoxia-inducible
factors and the response to hypoxic stress. Mol Cell 40:294-309
Milner E, Harries MD, Vellimana AK, Gidday JM, Han BH,
Zipfel GJ (2013) Post-conditioning with isoflurane reduces
SAH-induced vasospasm and microthrombosis via hypoxia-
inducible factor 1 and nitric oxide synthase. Neurosurgery
60(Suppl 1):181

Mizushima N (2005) The pleiotropic role of autophagy: from
protein metabolism to bactericide. Cell Death Differ 12(Suppl
2):1535-1541

Mizushima N (2007) Autophagy: process and function. Genes Dev
21:2861-2873

Mo H, Chen Y, Huang L, Zhang H, Li J, Zhou W (2013)
Neuroprotective effect of tea polyphenols on oxyhemoglobin
induced subarachnoid hemorrhage in mice. Oxid Med Cell Longev
2013:743938

Napetschnig J, Wu H (2013) Molecular basis of NF-kappaB sig-
naling. Annu Rev Biophys 42:443-468

Naraoka M, Munakata A, Matsuda N, Shimamura N, Ohkuma H
(2013) Suppression of the Rho/Rho-kinase pathway and preven-
tion of cerebral vasospasm by combination treatment with statin
and fasudil after subarachnoid hemorrhage in rabbit. Transl Stroke
Res 4:368-374

Ostrowski RP, Colohan AR, Zhang JH (2005) Mechanisms of
hyperbaric oxygen-induced neuroprotection in a rat model of sub-
arachnoid hemorrhage. J Cereb Blood Flow Metab 25:554-571
Pan H, Wang H, Zhu L, Mao L, Qiao L, Su X (2011) Depletion
of Nrf2 enhances inflammation induced by oxyhemoglobin in cul-
tured mice astrocytes. Neurochem Res 36:2434-2441

Paschen W (2003) Endoplasmic reticulum: a primary target in
various acute disorders and degenerative diseases of the brain. Cell
Calcium 34:365-383

Paschen W, Mengesdorf T (2005) Cellular abnormalities linked
to endoplasmic reticulum dysfunction in cerebrovascular disease—
therapeutic potential. Pharmacol Ther 108:362-375

Pasparakis M (2009) Regulation of tissue homeostasis by
NF-kappaB signalling: implications for inflammatory diseases.
Nat Rev Immunol 9:778-788

Rinkel GJ, Algra A (2011) Long-term outcomes of patients
with aneurysmal subarachnoid haemorrhage. Lancet Neurol
10:349-356

Roussel BD, Kruppa AJ, Miranda E, Crowther DC, Lomas DA,
Marciniak SJ (2013) Endoplasmic reticulum dysfunction in neuro-
logical disease. Lancet Neurol 12:105-118

Rowland MJ, Hadjipavlou G, Kelly M, Westbrook J, Pattinson KT
(2012) Delayed cerebral ischaemia after subarachnoid haemor-
rhage: looking beyond vasospasm. Br J Anaesth 109:315-329
Saftig P, Klumperman J (2009) Lysosome biogenesis and lyso-
somal membrane proteins: trafficking meets function. Nat Rev
Mol Cell Biol 10:623-635

Saggu R (2013) Characterisation of Endothelin-1-Induced intra-
striatal lesions within the juvenile and adult rat brain using MRI
and 31P MRS. Transl Stroke Res 4:351-367

Sarkar FH, Li Y, Wang Z, Kong D (2008) NF-kappaB signaling
pathway and its therapeutic implications in human diseases. Int
Rev Immunol 27:293-319

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Sehba FA, Hou J, Pluta RM, Zhang JH (2012) The importance of
early brain injury after subarachnoid hemorrhage. Prog Neurobiol
97:14-37

Sehba FA, Pluta RM, Zhang JH (2011) Metamorphosis of sub-
arachnoid hemorrhage research: from delayed vasospasm to early
brain injury. Mol Neurobiol 43:27-40

Shih HC, Lin CL, Lee TY, Lee WS, Hsu C (2006) 17beta-Estradiol
inhibits subarachnoid hemorrhage-induced inducible nitric oxide
synthase gene expression by interfering with the nuclear factor
kappa B transactivation. Stroke 37:3025-3031

Simard JM, Tosun C, Ivanova S, Kurland DB, Hong C, Radecki L,
Gisriel C, Mehta R, Schreibman D, Gerzanich V (2012) Heparin
reduces neuroinflammation and transsynaptic neuronal apopto-
sis in a model of subarachnoid hemorrhage. Transl Stroke Res
3:155-165

Smith CM, Chen Y, Sullivan ML, Kochanek PM, Clark RS (2011)
Autophagy in acute brain injury: feast, famine, or folly? Neurobiol
Dis 43:52-59

Switzer JA, Sikora A, Ergul A, Waller JL, Hess DC, Fagan SC
(2012) Minocycline prevents IL-6 increase after acute ischemic
stroke. Transl Stroke Res 3:363-368

Tajiri N, Dailey T, Metcalf C, Mosley YI, Lau T, Staples M, van
Loveren H, Kim SU, Yamashima T, Yasuhara T, Date I, Kaneko
Y, Borlongan CV (2013) In vivo animal stroke models: a ratio-
nale for rodent and non-human primate models. Transl Stroke Res
4:308-321

Uchiyama 'Y, Shibata M, Koike M, Yoshimura K, Sasaki M (2008)
Autophagy-physiology and pathophysiology. Histochem Cell Biol
129:407-420

van Gijn J, Kerr RS, Rinkel GJ (2007) Subarachnoid haemorrhage.
Lancet 369:306-318

Vomhof-Dekrey EE, Picklo MJ Sr (2012) The Nrf2-antioxidant
response element pathway: a target for regulating energy metabo-
lism. J Nutr Biochem 23:1201-1206

Wang Z, Chen G, Zhu WW, Zhou D (2010) Activation of
nuclear factor-erythroid 2-related factor 2 (Nrf2) in the basilar
artery after subarachnoid hemorrhage in rats. Ann Clin Lab Sci
40:233-239

Wang Z, Ma C, Meng CJ, Zhu GQ, Sun XB, Huo L, Zhang J, Liu
HX, He WC, Shen XM, Shu Z, Chen G (2012) Melatonin activates
the Nrf2-ARE pathway when it protects against early brain injury
in a subarachnoid hemorrhage model. J Pineal Res 53:129-137
Wang Z, Shi XY, Yin J, Zuo G, Zhang J, Chen G (2012) Role of
autophagy in early brain injury after experimental subarachnoid
hemorrhage. J Mol Neurosci 46:192-202

Wang Z, Zuo G, Shi XY, Zhang J, Fang Q, Chen G (2011)
Progesterone administration modulates cortical TLR4/NF-kappaB
signaling pathway after subarachnoid hemorrhage in male rats.
Mediators Inflamm 2011:848309

Wu C, Hu Q, Chen J, Yan F, Li J, Wang L, Mo H, Gu C, Zhang P,
Chen G (2013) Inhibiting HIF-1alpha by 2ME2 ameliorates early
brain injury after experimental subarachnoid hemorrhage in rats.
Biochem Biophys Res Commun 437:469-474

Yan J, Chen C, Lei J, Yang L, Wang K, Liu J, Zhou C (2006)
2-Methoxyestradiol reduces cerebral vasospasm after 48 hours
of experimental subarachnoid hemorrhage in rats. Exp Neurol
202:348-356

Yan J, Li L, Khatibi NH, Yang L, Wang K, Zhang W, Martin RD,
Han J, Zhang J, Zhou C (2011) Blood-brain barrier disruption
following subarchnoid hemorrhage may be facilitated through
PUMA induction of endothelial cell apoptosis from the endoplas-
mic reticulum. Exp Neurol 230:240-247

You WC, Li W, Zhuang Z, Tang Y, Lu HC, Ji XJ, Shen W, Shi
JX, Zhou ML (2012) Biphasic activation of nuclear factor-kappa
B in experimental models of subarachnoid hemorrhage in vivo and
in vitro. Mediators Inflamm 2012:786242



46

S.Chenetal.

73.

74.

75.

76.

Zacharia BE, Hickman ZL, Grobelny BT, DeRosa P, Kotchetkov I,
Ducruet AF, Connolly ES Jr (2010) Epidemiology of aneurysmal
subarachnoid hemorrhage. Neurosurg Clin N Am 21:221-233
Zhang J, Zhu Y, Zhou D, Wang Z, Chen G (2010) Recombinant
human erythropoietin (thEPO) alleviates early brain injury fol-
lowing subarachnoid hemorrhage in rats: possible involvement of
Nrf2-ARE pathway. Cytokine 52:252-257

Zhao H, Ji Z, Tang D, Yan C, Zhao W, Gao C (2013) Role of
autophagy in early brain injury after subarachnoid hemorrhage in
rats. Mol Biol Rep 40:819-827

Zhao X, Aronowski J (2013) Nrf2 to pre-condition the brain
against injury caused by products of hemolysis after ICH. Transl
Stroke Res 4:71-75

71.

78.

79.

Zhao XD, Zhou YT, Lu XJ (2013) Sulforaphane enhances the
activity of the Nrf2-ARE pathway and attenuates inflammation in
OxyHb-induced rat vascular smooth muscle cells. Inflamm Res
62:857-863

Zhao XD, Zhou YT, Zhang X, Wang XL, Qi W, Zhuang Z, Su XF,
Shi JX (2010) Expression of NF-E2-related factor 2 (Nrf2) in the
basilar artery after experimental subarachnoid hemorrhage in rab-
bits: a preliminary study. Brain Res 1358:221-227

Zhou ML, Shi JX, Hang CH, Cheng HL, Qi XP, Mao L,
Chen KF, Yin HX (2007) Potential contribution of nuclear
factor-kappaB to cerebral vasospasm after experimental sub-
arachnoid hemorrhage in rabbits. J Cereb Blood Flow Metab
27:1583-1592



Effects of Diltiazem on Sympathetic Activity in Patients
with Aneurysmal Subarachnoid Hemorrhage

Takeshi Ogura, Ririko Takeda, Hidetoshi Ooigawa, Hiroyuki Nakajima, and Hiroki Kurita

Abstract This study evaluated the effect of diltiazem, a
calcium antagonist, on sympathetic activity in patients
with aneurysmal subarachnoid hemorrhage (SAH) during
the hyperacute stage. Of patients with aneurysmal SAH
who underwent aneurysm repair between August 2008
and June 2011, 119 consecutive patients were enrolled in
this prospective study. On admission, patients were
assigned to an antihypertensive treatment receiving con-
tinuous infusion of diltiazem (67 patients) or nicardipine
(52 patients). Plasma levels of adrenaline (AD), noradren-
aline (NA), and dopamine (DP) were repeatedly measured
using high-performance liquid chromatography (HPLC).
There were no significant differences in patient character-
istics or aneurysm topography between the two groups. In
all patients, acute surge of catecholamines was observed
with mutual correlation. However, patients receiving dil-
tiazem exhibited a significantly lower plasma concentra-
tion of DP than those receiving nicardipine, 3 and 6 h after
admission. A similar trend was observed for NA, but the
difference was not significant at 6 h. Conversely, the con-
centration of AD was similar between the two groups.
Diltiazem may suppress sympathetic activity in the hyper-
acute stage of aneurysmal SAH. Further studies are
needed to verify the beneficial effect of diltiazem in
patients with SAH.
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Introduction

Subarachnoid hemorrhage (SAH) is a serious condition
associated with a high rate of mortality and morbidity.
The plasma concentration of catecholamines often
increases rapidly and excessively after the onset of SAH,
causing harmful sympathetic reactions, including ECG
abnormalities and pulmonary edema [2, 3, 10, 12, 15, 16,
18, 20]. These systemic insults can affect patient out-
comes, and direct or indirect effects of catecholamines on
cerebral vessels have been proposed as a predictor of poor
prognosis [4, 5, 17].

Among Ca?* channel blockers, diltiazem and nicardip-
ine are widely used in Japan for the control of blood pres-
sure during the hyperacute phase of SAH. Diltiazem is
known to inhibit catecholamine release in the
sympathetic nervous system in coma conditions [9, 13,
14, 20]. The aim of this study is to evaluate the effect of
diltiazem on sympathetic activity in patients with hyper-
acute SAH.

Patients and Methods

Of patients with aneurysmal SAH who underwent aneu-
rysm repair between August 2008 and June 2011, 119 con-
secutive patients were enrolled in this prospective study (38
men and 81 women; age range, 31-97 years; mean, 62
years). Baseline demographics (age and sex), physiological
parameters (blood pressure, heart rate), and neurological
grading (Hunt & Kosnic grade) were recorded on admis-
sion. Diagnosis of SAH was made by CT scan, and the
amount of subarachnoid blood was categorized according
to the Fisher scale.
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All patients underwent strict blood pressure control
(<140 mmHg) using continuous venous infusion of diltia-
zem (5-15 pg/ml/min) or nicardipine (0.5-6 pg/ml/min)
immediately after admission. Principally, the antihyperten-
sives were selected randomly, but the patient’s condition,
including heart rate and ECG abnormalities, were consid-
ered in some cases. All patients were sedated with continu-
ous intravenous infusion of propofol before aneurysm
treatment. Blood samples were collected at 0, 3, and 6 h
after admission and plasma concentrations of dopamine
(DP), noradrenaline (NA), and adrenaline (AD) were mea-
sured by high-performance liquid chromatography (HPLC)
[7]. The limit of detection for plasma catecholamines was
0.02 ng/ml.

The ruptured aneurysms were repaired by surgical clip-
ping (75 patients) or endovascular coiling (44 patients),
depending on the aneurysm and hematoma topography. The
blood samples were collected before surgery, in consider-
ation of the influence of anesthesia and surgical insults on the
sympathetic nervous system.

Data were analyzed using commercially available soft-
ware (SigmaPlot). The significance of differences between
the diltiazem and nicardipine groups at each time point was
determined using a two-tailed multiple 7-test with Bonferroni
correction. The corrected significance level p value is
0.05/3=0.017. The present study was approved by the
Committee on Human Research at Saitama International
Medical Center, and informed consent was obtained from all
patients or family members for the acquisition of blood
samples.

Results

The basic characteristics of patients in the two groups are
shown in Table 1. There were no significant differences in
patient characteristics that might affect serum catecholamine
values [18].

Immediately after the onset of SAH, markedly high levels
of AD were seen, which then rapidly decreased to the normal
range within 6 h. There were no significant differences
between the two groups at any time point (Fig. 1a). Patients
receiving diltiazem exhibited lower plasma concentrations of
NA and DP than those receiving nicardipine at 3 and 6 h. The
difference was not significant for NA levels (p=0.021,
P=0.368, respectively) (Fig. 1b), but a significant difference

Table 1 Characteristics of patients in each treatment group

Diltiazem Nicardipine

Number of patients 67 52

Male/Female 23/44 15/37 n.s.
Age 59+12 6212 n.s.
Blood pressure

(on admission)

Systolic 164+30 167+24 n.s.
Diastolic 87+18 87x16 n.s.
Time after onset 4.6x4.6 4.7£5.7 n.s.
Hunt & Kosnic grade 2.8+1.0 27+1.0 n.s.
Fisher scale (14+2/3+4)  5/62 4/48 n.s.

was observed in DP levels at 3 h (p=0.002, p=0.029, respec-
tively) (Fig. 1c¢).

Discussion

The present study demonstrated that diltiazem may be more
repressive than nicardipine against the acute surge of NA and
DP in patients with SAH. NA and DP are mainly derived from
sympathetic nerve endings [5] and our findings support the
notion that diltiazem exerted inhibitory effects on the sympa-
thetic nervous system. The primary action of Ca?* channel
blockers is to inhibit the Ca?* influx through voltage-dependent
calcium channels in the plasma membrane that leads to relax-
ation and vasodilation of vascular smooth muscle [1]. Previous
studies have shown that the inhibition of Ca* channels can
decrease catecholamine release by inhibiting neurotransmitter
release at adrenergic nerve terminals [6, 11]. Several authors
reported that diltiazem might have an inhibitory effect on sym-
pathetic transmission through some extra actions in addition to
the inhibition of Ca?* influx into the adrenergic nerve endings
[8, 16], although the mechanism remains to be elucidated.

We have demonstrated previously that AD concentrations
were markedly high immediately after SAH onset and
decreased rapidly, whereas NA and DP concentrations had a
significant time delay until their peak occurred compared
with AD [17, 19]. The discrepancy of response to diltiazem
among catecholamines may arise from the difference in the
time course of when diltiazem affects the activated sympa-
thetic nervous system. Further controlled clinical trials are
needed to establish the beneficial effect of diltiazem in
patients with aneurysmal SAH.
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Conclusion

Our preliminary data indicate that diltiazem can suppress
sympathetic activity and may contribute favorable outcome

to patients with SAH.
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Haemoglobin Scavenging After Subarachnoid Haemorrhage

A. Durnford, J. Dunbar, J. Galea, D. Bulters, J.A.R. Nicoll, D. Boche, and I. Galea

Abstract Rapid and effective clearance of cell-free haemo-
globin after subarachnoid haemorrhage (SAH) is important
to prevent vasospasm and neurotoxicity and improve long-
term outcome. Haemoglobin is avidly bound by haptoglobin,
and the complex is cleared by CD163 expressed on the mem-
brane surface of macrophages. We studied the kinetics of
haemoglobin and haptoglobin in cerebrospinal fluid after
SAH. We show that haemoglobin levels rise gradually after
SAH. Haptoglobin levels rise acutely with aneurysmal rup-
ture as a result of injection of blood into the subarachnoid
space. Although levels decline as haemoglobin scavenging
occurs, complete depletion of haptoglobin does not occur
and levels start rising again, indicating saturation of CD163
sites available for haptoglobin—haemoglobin clearance. In a
preliminary neuropathological study we demonstrate that
meningeal CD163 expression is upregulated after SAH, in
keeping with a proinflammatory state. However, loss of
CD163 occurs in meningeal areas with overlying blood com-
pared with areas without overlying blood. Becauses
ADAM17 is the enzyme responsible for shedding membrane-
bound CD163, its inhibition may be a potential therapeutic
strategy after SAH.
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Introduction

Spontaneous subarachnoid haemorrhage (SAH) is an acute
cerebrovascular event that causes significant morbidity and
mortality. The majority of cases result from ruptured intra-
cranial aneurysms. After SAH, evidence suggests that extra-
cellular haemoglobin (Hb) released from erythrocytes within
the subarachnoid space is the agent responsible for poor out-
comes [9], mediated by effects on cerebral vessels and neu-
rons, leading to ischemia caused by vasospasm and direct
neurotoxicity.

Outside the brain, the CD163-haptoglobin axis is respon-
sible for Hb scavenging. Haptoglobin has a very high affinity
for Hb. The resulting haptoglobin—-Hb complex formation
uncovers a neoepitope on haptoglobin that enables recogni-
tion of the complex by CD163 expressed on the membrane
surface of myeloid cells [8]. This results in receptor-mediated
endocytosis of the complex and further intracellular degrada-
tion of Hb into bilirubin. ADAM17 enzyme is coexpressed
by CD163-expressing myeloid cells and proteolytically
cleaves CD163 from the cell membrane surface, resulting in
constitutive circulating levels of soluble CD163 [3].
ADAMI17 may be upregulated by ischemia [2] and inflam-
mation [7], which results in increased soluble CD163
shedding.

In the brain, CD163 is expressed by perivascular and
meningeal macrophages in both rodents and humans [4, 5];
these macrophages are strategically located to scavenge
blood products after SAH. We have recently shown satura-
tion of the CD163-haptoglobin system after SAH [6] by
examining cerebrospinal fluid (CSF) from patients with SAH
and healthy individuals. We demonstrated that CSF hapto-
globin coexisted with free uncomplexed Hb, suggesting that
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CD163-mediated clearance of haptoglobin—-Hb complexes
was saturated after SAH. This could be secondary to purely
overwhelming CD163 sites available for binding in the cen-
tral nervous system, proteolytic loss of membrane-bound
CD163 mediated by ADAM17, or both. Preliminary evidence
suggested that CD163 was indeed being shed because CSF
soluble CD163 levels were higher after SAH compared with
controls, and most of it was synthesised intrathecally. We
could not examine the levels of membrane-bound CD163
available for binding in these patients because this requires
availability of tissue for immunohistochemistry or Western
blot, and only CSF was available from these patients.

Here we sought additional evidence for saturation of the
CD163-haptoglobin system by examining the kinetics of
CSF Hb and haptoglobin levels with time. We also examined
post-mortem tissue from brains of SAH and control patients
to determine the level of membrane-bound CD163.

Materials and Methods

Cerebrospinal fluid (CSF) from patients with SAH (n=30)
and control individuals (n=20) was analysed by derivative
spectrophotometry for Hb and enzyme-linked immunosor-
bent assay for haptoglobin (AssayPro, MO, USA). In patients
with SAH, CSF was obtained from external ventricular drains
on insertion. However, unlike serial samples taken after
drainage, these CSF samples therefore truly reflect the com-
position of CSF at different time points after SAH. Control
individuals were patients with non-inflammatory/non-haem-
orrhagic conditions undergoing lumbar puncture; their CSF
was subsequently found to be normal with respect to protein,
glucose, cell count, cytology, albumin CSF/serum quotient
and isoelectric focusing for oligoclonal bands. Samples were
collected with Research Ethical Committee approval (04/
Q2707/236 and 07/H0304/71).

Post-mortem formalin-fixed paraffin-embedded tissue
from a different set of SAH (n=7) and control cases (n=5)

was obtained from the brain bank, BRAIN UK (Research
Ethical Committee approval 09/H0504/68). Control cases
were matched for age and sex, did not die from neurological
causes, and were selected carefully to exclude inflammatory,
haemorrhagic or neurodegenerative pathology; these served
as “external” controls. In SAH cases, regions of cerebral
cortex with overlying blood and no overlying blood were
selected for each case; the cortical areas with no overlying
blood were chosen to act as additional “internal” controls
(avoiding inter-individual variability). Sections were cut,
rehydrated, microwaved in EDTA buffer for 25 min to retrieve
antigen, incubated with anti-CD163 antibody (EDhul, AbD
Serotec, UK) at 1:1000 dilution for 90 min at room tem-
perature, then with secondary antibody, followed by 0.05 %
3,3’-diaminobenzidine, and finally counterstained with hae-
motoxylin, dehydrated and mounted in DPX. Sections were
stained in the same run. Images were digitally acquired using
a camera mounted on a light microscope, at magnification
%20, and analysed on Image] (version 1.41, NIH US) to
obtain a percentage protein load. Mann-Whitney test was
used because the data was non-parametric (SPSS 19 soft-
ware, SPSS Inc., US). Plots were generated in GraphPad
Prism 6.

Results

Examination of the kinetics of CSF Hb levels showed that
they rose progressively between days 1 and 4 after SAH
(Fig. 1a). There was an additional rise in CSF Hb levels
between day 4 and day 6, however the standard deviation on
day 6 was very high. CSF haptoglobin levels rose sharply
after SAH (Fig. 1b), reflecting spillage of blood-derived hap-
toglobin into the CSF during the acute bleed. This was fol-
lowed by a steady decline in CSF haptoglobin, reflecting
consumption during CD163-mediated scavenging of hapto-
globin—-Hb complexes. However depletion did not occur,
indicating saturation and/or loss of membrane-bound CD163
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available for scavenging. Moreover, CSF haptoglobin levels
started rising again on day 4, and there was a statistically
significant difference between day 4 and day 6 CSF hapto-
globin levels, indicating saturation of the CD163-haptoglo-
bin system.

Our previous study had suggested intrathecal soluble
CD163 shedding after SAH [6], which may partially
explain the saturation of Hb—haptoglobin clearance via loss
of membrane-bound CD163 sites available, if these are not
replenished. We therefore proceeded to examine menin-

Fig.2 CD163 immunohistochemical staining of meninges after SAH,
counterstained with haemotoxylin, at magnification x20. Arrow indi-
cates CD163 + ve meningeal macrophages (brown)

geal CD163 expression in post-mortem tissue after SAH
and in control individuals. CD163 stained cells with the
morphological appearance of meningeal (Fig. 2) and peri-
vascular macrophages. SAH resulted in up-regulation of
CD163 expression (Fig. 3a, two-fold, p=0.02), in keeping
with the pro-inflammatory nature of SAH. Interestingly,
in meningeal areas with overlying blood, CD163 levels
were lower versus areas without overlying blood (Fig. 3a,
p=0.02), approximating the levels seen in control cases.
This was also observed after comparing meningeal areas
with and without overlying blood from the same patients,
to eliminate intra-individual variability (Fig. 3b, p=0.03).
No such difference was observed in the grey matter (ie
perivascular CD163). CD163 meningeal staining is illus-
trated in Fig. 3.

Discussion

In this kinetic study, we showed that CSF haptoglobin levels
rise acutely after SAH as a consequence of the injection of
blood into the subarachnoid space. Under normal circum-
stances, the CNS is deficient of haptoglobin, with the total
Hb-binding capacity in the CSF being x50,000 less than that
of blood [6]. The automatic delivery of haptoglobin from
serum to CSF during aneurysmal rupture may well protect
against and help clear the Hb released during initial haemol-
ysis. Haptoglobin binding to Hb prevents it from participat-
ing in toxic redox reactions [1] that damage blood vessels
and neurones.

During extracranial haemolysis, haptoglobin never co-
exists with free uncomplexed Hb. This is because the affinity
of membrane-bound CD163 to haptoglobin—Hb complexes
is very high, and the total Hb-binding capacity of the body
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is not limiting. We show that the situation is different during
intracranial haemolysis. Not only does haptoglobin co-exist
with Hb, but haptoglobin levels start rising between days 4
and 6. This is clear evidence of saturation of CD163-mediated
uptake of haptoglobin—-Hb complexes. Such saturation is
likely to be of importance because CSF Hb levels rise further
between days 4 and 6.

In this preliminary neuropathological study, we dem-
onstrate that a potential mechanism for the persistence of
haptoglobin despite high levels of Hb is the loss of membrane-
bound CD163 sites available for scavenging haptoglobin—
Hb complexes. Although meningeal CD163 up-regulation
occurred after SAH, there was loss of CD163 in meningeal
areas with overlying blood.

Replication of these findings in a larger number of cases
in needed. CD163 is shed by the proteolytic action of
ADAMI17 expressed by the same macrophages. ADAM17 is
a highly regulated enzyme, with at least two known naturally
occurring inhibitors: TIMP3 (tissue inhibitor of metallopro-
teinase-3) and PDI (protein disulphide isomerase), and can
adopt active and non-active conformational states [10, 11].

Conclusion

We demonstrate that haemoglobin levels rise gradually after
SAH. Haptoglobin levels rise acutely with aneurysmal rup-
ture as a result of injection of blood into the subarachnoid
space. Although levels decline as haemoglobin scavenging
occurs, complete depletion of haptoglobin does not occur
and levels start rising again, indicating saturation of CD163
sites available for haptoglobin—haemoglobin clearance.
Meningeal CD163 expression is upregulated after SAH, in
keeping with a proinflammatory state. Further study is
needed to dissect the mechanism of CD163 shedding after
SAH because ADAM17 inhibition may be a potential thera-
peutic strategy.
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Mild Exercise Reduces Cerebral Vasospasm After Aneurysm
Subarachnoid Hemorrhage: A Retrospective Clinical Study
and Correlation with Laboratory Investigation

Margaret A. Riordan, Michele Kyle, Christina Dedeo, Mark R. Villwock, Matthew Bauer,

Mary Lou Vallano, and Eric M. Deshaies

Abstract Background: Aneurysmal subarachnoid hemor-
rhage (SAH) is a leading cause of death and disability and is
often complicated by cerebral vasospasm (CV). Conventional
management to prevent CV includes bedrest; however, inac-
tivity places the patient at risk for nonneurological complica-
tions. We investigated the effect of mild exercise after SAH
in clinical and laboratory settings. Methods: Clinical: Data
from 80 patients with SAH were analyzed retrospectively.
After aneurysms were secured, physical therapy was initi-
ated as tolerated. CV and complications were compared by
the timing of active physical therapy. Laboratory: 18 Rodents
were divided into three groups: (1) control, (2) SAH without
exercise, and (3) SAH plus mild exercise. On day 5, brain-
stems were removed and analyzed for the injury marker
inducible nitric oxide synthase (iNOS). Results: Clinical:
Mild exercise before day 4 significantly lowered the inci-
dence of symptomatic CV compared with the nonexercised
group. There was no difference in the incidence of additional
complications based upon exercise. Laboratory: Staining for
iNOS was significantly higher in the SAH group than the
control group, but there was no difference between exercised
and nonexercised SAH groups, confirming that exercise did
not promote neuronal injury. Conclusion: Early mobiliza-
tion significantly reduced clinical CV. The relationship
should be studied further in a prospective trial with defined
exercise regimens.

M.A. Riordan, MD ¢ M. Kyle, BS « M.R. Villwock, MS * M. Bauer
Department of Neurosurgery, SUNY Upstate Medical University,
Syracuse, NY, USA

C. Dedeo, BS * M.L. Vallano, PhD
Department of Neuroscience and Physiology, SUNY Upstate
Medical University, Syracuse, NY, USA

E.M. Deshaies, MD (IX)

Department of Neurosurgery, SUNY Upstate Medical University,
Syracuse, NY 13210, USA

e-mail: eric.m.deshaies @gmail.com

Keywords Aneurysm ¢ Cerebral vasospasm ¢ Early mobili-
zation ¢ Subarachnoid hemorrhage

Introduction

In the United States alone, nearly 30,000 people suffer from
subarachnoid hemorrhage (SAH) after cerebral aneurysm
rupture. Up to 70 % of the initial survivors are at risk for
subsequent complications from cerebral vasospasm (CV).
CV may be either mild and asymptomatic, or severe and
resulting in delayed ischemic neurological deficits (DINDs)
in 30-40 % of patients [9—11, 25, 37, 38]. The delayed onset
after SAH makes CV an ideal target for preventative inter-
ventions [9, 18, 24, 26, 28, 38, 41].

Contemporary management of CV includes aneurysm sac
occlusion followed by bedrest, triple-H (hypertension,
hypervolemia, and hemodilution) therapy, and, although
controversial, administration of potential neuroprotectant
agents such as magnesium sulfate, nimodipine, statins, and
enoxaparin. Each component is aimed at reducing the nega-
tive effects of CV by promoting cerebral blood flow (CBF) to
prevent ischemia from hypoperfusion and microembolic
infarcts. Although triple-H therapy was developed to mini-
mize the effects of CV, it is not without medical complica-
tions, including cardiac failure, electrolyte abnormalities,
cerebral edema, bleeding diatheses, and pulmonary edema
[11, 19, 34]. Furthermore, only hypertension has been shown
to be effective against DINDs, clearly demonstrating a need
for further investigation into new therapies and management
techniques for SAH [1, 4, 6, 10, 11, 19, 27, 34].

Stringent bedrest, which is frequently prescribed to pre-
vent DINDs after the aneurysm has been secured, intui-
tively seems to counteract therapeutic efforts to optimize
CBF. Bedrest and immobilization reduce cardiac return,
decrease vascular tone, and increase venous pooling, all of
which counteract the efforts of triple-H therapy and increase
the risk of cardiopulmonary and venous complications.

