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Preface

These are the proceedings of the 2nd International

Symposium on Cerebral Hemorrhage, which was held

on November 10–11th, 2007 in Shanghai, China. This

symposium followed the successful first symposium

held in Ann Arbor, Michigan, USA, in 2005. The aim

of the conference was to bring together experts on cere-

bral hemorrhage from throughout the world to present

and discuss data on this understudied form of stroke.

The conference covered both clinical and basic science

studies on cerebral hemorrhage and particularly intrace-

rebral hemorrhage. Papers from the conference in these

proceedings cover the full gamut, from molecular biolo-

gy to clinical trials and epidemiology. They show that

our knowledge of cerebral hemorrhage has greatly ex-

panded in recent years and there is hope that this will be

translated into new therapies for the clinic.

The symposium in Shanghai was a joint collabora-

tion between Fudan University and the University of

Michigan. It was to have been co-chaired by Professors

Liang-Fu Zhou and Julian T. Hoff. Unfortunately,

Professor Hoff died prior to the meeting and his

presence was sorely missed by all. This volume includes

a paper on Professor Hoff and his contributions to

the field of cerebral hemorrhage research by Dr. Karin

Muraszko, who succeeded Dr. Hoff as Chair of Neuro-

surgery at the University of Michigan.

With the success of the 1st and 2nd symposia, there

was a unanimous desire for these meetings to continue.

The 3rd International Symposium on Cerebral Hemor-

rhage will be held in Palm Springs, USA, under the

direction of Professors John Zhang and Austin Colohan

of Loma Linda University. Symposium attendees look

forward to a successful meeting in that city in November

2009. Plans are also underway to host a 4th meeting in

Newcastle, England, in 2011.

The editors wish to thank Ms. Holly Wagner and the

staff of Springer-Verlag for the commitment and edito-

rial skills necessary to prepare these proceedings.

Liang-Fu Zhou, Guohua Xi,

Xian-Cheng Chen, Richard F. Keep,

Feng-Ping Huang, Ya Hua, Yi-Cheng Lu,

Karin M. Muraszko
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Julian Theodore (Buz) Hoff 1936–2007

K. Muraszko

Department of Neurosurgery, University of Michigan Health System, MI, USA

On April 16, 2007 the world of

neurosurgery lost one of its great

leaders, Julian T. (Buz) Hoff. He

passed away after a 7-month

battle with acute leukemia and

died peacefully at home with

the comfort of his loving family.

Although his life seemed to be

cut short, it was a life well-lived

and he will be missed.

Dr. Hoff was a graduate of Caldwell High School in

Caldwell, Idaho. He received his A.B. degree from

Stanford University and he attended Cornell Medical

College, graduating in 1962. He completed his neuro-

surgical training at New York Hospital in 1970 and went

on to the University of California at San Francisco

where he quickly rose to the rank of professor. Dr. Hoff

left San Francisco in 1981 to assume the position as

head of the neurosurgery section here at the University

of Michigan. He was appointed Richard C. Schneider

Professor in 1992 and the section became the Department

of Neurosurgery in 2001. Dr. Hoff served as the first

chairman of the Department of Neurosurgery at the

University of Michigan Health System from 2001 until

2005.

Buz had a distinguished career in neurosurgery, hav-

ing served on the editorial boards of the major neuro-

surgical journals and as co-chair of the Editorial Board

for the Journal of Neurosurgery from 1997 to 1999. He

maintained continuous NIH funding from 1972 until the

present day. His most recent R01 focused on mecha-

nisms of brain edema after intracerebral hemorrhage.

He received the prestigious Jacob Javitz Award for

Neuroscience Research twice, and was a member of the

Institute of Medicine National Academy of Sciences

since 1999. He received the Cushing Medal from

the American Association of Neurological Surgeons,

the Grass Prize from the Society of Neurological

Surgeons, and was the honored guest of the Congress of

Neurological Surgeons. He received the Distinguished

Alumni Award from Caldwell High School in Caldwell,

Idaho. He also received the Distinguished Service Award

from the Society of Neurological Surgeons. He was the

author of numerous papers, book chapters, plus the edi-

tor of several books.

Buz’s research career was a distinguished one. His first

publication was on cerebral hemangioblastomas in a pa-

tient with Von Hippel–Lindau disease. As he progressed

through his residency he continued to publish. In his early

career he became very interested in cerebral edema, and

specifically, intracerebral hemorrhage. In the 1970s he

published a series of papers looking at the effects of al-

pha-adrenergic blockade on cerebral circulation as well as

the effect of hypoxia on the Cushing reflex in intracranial

pressure. He looked at various mechanisms to abate injury

secondary to cerebral edema. His research interests fo-

cused on intracranial pressure and the effects of hema-

toma, both intraparenchymal as well as subdural, in

patients with head injury. As a result of his outstanding

research, he was awarded the Grass Award by the Society

of Neurological Surgeons in 2002. The selection commit-

tee particularly commented on his sustained interest in

cerebral edema and the important contributions he and

his laboratory made to our understanding of cerebral ede-

ma under a variety of circumstances.

Correspondence: Karin Muraszko, M.D., Department of Neurosur-

gery, University of Michigan Health System, 1500 E. Medical Center

Drive, Room 3552 Taubman Center, Ann Arbor, MI 48109-5338, USA.

e-mail: karinm@umich.edu



Buz’s contributions within the laboratory were also

notable for his significant ability to mentor young facul-

ty as well as residents in the pursuit of academic careers.

At present, there are 5 chairs of neurosurgical depart-

ments who trained under Buz and who received men-

toring and tutelage from him with respect to their

academic careers. He sponsored numerous residents in

the laboratory and consistently provided protected time

for laboratory work during residency training. Numerous

residents went on to win awards by the Congress of

Neurological Surgeons as well as the American Associ-

ation of Neurological Surgeons. Many also received

funding from the Neurosurgery Research and Education

Foundation (NREF).

Buz served in executive positions in every major neu-

rosurgical society including the American Academy of

Neurological Surgeons, as president of the American

Association of Neurological Surgeons, and as vice-pres-

ident of the Congress of Neurological Surgeons. He

was a member of the Residency Review Committee

for neurosurgery from 1987 to 1993 and continued to

serve on the appeals panel for neurosurgery. Within the

University of Michigan he served on a variety of com-

mittees. Whenever a complex job needed to be done,

Buz was always selected to perform that job, and he

did so with wisdom and an affable personality.

An Eagle Scout in his early life, Dr. Hoff was partic-

ularly beloved for his strong leadership abilities that

were displayed in a collegial and kind fashion. In choos-

ing residents, he often indicated that he employed the

lessons learned in his early life with the Boy Scouts. A

strong advocate of resident education, he sought to cre-

ate a collegial environment in which even the most com-

plex political and scientific issues could be discussed in

a manner of warmth and openness.

Dr. Hoff was particularly pleased that in 2006, the

Department of Neurosurgery completed an endowed

chair honoring him. Dr. Karin Muraszko serves as the

first Julian T. Hoff Professor of Neurosurgery and Chair

of the Department of Neurosurgery. The Department has

also established a Resident Education and Research

Fund in Dr. Hoff’s name to continue his outstanding

legacy of leadership in academic neurosurgery and

his longstanding support of residency education. A

Hoff Lectureship has now been established in the

Department of Neurosurgery and is associated with a

Hoff Alumni Day. Dr. John McGillicuddy will give the

first Hoff Lectureship this summer.

Dr. Hoff is survived by his wife of 45 years, Diane

(Shanks) Hoff, and by 3 children, Paul Hoff, MD (Donna

Hoff, MD), Allison Hoff, MA, and Julia Haughey, MSW

(Michael Haughey). He leaves 5 grandchildren, Lauren

Hoff, Kiersten Hoff, Kathryn Haughey, Kelly Haughey,

and Charles Haughey.

A memorial service at the First Presbyterian Church

in Ann Arbor, Michigan on May 19, 2007 celebrated

Dr. Hoff’s outstanding life. It was a time in which

friends from around the world gathered in memory of

a truly outstanding leader and great friend to neurosur-

gery. All who have had the privilege of knowing Dr. Hoff

will remember him for his wonderful smile, his bright

eyes, and his unfailingly pleasant personality. Behind all

this was a blazing intellect that has left behind a legacy of

outstanding scholarship, strong national leadership, and a

personal ethical and moral compass to which we all as-

pire. Dr. Hoff’s legacy goes beyond a summary of his

many accomplishments and is reflected by a generation

of scientists, residents, colleagues, patients, and friends

who felt honored and privileged to know him, and who

lead lives that will forever be influenced by his presence.

XII K. Muraszko: Julian Theodore (Buz) Hoff 1936–2007
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Hoff Fellowships

To honor the memory of Dr. Julian T. Hoff and his

contributions to the field of intracerebral hemorrhage

research, a number of fellowships were established

to allow young scientists and clinicians to attend

and present at the 2nd International Symposium

on Cerebral Hemorrhage in Shanghai. The awardees

are to be applauded for their research. They were as

follows:

Xuhui Bao, Department of Neurosurgery, Fudan

University, China

Tim Lekic, Department of Physiology, Loma Linda

University, USA

Timothy Morgan, Department of Neurology, Johns

Hopkins University, USA

Molly E. Ogle, Department of Pathology, Laboratory

Medicine, Medical University of South Carolina, USA

Qing Xie, Department of Neurosurgery, Fudan

University, China

Feng Zhou, Department of Neurosurgery, 2nd Affiliated

Hospital, Zhejiang University, China
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Deferoxamine therapy for intracerebral hemorrhage

Y. Hua, R. F. Keep, J. T. Hoff, G. Xi

Department of Neurosurgery, University of Michigan Medical School, Ann Arbor, MI, USA

Summary

Intracerebral hemorrhage (ICH) is a subtype of stroke with very high

mortality. Experiments have indicated that clot lysis and iron play an

important role in ICH-induced brain injury. Iron overload occurs in the

brain after ICH in rats. Intracerebral infusion of iron causes brain edema

and neuronal death.

Deferoxamine, an iron chelator, is an FDA-approved drug for the

treatment of acute iron intoxication and chronic iron overload due to

transfusion-dependent anemia. Deferoxamine can rapidly penetrate the

blood–brain barrier and accumulate in the brain tissue in significant

concentration after systemic administration. We have demonstrated that

deferoxamine reduces ICH-induced brain edema, neuronal death, brain

atrophy, and neurological deficits. Iron chelation with deferoxamine

could be a new therapy for ICH.

Keywords: Brain edema; cerebral hemorrhage; deferoxamine; iron;

neuronal death.

Introduction

Spontaneous intracerebral hemorrhage (ICH) is a com-

mon and often fatal stroke subtype. If the patient sur-

vives the ictus, the resulting hematoma within brain

parenchyma triggers a series of events leading to sec-

ondary insults and severe neurological deficits [23, 39].

Although the hematoma in humans gradually resolves,

the neurological deficits in ICH patients are usually per-

manent and disabling.

Iron plays an important role in brain injury after ICH

[31]. Our recent studies suggest that iron overload

occurs in the brain following ICH, which results in brain

damage [18, 35]. In particular, we have found that an

iron chelator, deferoxamine, can reduce ICH-induced

brain edema, neuronal death and neurological deficits in

rats [5, 7, 18, 19].

Erythrocyte lysis and brain edema

Brain edema around the hematoma is commonly ob-

served during the acute and subacute stages following

ICH, contributing to poor outcomes [25, 41]. Although

the mechanisms of edema formation following ICH

are not fully resolved, several mechanisms are respon-

sible for edema development. These include hydro-

static pressure during hematoma formation and clot

retraction, coagulation cascade activation and throm-

bin production, hemoglobin and iron toxicity, comple-

ment activation, mass effect, secondary perihematomal

ischemia, reperfusion brain injury, and blood–brain

barrier (BBB) disruption [6, 13, 15, 16, 30, 36–38].

Various animal models of ICH have allowed detailed

study of these mechanisms and their roles in the patho-

physiological events that occur in brain tissue after

ICH.

Edema around a hematoma reaches its peak several

days after the ictus [3, 17, 29]. In rats, the edema peak

occurs on the third or the fourth day after experimental

ICH [36, 40]. In contrast, thrombin-induced brain edema

peaks within 48 h [36]. This difference in time course

led us to examine whether there might be a third phase

(after 3 days) of injury involving red blood cell (RBC)

lysis and hemoglobin-induced neuronal toxicity. Infusion

of packed erythrocytes caused edema after about 3 days,

suggesting that RBCs are associated with delayed edema

formation [36]. A clinical study of edema and ICH indi-

cated that delayed brain edema is related to significant

midline shift after ICH in humans [41]. This delayed

brain edema formation (in the second or third weeks
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after onset in human) is probably due to RBC lysis and

hemoglobin degradation products.

Hemoglobin, hemoglobin degradation products,

and brain injury

Hemoglobin causes brain damage through its degrada-

tion products [39]. Heme from hemoglobin is degraded

by heme oxygenase in the brain into iron, carbon mon-

oxide, and biliverdin. Biliverdin is then converted to

bilirubin by biliverdin reductase [12]. Our previous stud-

ies demonstrated that an intracerebral infusion of hemo-

globin and its degradation products, hemin, iron, and

bilirubin, cause the formation of brain edema within

24 h. Hemoglobin itself induces heme oxygenase-1

(HO-1) upregulation in the brain and heme oxygenase

inhibition by tin-protoporphyrin (SnPP) reduces hemo-

globin-induced brain edema. In addition, an intraperito-

neal injection of a large dose of deferoxamine (an iron

chelator) attenuates brain edema induced by hemoglo-

bin. These results indicate that hemoglobin causes brain

injury by itself and through its degradation products,

particularly iron [9].

Iron toxicity and neuronal death

Iron is essential for normal brain function, but iron over-

load may have devastating effects [1]. Iron overload

contributes to many kinds of brain injury including he-

morrhagic and ischemic stroke [8]. Clot lysis and iron

release from heme occurs within the first week after

ICH in animal studies, and this appears to contribute

to acute brain edema formation [36]. However, brain

atrophy occurs several weeks later, suggesting that iron

exposure causes cell damage that results in delayed cell

death. For example, iron may cause sufficient damage

that the cell cannot repair itself. If such death occurs in

cells that are storing iron released from the hematoma,

the new iron release may affect nearby cells leading to

amplification of the lesion. Alternately, the iron stored in

cells after resolution of the clot may be naturally re-

leased for clearance across the BBB or through cerebro-

spinal fluid, but with potential for causing further tissue

damage.

After erythrocyte lysis, iron concentrations in the

brain can reach very high levels. Our recent data

showed a 3-fold increase in brain non-heme iron con-

tent after ICH in rats, and it remains high for at least

28 days [35]. Intracerebral infusion of iron causes

brain edema and an iron chelator reduces hematoma-

and hemoglobin-induced edema, suggesting that iron

plays an important role in edema formation after ICH

[9, 18].

Iron-induced brain damage may result from oxidative

stress. Cortical iron injections cause focal epileptiform

paroxysmal discharges [4, 33]. Iron and lipid peroxida-

tion also have an important role in hemoglobin-induced

brain injury. For example, a subpial injection of FeCl2
induces brain edema and lipid peroxidation in the brain

[34]. Iron can also stimulate the formation of free radi-

cals leading to neuronal damage. It is known that ferrous

(Fe2þ) and ferric (Fe3þ) iron react with lipid hydro-

peroxides to produce free radicals [27]. Antioxidants

block neuronal toxicity induced by hemoglobin and iron

[24, 32].

Iron transport and storage proteins in the brain

A number of proteins, including transferrin (Tf), trans-

ferrin receptor (TfR), and ferritin are involved in main-

taining brain iron homeostasis. We found that brain Tf,

TfR, and ferritin levels are increased after ICH [35].

Tf, an 80-kDa protein, is a major iron distributor in

the brain. Cellular uptake of Tf-bound iron is achieved

by binding to the TfR. In normal brain, TfR is ex-

pressed at very high levels at the BBB, where it is

involved in iron uptake into brain. However, a recent

report indicates that there is rapid efflux of Tf from

brain to blood across the BBB [42], suggesting that Tf

could contribute to iron clearance when there is brain

iron overload. TfR is normally only expressed on brain

parenchymal cells at low levels but it can be increased

under pathophysiological conditions. The brain can

produce ferritin, the iron storage protein. Ferritin has

2 subunits, heavy-ferritin (21 kDa) and light-ferritin

(19 kDa) [2]. Ferritin is found mainly in glial cells but

not neurons.

Deferoxamine therapy

Deferoxamine, an iron chelator, is a Food and Drug

Administration (FDA)-approved drug for the treatment

of acute iron intoxication and of chronic iron overload

due to transfusion-dependent anemias. Its molecular

weight is 657. Deferoxamine can rapidly penetrate the

BBB and accumulate in brain tissue in significant con-

centration after systemic administration [11, 20]. The

terminal half-life of deferoxamine after intravenous in-

fusion is 3.05 h [21]. Deferoxamine chelates iron by

forming a stable complex that prevents the iron from

4 Y. Hua et al.



entering into further chemical reactions. It readily che-

lates iron from ferritin and hemosiderin but not readily

from transferrin. In vivo, deferoxamine can reduce he-

matoma- and hemoglobin-induced brain edema [9, 18].

Our recent studies show that deferoxamine reduces ICH-

induced neuronal death, brain atrophy, and neurological

deficits [5, 7, 28].

Deferoxamine binds ferric iron and prevents the for-

mation of hydroxyl radical via the Fenton=Haber-Weiss

reaction. Deferoxamine reduces hemoglobin-induced

brain Naþ=Kþ ATPase inhibition and neuronal toxic-

ity [24, 26]. Favorable effects of iron chelator therapy

have been reported in various cerebral ischemia models

[10, 14].

Although deferoxamine is an iron chelator, it can have

other effects. Thus, it can act as a direct free radical

scavenger [10, 14] and it can induce ischemic tolerance

in the brain [22]. The latter has been demonstrated in

vivo and in vitro, and it may be related to a deferoxamine

induction of hypoxia-inducible transcription factor-1

binding to DNA [22].

Deferoxamine, however, may cause hypersensitivity

reactions, systemic allergic reactions, cardiovascular, he-

matologic, and neurological adverse reactions. Serious

adverse reactions include significant hypotension and

marked body weight loss. In addition, deferoxamine may

cause cytotoxicity because deferoxamine inhibits DNA

synthesis in vitro.

Remarks

At present, there is no effective treatment that attenuates

brain edema and improves long-term outcome in ICH.

Our previous studies have shown that iron plays an im-

portant role in edema formation, neuronal death, brain

atrophy, and behavioral deficits. Iron chelation with

deferoxamine could be a new therapy for ICH. Such a

therapy would be of great benefit, not only to the

patients, but also to their caregivers and to society in

general by reducing the cost of care for hemorrhagic

stroke patients.

Deferoxamine has just entered Phase I clinical trial in

humans.
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Summary

Hematoma and perihematomal regions after intracerebral hemorrhage

(ICH) are biochemically active environments known to undergo potent

oxidizing reactions. We report facile production of bilirubin oxidation

products (BOXes) via hemoglobin=Fenton reaction under conditions

approximating putative in vivo conditions seen following ICH.

Using a mixture of human hemoglobin, physiological buffers, uncon-

jugated solubilized bilirubin, and molecular oxygen and=or hydrogen

peroxide, we generated BOXes, confirmed by spectral signature consis-

tent with known BOXes mixtures produced by independent chemical

synthesis, as well as HPLC-MS of BOX A and BOX B. Kinetics are

straightforward and uncomplicated, having initial rates around 0.002mM
bilirubin per mM hemoglobin per second under normal experimental

conditions. In hematomas from porcine ICH model, we observed signif-

icant production of BOXes, malondialdehyde, and superoxide dismutase,

indicating a potent oxidizing environment. BOX concentrations in-

creased from 0.084� 0.01 in fresh blood to 22.24 � 4.28 in hematoma

at 72h, and were 11.22 � 1.90 in adjacent white matter (nmol=g).

Similar chemical and analytical results are seen in ICH in vivo, indicat-

ing the hematoma is undergoing similar potent oxidations.

This is the first report of BOXes production using a well-defined

biological reaction and in vivo model of same. Following ICH, amounts

of unconjugated bilirubin in hematoma can be substantial, as can levels

of iron and hemoglobin. Oxidation of unconjugated bilirubin to yield

bioactive molecules, such as BOXes, is an important discovery, expand-

ing the role of bilirubin in pathological processes seen after ICH.

Keywords: Bilirubin oxidation products; edema; reactive oxygen

species; pathology; stroke.

Introduction

Radical processes are well-known in biochemistry and

are proposed to occur in living organisms, creating many

known disease states. Oxidation of common metabolic

products by oxygen, hydrogen peroxide, free iron, and

other simple compounds have been widely studied and

reported [16, 21–23]. The nature of these oxidation

products is not well understood, even though they may

have significant physiological impact and lead to subse-

quent tissue damage. There is growing interest in the

oxidations that occur in intracerebral hematoma after

intracerebral hemorrhage (ICH), because there appears

to be a compromised region around the hematoma that is

refractory to current therapies or even hematoma evacu-

ation [6, 9, 20, 22, 26].