J. Fandino et al. (eds.), Neurovascular Events After Subarachnoid Hemorrhage, Acta Neurochirurgica Supplement, Vol. 120, 55
DOI 10.1007/978-3-319-04981-6_10, © Springer International Publishing Switzerland 2015
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Randomized control trials have demonstrated that critically
ill patients treated with early physical and occupational
therapy had fewer adverse events associated with prolonged
bedrest; however, these studies did not include SAH
patients [31, 35]. In addition, similar studies have shown
improved outcomes in patients with ischemic stroke who
were mobilized early during their hospitalization [5, 14,
40] and demonstrated that changes in head position, pas-
sive range of motion, and mild exercise do not increase
intracranial pressure or negatively impact CBF [6, 8, 17,
29]. These studies at the very least suggest that early physi-
cal therapy should be safe and may prove beneficial in
patients with SAH. We took a two-targeted approach to
investigating whether this is true, using both clinical and
basic science venues. We hypothesized that early mobiliza-
tion using mild exercise in patients with SAH (after their
aneurysms had been secured) would not increase the inci-
dence of CV. This hypothesis also was investigated further
at the biomolecular level by engaging rodents in a mild
exercise regimen after SAH that mimics the human clinical
scenario [12, 20-22].

Materials and Methods

After obtaining approval from our Institutional Review
Board, data was retrospectively collected from the charts of
all aneurysm SAH patients who presented to our institution
during a 3-year period (2009-2012) and who were treated by
the same dual fellowship-trained cerebrovascular—endovas-
cular neurosurgeon to minimize variability between physi-
cians. Data collected from the charts are listed in Table 1. For
purpose of analysis, a Fisher Grade (FG) 3 +4 was assigned
to patients with a FG 3 plus extensive intraventricular (IVH)
or intraparenchymal (IPH) hemorrhage to distinguish them
from a FG 4 implying extensive IVH and IPH without exten-
sive SAH, such that FG 3+4 implies a SAH more severe
than either FG 3 or FG 4 alone. This system is used at our
institution to distinguish between those patients with exten-
sive IPH or IVH who are at a low risk for CV (FG 4) accord-
ing to Fisher’s original reports and those with IVH or IPH at
high risk for CV because of associated extensive SAH (FG
3+4)[13].

All of the patients were managed by our standard SAH
protocol that included nimodipine, continuous intravenous
magnesium sulfate infusion, and simvastatin at the time of
admission and enoxaparin after securing the aneurysm. All
aneurysms were secured with either surgical clip ligation or
endovascular embolization by the senior author (EMD)
within 24 h of admission. Deep venous thrombosis (DVT)
prophylaxis was initiated immediately after admission using
lower extremity sequential compression devices.

Table 1 Patient demographics

Characteristic Number (%)
Male 29 (36)
Female 51 (64)
Hunt and Hess grade

I 1(1)

I 39 (49)

11 26 (32)

v 12 (15)

\Y% 2(2)
Fisher grade

0 4(5)

1 4(5)

2 4(5)

3 21 (26)

3+4 23 (29)

4 24 (30)
Aneurysm location

Anterior circulation 58 (73)

Posterior circulation 13 (16)

Multiple 9(11)
Treatment

Clip 29 (36)

Coil 51 (64)

Physical (PT) and occupational (OT) therapies were initi-
ated within 24 h after the aneurysm was secured and patients
were encouraged to ambulate with the nursing staff. The PT
regimens were not standardized and activity was based on the
functional ability of the patient. Functional ability and level
of participation in therapy was divided into three categories:
(1) Mild Exercise with Ambulation—ambulated whenever
possible throughout the day plus participation in therapy ses-
sions for 1545 min daily, (2) Mild Exercise without
Ambulation—out of bed and ambulation to chair only with
participation in active range of motion (ROM) exercises, and
(3) Non-Exercised Control—passive ROM exercises in all
extremities and unable to participate in therapy sessions
because of the severity of illness. Therapists and nurses would
assist those who had difficulty with transferring out of bed,
standing, and ROM exercises to ensure that they were exer-
cised or had sufficient limb movement throughout the day.

For the purpose of statistical comparison, we categorized
any patients from group 1 or 2 by the day they initiated active
participation. Four groups were established: (1) initiation of
active physical therapy before the vasospasm period (i.e., post-
bleed day (PBD)-4), (2) initiation before PBD-10, (3) initia-
tion before PBD-20, and (4) no active participation in physical
therapy throughout the first 20 days of hospitalization.
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Daily bedside transcranial Doppler studies were used to
monitor for CV, and CT-angiography and CT-perfusion were
performed at admission before the onset of CV as a reference
and then on PBDs 4, 6, and 10 with some variation if CV was
suspected clinically; PBD 14 was also included if severe CV
was present on PBD 10 before discharging the patient to
rehabilitation or home. Aggressive intraarterial spasmolytic
therapy was provided with spasmolytic agents or balloon
angioplasty in symptomatic cases resistant to a maximum of
1 hour of standard medical management. Complications
occurring during hospitalization were noted on the basis of
discharge diagnoses noted in the discharge summary as well
as consultation notes from specialty services.

Data were analyzed using SPSS Version 17 (IBM
Corporation, Armonk, NY, USA). Categorical variables were
compared using Fisher Exact Tests. Multivariate analysis was
performed using forward stepwise binary logistic regression
with symptomatic CV as the dependent variable. Categorical
variables tested in the model included (1) FG>3, (2) Hunt
Hess Score (HHS) >3, (3) active exercise initiation, and (4)
endovascular treatment. Odds ratios and their 95 % confidence
intervals were reported. Two-sided probability values were
considered statistically significant for all analyses if P<0.05.

Rodent SAH Model of Early Mobilization

All procedures involving the use of animals were in accor-
dance with the Guide for Care and Use of Laboratory
Animals, US Department of Health and Human Services,
and approved by the Committee for the Humane Use of
Animals of the university. The double-injection SAH rodent
model for induction of basilar artery CV described by us pre-
viously was used for this study [12]. Briefly, 18 male
Sprague-Dawley rats ranging from 250-300 g (Taconic
Farms, Germantown, NY, USA) were equally divided into
four groups: (1) SAH Control—cisternal injections of nor-
mothermic (37 °C) normal saline (0.9 % NaCl) as a substi-
tute for the blood injections and no exercise; (2) Exercised
Control—SAH, no exercise; (3) Early Exercise—SAH plus
mild exercise 24 h after injections; and (4) Late Exercise—
SAH plus mild exercise 48 h after injection. These groups
were established to mimic the early and late mild exercise
regimens seen clinically. We implemented a mild exercise
regimen that did not induce a severe stress response reported
in the more intense exercise regimens to minimize confound-
ing variables in the model [30, 39]. A treadmill (IITC Life
Science model 801) was used to engage the rats in a mild
exercise regimen. All rats were familiarized with, but not
exercised on, the treadmill daily for 3 days before the first
surgery to minimize the potential psychological stressor of a
new environment at the time of experimentation. Exercised

animals ran at 10 m/min for 20 min each day (200 m/day) for
4 consecutive days; non-exercised animals were placed on a
static treadmill using the same time parameters. All subjects
were killed 5 days after the second cisternal injection and the
brain tissues were fixed for tissue slicing [12, 23].

The cisternal double-injection SAH model specifically
induces basilar artery CV; thus, we chose to analyze the brain-
stem for the injury marker, inducible nitric oxide synthase
(iNOS) [3, 32]. Briefly, brainstem sections were incubated
with primary iNOS antibody (Santa Cruz), rinsed in phos-
phate-buffered saline (PBS), and then incubated in 10 % nor-
mal donkey serum (NDS). Tissue was then incubated for 2 h
with primary iNOS antibody (1:50 dilution). After primary
antibody incubation, sections were washed in PBS and incu-
bated with the secondary antibody Alexa Fluor 594 anti-rabbit
(1:400 dilution). These sections were washed and incubated in
Hoechst (1:1000 dilution) for nuclear staining. Sections were
washed and cover slipped with Vectashield Mounting Media.
Antibody fluorescence was visualized with a Nikon TE2000-U
fluorescent microscope at 20x. Images were photographed
using SPOT Advance imaging software. Photographs of brain-
stem tissue adjacent to the basilar artery were used to quantify
iNOS-positive cells (20x). Fluorescing cells were counted in a
predetermined rectangular section of brainstem tissue. These
data were collected and statistical comparison between the
groups was performed using Analysis of Variance (ANOVA)
followed by Fisher’s Protected Least Significant Difference
(PLSD) or Tukey/Kramer post hoc test. A probability of
(P<0.05) was considered statistically significant.

Results

Eighty SAH patients met criteria to be included in this study
and were all managed according to the standard SAH proto-
col described above. The mean age was 56.0 years with a
female predominance (64 %), and the majority presented
with a good to mildly impaired neurological examination
(HHS of 2 or 3) and severe SAH (FG 3, 3+4). 51 patients
(64 %) were treated with coil embolization and the rest were
surgically clipped (Table 1). There was no difference in HHS
(P=0.645) or FG (P=0.335) between surgically and endo-
vascular treated patients, but as would be expected, there was
a statistically significant difference in HHS (P=0.003)
between FG’s. Of those with a FG>3, 57 % also had a
HHS >3, in comparison to only 8 % of those with a FG<3.
Twenty-two patients from the mild exercise groups were able
to ambulate or participate in active ROM therapy prior to
PBD-4, an additional 20 patients began active therapy before
PBD-10, and 9 patients began before PBD-20. The remain-
ing 29 patients received passive ROM during the first 20
days of hospitalization (Table 2).
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Table 2 Patient characteristics and outcome comparison by the timing of active physical therapy

Day of active exercise initiation

<3 (n=22) 4-9 (n=20)
Male 6 (27.3 %) 9 (45.0 %)
Hunt-Hess >3 7 (31.8 %) 7 (35.0 %)
Fisher grade >3 19 (86.4 %) 14 (70.0 %)
Endovascular aneurysm 18 (81.8 %) 12 (60.0 %)
securement
Symptomatic cerebral 3(13.6 %) 7 (35.0 %)
vasospasm
Radiographic cerebral 14 (63.6 %) 11 (55.0 %)
vasospasm
Complications 8 (36.4 %) 9 (45.0 %)
Discharge disposition
Home 17 (77.3 %) 10 (50.0 %)
Rehabilitation 3 (13.6 %) 9 (45.0 %)
Deceased 2 (9.1 %) 1 (5.0 %)

10-19 (n=9) >20/none (n=29) P
5(55.6 %) 9 (31.0 %) 0.366
4 (44.4 %) 22 (75.9 %) 0.005*
9 (100 %) 26 (89.7 %) 0.179
6 (66.7 %) 15 (51.7 %) 0.158
4 (44.4 %) 16 (55.2 %) 0.019*
6 (66.7 %) 18 (62.1 %) 0.917
5(55.6 %) 12 (41.4 %) 0.795
4 (44.4 %) 8 (27.6 %) 0.005¢
5(55.6 %) 12 (41.4 %) 0.050¢
0 (0 %) 9 (31.0 %) 0.035¢

a<3 versus >20, P=0.002; 4-9 versus >20, P=0.007
v<3 versus >20, P=0.003

¢<3 versus >20, P=0.001

4<3 versus 4-9, P=0.040; <3 versus 10-19, P=0.027
¢4-9 versus >20, P=0.007

Forty-seven patients (59 %) developed asymptomatic
radiographic CV and 30 (38 %) developed symptomatic
CV. Symptomatic CV was higher in patients presenting with
FG 3, 3+4, and 4 (P=0.048), consistent with previous
reports (2—4, 8-9, 12). Mild exercise before PBD-4 signifi-
cantly lowered the incidence of symptomatic CV compared
with patients who were not exercised (13.6 % vs 55.2 %,
respectively; P=0.003). Patients who only received passive
ROM therapy had a greater incidence of severe HHS in com-
parison with patients who began active therapy before PBD-
10 (P=0.007) (Table 2). There was no difference in the
incidence of FG >3 between groups (P=0.179).

The influence of FG, HHS, active exercise, and coiling on
symptomatic CV was explored in multivariate analysis. This
allows the impact of each variable to be assessed while con-
trolling for confounding variables. Endovascular treatment
of the aneurysm (P=0.647) and HHS >3 (P=0.637) were
not significant predictors of symptomatic CV and were
removed from the equation. Having a FG>3 was found to
significantly increase the odds of symptomatic CV (P=0.046,
OR=9.117,95 % CI: 1.042-79.764). Lack of active exercise
significantly increased the odds of symptomatic CV in com-
parison with exercise initiation before PBD-4 (P=0.004,
OR=8.161, 95 % CI: 1.918-34.720).

Throughout the hospitalization, 4 patients (0.2 %) devel-
oped DVTs and 22 patients (27.5 %) developed pulmonary
complications, including pneumonia and pleural effusions.
Other complications noted in the discharge diagnoses
included meningitis from external ventricular drainage (17
patients, 21 %), sacral decubitus ulcers (2 patients, 0.1 %),

ischemic bowel (1 patient, 0.05 %), pancreatitis (1 patient,
0.05 %), cardiac dysfunction (2 patients, 0.1 %), and arterial
embolism secondary to arterial line placement (1 patient,
0.05 %). There were significantly more complications in
patients with a higher FG (P=0.003) and in those who were
surgically clipped (P=0.018). There was not a significant
difference in the number of complications based on the ini-
tiation of active physical therapy (P=0.795) (Table 2).

Laboratory Outcomes

Immunohistochemical staining demonstrated a significantly
higher number of brainstem neurons staining with the injury
marker, iNOS, in the SAH group than in the saline control
(P<0.001) (Fig. 1). This confirmed that iNOS is a useful
marker for detecting injury after SAH. There was no differ-
ence in iNOS staining between Exercised and Non-Exercised
groups after SAH, suggesting that exercise did not increase
injury markers (P>0.05).

Discussion

In healthy individuals, CBF remains relatively constant dur-
ing mild-to-moderate exercise because cerebral autoregula-
tory mechanisms maintain a relatively constant CBF despite
fluctuations in arterial pressure [7, 15, 28]. However, these
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Fig. 1 Staining for the injury marker, inducible nitric oxide synthase

(iNOS), in the brain stem. (a) Control, no blood injection or exercise,
(b) subarachnoid hemorrhage without exercise, (¢) subarachnoid

autoregulatory mechanisms can be perturbed in critically ill
patients.

Bedrest and triple-H therapy are commonly prescribed for
SAH patients after securing the aneurysm in order to lower
the risk of poor neurological outcomes from CV [27].
Bedrest and immobilization purportedly prevent exacerba-
tion of already impaired autoregulation; thus preventing the
rerouting of blood from the brain to the musculature during
ambulation. However, immobility also reduces cardiac out-
put, increases pulmonary complications, and results in
venous stasis from pooling in the extremities at a time when
increased cerebral oxygenation and blood flow are
necessary.

It has been our standard of care to initiate exercise in SAH
patients soon after they are able to participate, with the intent
of minimizing the risk of complications associated with
venous stasis, reduced cardiac output, and pulmonary dys-
function, but there have not been any prior studies evaluating
whether mild exercise altered the natural history of CV in
this patient population. Data have demonstrated that mobili-
zation in ischemic stroke patients is not harmful and does not
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hemorrhage with mild exercise, (d) histogram comparing the total num-
ber of iNOS-positive cells per group

negatively impact intracranial pressure or CBF [5, 6, 8, 14,
17, 29, 40]. The primary purpose of this retrospective clini-
cal study in conjunction with laboratory analysis was to test
the hypothesis that mild early exercise does not increase the
risk of CV or associated complications, nor does it increase
molecular markers of neuronal injury.

Although our clinical results are limited by the retrospec-
tive nature of our data collection, the incidence of CV in
those who exercised before 4 days of hospitalization was sig-
nificantly lower than in the non-exercised group. A larger
number of patients who were actively mobilized early during
their recovery phase were less neurologically devastated and
had lower HHS, as would be expected. To control for HHS,
a multivariate analysis was performed. These results demon-
strated that lack of active exercise raised the odds of symp-
tomatic CV more than eightfold in comparison with patients
who participated in active exercise before PBD-4. This illus-
trates that the beneficial effect of early exercise after aneu-
rysm SAH was independent of HHS.

In this study, the incidence of pulmonary-related compli-
cations, such as pneumonia and pleural effusions, was 27 %,
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consistent with published rates and did not differ between
exercised and non-exercised groups [19]. The incidence of
DVT was 5 %, without a significant difference between
groups; this may be attributed to our aggressive DVT pro-
phylaxis protocol in all of these patients using Sequential
Compression Devices, TED stockings, and subcutaneous
enoxaparin. The incidence of DVTs in the published litera-
ture ranges from 1 to 50 % in critically ill and SAH patients
[2, 3, 16, 33, 36].

To examine the effect that exercise may have at the tissue
level in SAH patients, we used a rodent model we are familiar
with and have published on previously to test for changes in
the expression of the neuronal injury marker, iNOS. Brainstem
tissue was chosen for molecular analysis because this model
predominantly causes CV in the basilar artery; thus, we
wanted to examine the effects of exercise in the tissue sup-
plied by this parent artery. The number of iNOS-positive cells
was significantly increased in the SAH group compared with
saline-treated control animals, confirming that iNOS is a
good marker of injury in this model [9]. Most importantly, no
difference was found between the SAH groups, demonstrat-
ing that exercise did not exacerbate neuronal tissue damage.
Although we would have liked to see reduced iNOS levels in
the exercised group, it is important to confirm that no addi-
tional injury occurs with exercise; that has important clinical
implications for exercised patients. A mild SAH model was
intentionally chosen so that the rodents could easily be exer-
cised on the treadmill. However, we may not see a difference
in iNOS expression between groups because this model may
represent only a mild form of brain injury from SAH com-
pared with the endovascular perforation model, which may
more closely mimic severe SAH in the clinical setting. Future
studies looking for differences between exercised and non-
exercised animals using other neuron-specific injury markers
in this model and in the severe SAH endovascular perforation
model may be of interest and more clinically relevant.

This study is retrospective in nature and is limited by
accurate charting by clinicians and physical therapists to
determine the nature and duration of exercise. The therapists
did not follow a specific protocol design when treating SAH
patients and could affect outcomes. Furthermore, nursing
notes were not available for review, thus providing no docu-
mentation of additional mobilization that often occurs
throughout the day. The data seen in this study; however, do
suggest that a prospective study is warranted, using a stan-
dardized therapy regimen and collecting intracranial pres-
sure (ICP) and CBF data so that these variables can also be
investigated to determine whether they are affected by exer-
cise. Additionally, laboratory studies further investigating
the biochemical effects of exercise on brain tissue after SAH
can be performed in both this mild SAH model and the more
severe endovascular perforation model, using a spectrum of
injury and inflammatory markers.

Conclusion

Early mobilization with mild exercise significantly reduced the
odds of developing symptomatic cerebral vasospasm. These
relationships need to be studied further in a prospective trial
with defined exercise regimens that can be compared with
changes in intracranial pressure (ICP) and cerebral blood flow
(CBF). Additional investigation in the laboratory using mild
and severe SAH models to more closely mimic the human sce-
nario of SAH and expanding the spectrum of molecular injury
markers examined may continue to support our early clinical
findings. Identification of protective pathways in the SAH
model could result in targeted intervention in the clinical arena.
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Time-Dependent Changes in Cerebrospinal Fluid Metal lons
Following Aneurysm Subarachnoid Hemorrhage and Their
Association with Cerebral Vasospasm

Amit Singla, Mark R. Villwock, Margaret A. Riordan, David J. Padalino, and Eric M. Deshaies

Abstract Aneurysm subarachnoid hemorrhage affects 10 in
100,000 people annually, 40 % of whom will develop neuro-
logical deficits from ischemic stroke caused by cerebral
vasospasm. Currently, the underlying mechanisms are uncer-
tain. Metal ions are important modulators of neuronal elec-
trophysiological conduction and smooth muscle cell activity,
thereby potentially contributing to vasospasm. We hypothe-
sized that metal ion concentrations in the cerebrospinal fluid
(CSF) after aneurysm rupture would change over time and be
associated with vasospasm. To test this hypothesis, for 21
days, we collected CSF from patients with aneurysmal rup-
ture and subjected it to spectrometry to detect metals. A
repeated measures analysis was performed to analyze con-
centration changes over time. Six of the seven patients with
aneurysmal rupture experienced vasospasm, all resolving by
day 14. Changes in Fe?* and Zn** concentrations in the CSF
paralleled the incidence of vasospasm in this study popula-
tion. Na*, Ca?*, Mg?*, and Cu** concentrations exhibited no
statistically significant changes over time. In conclusion,
Fe?* concentration in the CSF was significantly elevated dur-
ing days 7-10, whereas Zn?* concentrations spiked shortly
thereafter, during days 11-14. This suggests that Fe** may be
related to the induction of vasospasm and Zn* may be a
marker of early brain injury secondary to ischemic injury
and inflammation.
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Introduction

Aneurysm subarachnoid hemorrhage (SAH) occurs in 10 per
100,000 people annually [2, 19]. Contamination of the cere-
brospinal fluid (CSF) with arterial blood from SAH bathes
the cerebral arteries in a sea of plasma, toxic by-products
from lysed red blood cells, and the biodegrading and inflam-
matory processes of white blood cells [15, 17]. By uncharac-
terized mechanisms, this toxic bath of blood products induces
a delayed event called cerebral vasospasm (CV). CV is a dif-
fusely occurring constriction of the intracranial arteries
resulting in a narrowed arterial lumen, reducing cerebral
blood flow (CBF) and oxygenation. Ultimately, CV can
result in delayed ischemic neurological deficits (DINDs).
A vasospasm-free window typically exists for 3 days after
SAH, with the risk of CV beginning on posthemorrhage day
(PHD) 4 and lasting for 21 days.

During this 2- to 3-week vasospasm period, approxi-
mately 70 % of patients with aneurysm SAH will develop
radiographic evidence of CV [1, 6, 7, 24], 40 % of whom will
develop DINDs resulting in permanent disability from early
brain injury and ischemic stroke secondary to CV. Currently,
there is no treatment for CV or its neurological sequelae;
treatment is limited to symptom management. The triggering
events of CV and associated early brain injury have not been
identified and remain important for developing therapeutic
interventions that mitigate these potentially devastating and
lethal consequences of SAH.

Metal ions are necessary for electrophysiological signal-
ing pathways of neurons and contraction of smooth muscle
cells in cerebral arteries. In addition, they are vital to the acti-
vation and regulation of the resident immune cells of the cen-
tral nervous system and inflammatory pathways. Therefore,
we examined the time course and concentrations of specific
metal ions in human CSF and serum plasma after aneurysm
SAH. In so doing, we intend to develop neuroprotective
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strategies aimed at the regulation of metal ions, thereby
amplifying protective cascades and reducing inhibitory and
inflammatory factors that contribute to CV.

Methods

Sample Collection

Fourteen patients (7 with aneurysm SAH and 7 non-SAH
control patients) presenting to our university and requiring
external ventricular drainage were eligible and enrolled into
this single-center prospective study in accordance with our
institutional review board guidelines. In the SAH group,
CSF was collected from an external ventricular drain (up to
10 cc/day) until the drain was removed, or until the 21st day
(end of the vasospasm period), whichever came first. The
control CSF was collected from patients presenting to our
institution who needed CSF drainage and did not have blood
in the subarachnoid space.

The CSF from both groups was centrifuged at 3,000 rpm
for 10 min to remove cellular debris, then autoclaved before
analysis. SAH samples were pooled into five time periods for
each patient to see whether we could detect changes in the
ion concentrations during the CV period: PHD 0-3, 4-6,
7-10, 11-14, and 15-21. These intervals were chosen based
on the time periods at which the patients typically received
routine  computed  tomography  (CT)-angiography/
CT-perfusion studies so that we could compare the CSF
results directly to radiographic findings. The CSF from the
control patients was pooled together for analysis to yield a
homogenous sample for reference. Five- to ten-milliliter ali-
quots of CSF were subjected to inductively coupled plasma —
mass spectrometry (ICP-MS) and inductively coupled
plasma — optical emission spectrometry (ICP-OES) to iden-
tify the concentration of metal ions.

Mass Spectrophotometry for Metallomic
Studies

Autoclaved samples were diluted fivefold with deionized
water. Calibration standards were prepared from single-
element standard solutions (VWR International, Bridgeport,
PA and RICCA, Arlington, TX). A Perkin Elmer Elan DRCe
ICP-MS (Perkin Elmer, Shelton, CT) fitted with a Meinhard
Nebulizer (Meinhard Glass Products, Golden, CO) was con-
nected to a glass cyclonic spray chamber for analysis of
65Cu** and 66Zn**; Sc was used as internal standard.

K* (766.490 nm), Na* (330.237 nm), Ca** (315.887 nm),
Mg?* (279.077 nm), and Fe?* (259.939 nm) were analyzed
with a Perkin Elmer OPTIMA 3300DV ICP-OES. The ICP-
OES was fitted with an OpalMist Nebulizer and Tracey HF
Spray Chamber (Glass Expansion, Pocasset, MA).

Serum Electrolyte Levels

The serum levels of Na*, K*, Ca*, and Mg?* were routinely
measured throughout the patient’s hospital stay (SAH group
only) in our clinical laboratory in accordance with its stan-
dard of care. The average concentration during each time
period (PHD 0-3; 4-6; 7-10; 11-14; 15-21) was calculated
and compared with the range for normal values (Na*:133—
145 mmol/L; K*: 3.3-5.5 mmol/L; Mg?*:0.65—1.05 mmol/L;
Ca*: 8.4-10.2 mg/dL).

Statistics

Data were analyzed using SPSS Version 17 (IBM
Corporation, Armonk NY, USA). A repeated measures one-
way ANOVA with least significant difference multiple com-
parisons was performed to analyze concentration changes in
the metals over time. P values less than 0.05 were considered
significant for all analyses.

Results

CSF Metal lon Concentrations

Six of the seven SAH patients experienced CV, ranging in
onset from PHD 2 through PHD 10, and resolving by PHD 14.
The greatest frequency of CV (five of seven patients) occurred
during the time period from PHD 11 to 14 (Fig. 1). Seven metal
ions were quantified in all sample sets: Na*, K*, Ca*, Mg*,
Fe?*, Cu*, and Zn?**. The peak concentration of Fe?* occurred
during PHD 7-10 (27.85 pmol/L) and was significantly greater
than PHD 0-3 (P=0.033), PHD 4-6 (P=0.046), and PHD
15-21 (P=0.048) (Fig. 2a). The peak concentration of Zn?*
occurred during PHD 11-14 (1.31 pmol/L) and was signifi-
cantly greater than PHD 15-21 (P=0.003) (Fig. 2b). The high-
est average concentration of K* occurred during PHD 15-21
(3.059 mmol/L), and was significantly greater than PHD 7-10
(P=0.020) (Fig. 2¢). Na*, Mg?*, Ca?*, and Cu?* exhibited no
statistically significant changes over time (Fig. 2d—g).



Time-Dependent Changes in Cerebrospinal Fluid Metal lons Following SAH 65

# of patients with vasospasm

0 T T T T
Days Days Days Days
0-3 4-6 7-10 11-14

Days
15-21

Fig.1 Histogram of documented cerebral vasospasm. The greatest fre-
quency of vasospasm was during days 11-14 (5 of 7 patients)

Serum Chemistry Values

The serum chemistry values of Na*, K*, Ca*, and Mg** were
assessed until PHD 21. The average concentration of Na* and
K* exhibited no deviation from the normal range throughout
the entire time frame (Fig. 3a, b). However, there were signifi-
cant fluctuations within these limits. The initial serum level
for K* was significantly lower than PHD 7-10 (P=0.048).
The serum level of Na during PHD 7-10 was significantly
lower than PHD 0-3 (P=0.002) and PHD 4-6 (P=0.009).
Mg?* levels were above normal through PHD 14; peaking
during PHD 4-6 (1.34 mmol/L) (Fig. 3c). The peak was sig-
nificantly higher than the level recorded during PHD 15-21
(P=0.024). Lastly, Ca* levels were below normal through
PHD 7, with the lowest concentration occurring during the
first time period (8.0 mg/dL). Ca?* levels returned to normal
for PHD 7 through PHD 21 (Fig. 3d). The peak level during
PHD 15-21 was significantly higher than during PHD 0-3
(P=0.013), PHD 4-6 (P=0.003), and PHD 11-14 (P=0.024).

Discussion

Blood products in the CSF after SAH are attributed to CV
and early brain injury, but the mechanism remains elusive.
The time between SAH and CV provides a unique window
for therapeutic intervention. Proposed pathophysiological
mechanisms of CV and early brain injury have included oxy-
gen free radical (OFR) release from the degradation of
hemoglobin in the CSF, an inflammatory response from
blood products in the subarachnoid space, and lower levels
of vasodilators such as carbon monoxide (CO) released by

the degradation of hemoglobin by the enzyme, heme-
oxygenase (HO)-1 [4, 9, 10, 26].

Knowledge of the metal ion composition of CSF and its
association with CV may provide insight into the pathways
that trigger vasospasm, thereby promoting the development
of neuroprotective strategies. We demonstrated that two of
the measured metal ions, Fe?* and Zn*, change significantly
over time and parallel the time course of radiographic and
clinical CV. Thus, both of these ions may have important
roles in the process of CV and, in the case of Zn?**, may also
be a marker of neuronal injury.

Changes in the CSF Fe?* concentrations in this study par-
alleled the onset and resolution of CV seen in the SAH popu-
lation. The red blood cells, released into the subarachnoid
space after aneurysm rupture, lyse, releasing hemoglobin into
the CSF. HO-1 degrades heme, releasing Fe?* and the byprod-
uct, CO. Fe?* is responsible for a number of oxidative path-
ways that create OFRs, stimulating an inflammatory response
as the iron is removed by the resident macrophage-like cells
of the nervous system, called microglia [5, 27, 28, 30]. This
inflammatory process can promote CV and neuron toxicity
[15]. Interestingly, both Fe?* and Zn?* decreased during the
final time period (PHD 15-21) of CV in parallel with the inci-
dence of CV in this study population, further supporting their
role in the pathophysiology of vasospasm.

Zinc CSF concentrations also paralleled the incidence of
CV in this study, peaking just after those of Fe?*. Zn** has
many key roles in cellular metabolism, protein synthesis, and
injury pathways, such as OFR formation, ATP-depletion,
transcription factors (the zinc finger), and the initiation of
glycolysis. Each of these roles is potentially important in the
development of neuronal injury and CV [22, 23, 25]. Another
potentially interesting role of Zn** in CV is as a competitive
inhibitor of HO-1 when in the form of Zn** protoporphyrin-
IX, a hemoglobin analog found in red blood cells [9, 30].
HO-1 has a higher affinity for hemoglobin than its Zn?* ana-
log, but its competitive inhibition of HO-1 can lower carbon
monoxide production, a vasodilating gas molecule, thereby
potentiating CV [4, 9, 10, 24, 26, 30]. Zn?* is also involved
with endothelial and smooth muscle cell ultrastructural com-
position and smooth muscle relaxation, each an important
concept when considering the potential role of Zn** in CV
pathways [20-22].

Whether Zn?* is directly involved with CV as discussed
above or represents a marker of neuronal injury is an impor-
tant question. “Zinc neurons” have been described in the cor-
tex. These neurons store Zn** in vesicles contained within
the cell and have been shown to release Zn** during isch-
emia, a process called “zinc dumping” [11-14]. Thus, ele-
vated Zn?* levels may not only be seen because of its role in
CV modulation, but also as a marker of a more subtle
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ischemic process and cellular injury from CV occurring at
the neuronal level. Lastly, Zn?** plays an important role in
immune modulation. The resident immune cells of the ner-
vous system, microglia, are activated from a scavenging
mode that is more benign to a more activated cytotoxic phe-
notype that releases OFRs and promotes inflammation

Days Days Days Days Days
0-3 46 7-10 11-1415-21

[14, 16, 18, 24]. This proinflammatory role of Zn** may be
an important target for antispasmotic therapy and neuropro-
tection in aneurysm SAH patients.

Although the concentrations of the cations Na*, Cu?,
Mg?*, and Ca?* in the CSF did not change significantly dur-
ing the course of CV, they were different from control values.
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This suggests that these metal ions likely reflect contamina-
tion of CSF space with serum plasma that entered the sub-
arachnoid space during the initial aneurysm rupture, release
of cytosolic contents from blood cells, and changes in the
serum levels over the course of SAH treatment. The latter is
particularly true for Na* and Mg?** where patients are rou-
tinely placed on magnesium sulfate infusions intravenously
for neuroprotection and, in selected cases, hypertonic 3 %
sodium chloride solutions to maintain mild hypernatremia to
reduce brain tissue swelling.

Serum Na* and K* concentrations were significantly
lower early after SAH. Previous reports have demonstrated
similar results and attribute this to cortisol release during the
stress response [29]. Cortisol causes Na* and K* to be lost
from the kidneys and, additionally, the K* to be taken in by
cells from the extracellular space. This may explain the ini-
tial lower levels of these metal ions. Additionally, it is well
known that the hypothalamic—pituitary axis malfunctions
after SAH, seen clinically as the syndromes of inappropriate
antidiuretic hormone secretion and cerebral salt wasting [8];
both causing hyponatremia. Serum magnesium levels are
elevated above control levels in this study because magne-
sium sulfate continuous infusions are initiated as part of our

standard of care because of data demonstrating its action as a
neuroprotectant. Clinically, we aim to keep serum Mg?* lev-
els at 2.5-3.5 mEq/L. Lastly, serum Ca*" levels were lowest
early after SAH. It is uncertain whether this hypocalcemia is
related to the stress response, the routine use of a calcium
channel blocker (Nimotop) and MgSQ, for neuroprotection,
or some other undefined etiology [3]. Further evaluation of
trends in serum Na*, K*, and Ca?* levels in the setting of
SAH seem warranted. Additionally, future studies looking at
trends in serum Mg?* concentrations in patients without
magnesium sulfate infusions would be interesting to see
whether there are any changes that occur over the course of
CV, because smaller changes may not be measured when the
patients are being administered Mg?* infusions.

Conclusions

Metal ions are critical to the normal functioning and
maintenance of cellular processes, biochemical reactions,
inflammation, and electrical signaling pathways in the
neurons and smooth muscle cells of the cerebral arteries.
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Alterations in CSF Fe?* and Zn>* concentrations were found
to parallel the incidence of CV in this study group through-
out the duration of the vasospasm period, suggesting that
they may have a critical role in the development and resolu-
tion of CV. Further investigation of the potential role metal
ions may have in CV and early brain injury from ischemic
insult is warranted. This could be further studied in the
laboratory to elucidate the pathways involved in vasospasm
and early brain injury after SAH, to target mechanisms for
neuroprotection.
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Effects of Tenascin-C on Early Brain Injury
After Subarachnoid Hemorrhage in Rats

Masato Shiba, Masashi Fujimoto, Fumio Kawakita, Kyoko Imanaka-Yoshida, Toshimichi Yoshida,

Kenji Kanamaru, Waro Taki, and Hidenori Suzuki

Abstract Background and Purpose: We previously reported
that tenascin-C (TNC), a matricellular protein, was involved
in the pathogenesis of cerebral vasospasm after subarachnoid
hemorrhage (SAH), but the role of TNC in early brain injury
(EBI) is unknown. This study assessed whether inhibition of
TNC upregulation in brain by imatinib mesylate (imatinib),
an inhibitor of the tyrosine kinases of platelet-derived growth
factor receptors, prevents EBI after experimental SAH.
Methods: Rats were assigned to sham, SAH plus vehicle,
and SAH plus imatinib groups (n=4 per group). Imatinib
(50 mg/kg body weight) was administered intraperitoneally
to rats undergoing SAH by endovascular perforation, and EBI
was evaluated using terminal deoxynucleotidyl transferase-
mediated uridine 5-triphosphate-biotin nick end-labeling
staining at 24 h after SAH. Imatinib-treated SAH rats were
also treated by a cisternal injection of recombinant TNC.
Results: SAH upregulated TNC and caused EBI. Imatinib
treatment suppressed both TNC upregulation and EBI at 24 h.
Recombinant TNC reinduced EBI in imatinib-treated SAH rats.
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Conclusions: TNC may be involved in the pathogenesis
of EBI after SAH.
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Introduction

Tenascin-C (TNC) is a matricellular protein in the family of
nonstructural and secreted extracellular matrix proteins [7]. We
recently reported that imatinib mesylate (imatinib), an inhibitor
of the tyrosine kinases of platelet-derived growth factor (PDGF)
receptors (PDGFRs), prevented cerebral vasospasm via inhibit-
ing TNC expression [10]. It has also been reported that TNC
was induced in serum and cerebrospinal fluid after subarach-
noid hemorrhage (SAH) in a clinical setting, and associated
with poor outcomes [12, 13]. However, recent research has
demonstrated that cerebral vasospasm is not necessarily corre-
lated with poor outcomes, and that treating early brain injury
(EBI) is more important to improve outcomes after SAH [9]. In
this study, thus, we examined whether inhibition of TNC by
imatinib prevents EBI at 24 h after experimental SAH in rats.

Materials and Methods

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

SAH Model and Study Protocol

We produced the endovascular filament perforation model
of SAH in male adult Sprague-Dawley rats (age 8-9 weeks,
270-320 g; SLC, Hamamatsu, Japan) as previously described
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[10]. In brief, rats were anesthetized by an intraperitoneal
injection of 4 % chloral hydrate (10 ml/kg). Blood pressure
and blood gases were measured via the left femoral artery.
Rectal temperature was kept at 37 °C during surgery. After
the left common carotid artery, external carotid artery, and
internal carotid artery were exposed, a sharpened 4-0 mono-
filament nylon suture was advanced rostrally into the inter-
nal carotid artery from the external carotid artery stump until
resistance was felt, and then it was pushed 3 mm farther to
perforate the bifurcation of the anterior and middle cerebral
arteries. Immediately after puncture, the suture was with-
drawn into the external carotid artery stump, and the internal
carotid artery was reperfused to produce SAH. Sham-operated
rats underwent an identical procedure, except that the suture
was withdrawn once resistance was felt, without puncture.
After the animals were killed, high-resolution pictures of
the base of the brain were taken for assessing the severity of
SAH under ice cooling. The brain was stored in 10 % neutral
buffered formalin for terminal deoxynucleotidyltransferase-
mediated dUTP nick end-labeling (TUNEL) staining and
immunohistochemistry.

First, 22 rats underwent endovascular perforation SAH or
sham operation. After 30 min, the 12 surviving rats were ran-
domly divided into three groups, and 50 mg/kg body weight
of imatinib (Novartis, Basel, Switzerland) or vehicle
(phosphate-buffered saline [PBS], 10 mL/kg) was injected
intraperitoneally. We evaluated EBI at 24 h after surgery by
TUNEL staining and immunohistochemical TNC staining.

Next, 2 pg of recombinant TNC or vehicle (PBS, 100 pL)
was injected into the cisterna magna in rats. After 30 min,
SAH was produced and SAH rats were treated with 50 mg/
kg of imatinib as above. Randomization into either TNC- or
vehicle-treated SAH—imatinib groups was continued until
there were at least three animals per group. TUNEL staining
was performed 24 h after SAH.

Severity of SAH

The severity of SAH was assessed in a blinded fashion as
previously described [11]. In brief, 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. The
animals received a total score ranging from 0 to 18 by sum-
ming up the scores.

Intracisternal Infusion

Using a surgical microscope (Zeiss, Germany), the posterior cer-
vical muscles were dissected through a suboccipital midline skin
incision, and the atlanto-occipital membrane was exposed [14].
The membrane was penetrated by a 27-gauge needle. Sterile PBS
vehicle (100 pL) or mouse recombinant TNC (murine myeloma

cell line, NSO-derived, Gly23-Pro625, with a C-terminal 6-His
tag, 2 pg in 100 pL; R&D Systems, Minneapolis, MN) was
infused at a rate of 100 pL/min regardless of the animal’s body
weight at 30 min before surgery, as previously described [10].
The needle was removed 10 min after an infusion, and the pore
was quickly plugged with oxidized cellulose.

TUNEL Staining

TUNEL staining was performed as previously described [2]. Four-
micron-thick coronal sections at the level of bregma+1.0 mm
were cut using a microtome and were subjected to TUNEL
staining with an in situ cell death detection kit (Roche Inc.,
Mannheim, Germany). Color reactions were developed in
diaminobenzidine/hydrogen peroxide solution and the sec-
tions were counterstained with hematoxylin solution for light
microscopic examination. Incubation with labeling solution
without the enzyme served as a negative labeling control. The
TUNEL-positive neurons were counted in 10 fields per case
atx400 magnification in the left frontal cortex and expressed as
the mean number of TUNEL-positive neurons/mm? in a blinded
manner.

Immunohistochemistry

Immunohistochemistry on formalin-fixed paraffin-embedded
sections was performed as described previously [15]. After
dewaxing and rehydration, the sections were treated with 3 %
hydrogen peroxide for 10 min to block endogenous peroxidase
activities, placed in 1 mmol ethylenediaminetetraacetic acid (pH
8.0) and heated in an autoclave at 121 °C for 1 min. The sections
were then blocked with 5 % horse serum and incubated over-
night at 4 °C with the mouse monoclonal anti-TNC antibody
(1 pg/mL, Immuno-Biological Laboratories, Takasaki, Japan).
They were subsequently incubated with biotinylated anti-mouse
immunoglobulin (Vector Laboratories, Burlingame, CA) for
30 min and then with an avidin-biotin complex for 30 min at
room temperature. Color reactions were developed in diamino-
benzidine/hydrogen peroxide solution and the sections were
counterstained with hematoxylin solution for light microscopic
examination. Negative controls consisted of serial sections incu-
bated with buffer alone instead of the primary antibody.

Statistics

The number of TUNEL-positive neurons was expressed as
mean +standard error of the mean (SEM), and one-way analysis
of variance (ANOVA) with Tukey-Kramer post hoc tests was
used as appropriate. P<0.05 was considered significant.
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Results

There were no significant differences in physiological param-
eters, severity of SAH, and mortality among the groups (data
not shown). TUNEL-positive neurons were seen in the left
frontal cortex at 24 h after SAH (Fig. 1). The imatinib treat-
ment significantly prevented an increase in TUNEL-positive
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Fig. 1 Effects of imatinib treatment after SAH on EBI in the left fron-
tal cortex at bregma+ 1 mm. Representative SAH brain slice showing
the left frontal cortex (a). Representative images showing TUNEL-
positive neurons (arrows) (b) and quantitative analysis of TUNEL-

neurons at 24 h after SAH. Immunohistochemistry showed
that TNC was increased in the neuropil mainly in the brain
surface of the left frontal cortex. The imatinib treatment
remarkably inhibited the immunoreactivity at 24 h (Fig. 2).
Intracisternal infusions of recombinant TNC increased
TUNEL-positive neurons in the left frontal cortex compared
with the PBS-treated SAH-imatinib group (Fig. 3).

SAH-imatinib

positive neurons (c). Sham-PBS sham-operated rats treated with PBS,
SAH-PBS SAH-imatinib, SAH rats treated with PBS or imatinib, data
mean+ SEM, P value, ANOVA. N=4 per group. Bar=50 pm
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Sham-PBS

SAH-PBS

SAH-imatinib

Fig. 2 Effects of imatinib treatment after SAH on immunohistochemical TNC staining in the left frontal cortex at bregma+ 1 mm at 24 h after
SAH. Sham-PBS sham-operated rats treated with PBS, SAH-PBS or SAH-imatinib SAH rats treated with PBS or imatinib, Bar=50 pm

Fig.3 Effects of intracisternal SAH
infusion.s of recombinant TN(; imatinib
on EBI in SAH rats treated with PBS

imatinib (SAH-imatinib) at 24 h
after SAH. SAH-imatinib-PBS
or SAH-imatinib-TNC,
SAH-imatinib with a pre-SAH
intracisternal infusion of PBS or
TNC. Arrows, TUNEL-positive
neurons. Bar=50 pm

Discussion

In our recent study, TNC induced cerebral vasospasm after
SAH via activating p38 and upregulating PDGFR-}; and
imatinib prevented cerebral vasospasm via inhibiting TNC
expression [10]. This study also showed that SAH upregu-
lated TNC in the cerebral cortex with induction of TUNEL-
positive neurons, and inhibition of TNC by imatinib decreased
the number of TUNEL-positive neurons. Recombinant TNC
injections reincreased TUNEL-positive neurons in SAH
brain regardless of imatinib treatment. These findings sug-
gested that TNC was involved in the pathogenesis of EBI
after SAH.

SAH
imatinib
TNC

TNC, a matricellular protein, is highly expressed in embry-
onic tissue during morphogenesis and sparsely expressed in
the adult, but reappears in pathological states [3]. It has been
reported that TNC can activate mitogen-activated protein
kinases and some growth factor receptors, and can upregulate
proinflammatory cytokines [8] and endothelin receptor type A
[6]. By these means, TNC has multiple functions in the regula-
tion of cell migration, proliferation, and apoptosis [5S].
Apoptosis, inflammation, and endothelin-1 release play an
important role in the mechanisms of EBI after SAH [9]. Thus,
TNC may have a significant role in the pathophysiology of
EBI after SAH, but the mechanisms to induce EBI remain
unclear and need further studies to clarify the mechanisms.
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After SAH, platelets activate and aggregate in the lumen
of small cerebral vessels [9]. Luminal platelet aggregates
activate and promote mechanisms that cause structural injury
and functional deficits in small vessels, and devastate the
already compromised brain. PDGF can induce TNC expres-
sion via the phosphoinositide 3-kinase/Akt pathway [4] and
MAPK pathway [1]. In addition, our previous study sug-
gested that PDGF-induced TNC may positively feedback on
PDGFR activation via PDGFR upregulation and crosstalk
signaling between receptors as well as upregulation of TNC
itself, leading to MAPK activation and cerebral vasospasm
after SAH [10]. Thus, PDGF-induced TNC signaling is sug-
gested to be involved in the induction of EBI after SAH.

Recent research efforts moved to focus on clarifying the
pathophysiology of EBI after SAH and on developing pro-
tective strategies against EBI to improve outcome after SAH
[9]. Neuronal apoptosis is involved in the pathogenesis of
EBI after SAH [2, 9]. This study showed that TNC may
induce neuronal apoptosis, but further studies are needed to
prove the underlying mechanisms.

Conclusion

TNC may play an important role in the pathogenesis of EBI
after SAH. Further investigations are necessary to under-
stand the mechanism behind how TNC affects EBI and to
determine a new therapeutic approach against EBI for
improving neurological outcome after SAH.
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Abstract Subarachnoid haemorrhage (SAH) caused by a
ruptured aneurysm accounts for only 5 % of strokes, but
occurs at a fairly young age and carries a poor prognosis.
Delayed cerebral ischaemia (DCI) is an important cause of
death and dependence after aneurysmal SAH. The current
mainstay of preventing DCI is nimodipine and maintenance
of normovolemia, but even with this strategy DCI occurs in a
considerable proportion of patients.

Several drugs have been developed that have the potential
to limit cerebral vasospasm and delayed ischaemic neuro-
logic deficit, thus improving outcome for patients. However,
although numerous agents can prevent arterial narrowing
and/or block the excitatory cascade of events leading to isch-
aemic neuronal death in experimental conditions, there is
still no pharmacologic agent that has been shown conclu-
sively to improve the outcome in clinical practice.

Erythropoietin (EPO) is a well-known erythropoietic hor-
mone recently found to exert neuroprotective properties and
has been shown to reduce cerebral vasospasm and infarct
volume after experimental SAH. In humans, although EPO
treatment did not impact the overall incidence of vasospasm,
it significantly reduced the incidence of severe vasospasm,
the incidence of delayed ischaemic deficits with new cerebral
infarcts, and the duration of impaired autoregulation. The cur-
rent study provides new evidence for the potential benefit and
relative safety of EPO for the treatment of SAH in humans.
Future clinical trials will hopefully provide definite evidence
whether EPO treatment is beneficial in SAH patients.
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Erythropoietin

Subarachnoid haemorrhage (SAH) caused by ruptured aneu-
rysm occurs in 700,000 individuals a year [5]. Although
the mortality rate associated with the occurrence of SAH
appears to have improved over the last 50 years, nearly half
of all patients with an SAH will still die within 1 month of
the initial bleeding [5]. Cerebral vasospasm (CVS) occurs in
a majority of patients and is associated with poor outcome
[46]; therefore it remains a prevalent complication following
aneurysmal SAH (aSAH). The occurrence of secondary isch-
aemia and delayed ischaemic neurologic deficits (DINDs)
are common sequelae in vasospasm and lead to poor long-
term outcomes. The diagnosis and treatment of CVS is chal-
lenging because of the heterogeneity of presentation and
ambiguous aetiology. An early, short-lived phase may occur
immediately after SAH, and there may be a subsequent phase
that is prolonged or chronic [47]. The delayed vasospasm,
seen on angiograms in 40-70 % of patients with SAH in the
second week after haemorrhage, seems to be most important
clinically. Acute vasoconstriction, previously considered to
be a laboratory observation, has also been strongly suspected
in humans [7]. Both phases of vasospasm are considered to
result from an abnormal constriction of the muscular lay-
ers of the cerebral vessels, and both have been considered
the main cause of cerebral ischaemia after SAH. However,
whether the two phases are independent or interactive with
respect to the clinical course has not been settled. The cause
of vasospasm, whether angiographic or clinical, is still a
source of debate. The inflammatory response to SAH does
appear to contribute to the aetiology of CVS, specifically
the role of leukocytes in releasing oxyhaemoglobin after
lysing extravasated erythrocytes in the subarachnoid space
[13]. Platelet aggregation has also been indicated in the
aetiology of CVS [38], indicating a link between a patient’s
Fisher grade upon presentation and the incidence of CVS.
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Effective interventions providing protection from CVS as
well as improved outcomes after CVS have lagged behind
the treatment of SAH.

Many controversies exist generally in the management of
patients suffering aSAH and specifically in the prevention
and/or the pharmacological treatment of aSAH-induced
vasospasm. Scientific communities have put forth some
interesting efforts of to create guidelines for the management
of aSAH and the associated CVS [6, 17]. A general consen-
sus exists only for the oral administration of nimodipine,
a well-known calcium channel blocker, to all patients suffer-
ing from aSAH [15].

Recently, various therapies targeting cytokines have dem-
onstrated some therapeutic efficacy in the management of
CVS. Cytokines are proteins that are powerful mediators and
regulators of immune responses and have also been impli-
cated in the pathogenesis of CVS following aSAH. In this
scenario, a large body of evidence has indicated the efficacy
of the cytokine erythropoietin (EPO).

EPO, a 34-kD glycoprotein, is the primary hormone
that regulates the differentiation and proliferation of imma-
ture erythroid cells [29]. EPO is present in the human body
since intrauterine life. In the fetus EPO is produced by the
liver until late gestation, when a switch is gradually initi-
ated from the liver to the kidney and completed after birth
[52]. Its production is regulated by hypoxia inducible fac-
tor-1 (HIF-1), which is in turn activated by various stressors,
particularly hypoxia [19]. EPO exerts its function by bind-
ing with its receptor (EPOR). EPOR belongs to the cytokine
receptor type I super family [48]. In the hematopoietic com-
partment, receptor activation follows after homodimerisa-
tion on EPO binding, which allows autophosphorylation of
EPOR-associated Janus-tyrosine kinase-2 (JAK-2). JAK-2
activation leads to phosphorylation of several downstream
signalling pathways, including Ras mitogen-activated pro-
tein kinase (MAPK), phosphatidylinositol 3-kinase [PI(3)
K], and the transcription factor STATS (signal transducers
and activators of transcription) [28]. In erythroblasts, the
effect of EPO through EPOR activation is the inhibition of
apoptosis, proliferation, and differentiation.

The hormone erythropoietin was cloned in 1985 and after
that was rapidly used in clinical practice. Over the past sev-
eral years, its recombinant form (rHuEPO) has greatly
enhanced the management of anaemia of chronic renal fail-
ure and has substantially improved quality of life in dialysis
patients.

Although EPO has been long known for its erythropoietic
action, it was just a few years ago that its expression was
described in the brain and spinal cord, and only then was it
realised that human neurons and glia express both EPO and its
receptor [16]. Furthermore, its hypoxic induction raised the
possibility that EPO, synthesised by hypoxic astrocytes, may
mediate the protective phenomenon of “preconditioning” in

the nervous system [8], in which mild, non-injurious stress
increases resistance to a subsequent stress. On these bases,
EPO was assessed as a therapy for experimental brain isch-
aemia [8, 10] and for the first successful clinical trial in
patients with ischaemic stroke [18, 22].

The mechanisms by which EPO acts as neuroprotectant
are still a matter of controversy. An increasing amount of
evidence suggests that EPOR activation following EPO
binding inhibits neuronal apoptosis similarly to erythropoi-
esis [12]. Prevention of neuronal apoptosis involves the acti-
vation of JAK-2 and nuclear factor (NF)-kB signalling
pathways [12]. In particular, it has been suggested that the
binding of EPO to its receptor induces the activation of JAK-
2, leading to activation of secondary signalling pathways that
involve MAPK, PI3K and NF-kB. Phosphorylation of the
inhibitor of NF-kB provides subsequent translocation of the
transcription factor NF-kB from the cytoplasm to the nucleus
and transcription of neuroprotective genes. Various in vitro
studies have shown that signal transduction mediated by
STATS can also be activated by the erythropoietin receptor to
provide neuroprotection [32, 37] although in vivo evidence
is still lacking. In addition, EPO also appears to prevent
apoptotic injury through an Akt-dependent mechanism [4].
Among a variety of pathways to promote cell survival, Akt
has been shown to block cellular apoptotic degradation
through inhibition of glycogen synthase kinase (GSK)-3
activity [9]. GSK-38 is a well-known kinase that is involved
in the signalling pathway of PC in the heart [44]; to play a
significant role in the regulation of apoptosis in neurons [2],
vascular smooth muscle cells [33] and cardiomyocytes [51]
and to be suppressed by EPO [41].

EPO-mediated neuroprotection can include other possible
triggering events such as maintenance of vascular autoregu-
lation, as has been reported for experimental SAH [24, 42],
neuronal protection from glutamate toxicity by activation of
calcium channels [39], production of antioxidant enzymes in
neurons [30], and neoangiogenesis, which improves blood
flow and tissue oxygenation in the border zone of an isch-
aemic area [8].

Neuroprotection is a complex mechanism in which multi-
ple forces operate to maintain the integrity of the central ner-
vous system. Studies have demonstrated a neuroprotective
action for EPO against various insults in different experimen-
tal models. In particular, in vitro studies with neurons or neu-
ron-like cells have demonstrated a protective effect for EPO
against several insults, such as serum deprivation, excitotox-
icity and growth factor deprivation [35, 40]. Neuroprotective
effects of EPO have been demonstrated in a large variety of
animal models. In rodent models of ischaemic stroke, infarct
volume was reduced [8, 10, 40] and functional outcome was
improved [8]. Beneficial effects of EPO have been observed
in animal models of traumatic brain and spinal cord injury
[10, 12, 20, 34, 50]. Furthermore, EPO has been shown to
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reduce neuronal damage and improve functional outcome in
animal models of multiple sclerosis, diabetic neuropathy and
retinal disease [10].

Once recognised as having beneficial effects on hypoxic
neural damage, the effects of EPO were assessed in several
experimental models of brain and spinal cord injury [1, 8, 10,
11, 20, 21, 24, 40, 42], and EPO became a serious candidate
for neuroprotection.

Our current study critically reviews the pertinent litera-
ture regarding the role of EPO in CVS following aSAH and
encompasses reports from experimental findings through the
first clinical evidence.

Experimental Data

Substantial evidence indicates that peripherally administered
erythropoietin can protect against cerebrovascular dysfunc-
tion following experimental SAH [1, 14, 24, 27, 36, 53].
In this regard, our research group was the first to suggest
the beneficial effect exerted by EPO during experimental
SAH. Briefly, after experimental SAH was induced in rabbits,
functional recovery and mortality rate following systemic
rHuEPO administration was evaluated [11]. Interestingly, all
EPO-treated animals survived, whereas 42.9 % of placebo-
treated animals died within 72 h. An open-field test per-
formed after SAH showed a better neurological outcome in
rabbits treated with rHUEPO compared with untreated ani-
mals. These encouraging results led to a desire to further
investigate the neuroprotective effect of rHuEPO on SAH in
subsequent experimental studies. The efficacy of rHUEPO on
acute cerebral ischaemia following experimental SAH in a
rabbit model has been evaluated [1, 21]. Histological analy-
sis performed 24 h following injury showed that treatment
with rHUEPO resulted in a dramatic reduction in brain isch-
aemic damage [1]. Another important finding provided by
the same study was the observation that the concentration of
EPO in the cerebrospinal fluid (CSF) was significantly higher
in the rHUEPO-treated animals; suggesting that systemically
administered EPO can statistically increase the EPO concen-
tration in CSF by crossing the blood—brain barrier (BBB). The
manner in which tHuEPO administered peripherally acts in
the central nervous system across the BBB was controversial
until it was demonstrated that, after systemic administration,
rHuEPO may be transported across the BBB by a specific
receptor-mediated mechanism [10]. These results were con-
firmed by a subsequent study further investigating the neu-
roprotective role of systemically administered rHuEPO in a
rabbit model of SAH [24]. Based on reports demonstrating
that EPO enhances the NO system activity [3] and that recep-
tors for EPO are expressed by brain endothelial cells [10, 49],
the ability of exogenously administered EPO to exert a vascu-

lar effect and in particular to counteract the spastic response
of the cerebral arteries during SAH was investigated. Through
morphometric analysis of the basilar artery, it was observed
that rHuEPO administration significantly reduced the vaso-
constriction in SAH-treated animals compared with untreated
animals that underwent SAH. Pathological findings also
showed that EPO attenuated SAH-induced brain ischaemia
thus supporting the previous results. Finally, an additional
experiment confirmed the neuroprotective properties exerted
by EPO by measuring the S-100 protein concentration in CSF
of SAH-injured rabbits [25]. The S-100 protein is a calcium-
binding protein known as a biological marker of the sever-
ity of brain injury. Changes in CSF and serum S-100 protein
levels have been reported in patients with SAH, in whom a
close correlation between increases in S-100 protein concen-
tration and poor clinical course has been observed [26]. The
findings of such a study indicated that high levels of S-100
protein were well correlated with mortality rate, neurologi-
cal outcome, and ischaemic brain damage. Interestingly, ani-
mals treated with rHUEPO were found to have significantly
lower levels of S-100 protein in their CSF, no deaths, favour-
able neurological outcome, and significant protection against
brain ischaemic damage. Subsequent experimental studies
[14, 36, 42, 53] confirmed the role of EPO during experimen-
tal SAH and expanded the available findings on this topic,
leading to clinical trials.

Clinical Data

Despite the large body of experimental evidence, few clini-
cal observations propose a direct effect of EPO in neurologi-
cal diseases. Springborg and collaborators reported the first
double-blinded clinical trial on rHuEPO in patients after
SAH [43]. Briefly, 73 patients with computed tomography
(CT)-verified spontaneous SAH were randomised to treat-
ment with either intravenous rHuEPO (500 U/kg/day) or
placebo for 3 days. The primary endpoint was the Glasgow
Outcome Score (GOS) at 6 months. Multiple parameters
were recorded such as Fisher scale and World Federation of
Neurosurgical Societies criteria, neurologic status, daily tran-
scranial Doppler measurements, CSF levels of S-100 protein,
neuron-specific enolase, and EPO, CSF:serum albumin ratios
to evaluate BBB integrity. Based on their data, the authors
were not able to draw any definitive conclusions, which they
attributed to a small sample size, in part caused by patient
exclusion. Beneficial effects of EPO in patients with SAH
cannot be excluded or concluded on the basis of such a study.

In a phase-II randomised, double-blind, placebo-controlled
clinical trial, Tseng et al. evaluated the potential role of intra-
venous EPO administration in patients suffering from aSAH
[45]. Eighty patients with aSAH were randomised to receive
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placebo or 90,000 U EPO during the course of 48 h.
Transcranial Doppler ultrasonography was used to assess
vasospasm incidence, duration, and severity as well as impair-
ment of autoregulation. DINDs and outcomes at discharge and
at 6 months were also recorded. Trial medications were given
within 1.7+ 1.5 days of SAH. They found that EPO decreased
the incidence of severe vasospasm in a statistically significant
fashion from 27.5 to 7.5 %, whereas the occurrence of delayed
ischaemic deficit was reduced from 40.0 to 7.5 %. They pos-
tulated that EPO reduced delayed cerebral ischaemia (DCI)
secondary to aSAH by decreasing the frequency and severity
of the observed vasospasm and also by shortening the time
span of impaired cerebral autoregulation [45].

Although the data coming from preclinical and clini-
cal studies suggest new avenues in this field, some issues
should be carefully considered. First, the safety of recom-
binant human EPO administration in the setting of SAH
should be considered. It must be taken into account that all
of the information available at present regarding the safety
of recombinant human EPO in humans comes from its non-
neurologic use. The logical extension of these arguments is
that translating such information from recombinant human
EPO-treated anaemic patients to SAH-affected patients can
be misleading, because interactions and influences between
recombinant human EPO and different physiologic variables,
as well as with common drugs taken by patients with SAH,
are unknown. Second, although recombinant human EPO
is usually a well-tolerated drug, several lines of evidence
have shown that therapy with recombinant EPO can result
in hypertension, hypertensive encephalopathy, accelerated
atherosclerosis, seizures, and thrombotic/vascular events. In
these pioneering clinical studies, no adverse effects during
the EPO treatment have been reported. These findings, how-
ever, should be cautionary because these results are related to
a short-term treatment and low EPO dosage. In this regard, in
preclinical studies we have provided evidence that recombi-
nant human EPO treatment at a dose of 1,000 IU/kg, admin-
istered every 8 h, is effective in reducing CVS, ischaemic
brain damage, and significantly capable of improving neu-
rologic outcome [23]. The dose used in the clinical setting is
the lowest dose known to be effective after SAH. However,
it can be argued that the unfavourable results from the first
clinical trial [43] and the weak findings of the second clini-
cal study [45] can be related to the small dose used and fre-
quency of administration. In this regard, it is well known that
vasospasm and cerebral ischaemia after aSAH follow a time
course completely different when considering humans and
animals. In preclinical studies, EPO has been considered
effective at a dose starting from 400 IU to 1,000 [U/kg with
a duration of 24-72 h [24]. In humans, although evidence
has shown that there may be an early, short-lived phase that
occurs immediately after SAH and a subsequent phase that is
prolonged or chronic, the delayed vasospasm, seen on angio-
grams in 40-70 % of patients with SAH in the second week
after haemorrhage, appears clinically to be most important.

Consequently, there is a rationale for starting and continu-
ing neuroprotection for at least 14 days after SAH onset to
achieve stronger effects.

Future Directions

It should be considered, at present, that all phase III trials
using neuroprotective drugs have failed to demonstrate effi-
cacy and the lesson learned suggests that great optimism can
lead to very early clinical investigations mainly driven by
wishful thinking, undertaken without much detailed infor-
mation. For this reason additional studies must be carried out
to assess the safety of EPO in the setting of this new clinical
application, optimal tolerated dosages, therapeutic time win-
dow, and duration of therapy. Furthermore, increased blood
viscosity and possible thrombotic events seem to be the major
complications after prolonged EPO treatment. Accordingly,
the new EPO-derived drugs without erythropoietic effects
[31], developed and experimentally tested with efficacy at
present, should be further investigated to tailor successful
future clinical trials.