We previously reported that bilirubin is oxidized in a

hemorrhagic medium and in vivo [4, 8, 12, 17]. Bilirubin

oxidation products (BOXes), 1-(1,5-dihydropyrrole-2-

ylidene) acetamide and related compounds, are small

vasoactive molecules with demonstrated clinical impor-

tance [17]. They are found in the cerebrospinal fluid of

patients who have had hemorrhagic strokes such as sub-

arachnoid and intracerebral hemorrhage. These com-

pounds exhibit biological activity in vivo and in vitro

and have been postulated to be a major contributor to

cerebral vasospasm, a pathological constriction of arter-

ies. BOXes have been synthesized in vitro by the oxida-

tion of unconjugated bilirubin at room temperature with

a large excess of hydrogen peroxide. The conversion of

bilirubin to BOXes is associated with a biochemical

state that may cause or contribute to pathological sequel-

ae after ICH. In this report, we outline the conversion of

unconjugated (free) bilirubin and other relevant com-

pounds to compounds well-known to have physiological

and pathological effects. This was achieved using an in

vitro system for modeling chemical oxidations, and in

vivo using a porcine ICH model. Our results suggest that

potent oxidations occur in the hematoma, and that the

oxidized products penetrate into the perihematomal re-

gion with possible detrimental effects.
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Experimental methods

Reagents and chemicals

All reagents were American Chemical Society grade or better. Chemicals

and biomaterials were purchased fromSigma-AldrichCo. (St. Louis,MO)

unless otherwise stated. BOXes were prepared as previously described [4,

8, 12]. Gasses used were technical grade or better. Optical spectra were

obtained on a micro-Quant microwell plate reader using ultraviolet trans-

parent 96-well plates. All optical densities (OD) are reported as uncor-

rected for plate. Aliquots of the reaction mixture were taken directly and

read for OD within a short period of time from sampling and analyzed for

kinetics data. Reaction mixture consisted of 100mM solubilized bilirubin,

1 g sodium carbonate, 200mL deionized water, 1mg human hemoglobin,

mM oxygen, and=or 100mL of 30% hydrogen peroxide. Figure 1 is a

schematic of how the in vitro system was designed. Figures 2A and B

show data collected using this reaction system.

Pig surgery and tissue sampling

Animal procedures were approved by the Institutional Animal Care and

Use Committee at the University of Cincinnati. Methods to induce ICH

have been previously described [18–20]. Briefly, 3mL of autologous

blood was infused into frontal hemispheric white matter of pentobarbi-

tal-anesthetized pigs. Brains were frozen in situ with liquid nitrogen at

various time points up to 72h. Approximately 20mg of perihematomal,

edematous white matter was sampled and homogenized in 200mL of

homogenization buffer, as previously described [11].

Bilirubin determination

Total bilirubin was assayed using a method based on those developed by

Michaelsson et al. [14] and adapted for use in a microtiter plate, as

previously described [17]. Briefly, bilirubin in the sample is first treated

with a caffeine solution to release all bilirubin moieties, followed by a

diazo reagent to yield a colored product. This is then alkalized until

the color is in a range that is not overlapping the absorption range of

hemoglobin, and the absorption is recorded at 600 nm. Sample ab-

sorbance is compared to a concomitantly run standard curve con-

structed from commercially available bilirubin standard solutions

(Wako Chemicals USA, Inc., Richmond, VA) to determine total biliru-

bin concentrations.

BOXes determination

BOXes were quantified by spectroscopic analysis at 320 nm, as previous-

ly described [17]. Chemically prepared BOXes were used to construct

a standard curve. Samples were subjected to a chloroform extraction

and evaporation, and re-suspended in 0.9% saline for analysis.

Hemoglobin determination

The sample was exposed to Drabkin’s reagent (NaHCO3:K3Fe(CN)6:

KCN, 100:20:5) in order to convert all hemoglobin moieties into

cyanomethemoglobin [5]. A surfactant (Brij-35) was added to pre-

vent protein- or lipid-induced turbidity. Concentration of cyano-

methemoglobin is determined by comparison to a standard curve

constructed with commercially available lyophilized hemoglobin

(Sigma-Aldrich), treated with Drabkin’s reagent, and the absorbance

read at 540 nm.

Malondialdehyde (MDA) determination

MDA was assessed using a commercially available assay kit from

Calbiochem (San Diego, CA). Briefly, MDA reacts with N-methyl-2-

phenylindole in acetonitrile and ferric ions to form a colored molecule

that has maximum absorbance at 568nm [5].

Superoxide dismutase (SOD) assay

SOD activity was measured using a commercially available kit (Fluka,

St. Louis, MO) according to the manufacturer’s instructions. Upon reac-

Fig. 1. Simple oxidization reaction vessel showing in vitro system for

modeling the oxidizing environment in porcine hematoma

Fig. 2A. A solution of 1 g sodium carbonate,

105mM solubilized bilirubin, saturating levels of

carbon dioxide gas and compressed air, 1mg

human hemoglobin, and 42mM hydrogen per-

oxide were allowed to react with constant stirring

in an open system. Aliquots of reaction were

taken at 0min (square), 5min (triangle), 10min

(X), and 30min (diamond). Optical density was

followed in the visible region. The pH of this

reaction is 6.8
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tionwith superoxide, Donjino’s tetrazolium salt,WST-1, produces a water

soluble formazan dye with an absorbance of 450 nm [27, 28]. Samples

were treated with Donjino’s and xanthine oxidase to produce superoxide.

The percent inhibition of formazan formation by SOD was measured.

Total protein determination

Total protein was determined using the BCA protein assay (Pierce

Biotechnology, Rockford, IL). Side chains of several amino acids reduce

cupric copper to the cuprous oxidation state, and this change is measured

at 562 nm. The total protein concentration is interpolated from a standard

curve using bovine serum albumin as the standard.

Statistics

Statistical differences were determined using ANOVA or Student t-test

where indicated. A p-value of �0.05 was considered statistically

significant.

Results

Figures 2A and B indicate the facile conversion of biliru-

bin (loss of OD at 425 nm) and conversion to BOXes (OD

at 310 nm). This conversion is rapid and takes only 5min

at room temperature under the experimental conditions

described (Fig. 2B). This indicates that the small mole-

cules of BOXes have extreme membrane permeability

and high biological activity, and appear to be formed in

the model system under pseudo-physiological conditions.

Both peroxide and hemoglobin are necessary for the re-

action to occur. Carbon monoxide significantly inhibits

the reaction; thus, the reaction involves the heme moiety

in the hemoglobin (Fig. 3). These observations are indi-

cative of a free radical reaction. Also, deferoxamine has

little effect on the reaction, indicating that free iron is not

involved in, or essential for, the reaction. Thus, this in

vitro reaction produces significant amounts of BOXes in

about 10min. Figure 3 shows that there are both activa-

tors and inhibitors of this simple reaction.

Table 1 summarizes the production of BOXes as

well as related metabolites produced in and around the

hematoma after ICH. Of note is that concentrations of

BOXes reach substantial levels in hematoma and peri-

hematomal white matter on the ipsilateral side. Bilirubin

levels are increased in the hematoma as well as perihe-

matomal region and have not reached a plateau at 72 h.

Production of MDA appears to plateau at 24 h and is

present in both ipsilateral and contralateral brain. SOD

activity was consistently highest in the hematoma brain

and was relatively constant following hemorrhage. The

Fig. 2B. The apparent kinetics of bilirubin degradation and BOX

production using visible spectroscopy and extinction coefficients for

bilirubin and BOXes. The rise in BOXes is apparent within 10min and

plateaus at about 10min, reaching a steady state. Bilirubin falls at

426 nm, mirroring the production of BOXes

Fig. 3. Relative amounts of BOX production normalized to control condition A. A¼ hemoglobin (0.64mM), bilirubin (105mM), peroxide

(383mM); B¼ incubation A without hemoglobin; C¼ incubation without hemoglobin and peroxide; D¼ incubation A without peroxide;

E¼ incubation A with added deferoxamine (65mM); F¼ incubation A with carbon monoxide; G¼ incubation A with benzoic acid (1.2mM);

H¼ incubation A with added potassium cyanide (6.5mM); I¼ incubation A with added arachidonic acid (4.3mM); J¼ incubation A with added

oxalic acid (550mM); K¼ incubation A with added thiourea (110mM). Error bars are standard deviation. N¼ 3 or more for all conditions.

Reactions were performed in phosphate-buffered saline at pH 7.5

Bilirubin oxidation products, oxidative stress, and ICH 9



relative location for obtaining samples presented in

Table 1 can be seen in Fig. 4, where we show a repre-

sentative section of pig brain demonstrating the hemato-

ma, perihematomal region, and contralateral white

matter. The edema present in the porcine brain after

ICH is visible at 1 h and appears to peak at 48 h (Fig. 5).

Discussion

ICH is a devastating event, with high mortality from the

initial hemorrhage. and a tragically high death and dis-

ability rate for patients who survive the initial ictus.

Complications after ICH include, but are not limited

to, increased intracranial pressure, breakdown of

blood–brain barrier, clot mass effect, hydrocephalus, ne-

crosis, atrophy, activation of complement, spreading de-

pression, ischemia, and death [2, 7, 9, 10, 15, 24, 25].

Less than 30% of patients who survive an ICH return to

normal, and many of the survivors require dependent

care [1]. Thus, ICH and complications after ICH are a

substantial health burden to the nation and to the fami-

Table 1. Metabolites present post ICH

Malondialdehyde

(mM=mg protein)

Superoxide dismutase

(% activity=mg=mL protein)

Bilirubin (mg=dL) Bilirubin oxidation

products (nmol=g)

Fresh blood 0.37 � 0.06 4.18 � 0.08 0.084 � 0.01

Sham ipsilateral 0.51 � 0.041 0.16 � 0.010

Sham contralateral 0.54 � 0.021 0.17 � 0.011

1 h hematoma 0.088 � 0.034 0.029 � 0.0021

1 h contralateral 1.15 � 0.45 0.19 � 0.041

1 h ipsilateral 0.86 � 0.030 0.16 � 0.040

8–12 h hematoma 0.56 � 0.038 13.6 � 0.98 3.44 � 0.37

24 h hematoma 0.082 � 0.036 0.039 � 0.011 20.31 � 3.32

24 h contralateral 0.99 � 0.33 0.174 � 0.017 0.71 0.78

24 h ipsilateral 0.47 � 0.14 0.181 � 0.012 10.35 3.10

48 h hematoma 0.11 � 0.097 0.034 � 0.011 11.22 � 1.90

48 h ipsilateral 0.39 � 0.20 0.18 � 0.025

48 h contralateral 0.96 � 0.23 0.16 � 0.030

72 h hematoma 0.098 � 0.011 0.027 � 0.002 40.72 � 3.03 22.24 � 4.28

72 h ipsilateral 0.63 � 0.07 0.25 � 0.060

72 h contralateral 0.88 � 0.16 0.17 � 0.002

Fig. 4. Representative cross-section of

porcine brain 16 h after ICH. Breakdown

of blood–brain barrier is indicated by

Evans blue perfusion. Arrows indicate

relative areas of sampling for use in

generating data presented in Table 1

Fig. 5. Edema in the pig brain after ICH is evident in 8 h after

hemorrhage and appears to peak at 2 days
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lies of survivors. Better understanding of the mechan-

isms associated with the complications will be important

in treating these patients and providing hope for im-

proved outcomes.

Our findings include: 1) the chemical environment

found after ICH produces a potent oxidizing environ-

ment; 2) oxidations in the hematoma produce a cocktail

of dangerous metabolites; and 3) these metabolites are

quickly found in the perihematomal white matter. Taken

together, these data suggest that the chemical environ-

ment of the hematoma is a substantial cause of the path-

ological sequelae seen after ICH, and that damage from

the hematoma manifests rapidly after ICH. These 3 ma-

jor findings and how they contribute to the body of evi-

dence concerning the toxic environment produced by the

hematoma are discussed below.

The chemical environment produces BOXes

and toxic metabolites

In solution, we found that bilirubin is quickly oxidized

in minutes, using several single electron reactions. We

were able to confirm significant production of BOXes

in the presence of the Fenton reaction as well as a carbon

dioxide=carbonate 1-electron donor system (Fig. 3).

Importantly, but not surprisingly, we found that there

was an apparent pH optimum for this reaction of 6.8.

This is a pH that is quite plausible after ICH. Reactive

oxygen species can also produce an oxidizing environ-

ment to produce BOXes and other metabolites. We found

that BOXes are produced with a similar time course when

hydrogen peroxide is added to the system as compared to

a 1-electron donor system. These data suggest that reac-

tive oxygen species, single electron oxidations, and some

radical reactions will produce BOXes. Should BOXes and

other toxic metabolites be oxidized in this way, we be-

lieve that this oxidizing environment may cause or con-

tribute to the pathological sequelae seen after ICH by

allowing these compounds to leech into the perihemato-

mal region and have their toxic effects.

Oxidations in the hematoma produce a cocktail

of dangerous metabolites

The potent oxidizing environment seen in the hemato-

ma after ICH can produce substantial concentrations

of BOXes and other oxidized metabolites relatively

quickly after ICH. These concentrations are in the

range that has been reported previously [12, 13, 17],

and are associated with toxicity responses in vitro [13].

We also found that substantial amounts of MDA, SOD,

and BOXes are produced in the hematoma at 1 h after

ICH. These molecules are associated with oxidative

damage and are considered to be indicators of hemor-

rhagic complications. Some of these are also directly

biologically active [3].

Metabolites are found in the perihematomal

white matter soon after ictus

If one believes that there are toxic compounds pro-

duced in the hematoma and that these toxic compounds

cause or contribute to the pathological sequelae seen

after ICH, it is necessary to assume that these com-

pounds are diffusing out of the hematoma into the sur-

rounding parenchyma. Therefore, we closely examined

the concentration of metabolites and compounds in the

perihematomal white matter. Ipsilateral brain consis-

tently had elevated levels of BOXes, MDA, and SOD

in our studies, with variations in the time course of

these metabolites. It is unclear from our data whether

the edema and breakdown of the blood–brain barrier

is caused by the diffusion of these compounds out of

the hematoma, or if these compounds are contributing

to this breakdown. There does, nonetheless, seem to be

a positive correlation of oxidative damage, oxidative

stress, and BOXes with some of the pathological se-

quelae seen after ICH.

We also believe it is significant that substantial

changes in histopathology as well as chemistry can oc-

cur within minutes and are manifested within hours.

This might be highly relevant when designing strategies

to treat these patients. Our data suggests that damage to

the perihematomal white matter is occurring in as little

as an hour after ICH, and that simple evacuation strate-

gies might be less than successful if they do not address

the harmful metabolites that have already diffused from

the hematoma.

Conclusions

In this study, we found that a potent oxidizing environ-

ment exists in the hematoma after ICH, and that oxidative

stress produces a cadre of compounds, some of which are

known to be toxic and biologically active. These com-

pounds diffuse into perihematomal white matter and may

cause or contribute to the pathological sequelae seen after

ICH. The time course for these chemical changes is also

quite rapid (many seen in less than 24 h), suggesting that

ultra-early intervention may be needed to prevent damage

caused by the hematoma after ICH.

Bilirubin oxidation products, oxidative stress, and ICH 11
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Summary

In this study, we examine the effects of deferoxamine on hemoglobin-

induced brain swelling in a newly developed hippocampal model of

intracerebral hemorrhage (ICH). There were 2 parts to the experiments

in this study. In the first part, male Sprague-Dawley rats received a 10-mL
infusion of either packed red blood cells (RBC), lysed RBC, hemoglobin,

ferrous iron, or saline, into the hippocampus. In the second part, rats

received a 10-mL infusion of hemoglobin and thenwere treated with either

deferoxamine (100mg=kg, intraperitoneally, given immediately after he-

moglobin injection, then every 12 h for 24h) or vehicle. Rats were then

killed to obtain hippocampus size and DNA damage measurements. We

found that lysed RBC induced marked brain swelling in the hippocampus.

Compared to saline, hemoglobin or iron injection caused swelling.

Systemic use of deferoxamine reduced hemoglobin-induced brain swell-

ing (6.14� 0.45 vs. 7.11� 0.58mm2 in the vehicle group, p<0.05).

In addition, deferoxamine reduced hemoglobin-induced DNA damage.

These results indicate that iron has a key role in hemoglobin-induced brain

swelling. Deferoxamine may be a useful treatment for ICH patients.

Keywords: Brain edema; cerebral hemorrhage; deferoxamine; hemo-

globin; iron.

Introduction

Intracerebral hemorrhage (ICH) is a subtype of stroke

with a high rate of mortality [10, 20]. To understand the

underlying mechanisms of ICH-induced brain injury and

to evaluate therapeutic interventions, a number of animal

models of ICH in different species, including mouse, rat,

dog, and pig, have been developed [1, 14, 19, 23, 25, 29,

33, 37, 38]. A reproducible ICH model in the rat, involv-

ing infusion of autologous whole blood, has been used

extensively to study mechanisms of brain injury, espe-

cially brain edema and blood–brain barrier disruption

[36]. Recently, delayed brain atrophy has been found

in a rat model of ICH [3, 8], but ICH-induced neuronal

death seems diffuse and it has been difficult to quantify.

It is very important to develop an ICH model for quan-

tification of neuronal loss. For this purpose, we devel-

oped a hippocampal ICH model in rats [24].

Both in vivo and in vitro experiments have demon-

strated that hemoglobin and its degradation products,

especially iron, contribute to brain injury after ICH

[27, 36]. In vivo studies have demonstrated the role of

red blood lysis, hemoglobin release, and iron toxicity in

perihematomal edema formation [13, 33]. Recent stud-

ies have also shown iron overload occurs in the brain

after ICH and contributes to ICH-induced DNA damage

and brain atrophy [8, 15, 31, 32].

Deferoxamine, an iron chelator, can reduce cerebro-

spinal fluid (CSF) free iron levels following ICH [28].

Our previous studies have shown that ICH-induced brain

edema, oxidative DNA damage, brain atrophy, and neu-

rological deficits are less in deferoxamine-treated group

compared with those in vehicle-treated group [8, 13].

Deferoxamine also can reduce hemoglobin-induced brain

edema in vivo [9] and neuronal death in vitro [21, 22].

In the present study, the effects of systemic use of

deferoxamine on hemoglobin-induced brain swelling

were investigated in the newly developed hippocampal

ICH model.

Materials and methods

Animal preparation and intracerebral infusion

The University of Michigan Committee on the Use and Care of Animals

approved the protocols for these animal studies. Adult male Sprague-

Dawley rats (n¼ 78; 275–350g; Charles River Laboratories, Portage,

Correspondence: Guohua Xi, MD, Department of Neurosurgery,

University of Michigan Medical School, R5018 Biomedical Science

Research Building, 109 Zina Pitcher Place, Ann Arbor, MI 48109-2200,

USA. e-mail: guohuaxi@umich.edu



MI) were used for the experiments. Aseptic precautions were utilized in

all surgical procedures. Animals were anesthetized with pentobarbital

(45mg=kg, intraperitoneally (i.p.); Abbott Laboratories, North Chicago,

IL). The right femoral artery was catheterized for blood pressure moni-

toring and blood sampling. Blood was obtained from the catheter for

analysis of blood gases, blood pH, hematocrit, and glucose concentra-

tion. The animal was placed in a stereotactic frame (Model 5000, Kopf

Instrument, Tujunga, CA), a cranial burr-hole (1mm) was drilled into

the skull at the injection site, and a 26-gauge needle was inserted

stereotaxically into the right hippocampus (coordinates: 3.8mm posteri-

or, 3.2mm ventral and 3.5mm lateral to the bregma). Saline, hemoglo-

bin, FeCl2, packed red blood cells (RBC), and lysed RBC were infused

at a rate of 1mL per minute into the right hippocampus using a micro-

infusion pump (World Precision Instruments Inc., Sarasota, FL). The

needle remained in place for 2min after completion of injection and was

then removed. The skin incision was closed with sutures. Throughout the

surgery, the core body temperature was maintained at 37.5 �C using a

rectal probe feedback-controlled heating pad.

Experiment groups

There were 2 parts to this study. In the first part, rats (n¼ 6, each group)

received an intrahippocampal 10-mL injection of either saline, bovine

hemoglobin, FeCl2, packed RBC, or lysed RBC, and were killed at 24 h.

Brains were used for histology and DNA damage measurement. Packed

RBCs (hematocrit¼ 87� 1% ) were obtained by centrifuging unclotted

blood. Packed RBCs were frozen in liquid nitrogen for 5min followed

by thawing at 37 �C to obtain lysed RBCs. In the second part, rats (n¼ 6

each group) received an intracerebral 10-mL infusion of bovine he-

moglobin (150mg=mL) and were treated with either deferoxamine

(100mg=kg in 1mL saline, i.p., given immediately after hemoglobin

injection, then every 12h) or the same amount of vehicle. Rats were

killed 24h later, and the brains were used for histology and DNA

damage measurement.

Histological studies

Histological studies were performed as previously described [7]. Briefly,

rats were anesthetized with pentobarbital (60mg=kg, i.p.) followed by

intracardiac perfusion with 4% paraformaldehyde in 0.1M, pH 7.4 phos-

phate-buffered saline (PBS). Brains were removed quickly and further

fixed with the same fixation solution at 4 �C overnight. Post-fixed brains

were dehydrated with 30% sucrose for 3–4 days at 4 �C. The brains were
embedded in O.C.T. compound (Sakura Finetek USA Inc., Torrance, CA)

and underwent coronal serial sectioning (18mm thick) in the area covering

dorsal hippocampus (�3.0 to �4.5mm from bregma) on a cryostat.

The sections were dehydrated with ethanol at graded concentrations of

50–100% (v=v), and hematoxylin and eosin (H&E)was used for staining.