Although the value of EPO therapy for the treatment of
CVS in humans remains debatable, EPO still plays a role in the
course and eventual treatment of this disease. These studies
also may indicate a different role for CVS in mortality and
morbidity following SAH. There may be other causes of DCI
or DIND that are not directly related to vasospasm, and research
into alternative aetiologies, and to how those alternative aeti-
ologies may confound investigations into EPO is warranted.

Conclusion

Although the value of EPO therapy for the treatment of CVS in
humans remains debatable, EPO still plays a role in the course
and eventual treatment of this disease. These studies also may
indicate a different role for CVS in mortality and morbidity
following SAH. There may be other causes of DCI or DIND
that are not directly related to vasospasm, and research into
alternative aetiologies, and to how those alternative aetiologies
may confound investigations into EPO is warranted.

Conflict of Interest Statement We declare that we have no conflict of
interest.

References

1. Alafaci C, Salpietro F, Grasso G, Sfacteria A, Passalacqua M,
Morabito A, Tripodo E, Calapai G, Buemi M, Tomasello F (2000)
Effect of recombinant human erythropoietin on cerebral isch-
emia following experimental subarachnoid hemorrhage. Eur J
Pharmacol 406:219-225



The Role of Erythropoietin in Aneurysmal Subarachnoid Haemorrhage: From Bench to Bedside 79

10.

11.

12.

13.

14.

15.

16.

Alvarez G, Munoz-Montano J, Satrustegui J, Avila J, Bogonez E,
Diaz-Nido J (1999) Lithium protects cultured neurons against beta-
amyloid-induced neurodegeneration. FEBS Lett 453:260-264
Banerjee D, Rodriguez M, Nag M, Adamson JW (2000) Exposure
of endothelial cells to recombinant human erythropoietin induces
nitric oxide synthase activity. Kidney Int 57:1895-1904

Bao H, Jacobs-Helber SM, Lawson AE, Penta K, Wickrema A,
Sawyer ST (1999) Protein kinase B (c-Akt), phosphatidylinositol
3-kinase, and STATS are activated by erythropoietin (EPO) in
HCDS57 erythroid cells but are constitutively active in an EPO-
independent, apoptosis-resistant subclone (HCD57-SREI cells).
Blood 93:3757-3773

Barry C, Turner RJ, Corrigan F, Vink R (2012) New therapeutic
approaches to subarachnoid hemorrhage. Expert Opin Investig
Drugs 21:845-859

Bederson JB, Connolly ES Jr, Batjer HH, Dacey RG, Dion JE,
Diringer MN, Duldner JE Jr, Harbaugh RE, Patel AB, Rosenwasser
RH (2009) Guidelines for the management of aneurysmal sub-
arachnoid hemorrhage: a statement for healthcare professionals
from a special writing group of the Stroke Council, American
Heart Association. Stroke 40:994-1025

Bederson JB, Levy AL, Ding WH, Kahn R, DiPerna CA, Jenkins
AL 3rd, Vallabhajosyula P (1998) Acute vasoconstriction after
subarachnoid hemorrhage. Neurosurgery 42:352-360; discussion
360-362

Bernaudin M, Marti HH, Roussel S, Divoux D, Nouvelot A,
MacKenzie ET, Petit E (1999) A potential role for erythropoietin
in focal permanent cerebral ischemia in mice. J Cereb Blood Flow
Metab 19:643-651

Bhat R, Shanley J, Correll M, Fieles W, Keith R, Scott C, Lee CM
(2000) Regulation and localization of tyrosine216 phosphorylation
of glycogen synthase kinase-3beta in cellular and animal models of
neuronal regeneration. Proc Natl Acad Sci U S A 97:11074-11079
Brines ML, Ghezzi P, Keenan S, Agnello D, de Lanerolle NC,
Cerami C, Itri LM, Cerami A (2000) Erythropoietin crosses the
blood-brain barrier to protect against experimental brain injury.
Proc Natl Acad Sci U S A 97:10526-10531

Buemi M, Grasso G, Corica F, Calapai G, Maria Salpietro F,
Casuscelli T, Sfacteria A, Aloisi C, Concetta A, Sturiale A, Frisina
N, Tomasello F (2000) In vivo evidence that erythropoietin has a
neuroprotective effect during subarachnoid hemorrhage. Eur J
Pharmacol 392:31-34 [In Process Citation]

Celik M, Gokmen N, Erbayraktar S, Akhisaroglu M, Konakc S,
Ulukus C, Genc S, Genc K, Sagiroglu E, Cerami A, Brines M
(2002) Erythropoietin prevents motor neuron apoptosis and neuro-
logic disability in experimental spinal cord ischemic injury. Proc
Natl Acad Sci U S A 99:2258-2263

Chaichana KL, Pradilla G, Huang J, Tamargo RJ (2010) Role of
inflammation (leukocyte-endothelial cell interactions) in vaso-
spasm after subarachnoid hemorrhage. World Neurosurg 73:22-41
Chen G, Zhang S, Shi J, Ai J, Hang C (2009) Effects of recombi-
nant human erythropoietin (thEPO) on JAK2/STAT3 pathway and
endothelial apoptosis in the rabbit basilar artery after subarachnoid
hemorrhage. Cytokine 45:162-168

Connolly ES Jr, Rabinstein AA, Carhuapoma JR, Derdeyn CP,
Dion J, Higashida RT, Hoh BL, Kirkness CJ, Naidech AM, Ogilvy
CS, Patel AB, Thompson BG, Vespa P, American Heart Association
Stroke Council, Council on Cardiovascular Radiology and
Intervention, Council on Cardiovascular Nursing, Council on
Cardiovascular Surgery and Anesthesia, Council on Clinical
Cardiology (2012) Guidelines for the management of aneurysmal
subarachnoid hemorrhage: a guideline for healthcare professionals
from the American Heart Association/American Stroke
Association. Stroke 43:1711-1737

Digicaylioglu M, Bichet S, Marti HH, Wenger RH, Rivas LA,
Bauer C, Gassmann M (1995) Localization of specific erythropoi-
etin binding sites in defined areas of the mouse brain. Proc Natl
Acad Sci U S A 92:3717-3720

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Diringer MN, Bleck TP, Claude Hemphill J 3rd, Menon D, Shutter
L, Vespa P, Bruder N, Connolly ES Jr, Citerio G, Gress D, Hanggi
D, Hoh BL, Lanzino G, Le Roux P, Rabinstein A, Schmutzhard E,
Stocchetti N, Suarez JI, Treggiari M, Tseng MY, Vergouwen MD,
Wolf S, Zipfel G (2011) Critical care management of patients fol-
lowing aneurysmal subarachnoid hemorrhage: recommendations
from the Neurocritical Care Society’s Multidisciplinary Consensus
Conference. Neurocrit Care 15:211-240

Ehrenreich H, Hasselblatt M, Dembowski C, Cepek L, Lewczuk P,
Stiefel M, Rustenbeck HH, Breiter N, Jacob S, Knerlich F, Bohn
M, Poser W, Ruther E, Kochen M, Gefeller O, Gleiter C, Wessel
TC, De Ryck M, Itri L, Prange H, Cerami A, Brines M, Siren AL
(2002) Erythropoietin therapy for acute stroke is both safe and
beneficial. Mol Med 8:495-505

Goldberg MA, Dunning SP, Bunn HF (1988) Regulation of the
erythropoietin gene: evidence that the oxygen sensor is a heme
protein. Science 242:1412-1415

Gorio A, Gokmen N, Erbayraktar S, Yilmaz O, Madaschi L,
Cichetti C, Di Giulio AM, Vardar E, Cerami A, Brines M (2002)
Recombinant human erythropoietin counteracts secondary injury
and markedly enhances neurological recovery from experimental
spinal cord trauma. Proc Natl Acad Sci U S A 99:9450-9455
Grasso G (2001) Neuroprotective effect of recombinant human
erythropoietin in experimental subarachnoid hemorrhage.
J Neurosurg Sci 45:7-14

Grasso G (2003) Erythropoiesis and neuroprotection: two sides of
the same coin? Lancet Neurol 2:332

Grasso G (2004) An overview of new pharmacological treatments
for cerebrovascular dysfunction after experimental subarachnoid
hemorrhage. Brain Res Brain Res Rev 44:49-63

Grasso G, Buemi M, Alafaci C, Sfacteria A, Passalacqua M,
Sturiale A, Calapai G, De Vico G, Piedimonte G, Salpietro FM,
Tomasello F (2002) Beneficial effects of systemic administration
of recombinant human erythropoietin in rabbits subjected to sub-
arachnoid hemorrhage. Proc Natl Acad Sci U S A 99:5627-5631
Grasso G, Passalacqua M, Sfacteria A, Conti A, Morabito A,
Mazzullo G, De VG, Buemi M, Macri B, Tomasello F (2002) Does
administration of recombinant human erythropoietin attenuate the
increase of S-100 protein observed in cerebrospinal fluid after
experimental subarachnoid hemorrhage? J Neurosurg 96:565-570
Hardemark HG, Almqvist O, Johansson T, Pahlman S, Persson L
(1989) S-100 protein in cerebrospinal fluid after aneurysmal sub-
arachnoid haemorrhage: relation to functional outcome, late CT
and SPECT changes, and signs of higher cortical dysfunction. Acta
Neurochir (Wien) 99:135-144

Helbok R, Shaker E, Beer R, Chemelli A, Sojer M, Sohm F,
Broessner G, Lackner P, Beck M, Zangerle A, Pfausler B, Thome
C, Schmutzhard E (2012) High dose erythropoietin increases brain
tissue oxygen tension in severe vasospasm after subarachnoid
hemorrhage. BMC Neurol 12:32

Ihle JN, Witthuhn B, Tang B, Yi T, Quelle FW (1994) Cytokine
receptors and signal transduction. Baillieres Clin Haematol
7:17-48

Jelkmann W (1994) Biology of erythropoietin. Clin Investig
72:3-10

Koshimura K, Murakami Y, Sohmiya M, Tanaka J, Kato Y (1999)
Effects of erythropoietin on neuronal activity. J Neurochem
72:2565-2572

Leist M, Ghezzi P, Grasso G, Bianchi R, Villa P, Fratelli M, Savino
C, Bianchi M, Nielsen J, Gerwien J, Kallunki P, Larsen AK,
Helboe L, Christensen S, Pedersen LO, Nielsen M, Torup L, Sager
T, Sfacteria A, Erbayraktar S, Erbayraktar Z, Gokmen N, Yilmaz
0O, Cerami-Hand C, Xie QW, Coleman T, Cerami A, Brines M
(2004) Derivatives of erythropoietin that are tissue protective but
not erythropoietic. Science 305:239-242

Li K, Miller C, Hegde S, Wojchowski D (2003) Roles for an Epo
receptor Tyr-343 Stat5 pathway in proliferative co-signaling with
kit. J Biol Chem 278:40702—40709



80

G. Grasso et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Loberg RD, Vesely E, Brosius F (2002) Enhanced glycogen syn-
thase kinase-3beta activity mediates hypoxia-induced apoptosis of
vascular smooth muscle cells and is prevented by glucose transport
and metabolism. J Biol Chem 277:41667-41673

Lu D, Mahmood A, Qu C, Goussev A, Schallert T, Chopp M
(2005) Erythropoietin enhances neurogenesis and restores spatial
memory in rats after traumatic brain injury. J Neurotrauma
22:1011-1017

Morishita E, Masuda S, Nagao M, Yasuda Y, Sasaki R (1997)
Erythropoietin receptor is expressed in rat hippocampal and cere-
bral cortical neurons, and erythropoietin prevents in vitro
glutamate-induced neuronal death. Neuroscience 76:105-116
Murphy AM, Xenocostas A, Pakkiri P, Lee TY (2008)
Hemodynamic effects of recombinant human erythropoietin on the
central nervous system after subarachnoid hemorrhage: reduction
of microcirculatory impairment and functional deficits in a rabbit
model. J Neurosurg 109:1155-1164

Pajonk F, Weil A, Sommer A, Suwinski R, Henke M (2004) The
erythropoietin-receptor pathway modulates survival of cancer
cells. Oncogene 23:8987-8991

Pyne GJ, Cadoux-Hudson TA, Clark JF (2003) Platelets play an
essential role in the aetiology of cerebral vasospasm after sub-
arachnoid haemorrhage. Med Hypotheses 60:525-530

Sakanaka M, Wen TC, Matsuda S, Masuda S, Morishita E,
Nagao M, Sasaki R (1998) In vivo evidence that erythropoietin
protects neurons from ischemic damage. Proc Natl Acad Sci U S A
95:4635-4640

Siren AL, Fratelli M, Brines M, Goemans C, Casagrande S,
Lewczuk P, Keenan S, Gleiter C, Pasquali C, Capobianco A,
Mennini T, Heumann R, Cerami A, Ehrenreich H, Ghezzi P (2001)
Erythropoietin prevents neuronal apoptosis after cerebral ischemia
and metabolic stress. Proc Natl Acad Sci U S A 98:4044-4049
Somervaille TC, Linch DC, Khwaja A (2001) Growth factor with-
drawal from primary human erythroid progenitors induces apopto-
sis through a pathway involving glycogen synthase kinase-3 and
Bax. Blood 98:1374-1381

Springborg JB, Ma X, Rochat P, Knudsen GM, Amtorp O, Paulson
OB, Juhler M, Olsen NV (2002) A single subcutaneous bolus of
erythropoietin normalizes cerebral blood flow autoregulation after
subarachnoid haemorrhage in rats. Br J Pharmacol 135:823-829
Springborg JB, Moller C, Gideon P, Jorgensen OS, Juhler M,
Olsen NV (2007) Erythropoietin in patients with aneurysmal

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

subarachnoid haemorrhage: a double blind randomised clinical
trial. Acta Neurochir 149:1089-1101; discussion 1101

Tong H, Imahashi K, Steenbergen C, Murphy E (2002)
Phosphorylation of glycogen synthase kinase-3 during precondi-
tioning through a phosphatidylinositol-3-kinase—dependent path-
way is cardioprotective. Circ Res 90:377-379

Tseng MY, Hutchinson PJ, Richards HK, Czosnyka M, Pickard
JD, Erber WN, Brown S, Kirkpatrick PJ (2009) Acute systemic
erythropoietin therapy to reduce delayed ischemic deficits follow-
ing aneurysmal subarachnoid hemorrhage: a Phase II randomized,
double-blind, placebo-controlled trial. Clinical article. J Neurosurg
111:171-180

Vergouwen MD, Ilodigwe D, Macdonald RL (2011) Cerebral
infarction after subarachnoid hemorrhage contributes to poor out-
come by vasospasm-dependent and -independent effects. Stroke
42:924-929

Weir B, Grace M, Hansen J, Rothberg C (1978) Time course of
vasospasm in man. J Neurosurg 48:173-178

Wojchowski DM, Gregory RC, Miller CP, Pandit AK, Pircher TJ
(1999) Signal transduction in the erythropoietin receptor system.
Exp Cell Res 253:143-156

Yamaji R, Okada T, Moriya M, Naito M, Tsuruo T, Miyatake
K, Nakano Y (1996) Brain capillary endothelial cells express
two forms of erythropoietin receptor mRNA. Eur J Biochem
239:494-500

Yatsiv I, Grigoriadis N, Simeonidou C, Stahel P, Schmidt O,
Alexandrovitch A, Tsenter J, Shohami E (2005) Erythropoietin is
neuroprotective, improves functional recovery, and reduces neuro-
nal apoptosis and inflammation in a rodent model of experimental
closed head injury. FASEB J 19:1701-1703

Yin H, Chao L, Chao J (2004) Adrenomedullin protects against
myocardial apoptosis after ischemia/reperfusion through activa-
tion of Akt-GSK signaling. Hypertension 43:109-116

Zanjani ED, Gordon AS, Wong KK, McLaurin WD (1969) The
renal erythropoietic factor (REF). X. The question of species and
class specificity. Proc Soc Exp Biol Med 131:1095-1098

Zhang J, Zhu Y, Zhou D, Wang Z, Chen G (2010) Recombinant
human erythropoietin (thEPO) alleviates early brain injury follow-
ing subarachnoid hemorrhage in rats: possible involvement of
Nrf2-ARE pathway. Cytokine 52:252-257



Valproic Acid Treatment After Experimental

Subarachnoid Hemorrhage

Michael K. Tso, Elliot Lass, Jinglu Ai, and R. Loch Macdonald

Abstract Introduction: Subarachnoid hemorrhage (SAH)
can result in significant brain injury. Valproic acid (VPA),
a widely-used anti-epileptic drug, was investigated as a pos-
sible neuroprotective drug in a prechiasmatic injection model
of SAH in mice.

Methods: Mice were randomized to the following
experimental groups: SAH, SAH+VPA, Sham, and
Sham + VPA. VPA (400 mg/kg) or saline was administered
within 30 min of SAH induction and every 12 h thereafter
for 48 h. Neurobehavioral assessments using the modified
Garcia Score were conducted at 24 and 48 h. Brain injury
was assessed at 48 h with fluoro-jade b and caspase-3/
NeuN histo- and immunohistochemistry. Vasospasm was
assessed in the MCA branches using hematoxylin & eosin
histology.

Results: SAH mice treated with VPA appeared to have
improved neurobehavioral assessments at both 24 and
48 h compared to untreated SAH mice. VPA treatment in
SAH mice also significantly decreased the number of
degenerating neurons on fluoro-jade b staining. In VPA-
treated SAH mice, there was a trend toward a decrease in
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the number of apoptotic neurons on caspase-3/NeuN
immunohistochemistry. VPA did not significantly affect
vasospasm.

Conclusion: This study demonstrated that VPA improves
neurological outcome and decreases brain injury in a mouse
model of SAH.

Keywords Subarachnoid hemorrhage ¢ Valproic acid e
Neuroprotection * Brain injury ¢ Mouse * Prechiasmatic
injection model

Introduction

Subarachnoid hemorrhage (SAH) remains associated with
high morbidity and mortality [7]. Patients with aneurysmal
SAH may develop angiographic vasospasm and delayed
cerebral ischemia (DCI) [3]. A multi-center randomized
clinical trial has not shown improvement in neurologic out-
come despite ameliorating the delayed large artery vaso-
spasm [5]. New therapies are needed.

Valproic acid (VPA) is a branched short-chain fatty acid
that crosses the blood-brain barrier (BBB) easily and has an
established safety profile [1]. It is used clinically for seizure
control, bipolar affective disorder, neuropathic pain and
migraine headache [1]. Pre-clinical studies have demon-
strated neuroprotective effects in rodent models of traumatic
brain injury and ischemic stroke [2, 4, 6]. Currently, no stud-
ies have investigated the impact of VPA on brain injury after
experimental SAH. This study investigates VPA as a poten-
tial neuroprotective agent in a mouse model of SAH. Because
it crosses the BBB easily and has a well-established safety
profile in other neurological conditions, VPA is an attractive
drug to study given the potential to test it in SAH clinical
trials.
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Materials and Methods

Experimental Design

This study received approval from the institutional Animal
Care Committee. Four experimental groups were planned:
mice with SAH induction (n=28), mice with SAH induction
and treated with VPA (n=8), sham mice (n=4), and sham
mice treated with VPA (n=4). Mice were randomized to one
of the four groups.

SAH Model

C57BL/6 J male mice (Jackson Laboratory, Bar Harbor, ME),
8—10 weeks old and weighing 20-25 g, were used. The prechi-
asmatic injection model of SAH was used and has been
described previously [8]. Mice were anesthetized with 3 % iso-
flurane and maintained with 1.5 I of oxygen via orotracheal
delivery. Body temperature was measured by rectal tempera-
ture probe and maintained at 37.0° Celsius by a homeothermic
heating pad (Harvard Apparatus, Holliston, MA). The head of
each mouse was immobilized in a stereotactic frame. A midline
incision was made and a burr hole was created 4.5 mm anterior
to the bregma and slightly off the midline. Laser flow Doppler
(BLT21, Transonics Systems, New York City, NY) was used to
measure cerebral blood flow (CBF). A 27-gauge spinal needle
was advanced through the burr hole at a 37.5° cranial to caudal
angle in the sagittal plane and the tip positioned in the sub-
arachnoid space. SAH mice received 80 pL of donor littermate
arterial blood injected over 10 s. Sham mice had needle place-
ment without injection of blood. Mice were treated with
400 mg/kg of VPA (Sigma-Aldrich, St. Louis, MO.) or 0.9 %
NaCl (VPA vehicle) via intraperitoneal injection within 30 min
after the procedure and every 12 h thereafter for 48 h. The
experimenter was blinded to the identity of these injections. All
mice received routine post-operative subcutaneous injections
of buprenorphine (Sigma-Aldrich, St. Louis, MO), 0.1 mg/kg,
at the time of SAH induction and every 12 h for 48 h.

Two days after SAH induction, the mice were anesthe-
tized with ketamine (10 mg/kg) and xylazine (4 mg/kg) and
underwent transcardial perfusion with 4 % paraformalde-
hyde (PFA) in phosphate buffer at physiological blood pres-
sure (80—100 mmHg by sphygmomanometer). Brains were
extracted and fixed in PFA for 24 h. Brain cuts were per-
formed as previously described followed by paraffin embed-
ding [8]. Five pm sections were sliced with a microtome
(Leica, Wetzlar, Germany) and placed on glass slides.

Neurobehavioral Assessment:
Modified Garcia Score

The modified Garcia Score is an acute neurobehavioral
assessment developed for the endovascular perforation
rodent model of SAH [10]. The global assessment consists
of 6 domains — spontaneous activity, spontaneous movement
of all 4 limbs, forepaw outstretching, climbing, body pro-
prioception, and response to vibrissae touch. The maximum
score is 18, indicative of normal mouse behavior. Behavioral
assessments were performed at 24 and 48 h after SAH induc-
tion by 2 observers blinded to the experimental group
allocation.

Brain Injury Assessment: Fluoro-Jade
b and Caspase-3/NeuN
Immunohistochemistry

Fluoro-jade b (Histo-Chem Inc., Jefferson, Arkansas) was
used as marker of neuronal injury and degeneration [9]. The
specimen slides were deparaffinized and rehydrated. Slides
were placed in 0.06 % potassium permanganate (Sigma-
Aldrich, St. Louis, MO) solution for 15 min. After rinsing in
deionized water, the slides were then placed in 0.001 %
fluoro-jade b solution for 30 min. The slides were then
washed, dried, cleared in xylene and cover-slipped with non-
aqueous mounting media DPX (Sigma-Aldrich, St.
Louis, MO).

Caspase-3/NeuN immunohistochemistry was used to
label apoptotic neurons. Specimen slides were placed in
heated antigen retrieval solution and then 0.3 % Triton
X-100 solution for 60 min. Slides were then incubated
with 10 % normal goat serum in 1 % bovine serum albu-
min for 30 min. The primary antibodies used were rabbit
anti-active caspase 3 (1:300, BD Pharmingen, Franklin
Lakes, NJ) and mouse anti-NeuN (1:200, Invitrogen,
Carlsbad, CA). The secondary antibodies used were goat
anti-rabbit alexa fluor 488 (1:1,000, Invitrogen, Carlsbad,
CA) and goat anti-mouse alexa fluor 568 (1:1,000,
Invitrogen, Carlsbad, CA). Slides were cover-slipped
with aqueous mounting medium and sealed with nail
polish.

Coronal brain slices of both fluoro-jade b and caspase-3/
NeuN slides were viewed with an Olympus upright micro-
scope. Positively-labeled cells were counted throughout the
entire coronal brain slice. Counts were made in a blinded
manner by 2 observers.
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Vasospasm Assessment: Hematoxylin
&amp; Eosin Staining

Slides were deparaffinized and rehydrated, followed by stain-
ing by hematoxylin and eosin. Slides were cover-slipped
with Permount mounting medium (Sigma-Aldrich, St. Louis,
MO) and viewed with an Olympus upright microscope. Slide
pictures were taken of parasagittal brain sections, looking at
the middle cerebral artery (MCA) branches. Vasospasm was
assessed by calculating the ratio of the MCA branch lumen
diameter to the MCA branch vessel wall thickness, as mea-
sured by Image J (NIH, Bethesda, MD). The lumen diam-
eter was estimated by dividing the free-hand drawn inner
lumen circumference by n. A smaller lumen diameter to
wall thickness ratio is indicative of more severe vasospasm.
Measurements were made in a blinded manner.

Statistical Analysis

Results were expressed as means with standard errors.
Comparisons between the four experimental groups were
determined using one-way analysis of variance (ANOVA)
with Holm-Sidak post-hoc analysis. Student’s ¢-test was used
for comparisons between 2 groups. The significance level
was set at p<0.05.

Results

Intraoperative Cerebral Blood Flow

Intraoperative CBF measurements revealed no significant
changes from baseline after needle insertion in the Sham and
Sham+ VPA groups (data not shown). In both the SAH and
SAH+VPA groups, CBF dropped to 5-10 % of baseline
after SAH induction and recovered to 70-80 % of baseline
after 10 min (data not shown).

Mortality

Two mice in the SAH group died several minutes after
SAH induction. Hence, only 6 mice in the SAH group are
included in the neurobehavioral and histological assess-
ments. There were no mortalities in the SAH+ VPA, Sham,
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Fig. 1 Modified Garcia Score at 24 and 48 h (maximum score of 18).
The SAH group had significantly lower modified Garcia Scores at both
24 and 48 h compared to the other three experimental groups. *p<0.05
compared with SAH group at 24 h. **p<0.05 compared with SAH
group at 48 h. Error bars indicate standard error

and Sham+ VPA groups (n=8 each). The overall mortality
rate after SAH induction was 12.5 % (2 out of 16 mice).

Improved Neurological Outcome
with Valproic Acid Treatment

At both 24 and 48 h after SAH induction, mice in the
SAH+ VPA group had significantly higher modified Garcia
Scores compared with mice in the SAH group (Fig. 1). Also,
the SAH group had significantly lower neurological scores
compared to the Sham and Sham+ VPA groups at both time
points. There were no significant differences in the modified
Garcia Score at both time points between Sham and
Sham+VPA groups. Finally, there were no significant
changes in neurological scores between 24 and 48 h within
each experimental group.

Decreased Histological Evidence of Brain
Injury with Valproic Acid Treatment

SAH mice treated with VPA had significantly less brain
injury compared with untreated SAH mice, as measured by
the number of fluoro-jade b positive cells on coronal brain
sections (Fig. 2a). Also, the SAH group had significantly
more fluoro-jade b positive cells compared to the Sham and
Sham + VPA groups. There were no significant differences in
the number of fluoro-jade b positive cells between Sham and
Sham+ VPA groups. ANOVA statistical analysis revealed
that there were significant differences in the number of cas-
pase-3 positive neurons between experimental groups
(p=0.04). However, after correcting for multiple statistical
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Fig. 2 Histological assessment of brain injury at 48 h. (a) Counts on
coronal brain sections of fluoro-jade b positive cells. The SAH group
had decreased number of fluoro-jade b positive cells compared with all
the other experimental groups. (b) Counts on coronal brain sections of
Caspase-3 positive neurons co-immunostained with NeuN. After cor-
recting for multiple statistical comparisons, there was only a trend
toward decreased number of Caspase-3 positive neurons in the
SAH+ VPA group compared with the SAH group. *p<0.05 compared
with SAH group. Error bars indicate standard error

comparisons, there was only a trend toward decreased num-
ber of caspase-3 positive neurons in the SAH+ VPA group
compared with the SAH group (p=0.01) (Fig. 2b).

Vasospasm Unaffected by Valproic
Acid Treatment

Mice in the SAH and SAH+ VPA groups had significantly
increased large-vessel vasospasm on histology compared with
Sham or Sham+ VPA groups (Fig. 3). However there was no
significant difference in vasospasm between SAH mice treated
with VPA and untreated SAH mice. Also, there was no differ-
ence in vasospasm between Sham and Sham+ VPA groups.

Discussion

This preliminary study demonstrated that administration of
VPA in the acute setting resulted in improved neurobehav-
ioral outcomes and decreased histological evidence of brain
injury in a prechiasmatic injection model of SAH in
mice. Large-vessel vasospasm was not affected by VPA and

therefore may not mediate the neuroprotective effect of VPA,
although it was only measured at one time after the
SAH. Because molecular studies were not performed in this
study, it is not clear by which mechanism VPA decreases
brain injury. In a rat model of transient focal cerebral isch-
emia, the investigators have suggested that VPA is neuropro-
tective as a result of upregulation of heat shock proteins and
inhibition of histone deacetylases (HDAC) [6]. Through its
inhibition of HDAC1, VPA can increase histone acetylation
resulting in a relaxed chromatin configuration and an increase
in overall gene transcription [1]. The increased gene expres-
sion, with some genes possibly related to neuronal survival,
may explain the improved neurological outcome and
decreased brain injury after SAH induction. VPA may also
reduce excitotoxic damage in the neurons through its inhibi-
tion of GABA degradation [1].

VPA is an attractive drug to study in the context of neuro-
protection in SAH patients. First, it has already been admin-
istered in SAH patients, although VPA has not been
prospectively studied in this patient population. It is a small
molecule drug that is known to cross the blood brain barrier
[1]. Also, VPA has a known safety profile due to its wide-
spread use over many decades for other clinical conditions
and it is readily available on the market.

Limitations in this study include the lack of serum VPA
measurements. It is possible some mice may have serum
concentrations of VPA outside of the therapeutic range,
although a neuroprotective effect was still found in this study.
Intracranial pressure (ICP) monitoring and mean arterial
pressure monitoring were not utilized during SAH induc-
tion. Also, it is unclear how much of the brain injury is a
result of the transient global cerebral ischemia from the initial
increased ICP and how much is a result of the effect of blood
in the subarachnoid space.
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Further studies will need to investigate other measures
of cognition, such as using the Morris Water Maze for
assessment of spatial memory. Although the 48 h time
point was used in this study, it would be appropriate to
determine if this neuroprotective effect is sustained at later
time points. Finally, molecular studies are needed to eluci-
date the mechanism by which VPA confers its neuropro-
tective effect.

Conclusion

This study demonstrated that VPA treatment improved neu-
rological outcomes and decreased brain injury on immuno-
histochemistry in a prechiasmatic injection model of SAH in
mice. Although further studies are needed, VPA appears to
be promising as a treatment to improve neurological out-
come after SAH.
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SAH-Induced MMP Activation and K, Current Suppression
is Mediated Via Both ROS-Dependent and ROS-Independent

Mechanisms

Masayo Koide and George C. Wellman

Abstract Voltage-gated potassium (Ky) channels regulate
cerebral artery tone and have been implicated in subarach-
noid hemorrhage (SAH)-induced pathologies. Here, we
examined whether matrix metalloprotease (MMP) activation
contributes to SAH-induced Ky current suppression and
cerebral artery constriction via activation of epidermal
growth factor receptors (EGFRs). Using patch clamp elec-
trophysiology, we observed that Ky currents were selectively
decreased in cerebral artery myocytes isolated from SAH
model rabbits. Consistent with involvement of enhanced
MMP and EGFR activity in SAH-induced Ky current sup-
pression, we found that: (1) oxyhemoglobin (OxyHb) and/or
the exogenous EGFR ligand, heparin-binding EGF-like
growth factor (HB-EGF), failed to induce further Ky current
suppression after SAH and (2) gelatin zymography detected
significantly higher MMP-2 activity after SAH. The removal
of reactive oxygen species (ROS) by combined treatment
with superoxide dismutase (SOD) and catalase partially
inhibited OxyHb-induced Ky current suppression. However,
these agents had little effect on OxyHb-induced MMP-2
activation. Interestingly, in the presence of a broad-spectrum
MMP inhibitor (GM6001), OxyHb failed to cause Ky current
suppression. These data suggest that OxyHb suppresses Ky
currents through both ROS-dependent and ROS-independent
pathways involving MMP activation. The ROS-independent
pathway involves activation of MMP-2, whereas the ROS-
dependent pathway involves activation of a second unidenti-
fied MMP or ADAM (a disintegrin and metalloprotease
domain).

Keywords K channels * Heparin-binding EGF-like growth
factor (HB-EGF) ¢ Parenchymal arteriole ¢ Patch clamp ¢
Vascular smooth muscle * Vasospasm
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Introduction

Subarachnoid hemorrhage (SAH) following cerebral aneu-
rysm rupture is associated with substantial morbidity and
mortality and existing therapeutic options have limited effi-
cacy. A major contributor to poor outcome is delayed cere-
bral ischemia (DCI) manifesting 4—10 days after aneurysm
rupture. Despite decades of study, mechanisms contributing
to SAH-induced DCI remain controversial. Factors contrib-
uting to the development of DCI after SAH may include
early brain injury, cortical spreading depression, disruption
of the blood-brain barrier, activation of inflammatory path-
ways, and enhanced constriction of brain surface arteries/
arterioles and intracerebral arterioles [5, 8, 16-18].

The membrane potential of cerebral artery myocytes is a
key regulator of vascular diameter, with membrane potential
depolarization leading to an increase in the open-state proba-
bility of voltage-dependent Ca?* channels, enhanced Ca?
entry, and vasoconstriction [15]. Studies using intracellular
microelectrodes to measure smooth muscle membrane poten-
tial in intact cerebral arteries have found enhanced membrane
potential depolarization concomitant with enhanced constric-
tion in tissue from SAH model animals [6, 16, 22]. Voltage-
gated potassium (Ky) channels play an important role in the
regulation of smooth muscle membrane potential and arterial
diameter with decreased Ky channel activity leading to mem-
brane potential depolarization [1, 3, 4]. Evidence indicates
that Ky current suppression contributes to enhanced mem-
brane potential depolarization and constriction of cerebral
arteries isolated from SAH model animals [7, 11, 20, 22].
Further, we have previously demonstrated that acute applica-
tion of the blood component oxyhemoglobin (OxyHb) leads
to matrix metalloprotease (MMP) activation, shedding of
heparin-binding epidermal growth factor (EGF)-like growth
factor (HB-EGF), epidermal growth factor receptor (EGFR)
activation, and Ky channel suppression via internalization
[11]. However, the mechanism underlying OxyHb-induced
MMP activation and HB-EGF shedding is unclear. The objec-
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tive of this study was to examine the contribution of reactive
oxygen species (ROS) on enhanced MMP activity and Ky
current suppression in cerebral artery myocytes after SAH.

Materials and Methods

Rabbit Double-Hemorrhage SAH Model

As previously described, two injections of unheparinized
autologous arterial blood (3 mL) were delivered via the cis-
tern magna onto the brain surface of anesthetized rabbits at an
interval of 48 h [7, 8, 10]. Five days after the initial surgery,
rabbits were euthanized and posterior cerebral and cerebellar
arteries (100-200-pm diameter) were isolated from the brain
surface for in vitro studies. All experiments were conducted
in accordance with The Guide for the Care and Use of
Laboratory Animals (NIH Pub. No. 85-23, revised 1996) and
followed protocols approved by the Institutional Animal Care
and Use Committee of the University of Vermont.

Artery Diameter Measurements

Freshly isolated arteries were cannulated and pressurized to
60 mmHg, superfused with artificial cerebrospinal fluid (aCSF)
and diameter measurements obtained using video edge-detec-
tion equipment [8, 16]. Constriction (tone) is expressed as per-
cent decrease from maximum diameter obtained using
Ca*-free aCSF with 100 pM diltiazem and 1 pM forskolin.

Patch Clamp Electrophysiology

Whole-cell K* currents were measured using the conven-
tional whole-cell configuration of the patch-clamp tech-
nique [7, 10, 11]. Outward currents were elicited by 800-ms
depolarizing voltage steps from a holding potential of —70
to +50 mV [7, 11]. The bath solution contained (in mM):
134 NaCl, 6 KCI, 1 MgCl,, 0.1 CaCl,, 10 glucose, and 10
HEPES (pH 7.4). Patch pipettes (3—5 MQ) were filled with
an internal solution that contained (in mM): 87 potassium
aspartate, 20 KCl, 1 CaCl,, 1 MgCl,, 10 HEPES, 10 EGTA,
and 25 KOH (pH 7.2). Inwardly rectifying K* (Kjr) chan-
nel currents were measured as 100-uM barium-sensitive cur-
rents using voltage ramps from —100 to +40 mV [23]. For
K recordings, the bath solution contained (in mM): 140
KCI, 1 MgCl,, 0.1 CaCl,, 10 glucose, and 10 HEPES (pH
7.4) and the patch pipette contained (in mM): 87 potassium
aspartate, 20 KCl, 1 CaCl,, 1 MgCl,, 10 HEPES, 10 EGTA,

and 25 KOH (pH 7.2). For all recordings, cell capacitance
was not different between groups (control: 10.9+£0.4 pF,
n=37; SAH: 11.3+0.3 pF, n=30). Current density was cal-
culated by dividing the K* current by the cell capacitance.

Zymography

MMP activity was measured using gelatin zymography [11].
Cerebral arteries were homogenized in gel loading buffer
(100 mM Tris, 2 % SDS and 20 % glycerol). Lysate (15 pg
protein, quantified by Bradford assay) was applied to a 10 %
polyacrylamide gel copolymerized with the MMP2/9 sub-
strate, gelatin (1 mg/mL). After electrophoresis, the gel was
rinsed overnight then incubated at 37 °C for 20 h to allow
gelatinolytic activity. The gel was stained with Coomassie
Brilliant Blue and MMP activity was detected as unstained
bands against the background of the blue-stained gelatin [11].

PCR

Expression of mRNA was examined by semi-quantitative
RT-PCR [9]. Total RNA was extracted from intact cerebral
arteries, and converted into cDNA. Amplification of cDNA
was performed using Taq DNA polymerase (GenScript) and
primers for MMP-2 (forward: 5'-CCG TGT GAA GTA TGG
CAA TG-3', reverse: 5'-CGT AGA GCT CTT GAA TGC
CC-3’). Band intensity in the linear range of amplification
was normalized to band intensity for 18S ribosomal RNA.

Statistical Analysis

Data are expressed as mean+SEM with n representing the
number of cells or samples per group. Student’s paired or
unpaired #-test were used to determine statistical significance
at the level of P<0.05 (*) or P<0.01 (¥*).

Results

Selective Suppression of K, Channel
Function After SAH Involves EGF
Receptor Activation

Whole-cell voltage-dependent and inwardly rectifying
K* currents were examined in cerebral artery myocytes
freshly isolated from control and SAH model rabbits
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Fig. 1 OxyHb and HB-EGF suppressed Ky currents of cerebral artery
myocytes from control animals but not from SAH model animals.
(a) Example of whole-cell K* currents before and after 10 min applica-
tion of OxyHb (10 pM) to cerebral artery myocytes isolated from con-
trol and SAH model animals. (b) Summary of 4-AP-sensitive Ky
currents obtained from control (n=6) and SAH model (n=4) animals.
(c) Examples of whole-cell K* currents before and after 10 min applica-

using the conventional whole-cell configuration of the
patch-clamp technique. Whole-cell voltage-dependent K*
currents were measured during 10-mV voltage steps from
a holding potential of —70 mV and represent the combined
activity of large-conductance Ca?*-activated (BK) and
voltage-gated (Ky) K* channels. As illustrated in Fig. 1a,
the current amplitude of whole-cell composite K* currents
was reduced in cerebral artery myocytes from SAH model
animals. To separate BK and Ky currents, selective block-
ers of BK channels (paxilline, 1 pM) and Ky channels
(4-aminopyridine, 4-AP, 10 mM) were applied to myo-
cytes isolated from control and SAH model animals. The
current densities of paxilline-sensitive BK currents were
similar in myocytes isolated from both groups; controls:
6.5+0.7 pA/pF at +50 mV (n=6) and SAH: 5.6 0.6 pA/
pF at +50 mV (n=4). In marked contrast, 4-AP-sensitive
Ky currents were significantly decreased in myocytes
from SAH animals (12.1+1.4 pA/pF at +50 mV, n=4)
compared with myocytes from control animals (16.3+0.6
pA/pF at +50 mV, n=6) (Fig. 1b). Inwardly rectifying
K* (Kr) channel currents, determined as inward cur-
rents sensitive to 100 pM Ba?* using voltage ramps from
—100 to +40 mV, were not significantly different between
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tion of HB-EGF (30 ng/ml) to cerebral artery myocytes isolated from
control and SAH model animals. (d) Summary data demonstrating that
OxyHb and HB-EGF significantly suppressed Ky currents in cerebral
artery myocytes from control, but not SAH model animals. OxyHb
treatment: control n=7, SAH n=4; HB-EGF treatment: control n=6,
SAH n=5. ¥**P<0.01 vs control, unpaired Student's ¢-test

groups. For example, Ba?*- sensitive current densities at
—-100 mV were -5.4+0.9 pA/pF and —-5.2+0.6 pA/pF in
myocytes from control (n=24) and SAH (n=23) animals,
respectively. This data demonstrates that Ky currents
are selectively suppressed in cerebral artery myocytes
from SAH model rabbits. Consistent with SAH-induced
Ky current suppression, constrictions to 4-AP (10 mM)
were significantly reduced in arteries isolated from SAH
(17.4+3.7 % decrease in diameter, n=4) model animals
compared with control (38.9 + 6.2 % decrease in diameter,
n=4) animals.

Our previous work has demonstrated that acute applica-
tion of the blood component OxyHb decreased Ky currents
in cerebral artery myocytes through a mechanism involving
HB-EGF shedding and EGFR activation [11]. As with this
previous work, OxyHb decreased Ky currents in myocytes
isolated from control animals. However, OxyHb failed to
reduce Ky currents obtained from SAH animals (Fig. 1a, d);
indicating that acute application of OxyHb and 4-day expo-
sure of subarachnoid blood in vivo may work through a com-
mon mechanism to decrease Ky channel activity. Further,
exogenous application of HB-EGF mimicked the actions of
acute application of OxyHb, causing a reduction in Ky
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currents in myocytes obtained from control, but not SAH
model animals (Fig. 1c, d). This data suggests SAH-induced
Ky suppression involves HB-EGF shedding and EGFR acti-
vation in a manner similar to that caused by OxyHb.

MMP-2 Activity Is Enhanced in Cerebral
Arteries from SAH Model Animals

The matrix metalloprotease subtype, MMP-2, has been
implicated in HB-EGF shedding and mesenteric artery
constriction [12]. In addition, our previous work has dem-
onstrated that OxyHb increases MMP-2 activity in cerebral
artery homogenates from control animals [11]. To examine if
increased MMP-2 activity may be involved in SAH-induced
HB-EGF shedding and Ky current suppression, zymography
using the MMP-2 substrate gelatin was performed using
cerebral artery homogenates from control and SAH model
animals. Gelatin zymography from cerebral artery homog-
enates produced a single 65-kDa band similar to commer-
cially purified MMP-2 (Fig. 2a). Interestingly, MMP-2 band
intensity was significantly greater in homogenates from
SAH model animals (Fig. 2b, c). Although MMP-2 activ-
ity was increased after SAH, mRNA levels of MMP-2 were
similar in cerebral arteries from control and SAH model ani-
mals (Fig. 2d). This data demonstrates that MMP-2 activity,
but not expression, is increased in cerebral arteries after SAH
in a manner similar to that observed with acute application
of OxyHb.

Oxyhemoglobin Activates MMPs
and Suppresses K, Currents Via ROS-
Dependent and ROS-Independent Pathways

To examine whether reactive oxygen species (ROS) such as
super oxide anions (O,") contribute to increased MMP activ-
ity caused by OxyHb, studies were performed in cerebral
artery myocytes from control animals using a combination
of superoxide dismutase and catalase. Superoxide dis-
mutase catalyzes the conversion of super oxide anions (O,")
into oxygen (O,) and hydrogen peroxide (H,0,), whereas
catalase converts H,O, to H,O and O,. The combination of
superoxide dismutase (150 U/mL) and catalase (500 U/mL)
decreased OxyHb-induced Ky suppression by approximately
40 % (Fig. 3a, b). In comparison, the broad-spectrum MMP
inhibitor, GM6001 (10 pM), caused a substantially greater
decrease in OxyHb-induced Ky suppression of nearly 80 %.
These findings suggest that ROS partially mediates OxyHb-
induced Ky suppression; however, ROS-independent MMP
activation also contributes to suppression of Ky currents by
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Fig. 2 MMP-2 activity is enhanced in cerebral arteries from SAH
model animals. (a) Gelatin zymography demonstrating activity of com-
mercially purified MMP-2 and cerebral artery homogenate from a con-
trol animal. (b) Gelatin zymography demonstrating enhanced MMP-2
activity in homogenates obtained from SAH model animals. (¢) Summary
data showing significantly greater MMP-2 activity in cerebral artery
homogenates from SAH model animals compared with cerebral artery
homogenates from unoperated control animals (r=8 for each).
(d) Summary data demonstrating that MMP-2 mRNA levels are similar
in cerebral artery homogenates obtained from control and SAH model
animals (n="7 for each). **P<0.01 vs control, unpaired Student's #-test

OxyHb. Further, as illustrated in Fig. 3c, OxyHb-induced
MMP-2 activity was not altered by superoxide dismutase and
catalase. These findings indicate that both ROS-dependent
and ROS-independent MMP activation contribute to OxyHb-
induced Ky current suppression and that OxyHb increases
MMP-2 activity independently of ROS generation.

Discussion

The present study indicates that in vivo administration of
subarachnoid blood or acute ex vivo application of OxyHb
act via multiple pathways that converge to induce HB-EGF
shedding and Ky current suppression in cerebral artery
myocytes. We provide evidence that one of these pathways
involves activation of MMP-2 via a mechanism indepen-
dent of ROS generation and that a second pathway involves
ROS-dependent activation of a matrix metalloprotease
(MMP) or a disintegrin metalloprotease (ADAM) distinct
from MMP-2. The combination of these ROS-dependent and
ROS-independent mechanisms and the resultant shedding



SAH-Induced MMP Activation and Ky Current Suppression is Mediated Via Both ROS-Dependent and ROS-Independent Mechanisms 93
b
a — OxyHb + OxyHb 15 —
ARG AP o e c
? e e o
Fas B §
No inhibitor (o a
ST 10
a 2 *
= Z
+S0OD S
+ Catalase = 5
O *k
+ GM6001 [ 200 pA OxyHb SOD/cat GM6001
100 ms +OxyHb +OxyHb
c Control OxyHb SOD/cat
+OxyHb
4,000
*
— *%
2 3,000
<
2
g 20007 +P<0.05
o  P<0.01
S 1,000
= vs control
0 —

OxyHb SOD/cat
+OxyHb

Control

Fig. 3 ROS-dependent and ROS-independent MMP activation and Ky
current suppression caused by exogenous OxyHb. (a) Representative Ky
current recordings demonstrating the ability of the free radical scaven-
gers superoxide dismutase (SOD) and catalase or the MMP inhibitor,
GM6001 to reduce OxyHb-induced Ky current suppression.
(b) Summary data demonstrating that GM6001 caused a greater inhibi-
tion of OxyHb-induced Ky current suppression than SOD/catalase.
*P<0.05; **P<0.01 SOD/catalase and GM6001 on OxyHb-induced Ky

of HB-EGF and EGFR activation account for the selective
suppression of Ky channels in cerebral artery myocytes from
SAH model animals.

Our observation that OxyHb does not cause additional
suppression of Ky currents in myocytes isolated from SAH
model animals indicates that OxyHb is the blood component
largely responsible for reduced Ky currents leading to
enhanced cerebral artery constriction after SAH. Consistent
with this concept, both OxyHb and subarachnoid blood sup-
press Ky currents through a pathway involving MMP activa-
tion, HB-EGR shedding, and EGFR activation. Our present
findings also indicate that OxyHb activates at least two dis-
tinct MMPs or ADAMs responsible for HB-EGF shedding—
MMP-2 and an unidentified additional MMP/ADAM. It also
appears that ROS are involved in the activation of the uniden-
tiied MMP/ADAM, but not MMP-2. The oxidation of
OxyHDb to methemoglobin releases O, and secondarily leads
to the production of hydroxyl radicals [14, 21]. Other studies

suppression (n=7); §P<0.05 GM6001 (n=5) vs. SOD/catalase treatm-
tent on OxyHb-induced Ky suppression (n=5). ANOVA followed by
Tukey test. (¢) Representative gel and summary of zymography data
demonstrating that SOD/catalase treatment did not prevent OxyHb-
induced MMP-2 activation. *P<0.05; **P<0.01 versus control.
(Control: n=8, OxyHb: n=8, SOD/cat+OxyHb: n=4) ANOVA fol-
lowed by Tukey test

[2, 13, 19] have demonstrated that these ROS can increase
activity and expression of MMPs, including MMP-2.
However in the present study, super oxide dismutase and
catalase, scavengers of O, and H,0,, did not prevent OxyHb-
induced stimulation of MMP-2 activity (Fig. 3). This finding
indicates that OxyHb can also act independently of ROS to
enhance MMP-2 activity. Future studies are needed to deter-
mine the mechanism of ROS-independent MMP-2 activation
and to determine the identity of additional MMPs/ADAMs
involved in OxyHb-induced Ky current suppression.

Conclusions

Enhanced cerebral artery constriction represents one compo-
nent of the multifactorial and interrelated series of pathologi-
cal events leading to DCI in patients after aneurysmal SAH.
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Our data indicate that OxyHb contributes to SAH-induced
cerebral artery constriction via activation of multiple MMPs/
ADAM, leading to HB-EGF shedding and Ky current sup-
pression in cerebral artery myocytes. Evidence is also pro-
vided that ROS-dependent and ROS-independent pathways
are involved in OxyHb-induced MMP activation. These find-
ings suggest that SAH-induced MMP/ADAM activation may
play an important role in the development of DCI after SAH
and represent a new target for therapies to alleviate the detri-
mental consequences of cerebral aneurysm rupture.
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Mechanisms Underlying Increased Vascular Smooth
Muscle Contractility in the Rabbit Basilar Artery
Following Subarachnoid Hemorrhage

Yuichiro Kikkawa, Katsuharu Kameda, Satoshi Matsuo, Ryota Kurogi, Akira Nakamizo,

Masahiro Mizoguchi, and Tomio Sasaki

Abstract Increased vascular contractility plays an impor-
tant role in the development of cerebral vasospasm fol-
lowing subarachnoid hemorrhage (SAH). Here, we
summarize our current knowledge regarding molecular
mechanisms that contribute to increased smooth muscle
contractility of rabbit basilar artery following SAH. Our
studies demonstrated that upregulation of receptor expres-
sion, impairment of feedback regulation of receptor activ-
ity, and enhancement of myofilament Ca?* sensitization
might lead to increased smooth muscle contractility
following SAH.

Keywords Vascular smooth muscle ¢ Subarachnoid hemor-
rhage » Cerebral vasospasm ¢ Basilar artery  Rabbit

Introduction

The mechanism of cerebral vasospasm following sub-
arachnoid hemorrhage (SAH) can be attributed to either
increased production of spasmogens or increased vascular
contractility [8]. The contractile response of the cerebral
arteries to various putative spasmogens including endothe-
lin (ET)-1 [6], thrombin [14], platelet-derived growth fac-
tor [13], thromboxane A2 [18], and sphingosine
1-phosphate [19] have been demonstrated to be enhanced
in the animal SAH model. These spasmogens may not only
act as a vasoconstrictor but also cause alteration of vascu-
lar reactivity. The increase in vascular contractility may
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result from either endothelial dysfunction or an increase in
smooth muscle contractility [10, 17]. This increased vas-
cular contractility is suggested to play a fundamental role
in the delayed onset of cerebral vasospasm. Here, we
report some new findings regarding the mechanism under-
lying the increased smooth muscle contractility of rabbit
basilar artery following SAH.

Upregulation of Receptor Expression
in the Rabbit Basilar Artery Following SAH

Contractile responses to agonists were investigated using
basilar arterial strips without endothelium that were isolated
from the rabbit cisterna magna double-injection SAH model.
Thrombin levels at even 10 U/ml in the basilar artery in the
control model induced only a small contraction, whereas
contractions were significantly enhanced at a lower concen-
tration in the SAH model [11, 14]. Enhanced contractile
response was also observed with an agonist peptide for
the thrombin receptor after SAH [14]. Consistent with the
increased contractile response to thrombin, expression of the
thrombin receptor, proteinase-activated receptor 1 (PAR),
was upregulated 5 and 7 days after SAH [14]. Intrathecal
administration of a selective PAR; antagonist prevented
both the upregulation of PAR; expression and enhancement
of the contractile response to thrombin [7]. This suggests
that thrombin-mediated activation of PAR; plays a critical
role in upregulating the expression of PAR; itself, thereby
enhancing the contractile response to thrombin after SAH. A
similar enhancement of the contractility was also observed
with platelet-derived growth factor, phenylephrine, and
ET-1, but not for high K*-depolarization or phorbol ester [11,
14]. The expression of PAR;, al-adrenoceptor, and ET,
receptor has also been found to be up-regulated after SAH
[11]. On the basis of these findings, receptor upregulation is
suggested to play an important role in the increased vascular
reactivity to agonists.
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Impairment of the Feedback Regulation
of Receptor Activity in the Rabbit Basilar
Artery Following SAH

Contractile responses to agonists usually diminish during
persistent or repetitive stimulation with agonists. These phe-
nomena are referred to as desensitization or tachyphylaxis,
respectively, and represent an important physiological feed-
back mechanism that protects against both acute and chronic
receptor overstimulation [15, 20]. In actuality, the mecha-
nism of receptor desensitization is impaired under various
pathological conditions, such as hypoxia, cancer, and diabe-
tes [1, 3, 4]. Thus, the attenuation of contractile responses
through desensitization or tachyphylaxis may help to prevent
the development of cerebral vasospasm.

In the control model, the agonist stimulation of rabbit
basilar artery with ET-1, thrombin, and phenylephrine
induced a transient contraction that reached a peak and then
gradually declined to the significantly lower level [11]. This
attenuation of the contractile response after persistent recep-
tor stimulation is consistent with desensitization. On the
other hand, the transient contractile response was converted
to a sustained response in the SAH model [11]. A similar
conversion of contractility following SAH was also observed
for stimulations with angiotensin II or vasopressin [9]. This
means that receptor desensitization was impaired after
SAH. The conversion of the transient response to the sus-
tained response was also observed with cytosolic Ca** con-
centration ([Ca*];) and myosin light chain (MLC)
phosphorylation [11]. Furthermore, when the artery was
consecutively stimulated with PAR;-activating peptide,
phenylephrine, angiotensin II, or vasopressin, the response
to the second stimulus was significantly reduced in the con-
trol model. This attenuation of the contractile response to the
second stimulation is consistent with tachyphylaxis. On the
other hand, the contractile response to the second stimulation
was well preserved in the SAH model [9, 11]. This means
that tachyphylaxis was impaired after SAH. These observa-
tions suggest that, after SAH, the feedback regulation mech-
anisms of the receptor-mediated contraction, such as
desensitization or tachyphylaxis, were impaired upstream of
the Ca?* signal, and presumably at the receptor level, thereby
causing a sustained contraction and persistent response to
the second stimulation.

The impaired feedback regulation may cause a significant
influence on the contractile effect of thrombin because of the
unique activation mechanism of PAR;. The activation of
PAR, by thrombin is initiated by proteolytic cleavage of the
N-terminal region, which covers the region that acts as a
tethered ligand and activates the receptor [2]. Feedback regu-
lation therefore plays an important role in terminating the
activity of the proteolytically activated PAR,. In the SAH

model, thrombin-induced sustained contraction was found to
persist even after terminating the thrombin stimulation [11].
Trypsin is known to remove the ligand region of PAR,,
thereby converting the active conformation of PAR; to the
inactive conformation [16]. The addition of trypsin during
the thrombin-induced sustained contraction completely
inhibited the contraction [11]. Furthermore, an inhibitor of
the Gaq protein also inhibited the thrombin-induced sus-
tained contraction in the SAH model [11]. These observa-
tions therefore suggest that the persistent contraction is
associated with the persistent activation of PAR, and that the
feedback inactivation of PAR; is impaired following
SAH. The Gagq inhibitor also inhibited the sustained phase of
the contraction induced by ET-1 and phenylephrine [11].
These findings suggest that impairment of the feedback regu-
lation of the receptor activity is not limited to PAR,, but also
extends to other receptors. This general impairment of the
receptor inactivation may explain the enhanced contractility
to the various agonists that is observed following SAH.

The mechanism underlying the impairment of receptor
desensitization has yet to be elucidated. In SAH, thrombin
inactivation by argatroban prevented the enhancement of the
contractile response to the PAR; agonist, whereas it did not
prevent the impaired receptor desensitization [9]. On the
other hand, a combination of argatroban and vitamin C or
tempol prevented both the enhancement of the contractile
response and impaired receptor desensitization, which sug-
gests that oxidative stress is responsible for the impairment
of receptor desensitization [9]. Use of the thiobarbituric acid
reactive substances assay demonstrated that the level of oxi-
dative stress in the brain tissues just beneath the basilar artery
in the SAH model was significantly higher than that observed
in the control brain [9]. This previous study also examined
the effect of treatments using argatroban and anti-oxidative
agents on the contractile response to three agonists, angio-
tensin II, prostaglandin F (PGF) 2a, and vasopressin. The
results revealed that the angiotensin II receptor was the most
strongly influenced by the desensitization mechanism, and
the PGF2a receptor was the least affected [9]. Thus, these
findings suggested that oxidative stress plays an important
role in the impairment of receptor desensitization following
SAH.

Enhancement of Myofilament Ca%*
Sensitization in the Rabbit Basilar
Artery Following SAH

In the contraction of the vascular smooth muscle, the extent
of tension development changes depending on the type of the
contractile stimulus when the same amount of [Ca*']; eleva-
tion is given to each contraction. When a greater contraction
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is produced for a given elevation of [Ca**];, this phenomenon
is referred to as “Ca®* sensitization of the contractile appara-
tus” or as “an increase in the Ca?* sensitivity” [5]. Vascular
smooth muscle contraction is regulated by MLC phosphory-
lation, which is determined by the balance between the activ-
ities of the MLC phosphorylation and dephosphorylation [5].
MLC is dephosphorylated by the action of the MLC phos-
phatase (MLCP). The increase in the Ca®* sensitivity is
caused by a decrease in the MLCP activity, which is regu-
lated by the inhibitory effect of both the phosphorylation of
the myosin phosphatase target subunit 1 (MYPT1) and the
inhibitory protein, 17-kDa PKC-potentiated inhibitory pro-
tein of type 1 protein phosphatase (CPI-17) [5]. The agonist
stimulation causes the phosphorylation of MYPT1 and/or
CPI-17 through the activation of the Rho-associated coiled-
coil kinase (ROCK) and/or protein kinase C (PKC), resulting
in an increase in the Ca?* sensitivity.

Use of a-toxin-permeabilized preparations allows the
direct evaluation of the extent of the myofilament Ca®* sensiti-
zation. In a-toxin-permeabilized preparations, GTPyS, a non-
hydrolyzable GTP analog that is known to directly activate G
proteins by skipping the receptor-mediated activation, induces
a transient response in the control model. However, in the
SAH model, it induces a sustained response [11]. This sug-
gests that the feedback regulation that occurs at the step that
regulates the myofilament Ca?* sensitivity is also impaired fol-
lowing SAH. The Ca?*-sensitizing effect of ET-1 has been
additionally investigated using a-toxin-permeabilized prepa-
rations. ET-1 induced enhanced and prolonged contraction in
the SAH model, suggesting that the ET-1-induced Ca** sensi-
tization is potentiated after SAH [12]. ET-1-induced Ca** sen-
sitization became less sensitive to inhibitors of ROCK and
PKC following SAH [12]. In the SAH model, expressions of
PKCa, ROCK2, CPI-17, and MYPT1 were upregulated, and
there was an elevation of the basal level of the phosphorylation
of CPI-17 and MYPT1 [12]. Furthermore, ET-1 induced
enhanced and prolonged phosphorylation of MYPT]1 at both
T696 and T853 in the SAH model [12]. Based on these results,
it was suggested that the increased expression and activity of
PKCa, ROCK2, CPI-17, and MYPT1 underlie the enhanced
and prolonged Ca** sensitization induced by agonist stimula-
tion, thereby contributing to the increased vascular contractil-
ity following SAH. However, the mechanism of upregulation
and activation of these molecules remains to be elucidated.

Conclusion

Our recent studies demonstrated that the expression of vari-
ous receptors was upregulated, the feedback regulation of the
receptor activity was impaired, and the myofilament Ca?
sensitization was enhanced in the rabbit basilar artery

following SAH. Our findings suggest that these actions con-
tribute to the increased vascular smooth muscle contractility
to various spasmogens, and that they therefore play a funda-
mental role in the development of cerebral vasospasm fol-
lowing SAH.
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Vasoconstrictive Effect of Tenascin-C on Cerebral Arteries in Rats

Masashi Fujimoto, Masato Shiba, Fumihiro Kawakita, Naoshi Shimojo, Kyoko Imanaka-Yoshida,
Toshimichi Yoshida, Kenji Kanamaru, Waro Taki, and Hidenori Suzuki

Abstract Background and purpose: The authors have
reported that tenascin-C (TNC), a matricellular protein, is
induced after subarachnoid hemorrhage (SAH), associated
with cerebral vasospasm. In this study, we examined whether
TNC alone causes cerebral vasospasm-like constriction of
the intracranial internal carotid arteries (ICAs) in rats, focus-
ing on the p38 mitogen-activated protein kinase (MAPK)-
mediated mechanisms.

Methods: First, we injected 10 pg of TNC into the cisterna
magna of healthy rats and studied morphologically whether
TNC caused constriction of the left ICA at 24-72 h after
administration. Second, we examined the effect of SB203580
(a p38 MAPK inhibitor) on the vessel diameter of the left
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ICA in healthy rats at 24 h. Third, we evaluated the effect of
SB203580 on TNC-induced constriction of the left ICA in
healthy rats at 24 h.

Results: TNC significantly induced cerebral vasospasm-
like angiographic constriction of the left ICAs, which contin-
ued at least for 72 h. SB203580 itself had no effect on the
diameter of normal ICAs, but abolished the TNC-induced
vasoconstrictive effect on the left ICA.

Conclusion: These findings show that TNC causes left
ICA constriction via activation of p38 MAPK, resembling
post-SAH vasospasm, and suggest the possible involvement
of TNC in the pathogenesis of cerebral vasospasm.