The brain sections from 1mm posterior to the blood injection site

were scanned and the hippocampus was outlined on a computer by a

blinded observer. The hippocampal areas were measured using the NIH

Image software (Image Version 1.63, National Institutes of Health).

Terminal deoxynucleotidyl transferase-mediated dUTP nick

end-labeling (TUNEL)

The TUNEL technique was performed. Brain slides were obtained for

the histological studies at 1, 3, and 7 days after the infusion of saline,

hemoglobin, and iron. The brain sections from 1mm anterior to the

blood injection site were used for TUNEL staining. The ApopTag

Peroxidase Kit (Intergen Co., Purchase, NY) was used in this study.

First, 3% hydrogen peroxide in 0.1M PBS was applied to the specimens

for 5min to quench endogenous peroxidases. After washing with PBS

and equilibrating with the solution supplied, the specimens were incu-

bated with TdT enzyme at 37 �C for 1 h. The reaction was stopped by

washing with buffer for 10min. Anti-digoxigenin peroxidase conjugate

was then applied to the slide for 30min at room temperature. We used

3,30 diaminobenzidine (DAB) to visualize. Omission of the terminal

deoxynucleotidyl transferase was used as the negative control [31].

TUNEL-positive cells in the hippocampus were counted.

Statistical analysis

All data in this study are presented as mean� SD. Data were analyzed

by ANOVA test or Student t-test. A level of p<0.05 was considered

statistically significant.

Results

Physiological parameters were recorded immediately

before intrahippocampal injections. The mean arterial

Fig. 1. Contralateral and ipsilateral hippocampal size 24 h after intracerebral 10-mL injection of either packed RBC or lysed RBC into the right

hippocampus. Values are mean � SD, n¼ 6, �p<0.05 vs. packed RBC group
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blood pressure (MABP), blood pH, blood gases, hemat-

ocrit, and blood glucose were controlled within normal

ranges (MABP, 80–120mmHg; pO2, 80–120mmHg;

pCO2, 35–45mmHg; hematocrit, 38–42%; blood glu-

cose, 80–120mg=dL).

Hippocampal swelling

Lysed RBC rather than packed RBC caused marked

hippocampal swelling (Fig. 1). To investigate the effects

of hemoglobin and iron on brain swelling in the hippo-

campus, rats received an intrahippocampal injection of

either hemoglobin or FeCl2. Control rats had an injec-

tion of saline. Brains were perfused 24 h after infusion

and H&E staining was used to measure hippocampal

sizes. We found that hippocampal infusion of hemo-

globin caused swelling in the ipsilateral hippocampus

compared with that in the control group (6.83� 0.53

vs. 5.38� 0.34mm2, p<0.01; Fig. 2). FeCl2 injection

mimicked hemoglobin’s effect and caused significant

Fig. 2. Contralateral and ipsilateral hippocampal size 24 h after 10-mL intracerebral injection of either saline, hemoglobin (Hb), or ferrous iron

(Feþþ) into right hippocampus. Values are mean � SD, n¼ 6, #p<0.01 vs. saline group

Fig. 3. Contralateral and ipsilateral hippocampal size 24 h after 10-mL intracerebral injection of hemoglobin with or without deferoxamine

treatment. Values are mean � SD, n¼ 6, �p<0.05 vs. HbþVehicle group
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swelling in the hippocampus (7.19� 0.36mm2, Fig. 2),

and desferrioxamine (DFX) reduced hippocampal swell-

ing induced by hemoglobin (6.14� 0.45 vs. 7.10�
0.58mm2 in the vehicle-treated group, p<0.05; Fig. 3).

Double-strand DNA damage

To detect double-strand DNA damage, TUNEL staining

was performed at 24 h after an intrahippocampal injec-

tion of hemoglobin, FeCl2, and saline. TUNEL-positive

cells were found in the ipsilateral hippocampus 1 day

after injections of hemoglobin (171� 111 cells=slice) or

FeCl2 (173� 54 cells=slice), but not saline.

To examine the effects of DFX on hemoglobin-in-

duced DNA damage, DFX was given immediately after

hemoglobin injection. DFX reduced TUNEL-posi-

tive cells in the ipsilateral hippocampus (43� 19 vs.

247� 116 cells=slice in the vehicle-treated group;

p<0.05).

Discussion

Our previous study demonstrated lysed RBCs but not

packed RBCs result in marked brain edema at 24 h in

a caudate ICH model [33]. This study demonstrates that

intrahippocampal infusion of lysed RBCs results in brain

swelling by 24 h. This swelling appears to be hemoglo-

bin mediated, since hemoglobin infusion also can cause

brain swelling in the hippocampus.

Brain swelling in the hippocampus was also found

after iron injection. As the iron chelator, DFX, reduces

brain swelling induced by hemoglobin, iron appears to

be an important factor in hemoglobin-induced injury.

Cellular edema may contribute to brain swelling, but

the main form of edema formation after ICH is vaso-

genic brain edema [35]. Studies have shown that hemo-

globin can cause death of endothelial cells [16] and a

significant disruption of the blood–brain barrier [34].

Whether or not DFX can reduce blood–brain barrier

disruption should be investigated further.

Hemoglobin is a major component of a hematoma

and is neurotoxic. Hemoglobin and its degradation pro-

ducts all can cause brain damage [27, 36]. An intrace-

rebral infusion of hemoglobin degradation products,

hemin, iron, and bilirubin, cause brain edema for-

mation within 24 h, and heme oxygenase (HO) inhibi-

tion reduces hemoglobin-induced brain edema [9]. In a

porcine ICH model, perihematomal edema is reduced

by tin-mesoporphyrin, a HO inhibitor [26]. In addition,

tin-mesoporphyrin reduces neuronal loss in a rabbit

ICH model [11]. Our recent data show that another

HO inhibitor, zinc protoporphyrin, can also reduce

ICH-induced brain injury [4]. However, hemoglobin

itself rather than its breakdown products may acti-

vate lipid peroxidation and cause brain injury [6].

Hemoglobin-induced toxicity in neuronal cell cultures

is blocked by the 21-aminosteroid U74500A, and the

antioxidant Trolox [21].

An intrahippocampal injection of hemoglobin or

iron results in significant DNA damage. DNA damage

has a key role in hemoglobin- and iron-induced neuro-

nal death in the hippocampus. Both endonuclease-me-

diated DNA fragmentation and oxidative injury can

cause DNA damage [5]. Several pieces of evidence

suggest that oxidative stress may play a key role in

DNA damage following ICH. First, 2 oxidative DNA

injury markers, 8-hydroxyl-20-deoxyguanosine (8-OHdG)
and apurinic=apyrimidinic (AP) sites, are markedly in-

creased in the perihematomal zone [15]. Second, DFX

reduces brain 8-OHdG levels and ameliorates a de-

crease in AP endonuclease=redox effector factor-1,

a DNA repair enzyme, after ICH [13]. Third, hemoglo-

bin activates caspases in neurons, but caspase inhibi-

tion does not reduce hemoglobin neurotoxicity [30].

Fourth, antioxidants reduce hemoglobin-induced neu-

ronal death and caspase-3 activation in primary neuro-

nal cultures [30].

In the present study, we detected double-strand breaks

by TUNEL staining. Abundant TUNEL-positive cells

were found 1 day after hemoglobin or iron injection.

Iron-induced DNA damage may result from oxidative

stress. It is known that reactive oxygen species can at-

tack DNA directly, forming oxidative base damage and

strand breaks [12]. DNA damage by reactive oxygen

species can be greatly amplified in the presence of free

iron [2].

Another important finding of this study was that sys-

temic use of DFX reduces DNA damage induced by

hemoglobin. DFX is an iron chelator that can pass

the blood–brain barrier rapidly after systemic adminis-

tration [17]. Deferoxamine chelates iron from ferritin

and hemosiderin by forming a stable complex that pre-

vents the iron from entering into further chemical re-

actions. Our previous studies have demonstrated that

DFX given systemically reduces brain edema for-

mation, neurological deficits, and brain atrophy fol-

lowing ICH [8, 13]. Here, we confirmed that DFX

can attenuate brain edema and brain atrophy in a new

model of ICH. Although DFX can protect brain through

non-iron-chelation mechanisms [18], we believe DFX-
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related neuronal protection is due to its effect on iron

chelation, since DFX reduces free iron levels in the

CSF and brain ferritin immunoreactivity after ICH

[8, 28].

In conclusion, iron has a key role in hemoglobin-in-

duced tissue swelling and cell death. Systemic deferox-

amine blocked these effects of hemoglobin, suggesting

that it may be a useful treatment for ICH patients.
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Summary

Free radical mechanisms are involved in secondary brain injury after

intracerebral hemorrhage (ICH). Since melatonin is a potent free radical

scavenger and indirect antioxidant, the objective of this study was to

evaluate whether melatonin administration would attenuate oxidative

stress, brain edema, and neurological deficits in a rat model of ICH.

Animals were assigned into groups consisting of sham (needle trauma),

vehicle, and melatonin (15 or 150mg=kg). All injections occurred

through the intraperitoneal route, at either 15min or 3 h after collagenase

ICH induction. Then, lipid peroxidation, neurological scoring (18-point

system), and brain water content were evaluated at 24 h post-ICH.

Results demonstrated dramatically increased lipid peroxidation after

collagenase-induced ICH; however, melatonin treatment effectively at-

tenuated this lipid peroxidation. Nonetheless, neurological scoring and

brain water content in the right basal ganglia was without significant

difference between any treatment regimens (15 or 150mg=kg of mela-

tonin) or time points of drug administration (15min or 3 h post-ICH).

Therefore, melatonin reduced oxidative stress but did not change extent

of brain edema or neurologic deficits.

Keywords: Melatonin; intracerebral hemorrhage; rats; collagenase.

Introduction

Intracerebral hemorrhage (ICH) is a devastating event

that accounts for approximately 5 to 15% of all strokes

[2, 13]. It is more than twice as common as subarach-

noid hemorrhage and much more likely to result in ma-

jor disability or death than subarachnoid hemorrhage or

ischemic stroke [1]. Spontaneous ICH predominantly

occurs in ganglionic areas of the brain (putamen,

caudate, and thalamus) followed by lobar, and then ce-

rebellar or pontine areas [2]. Treatment of ICH is prima-

rily supportive, without conclusive evidence indicating

an effective strategy for treatment [6, 13]. Therefore,

animal models have been important for investigating

and understanding the pathophysiology of ICH and

potentially preventing the event or improving outcome

after the event, with treatment strategies aimed at the

important factors that contribute to severe brain damage

in this condition. We used the collagenase-induced ICH

rat model originally described by Rosenberg et al. [15].

Free radical-related mechanisms have been linked to

secondary brain injury after ICH [16]. A number of free

radical scavengers and antioxidants have been shown to

attenuate neurological deficits in the rat ICH model [10].

Melatonin (N-acetyl-5-methoxytryptamine) is a potent

free radical scavenger and an indirect antioxidant that

has shown neuroprotective effects in both in vitro and

in vivo ischemic-hypoxia models [3, 4, 12, 14]. However,

nothing to date has been published on the possible neu-

roprotective effect of melatonin in the rat ICHmodel. Our

study examined whether melatonin reduces oxidative

stress and consequently reduces brain edema and neuro-

logical deficits after collagenase-induced ICH in rats.

Materials and methods

All the procedures used in our studies were in compliance with the

Guide for the Care and Use of Laboratory Animals and approved by

the Animal Care and Use Committee at Loma Linda University. Aseptic

technique was used for all surgeries, and rats were allowed free access

to food and water. Male Sprague-Dawley rats (290–395 g; Harlan,

Indianapolis, IN, USA) were used for this study. Rats were anaesthetized

with isoflurane and placed prone in a stereotaxic frame (Kopf

Instruments, Tujunga, CA, USA). Then, using a collagenase injection

ICH model similar to that described previously in rats [15], we used the

following stereotactic coordinates to localize the right basal ganglia:

0.2mm anterior, 5.6mm ventral, and 2.9mm lateral to the bregma. A

posterior cranial burr hole (1mm) was drilled over the right cerebral

hemisphere, into which a 27-gauge needle was inserted at a rate of

1mm=min. A microinfusion pump (Harvard Apparatus, Holliston,
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MA, USA) infused the bacterial collagenase (VII-S; Sigma-Aldrich,

St Louis, MO, USA) (0.2U in 1mL saline) through a Hamilton syringe

at a rate of 0.2mL=min. The needle remained in place for an additional

10min after injection to prevent ‘‘back-leakage.’’ To maintain a core

temperature within 37.0 � 0.5 �C, an electronic thermostat-controlled

warming blanket was used throughout the operation. After needle re-

moval, the burr hole was sealed with bone wax, the incision sutured

closed, and the animals were allowed to recover. Sham surgeries con-

sisted of needle insertion alone. Animals were euthanized 24 h after

surgery, when brain water content (BWC), neurological deficits, and

lipid peroxidation were examined.

Experimental groups

All drug administration was done by intraperitoneal injection, and con-

sisted of vehicle (10% ethanol in 0.9% normal saline), or low-dose

(15mg=kg) or high-dose (150mg=kg) melatonin. For neurological and

BWC testing, drug administration occurred at either 15min (low-dose)

or 3 h (low- and high-dose) post-ICH, and rats were subdivided random-

ly into 5 groups: (a) sham, (b) untreated-ICH, (c) vehicle-ICH, (d) low-

dose melatonin-ICH, and (e) high-dose melatonin-ICH. For lipid perox-

idation measurements (malondialdehyde assay [MDA]), all drug admin-

istration occurred at 3 h post-ICH induction, and rats were subdivided

into 3 groups: (a) sham, (b) vehicle-ICH, and (c) low-dose melatonin-

ICH (15mg=kg). All parameters (lipid peroxidation, BWC, and neuro-

logic function) were assessed 24 h after ICH induction.

Brain water content

Brain edema was measured by methods described previously [16].

Briefly, under deep anesthesia, rats were decapitated and brains were

removed immediately, and then divided into 5 parts: ipsilateral and

contralateral basal ganglia, ipsilateral and contralateral cortex, and cere-

bellum. These tissue samples were weighed on an electronic analytical

balance (model AE 100; Mettler-Toledo Inc., Columbus, OH, USA) to

the nearest 0.01mg to obtain the wet weight (WW), and then the tissue

was dried at 100 �C for 24h to determine the dry weight (DW). Finally,

percent of BWC was calculated as (WW � DW)=WW�100.

Neurological function

Neurological testing was performed at 24h after ICH. The scoring

system consisted of 6 tests with possible scores of 0–3 for each test

(0¼worst; 3¼ best). The minimum neurological score was 0 and the

maximum was 18; greater detail has been described elsewhere [5]. Rats

were evaluated using 6 individual tests: (a) spontaneous activity, (b)

symmetry of movement, (c) forepaw outstretching, (d) climbing, (e)

body proprioception, and (f) response to vibrissae touch. The score given

to each rat at completion of the evaluation was the summation of all 6

individual test scores. The examiner had no specific knowledge as to the

extent of neurological injury, procedure, or treatment of each rat.

Lipid peroxidation

The animals were anesthetized and brain samples were collected at 24 h

after ICH. The level of lipid peroxidation products (MDA) in the right

cerebral cortex was measured using an LPO-586 kit (OxisResearch,

Portland, OR, USA) as previously described [8]. Brain tissue was ho-

mogenized in 20mmol=L phosphate buffer (pH 7.4) with 0.5M butylat-

ed hydroxytoluene in acetonitrile. These homogenates were then

centrifuged at 20,800 g for 10min at 4 �C and the supernatants collected.

The protein concentration was measured using a DC protein assay (Bio-

Rad Laboratories, Hercules, CA, USA) and these samples were reacted

with a chromogenic reagent at 45 �C for 60min. After incubation, the

samples were centrifuged at 20,800 g for 10min at 4 �C and supernatants

were measured at 586nm. The level of MDA was calculated as pico-

moles per milligram of protein according to the derived standard curve.

Statistical analysis

All data are presented as� standard error. BWC, behavioral tests, and

lipid peroxidation assay were analyzed using analysis of variance

(ANOVA). The t-test or Mann–Whitney rank sum tests were used when

appropriate. Statistical significance was considered as p<0.05.

Results

Lipid peroxidation (MDA) was significantly lower in

the sham group (n¼ 4; 6.6� 0.5) compared to ICH

with vehicle (n¼ 4; 21.8� 1.4) and ICH with 15mg=kg

melatonin treatment (i.p. 15min after ICH; n¼ 4;

17.4� 1.1). Furthermore, melatonin treatment led to sig-

nificantly lower lipid peroxidation compared to treat-

ment with vehicle alone (p<0.05). BWC in the right

(ipsilateral) basal ganglia of the sham group (n¼ 4;

77.7� 0.4%) was significantly lower than all ICH

groups (p<0.05). Intraperitoneal injection (15min

post-ICH induction) of vehicle (n¼ 4; 82.4� 0.9) or

15mg=kg melatonin (n¼ 4; 81.2� 0.8) resulted in no

differences (p>0.05) in brain edema formation, as

compared to untreated ICH rats (n¼ 4; 82.6� 0.7). Sim-

ilarly, at 3 h post-ICH induction, the intraperitoneal in-

jection of vehicle (n¼ 4; 82.8� 0.6) and 15mg=kg

melatonin (n¼ 4; 81.8� 0.7) did not result in any sig-

nificant amelioration of BWC (p>0.05). Furthermore,

an increased melatonin dose to 150mg=kg at 3 h post-

ICH (n¼ 4; 81.9� 0.4), did not lead to an improvement

either. The neurological score of the sham group (n¼ 4;

17.5� 0.5) was significantly higher than all ICH groups

(p<0.05). Intraperitoneal injection (15min post-ICH

induction) of vehicle (n¼ 4; 11.5.0� 1.0) or 15mg=kg

melatonin (9.3� 0.5) resulted in no differences (p>0.05)

in ICH-induced neurological deficits, as compared to

the untreated rats (n¼ 4; 11.8� 1.5). Similarly, at 3 h

post-ICH induction, the intraperitoneal injection of

vehicle (n¼ 4; 11.5� 1.7) and 15mg=kg melatonin

(n¼ 4; 9.8� 1.0), did not result in any significant ame-

lioration of the neurological score (p>0.05). Additional-

ly, an increased melatonin dose to 150mg=kg at 3 h

post-ICH (n¼ 4; 11.8� 0.8), did not lead to an improve-

ment either.

Conclusion

Lipid peroxidation was reduced by 15mg=kg of mela-

tonin 3 h after ICH induction. These results support the

previously described antioxidant effects of melatonin in

multiple rat cerebral injury and in vitro neuronal studies
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[3, 4, 12, 14]. Although others reported improvements in

neurological function after treatment with an ICH free

radical trapping agent [10], we did not. This could be

partially explained by differences in the drug delivery

system; specifically, their use of a continuous, subcuta-

neous mini-pump, as compared to our intraperitoneal

method. Furthermore, the known reduction in infarct

volume, as previously shown in a model of middle cere-

bral artery occlusion [12], did not translate into a reduc-

tion of brain edema in our collagenase ICH model.

Likely, the antioxidant effects of melatonin were either

functionally insignificant, or this effect was attenuated

by other mechanisms of collagenase-induced brain injury,

such as: rebleeding from massive blood brain barrier rup-

ture [7], other inflammatory mediators such as cytokines

[11], or from direct toxicity of red blood cell degradation

lysates (hemoglobin, iron, bilirubin, carbon monoxide,

and hemin) [9]. Further studies should evaluate these

mechanisms in order to clarify the role of melatonin in

the progression of molecular outcomes after ICH.
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Summary

Brain edema induced by intracerebral hemorrhage (ICH) is a serious

problem in the treatment of ICH. However, the mechanisms of brain

edema formation following ICH are not well-understood. We have found

that hemoglobin plays an important role in edema development after

ICH. In this study, we sought to explore the mechanism of brain edema

formation caused by hemoglobin.

Hemoglobin was infused into the right basal ganglia of male Sprague-

Dawley rats. The animals were killed 24 h later to detect brain water and

ion content. Meanwhile, Western blot analysis and immunohistochem-

ical studies were applied for Poly(ADP-ribose) polymerase (PARP) mea-

surement. The effect of the iron chelator, deferoxamine, on PARP

activation was also examined. We found that intracerebral infusion of

hemoglobin caused an increase in brain water content at 24h. At the

same time, PARP was activated after hemoglobin infusion. Deferoxa-

mine (500mg=kg, i.p.) reduced hemoglobin-induced brain edema and

activation of PARP.

These results demonstrate that hemoglobin can cause brain edema and

activate PARP in rat brain.

Keywords: Poly(ADP-ribose) polymerase; hemoglobin; intracere-

bral hemorrhage; brain edema.

Introduction

Intracerebral hemorrhage (ICH) is a subtype of stroke

with high morbidity and mortality. As perihematomal

brain edema develops immediately after ICH and

peaks several days later, many patients with ICH de-

teriorate progressively [3, 19]. However, the mecha-

nisms of brain edema formation following ICH are

not well understood. Previous studies have found

that hemoglobin and its breakdown products play

an important role in edema development after ICH

[3, 8].

Iron, a hemoglobin degradation product, is associated

with free radical formation in the brain after ICH.

Several previous studies have indicated that iron ac-

cumulation and oxidative stress in brain contribute to

secondary brain damage after ICH. The overwhelming

production of free radicals, which include reactive

oxygen species (ROS) and reactive nitrogen species

(RNS), results in tissue damage, lipid peroxidation of

cell membranes, protein oxidation, and changes in

DNA (strand breaks and base modifications). Deferox-

amine, an iron chelator, can reduce brain edema after

ICH [8].

Poly(ADP-ribose) polymerase (PARP), also known

as poly(ADP-ribose) synthetase and poly(ADP-ribose)

transferase, is an abundant nuclear enzyme present in

eukaryotes, which functions as a DNA nick-sensor en-

zyme. Upon binding to DNA breaks, activated PARP

cleaves NADþ into nicotinamide and ADP-ribose and

polymerizes the latter onto nuclear acceptor proteins

including histones, transcription factors, and PARP it-

self. Poly (ADP-ribosylation) contributes to DNA repair

and to maintenance of genomic stability. On the other

hand, oxidative stress-induced over-activation of PARP

consumes NADþ and consequently ATP, culminating in

cell dysfunction or necrosis. This cellular suicide mech-

anism has been implicated in the pathomechanism of

stroke, myocardial ischemia, diabetes, diabetes-associ-

ated cardiovascular dysfunction, shock, traumatic cen-

tral nervous system injury, arthritis, colitis, allergic

encephalomyelitis, and various other forms of inflam-

mation [14].

In this study we examined changes in PARP and

brain edema induced by hemoglobin through immuno-

histochemical studies and Western blot analysis. The
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effect of deferoxamine on PARP activation was also

examined.

Materials and methods

Animal preparation and intracerebral infusion

A total of 56 males Sprague-Dawley rats (Shanghai Experimental

Animal Center, China) weighing 300–420 g were used in this study.

The animals were anesthetized with 40mg=kg pentobarbital adminis-

tered intraperitoneally. The right femoral artery was catheterized for

continuous blood pressure monitoring and blood sampling. Blood was

obtained from the catheter for analysis of pH, PaO2, PaCO2, hematocrit,

and blood glucose. Core temperature was maintained at 37 �C � 0.5 �C.
The rats were positioned in a stereotactic head frame (David Kopf

Instruments, Tujunga, CA), and a 1-mm burr hole was made on the

right coronal suture 4mm lateral to the bregma. A variety of solutions

(30mL) were infused with a microinfusion pump into the right caudate

nucleus through a 26-gauge needle (coordinates: 0.2mm anterior, 5.5mm

ventral, and 4mm lateral to the bregma) at a rate of 2mL=min. The needle

was removed 10min after infusion and the skin closed with sutures.

Experimental groups

There were 5 parts to this study.

Part I. Ten rats were randomly divided into 2 groups (5 rats per group).

Rats received 30-mL intracerebral infusion of either saline or bovine

hemoglobin (300mg=mL in saline). The animals were anesthetized

again and decapitated 24 h after infusion. Brain water and ion contents

were measured.

Part II. Six groups of 3 rats each received 30-mL bovine hemoglobin

(300mg=ml in saline) infusion. The rats were killed 1, 6, 12, 24, 48, and

72h later for Western blot analysis.

Part III. Two groups of 6 rats each received a 30-mL infusion of either

saline or bovine hemoglobin (300mg=mL in saline). The rats were killed

24h later for Western blot analysis (3 rats per group) or immunohisto-

chemical studies (3 rats per group).

Part IV. Two groups of 5 rats each were studied in this part. All rats

received a 30-mL infusion of bovine hemoglobin (300mg=mL in

normal saline), followed immediately by intraperitoneal infusion of

1mL saline or 500mg=kg deferoxamine (dissolved in 1mL saline).

The animals were decapitated 24 h later to determine brain water and

ion content.

Part V. Two groups of 3 rats each were examined in this part. All rats

received a 30-mL infusion of bovine hemoglobin (300mg=mL in saline),

followed immediately by intraperitoneal injection of 1mL saline or

500mg=kg deferoxamine (dissolved in 1mL saline). The rats were

killed 24 h later for Western blot analysis.

Measurement of brain water and ion content

Animals were re-anesthetized 24h later with 60mg=kg pentobarbital

administered intraperitoneally and killed by decapitation. Brains were

removed and a 3-mm thick coronal brain slice was cut with a blade

approximately 4mm from the frontal pole. The brain slice was sep-

arated into ipsilateral and contralateral cortex, and ipsilateral and con-

tralateral basal ganglia. The cerebellum served as a control specimen.

Brain samples were immediately weighed on an electronic analytical

balance for wet weight (WW), and were dried at 95 �C for 24h to ob-

tain the dry weight (DW). Water content was determined as (WW�
DW)=WW. The dehydrated samples were then digested in 1mL of 1M

nitric acid for more than 7 days and the sodium content of this solution

was measured with an automatic flame photometer. Ion content was

expressed in milliequivalents per kilogram of dehydrated brain tissue

(mEq=kg DW).

Western blot analysis

Animals were re-anesthetized and underwent transcardiac perfusion with

normal saline. Brain tissues were sampled as described above. The rats

were decapitated and a coronal brain slice was cut as described above.

Ipsilateral brain tissues were immersed in 1mL of 0.05mol=LTris=HCl

(pH 7.4; 0.01% PMSF) and homogenized in ice. The samples then were

centrifuged at 1000�g for 20min 2 h later at 4 �C. Ipsilateral brain
tissue protein (25mg) was run on 7.5% polyacrylamide gels with a 5%

stacking gel after boiling for 5min at 100 �C. The protein was trans-

ferred to pure nitrocellulose membrane, and membranes were probed

with a 1:500 dilution of the primary antibody (rabbit anti-PARP anti-

body, Trevigen Inc., Gaithersburg, MD) overnight at room temperature,

and then incubated for 1 h in a 1:1000 dilution of the second antibody

(peroxidase-conjugated goat anti-rabbit immunoglobulin-G). Finally,

protein bands were then visualized by incubating membranes with

ECL Plus detecting reagents (Amersham Biosciences, Piscataway, NJ).

Grey values of 89kDa PARP protein bands were analyzed to represent

the activity of PARP.

Immunohistochemical studies

The rats were re-anesthetized with 60mg=kg pentobarbital adminis-

tered intraperitoneally and perfused with 4% paraformaldehyde in

0.1M phosphate-buffered saline (pH 7.4). Brains were removed and

kept in 4% paraformaldehyde for 6 h, then immersed in 25% sucrose

for 3 to 4 days at 4 �C. Brains were embedded in optimal cutting

temperature compound and 10-mm thick sections were made with a

cryostat. The sections were incubated according to the avidin-biotin

complex method [18]. The primary antibody was mouse anti-PAR

IgG (1:300 dilution; Trevigen Inc.). Normal mouse immunoglobulin-

G was used as negative control.

Statistical analysis

All data in this study are presented as mean� SD. Data from different

animal groups were analyzed using analysis of variance with a Student

t-test. Differences were considered significant at probability values less

than 0.05.

Results

Brain water content was increased in the ipsilateral basal

ganglia 24 h after intracerebral infusion of hemoglobin

(82.2� 1.3% vs. 77.9� 0.2% in saline control; p<0.01;

Fig. 1A). Edema formation after hemoglobin infusion

was associated with an accumulation of sodium ion

(Fig. 1B).

Deferoxamine treatment reduced hemoglobin-induced

brain edema in ipsilateral basal ganglia (80.5� 1% vs.

82.4� 1.1%; p<0.01) and in the cortex (80� 0.2% vs.

82.3� 1.3% in control) (Fig. 1C).

After an infusion of hemoglobin, 89-kDa cleaved

PARP was detected in ipsilateral basal ganglia at 1, 6,

12, 24, 48, and 72 h. Compared with saline control

group, 89-kDa PARP contents in ipsilateral brain tissue
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were significantly increased 24 h after hemoglobin injec-

tion (ratio of [PARP=�-actin]: 1.594� 0.663 vs. 0.305�
0.017, p<0.05, Fig. 2A). Deferoxamine blocked hemoglo-

bin-induced PARP activation (ratio of [PARP=�-actin]:

0.482� 0.193 vs. 1.214� 0.146; p<0.05; Fig. 2B).

Immunohistochemical studies detected numerous

PAR-positive cells in ipsilateral hemisphere 24 h after

hemoglobin infusion. A few PAR-positive cells were

found in the ipsilateral hemisphere after saline injection

(Fig. 3).

Discussion

In this study, we confirmed that an intracerebral in-

fusion of hemoglobin induced PARP activation in

the brain along with the formation of brain edema

within 24 h. We demonstrated that an intraperitoneal

injection of a large dose (500mg=kg) of deferoxamine

not only attenuated brain edema induced by hemoglo-

bin but also downregulated PARP activation in the

brain.

Fig. 2. (A) Western blots of 89 kDa cleaved PARP levels 24 h

after either intracerebral infusion of hemoglobin (1–3) or saline

control (4–6). (B) Western blots of 89 kDa PARP levels 24 h after

intracerebral infusion of hemoglobin followed immediately by

intraperitoneal injections of either 1mL saline (control, 1–3) or

500mg=kg deferoxamine (in 1mL normal saline, 4–6)

Fig. 1. (A) Brain water and (B) sodium ion content 24 h after 30-mL
infusion of hemoglobin. (C) Brain water content in rats 24 h after 30-mL
infusion of hemoglobin, immediately followed by intraperitoneal in-

jections of either 1mL saline (control) or 500mg=kg deferoxamine (in

1mL normal saline). Values are expressed as mean� SD; # p<0.01

Fig. 3. Photomicrographs of rat brain

sections showing PAR immunoactivity

in ipsilateral basal ganglia after (A)

saline infusion and (B) hemoglobin

infusion. Examples of PAR-positive

cells are indicated by arrows. Scale

bar¼ 40mm
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Studies have shown that hemoglobin had deleterious

effects on the brain. For example, an intracortical he-

moglobin injection in rats produced chronic focal spike

activity and gliosis [12]. Furthermore, hemoglobin it-

self could also inhibit Naþ=Kþ adenosine triphosphate

activity [13], activate lipid peroxidation [1], exacerbate

excitotoxic injury in cortical cells [11], and induce de-

polarization in hippocampal CA1 neurons [21]. Koenig

and Meyerhoff [5] found that hemoglobin at a concen-

tration of 25 nM induced the death of 50% of forebrain

neurons in culture within 8 h, and 72% within 24 h.

Another previous study in humans indicated that

delayed brain edema after ICH was associated with a

significant midline shift [22], and it was later deter-

mined that this delayed edema was probably due to

erythrocyte lysis and hemoglobin-induced brain dam-

age [3].

Deferoxamine reduced hemoglobin-induced brain

edema, indicating that iron has a role in brain edema

formation induced by hemoglobin. Free-iron levels with-

in the cerebrospinal fluid increase after ICH in rats and

the excess iron was not cleared for at least 28 days [16].

Rat studies have shown up to a 3-fold increase in brain

non-heme iron [2, 17] with a concurrent increase in

ferritin [2, 6, 15]. Iron toxicity is largely based on

Fenton chemistry, where iron reacts with reactive oxy-

gen intermediates, including hydrogen peroxide (H2O2)

and the superoxide anion (O2
� ) – both byproducts of

aerobic metabolism – to produce highly reactive free

radical species such as the hydroxyl radical (OH).

The overwhelming production of free radicals, as well

as lipid peroxidation induced by hemoglobin itself and

its breakdown product, iron, which includes ROS and

RNS, results in tissue damage, lipid peroxidation of cell

membranes, and protein oxidation. Excessive generation

of peroxynitrite and other free radicals can also cause

massive DNA damage, resulting in PARP over-activa-

tion. Over-activated PARP transforms NADþ into long

polymers of poly(ADP-ribose) leading to depletion of

NADþ and subsequent drastic decrease in cellular

ATP pool. This energy depletion can cause serious brain

injury [4]. Narasimhan et al. [9] found scavenging of

superoxide radicals by SOD1 inhibited the formation

of peroxynitrite and the activation of PARP. In our study,

we found deferoxamine downregulates the expression of

PARP in rat brain after hemoglobin injection.

Activation of PARP causes endothelial dysfunction

and cell death via a variety of pathways [10]. A recent

study demonstrated that permeability of the blood–

brain barrier increased after ischemia-reperfusion and

PJ34, a PARP inhibitor, reduces blood–brain barrier

disruption and attenuates brain edema after global ce-

rebral ischemia [7]. On the other hand, necrosis or

apoptosis of neurons and astrocytes by NADþ deple-

tion and energy failure could be mediated by PARP

activation [20].

Conclusion

In summary, our results showed that hemoglobin, through

one of its degradation products, iron, causes brain edema

and PARP activation.
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Induction of autophagy in rat hippocampus and cultured neurons by iron
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Summary

Autophagy occurs in the brain after intracerebral hemorrhage (ICH).

Iron is an important factor causing neuronal death and brain atrophy

after ICH. In this study, we examined whether iron can induce autophagy

in the hippocampus and in cultured neurons.

For in vivo studies, rats received an infusion of either saline or ferrous

iron into the right hippocampus and were killed 1, 3, or 7 days later for

Western blot analysis of microtubule-associated protein light chain-3

(LC3). For in vitro studies, primary cultured cortex neurons from rat

embryos were exposed to ferrous iron. Cells were used for Western blot

analysis of LC3 and monodansylcadaverine (MDC) staining 24h later.

Intrahippocampal injection of ferrous iron resulted in an increased

conversion of LC3-I to LC3-II. Exposure of primary cultured neurons to

ferrous iron also induced an enhanced conversion of LC3-I to LC3-II.

MDC labeling showed an accumulation of MDC in cultured neurons

exposed to ferrous iron.

These results indicate that autophagy is induced by iron in neurons

and that iron-induced autophagy may contribute to brain injury after

ICH.

Keywords: Autophagy; cerebral hemorrhage; iron; microtubule-as-

sociated protein light chain-3.

Introduction

Autophagy plays an important role in cellular homeosta-

sis and is involved in a number of diseases [1, 8–10].

Recently we have demonstrated that autophagy occurs in

the brain after intracerebral hemorrhage (ICH) [4].

Our previous studies have shown that iron overload

occurs in the brain after ICH and contributes to ICH-

induced brain edema, brain atrophy, and prolonged

neurological deficits [5, 11, 13, 15]. Recent studies dem-

onstrate iron can also induce neuronal death in hippo-

campus [5, 13, 15]. Iron-induced brain injury may be

through many pathways including the formation of free

radicals and oxidative damage [12, 14]. There is evi-

dence showing that oxidative stress can induce autopha-

gic cell death [3].

In this study, therefore, we investigated whether iron

can induce autophagy in neurons. Two markers for

autophagy, microtubule-associated protein light chain-3

(LC3) and fluorescent dye monodansylcadaverine (MDC),

were used. LC3 is a marker for autophagosomes. LC3

has 2 forms: type I is cytosolic and type II is membrane-

bound. During autophagy, LC3-II is increased by con-

version from LC3-I [7]. MDC is a specific marker for

autophagic vacuoles [2].

Materials and methods

Animal preparation and intracerebral injection

The University of Michigan Committee on the Use and Care of Animals

approved the protocols for these studies. Male Sprague-Dawley rats

weighing 275 to 350 g (Charles River Laboratories, Portage, MI) were

used. Rats were anesthetized with pentobarbital (40mg=kg, i.p.). A

polyethylene catheter (PE-50) was then inserted into the right femoral

artery to monitor arterial blood pressure and blood gases. Rectal tem-

perature was maintained at 37.5 �C using a feedback-controlled heating

pad. The animals were positioned in a stereotactic frame (Kopf

Instruments, Tujunga, CA) and a cranial burr hole (1mm) was drilled.

Saline or ferrous chloride was infused into the right hippocampus

through a Hamilton syringe at a rate of 1mL=min using a microinfusion

pump (Harvard Apparatus Inc., South Natick, MA). The coordinates

were 3.8mm posterior and 3.5mm lateral to the bregma, and a depth

of 3.2mm. After intrahippocampal injection, the needle was removed

and the skin incision closed with suture. The rats received an intrahip-

pocampal 10-mL injection of either 1mmol=L ferrous chloride or saline

and were killed 1, 3, or 7 days later for Western blot analysis.

Neuronal culture and treatments

Primary neuronal cultures were obtained from embryonic day-17

Sprague-Dawley rats (Charles River Laboratories). Cultures were

prepared according to a previously described procedure with some

modifications [6]. Briefly, cerebral cortices were dissected, stripped of

Correspondence: Guohua Xi, MD, Department of Neurosurgery,

University of Michigan Medical School, 109 Zina Pitcher Place, Room

R5018, BSRB, Ann Arbor, MI 48109-2200, USA. e-mail: guohuaxi@

umich.edu



meninges, and dissociated by a combination of 0.5% trypsin digestion

and mechanical trituration. The dissociated cell suspensions were seeded

into poly-L-lysine pre-coated 6- or 24-well plates. The cells were grown

in neurobasal medium with 2% B27, 0.5mM glutamine and 1% anti-

biotic-antimycotic and maintained in a humidified incubator at 37 �C
with 5% CO2. Half of the cultured media was changed every 3–4 days.

Neurons were used for experiments after 7 days.

The cultured neurons were treated with serum-free medium (vehicle

control) or 250mM ferrous chloride. Sodium pyrithione was also added

to the medium at a concentration of 20mM to transport ferrous iron into

the cells. Neurons were washed twice with phosphate-buffered saline

(PBS; pH 7.4) 30min after treatment, and then placed in serum-free

medium for up to 24h.

Western blot analysis

For in vivo studies, rats were anesthetized with pentobarbital (60mg=kg,

i.p.) and underwent intracardiac perfusion with 0.1M PBS. Brain tissues

from the ipsilateral hippocampus were dissected and frozen in liquid

nitrogen. For in vitro studies, culture medium was removed and plates

were washed 3 times with chilled PBS. The cells were quickly scraped

and collected by centrifugation at 4 �C, then stored at �80 �C.
Western blot analysis was performed as described previously [16].

Brain and cell samples were sonicated with Western blot lysis buffer.

Protein concentration was determined using Bio-Rad protein assay kit

(Bio-Rad Laboratories, Hercules, CA). Equal amounts of protein from

each sample was separated by sodium dodecyl sulfate-polyacrymide gel

electrophoresis and transferred to a hybond-C pure nitrocellulose mem-

brane (Amersham Biosciences, Piscataway, NJ). The membranes were

blocked in Carnation nonfat milk and probed with the primary and

secondary antibodies. The primary antibody was rabbit anti-MAPLC3

(Abgent Inc., San Diego, CA; 1:700 dilution). The second antibody was

goat anti-rabbit IgG (Bio-Rad Laboratories; 1:2500 dilution). The anti-

gen-antibody complexes were visualized with a chemiluminescence

system and exposed to Kodak X-OMAT film. Relative densities of bands

were analyzed with NIH Image program, Version 1.61 (National

Institutes of Health, Bethesda, MD).

MDC labeling

Neurons treated with either vehicle control or 250mM FeCl2 were incu-

bated with 0.05mM MDC in PBS for 30min at 37 �C. The neurons

were washed 3 times with PBS and immediately imaged using a fluores-

cencemicroscope (Olympus IX51, OlympusAmerica Inc.,Melville, NY).

Statistical analysis

All data in this study are presented as mean� SD. Data were analyzed

using Student t-test and analysis of variance (ANOVA). Statistical sig-

nificance was set at p<0.05.

Results

Physiological variables including mean arterial blood

pressure, blood pH, PaO2, PaCO2, hematocrit, and blood

glucose level were controlled within normal ranges.

Using Western blot analysis, a time course study of

LC3 showed that the ratio of LC3-II to LC3-I in the

ipsilateral hippocampus was significantly increased at

day 3 and remained at high levels at day 7 after intra-

hippocampal injection of ferrous iron (Fig. 1A). The

ratio of LC3-II to LC3-I in the ipsilateral hippocampus

at day 3 after ferrous iron injection was markedly higher

than that in the ipsilateral hippocampus after saline injec-

tion (2.48� 0.57 versus 0.42� 0.08; p<0.01; Fig. 1B).

To test whether autophagy also happens after ferrous

iron treatment in cultured neurons, cells were exposed

to ferrous iron or control medium. Western blotting

showed that cells treated with ferrous iron had a higher

Fig. 1. Ferrous iron induces conversion of LC3-I to LC3-II. (A)

Western blot analysis showing LC3-I (18 kDa) and LC3-II (16 kDa)

levels in ipsilateral hippocampus at 1 (1–3), 3 (4–6), and 7 (7–9) days

after injection of ferrous iron. Values are mean � SD, n¼ 3. #p<0.01;
�p<0.05 versus day 1. (B) Western blot analysis showing the levels

of LC3-I and LC3-II in ipsilateral hippocampus 3 days after injection

of saline (1–3) or ferrous iron (4–6). Values are mean � SD, n¼ 3.
#p<0.01
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ratio of LC3-II to LC3-I compared with vehicle control

(0.40� 0.15 versus 0.13� 0.05; p<0.01; Fig. 2A).MDC

labeling showed an increase in the number of vacuoles

and their size in cells treated with ferrous iron (Fig. 2B).

Discussion

Autophagy is a dynamic process involving bulk degra-

dation of portions of the cytoplasm and intracellular

organelles in eukaryotic cells via the lysosomal system.

It plays an important role in cellular homeostasis and is

involved in a number of human diseases, including can-

cer, neurodegeneration, and brain ischemia [1, 8–10].

Our recent studies demonstrate that autophagy occurs

in the brain after ICH [4].

After ICH, iron concentrations in the brain can reach

very high levels and brain non-heme iron is not cleared

from the brain within 4 weeks [15]. Iron overload in

the brain can cause free radical formation and oxida-

tive damage [12, 14]. There is evidence suggesting that

oxidative stress can induce autophagic cell death [3].