Keywords Tenascin-C ¢ Cerebral vasospasm ¢ Subarachnoid
hemorrhage * p38 MAPK

Introduction

Cerebral vasospasm after subarachnoid hemorrhage (SAH)
remains a major cause of morbidity and mortality [8]. Despite
considerable research effort, the mechanism underlying the
development of cerebral vasospasm remains poorly under-
stood [1]. Tenascin-C (TNC) is a matricellular protein, which
are nonstructural and secreted extracellular matrix proteins.
TNC is induced in many diseases and has proinflammatory
effects [2]. Recently, we reported that TNC was expressed in
the spastic cerebral artery wall in a rat SAH model [5, 6].
Furthermore, inhibition of post-SAH upregulation of TNC by
imatinib mesylate prevented cerebral vasospasm in rats, asso-
ciated with inactivation of p38 mitogen-activated protein
kinase (MAPK) [5]. In addition, a cisternal injection of
recombinant TNC aggravated post-SAH vasospasm with
activation of p38 MAPK in rats. Thus, we hypothesized that
TNC causes cerebral vasospasm through p38 MAPK activa-
tion. The aims of this study were to examine whether TNC in
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the subarachnoid space can generate constriction of cerebral
arteries similar to vasospasm that occurs after SAH, and if the
mechanisms involve p38 MAPK.

Materials and Methods

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

Intracisternal Injection and Study Protocol

Male Sprague-Dawley rats (age, 8-9 weeks; weight, 270—
320 g; SLC, Hamamatsu, Japan) were anesthetized by an
intraperitoneal injection of 4 % chloral hydrate (10 mL/kg)
and allowed to breathe spontaneously. Blood pressure and
blood gas were measured via the right femoral artery. Rectal
temperature was kept at 37 °C during surgery. Using a surgi-
cal microscope (Zeiss, Germany), a midline occipitocervical
skin incision was performed and the suboccipital muscles
were dissected to reveal the arch of the atlas, the occipital
bone, and the atlanto-occipital membrane. With a 27-gauge
needle, the atlanto-occipital membrane was tapped carefully
into the cisterna magna. Injection of drug or vehicle was per-
formed over a 10-min period, after which the needle was
withdrawn, the pore was quickly plugged with oxidized cel-
lulose, and the wound was sutured [5].

First, phosphate-buffered saline (PBS) or TNC (10 pg)
were administered randomly to 30 healthy rats. The effects
of TNC on cerebral arteries were evaluated using neurobe-
havioral tests; India-ink angiography at 24, 48, and 72 h; and
histopathological study at 24 h.

Second, PBS or SB203580 (p38 MAPK inhibitor, 3.8 pg;
Wako Pure Chemical, Osaka, Japan) were administered ran-
domly to eight healthy rats. The effects of SB203580 on
cerebral arteries were evaluated using neurobehavioral tests
and India-ink angiography at 24 h.

Third, TNC or TNC plus SB203580 were administered ran-
domly to ten healthy rats. The effects of SB203580 on vasocon-
striction by TNC were evaluated using neurobehavioral tests,
India-ink angiography, and histopathological study at 24 h.

TNC Preparation

TNC was purified from culture supernatant of the U-251MG
glioma cell line by ammonium sulfate precipitation, Sephacryl
S-500 gel filtration, Mono Q ion-exchange chromatography,

and using a hydroxyapatite column [11]. Purified TNC was
extensively dialyzed against Ca**, Mg?*-free Dulbecco’s PBS,
and passed through a 0.2-pm membrane filter.

Neurobehavioral Test

Neurological impairments were blindly evaluated using two
methods [5]. Neurological scores (3—18) were assessed by
summing up six test scores (spontaneous activity; spontane-
ous movement of four limbs; forepaw outstretching; climb-
ing; body proprioception; and response to whisker
stimulation). Beam balance test investigated the animal’s
ability to walk on a narrow wooden beam (2.25-cm diameter
and columnar) for 60 s: four points, walking >20 cm; three
points, walking >10 cm but <20 cm; two points, walking
>10 cm but falling; one point, walking <10 cm; and zero
points, falling with walking <10 cm. The mean score of three
consecutive trials with 5-min intervals was calculated.

India-Ink Angiography

India-ink angiography was performed as previously
reported [5]. The ascending aorta was cannulated with a
blunted 16-gauge needle attached to flexible plastic tubing,
which was connected to a pressure transducer (Nihon
Kohden Co., Tokyo, Japan) and a syringe on an automatic
infusion pump. After an incision was made in the right
atrium to allow the outflow of perfusion solutions, 100 mL of
PBS, 15 min of 10 % formalin, and 10 min of 3.5 % gelatin—
India ink solution were infused through the closed circuit at
60-80 mmHg. The rat was refrigerated at 4 °C for 24 h to
allow gelatin solidification. The brains were harvested and
high-resolution pictures of the circle of Willis were taken
with a scale. The brain was stored in 10 % neutral buffered
formalin for histopathological study. An experienced
researcher who was unaware of the treatment groups mea-
sured the smallest lumen diameter in the left intracranial
internal carotid artery (ICA) three times using Image J soft-
ware (National Institutes of Health, Bethesda, MD) and
determined a mean value.

Histopathological Study

The left intracranial ICA was embedded in paraffin and cut
into 3-pm-thick sections vertically to the axis. After hema-
toxylin and eosin (HE) staining, the morphology of the left
intracranial ICA was examined under a light microscope.



Vasoconstrictive Effect of Tenascin-C on Cerebral Arteries in Rats

101

Statistics

Neurological and beam balance scores were expressed as
median +25th—75th percentiles, and were analyzed using
Mann—Whitney U tests. The diameter of ICA was expressed
as mean +standard error of the mean, and unpaired 7 tests
were used to compare the values between the groups. P<0.05
was considered significant.

Results

Effects of TNC on the Left ICA in Rats

Comparisons of physiological parameters and neurological
scores were not significantly different between the PBS and
TNC groups (data not shown). TNC constricted the intracra-
nial ICA and the effect continued at least for 72 h (unpaired
t tests; Fig. la, b). HE staining confirmed TNC-induced
severe vasoconstriction characterized by corrugation of the
internal elastic lamina and constriction of the smooth muscle
cells similar to observed with the cerebral vasospasm that
occurs after SAH (Fig. 1c).

Effects of p38 MAPK Inhibitor on TNC-
Induced Contraction of the Left ICA in Rats

SB203580 itself had no effects on the vessel diameter of the
untreated left ICAs in rats (Fig. 2). In the TNC plus SB203580
group, the vessel diameter of the intracranial ICA was sig-
nificantly greater than that in the TNC-only group at 24 h
after injection (unpaired ¢ tests; Fig. 3a). In histological
examination of the intracranial ICA, vasoconstriction was
observed in the TNC-only group, but was abolished in the
SB203580-treated groups (Fig. 3b).

Discussion

The main findings of this study are as follows: (1) an intra-
cisternal injection of TNC caused constriction of the rat
intracranial ICA at least for 72 h; and (2) SB203580, a p38
MAPK inhibitor, abolished the vasoconstriction induced
by TNC.

TNC, a matricellular protein, is highly expressed during
embryogenesis and is absent or much reduced in normal
adult tissue, but reappears in many diseases including cancer,
chronic inflammation, and tissue injury. TNC is induced by
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Fig. 1 Effects of TNC on cerebral arteries during the 72-h observation
period. (a) Representative India-ink angiograms 24 h after injection;
arrow, left internal carotid artery (ICA). (b) Vessel diameter of left
intracranial ICA at 24, 48, and 72 h after injection. Data are expressed
as meanz=standard error of the mean; P value, unpaired 7 tests.
(¢) Hematoxylin and eosin staining of the left intracranial ICA

cytokines, growth factors, mechanical stress, and hypoxia,
and exerts diverse functions through direct binding to cell
surface receptors and other matrix proteins [2].

MAPKSs including p38 MAPK are present in vascular
smooth muscle cells and considered likely modulators of
prolonged smooth muscle contraction through caldesmon,
calponin, and heat shock protein 27 [7]. In cerebral vaso-
spasm after SAH, Pan et al. [3] reported that phosphorylated
p38 MAPK in the rabbit basilar arteries was expressed at sig-
nificantly higher levels in the SAH group than in the control
group, and SB20350 attenuated vasospasm associated with
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Fig. 2 Effects of p38 MAPK inhibitor on normal cerebral arteries at
24 h after injection. Vessel diameter of the left intracranial internal
carotid artery. Data are expressed as mean +standard error of the mean.
No significant difference is seen between the two groups
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Fig.3 Effects of p38 MAPK inhibitors on TNC-induced cerebral arte-
rial constriction at 24 h after injection. (a) Vessel diameter of the left
intracranial internal carotid artery (ICA). Data are expressed as
mean+standard error of the mean; P value, unpaired ¢ tests.
(b) Hematoxylin and eosin staining of the left intracranial ICA

decreased expression of phosphorylated p38 MAPK in the
basilar arteries.

TNC has been found to activate MAPK signaling [4].
Wang et al. [9] reported that integrin 33, TNC, phosphory-
lated p38 MAPK, and urokinase-type plasminogen activator
(uPA) were expressed in breast invasive ductal carcinoma,
and expression of phosphorylated p38 MAPK and uPA
in MDA-MB-231 breast cancer cells decreased after the

addition of integrin f3 antibody and TNC antibody. In addi-
tion, interestingly, not only TNC does influence intracellular
MAPK activation, but MAPKs also regulate TNC transcrip-
tion and deposition [10]. Our previous experimental study
showed that expression of TNC and phosphorylated p38
MAPK increased in the spastic cerebral artery wall in a rat
SAH model, and that inhibition of post-SAH upregulation
of TNC by imatinib mesylate prevented cerebral vasospasm
associated with inactivation of p38 MAPK. In this study,
TNC constricted rat intracranial ICA and activated p38
MAPK in the constricted artery wall. Taken together, TNC
may play an important role in post-SAH vasospasm develop-
ment by p38 MAPK activation.

Conclusion

We demonstrated that TNC induced prolonged cerebral arterial
constriction, possibly through activation of p38 MAPK. TNC
may be involved in the pathogenesis of cerebral vasospasm.
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Early Identification of Brain Tissue at Risk for Delayed Cerebral
Ischemia After Aneurysmal Subarachnoid Hemorrhage

Leodante da Costa, Joseph Fisher, David J. Mikulis, Michael Tymianski, and Jorn Fierstra

Abstract Background: Delayed cerebral ischemia (DCI)
continues to be a major cause of morbidity and mortality in
patients with aneurysmal subarachnoid hemorrhage (aSAH)
because it can only be diagnosed after the onset of clinical
symptoms, contributing to poor clinical outcomes and huge
use of clinical resources. We hypothesized that early distur-
bances in cerebrovascular reactivity, noninvasively measured
with functional MRI+CO,, can be a sensitive marker of
brain tissue at risk for DCIL.

Methods: Functional MRI exam as soon as possible after
the initial bleed and after surgical treatment of the aneurysm
was performed in five patients. The functional MRI exam
consisted of spatial cerebrovascular reactivity measurements
by the blood oxygenation level-dependent (BOLD) response
to a standardized carbon dioxide challenge.
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Results: Of the three patients who later developed DCI, two
had abnormal functional MRI study results. The two patients
without DCI had normal MRI results. Brain areas with
impaired cerebrovascular reactivity on the functional MRI
examination demonstrated a spatial correspondence between
impaired cerebrovascular reactivity and the onset of DCI.

Conclusions: In this feasibility study, functional MRI
measurements of cerebrovascular reactivity showed a spatial
correspondence between impaired cerebrovascular reactivity
and the onset of DCI in patients with aSAH.

Keywords Aneurysmal subarachnoid hemorrhage ¢ BOLD-
MRI » Cerebrovascular reactivity * Delayed cerebral ischemia

Introduction

Delayed cerebral ischemia (DCI) continues to be a major
cause of morbidity and mortality in patients with aneurysmal
subarachnoid hemorrhage (aSAH) [1]. Its incidence and
impact on outcomes has not decreased significantly in the
last half century, despite major advances in intracranial aneu-
rysm treatment. Clinical signs and invasive imaging are
resource intensive but poorly predictive of DCI [2].
Vasospasm of the larger cerebral arteries has been long con-
sidered the causative mechanism but that has recently been
challenged because substantive research efforts could not
confirm this mechanism to be solely responsible. The current
hypothesis is that dysregulation of vascular tone may actu-
ally occur at the level of the microcirculation, which cannot
be visualised by catheter angiography, the gold standard
diagnostic test for major intracranial vessel vasospasm.
Currently, DCI can only be diagnosed after onset of clinical
symptoms, contributing to poor clinical outcomes despite
intense and costly use of clinical resources [1]. Availability
of a test that could identify vascular territories at risk for DCI
might improve patients’ clinical outcome in two important
ways. First, prediction of vascular territories at risk for
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vasospasm can provide a window for prophylactic treatment.
Second, it can shorten the requirements for ICU monitoring
and costly and potentially harmful invasive tests and/or treat-
ments might be avoided, not only benefitting the patients but
also the healthcare system as a whole.

With this feasibility study, we aimed to identify a sensi-
tive imaging marker to detect brain tissue at risk for DCI
before symptoms occur. We hypothesized that early distur-
bances in cerebrovascular reactivity, noninvasively measured
with functional MRI+CO,, can be a sensitive spatial marker
of brain tissue at risk for DCIL.

Materials and Methods

Subjects

The local institutional ethics research committee approved
the study protocol. The entire study protocol was reviewed
with every subject and/or substitute decision maker before
informed consent was obtained. For the purposes of this
study, vasospasm is defined as documented radiological nar-
rowing of a large vessel in the circle of Willis, compared
with previous imaging, and DCI is defined as the neurologi-
cal deficit that sometimes can be related to this finding.

Five nonconsecutive patients with aSAH, as confirmed by
computed tomography (CT) and CT angiography (CTA),

Table 18.1 Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Age > 18 years old
Confirmed aSAH

Nonaneurysmal hemorrhage
Unstable clinical condition

Aneurysm secured (clipping Aneurysm not secured (clipping or

or coiling) coiling)
WENS grade 1 or 2 Poor clinical grade (WFNS
grade >3)

Acute or chronic respiratory
condition

Untreated hydrocephalus
Confusion, agitation

Vasospasm on recent imaging

were enrolled in this case series. Patient enrollment was non-
consecutive because of limitations imposed by the severity
of the disease. We elected to enroll only patients in good
clinical condition and we used strict inclusion and exclusion
criteria (Table 18.1). The test at this stage requires some
(although minimal) collaboration, and patients who were too
confused or somnolent were not enrolled. MRI examination
was performed as soon as possible after hemorrhage, once
the aneurysm was secured and the patient’s clinical condition
stable. The patients’ clinical characteristics at presentation
and demographics are shown in Table 18.2.

Imaging Protocol and Data Analysis

MR imaging was performed on a 3.0-T scanner (Signa; GE
Healthcare, Milwaukee, WI) using an eight-channel phased-
array head coil. Functional MRI-based blood oxygen level-
dependent (BOLD) volumes were acquired during CO,
challenge using a model-based prospective end-tidal target-
ing (MPET) algorithm [3] with the RespirAct™ (Thornhill
Research Inc, Toronto, Canada). The technique has been
described in greater detail elsewhere [4]. During the acquisi-
tion of the BOLD sequences, subjects’ PCO, levels were
set to 40 mmHg for 2 min (step 1), 45 mmHg for 2 min (step
2), and then back to 40 mmHg (step 3). The fraction of
inspired oxygen (FiO,) was kept at 100 %.

To obtain the cerebrovascular reactivity (CVR) maps,
from the tidal pCO, waveforms generated by the RespirAct™,
the end-tidal points were manually selected, generating end-
tidal CO, waveforms. MR and P;CO, data was imported into
the software AFNI (Analysis of Functional Neuroimaging).
The first raw images of each BOLD-MRI acquisition were
reviewed and the first three volumes discarded to allow for
magnetization equilibration. To correct for motion, up to 9 (of
72) volumes in which there was appreciable change in head
position between the anatomical acquisition and the BOLD-
MRI acquisition were excluded before generating maps of
CVR. To account for the artifact generated by coils and clips,
the source images were evaluated for signal loss when exam-
ining the CVR maps to identify regions where the CVR maps
were valid and where they were unreliable. A linear slope of
best fit approximated the percentage of BOLD signal change

Table 18.2 Demographics and clinical characteristics at presentation and type of treatment

CASE # Age Sex WENS grade Fisher grade Aneurysm treatment
1 42 Male I 1I Coil

2 57 Male I I Coil

3 61 Male II I Clipping

4 43 Female II il Coil

5 42 Female i v Coil
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per mmHg change in end-tidal CO,. Confidence of this fit was
assessed with an r-value (Pearson product-moment correla-
tion coefficient). CVR maps were generated by least-squares
fitting of the BOLD-MRI signal waveform to the PgrCO,
waveform on a voxel-by-voxel basis. From the fitted data,
percentage MRI signal change per mmHg Pz;CO, change on
a voxel-by-voxel basis was calculated (= CVR index).

Results

We recruited 3 men and 2 women, mean age 49 (range
42-61) years. World Federation of Neurological Surgeons
(WFNS) and Fisher grades are shown in Table 18.1. Despite
the severity of their illness, good quality anatomical and
functional images were obtained in all patients. No harmful
events related to the MRI examination or CO, challenges
were observed. CVR studies were obtained between 1 and 8
days after SAH (average 3.6 days). Three patients were
scanned within 72 h after onset of the SAH, 1 patient at day
4, and 1 patient at day 8. All patients were in stable neuro-
logical condition, without clinical evidence of DCI before
and during the MRI exam. Initial imaging before or during
aneurysm treatment and repeated cerebrovascular imaging at
the time of the CVR test showed no evidence of vasospasm.

Imaging results and clinical findings are shown in
Table 18.2. As mentioned, the initial imaging showed no
vasospasm in any patient. Delayed imaging showed vaso-
spasm in four patients (80 %), three (60 %) of whom had
DCI of varying severity. CVR-MRI test results were consid-
ered abnormal in two patients, and both developed DCI. One
of these patients had a minor stroke documented in a follow-
up MRI, 9 days after hemorrhage in the same territory
(severely abnormal CVR suggestive of paradoxical flow with
hypercapnia, the “steal phenomenon”). A third patient with a
normal CVR-MRI result had DCI. This patient developed
progressive confusion and decreased level of consciousness
and was taken to the interventional suite for balloon angio-
plasty. Interestingly, despite the patient’s neurological dete-
rioration, the angiogram demonstrated mild-to-moderate
vasospasm in the anterior circulation but no significant
spasm in the posterior fossa, site of the aneurysm. Another
patient with a normal CVR result had radiological evidence
of vasospasm in routine follow-up imaging but no DCI. No
mortality occurred in this series.

Hllustrative Case

A 57-year-old man presented with sudden headache
associated with nausea and vomiting. His WFNS scale
was [. A head CT scan revealed a diffuse SAH, Fisher

grade III. His medical history revealed daily smoking but
was unremarkable otherwise. CT angiography revealed a
large left paraclinoid internal carotid artery aneurysm that
was treated with endovascular coiling. The BOLD-MRI
CVR test was obtained 36 h after SAH, 12 h after the coil-
ing (Fig. la). It demonstrated impaired cerebrovascular
reserve in the medial temporal and frontal lobes bilater-
ally, but without signs of vasospasm on the MR angio-
gram (MRA) and no ischemic stroke. The patient was
monitored according to the protocol for SAH and 8 days
later he presented with speech difficulties and increased
confusion. Triple-H therapy (hypertension, hypervolemia,
and hemodilution) was initiated and another MRA was
obtained, showing significant vasospasm in both the mid-
dle cerebral artery (MCA) and anterior cerebral artery
(ACA) territories and an acute stroke in the mesial left
temporal lobe (Fig. 1b, c). The patient responded to
Triple-H therapy and eventually made a good recovery
despite the stroke. The vascular territories in which the
vasospasm and DCI occurred had a good spatial correla-
tion with the vascular territories that exhibited impaired
CVR days before the onset of DCI.

Discussion

Our small pilot study shows that functional MRI and CO,
challenge are possible in the acute setting after aSAH. BOLD-
MRI, with its high spatial resolution, will improve the under-
standing of the pathophysiological changes affecting the
mechanisms for control of cerebral blood flow and might
help to identify vascular territories that are at risk for devel-
oping DCI very early after aSAH, before clinical symptoms
occur.

Impaired cerebrovascular reactivity has been related to
poor clinical grade and prediction of vasospasm in a small
series of SAH using transcranial Doppler ultrasound [5, 6].
We hypothesized that early disturbances in CO, reactivity
could be used as a marker to identify patients and vascular
territories at risk for DCI. Although our series is small, with
BOLD-MRI in combination with precise control and pro-
spective targeting of PCO,, we were able to obtain spatial
CVR measurements before the onset of angiographic
vasospasm or DCI that seemed to correlate well with the vas-
cular territories that later developed DCI, before the symp-
toms occurred. MRI provides very good anatomical
information, and functional MRI with CO, challenge could
help to identify a subgroup of patients who would benefit
from prophylactic balloon angioplasty and to perhaps target
therapies that were more aggressive.

Another common stimulus used to test reactivity is acet-
azolamide, a carbon anhydrase inhibitor. It is known to cause
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Fig. 1 Illustrative case. BOLD-
MRI cerebrovascular reserve map
(a) obtained 36 h after SAH for
the same patient. Note the blue
regions (color coded after data
acquisition to indicate impaired
cerebrovascular reserve) in the
mesial temporal and frontal lobes
bilaterally, suggesting loss of
cerebrovascular reserve to CO,
challenge. Apparent diffusion
coefficient (ADC) and diffusion-
weighted imaging (DWI) MR
images (b) obtained on day 8 after
SAH showing a small stroke in the
left mesial temporal lobe. In the
MRA performed at the same time
(c), note the severe spasm in the
anterior cerebral and middle
cerebral arteries territory,
corresponding to the CVR map
changes

vasodilation and is applied widely. Acetazolamide has the
advantage of not requiring any patient collaboration, which
was a major advantage over CO, when using previous meth-
ods of control. However, it might increase intracranial pres-
sure, and it cannot be easily terminated if the patient becomes
uncomfortable. Acetazolamide also requires intravenous
injection and reaches its maximum effect in 12-20 min.
Timing the MRI acquisition with the peak of action can be
difficult. Measurements performed outside of this window
might not be reflective of true CVR, and it is not possible to
ensure that images are acquired when similar levels of drug
bioavailability are present. When acetazolamide and CO,
methods are compared, the correlation between results using
acetazolamide and hypercapnia is high [7]. Based on our
extensive experience with CO, manipulation in reactivity
testing, we think that our method provides precise CO, stim-
uli, and has a very short duration of action and an exceptional
safety profile.

In this case series, two patients with impaired CVR study
results developed DCI in the same vascular territory, and,
most interestingly, the intensity of cerebrovascular reactivity
impairment correlated with the severity of the deficit and
therapeutic requirements. Being able to “grade” reactivity

+0.56

-0.56

could be very useful and could be used to identify areas
where induction of a vasodilatory stimulus leads to a reduc-
tion in blood flow. Although BOLD-MRI CVR testing is not
a quantitative assessment of cerebral blood flow, a good
correlation between the percentage of BOLD signal change
and blood flow has been demonstrated [8].

We had one case in which the CVR result was reported as
normal but the patient still developed DCI related to vaso-
spasm in the posterior circulation. We think that this was
cause by one of the major limitations of the BOLD-MRI
CVR technique as it stands, poor signal-to-noise ratio and
susceptibility artifact in the posterior fossa, altering the
BOLD acquisitions and possibly explaining why no abnor-
mality was detected.

Study Limitations

Although this case series suggests an interesting possible
relationship between early disturbances in cerebrovascular
reactivity to CO, after SAH and DCI, we recognize that no
strong conclusion can be drawn from such small numbers.
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Also, a single test was performed, and no information is
available regarding temporal changes in CVR after SAH or
regarding the relationship of these changes to clinical
symptoms and outcome, obviously important points.
Current methodology allows only for patients in spontane-
ous ventilation to be studied. The MRI study requires some
degree of patient collaboration and can be cumbersome in
critically ill patients, making repeat tests difficult to obtain.
Another problem is that the studies were obtained at differ-
ent days after hemorrhage, and temporary changes or
abnormalities may have been lost or overlooked. Despite
the differences in time from SAH, no evidence of vaso-
spasm was seen on the MRAs performed at the same time
of the BOLD-MRI CVR, and, therefore, established spasm
cannot be the cause for the impaired CVR. Another limita-
tion is the presence of artifacts close to the bones in the
skull base. Unfortunately, we are still unable to correct for
susceptibility artifacts near the base of the skull, and, thus,
CVR in these regions cannot be assessed with our current
method. This limitation is taken into account during clini-
cal interpretation of the CVR maps.

Conclusions

In conclusion, we show that BOLD-MRI in combination
with a CO, challenge is feasible in this difficult study popu-
lation and may function as a tool to identify tissue at risk for
delayed ischemia after SAH. In this small series, early dis-
turbances in CO, reactivity demonstrated using BOLD-MRI
seem to have good anatomical correlation with areas of
future ischemic events. Even acknowledging that no defini-
tive conclusion can be drawn from such a small case series,

our findings are interesting and may open a new venue for
investigation of vasospasm and delayed ischemic neurologi-
cal deficits related to SAH using MRI. Despite the limita-
tions of the study, we thnk that, in larger series, the method
will prove to be more predictive than current available
strategies.
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Activation of TRPV4 Channels Does Not Mediate Inversion
of Neurovascular Coupling After SAH

Masayo Koide and George C. Wellman

Abstract Neurovascular coupling (NVC) allows increased
blood flow to metabolically active neurons and involves the
Ca’*-dependent release of vasodilator influences by astrocyte
endfeet that encase parenchymal arterioles. We previously
reported inversion of NVC from dilation to constriction in
brain slices from subarachnoid hemorrhage (SAH) model
rats. Corresponding to NVC inversion, there was a marked
increase in the amplitude of spontaneous Ca?* oscillations in
astrocyte endfeet. Calcium-permeable transient receptor
potential vanilloid (TRPV)-4 channels have been reported in
astrocyte endfeet, and activators of these channels enhance
Ca* oscillations in healthy animals. Here, we examined the
role of TRPV4 channels in the development of high-
amplitude spontaneous Ca** oscillations in astrocyte endfeet
and the inversion of neurovascular coupling after
SAH. Treatment of brain slices with the TRPV4 channel
antagonist, HC-067047 (10 uM), did not alter the amplitude
of spontaneous Ca?* oscillations after SAH. In addition,
HC-067047 did not inhibit or change SAH-induced inver-
sion of neurovascular coupling. In summary, TRPV4 chan-
nels do not appear to be involved in the inversion of
neurovascular coupling after SAH. Further studies examin-
ing the impact of SAH on additional Ca?* signaling pathways
in astrocytes are likely to reveal valuable insights into new
therapeutic strategies to advance SAH treatments.

Keywords Subarachnoid hemorrhage * Neurovascular cou-
pling * Astrocytes * Ca®* oscillation ¢ Transient receptor
potential channels * TRPV4
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Introduction

Neurovascular coupling (NVC) forms the basis of functional
hyperemia and ensures adequate delivery of oxygen and
nutrients to active neurons. This neurally evoked vasodila-
tion matches blood flow to task-dependent increases in
regional brain function and involves the coordinated activity
of neurons, astrocytes, and intracerebral (parenchymal) arte-
rioles. Under physiological conditions, neurovascular cou-
pling involves (1) neuronal activation and release of the
neurotransmitter, glutamate; (2) activation of metabotropic
glutamate receptors (mGluRs) on astrocyte processes lead-
ing to a wave of elevated Ca®* in astrocytes caused by activa-
tion of inositol triphosphate (IP;) receptors (IPsRs); and (3)
Ca’*-dependent release of vasodilatory signals by astrocyte
endfeet that encase parenchymal arterioles [8, 23, 25].
A number of pathologies, such as Alzheimer’s disease, isch-
emic stroke, and hypertension, impair neurovascular cou-
pling [11]. We recently demonstrated a fundamental change
in the polarity of the neurovascular response in brain slices
from subarachnoid hemorrhage (SAH) animals [12-14]. We
found that neuronal activation of similar intensity has the
opposite effect in brain slices from SAH animals, causing
vasoconstriction rather than the vasodilation observed in
control and sham-operated animals. Local vasoconstriction
in response to neuronal activity after SAH could potentially
restrict blood flow, compromise neuronal viability, and con-
tribute to the development of delayed cerebral ischemic
injury that manifests in humans several days after cerebral
aneurysm rupture [24].

Our previous findings also indicate that increased ampli-
tude of spontaneous Ca*" oscillations in astrocyte endfeet
after SAH is a key determinant in the inversion of neuro-
vascular coupling [12]. However, the molecular mecha-
nism leading to enhancement of these endfoot Ca** events
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is presently unclear. Increased activity of transient receptor
potential vanilloid (TRPV)-4 channels, a subtype of Ca*-
permeable ion channels within the transient receptor poten-
tial (TRP) channel family [18], is one potential contributor
to enhanced endfoot Ca?* signaling after SAH. TRPV4 chan-
nels are located on the plasma membrane of cortical astro-
cytes [3] and evidence indicates that a synthetic activator of
these channels can increase the amplitude of spontaneous
Ca?* oscillations in astrocyte endfeet encompassing paren-
chymal arterioles of healthy mice [6]. Therefore, the goal of
the present study was to examine the role of TRPV4 chan-
nels in the SAH-induced increased amplitude of spontane-
ous Ca’* events and the inversion of neurovascular coupling
observed in brain slices obtained from SAH model rats. Our
present findings indicate that TRPV4 channel activity does
not contribute to altered astrocyte Ca?* signaling or the inver-
sion of neurovascular coupling that occurs after SAH.

Materials and Methods

Rat SAH Model

Using a surgical approach, two injections of autologous
unheparinized arterial blood (500 pL) were made 24 h apart
into the cisterna magna of anesthetized Sprague-Dawley
(male, 10-12 week old) rats. After each injection, animals
were placed head down at a 45° angle for 20 min before
recovery from anesthesia, as previously described [12, 19].
Animals were euthanized 4 days after the first injection, and
cortical brain slices (160-pm-thick coronal sections, middle
cerebral artery territory) were prepared using a vibratome.
All experiments were conducted in accordance with The
Guide for the Care and Use of Laboratory Animals (NIH
Pub. No. 85-23, revised 1996) and followed protocols
approved by the Institutional Animal Care and Use
Committee of the University of Vermont.

Brain Slice Studies

Brain slices were loaded for 1 h at 29 °C with the Ca** indi-
cator dye, Fluo-4-AM (10 pM) and 0.05 % pluronic acid in
artificial cerebrospinal fluid (aCSF) containing (in mM): 122
NaCl, 3 KCI, 18 NaHCO;, 1.25 NaH,PO,, 1 MgCl,, 2 CaCl,,
and 5 glucose aerated with 5 % CO, and 95 % O,. For simul-
taneous measurements of astrocyte endfoot Ca?* and paren-
chymal arteriolar diameter, brain slices were superfused at
37 °C with aCSF (aerated with 5 % CO»95 % O,, pH ~7.35)
containing 100 nM of the thromboxane analog, U46619.

Similar experimental findings were obtained when brain
slices were superfused with aCSF aerated with 5 % CO,,
20 % O,, and 75 % N, (Koide and Wellman, unpublished
observations). Astrocyte endfoot Ca’* was measured using a
BioRad Radiance multiphoton imaging system coupled to a
Chameleon Ti:Sapphire laser (Coherent) and an Olympus
BXS51WTI upright microscope [10, 12]. Fluo-4 was excited at
820 nm and fluorescence emission was collected using a
575/150-nm bandpass filter. Calcium concentrations in astro-
cyte endfeet were determined using the maximal fluores-
cence (F,,) method [10, 15]. Arteriole diameter images
were simultaneously acquired using infrared—differential
interference contrast (IR-DIC) microscopy. Arteriolar diam-
eter was determined by averaging measurements obtained
from three points along the length of the vessel on the same
image and are expressed as percent change from the diame-
ter recorded from the first image of the recording. For induc-
tion of neuronal activation, electrical field stimulation (EFS;
50 Hz; 0.3-ms alternating square pulse; 3-s duration) was
applied using a pair of platinum wires.