Therefore, iron may be an important trigger for ICH-

induced autophagic cell death.

LC3 has been used as a marker of autophagy. LC3 has

2 forms: type I is cytosolic and type II is membrane-

bound. During autophagy, LC3 type II is increased by

conversion from LC3 type I. The ratio of LC3-II to

LC3-I is correlated with the extent of autophagosome

formation [7]. In the present study, we found that the

ratio of LC3 II to LC3 I in the ipsilateral hippocampus

was significantly increased at day 3 and remained at

high levels at day 7 after intracerebral injection of fer-

rous iron. Exposure of primary cultured neurons to fer-

rous iron also induced an enhanced conversion of LC3-I

to LC3-II. These results suggest that iron can induce

autophagic cell death in neurons.

MDC is a selective marker for autophagic vacuoles

[2]. In the present study, primary cultured neurons ex-

posed to ferrous showed the accumulation of MDC-la-

beled vacuoles, again indicating that iron induced the

occurrence of autophagy.

In summary, intrahippocampal infusion of ferrous iron

caused an increased conversion of LC3-I to LC3-II.

Exposure of primary cultured neurons to ferrous iron

also resulted in an enhanced conversion of LC3-I to

LC3-II and the accumulation of MDC, suggesting that

autophagy may be involved in iron-induced neuronal

death.
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Summary

The use of exogenous superoxide dismutase (SOD) and catalase (CAT)

has been previously evaluated against various reactive oxygen species-

mediated brain injuries, especially those associated with ischemia=

reperfusion. In this study, we investigated effects of these enzymatic

antioxidants on intracerebral hemorrhage (ICH)-induced brain injury.

A total of 65 male Sprague-Dawley rats (300–380 g) were divided into

a sham group, an untreated ICH group, 3 groups of ICH rats treated with

lecithinized SOD (PC-SOD) at doses of 0.1, 0.3, and 1mg=kg, and a group

treated with polyethylene glycol conjugated CAT (PEG-CAT) at a dose of

10,000U=kg. An additional group of ICH rats received a combination of

PC-SOD (1mg=kg) and PEG-CAT (10,000U=kg). ICH was induced by

collagenase injection. All drugs were administered intravenously imme-

diately after ICH induction. Brain injury was evaluated by scoring neuro-

logical function and measuring brain edema at 24 h after ICH induction.

Our results demonstrated that ICH caused significant neurological

deficit associated with remarkable brain edema. Treatment with PC-

SOD, PEG-CAT, or PC-SOD in combination with PEG-CAT did not

reduce brain edema or neurological deficit after ICH. We conclude that

intravenously administered PC-SOD and=or PEG-CAT do not reduce

brain injury in the collagenase-induced ICH rat model.

Keywords: Lecithinized superoxide dismutase; polyethylene glycol

conjugated catalase; intracerebral hemorrhage; rats.

Introduction

Reactive oxygen species (ROS) are considered a major

mediator of intracerebral hemorrhage (ICH)-induced

brain injury [1]. Therapeutic effects of exogenous su-

peroxide dismutase (SOD) (catalyzes dismutation of

superoxide to hydrogen peroxide) and catalase (CAT)

(decomposes hydrogen peroxide) have been examined in

experimental focal cerebral ischemia, and spinal cord and

traumatic brain injury models [5, 10–12]. In vitro studies

have confirmed the suppressing effect of CATon hydroxyl

radical production in Hb-driven oxidative reactions [9].

However, the role of free radical elimination in an animal

model of ICH has yet to be investigated. The main goal of

this study was to analyze effects of exogenous antioxidant

enzymes (SOD and CAT) in a rat model of ICH.

In our study we used lecithinized SOD (PC-SOD)

which was a Cu, Zn-SOD conjugated with 4 covalently

bound molecules of lecithin [14]. Lecithinization of

SOD results in its extended half-life in blood, enhanced

tissue affinity and pharmacological activity, and im-

proves passage of SOD to the brain. Polyethylene glycol

conjugated CAT (PEG-CAT) was used either alone or

together with PC-SOD.

Materials and methods

Experimental groups

A total of 65 male Sprague-Dawley rats (300–380 g) were divided into a

sham group, an ICH untreated group, 3 ICH groups treated with lecithi-

nized SOD (PC-SOD) at doses of 0.1, 0.3, and 1mg=kg, and a group

treated with PEG-CAT at a dose of 10,000U=kg. An additional group of

ICH rats received a combination of PC-SOD (1mg=kg) and PEG-CAT

(10,000U=kg). ICH was induced by collagenase injection as previously

described [8, 13].

All drugs were administered intravenously immediately after ICH

induction. Brain injury was evaluated by investigating neurological

function and measuring brain edema at 24 h after ICH induction.

Animal preparation

All procedures for this study were approved by the Animal Care and Use

Committee at Loma Linda University and complied with the Guide for
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the Care and Use of Laboratory Animals. Animals were housed under

12:12 h light=dark cycle, with access to water and food ad libitum.

Anesthesia was induced in an induction chamber with 4% isoflurane

and maintained with 2–3% isoflurane in a 30% oxygen=70% air mixture

using Fluovac Isoflurane=Halothane Scavenger (Stoelting Co., Wood

Dale, IL) via mask in spontaneously breathing animals. Rectal tempera-

ture was maintained at 37� 0.5 �C. The right femoral artery was can-

nulated with a PE-50 polyethylene canula to monitor physiological

variables (blood pressure, arterial blood gases, and serum glucose level)

before ICH induction, during collagenase injection, and after surgery.

The right femoral vein was cannulated with a PE-10 polyethylene

canula for drug administration. PC-SOD was dissolved in distilled water

(1mg=mL) following manufacturer’s recommendations (LTT Bio-

Pharma, Japan). PEG-CAT (Sigma-Aldrich, St. Louis, MO) was

dissolved in normal saline (16,000U=mL). To avoid any interactions

between drugs in the combined treatment group, PC-SOD was used first

with subsequent PEG-CAT injection. The ICH with vehicle treatment

group (untreated) was injected with the same volume of distilled water.

All animals were sacrificed 24 h after surgery under deep anesthe-

sia with isoflurane inhalation and subsequent decapitation. Brain was

collected immediately to measure brain water content. For biochem-

ical studies, rats were deeply anesthetized with isoflurane inhalation

and perfused through the left heart ventricle with ice-cold phosphate-

buffered saline (PBS). Brains were collected and stored at �80 �C
until analysis.

Neurological deficits

Twenty-four hours after surgery, each rat was graded neurologically for

focal deficits in a blinded fashion using an 18-point neurological scoring

system developed by Garcia et al. [3].

Brain water content and lipid peroxidation

Brain water content was measured and calculated using the previously

described wet weight (WW)=dry weight (DW) formula, as follows:

[(WW – DW)=WW]�100 [7].

The level of lipid peroxidation products (malondialdehyde, MDA)

was measured using an LPO-586 kit (Oxis Research, Portland, OR) in

brain samples 24 h after ICH, as described previously [6].

Results

Neurological deficit was detected in all animals with

ICH. There was no statistical difference between treated

and untreated groups, however (Fig. 1B).

Brain water content was markedly increased in all

hemorrhagic groups of animals compared with sham

(p<0.05, ANOVA). We failed to find statistically signif-

icant difference between treated and untreated groups

(Fig. 1A).

Lipid peroxidation significantly increased in rats with

ICH when compared with sham-operated rats (p<0.005,

t-test). Intergroup comparison did not show any signifi-

cant difference. Interestingly, however, there is a tenden-

cy toward an increase in the level of lipid peroxidation

products in the CAT-treated brain samples (p¼ 0.066)

(Fig. 1C).

Discussion

Oxidative stress largely contributes to ICH-induced in-

jury due to the impact of hemoglobin degradation pro-

ducts. Moreover, decreased plasma SOD and reduced

total superoxide scavenger activities have been found

in patients’ plasma within 24 h after onset of hemorrhag-

ic stroke [2].

Fig. 1. Effects of PC-SOD and CAT

in ICH. (A, B) Collagenase injection

increased brain edema and impaired

neurological function in ICH animals,

but there was no significant difference

among groups with ICH (�p<0.05 vs.

sham, ANOVA). (B) Numbers in the bar

indicate number of animals used in

each group. (C) Lipid peroxidation was

significantly increased in ICH animals

(�p<0.05 vs. sham, ANOVA). Howev-

er, neither SOD, CAT, nor SODþCAT

reduced lipid peroxidation. ICH un-

treated (n¼ 8); ICHþSOD 1mg=kg

(n¼ 4); ICHþCAT 10,000U=kg

(n¼ 6); ICHþ SOD 1mg=kgþCAT

10,000U=kg (n¼ 6); Sham (n¼ 3)
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Therefore, we used treatment with exogenous SOD,

aiming to target superoxide-derived free radical cas-

cades while scavenger activities are impaired. It was

proven ineffective, which may raise a question of the

dosage used in our study. A dose similar to ours was

effective in transient focal cerebral ischemia [14]; how-

ever, more aggravated oxidative stress in ICH might

surpass the antioxidant effect of our dose of PC-SOD.

It has been postulated that induction of CAT can pro-

tect brain cells from oxidative damage after ICH [15].

Surprisingly, we found a trend toward an increased level

of lipid peroxidation products in brains of CAT-treated

animals compared with vehicle-treated ones. It is there-

fore possible that heme included in high-dose CAT

contributed to aggravation of oxidative stress, which

overwhelmed effects of CAT H2O2-decomposing func-

tion. The injurious effect might be mediated by products

of interaction between CAT heme and superoxide radical

[4], as CAT did not seem to cause aggravation of injury

when given in combination with SOD.

The use of a solely collagenase model of ICH is a

limitation of this study. Although there is no evidence of

direct interaction between collagenase and antioxidant

enzymes, it is still conceivable that in the blood injection

model, results of the same treatment would be different.

In the collagenase model, acute tissue necrosis with re-

lease of intracellular proteolytic enzymes might largely

contribute to the final extent of early brain injury [8].

We conclude that, at the dosage used in our study, nei-

ther PC-SOD nor PEG-CAT offered protection against

ICH-induced brain injury. CAT treatment alone resulted

in a tendency toward exacerbation of brain damage, the

effect at least partly mediated by superoxide. Although

treatment with antioxidant enzymes in ICH may be fur-

ther investigated using different dosages and different

hemorrhage models, the results of our study may favor

pursuing other therapeutic directions including iron che-

lation and=or augmented hematoma resolution.
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Summary

Metallothioneins (MTs) are metal-binding proteins that can be upregu-

lated in the brain after injury and are associated with neuroprotection. A

recent genomics study has shown that brain MT-1 and MT-2 mRNA

levels are upregulated following intracerebral hemorrhage (ICH) in rats.

Our study examines whether brain MT-1 and MT-2 protein levels are

increased after ICH. We also investigated the effect of exogenous MT-1

in perihematomal edema formation in vivo and iron-induced cell death

in vitro. We found that MT-1=-2 immunoreactivity in ipsilateral basal

ganglia was significantly increased after ICH and exogenous MT-1

attenuated perihematomal edema formation. In addition, MT-1 also

reduced cell death induced by iron in cultured astrocytes. These results

suggest a role for MT in ICH-induced brain injury, and MT could be a

therapeutic target for ICH.

Keywords: Astrocytes; cerebral hemorrhage; iron; metallothionein.

Introduction

Metallothioneins (MTs) are zinc-binding proteins that

may be neuroprotective [12]. Four isoforms of MT (1–

4) have been found. Within the brain, MT-1 and MT-2

(MT-1=-2) comprise approximately two-thirds of total

brain MT [2]. In central nervous system (CNS), they

are mainly expressed in astrocytes [1]. Previously, MT

proteins had unexpected roles within the cellular re-

sponse to brain injury. For example, MT-1 is considered

to be a rapidly acting cellular defense protein and is

induced in the brain by exposure to a variety of stresses

[1]. Intracerebral hemorrhage (ICH) upregulates many

genes in the brain including MT-1 and MT-2 [6].

Iron has an important role in ICH-induced brain injury

[5, 14]. After erythrocyte lysis, iron concentrations in

the brain reach very high levels. We found a 3-fold

increase in brain non-heme iron after ICH in rats, and

this level remains high for at least 1 month [13]. Our

recent study found that ferrous iron in low concentra-

tions (e.g., 0.2mM) can also induce brain damage [15].

Deferoxamine, an iron chelator, reduces brain damage

after ICH [9].

In this study, we examine whether ICH induces MT

upregulation in the brain, and whether exogenous MT-1

attenuates perihematomal brain edema and iron-induced

cell death.

Materials and methods

Experimental groups

There were 3 sets of experiments in this study. In the first set, male

Sprague-Dawley rats received a 100-mL intracaudate injection of au-

tologous whole blood. Sham animals had needle insertion only. The rats

were killed 1, 3, or 7 days later, and brains were sampled for Western

blot analysis and immunohistochemistry. The antibody used detects both

MT-1 and MT-2.

In the second set of experiments, rats received a 100-mL intracaudate

infusion of blood with 10mL MT-1 (0.1 or 0.2 nmol) or saline. The rats

were euthanized 3 days later for brain water content measurement.

In the last set, cultured primary astrocytes were treated with MT-1 (5,

10, 50, and 100nM) or vehicle for 1 h. The astrocytes were then exposed

to ferrous chloride (500mM). Culture medium was collected for lactate

dehydrogenase (LDH) measurement 48h following treatment.

Animal preparation and intracerebral infusion

Animal protocols were approved by the University of Michigan

Committee on the Use and Care of Animals. Male Sprague-Dawley rats

(Charles River Laboratories, Portage, MI), each weighing 300–350 g,

were used in the in vivo study. Rats were allowed free access to food and

water. Rats were anesthetized with pentobarbital (40mg=kg i.p.) and the

right femoral artery was catheterized to monitor arterial blood pressure

and to sample blood for intracerebral infusion. Blood pH, PaO2, PaCO2,

hematocrit, and glucose levels were monitored. Rectal temperature was

maintained at 37.5 �C using a feedback-controlled heating pad. The rats

were positioned in a stereotactic frame (David Kopf Instruments,

Tujunga, CA) and a 1-mm cranial burr hole was drilled near the right
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coronal suture 3.5mm lateral to the midline. A 26-gauge needle was

inserted stereotaxically into right basal ganglia (coordinates: 0.2mm

anterior, 5.5mm ventral, and 3.5mm lateral to bregma). The animals

received injections of autologous whole blood at a rate of 10mL=min.

Sham rats received needle insertion in the right caudate. The needle was

removed and the skin incision was closed with suture after infusion.

Brain water content measurement

Rats were anesthetized intraperitoneally (60mg=kg) and decapitated

72h after intracerebral blood injection. Brains were removed and a

4-mm coronal brain slice was cut from the frontal pole (approximately

3mm thick). The brain slice was divided into ipsilateral and contralateral

cortex, and ipsilateral and contralateral basal ganglia. The cerebellum

served as control. Brain samples were weighed on an electronic analyti-

cal balance (model AE 100; Mettler Instrument, Hightstown, NJ) to

obtain the wet weight (WW). Brain samples were then dried in a gravity

oven at 100 �C for 24 h to obtain the dry weight (DW). Brain water

content was determined as follows: (WW – DW)=WW.

Immunohistochemistry

Rats were anesthetized and underwent intracardiac perfusion with 4%

paraformaldehyde in 0.1mol=L phosphate-buffered saline (pH 7.4).

The brains were removed and kept in 4% paraformaldehyde for 6 h,

then immersed in 25% sucrose for 3–4 days at 4 �C. Brains were

then placed in optimal cutting temperature embedding compound

and sectioned on a cryostat (18mm). For immunofluorescent single-

labeling, anti-MT-1=-2 antibody (E9 monoclonal mouse anti-horse

MT; Dako Cytomation, Carpinteria, CA) was incubated overnight at

4 �C. Rhodamine conjugated rabbit anti-mouse (1:50) secondary anti-

body was incubated with sections for 2 h at room temperature. The

single-labeled cells were analyzed using a fluorescence microscope.

Cell preparation and treatment

Astrocyte culture method was modified from that used by McCarthy and

deVellis [8]. Cell cultures were established in T75 Falcon flasks from

cerebral cortex of 1- to 3-day-old Sprague-Dawley rats. Cerebra were

dissected and placed in medium for astrocytes (DMEM plus 10%

FBS, 1% glutamine, and 2% antibiotic-antimycotic). Meninges and

blood vessels were removed. The medium was removed and the cerebra

dissociated with a blade. Tissues were then suspended in modified

Hank’s Balanced Solution (500mL HBSS, Gibco þ25mM HEPES,

Gibcoþ 5mL antibiotic-antimycotic; Gibco BRL, Carlsbad, CA). After

centrifugation, cell pellets were digested in 0.5% trypsin at 37 �C
for 20min, then re-suspended in Buffer T (23.5mL of modified

HBSSþ 200U DNaseþ 0.5mL 3.8% MgSO4) and astrocyte medium

(half)þHBSS (half) and centrifuged. Pellets were re-suspended in as-

trocyte medium and the cells plated into T75 Falcon flasks coated with

poly-L-lysine at a density of 10,000,000 cells and cultured at 37 �C in an

atmosphere of 5% CO2 in air. The medium was changed after 3 to 4 days

and twice per week thereafter. After cells reached confluence (ap-

proximately 7 days), astrocyte cultures were deprived of microglia

by shaking the flask at 200 RPM for 1.5 h on a gyratory shaker at

4 �C. The cells were re-plated on poly-L-lysine coated 24-well plates

(500,000 cells=well) for LDH measurements.

Measurement of LDH activity

Cell medium was collected and centrifuged. LDH activity in cell culture

media was measured using a commercially available kit (Roche

Pharmaceuticals, Germany) according to manufacturer’s instructions.

Statistical analysis

All data in this study are presented as mean � standard deviation. Data

were analyzed using Student t-test or one-way analysis of variance

(ANOVA). Significance levels were set at p<0.05.

Results

MT-1=-2 immunoreactivity was very low in normal

brain tissue, but immunoreactivity was significantly in-

creased in ipsilateral basal ganglia after ICH. MT-1=-2

positive cells were found in ipsilateral basal ganglia after

ICH and most of those positive cells appeared to be glia-

like (Fig. 1). Western blot analysis showed a marked

increase in MT-1=-2 content at day 1 after ICH, and it

was still detectable at day 7. At day 3 after ICH, MT-

1=-2 levels in the ipsilateral basal ganglia were 3327�
1523 vs. 338� 270 pixels in sham control, p<0.01.

Exogenous MT-1 attenuated edema formation follow-

ing ICH in vivo. ICH-induced brain edema at day 3 was

Fig. 1. Immunoreactivity of MT-1=-2 in (A) contralateral or (B) ipsilateral basal ganglia 3 days after ICH. Scale bar¼ 25mm
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reduced by co-injection of MT-1 at dose of 0.2 nmol

(80.7� 1.4% vs. 82.2� 0.9% in vehicle-treated group;

p<0.05; Fig. 2) but not at dose of 0.1 nmol (81.9� 0.1%

vs. 82.2� 0.9% in vehicle-treated group; p>0.05; Fig. 2).

MT-1 also protected against iron-induced cell death in

cultured astrocytes. LDH release induced by ferrous

chloride was significantly reduced by MT-1 pretreatment

at all doses (e.g., MT-1 at dose of 50 nM: 141� 62 vs.

313� 71mU=mL in vehicle-treated group; p<0.05;

Fig. 3).

Discussion

In this study, we found that MT-1=-2 protein levels in-

crease in the brain after ICH. Exogenous MT-1 attenu-

ated perihematomal edema in vivo and reduced astrocyte

death in vitro. These results suggest a neuroprotective

effect for MT in ICH.

Astrocytes are the most abundant cells in the CNS and

have roles in both neuroprotection and neurogeneration.

In the normal brain, MTs are mainly expressed in astro-

cytes [1]. An increase in MT expression has been

reported in a rat model of ICH [6]. In the current study,

we found that ICH results in an increase of MT-1=-2 in

the brain, and most MT-1=-2 positive cells are glia.

Previous studies show that overexpression of MT protein

is helpful for protecting from brain damage, and MT-1=-2

knock-out models are vulnerable to brain damage [12].

Although it is not clear whether MT upregulation in glia

after ICH is neuroprotective, a weaker astrocytic reaction

to the hematoma has been associated with more severe

brain swelling and neurological deficits in aged rats [4].

Iron overload in the brain after ICH contributes to

brain damage [5, 14]. MT-1 injection diminishes ICH-

induced brain edema and MT-1 reduces iron-induced

astrocyte death, indicating that MT-1 may decrease iron

toxicity following ICH. This evidence also suggests that

both endogenous and exogenous MT proteins may be

neuroprotective. While the mechanisms for brain protec-

tion by MTs are still unclear, MT can act as a free

radical scavenger and as an antioxidant by modulating

inflammatory response to injury and by having anti-ap-

optotic effects [12]. It should be noted that free radicals,

oxidative stress, inflammation, and apoptosis all contrib-

ute to brain injury after ICH [7, 10, 11, 14]. MTs also

contain high levels of sulfur, which can bind transition

metals. However, while intracellular copper and zinc are

normally bound to MT, MTs are not thought to be a

major chelator of iron, which is primarily bound to fer-

ritin [3].

In conclusion, our results indicate that MTs may be

protective in ICH by reducing iron toxicity.
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Summary

The mechanisms accounting for variable increases in blood flow and

seizures following intracerebral hemorrhage (ICH) are unknown. Local

cerebral glucose utilization (LCGU) studies performed to address this

issue demonstrate increased LCGU within hours around an ICH that is

blocked by NMDA and AMPA glutamate receptor antagonists. Local

injections of NMDA or AMPA increased LCGU whereas glutamate did

not, suggesting an ICH effect on glutamate uptake or glutamate recep-

tors. To address these possibilities, we performed genomic studies of

brain following ICH. Among the many regulated genes, an Src family

member, Lyn, increased expression over 20-fold. This was important,

since Src is known to phosphorylate NMDA receptors and augment their

function, and thrombin is known to activate PARs that activate Src. This

prompted us to study the Src antagonist, PP2. PP2 decreased LCGU and

cell death around ICH and improved behavioral function following ICH.

This data leads us to suggest our hypothesis, that ICH, possibly via

thrombin activation of protease-activated receptors, activates Src that

phosphorylates NMDA receptors and other proteins that mediate injury

after ICH.

Keywords: Intracerebral hemorrhage; thrombin; Src; glutamate; ex-

citatory amino acids.

Introduction

Experimental studies of intracerebral hemorrhage (ICH)

are in relative infancy compared to experimental ische-

mic stroke. This has occurred in part because most clin-

icians have assumed the major morbidity and mortality

were due to mass effect. Although probably true to a

large extent, particularly for early mortality, experimen-

tal studies of ICH are beginning to show that various

aspects of hemorrhage can be manipulated and perhaps

improved. A good example of this is a series of studies

by Xi and colleagues, showing that thrombin appears to be

the major mediator of acute edema following ICH in

experimental models [19, 20]. These proof-of-principle

studies could lead to treatment of early edema due to ICH.

Our group has been particularly interested in the role

of heme oxygenase 1 and 2 in metabolizing the heme

and iron released from hemoglobin following subarach-

noid hemorrhage (SAH) and ICH [9, 14, 15]. Indeed,

either ICH or SAH induce HO-1 in microglia throughout

the involved hemisphere(s), presumably in response to

extracellular heme taken up into the microglia [13, 14].

In addition to the heme and iron load following ICH, a

number of studies have described both local decreases

and local increases in cerebral blood flow at the margins

of ICH [10]. Although local decreases of blood flow

seemed to make sense on the basis of mass effect, the

explanation for increases in blood flow following ICH

was less clear and not always appreciated [11]. The role

of decreased blood flow has been debated throughout

the literature, but the consensus now seems to be that al-

though flow decreases around ICH, it does not decrease to

levels that appear to produce ischemia in most cases [12].

Based on scattered reports of increases of glutamate in

brain and cerebrospinal fluid following SAH and ICH,

we explored the possibility that local increases in blood

flow were related to glutamate release. To do this, we

examined local cerebral glucose utilization (LCGU) fol-

lowing experimental ICH.

Glucose metabolism and glutamate receptors

following ICH

Adult male Sprague-Dawley rats were anesthetized and

lysed blood or saline (50 mL) was injected into one

striatum. Anesthesia was discontinued, and the rats were

allowed to recover 1 to 72 h. [14C]-2-deoxyglucose
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(intraperitoneally) was then injected and subjects sacri-

ficed 30min later. To examine the mechanisms of

changes in glucose utilization, animals were pretreated

with the NMDA antagonist MK-801 (1mg=kg) or the

AMPA glutamate receptor antagonist NBQX (30mg=

kg), or saline vehicle [1].

The results showed that [14C]-2-deoxyglucose uptake

decreased in the region of ICH, but increased in the

perihematomal region, peaking at about 3 h after the

lysed blood injection. Saline injections did not affect

striatal glucose utilization. Pretreatment with either

MK-801 or NBQX blocked the increased [14C]-2-deoxy-

glucose uptake produced by the ICH.

To examine possible mechanisms of increased [14C]-

2-deoxyglucose uptake, we showed that glutamate injec-

tions alone had no effect on striatal glucose metabolism.

This confirmed that glutamate release per se was not

sufficient to increase glucose metabolism. In contrast,

NMDA and AMPA injections increased [14C]-2-deoxy-

glucose uptake [1]. The data imply that glutamate acti-

vation of NMDA or AMPA receptors increases glucose

metabolism in perihematomal brain early after ICH, but

that either the glutamate uptake or glutamate receptors

must be changed following ICH to account for ICH-

induced, glutamate receptor-dependent increases in glu-

cose metabolism [1].

Genomic studies of brain following ICH

We next performed genomic studies of brain following

ICH to look for genes that might account for altered

glutamate uptake or altered glutamate receptors fol-

lowing ICH [7]. Gene expression was assessed using

Affymetrix microarrays (Affymetrix, Santa Clara, CA)

in the striatum and the overlying cortex 24 h after infu-

sions of blood into the striatum of adult rats [7]. Three

hundred and sixty-nine of 8,740 transcripts were regu-

lated with ICH as compared with saline-injected con-

trols, with 104 regulated genes shared by the striatum

and cortex. Real-time reverse transcriptase-polymerase

chain reaction (RT-PCR) confirmed up regulation of IL-

1-beta, Lipcortin 1 (annexin), and metallothionein 1, 2,

and down regulation of potassium voltage-gated chan-

nel, shaker-related subfamily, beta member 2 (Kcnab2).

Pathways analyses showed that many metabolism and

signal transduction-related genes decreased in striatum

but increased in adjacent cortex. In contrast, most en-

zyme, cytokine, chemokine, and immune response genes

were up regulated in both striatum and in the cortex after

ICH, likely in response to foreign blood proteins. Many

growth factor pathways and the phosphatidylinositol

3-kinase (PI3K)=Akt pathway were down regulated.

Activation of immune systems and down regulation of

trophic and survival pathways could contribute to cell

death and edema following ICH. ICH-related down reg-

ulation of GABA-related genes and potassium channels

might contribute to perihematomal cellular excitability

and increased risk of post-ICH seizures [7].

Of relevance to increased glucose metabolism follow-

ing ICH, we found that Lyn expression increased over

20-fold in perihematomal brain [7]. Lyn is an Src family

kinase (SFK) that is related to Src, the first described

protooncogene. Src and SFKs are known to phosphory-

late the NR2A subunit of the NMDA receptor and in-

crease calcium flux through the receptor and increase

glutamate excitotoxicity [8]. This was also of interest

since thrombin is known to activate protease-activated

receptors (PARs) that in turn phosphorylate and activate

Src [16]. Thus, we postulated that ICH would activate

thrombin that caused PARs to phosphorylate Src that

would, in turn, phosphorylate the NR2A subunit of the

NMDA receptor to exacerbate glutamate-mediated inju-

ry following ICH. To test this idea, we performed the

following preliminary studies.

Src mediates glutamate neurotoxicity following ICH

Src is a 60 kDa protein that is the prototypical member

of a family of non-receptor tyrosine kinases (reviewed in

[3]). Src is myristoylated on the amino terminus, thus

allowing it to associate with the inner surface of the

plasma membrane. Structurally, Src contains Src homol-

ogy SH3 and SH2 domains and the catalytic domain in

the amino-terminal region. The carboxy-terminus con-

tains a non-catalytic regulatory sequence that has a pro-

line rich segment and a terminal tyrosine residue. The

SH2 domain binds the phosphorylated form of the car-

boxy-terminal tyrosine and the SH3 domain reinforces

this interaction by binding the proline-rich region in the

regulatory domain. These intramolecular interactions in-

activate Src, thus regulating its function through its

phosphorylation. Therefore, the phosphorylation of the

C-terminal tyrosine should give an indication of the ac-

tivity of Src under different conditions. In stroke it has

recently been shown that the Src kinase inhibitor PP2

decreases infarct volumes and improves neurological

outcomes following middle cerebral artery occlusion [5].

The physiological function of Src in the central ner-

vous system is not well understood. However, Src activ-

ity can potentially contribute to glutamate excitotoxicity
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and edema formation. Src is activated by thrombin in

cells of the central nervous system [16, 17]. Src directly

phosphorylates the NR2A subunit of the NMDA recep-

tor to potentiate its function and increase the risk of

neurons to excitotoxic insults [6]. Src could also contrib-

ute to edema in ICH by inducing the translation of HIF-

1alpha or by activating a variety of metalloproteinases

(MMPs) and by interacting with tight junction proteins.

As noted above, NMDA receptors are potentiated by

thrombin receptor activation that causes Src-mediated

phosphorylation of NR2A subunits [6]. NMDA recep-

tors are directly linked to Src via a recently-identified

adapter protein to produce NMDA (NR2a)-NADH dehy-

drogenase subunit 2 – Src complexes [4]. Finally, Src

kinases appear to be important in glutamate release from

synaptic vesicles, since the Src kinase inhibitor PP2 can

block glutamate release [18].

Based on this background information, we have begun

to test the hypothesis that ICH activates Src kinases that

phosphorylate other molecules to produce cell injury and

behavioral deficits after ICH (Fig. 1) [2]. ICH was pro-

duced by direct injection of autologous blood (50 mL)
into striatum of anesthetized adult Sprague Dawley rats.

Src kinase activity, glucose hypermetabolic areas around

the ICH, TUNEL-stained cells, and apomorphine-in-

duced rotational behaviors were assessed in animals

with ICH pretreated with the Src kinase inhibitor, PP1,

or with vehicle [2]. PP1 completely blocked local re-

gions of increased glucose metabolism in the perihe-

matomal brain that appeared to be identical to those

produced by MK-801 or NBQX. PP1 blocked increases

in Src kinase activity (5-fold) at 3 h after ICH and

decreased the numbers of TUNEL-stained cells sur-

rounding the ICH at 24 h. PP1 also marked reduced

apomorphine-induced (1mg=kg) rotation at 24 h after

ICH [2]. Thus, PP1 produced improvement on all of

the measures that the glutamate receptor antagonists also

improved. The data are consistent with the hypothesis

that ICH, possibly via thrombin activation of protease-

activated receptors, activates Src that phosphorylates

NMDA receptors and other proteins that mediate injury

after ICH [2].

Future directions

Future studies will need to determine if thrombin activa-

tion of PARs causes phosphorylation and activation of

Src or Src family members. In addition, does PAR acti-

vation of Src activate NMDA receptors as proposed

above? Other potential actions of Src in experimental

ICH also need to be explored in order to test whether

other thrombin-mediated injuries to brain are mediated

by Src. Several of these studies are underway.
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Summary

Thrombin has been shown to play a major role in brain injury after

intracerebral hemorrhage (ICH). In this study, we measured thrombin

activity in the perihematomal zone and examined the role of thrombin in

ICH-induced brain tissue loss.

There were 2 experiments in this study. In the first part, adult male

Sprague-Dawley rats received 100mL of either autologous whole blood

or saline. The rats were killed at 1 h or 24 h later for thrombin activity

measurement. Thrombin activity was measured using the thrombin-

specific chromogenic substrate, S2238. In the second part, rats received

a 50-mL intracaudate injection of either thrombin or saline, and the rats

were killed at days 1, 3, or 28 for determination of neuronal death and

brain tissue loss.

We found that brain thrombin activity was elevated in ipsilateral basal

ganglia 1 h after ICH. Intracerebral injection of thrombin rather than

saline caused significant neuronal death at days 1 and 3, and resulted in

significant brain tissue loss at day 28. These results suggest that throm-

bin inhibition in the acute phase may reduce ICH-induced brain damage.

Keywords: Cerebral hemorrhage; thrombin activity; neuronal death.

Introduction

Intracerebral hemorrhage (ICH) is a subtype of stroke

with high morbidity and mortality, accounting for approx-

imately 15% of all deaths from stroke [8]. Many factors

affect outcomes in ICH patients. Experimental investiga-

tions have indicated that thrombin formation and iron

toxicity play a major role in ICH-induced injury [24].

Thrombin is a serine protease and an essential com-

ponent in the coagulation cascade. It is produced in the

brain immediately after an ICH to stop the hemorrhage.

Thrombin at low concentrations is neuroprotective [22].

However, direct infusion of large doses of thrombin into

brain causes inflammatory cell infiltration and brain ede-

ma formation [22, 24]. We have demonstrated that

thrombin is responsible for early brain edema formation

following ICH and that such edema results partly from a

direct opening of the blood–brain barrier [13]. Because

thrombin can be harmful at high concentrations and pro-

tective at low concentrations, it is important to know

what concentrations of thrombin may occur in the brain

after ICH.

In this study, we measured thrombin activity around

the hematoma. We also examined whether or not throm-

bin causes neuronal death and brain tissue loss.

Materials and methods

Animal preparation and intracerebral injection

Our animal protocol was approved by the University of Michigan

Committee on the Use and Care of Animals. Male Sprague-Dawley rats

weighing 300–400g were used in this study. The animals were anesthe-

tized with pentobarbital (40mg=kg, i.p.). Aseptic precautions were taken

for all surgical procedures. The right femoral artery was catheterized for

continuous blood pressure monitoring and for blood sampling during

surgery. Arterial blood was obtained for analysis of pH, PaO2, PaCO2,

hematocrit, and blood glucose. Core body temperature was maintained at

37.5 �C using a feedback-controlled heating pad. The rats were posi-

tioned in a stereotactic frame and a 1-mm cranial burr hole was drilled in

the right coronal suture 4.0mm lateral to the midline. Autologous whole

blood, thrombin, or saline were infused into the right caudate nucleus

through a 26-gauge needle (coordinates: 0.2mm anterior, 5.5mm ven-

tral, and 4.0mm lateral to the bregma) at a rate of 10mL per minute

using a microinfusion pump. The needle was removed and the skin

incision closed with suture.

Experimental groups

There were 2 parts to this study. In the first part, rats received a 100-mL
intracaudate injection of either autologous whole blood or saline. The
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rats were killed 1 h or 24h later for thrombin activity measurement. In

the second part, rats received a 50-mL injection of either thrombin (5U)

or saline into right caudate and the rats were killed at day 1, 3, or 28 for

determination of neuronal death and brain tissue loss.

Thrombin activity measurement

For thrombin activity measurements, rat brains were perfused transcar-

dially with saline. Brain samples were homogenized and thrombin ac-

tivities were measured using the thrombin-specific chromogenic

substrate, S2238 (Chromogenix, Milano, Italy) [4]. The final concentra-

tion of S2238 was 0.3mmol=L in phosphate-buffered saline, and absorp-

tion at 405nm of supernatant was measured 1 h later.

Morphometric analyses

The rat brains were removed and kept in 4% paraformaldehyde for

4–6 h, then immersed in 25% sucrose for 3–4 days at 4 �C. Brains were
embedded in optimal cutting temperature compound (Sakura Finetek

USA, Inc., Torrance, CA) and 18-mm-thick sections were taken on a

cryostat. Coronal sections from 1mm posterior to the blood injection site

were stained with hematoxylin and eosin. The caudate, cortex, and

lateral ventricle were outlined on a computer and the outlined areas

were measured using NIH Image software, version 1.62 (National

Institutes of Health, Bethesda, MD). All measurements were repeated

3 times and the average value was recorded [6].

Fluoro-Jade staining

Brain sections were kept 15min in 0.06% potassium permanganate

(KMnO4) and rinsed in distilled water. Sections were stained by gently

shaking for 30min in working solution of Fluoro-Jade composed of 10mL

0.01% Fluoro-Jade in distilled water and 90mL 0.1% acetic acid, then

rinsed in distilled water 3 times. After drying with a blower, slides were

quickly dipped into xylol and covered for microscopic examination [16].

Statistical analysis

All data in this study are presented as mean� SD. Data were analyzed

using Student t-test. Statistical significance was set at p<0.05.

Results

One hour after ICH, thrombin activity was elevated in

ipsilateral basal ganglia (3.3� 1.4 vs. 0.1� 0.2U=g in

saline control, p<0.01, Fig. 1). Twenty-four hours after

ICH, the level of thrombin activity in ipsilateral basal

ganglia was still higher (2.4� 1.0 vs. 0.3� 0.2U=g in

contralateral side, p<0.01). Intracerebral saline injection

did not increase thrombin activity in the brain. One hour

after saline injection, thrombin activity in ipsilateral

basal ganglia and contralateral basal ganglia were the

same (0.1� 0.2 and 0.1� 0.1U=g, respectively).

Fluoro-Jade can be effectively utilized to stain degen-

erating neuronal cells in the central nervous system of

mammals. There were many Fluoro-Jade-positive cells

in ipsilateral basal ganglia at day 1 and day 3 after 5-U

thrombin injection. Only a few Fluoro-Jade-positive

cells were detected in ipsilateral basal ganglia after sa-

line injection (Fig. 2).

Thrombin caused a significant loss of brain tissue. At

28 days after thrombin injection, marked brain tissue

loss occurred in ipsilateral basal ganglia (6.2� 1.4mm2

vs. 0.7� 0.4mm2 in saline control, p<0.01). In addi-

Fig. 1. Thrombin activity in ipsilateral and contralateral basal ganglia

1 h after ICH or saline injection into the ipsilateral basal ganglia.

Values are mean � SD; n¼ 6; �p<0.05 vs. saline

Fig. 2. Fluoro-Jade-positive cells in ipsilateral basal ganglia 24 h after injection of (A) saline or (B) 5U thrombin. Scale bar¼ 50mm
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tion, lateral ventricle sizes were larger in thrombin-

injected rats (4.0� 3.3mm2 vs. 0.3� 0.2mm2 in saline

control, p<0.05).

Discussion

Our results show a significant increase in thrombin ac-

tivity in the brain shortly after ICH. The concentration of

prothrombin in plasma is high enough (1-5 mM) to pro-

duce a substantial amount of thrombin in brain paren-

chyma after hemorrhage. The brain as well as blood may

be a site of thrombin production. In vitro studies have

shown that prothrombin mRNA is expressed in the cells

of the nervous system [1]. These results suggest that

thrombin may be formed and cause brain injury, even

if the blood–brain barrier is intact.

Thrombin is a serine protease and an essential com-

ponent in the coagulation cascade. It is produced in the

brain immediately after intracerebral hemorrhage, brain

trauma, or blood–brain barrier breakdown following

many kinds of brain injury [3]. Direct infusion of large

doses of thrombin into brain causes inflammatory cell

infiltration, mesenchymal cell proliferation, scar forma-

tion, brain edema formation, and seizures [9–13, 15, 20,

21]. Thrombin in high concentrations also kills neurons

and astrocytes in vitro [7, 18, 19]. Our previous studies

have demonstrated that thrombin is responsible for early

brain edema formation following ICH [11].

Clinical and experimental data have shown that brain

atrophy occurs after ICH [2, 5, 17, 23]. Our recent study

showed that iron has a role in ICH-induced brain atrophy

[6]. In the present study, we found that thrombin causes

neuronal death and also can result in brain tissue loss.

It is very important to determine thrombin activity in

the brain after ICH, because high concentrations of

thrombin are detrimental and low concentrations of

thrombin are protective. In addition, thrombin also con-

tributes to brain recovery following ICH [25]. Our find-

ings in this study indicate that thrombin is harmful in

acute phase, at least the first 24 h, after ICH. The con-

centration of thrombin in ipsilateral basal ganglia 1 h

after ICH was about 3.3 U=g. Previously, we found that

direct intracaudate injection of 5U of thrombin causes

marked brain damage, whereas 1U is neuroprotective

[22]. It should be noted, though, that the neurotoxicity

of thrombin may be enhanced by the presence of other

factors after an ICH, such as iron [14].

In summary, thrombin activity is increased in the

brain after ICH, which results in neuronal death and

brain tissue loss. The measured thrombin levels were

5-fold higher than we previously found in cerebral is-

chemia [4]. Limiting thrombin activation in the acute

phase of ICH may reduce brain damage.
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Summary

Introduction. Microglia activate upon injury, migrate to the injury site,

proliferate locally, undergo morphological and gene expression changes,

and phagocytose injured and dying cells. Cytokines and proteases

secreted by these cells contribute to the injury and edema formed.

We studied the injury outcome after local elimination=paralysis of

microglia.

Methods. Adult male mice were subjected to intracerebral hemorrhage

(ICH) by intra-caudate injection of either collagenase or autologous

blood. Mice survived for different periods of time, and were subse-

quently evaluated for neurological deficits, size of the hematoma, and

microglia activation. Mice expressing an fms-GFP transgene or the

CD11b-HSVTK transgene were also used. For elimination of monocy-

tes=macrophages, CD11b-HSVTK mice were treated with ganciclovir

prior to hemorrhage. Modifiers of microglial activation were also used.

Results. Induction of ICH resulted in robust microglia activation and

recruitment of macrophages. Inactivation of these cells, genetically or

pharmacologically, pointed to a critical role of the time of such inacti-

vation, indicating that their role is distinct at different time points

following injury. Edema formation is decreased when microglia activa-

tion is inhibited, and neurological outcomes are improved.

Conclusions. Microglia, as immunomodulatory cells, have the ability

to modify the final presentation of ICH.

Keywords: Microglia; intracerebral hemorrhage; edema; tissue plas-

minogen activator.

Introduction

Intracerebral hemorrhage (ICH) comprises 15 to 20% of

all strokes that take place annually in the United States,

and occurs when a small artery or an arteriole ruptures

spontaneously in the brain. During ICH, a series of cel-

lular events take place. As blood extravasated from ar-

teries accumulates in the brain, it exerts pressure on

surrounding tissue and triggers formation of edema

and reactivity of the neighboring cells. Among the

events that follow an ICH, activation of immune-compe-

tent microglia cells is a key process [11]. The assumed

function of microglia in this context is that they migrate

to the site of hemorrhage where they secrete cytokines,

proteases, and other factors. Activated microglia are also

able to phagocytose neuronal and cellular debris. The

accumulation of activated microglia is thought to con-

tribute to the neuronal death observed in several acute

adverse settings (e.g., stroke, infection) and in chronic

neurodegenerative pathologies (e.g., Alzheimer’s disease,

amyotrophic lateral sclerosis, multiple sclerosis) [6, 7].