Statistical Analysis

Data are expressed as mean+SEM with n representing the
number of recordings per group. Student’s paired z-test was
used to determine statistical significance at the level of
P<0.05.

Results

Inhibition of TRPV4 Channels Does Not Alter
the Amplitude of Spontaneous Ca**
Oscillations in Astrocyte Endfeet After SAH

SAH causes a marked increase in the amplitude of spontane-
ous Ca? oscillations leading to inversion of neurovascular
coupling [12, 14]. However, the underlying mechanism
responsible for the enhancement of this Ca®* signaling
modality after SAH is currently unclear. A recent study by
Dunn et al. [6] found that the synthetic activator of TRPV4
channels, GSK 1016790A, increased the amplitude of spon-
taneous Ca”* oscillations in endfeet imaged in brain slices
from control mice. To examine whether SAH causes an
increase in endfoot TRPV4 channel activity, studies were
performed using the TRPV4 antagonist, HC-067047. In the
absence of this compound, the amplitude of spontaneous
endfoot Ca®* events was 474.5+20.0 nM (n=13 endfeet
from four animals) (Fig. 1a, b) in brain slices from SAH
model animals. These measurements are in agreement with
our previous work, with peak amplitudes approximately
100 nM higher than spontaneous Ca* events recorded in
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Fig. 1 TRPV4 inhibition does not alter the amplitude or frequency of
spontaneous Ca* events in astrocyte endfeet after SAH. (a) Spontaneous
Ca?* oscillations recorded from 1.2x 1.2-pm regions of interest placed
on distinct astrocyte endfeet in a brain slice from one SAH animal in the
absence (upper trace) and presence (lower trace) of the TRPV4 antago-
nist HC-067047 (10 uM). (b) Summary data of endfoot Ca?* levels in
the absence and presence of HC-067047 (10 pM) obtained from brain

endfeet from control animals. Incubation of brain slices from
SAH animals with HC-067047 (10 pM for 25 min) did not
alter basal levels of Ca* (-HC-067047: 195.0+7.1 nM;
+HC-067047: 195.3+8.5 nM; n=13 endfeet from four brain
slices) measured during the interval between spontaneous
events (Fig. 1b). HC-067047 also did not change the fre-
quency of these spontaneous Ca*" events (Fig. 1c). Further,
as illustrated in Fig. 1a and b, HC-067047 did not alter the
amplitude of spontaneous Ca?** events (+HC-067047:
471.7x£23.7 nM, n=13 endfeet from four animals) in brain
slices from SAH model animals. This data demonstrates that
TRPV4 channel activity does not contribute to the enhanced
amplitude of spontaneous Ca?* events that occur in astrocyte
endfeet after SAH.

TRPV4 Channels Do Not Mediate SAH-
Induced Inversion of Neurovascular
Coupling

To examine the impact of TRPV4 channels on SAH-induced
inversion of neurovascular coupling, electrical field simula-
tion (EFS) was used to induce neuronal action potentials in
brain slices from SAH animals. Consistent with our previous
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slices of SAH model rats. The term peak represents the average maxi-
mum Ca* concentration measured during individual spontaneous Ca**
oscillations. (¢) Summary data of the frequency of spontaneous Ca?
oscillations + HC-067047 (10 uM) obtained from 4-min recordings
using brain slices from SAH model rats. For panels (b, ¢), recordings
were made from 13 endfeet in four brain slices from four animals. NS,
not statistically significant (P>0.05), using paired Student’s z-test

studies [12, 13], EFS resulted in an increase in endfoot Ca**
from a resting level of 169.6+8.6 nM to a peak of
348.9+33.0 nM (n=5) (Fig. 2a, c). Associated with this
EFS-induced increase in Ca*, parenchymal arterioles
encased by these endfeet constricted by 21.2+4.3 %
(Fig. 2a, b). This vasoconstriction in response to neuronal
activation after SAH represents an inversion of the physio-
logical vasodilation observed in brain slices from healthy
control animals [8, 12, 25]. Incubation of brain slices with
the TRPV4 channel antagonist, HC-067047 (10 pM), did not
alter EFS-evoked increases in endfoot Ca®* (peak Ca* after
EFS: 330+30.5 nM) or the magnitude of ensuing vasocon-
striction (18.6+3.1 % decrease in diameter) (Fig. 2a—c).
These findings indicate that TRPV4 channels do not alter
EFS-induced increases in endfoot Ca** or SAH-induced
inversion of neurovascular coupling.

Discussion

Neurovascular coupling is an important physiological pro-
cess enabling increased local blood flow to metabolically
active regions of the brain. Recent evidence indicates that
subarachnoid blood causes a fundamental change in NVC
that could lead to pathological decreases in blood flow,
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Fig.2 TRPV4 channel inhibition
does not influence SAH-induced
inversion of neurovascular coupling.
Parenchymal arteriolar diameter and
astrocyte endfoot Ca®* concentration
were simultaneously measured using
two-photon imaging and infrared—
differential interference contrast
(IR-DIC) microscopy. (a) IR-DIC
images in the absence (upper panels)
and in the presence (lower panels) of
the TRPV4 antagonist HC-067047
(10 pM) obtained from brain slices
of SAH model rats. Red dashes
outline the intraluminal diameter of
parenchymal arterioles using IR-DIC
microscopy. Overlapping
pseudocolor-mapped endfoot Ca*
levels were obtained using the
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rather than the “normal” physiological increases in blood
flow associated with localized, task-dependent increases in
neuronal activity. Altered Ca** signaling in astrocyte end-
feet, in the form of high-amplitude spontaneous Ca** oscil-
lations, are responsible for this SAH-induced inversion of
neurovascular coupling. In this present study, we hypothe-
sized that enhanced Ca* entry via TRPV4 channels contrib-
utes to the increased amplitude of spontaneous Ca** events
observed in astrocyte endfeet after SAH. However, this does
not appear to be the case, because pharmacological inhibi-
tion of TRPV4 channels did not alter endfoot Ca?* signal-
ing or the inversion of neurovascular coupling in brain slices
from SAH model animals.

Astrocytes exhibit a diverse array of Ca** signaling events,
including nerve-evoked propagating Ca** transients [8, 13, 25],
spontaneous intracellular and intercellular propagating Ca*
waves [7, 22], and nonpropagating spontaneous Ca’* oscilla-

~HC

+HC

tions that can occur in either the cell body or in cell processes
such as endfeet wrapping around intracerebral blood vessels
[13, 17, 20]. Our recent evidence demonstrates that a marked
elevation in the amplitude of spontaneous Ca?* oscillations in
endfeet rather than changes in nerve-evoked astrocyte Ca*
signaling underlie inversion of neurovascular coupling after
SAH [12]. In brain slices from SAH animals, high-amplitude
Ca** oscillations in endfeet lead to increased K+ efflux into the
perivascular space via increased activity of large-conductance
Ca?*-activated K* (BK) channels. This increase in basal extra-
cellular K* when summed with nerve-evoked astrocyte K*
efflux elevates extracellular K* in the microenvironment sur-
rounding parenchymal arterioles above the constriction thresh-
old, leading to a polarity change in the neurovascular response
from vasodilation to vasoconstriction.

In astrocytes from healthy animals, spontaneous Ca>*
oscillations reflect the release of Ca?* stored in endoplasmic
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reticulum through activation of IP;-sensitive Ca®* release
channels (i.e., IP; receptors) and occur independently from
neuronal activity or mGluR activation [17, 20]. The activ-
ity of IP; receptors is bimodally regulated by cytoplasmic
Ca?*, with moderate increases in Ca?* leading to an increase
in IP; receptor activation [9]. Thus, although requiring
release of Ca?* from intracellular stores, the amplitude of
these spontaneous Ca** events in endfeet can be modulated
by Ca?* entering the cell through the plasma membrane.
For example, Ca**-permeable TRPV4 channels are present
on astrocyte processes [3, 4], and activation of these chan-
nels caused an increase in the amplitude of spontaneous
Ca?* events in endfeet of brain slices prepared from healthy
mice [6]. In addition, TRPV4 expression and function is
upregulated in hippocampal astrocytes after cerebral isch-
emia [4]. However, our present data indicates that Ca?
entry via TRPV4 channels does not contribute to the
increase in amplitude of endfoot Ca?* events occurring in
SAH model animals. The present study does not exclude
the possibility that Ca?* entry through other TRP family
members is upregulated in astrocytes after SAH. Although
evidence suggests that normal native astrocytes do not
express voltage-dependent Ca** channels, it is also possi-
ble that expression of these channels is upregulated in
astrocytes after SAH. Alternatively, an increase in IP; lev-
els or other Ca*-independent mechanisms leading to
enhanced IP; receptor activity may underlie the increase in
the amplitude of spontaneous Ca?* events in endfeet after
SAH. Altered astrocyte Ca** signaling has been reported to
occur in brain pathologies other than SAH, such as
Alzheimer’s disease, ischemia/hypoxia, and epilepsy [2, 4,
5, 23]. Further, reactive astrogliosis and microglia activa-
tion have also been associated with multiple forms of brain
injuries, including SAH [16, 21]. It has been postulated
that Ca?* oscillations in activated astrocytes may result in
gliotransmitter release starting a cascade of events leading
to excitotoxicity and brain damage [1]. Presently, the rela-
tionship between induction of reactive astrogliosis and the
enhancement of astrocyte Ca?* signaling is unclear and
requires further investigation.

Conclusions

The inversion of neurovascular coupling from vasodilation to
vasoconstriction represents a pathological response after SAH
and is a likely contributor to the poor outcome observed in
SAH patients. Increased amplitude of spontaneously occur-
ring Ca** oscillations underlying this SAH-induced inversion
of neurovascular coupling are not affected by antagonism of
TRPV4 ion channels. Thus, future studies are required to elu-
cidate the underlying mechanisms of the pathological changes

in astrocyte Ca** signaling after SAH and pinpoint specific
blood components involved in this response. A greater under-
standing of this pathway is likely to reveal new therapeutic
targets that could benefit patients suffering from SAH.
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Tenascin-C Is a Possible Mediator Between Initial Brain Injury
and Vasospasm-Related and -Unrelated Delayed Cerebral Ischemia
After Aneurysmal Subarachnoid Hemorrhage
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Abstract Introduction: Tenascin-C (TNC), a matricellular
protein, exerts diverse functions, including tissue remodeling
and apoptosis, and is induced in cerebrospinal fluid (CSF)
after aneurysmal subarachnoid hemorrhage (SAH). The pur-
pose of this study was to examine the relationships among
CSF TNC levels, initial brain injury, delayed cerebral isch-
emia (DCI), and vasospasm after SAH.

Methods: CSF TNC levels were measured in 30 patients
with aneurysmal SAH of Fisher computed tomography (CT)
group III who were treated microsurgically or endovascu-
larly with CSF drainage within 24 h of SAH. Admission
World Federation of Neurosurgical Societies (WFNS) grade
was supposed to indicate the severity of initial brain injury.
Cerebral vasospasm was defined as narrowed (>25 %) cere-
bral arteries demonstrated by angiography. DCI was defined
as any neurological deterioration presumed related to isch-
emia that persisted for >1 h.
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Results: Higher CSF TNC levels were correlated with
worse admission WFNS grades. Vasospasm was aggravated
with higher TNC levels. DCI occurred regardless of the
degree of vasospasm but was associated with TNC induction.
Multivariate analyses showed that higher TNC levels and
vasospasm were independent predictors of DCI occurrence.

Conclusions: SAH (initial brain injury) that is more
severe induces more TNC, which may cause the subsequent
development of both vasospasm and vasospasm-unrelated
secondary brain injury, leading to DCIL.

Keywords Cerebral vasospasm ¢ Cerebrospinal fluid
Delayed cerebral ischemia ¢ Extracellular matrix ¢ Initial
brain injury * Subarachnoid hemorrhage * Tenascin-C

Introduction

Tenascin-C (TNC) is one of the matricellular proteins, which
are a class of nonstructural and secreted extracellular matrix
proteins that exert diverse functions, including tissue remodel-
ing and apoptosis through direct binding to cell surface recep-
tors, other matrix proteins, and soluble extracellular factors
such as growth factors and cytokines [8, 9]. It was reported
that TNC was induced in cerebrospinal fluid (CSF) and serum
after aneurysmal subarachnoid hemorrhage (SAH), which was
associated with the occurrence of vasospasm, shunt-dependent
hydrocephalus, and poor outcome [15-18]. Experimental stud-
ies also showed that TNC caused cerebral vasospasm in rats
[5, 12, 16]. However, the clinical significance of measuring
TNC levels remains unclear. Accumulated evidence suggests
that the primary cause of poor outcome after SAH is not only
cerebral vasospasm, but also early brain injury [1]. Therefore,
in this study, we examined the relationships among TNC levels
in CSF, initial brain injury, delayed cerebral ischemia (DCI),
and vasospasm after aneurysmal SAH.
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Materials and Methods Definitions of Initial Brain Injury, DCI,

and Vasospasm
Patient Population

The present study was approved by the ethical committee of
our institute and was performed in accordance with institu-
tional guidelines. Appropriate informed consent was
obtained from all patients or their relatives.

The subjects of this study were 30 consecutive patients (7
men and 23 women), 40-83 years of age (mean 62.6+2.4
years) who met the following inclusion criteria: >20 years of
age at onset, SAH classified as Fisher group III on admission
computed tomography (CT) scans [4], saccular aneurysm as
the cause of SAH confirmed on digital subtraction angiogra-
phy (DSA), aneurysmal obliteration by clipping or coiling
within 24 h after onset, and subsequent insertion of cisternal
or spinal drainage tubes according to the preference of the
attending neurosurgeons. Excluded from the study were
patients who demonstrated any angiographic or surgical
complications, as well as individuals with inflammatory,
malignant, or other diseases that can affect TNC metabolism.
Cases of acute hydrocephalus treated with ventricular drain-
age were also excluded, because impaired CSF dynamics in
these patients may influence the measured TNC levels.
World Federation of Neurosurgical Societies (WFNS) SAH
scores on admission were evaluated in 2 patients as grade I,
in 11 patients as grade II, in 4 patients as grade III, in 7
patients as grade IV, and in 6 patients as grade V [3]. The
locations of the ruptured aneurysms were the internal carotid
artery in 12 patients, anterior communicating artery in 9
patients, middle cerebral artery in 7 patients, and basilar tip
in 2 patients.

After angiographic confirmation of the aneurysm, surgical
clipping (23 patients) or endovascular coiling (7 patients) of
the lesion was performed within 24 h of the initial onset.
A cisternal drainage tube was placed in the basal cistern after
surgical clipping, and a spinal drainage tube was put in place
after endovascular coiling to promote SAH clearance. The
drainage was continued for 7-14 days, and the volume of
drained CSF was maintained at 150-250 mL/day by changing
the height of the drainage siphon. All patients received intra-
venous fasudil hydrochloride (Asahi Kasei Pharma, Tokyo,
Japan) from 1 day after surgery to 14 days after SAH. Additional
treatments were included to maintain normovolemia; prevent
meningitis, pneumonia, and hypoxia; and correct anemia and
hypoproteinemia. Transcranial Doppler (TCD) was performed
daily, and DSA was performed when the clinical findings or
blood velocity as measured by TCD indicated vasospasm. CT
scanning was performed to evaluate all instances of clinical
deterioration. DCI was treated with hypertensive hypervol-
emic therapy and/or endovascular therapy (intraarterial fasudil
hydrochloride infusions or angioplasty) if the cause was severe
vasospasm.

Admission WFNS grade was used to indicate the severity of
initial brain injury. Cerebral vasospasm was defined as nar-
rowed cerebral arteries (a 25 % or greater reduction in the
baseline vessel diameter: none, <25 %; mild, 25-50 %;
severe, >50 %) demonstrated by DSA [5], which was per-
formed at Days 6-8 or at the onset of clinical symptoms.
DCI indicated any neurological deterioration (e.g., hemipa-
resis, aphasia, altered consciousness) presumed related to
ischemia that persisted for longer than an hour, after exclu-
sion of other potential causes of clinical deterioration, such
as hydrocephalus, rebleeding, or seizures [19]. The clinical
outcome was evaluated 3 months after onset using the
Glasgow Outcome Scale [7]. All clinical assessments were
carried out without knowledge of TNC levels.

Measurement of TNC

CSF samples were serially obtained via a cisternal or spinal
drain on Days 1-3, 4-6, 7-9, and 10-14 after onset. Control
samples were obtained from eight patients with unruptured
cerebral aneurysms at craniotomy for the surgical clipping.
All samples were centrifuged for 5 min at 3,000xg, and
supernatants were stored at —-30 °C until assayed.
Concentrations of TNC were determined using a commer-
cially available detection kit (IBL, Takasaki, Japan), as pre-
viously reported [15].

Statistical Analysis

Data were reported as a mean + standard error, and unpaired
t test and one-way analysis of variance (ANOVA) with
Bonferroni post hoc tests were used as appropriate.
Correlation between two variables was evaluated using
Spearman’s rank correlation coefficient. The impact of
each variable on DCI occurrence was determined by multi-
variate unconditional logistic regression analyses using the
dichotomous status (presence or absence) as the dependent
variable. All variables were considered independent vari-
ables regardless of the significance on univariate analysis,
although only the variable with the smallest probability
value was used as a candidate variable among similar clini-
cal variables that were intercorrelated. Adjusted odds ratios
with 95 % confidence intervals were calculated and inde-
pendence of variables was tested using the likelihood ratio
test on reduced models. A probability value less than 0.05
was considered significant.
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CSF samples obtained from cisternal and spinal drains.

Admission WFNS Grade (Initial Brain Injury)
Versus TNC Levels in the CSF

TNC levels were higher as WENS grades on admission were
worse. A significant correlation was observed between CSF
TNC levels and admission WENS grades at Days 1-9 (Fig. 1).

DCl or Vasospasm Versus TNC Levels
in the CSF

DCI occurred in 14 patients: Day 5, n=1; Day 6, n=5; Day
7,n=3;Day 8, n=1; Day 9, n=3; and Day 10, n=1. Patients
with DCI had significantly higher TNC levels compared with
those without DCI at Days 1-6 (Fig. 2a). DSA was per-
formed in 22 patients, and severe vasospasm was associated
with significantly higher TNC levels compared with mild or
no vasospasm at Days 1-6 (Fig. 2b). Patients with poor out-
comes (severe disability, persistent vegetative state and
death; n=10) also had significantly higher TNC levels than
patients with good outcomes (good recovery and moderate
disability; n=20) at Days 1-3 (P=0.002), 4-6 (P<0.0001),
and 7-9 (P=0.023; unpaired ¢ test).

CSF TNC Levels Stratified by DCI
and Vasospasm

When CSF TNC levels at Days 1-6 were evaluated for each
DCI-vasospasm bracket, patients with DCI had significantly
higher TNC levels than those with no DCI in both mild and
severe vasospasm (Fig. 3).

On multivariate analyses, higher TNC levels in the CSF at
Days 1-6 (continuous variable; odds ratio, 1.070; 95 % confi-
dence interval, 1.032-1.109; P<0.001) and cerebral (angio-
graphic) vasospasm (odds ratio, 4.352; 95 % confidence interval,
1.095-17.301; P=0.037) significantly predicted DCI occur-
rence, when age, sex, WENS grade on admission, aneurysm
location, treatment modality, angiographic vasospasm, and
TNC levels in CSF at Days 1-6 were used in the analyses.

1007 P=0.02

P =0.0004 B

4-6 7-9 10-12
Days after subarachnoid hemorrhage

Fig. 1 Relationships between tenascin-C levels in the cerebrospinal
fluid and World Federation of Neurosurgical Societies (WFNS) grade
on admission. Bars, means + standard errors of the means, » Spearman’s
rank correlation coefficient, ns not significant
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Fig. 2 Relationships between tenascin-C levels in the cerebrospinal
fluid and delayed cerebral ischemia (a) or cerebral vasospasm (b). Bars,
means + standard errors of the means, P values in (a), unpaired ¢ test;
significantly different from the values in patients with no vasospasm
(*P=0.031, ANOVA); significantly different from the values in patients
with mild vasospasm (*P=0.042, ANOVA)
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Fig. 3 Tenascin-C levels in the cerebrospinal fluid at Days 1-6 after
subarachnoid hemorrhage stratified by delayed cerebral ischemia (DCI)
and cerebral vasospasm (severe, >50 %; mild, 25-50 %; none, <25 %).
Bars, means =+ standard errors of the means; significantly different from
the values in patients with severe vasospasm but no DCI (¥*P=0.011,
ANOVA); significantly different from the values in patients with mild
vasospasm but no DCI (*P=0.028, ANOVA)

Discussion

The novel findings in this study are as follows: (1) SAH or
initial brain injury that is more severe induces more TNC,
which may cause vasospasm and DCI separately or simulta-
neously; (2) severe vasospasm may cause DCI with more
TNC induction; and (3) DCI may occur without severe vaso-
spasm, but by vasospasm-unrelated causes with TNC induc-
tion. These findings support recent research efforts that focus
on clarifying the pathophysiology of post-SAH early brain
injury as well as vasospasm, and on developing protective
strategies against them to improve outcome after SAH.

The expression of TNC, a matricellular protein, is
extremely limited in healthy adult tissues, but is induced rap-
idly (within several hours), ectopically, and profusely by
inflammatory or noxious stimuli and disappears with their
removal [2]. A previous clinical study reported that higher
CSF TNC levels were associated with the development of
vasospasm [15], and this study suggested that TNC induc-
tion also caused vasospasm-unrelated secondary brain injury,
which is supposed to be early brain injury. Although these
studies suggest that CSF TNC may be a useful biomarker to
quickly diagnose or predict the development of vasospasm
and DCI, whether TNC can be a therapeutic target to prevent
or treat vasospasm and/or DCI is undetermined.

TNC activates mitogen-activated protein kinase (MAPK)
[5, 12], which may cause both vasospasm and early brain
injury after SAH [13, 14]. TNC may also stimulate synthe-
sis of proinflammatory cytokines and growth factors, and
promote their signaling pathways to MAPK activation via

enhancing crosstalk signaling between receptors [6, 10].
Our recent experimental study demonstrated that imatinib
mesylate, an inhibitor of the tyrosine kinases of platelet-
derived growth factor receptors, suppressed TNC induction
and MAPK activation, and prevented both cerebral vaso-
spasm and neurological impairments after SAH in rats [12].
However, we cannot exclude the possibility that imatinib
mesylate exerted protective effects via mechanisms other
than TNC suppression. Because there are neither inhibitors
nor neutralizing antibodies specific for TNC, TNC knockout
mice would be useful to demonstrate the exact functional role
of TNC in vasospasm or early brain injury after SAH [11].

In conclusion, this study shows that TNC, a matricellular
protein, in the CSF potentially causes both vasospasm and
vasospasm-unrelated delayed brain injury. Further clinical as
well as experimental investigations may prove that TNC pro-
vides a novel therapeutic approach against both vasospasm-
related and vasospasm-unrelated DCI.
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Characteristics of Patients Without Neuropsychological Deficits
Following Aneurysmal Subarachnoid Haemorrhage

Martin N. Stienen, Rahel Weisshaupt, Javier Fandino, Gerhard Hildebrandt,

Aline Studerus-Germann, and Bawarjan Schatlo

Abstract Background: Previous studies have shown that the
incidence of neuropsychological deficits (NPD) after aneu-
rysmal subarachnoid haemorrhage (aSAH) is high despite
excellent outcome evaluated by traditional neurological
grading scales. The aim of this study was to elucidate the
clinical characteristics in patients presenting with aSAH who
had a good clinical outcome without NPD.

Methods: Files of patients treated for aSAH between
January 2009 and August 2012 at the neurovascular centres of
the Kantonsspital St. Gallen (KSSG) and Kantonsspital Aarau
(KSA), respectively, were reviewed. Neuropsychological
outcome was assessed by an experienced, independent neuro-
psychologist. Patients were graded as regular, or as having
minimal-, moderate-, or severe disability according to norma-
tive population data.

Results: A total of 92 patients (35 men and 57 women)
with a mean age of 51.4+11.6 years were analysed. Eight of
92 patients (8.7 %) had no NPD at follow-up. Patients with-
out NPD were admitted with lower median WFNS (1.00 vs.
2.00; p=0.011) and Fisher grades (2.00 vs. 3.00; p=0.001).
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They were equally distributed between clipping and coiling
(four patients each). No patient with regular neuropsycho-
logical outcome displayed chronic hydrocephalus (p=0.019)
or developed delayed cerebral ischaemia (DCI) during the
hospital course (p=0.100). Five patients were graded as
modified Rankin Scale (mRS) 0 and three patients as mRS 1
at discharge.

Conclusion: Patients without NPD after aSAH are likely
to present with mild admission scores, develop neither
chronic hydrocephalus nor DCI. In this series the aneurysm
occlusion modality did not influence the cognitive
outcome.

Keywords Subarachnoid haemorrhage * Cognitive impairment
Aneurysm ¢ Neuropsychological outcome ¢ Hydrocephalus
Outcome

Introduction

Aneurysmal subarachnoid haemorrhage (aSAH) carries a
high risk of immediate mortality and significant long-term
morbidity. It usually occurs at younger patient age than isch-
aemic stroke and therefore often affects employed patients
before retirement [2]. Increasing understanding of the patho-
physiological implications of aSAH and patient management
that is more aggressive has led to higher survival rates [4].
Thus, the current focus has shifted towards improvement of
the patient’s long-term functional outcome [8].

In addition to neurological disability, neuropsychological
deficits (NPD) account for significant mid- and long-term
disability in aSAH survivors [1, 3, 9, 10]. Even in patients
with otherwise good or excellent neurological outcome
according to the Glasgow Outcome Scale (GOS), NPD in
one or more cognitive domains could be detected in up to
60 % of patients [6, 7]. Although NPD negatively influence
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the ability of affected patients to lead an independent life
and return to work, this important aspect of patient outcome
has only sporadically been addressed in clinical research.
As recently pointed out, the neuropsychological aspects of
patient outcome are largely underreported in current clini-
cal studies on aSAH [11]. It remains impossible today to
predict whether a patient will experience neuropsychologi-
cal constraint after the haemorrhage. The aim of this study
therefore was to identify clinical characteristics that may
predict or be associated with the absence of NPD in patients
following aSAH.

Materials and Methods

This retrospective two-centre cohort study analysed aSAH
patients who were treated at the Kantonsspital St. Gallen
(KSSG) or Aarau (KSA) between January 2009 and August
2012, respectively. Both local ethical committees consented
to the study protocol. In every patient, an aneurysm respon-
sible for the haemorrhage was detected by either digital sub-
traction angiography or CT angiography.

Acute hydrocephalus was defined as impaired conscious-
ness at admission with CT evidence of ventricular dilatation
and was treated with ventriculostomy (external ventricular
drainage (EVD)) or a lumbar drain. Chronic hydrocephalus
was suspected if patients worsened >2 points on the Glasgow
coma Scale (GCS) in combination with progressive ventricu-
lar dilatation after clamping of the EVD. Chronic hydro-
cephalus was treated by shunt surgery.

Cerebral vasospasm (CVS) was defined as mean blood
flow velocity (Vmean) >140 cm/s or increase in Vmean
>50 cm/s/24 h or as a Lindegaard-Index >3 in transcranial
Doppler sonography or diagnosis was confirmed with CT angi-
ography or digital subtraction angiography. DCI was defined as
occurrence of focal neurological impairment, a decrease of at
least 2 points on the GCS after excluding other causes (hydro-
cephalus, electrolyte disturbance, epilepsy, infection), or as the
occurrence of new cerebral infarctions not related to the aneu-
rysm treatment on imaging at discharge as a surrogate marker
[12]. CVS was treated by oral nimodipine, induced arterial
hypertension and normovolemia; patients with DCI received
endovascular angioplasty (PTA) or chemical vessel dilution,
if feasible and the treatment was regarded meaningful by the
treating neurosurgeons and neuroradiologists.

Neurological outcome was evaluated at hospital discharge
using the modified Rankin scale (mRS; 0-6). Favourable
outcome was defined as mRS 0-2 and morbidity as mRS 3-5
[10]. Only surviving patients with available full neuropsy-
chological assessment by an independent neuropsychologist
were selected for analysis. The test battery was applied con-
sidering the patients’ individual pre-morbid level of workload

and social activities and accounted for the following cogni-
tive domains: (1) memory; (2) attention; (3) executive func-
tion; (4) visual perception and construction; (5) language/
calculation; and (6) behaviour. Patients were graded as regu-
lar, or as having minimal-, moderate- or severe disability by
an experienced neuropsychologist according to normative
population data.

The software used for the statistical analysis was SPSS
18.0 and Graph Pad Prism 5.0c. Probability values
(p-value) <0.05 were considered statistically significant.

Results

In total, data from 92 patients (35 men and 57 women) with
a mean age of 51.4+11.6 years (= SD) were analysed. The
median admission scores were 14.00 (GCS), 2.00 (WENS)
and 3.00 (Fisher). Detailed information on patient and
aneurysm-related parameters of the respective study groups
are depicted in Table 1.

Table 2 shows information on the clinical course and the
treatment performed in patients of both study groups. Acute
hydrocephalus requiring CSF diversion was associated with
neuropsychological morbidity after discharge (p=0.009).
Aneurysm occlusion was performed within 72 h after haem-
orrhage, whenever feasible. A total of 58 aneurysms were
clipped and 36 aneurysms were occluded using endovascu-
lar techniques (including 34 coiling procedures; one stent-
assisted coiling and one aneurysm was primarily stented).
Patients without NPD were distributed equally between the
two modalities of aneurysm therapy (p=0.706). No patient
with regular neuropsychological outcome required shunt sur-
gery for chronic hydrocephalus (p=0.019). Two of 12 patients
who required decompressive hemicraniectomy (DHC) for ele-
vated intracranial pressure (ICP) refractory to maximal con-
servative therapy showed no NPD at the follow-up (p=0.590).
Patients without NPD showed a tendency towards a lower rate
of CVS (12.5 vs. 45.2 %; p=0.131) and none developed DCI
(0 vs. 33.3 %; p=0.100). Patients with regular neuropsycho-
logical outcome were discharged significantly earlier than
patients with cognitive constraint (p<0.001).