Although awareness of the presence and functions of

microglia is rapidly increasing, the roles attributed to

these cells and their contributions to injury remain con-

troversial. Some reports indicate a direct or indirect neu-

rotoxic role for microglia in different injury settings,

whereas others emphasize their ability to act as anti-

gen-presenting cells and thus contain and minimize

infections in the CNS. Moreover, the fact that they can

also secrete anti-inflammatory cytokines points to neu-

roprotective properties [3, 4].

Many reports exist in the literature targeting the pres-

ence and reactivity of inflammatory cells in the brain,

primarily microglia but also infiltrating leukocytes. That

approach seemed beneficial, as it improved neurological

score of animals and decreased hemorrhage volume

[11]. Anti-inflammatory agents, such as minocycline,

neutralize cytokine antibodies and scavengers of reactive

oxygen species, and have shown to be beneficial in

animal models of ICH (little information is available

for human samples). An effective, rational approach to

treating small-volume ICH is to remove the hematoma

that has formed [9]. The removal is accomplished with
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infusion of tissue plasminogen activator (tPA), a secreted

serine protease that catalyzes the formation of plasmin,

another serine protease with a broad specificity towards

several extracellular matrix proteins and specifically fi-

brin [2, 8]. Such approach has, however, been shown to

result in the generation of edema, which compromises

treatment outcome [10]. Extensive microglia activation

and blood cell infiltration accompanies tPA-mediated

liquefaction of the hematoma.

In this report, we summarize the work we have per-

formed in an effort to characterize the relationship be-

tween inflammation (microglia) and outcome of ICH in

a mouse model of collagenase-induced ICH.

Materials and methods

Induction of intracerebral hemorrhage

We used the collagenase injection model to induce hemorrhage, as

previously described [12–14]. Briefly, mice were anesthetized with

Avertin, and 0.075 units of bacterial collagenase were injected stereo-

tactically (1.0mm posterior and 3.0mm lateral of bregma, 4.0mm in

depth) unilaterally into the caudate putamen of adult mice. At different

time points after collagenase injection, the mice were euthanized and

their brains were analyzed histologically using cresyl violet=Luxol fast

blue histological stain to determine neuronal survival, hemorrhage vol-

ume, and edema formation.

Immunohistochemistry

Microglia were visualized using Iba-1 and F4=80, markers that recog-

nize surface antigens on cells of monocytic origin (monocytes=macro-

phages=microglia). Astrocytes were visualized using an antibody to glial

fibrillary acidic protein.

Intracerebral infusion

The mice were anesthetized as described above and a micro-osmotic

pump (Durect Corp., Cupertino, CA) containing normal saline (control

animals) or the infusion compound (macrophage=microglial inhibitory

factor [MIF] or ganciclovir [GCV]) was inserted subcutaneously through

a midline incision toward the back of the animal. A brain infusion

cannula connected to the pump was positioned at coordinates mentioned

above. The pump was secured in place on the skull with dental cement.

The infusion rate was 0.5mL=h. After installing the pump, the midline

incision was closed with sutures. The pump was allowed to infuse the

designated solution for 2 days, and then collagenase was injected as

described above. The mice are sacrificed at various time points, and their

brains were examined for neuronal survival, hemorrhage volume, edema

formation, and microglial activation.

Neurological deficit

MIF- or GCV-treated and control mice were scored blindly for neuro-

logical deficits using a 28-point neurological scoring system on day 1

after ICH. The tests included body symmetry, gait, climbing, circling

behavior, front limb symmetry, compulsory circling, and whisker re-

sponse. Each point graded from 0 to 4. Maximum deficit score was

28 [1].

Results and discussion

We used 2 models for inhibition of microglia activation.

In the first method, we infused the tripeptide MIF into

the brain at the same midline and dorsoventral coordi-

nates as the collagenase injection [13, 14]. The infusion

was started either before (one day prior) or 2 h after

collagenase injection and continued for 24 or 72 h. In

both cases, the presence of MIF attenuated the ICH in-

jury volume and improved neurological outcome in the

animals. It also reduced the extent of edema formed and

the numbers of immune cells (resident or infiltrating).

Neuronal death decreased and so did the oxidative state

of the tissue. Overall, the use of MIF was beneficial to

the animals.

The monocytic=inflammatory reaction was attenuated

in a second model of ICH: we subjected the CD11b-

HSVTK transgenic animals to collagenase-induced

ICH [5]. These are animals that express thymidine ki-

nase (TK) of herpes simplex virus (HSV) under the con-

trol of the CD11b promoter. Since CD11b-HSVTK is

expressed in cells of monocytic origin, all microglia,

monocytes, and macrophages express the transgene.

When these animals are treated with GCV, the HSVTK

protein is inhibited and the cells that express TK are

eliminated, as they are unable to replicate further.

Therefore, the GCV-treated CD11b-HSVTK gene can

practically be devoid of microglia=monocytes=macro-

phages. We delivered GCV locally into the brain paren-

chyma, induced ICH, and evaluated the extent of injury

and microglial activation at several time points. We

found that, although at early time points the extent of

ICH was similar, the injury volume was smaller in GCV-

treated animals. Moreover, hematoma was eliminated

faster in GCV-treated animals compared to control mice.

Although our results are still preliminary, they indi-

cate that microglia and their activation status can modu-

late the severity and clearance of ICH. Activation of

microglia can exacerbate ICH outcome both at early

and later time points. It is possible that proinflammatory

cytokines, secreted by activated microglia, affect ICH

outcome. Therefore, one can imagine that an effective

ICH treatment approach may result from combinations

of previous methods, namely, the seemingly indispens-

able liquefaction of hematoma, aspiration of the majori-

ty of the liquefied blood volume, and immediate delivery

of scavenger of reactive oxygen species or a microglia

activation inhibitor. Such combinatorial treatment may

allow for decreasing pressure of the ICH on surrounding

tissue, while neutralizing the action of tPA on microglia

and other inflammatory, blood-derived cells.
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Summary

Low doses of thrombin are neuroprotective while high doses are neuro-

toxic and lead to brain injury. However, evidence suggests that low

doses of thrombin cause brain injury when infused concomitantly with

tissue plasminogen activator (tPA), which is used clinically to facilitate

evacuation of intracerebral hematomas. In this study, we examined the

effects of intracerebral infusion of tPA and thrombin, individually and in

combination.

Rats were infused in the right basal ganglia with 50mL saline solu-

tions containing thrombin, tPA, or thrombinþ tPA. In the first ex-

periment, rats were used for blood–brain barrier (BBB) permeability

measurements at 24 h after infusion. In the second experiment, animals

were euthanized 3 days after infusion, and brain sections were stained

with Fluoro-Jade to measure neuronal cell death. Behavioral tests were

carried out before and after surgery.

Infusion of thrombinþ tPA markedly increased Evans blue tissue

content in ipsilateral brain samples (p<0.05). Fluoro-Jade-stained sec-

tions from thrombinþ tPA group demonstrated significantly higher

cell death counts (p<0.01). Significant neurological deficit was revealed

in thrombinþ tPA group in forelimb-placing and corner-turn tests

(p<0.01).

This study shows that tPA potentiates the neurotoxic effects of throm-

bin and leads to increased BBB permeability, neuronal cell death, and

neurological deficit. Our results suggest that using tPA to lyse intracere-

bral hematomas has potential to produce neuronal cell death and disrup-

tion of BBB.

Keywords: Blood–brain barrier permeability; tissue plasminogen

activator; thrombin.

Introduction

Tissue plasminogen activator (tPA) has been used to

lyse intracerebral hematomas to facilitate their removal

[9, 16]. Its function is to activate the fibrinolytic substance,

plasmin, which breaks down blood clots. Thrombin is a

serine protease that is responsible for forming blood

clots. While it has been shown that thrombin at low

doses is neuroprotective [13, 15], it has also been dem-

onstrated that thrombin causes brain injury at sufficient-

ly high doses and contributes to brain injury after

intracerebral hemorrhage (ICH) [5, 12]. However, evi-

dence suggests that low doses of thrombin cause brain

injury when infused concomitantly with tPA [1].

This is significant because the use of tPA to lyse in-

tracerebral hematomas in humans could cause increased

blood–brain barrier (BBB) permeability and neuronal

injury, further exacerbating the brain injury caused by

ICH. This particularly applies to the stereotactic injec-

tion of tPA directly into the coagulum, which is used in

certain neurosurgical procedures in humans [4]. In this

study, we examined the effects of intracerebral infusion

of tPA and thrombin, individually and in combination.

We hypothesized that tPA potentiates BBB disruption,

cell death, and neurological deficit induced by thrombin.

Materials and methods

Animal preparation and intracerebral infusion

Animal protocols were approved by the University of Michigan

Committee on the Use and Care of Animals. Male Sprague-Dawley rats

(Charles River Laboratories, Portage, MI), each weighing 250–300 g,

were used for all experiments. Animals were allowed free access to food

and water before and after surgery. Rats anesthetized with pentobarbital

(50mg=kg, i.p.) were placed in a stereotactic frame, and the scalp was

incised along the sagittal midline using a sterile technique. A 1-mm

cranial burr-hole was drilled on the right coronal suture 4.0mm lateral to

the bregma. A 26-gauge needle was inserted into the right caudate with

stereotactic guidance (coordinates: 0.1mm anterior, 5.5mm ventral, and

4.0mm lateral to bregma). Animals were divided into 3 groups, and each

group was infused with either 1U thrombin, 2mg tPA, or 1U throm-

binþ 2mg tPA dissolved in 50mL saline. Solutions were infused into

the brain at a rate of 10mL=min using an infusion pump (Harvard
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Apparatus Inc., Holliston, MA), and after infusion the needle was left in

place for 2min. The needle was then withdrawn, the burr-hole filled with

bone wax, and the scalp incision closed with 2–3 sutures [1, 2]. The rats

were sacrificed either 24 or 72h after intracerebral infusion so that

measurements of BBB permeability or cell death, respectively, could

be made [2, 10, 11, 14].

In animals with a 72-h recovery period, behavioral testing was carried

out the day before surgery and the day of sacrifice to measure any

neurological deficit present [3].

Measurement of BBB permeability

BBB permeability was investigated by measuring the extravasation of

Evans blue in each of the 3 groups (n¼ 6 each) [6]. Evans blue dye (2%

in saline, 4mL=kg) was injected intravenously 24h after intracerebral

infusion. Two hours after Evans blue injection, the chest wall was

opened under lethal anesthesia and the animals were perfused with

0.1mol=L phosphate-buffered saline (PBS) through the left ventricle

until colorless perfusion fluid was obtained from the right atrium.

After decapitation, the brain was removed and dissected into left and

right hemispheres, which were then weighed. Brain samples were placed

in 3mL 50% trichloroacetic acid solution, and then homogenized

and centrifuged (4000 rpm for 60min). The supernatant was measured

at 610 nm for absorbance using a spectrophotometer (Ultrospec 3;

Pharmacia LKB Biotechnology, Uppsala, Sweden). The tissue content

of Evans blue was quantified from a linear standard curve and was

expressed as micrograms per gram of brain tissue.

Measurement of cell death

To measure cell death, brain sections were prepared according to stan-

dard protocols for histopathological study [6]. The same 3 groups were

once again established (n¼ 4 each), and 3 days after intracerebral infu-

sion, animals were perfused intracardially under lethal anesthesia with

4% paraformaldehyde in 0.1mol=L PBS (pH 7.4). Brains were placed

in 4% paraformaldehyde overnight and then immersed in 30% sucrose

for 3 days and stored at 4 �C. The brains were embedded in a mixture of

30% sucrose and optimal cutting temperature compound, and 18-mm-

thick coronal frozen sections were made on a cryostat. For each group, 2

slices of the basal ganglia were taken from each brain. The slices were

analyzed using the Fluoro-Jade staining technique described by Schmued

et al. [8]. Briefly, tissue sections were immersed in 100% alcohol for

3min, 70% alcohol for 1min, then deionized H2O for 1min before being

stained with 0.06% potassium permanganate for 15min. After washing

again in deionized water for 1min, tissue sections were immersed in

0.001% Fluoro-Jade staining solution for 30min, and then washed 3

times in deionized water for 1min each time. After drying under a fan

for 30min, sections were placed into 100% xylene for 6min and then

given a coverslip with DPX. This technique is useful for detecting

neuronal cell death because it causes dead neurons to fluoresce bright

green while leaving healthy neurons and glial cells unstained. Using a

camera mounted to a fluorescent microscope, 3 pictures of different

areas in the basal ganglia were taken at 400� for each slide and cell

counts were made. Fluorescing dead neurons in the area of the basal

ganglia were photographed if present; otherwise, pictures were taken in

unstained regions throughout the basal ganglia. For each brain slice, the

mean number of degenerating neurons was calculated by adding up the

number of fluorescing cells in all 3 pictures and then taking the average.

Measurement of neurological deficit

Forelimb-placing test, forelimb-use asymmetry test, and corner-turn test

were preformed in order to assess neurological deficit, as described in

our previous studies [3]. For the behavioral tests, all animal behavior was

tested the day before surgery and 3 days after surgery, and scored by

experimenters blind to both neurological and treatment conditions.

Three groups were established (n¼ 8 each) based on infusion of throm-

bin, tPA, or thrombinþ tPA, as described previously.

Statistical analysis

All data were reported as mean � SD. Student t-test was used to analyze

data for statistical significance. Values of p<0.05 were considered

significant.

Results

BBB permeability

Two hours after intravenous injection of Evans blue,

the thrombinþ tPA group showed a significant increase

in Evans blue content of the ipsilateral hemisphere as

compared with the thrombin and tPA groups, demon-

strating disruption of the BBB and increased permeabil-

ity (4.9� 2.0 vs 2.5� 0.7 with thrombin, and 2.4�
0.8 mg=g with tPA, p<0.05; Fig. 1). There was no sig-

nificant difference in the amount of extravasated Evans

blue in the contralateral hemisphere among any of the 3

groups. The net Evans blue content, which was calculat-

ed by taking the difference between the ipsilateral and

contralateral measurements, was substantially higher in

the thrombinþ tPA group as compared with the other 2

groups (2.9� 1.7 vs 1.2� 0.6 with thrombin, p¼ 0.06,

and 1.0� 0.3 mg=g with tPA, p<0.05; Fig. 1). While the

net Evans blue content in the thrombinþ tPA group was

not significantly greater than the thrombin group statis-

tically, this may be due to inadequate perfusion resulting

in the presence of excess dye liquid in the contralateral

hemisphere. Nevertheless, there was still a marked in-

Fig. 1. Evans blue content in the brain 24 h after intracerebral injec-

tion of thrombin, tPA, and thrombinþ tPA. Values are mean � SD,

n¼ 6. �p<0.05 vs thrombin and tPA; #p¼ 0.06 vs thrombin and

p<0.05 vs tPA
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crease in net Evans blue extravasation that almost met

the requirements for statistical significance.

Cell death

The Fluoro-Jade stain revealed a marked increase in

the mean number of dead neurons per section in the

thrombinþ tPA group as compared with the other

groups that received infusions of either thrombin or

tPA alone (39.5� 26.8 vs 1.1� 2.1 with thrombin and

2.5� 5.2 with tPA, p<0.01; Fig. 2). A sharp contrast

can be seen in the number of bright green cells in each

image between the first 2 groups and the thrombinþ tPA

group as few, if any, neurons fluoresce in the thrombin

and tPA groups, while the entire field of view is filled

with stained, degenerating neurons in the thrombinþ
tPA group.

Neurological deficit

As compared with the thrombin and tPA groups, there

was a significantly greater deficit in the thrombinþ tPA

group in both the contralateral forelimb-placing test

(0.0� 0.0% vs 46.3� 36.2% with thrombin and 65.0�
43.8% with tPA, p<0.01; Fig. 3) and the right corner-

turn test (83.8� 20.7% vs 53.8� 30.2% with thrombin,

p<0.04, and 48.8� 15.5% with tPA, p<0.01; Fig. 3).

None of the animals in the thrombinþ tPA group was able

to respond to contralateral vibrissae contact, indicating

neurological injury in the ipsilateral side. Similarly, this

group exhibited a significantly higher percentage of right

corner turns, which further evidences the neurological

damage to the ipsilateral side.While the mean asymmetry

score was higher for the thrombinþ tPA group as com-

pared with the other 2 groups, the large variation led to

a difference that was not significant.

Discussion

The results of this study suggest that administering tPA

with a low dose of thrombin potentiates the neurotoxic

effects induced by thrombin, resulting in increased BBB

permeability, neuronal cell death, and neurological defi-

cit. While tPA and low doses of thrombin do not result in

significant disruption of the BBB or neuronal cell death

when administered separately, when given in combina-

tion they produce a marked increase in BBB permeabil-

ity and neuronal injury, in addition to a neurological

deficit.

It has been shown that thrombin in high doses kills

neurons and astrocytes in vitro [16]. As evidenced in this

study, a low dose of thrombin can become equally dele-

terious after potentiation with tPA. Disruption in the

BBB may be due to the death of astrocytes and other

glial cells in the brain rather than the death of neurons,

as the linkage between neuronal cell death and increased

BBB permeability is unclear. The neurological deficit

may be associated with the death of both glial cells

and neurons in the basal ganglia.

Our results suggest that using tPA to lyse intracerebral

hematomas has the potential to produce neuronal cell

death and disruption of the BBB. The clinical usage of

tPA to treat ICH is widespread. Certain neurosurgical

protocols call for direct stereotactic puncture of the in-

tracerebral hematoma and injection of tPA [7], and a

parallel can be drawn between this direct infusion into

the coagulum and the procedures used in this study.

Thus, further research into the clinical usage of tPA to

lyse intracerebral hematomas is warranted in order to

Fig. 2. Dead neuronal cell count on Fluoro-Jade-stained brain sections.

Values are mean � SD, n¼ 4. �p<0.01 vs thrombin and tPA

Fig. 3. Results of postoperative behavioral tests after 3 days of rec-

overy. Values are mean � SD, n¼ 8. �p<0.01 vs thrombin and tPA;
#p<0.05 vs thrombin and p<0.01 vs tPA
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investigate the potentially neurotoxic effects that tPA

may have on the brain.
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Summary

Microglial activation and thrombin formation contribute to brain injury

after intracerebral hemorrhage (ICH). Tumor necrosis factor-alpha

(TNF-�) and interleukin-1 beta (IL-1�) are 2 major proinflammatory

cytokines. In this study, we investigated whether thrombin stimulates

TNF-� and IL-1� secretion in vitro, and whether microglial inhibition

reduces ICH-induced brain injury in vivo.

There were 2 parts to this study. In the first part, cultured rat micro-

glial cells were treated with vehicle, thrombin (5 and 10U=mL), or

thrombin plus tuftsin (0.05mg=mL), an inhibitor of microglia activation.

Levels of TNF-� and IL-1� in culture medium were measured by

ELISA at 4, 8, and 24h after thrombin treatment. In the second part

of the study, rats received an intracerebral infusion of 100mL autologous

whole blood with or without 25mg of tuftsin 1–3 fragment. Rats were

killed at day 1 or day 3 for immunohistochemistry and brain water

content measurement.

We found that thrombin receptors were expressed in cultured micro-

glia cells, and TNF-� and IL-1� levels in the culture medium were

increased after thrombin treatment. Tuftsin reduced thrombin-induced

upregulation of TNF-� and IL-1�. In vivo, microglia were activated after

ICH, and intracerebral injection of tuftsin reduced brain edema in the

ipsilateral basal ganglia (81.1 � 0.7% vs. 82.7 � 1.3% in vehicle-treated

group; p<0.05) after ICH.

These results suggest a critical role of microglia activation in ICH-

related brain injury.

Keywords: Cerebral hemorrhage; interleukin-1�; microglia; throm-

bin; tumor necrosis factor-�.

Introduction

Microglia are cells within the brain that are activated in

response to injury. Depending upon specific conditions,

they can have neurotrophic or neurotoxic actions [24]. In

normal brain, microglia are in a quiescent state, but in

the event of injury they become highly phagocytic and

are involved in clearing debris from the damaged site

[24]. Activated microglia are associated with ischemic

and hemorrhagic brain injury including intracerebral

hemorrhage (ICH), and there is evidence that microglia

contribute to ICH-induced brain damage [9, 36, 37]. The

activation of microglia that occurs after ICH is marked

by changes in cellular morphology, size, and number.

Thrombin is a serine protease and an essential com-

ponent in the coagulation cascade. It is produced im-

mediately in the brain after ICH. Thrombin in high

concentrations kills neurons and astrocytes in vitro

[13, 25, 28], and we have demonstrated that thrombin

is responsible for early brain damage following ICH

in vivo [10, 15, 31, 32].