An overview of the outcomes is provided in Table 3.
Overall neurological outcome according to the mRS was
1.00 (median), with better results in the group without NPD
(»=0.001). In general, 100 % of patients without NPD and
75 % of patients with NPD had a good outcome (mRS 0-2)
at discharge. Rates of neurological deficits were similar
between the study groups. Of 84 patients (91.3 %) who
developed NPD, these were graded minimal in 29 patients
(34.5 %), moderate in 32 patients (38.1 %) and severe in 23
patients (27.4 %). The domains affected most were attention,
memory and executive functions (Table 3).
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Table 1 Baseline patient and aneurysm characteristics of the study groups

Patients without NPD Patients with NPD p value
Age
Mean value (years+SD) 51.9+11.8 514+11.6 p=0.718*
Women/men ratio 1:1 1.7:1 p=0.705°
Admission scores
GCS (median) 15.00 14.00 p=0.0122
WENS (median) 1.00 2.00 p=0.011°
Fisher (median) 2.00 3.00 p=0.001*
Aneurysm bearing artery
Acom+ACA 3(37.5 %) 38 (45.2 %)
MCA 2 (25.0 %) 22 (26.2 %)
ICA +Pcom 3(37.5 %) 14 (16.7 %)
Vertebrobasilar - 10 (11.9 %)
Aneurysm location p=0.591°
Anterior circulation 8 (100 %) 74 (88.1 %)
Posterior circulation - 10 (11.9 %)
Aneurysm size
Mean value (mm+SD) 6.3+2.0 6.5+£2.6 p=0.817*

ACA anterior cerebral artery, Acom anterior communicating artery, GCS Glasgow Coma Scale, /CA internal cerebral artery, MCA medial cerebral
artery, NPD neuropsychological deficit, Pcom posterior communicating artery, SD standard deviation, WFNS World Federation of Neurological

Surgeons grading scale

“Two-tailed Mann—Whitney tests were used for analysis
"Two-tailed Fisher tests were used for analysis

Table 2 Information on the clinical course and the treatment performed in patients of both study groups

Patients without NPD Patients with NPD p value
ICP — therapy/CSF — diversion
EVD/lumbar drain placement 1(12.5 %) 52 (61.9 %) p=0.009*
Shunt placement - 38 (45.2 %) p=0.019*
DHC 2 (25.0 %) 10 (11.9 %) p=0.590°
Aneurysm treatment p=0.706
Microsurgical clipping 4 (50.0 %) 54 (64.3 %)
Endovascular therapy* 4 (50.0 %) 32 (9 %)
None - -
Timing of occlusion therapy
Mean value (days from SAH+SD) 4.5+4.5 3.8+5.7 p=0.445°
Mean value (days from admission+SD) 1.6x£1.6 2.0£3.6 p=0.821°
Treatment <72 h after haemorrhage 5(62.5 %) 60 (71.4 %) p=0.688*
CcVS 1(12.5 %) 38 (45.2 %) p=0.131°
DClI - 28 (33.3 %) p=0.100
Duration of hospital stay
Mean value (days+SD) 12.6+4.9 243+11.1 p<0.001°

CSF cerebrospinal fluid, CVS cerebral vasospasm, DCI delayed cerebral ischaemia, DHC decompressive hemicraniectomy, EVD external ventricu-
lar drainage, /CP intracranial pressure, NPD neuropsychological deficit, SAH subarachnoid haemorrhage, SD standard deviation
#Two-tailed Fisher tests were used for analysis
*Two-tailed Mann—Whitney tests were used for analysis
“Including 34 coiling procedures; one stent-assisted coiling and one aneurysm was primarily stented
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Table 3 Neurological outcome at discharge and neuropsychological outcome after discharge of patients of the study groups

Patients without NPD Patients with NPD p value
mRS?
Median value 0.00 1.00 p=0.001°
Patients with good outcome (mRS 0-2) 8 (100 %) 63 (75 %) p=0.200¢
Patients with bad outcome (mRS 3-5) - 18 (21.4 %)
mRS not assessed - 3 (3.6 %)
Focal neurological deficit 1(12.5 %) 26 (31 %) p=0.428°
Neuropsychological deficit
None/regular assessment 8 (100 %) -
Minimal - 29 (34.5 %)
Moderate - 32 (38.1 %)
Severe - 23 (27.4 %)
Affected neurocognitive domains
Attention - 69 (82.1 %)
Memory - 64 (76.2 %)
Executive functions - 63 (75.0 %)
Language/calculation - 26 (31.0 %)
Visuoconstructive abilities - 24 (28.6 %)
Behaviour - 23 (27.4 %)
Time between aneurysm occlusion to neuropsychological assessment
Mean value (days+SD) 72.5+43.2 70.2+69.4 p=0.308"

mRS modified Rankin Scale, NPD neuropsychological deficit, SD standard deviation
aMissing data present: mRS was not assessed at discharge in three patients with NPD

*Two-tailed Mann—Whitney tests were used for analysis
“Two-tailed Fisher tests were used for analysis

Discussion

In this cohort, we demonstrate that patients after aSAH with-
out NPD and good neurocognitive outcome presented with
initial mild admission scores on the GCS, WFNS and Fisher
scale, developed no chronic hydrocephalus and did not expe-
rience DCI. Patients with regular cognitive outcome in our
series were discharged twice as fast as compared with
patients with neuropsychological constraint.

Interestingly, important factors used in daily clinical rou-
tine for patient evaluation, such as age, gender, aneurysm
localization and size did not differ between patients with and
without NPD, as evident from Table 1. Likewise, our data
identified two patients in the group of patients with regular
neurocognitive examination who received DHC during the
hospital course. Therefore, excellent functional outcome is
possible even in patients who are at least intermittently criti-
cally ill and have to undergo a “rescue therapy” for elevated
ICP irresponsive to maximal conservative treatment.

Although controversies regarding the two major aneu-
rysm treatment modalities remain [1, 5], our data suggest

equal chances for good cognitive recovery of treated
patients with both techniques (p =0.706). An excellent neu-
ropsychological outcome was achieved in the four patients
in each group.

Even though this was a retrospective data collection, all of
the factors introducing potential bias (e.g. age, gender, time
between aSAH and aneurysm occlusion therapy, and time
between surgery and neuropsychological assessment) did not
significantly differ between the study groups. The low rate of
patients with regular cognitive outcome inevitably led to het-
erogeneous group sizes. Thus, our series might be underpow-
ered to detect statistical differences of further parameters, if
any existed. It would be necessary to study a larger patient
sample to address this issue. Lastly, our cohort was subject to
a strong selection bias. Only surviving patients with available
full neurocognitive assessment were included, which is likely
to explain the remarkably good neurological outcomes
according to the mRS at discharge. Therefore, our results
must be interpreted with caution. Still, the overall consistent
and plausible results suggest that the generated data are stable
and it is appropriate to generalise the results to the clinical
setting for a selected subgroup of aSAH patients.
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Conclusion

Patients without NPD after aSAH are likely to present with
mild admission scores, develop no chronic hydrocephalus
and to be spared from DCI. In this series the aneurysm occlu-
sion modality did not influence the cognitive outcome.
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Nitric Oxide Synthases: Three Pieces to the Puzzle?

Mohammed Sabri Attia, Eliott Lass, and R. Loch Macdonald

Abstract Subarachnoid hemorrhage remains to be a devastat-
ing diagnosis in this day and age, with very few effective inter-
ventions. Rising evidence is now pointing towards the marked
importance of secondary complications after the hemorrhage,
and its active role in morbidity and mortality of this stroke.
This review will focus on the role of Nitric Oxide Synthases
(NOSes) the role they play in the pathogenesis of SAH.

Keywords Subarachnoid haemorrhage * SAH ¢ Nitric Oxide
Synthases ¢ NO ¢ eNOS ¢ iNOS ¢ nNOS ¢ EBI ¢ Secondary
complications

Introduction

Recent research and rising evidence are now pointing to the
importance of secondary complications of subarachnoid
hemorrhage (SAH), and their role in poor outcome after
SAH [10, 18]. More specifically, rising interest is now dedi-
cated toward early brain injury (EBI), or parenchymal, vas-
cular, and microcirculatory damage or dysfunction that
occurs the first 24—48 h of the hemorrhagic onset [37, 38]. It
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remains unclear what secondary complications belong to
EBI or are of delayed onset; however, what is becoming
clearer is that perhaps mechanistic dysfunction in EBI may
predispose the brain to a number of observed secondary
complications, such as microcirculatory spasm and micro-
thrombosis, early and delayed neuronal injury, and oxidative
and nitrosative parenchymal damage [8, 26, 29, 35, 37, 38].

One of the common and recurring mechanistic themes in
SAH research is the importance of nitric oxide (NO) as a
vasodilatory and antithrombotic agent that is of value in
maintaining physiological homeostasis in the brain
[1, 21, 24]. Much research has been dedicated to observing
the importance of NO, but few papers exist that focus on
nitric oxide synthases (NOSes) and their potential role after
SAH[19, 20, 23, 26, 30, 40]. In this review paper, we discuss
and highlight the importance and role of NOSes and NO in
the pathogenesis of SAH.

A number of theories have been proposed for micro-
thromboembolism, apoptosis, and large vessel vasospasm
after SAH, one of which is the unbalanced production of NO
coupled with its scavenging and reduced bioavailability [34,
39]. NO is a potent gaseous diffusible free radical that is syn-
thesized by a number of cells; by macrophages, neurons, and
glial cells, and largely by endothelial cells. The molecule is
synthesized enzymatically and non-enzymatically in the
human body. Three known enzymes are responsible for the
synthesis of NO, three NOS isoforms: neuronal NOS
(nNOS), endothelial NOS (eNOS), and inducible NOS
(iNOS). It is debated that eNOS in endothelial cells produces
most of the NO responsible for vascular homeostasis,
because it is produced via endothelial cells. NO produced by
eNOS in endothelial cells is thought to regulate vascular
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tone, modulate thrombosis, regulate smooth muscle division,
and confer antiinflammatory properties [11, 12]. A number
of papers have briefly touched on the differential roles of
NOSes after SAH, but have not yet properly investigated
their role and outcome; our laboratory has also focused
mainly on eNOS after SAH.

iNOS: To Induce or not to Induce?
That Is the Question

iNOS is the one of the three isoforms that generates NO in a
calcium-independent fashion and, despite its low abundance
in the brain, it has been documented to generate the largest
amount of NO and has been implicated to be involved with
inflammatory conditions and mediation of oxidative stress
[15]. Because of its dependence on calcium, once iNOS is
expressed, it can produce copious amounts of NO for sus-
tained periods and is only limited by cofactors and substrate
availability [15]. Oxidative stress linked to iNOS is mediated
largely via lipid peroxidation, DNA damage, inhibition, and
damage of mitochondrial structures and enzymes [15]. INOS
has been studied in relation to SAH in a number of animal
models, and the exact role of iNOS in the pathogenesis of
SAH is still unclear.

Some reports point to the possible deleterious role of
iNOS after SAH, and how the enzyme may indeed drive or
exacerbate pathogenesis and injury after hemorrhagic insult.
Work by Suzuki et al. demonstrated that a blood by-product,
Hemin, may indeed activate iNOS and subsequent pathways.
Work by this team demonstrated that the overactivation of
INOS resulted in the overdevelopment of NO, leading to
nitrosative stress and peroxynitrite formation [32, 33]. This
increased oxidative burden was linked to damaged smooth
muscle cells in the vasculature and may cause a predisposi-
tion to a number of vascular complications observed after
SAH. Furthermore, work by Sayama et al. demonstrated that
iNOS activation and deleterious effects may be part of the
EBI cascade of events [32, 33]. The team reported that there
was an overexpression of iNOS mRNA in the basal pia 24 h
after experimental SAH. iNOS expression was heightened in
polymorphonuclear cells and mononuclear cells and in cells
throughout the CNS 24 h after SAH. The group concluded
that overactivation of iNOS resulted in the overproduction of
free radicals and detectable lipid peroxidation, which corre-
lated with the degree of MCA vasospastic burden.

Aminoguanidine (AG), an iNOS specific inhibitor, was
used to help inhibit iNOS in an experimental SAH model.
Fukada et al. demonstrated that AG inhibition of iNOS
resulted in a significant reduction in endothelial and smooth
muscle cell damage, which resulted in subsequent reduction
in aneurysm formation in a model of aneurysm induction [9].

Reducing shear stress via Batroxobin (defibronyltic) reduced
iNOS overexpression and vascular “overstimulation,” which
was shown to be protective and reduced aneurysm rupture.
Transgenic manipulation in experimental models of SAH
also indicated a possible deleterious role of iNOS after SAH
induction. Work by Saito demonstrated that mice that over-
express CuZn-SOD (an iNOS inhibitor) had significantly
reduced vasospasm. The degree of vasospasm correlated
directly with the amount of iNOS mRNA and protein expres-
sion. Additionally, the team reported that reactive oxygen
species directly activate iNOS and may explain the trigger
and exacerbation of complications after SAH [31].

Work by Lin et al. demonstrated that vasospasm after
SAH may be driven at least partially by the observed upregu-
lation of iNOS after the onset of hemorrhage. In the model
reported by this group, animals demonstrated reductions in
eNOS levels and significant upregulation of iNOS expres-
sion. The group then used adenosine Al receptor agonists
that partially prevented vasospasm and resulted in a signifi-
cant reduction in eNOS expression. However, the agonists
were not successful at reducing iNOS expression, which
allowed the group to conclude that continued upregulation of
iNOS may play a major role in vasospasm. Similarly, the use
of 17beta-estrogen in male rats before experimental SAH
reduced vasospasm significantly. 17beta-Estrogen was found
to reduce the expression of iNOS mRNA and protein expres-
sion, and this reduction in iNOS bioavailability was linked to
the reduction of iNOS, indicating a possible deleterious role
of iNOS [16, 17].

Despite the many reports and studies that point toward a
deleterious nature of iNOS after SAH, a few studies report a
neutral and possibly beneficial role of iNOS and its oxidative
propertiesafter SAH. Inhibiting iNOS with P-toluenesulfonate
after SAH conferred no attenuation of blood-brain barrier
(BBB) damage, cerebral edema, or delayed neuronal apopto-
sis. Inhibiting iNOS did not improve outcome or neurologi-
cal score after SAH, indicating that although it might be a
pathological player, it may not be the biggest or most perti-
nent target [41].

Work by Vellimana et al. focused on studying the differ-
ential expression of all three NOSes after experimental SAH
under preconditioning or non-preconditioning situations.
The study reported that preconditioning resulted in a more
favorable outcome after SAH, and only eNOS demonstrated
an increase in expression and was considered likely be pro-
tective when preconditioning was provided. Both nNOS and
iNOS were deemed to not play a major protective role after
SAH [40].

Work by our group focused on using simvastatin as an
acute treatment and as prophylaxis in experimental mice in
SAH. Simvastatin was observed to reduce the expression of
iNOS when given prophylactically, but when administered
after the induction of SAH, iNOS expression remained ele-
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vated after 48 h of induction. Despite the sustained
increased expression in the post-SAH treatment group, ani-
mals still demonstrated reduced vasospasm, apoptosis, and
microthromboembolism, indicating that iNOS may be a
minor player in the pathogenesis of SAH in this particular
model [30].

INOS has been reported to possibly confer protective
effects, solely based on its proximity and expression in the
vascular walls after SAH. Work by Pluta et al. postulated
that because Hemin (a blood by-product) is readily avail-
able after SAH and is also an activator of iNOS, there
should be an increased amount of iNOS expression and
activation around the vicinity of hemorrhage. Pluta et al.
postulated that iNOS may be a source of NO after SAH
because of the involvement of macrophages after SAH,
specifically in and around the endothelium of large- and
middle-sized vessels. This expression of NO and overabun-
dance of iNOS expression may help alleviate SAH-induced
vasospasm [22].

nNOS: The Dark Horse

In a primate model of SAH, nNOS expression was found to
be markedly reduced and correlated greatly with the degree
of vasospastic burden. SAH induction was associated with
reduced staining of nNOS in the vascular adventitia in ani-
mals with significant vasospasm. These findings point toward
the possible protective role of nNOS, and indicate that NO
synthesized by nNOS may indeed be important in the homeo-
static modulation of vascular tone in large- and middle-sized
vessels [25].

Work by Sehba et al. demonstrated that following
experimental SAH there was a heightened measurable
expression of nNOS in neurons and the microvasculature.
nNOS expression and concentration was significantly
increased in the SAH group alone. The heightened expres-
sion of nNOS was deemed to be a protective response
caused by acute stress and decreased cerebral blood flow,
and likely driven to introduce increased expression of NO
to reverse any pathological consequences of the hemor-
rhage [36].

nNOS involvement and protective role could also be a
major player in the formation and rupture of aneurysms.
Experimental aneurysms were induced in mice and the role
of eNOS and nNOS was assessed. eNOS knock-out (KO)
mice demonstrated a compensatory upregulation of nNOS
expression in the walls of cerebral aneurysms. Interestingly,
introducing aneurysms in eNOS and nNOS KO mice resulted
in an increase in the amount of aneurysms present, with evi-
dence of late-stage aneurysm formation. Double KO animals
demonstrated a significantly increased amount of macro-

phage (the main cell mediators of inflammation) infiltration,
vascular degradation, and progression to aneurysmal rup-
ture. These findings point to the possible protective role of
nNOS in maintaining the integrity and structural stability of
cerebral aneurysms [2].

Recent work by our lab focused on understanding the role
of NOSes after SAH. We reported that nNOS was upregulated
in eNOS KO SAH mice, and likely to have been upregulated
for compensatory purposes and possible protective expression
of NO under pathological conditions such as SAH, where oxi-
dative stress is a major player of pathogenesis [27].

eNOS: The Double-Edged Sword

The other well-studied, perhaps most-studied, constitutive
NOS isoform is eNOS. It is usually found in endothelial
cells, and often responsible for generating NO that is used
for protective homeostatic functions such as endogenous
anti-microthrombosis, vasomotor regulation, and smooth
muscle growth modulation. eNOS has been the target of sev-
eral research studies pertaining to SAH because of its
involvement in vascular regulation, possible role in middle/
large vessel vasospasm, and physiological expression in the
brain. Several studies focused on the measurement of and
detecting levels of eNOS after SAH, and debated its possible
protective, deleterious, or even neutral role.

eNOS has been repeatedly shown to be upregulated after
SAH, possibly because of the shear stress introduced by
large vessel vasospasm that stimulates endothelial cells to
generate more eNOS as a protective physiological response
[4]. Indeed, subjecting endothelial cells to shear stress in cul-
ture resulted in eNOS mRNA levels to rise, making the vaso-
spasm theory of eNOS upregulation plausible. Work by Jung
et al. demonstrated the opposite, that eNOS upregulation
maybe futile because of the upregulation and increased
expressions of endogenous inhibitors of NOS such as asym-
metric dimethylarginine (ADMA) [14]. The study reported
that ADMA concentrations correlated positively with the
degree of angiographic vasospasm in patients with SAH,
which would mean that eNOS levels are reduced, or, on the
other hand, may stimulate a positive feedback for further
eNOS expression [14].

eNOS is responsible for the production of NO in and
around vessels; however, recent evidence suggests that NO
might not be the only molecule produced by eNOS. Under
normal physiological conditions, eNOS maintains a regu-
lated connection between its homodimers to allow for proper
electron flow, which assists in the production of NO from
the ferrous—dioxygen complex. It was demonstrated that,
under oxidative environments or stress, there is a reduc-
tion of NOS cofactors such as tetrahydrobiopterin (BH,)
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and L-arginine in addition to the oxidization of the ferrous—
dioxygen complex. These two mechanisms may result in
the dimer breaking down or in an allosteric shift that alters
the flow of electrons through both dimers. This mechanis-
tic breakdown of the structural dimers of eNOS results in
the production of superoxides instead of NO [6, 7]. This
mechanism is of particular importance in SAH, a pathology
associated with a substantial amount of introduced oxidative
stress. The overproduction of Q%> may also result in eventual
interaction with the limited NO that is available, producing
ONOO-, which further oxidizes cofactors such as BH, and
feeds into a loop of further destruction of eNOS enzyme.
Peroxynitrites carry on to produce nitrotyrosine deposits and
result in lipid peroxidation and cellular damage, contributing
greatly to the apoptotic burden seen after SAH [26].

Pluta et al. reported that blood products found in the sub-
arachnoid space may actually scavenge the pool of NO
available and produce endogenous inhibitors of eNOS,
resulting in a substantial reduction in vasodilator production
and possibly a cause of large vessel vasospasm after
SAH. Reports demonstrated that diminished endothelium
vasodilatation correlates with the degree of angiographic
vasospasm after SAH to post-SAH reductions in CBF [13,
22]. Diminished eNOS activity is associated with a reduced
outcome after SAH and associated with increased brain
injury after ischemia [3].

Work in our laboratory focused on identifying and under-
standing the role of eNOS after SAH in an experimental
model in mice. We found that SAH resulted in a specific
upregulation of dysfunction eNOS, characterized with uncou-
pling of the eNOS dimer and oxidation of the ferrous—dioxygen
complex, releasing its balancing zinc core. This uncoupling
resulted in the upregulation of O* production, reduced NO
bioavailability, and increased peroxynitrite and nitrotyrosine
deposits in the parenchyma. This mechanism of eNOS dys-
function was hypothesized to be one of the main culprits
behind secondary complications that arise in this model;
complications such as delayed neuronal injury (DND), micro-
thrombosis, and parenchymal oxidative stress [26, 27].

We used a number of therapeutic interventions to observe
whether eNOS upregulation pharmacologically can attenu-
ate any of the observed secondary complications. Work in
our laboratory and by McGirt et al. demonstrated that using
simvatstain to upregulate eNOS, enhance NO production,
and scavenge superoxide production ameliorated a substan-
tial amount of the secondary complications caused by SAH
[19, 30]. Intriguingly, using clazosentan, an endothelin-1
receptor antagonist, to reverse large vessel vasospasm
improved mortality and large vessel vasospasm; however,
animals still demonstrated secondary complications and evi-
dence of eNOS dysfunction [5, 28].

Alternatively, experimental preconditioning of animals
subjected to SAH demonstrated a protective upregulation of

eNOS in comparison with other NOS isoforms, resulting in
a favorable outcome. Only eNOS was deemed protective
when animals were preconditioned, and nNOS and iNOS
expression remained normal in SAH animals subjected to
preconditioning before SAH. These findings indicate that
perhaps, under the correct physiological criteria and environ-
ment, eNOS can be primed to remain or become protective in
a hemorrhagic insult [40].

It remains unclear how eNOS truly contributes to the
pathogenesis after SAH in both humans and experimental
models; however, work in our laboratory strongly indicates
that eNOS can be both beneficial and deleterious, depending
on the environment of expression. Further research is war-
ranted to understand the true interaction between subarach-
noid blood and eNOS and whether eNOS uncoupling is one
of the major pathways in the pathogenesis of SAH.

Conclusion

Focus should be given and distributed equally to all NOS
isoforms to truly understand the physiological response to
the pathogenesis of SAH. NO production, depletion, and its
function as a vasodilator have been repeatedly emphasized in
SAH research, highlighting its continued importance. Further
research should be dedicated along the spectrum of NO syn-
thesis from mRNA transcript of NOSes to NO as a potent
dilator, to truly understand how NOSes contribute to the
complex multifaceted pathogenesis of SAH.
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How Spreading Depolarization Can Be the Pathophysiological
Correlate of Both Migraine Aura and Stroke

Jens P. Dreier, Clemens Reiffurth, Johannes Woitzik, Jed A. Hartings, Christoph Drenckhahn, Claudia Windler,
Alon Friedman, Brian MacVicar, and Oscar Herreras for the COSBID study group

Abstract The term spreading depolarization describes a
mechanism of abrupt, massive ion translocation between
neurons and the interstitial space, which leads to a cytotoxic
edema in the gray matter of the brain. In energy-compromised
tissue, spreading depolarization is preceded by a nonspread-
ing silencing (depression of spontaneous activity) because of
a neuronal hyperpolarization. By contrast, in tissue that is
not energy compromised, spreading depolarization is accom-
panied by a spreading silencing (spreading depression) of
spontaneous activity caused by a depolarization block. It is
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assumed that the nonspreading silencing translates into the
initial clinical symptoms of ischemic stroke and the spread-
ing silencing (spreading depression) into the symptoms of
migraine aura. In energy-compromised tissue, spreading
depolarization facilitates neuronal death, whereas, in healthy
tissue, it is relatively innocuous. Therapies targeting spread-
ing depolarization in metabolically compromised tissue may
potentially treat conditions of acute cerebral injury such as
aneurysmal subarachnoid hemorrhage.

Keywords Aneurysmal subarachnoid hemorrhage
Spreading depression ¢ Delayed cerebral ischemia

Introduction

Spreading depolarization is characterized by (1) extensive
breakdown of transmembrane ion gradients [16, 35], (2)
extreme shunting of neuronal membrane resistance [2], and
(3) transient neuronal swelling with dendritic spine distor-
tion [31, 37]. In 1945, the Brazilian neurophysiologist
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Aristides Ledo proposed that spreading depolarization is the
pathophysiological correlate of the migraine aura [22], and,
in 1947, he linked migraine aura and stroke to spreading
depolarization as their common mechanism [21].

Spreading Depolarization may Be a Common
Mechanism of Migraine Aura and Stroke
Although Their Clinical Symptoms Are
Different

Most neurologists today agree that spreading depolar-
ization is likely the pathophysiological correlate of the
migraine aura [30] and contributes to the cellular injury in
stroke even though migraine aura and stroke typically have
different medical histories. This applies particularly to the
temporal pattern of the initial symptoms and to the fact
that migraine with aura is usually a harmless disease in
contrast to stroke [17]. It is therefore counterintuitive that
spreading depolarization is a mechanism of stroke, which
initiates and facilitates neuronal injury in energy-depleted
tissue, and, on the other hand, can be the pathophysiologi-
cal correlate of the migraine aura. However, Ledo provided
a plausible explanation for this paradox when he discov-
ered that the energy state of the tissue determines both (1)
the duration of the spreading depolarization and (2) the
depression (silencing) pattern of spontaneous activity that
accompanies the depolarization. The two major types of
silencing of spontaneous activity which can co-occur with
spreading depolarization are nonspreading depression
and spreading depression of spontaneous activity [21].
Nonspreading depression describes a sudden silencing
of spontaneous activity that is simultaneously observed
in different brain regions wherever brain perfusion drops
below ~20 ml/100 g/min [12]. When spreading depolariza-
tion develops in such electrically silent tissue, it cannot
cause spreading depression of activity because the sponta-
neous activity has already ceased.

But, unless spreading depolarization is preceded by arrest
of spontaneous activity, it initiates spreading depression of
activity because the near-complete depolarization is above
the inactivation threshold for the action potential-generating
ion channels [13]. Spreading depression of activity thus
requires a grossly intact energy supply in stark contrast to
nonspreading depression of activity. Thus, both spreading
and nonspreading depression of activity can occur in stroke
where there is a gradient of energy depletion from the core to
adjacent watershed and healthy regions of cortex. In the isch-
emic core, where nonspreading depression of activity has
already developed, spreading depolarizations are ignited and
propagate into adjacent tissue with preserved spontaneous
activity, which is then depressed in a spreading manner.

Nonspreading depression of activity caused by occlusion
of blood flow is assumed to be the pathophysiological cor-
relate of the sudden and simultaneous neurological deficits
of transitory ischemic attacks, nonmigrainous stroke, and
cardiac arrest. The spreading depression of spreading depo-
larization that occurs in these conditions may have additional
clinical correlates, but these would be subtle and difficult to
detect on a baseline of obtundation and major widespread
deficits [6]. In contrast, the creeping neurological deficits of
migraine aura and migrainous stroke are obvious to patients
and clinicians in the context of intact neurologic function and
are thought to be mediated by the spreading depression of
brain electrical activity. Thus, the depression patterns caused
by disruption of energy supply and by spreading depolariza-
tion determine the clinical symptoms of these diseases. The
existing energy supply, such as the level of perfusion [5] and
the level of blood glucose [15], for example, largely deter-
mine whether spreading depolarization initiates a countdown
to neuronal death. The tissue fate is reflected by the dura-
tion of spreading depolarization, because neuronal survival
depends on rapid repolarization, which is energy depen-
dent. Notably, if, in experiments, spreading depolarization
is markedly prolonged by other means than energy shortage,
for example, by a long-lasting artificial increase in the base-
line potassium concentration, neurons will eventually also
die although the energy supply is normal. However, under
such conditions, the time period from the onset of spread-
ing depolarization to the neuronal death will be longer than
under conditions of energy depletion [5]. For a more com-
prehensive account of the signals in relation to migrainous
stroke, we refer the reader to a former review [4].

Processes Leading Up to Spreading
Depolarization: Potential Targets
for Therapeutic Intervention

The abrupt near-complete breakdown of neuronal ion homeo-
stasis characterizes spreading depolarization. Spreading depo-
larization could contribute significantly to the higher
vulnerability of neurons to ischemic stress compared with
other cells of the body. This raises important questions: (1)
which neuron-specific channels and processes in the mem-
brane are large enough to allow for such a rapid influx of cat-
ions and water and (2) might it be possible to block them
pharmacologically to protect the cells and delay the cell death?

The experimental study of the membrane channels par-
ticipating in spreading depolarization has been hindered by
their mixed contribution and the heterogeneous subcellular
distribution over the anatomy of neurons. Of note, the chan-
nels that contribute to the initiation or propagation of spread-
ing depolarization could be different from the major carriers
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of electric charge during the sustained phase of depolariza-
tion. Thus, the massive ion translocation across the mem-
brane occurs during the first 2-3 s, in close time association
to the initial DC shift. Thereafter, the ions remain stable at
this new plateau or drift slightly [11, 16], indicating that con-
ditions close to a new steady state have been achieved.
Channels contributing to initiation of spreading depolariza-
tion may include voltage-gated cation channels and
N-methyl-D-aspartate (NMDA) receptor-controlled channels
[1,8, 10, 19, 20, 25, 38]. Nevertheless, the question of which
channels contribute specifically to the initiation or propaga-
tion processes seems to depend largely on the conditions
present immediately before the spreading depolarization.
This is reflected by the notion that the propagation of spread-
ing depolarization can be blocked by NMDA receptor antag-
onists in healthy, naive tissue [8, 20, 25], whereas this is not
possible under hypoxic or ischemic conditions [1, 10, 19, 26]
or when the baseline extracellular potassium concentration is
artificially increased [28].

The process of massive ion translocation is even less
understood than the processes of initiation or propagation.
In a pioneering study, a large voltage-independent current
was identified using whole-cell recordings during ongoing
spreading depolarization [3]. The large voltage-independent
current flows inward through membrane channels that stay
open during spreading depolarization and are mostly local-
ized in dendritic regions [2]. A wealth of pharmacologi-
cal data has not singled out one membrane channel that is
involved but it has pointed to a combination [29]. In a realistic
neuron model aiming to replicate the subcellular changes of
membrane resistance during spreading depolarization, it was
found that in addition to standard potassium-, sodium-, and
glutamate-mediated conductances, the initial opening and
gradual closing of an as yet undetermined large conductance
is required [24]. So far there are no hints regarding the nature
of such spreading depolarization-specific conductance. It
may be a known channel with modified kinetics produced
by the severe chemical changes imposed during spreading
depolarization, or it may be a totally different channel. New
families of neuron membrane channels are being discovered.
Among possible candidates, gap junction hemichannels
have a variable pore aperture that would permit the passage
of common ions. However, although gap junction blockers
halt spreading depolarization in some experimental settings
[18], they do not in others [27, 33]. In a similar fashion to
that described for gap junctions, pannexin hemichannels
could contribute as major carriers of electric charge during
spreading depolarization [32]; interestingly, recent evidence
also points to a role for pannenxins in the release of factors
triggering pain after spreading depolarization [14]. Other
putative candidates are transient receptor potential (TRP)
channels [23] and tandem pore domain potassium (2PK)
channels [7], but their distribution and kinetics are largely

unknown. It is therefore not yet possible to analyze their con-
tribution in the realistic neuron model. Finally, low calcium-
activated cation channels are possible candidates [9, 36],
because they are gated by external calcium reduction and
appear to be voltage independent, two conditions found dur-
ing spreading depolarization. Last but not least, the caveat
must be added that space clamp problems associated with
voltage-clamping central nervous system neurons [34] mean
that a number of voltage-dependent channels expressed on
distal dendrites cannot be completely excluded as contribu-
tors, including NMDA receptor-controlled channels.

Conclusion

Spreading depolarization is an important phenomenon of
cerebral pathology. Notably, it occurs in patients with stroke
including subarachnoid hemorrhage. Its pharmacology is
very complex as it changes with the conditions under which
it occurs.
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