Some of the normal cellular effects of thrombin are

receptor mediated. Three protease-activated receptors

(PARs), PAR-1, PAR-3, and PAR-4, are thrombin recep-

tors [2–4]. Expression of thrombin receptor mRNA is

found in neurons and astrocytes [20, 30]. Recent studies

indicate that PARs mediate some of the pathological

effects of thrombin and are involved in central nervous

system pathophysiology [21, 35]. Thrombin can activate

microglia, and activated microglia release proinflam-

matory cytokines such as tumor necrosis factor-alpha

(TNF-�) and interleukin-1 beta (IL-1�), which are harm-

ful to the brain [19]. It has been reported that a tripeptide

tuftsin fragment 1–3, Thr-Lys-Pro, also called macropha-

ge=microglial inhibitory factor [1], significantly reduces

brain injury and improves functional outcomes in an ICH

model in mice [29].

In this study, we examined whether or not thrombin

can stimulate TNF-� and IL-1� secretion in cultured

microglial cells and whether or not microglial inhibition

with tuftsin fragment 1–3 can reduce perihematomal

edema in rats.

Correspondence: Ya Hua, M.D., Department of Neurosurgery, Uni-

versity of Michigan Medical School, 109 Zina Pitcher Place, R5018

Biomedical Science Research Building, Ann Arbor, MI 48109-2200,

USA. e-mail: yahua@umich.edu



Materials and methods

Experiments in vitro

Microglia culture

Cultures of microglia were established based on the differential ad-

herence of cells harvested from neonatal (day 1–3) Sprague-Dawley

rat cortex. The methods used were a modification of those used by

McCarthy and deVellis [18]. Mixed cell cultures were initially estab-

lished in T75 Falcon flasks. Cerebra were dissected and placed in a

medium for astrocytes (DMEM plus 10% FBS, 1% glutamine and 2%

Antibiotic-Antimycotic; GIBCO, Carlsbad, CA). Meninges and blood

vessels were removed. The medium was then removed and cerebra were

minced with a blade. Tissues were suspended in modified Hanks’

Balanced Salt Solution (HBSS) (500mL HBSSþ 25mM HEPESþ
5mL Antibiotic-Antimycotic; GIBCO). After centrifugation, the cell

pellet was digested in 0.5% trypsin at 37 �C for 20min, then re-sus-

pended in Buffer T (23.5mL modified HBSSþ 200U DNase I

[Invitrogen, Carlsbad, CA]þ 0.5mL 3.8% MgSO4 [Sigma-Aldrich

Co., St. Louis, MO]). The cells were then re-centrifuged and re-sus-

pended in astrocyte medium and HBSS (1:1 ratio). After centrifugation,

the pellet was re-suspended in astrocyte medium, and the cells plated

into T75 Falcon flasks coated with poly-L-lysine at a density of

1�106=mL. The cells were cultured at 37 �C in an atmosphere of 5%

CO2 in air. The medium was changed after 3–4 days. After 7–10 days,

the flask was shaken at 200 rpm for 1 h on a gyratory shaker at 4 �C. The
supernatant cells were plated on uncoated T25 flasks and incubated for

30min at 37 �C. The cells were then washed with Tris-buffered saline

containing 1 nM EDTA (Sigma-Aldrich Co.) and the supernatant dis-

carded. The remaining microglia cells were fed with microglia culture

medium (10% FBS, 2% AA, 1% glutamine and M-CSF 10ng=mL

[Sigma-Aldrich Co.] in DMEM). The purity of the cultured microglial

cells was confirmed by OX-42 staining.

Experimental groups

There were 2 groups of experiments. In the first, cultured microglia were

collected for immunocytochemistry. In the second, microglia were

treated with different doses of human thrombin (5 and 10U=mL;

Sigma-Aldrich Co.) or thrombin (10U=mL) � tuftsin (0.05mg=mL;

Sigma-Aldrich Co.). Culture medium was collected for IL-1� and

TNF-� measurements.

Immunocytochemistry

Microglia were seeded on 8-chamber glass slides at a density of 1�
104=well. Five days later, cultures were washed with phosphate-buffered

saline (PBS), fixed with 4% paraformaldehyde for 20min followed by

washing with PBS. Slides were incubated overnight at 4 �Cwith the prim-

ary antibodies for either mouse anti-rat OX-42 (Serotec Inc., Raleigh,

NC), rabbit anti-human PAR-1, rabbit anti-human PAR-3, or goat anti-

mouse PAR-4 (Santa Cruz Biotechnology Inc., Santa Cruz, CA) at a

concentration of 1:400. Theywere then incubatedwith avidin-biotinylated

horseradish peroxidase (Vector Laboratories, Burlingame, CA) second

antibodies and diamino-benzidine hydrogen peroxide (Stable DAB;

Research Genetics Inc., Huntsville, AL) for 90min each at room tem-

perature. After dehydration, sections were cover-slipped for microphotog-

raphy. Normal IgG (from the same species as the primary antibody) or

omission of the primary antibody was used as a negative control.

Measurements of IL-1� and TNF-�

Cells were seeded at a density of 1�105 in 24-well plates. After 24 h in

growth media, the cells were cultured in serum-free media for 18h prior

to treatment with thrombin at doses of 0, 5, and 10U=mL. Microglia-

conditioned medium from each well was collected at 4, 8, and 24h,

and the concentrations of IL-1� and TNF-� were quantified by ELISA

(R & D Systems, Inc., Minneapolis, MN). The final IL-1� and TNF-�

concentration from each well was standardized by protein concentration.

Experiments in vivo

Animal preparation and intracerebral injection

The University of Michigan Committee on the Use and Care of Animals

approved the protocols for these animal studies, which used male

Sprague-Dawley rats aged 3 to 4 months (Charles River Laboratories,

Wilmington, MA). Septic precautions were used for all surgical proce-

dures, and body temperature was maintained at 37.5 �C using a feed-

back-controlled heating pad. Rats were anesthetized with pentobarbital

(50mg=kg, i.p.) and the right femoral artery was catheterized for con-

tinuous blood pressure monitoring and blood sampling. Blood from the

catheter was used to determine pH, PaO2, PaCO2, hematocrit, and

glucose. It was also the source for the intracerebral blood infusion.

The animals were positioned in a stereotactic frame (David Kopf

Instruments, Tujunga, CA). Blood or thrombin was injected into the

right caudate nucleus through a 26-gauge needle at a rate of 10mL per

minute using a microinfusion pump (Harvard Apparatus Inc., Holliston,

MA). The coordinates were 0.2mm anterior to bregma, 5.5mm ventral,

and 4.0mm lateral to midline. After intracerebral infusion, the needle

was removed and the skin incision closed with suture.

Experimental groups

Rats had intracerebral injection of 5U of thrombin in 50mL saline, or

100mL of blood with or without 25mg tuftsin. Rats were killed at days 1

and 3 and the brains used for brain water content, sodium ion measure-

ments, and immunohistochemistry.

Immunohistochemistry

Rats were anesthetized with pentobarbital (60mg=kg, i.p.) and perfused

with 4% paraformaldehyde in 0.1M PBS (pH 7.4). Brains were re-

moved, kept in 4% paraformaldehyde for 6 h, and then immersed in

25% sucrose for 3 to 4 days at 4 �C. The brains were then embedded in

O.C.T compound (Sakura Finetek U.S.A. Inc., Torrance, CA) and sec-

tioned on a cryostat (18mm thick) for immunohistochemistry, as previ-

ously described [34]. Briefly, sections were incubated overnight at 4 �C
with the primary antibody mouse anti-rat OX-42 (Serotec Inc.) at a

concentration of 1:400. They were then incubated with avidin-biotiny-

lated horseradish peroxidase (Vector Laboratories) second antibody and

diamino-benzidine hydrogen peroxide (Stable DAB; Research Genetics

Inc.) for 90min each at room temperature. After dehydration, sections

were cover-slipped for microphotography. Normal IgG (from the same

species as the primary antibody) or omission of the primary antibody

was used as a negative control.

Brain water and ion content measurements

Rats received an injection of 100mL blood with 5mL saline or 25mg
tuftsin (in 5mL saline) into right basal ganglia. Rats were killed under

deep pentobarbital anesthesia at day 3. The brains were removed im-

mediately and a 4-mm thick coronal section was taken 3mm from the

frontal pole. The brain sample was then divided into cortex or basal

ganglia (ipsilateral or contralateral). Tissue samples were weighed to

obtain the wet weight (WW). The tissue was then dried in a gravity oven

at 100 �C for more than 24 h to determine the dry weight (DW). Tissue

water content (%) was calculated as ([WW�DW]=WW)�100.
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Dehydrated brain samples were digested in 1mL of 1N nitric acid for 1

week. Sodium and potassium ion contents in this solution were mea-

sured by flame photometry and expressed in micro-equivalents per gram

of dehydrated brain tissue (mEq=gm DW).

Statistical analysis

All data in this study are presented as mean � standard deviation. Data

were analyzed using Student t-test or ANOVAwith a Scheffe’s post-hoc

multiple comparison test. Significance levels were set at p<0.05.

Results

Experiments in vitro

Thrombin receptor expression in cultured rat microglia

Purity of microglial cultures was determined by im-

munocytochemistry. Most cultured cells were OX-42

(a marker of microglia)-positive (Fig. 1A) and glial

fibrillary acidic protein (a marker of astrocytes)-negative

(Fig. 1B). Immunoreactivity of thrombin receptors

PAR-1, PAR-3, and PAR-4 were detected in the cultured

microglia. PAR-1 immunoreactivity and PAR-4 immu-

noreactivity were present in large numbers of cultured

microglia (Fig. 2A and C). However, PAR-3 immunore-

activity was found in some microglia (Fig. 2B).

Thrombin-induced secretion of IL-1� and TNF-�

Cultured microglia released IL-1� and TNF-� into the

culture medium. Thrombin treatment (5 or 10U=mL)

increased IL-1� and TNF-� secretion at 4, 8, and 24 h

in a dose-dependent manner (Fig. 3A and B). Co-treat-

ment of thrombin (10U=mL) for 24h with tuftsin

(0.05mg=mL) significantly reduced levels of IL-1� (a

35% decrease compared with the vehicle-treated group;

p<0.05) and TNF-� (a 22% decrease compared with the

vehicle-treated group; p<0.05) in the culture medium.

Experiments in vivo

All physiologic variables were measured immediate-

ly before intracerebral injections. Mean arterial blood

pressure (MABP), pH, arterial oxygen and carbon

dioxide tensions (PO2 and PCO2), hematocrit, and

blood glucose were controlled within normal range

(MABP, 80–120mmHg; PO2, 80–120mmHg; PCO2,

Fig. 1. (A) OX-42 and (B) GFAP immu-

nostaining in cultured rat microglia. Scale

bar¼ 20 mm

Fig. 2. Immunocytochemistry of cultured rat microglia. (A) PAR-1, (B) PAR-3, and (C) PAR-4. Scale bar¼ 20 mm
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Fig. 4. OX-42 immunoreactivity in basal ganglia after ICH. (A) Contralateral basal ganglia, day 1; (B) ipsilateral basal ganglia, day 1; (C)

contralateral basal ganglia, day 3; (D) ipsilateral basal ganglia, day 3. Scale bar¼ 50 mm

Fig. 3. IL-1� and TNF-� levels in microglia culture medium after different durations of thrombin treatment. (A) Cultured microglia treated with

either vehicle or thrombin (5 and 10 U=mL). Values are mean � SD, �p<0.05 and #p<0.01 vs. control (ANOVA testþScheffe’s post hoc test).

(B) Cultured microglia treated with either vehicle or thrombin (5 and 10U=mL). Values are mean � SD, #p<0.05 vs. control
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35–45mmHg; hematocrit, 38–43%; blood glucose,

80–120mg=dL).

Microglia activation after intracerebral blood

and thrombin infusion

Immunohistochemistry showed microglia activation af-

ter ICH. Reactive and phagocytic microglia were found

around the hematoma at day 1 and day 3 after ICH.

On the first day after ICH, microglial cells were sig-

nificantly activated and the activated microglial cells

were enlarged and bushy (Fig. 4B). Three days later,

many microglia around the hematoma were phagocytic

(Fig. 4D). Activated and phagocytic microglial cells

were also found in the ipsilateral caudate after 5-U

thrombin injection at 1 and 3 days, respectively (data

not shown).

Attenuation of ICH-induced brain edema by tuftsin

To test the role of microglia activation in brain edema

formation after ICH, rats received an injection of 100 mL
autologous whole blood with 5 mL saline� 25 mg tuftsin

into the right basal ganglia. Brain water content was

measured 3 days later. We found that tuftsin treatment

reduced brain edema in the ipsilateral basal ganglia

(80.8� 0.9% vs. 83.4� 0.8% in the saline-treated group;

p<0.01; Fig. 5A). Tuftsin treatment did not affect brain

water content in the cerebellum. Reduction of perihema-

tomal edema was associated with a reduction in brain

sodium levels (294� 31 vs. 368� 64 mEq=gm DW in

the saline-treated group; p<0.05).

Discussion

In this study, we demonstrated that microglia are acti-

vated after ICH, that thrombin can stimulate microglia to

secrete IL-1� and TNF-�, and that microglia inhibition

with tuftsin reduces ICH-mediated perihematomal brain

edema. These results suggest an important role of throm-

bin-activated microglia in brain injury following ICH,

and that this injury may transpire by way of proinflam-

matory cytokines.

Thrombin is produced immediately in the brain after

an ICH. Thrombin is necessary to stop the bleeding

and it can also have direct neuroprotective actions at

very low concentrations [25, 28, 33]. However, at high

concentrations, thrombin can also activate potentially

harmful pathways. In vivo, thrombin contributes to

ICH-related injury, including brain edema formation

and neuronal death [35, 36]. We have shown that

thrombin-induced edema occurs in part from a direct

opening in the blood-brain barrier [16]. In vitro, throm-

bin induces apoptosis in cultured neurons and astro-

cytes [6], potentiates N-methyl-D-aspartate (NMDA)

receptor function [7], and activates rodent microglia

[19, 26, 27]. Our current study focused on the effects

of the latter, examining which thrombin receptors are

present on microglia, the effects of thrombin on the

secretion of proinflammatory cytokines by microglia,

the extent of microglia activation after ICH, and the

results of microglia inhibition on ICH-induced brain

injury.

Whether thrombin activates microglia through throm-

bin receptors is a concept that has not been well-studied.

Three PARs, including PAR-1, PAR-3, and PAR-4, are

thrombin receptors. It has been reported that PARs are

expressed in microglia [19, 26, 27]. We showed that

PAR-1 and PAR-4 are the 2 major thrombin receptors

in microglia. PAR-1 and PAR-4 are linked to a wide var-

iety of intracellular signaling cascades [3]. Recent stud-

ies indicate that many of the effects of thrombin are

PAR-mediated [35]. For example, Suo et al. [26, 27]

Fig. 5. (A) Brain water and (B) sodium content 3 days after ICH.

Rats received an injection of either bloodþ vehicle or bloodþ tuftsin

into the right basal ganglia. Values are mean � SD, n¼ 5. �p<0.05,
#p<0.01 vs. vehicle; Student t-test

Microglial activation and brain injury after ICH 63



found that PAR-4, but not PAR-1, mediates thrombin-

induced TNF-� production in microglia.

Activated microglia secrete many toxic materials such

as free radicals [14]. Here, we found that rat microglia

can secrete IL-1� and TNF-� upon exposure to throm-

bin. TNF-� is a major proinflammatory cytokine. TNF-

� levels in the brain are increased after intracerebral

injection of thrombin, and ICH [11] and ICH-induced

brain edema was less in TNF-� knockout mice com-

pared with wild-type mice [12]. It appears that TNF-�

is involved in ICH- and thrombin-induced brain injury.

Similarly, IL-1� is also a proinflammatory cytokine.

Although it is important in initiating tissue repair, it

can also induce prolonged inflammation and it is as-

sociated with certain pathologies in humans. IL-1� has

multiple potentially harmful effects on the brain, includ-

ing neurotoxicity, opening of the blood-brain barrier,

and inducting apoptosis and neutrophil infiltration. Our

previous study showed attenuation of ICH and thrombin-

induced brain edema by overexpression of IL-1� re-

ceptor antagonist in the brain [17]. In all, these results

and those in our current study suggest that thrombin-

induced production of these proinflammatory cytokines

by microglia may have an important role in ICH-induced

brain injury.

Activation of microglia around the hematoma occurs

after ICH [8, 9, and this study]. We found that microglia

activation is associated with brain edema formation fol-

lowing ICH since tuftsin fragment 1–3, an inhibitor of

microglia activation [1], results in less perihematomal

edema. We have previously found that microglial acti-

vation enhances brain injury in aged rats after ICH

[9]. In addition, microglial inhibition decreases injury

volume and improves neurobehavioral deficits in a col-

lagenase-induced ICH model in mice [29]. Recently,

minocycline, a second-generation tetracycline-based mol-

ecule, has been reported to provide neuroprotection by

inhibiting microglia [22]. We believe, therefore, that

tuftsin reduces ICH-induced brain edema through micro-

glia inhibition. However, it should be noted that al-

though microglial activation is a brain injury marker

for many central nervous system diseases [5, 23], it

has neurotrophic actions [24]. The precise role of micro-

glial activation in ICH-induced brain injury may depend

upon the timing and degree of microglial activation.

In summary, thrombin formation after ICH activates

microglia and activated microglia secrete IL-1� and

TNF-�. Clarification of the role of microglia activation

in ICH-induced brain injury should help in development

of new therapies to limit hemorrhagic brain damage.
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Summary

Intracerebral hemorrhage (ICH)-induced brain edema and neurological

deficits are greater in aged rats than in young rats. Complement activa-

tion and neutrophil infiltration contribute to brain injury after ICH. In

this study, we investigated the effects of aging on activation of the

complement cascade and neutrophil influx following ICH.

Male Sprague-Dawley rats (3 or 18 months old) received an infusion

of 100mL autologous blood into right caudate. Rats were killed at 1, 3, 7,

and 28 days after ICH and the brains were sampled for immunohis-

tochemistry and Western blot analysis. Levels of complement factor C9

and clusterin were used as markers for complement activation, and

myeloperoxidase (MPO) staining was performed to detect neutrophil

infiltration. Western blot analysis showed that complement C9 and

clusterin levels in ipsilateral basal ganglia after ICH were higher in aged

rats than in young rats (p<0.05). Immunohistochemistry showed there

were more C9- and clusterin-positive cells around the hematoma in aged

rats. However, MPO-positive cells in ipsilateral basal ganglia were fewer

in aged rats (p<0.05) after ICH.

Our results suggest that ICH causes more severe complement activa-

tion and less neutrophil infiltration in aged rats. Clarification of the

mechanisms of brain injury after ICH in the aging brain should help

develop new therapeutic strategies for ICH.

Keywords: Aging; cerebral hemorrhage; complement; myeloperox-

idase.

Introduction

Age is an important factor affecting brain injury in

intracerebral hemorrhage (ICH) in both animals and

humans [2, 5, 13]. In ICH patients, age is a key predictor

of functional outcome [2]. Our recent studies found that

ICH causes more severe brain injury in aged rats com-

pared to young ones [5].

The complement system is involved in various im-

mune reactions, including cell lysis and the inflammato-

ry response [1, 8]. The complement cascade is activated

in brain parenchyma after ICH. Inhibition of the com-

plement cascade attenuates ICH-induced brain damage

in rats [6]. Recently, we found that complement C3 de-

ficient mice had less brain edema and less microglial

activation around the hematoma compared to comple-

ment C3 sufficient mice [15].

Inflammation exacerbates hemorrhagic brain injury.

An inflammatory response in the tissue surrounding

brain occurs soon after ICH and peaks several days later

in humans and in animals [3, 4, 7, 14]. Neutrophil infil-

tration develops within 2 days in rats and activated

microglia persist for a month [5, 7].

In the present study, we examined the role of age in

complement cascade activation and neutrophil infiltra-

tion after ICH.

Materials and methods

Animal preparation and intracerebral infusion

Animal use protocols were approved by the University of Michigan

Committee on the Use and Care of Animals. Male Sprague-Dawley rats

(Charles River Laboratories, Wilmington, MA) 3 months or 18 months

old were used in this study. These age groups are henceforth called

young and aged rats, respectively. Animals were anesthetized with

pentobarbital (40mg=kg, i.p.). The right femoral artery was catheterized

for continuous blood pressure monitoring and blood sampling. Blood

was obtained from the catheter for analysis of blood pH, PaO2, PaCO2,

hematocrit, and blood glucose. Core temperature was maintained at

37 �C with use of a feedback-controlled heating pad. Rats were posi-

tioned in a stereotactic frame, and a cranial burr hole (1mm) was drilled

in the right coronal suture 3.5mm lateral to the midline. All rats received

a 100-mL injection of autologous whole blood into the right caudate

nucleus at a rate of 10mL per minute through a 26-gauge needle (coor-
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dinates 0.2mm anterior, 5.5mm ventral, and 3.5mm lateral to bregma)

using a microinfusion pump. The needle was removed, and the skin

incision was closed with suture after infusion.

Immunohistochemistry

Rats were anesthetized with pentobarbital (60mg=kg, i.p.) and perfused

with 4% paraformaldehyde in 0.1M phosphate-buffered saline (pH 7.4).

Brains were removed and kept in 4% paraformaldehyde for 4 to 6 h, then

immersed in 25% sucrose for 3 to 4 days at 4 �C. Brains were embedded

in O.C.T compound (Sakura Finetek USA Inc., Torrance, CA) and

sectioned on a cryostat (18mm thick).

Immunohistochemistry was performed using avidin-biotin complex

technique as previously described [11]. The primary antibodies were

rabbit anti-rat C9 (1:800 dilution; a gift from Dr. P. Morgan, University

of Wales), rabbit anti-rat clusterin (1:400 dilution; a gift from Dr.

M. Griswold, Washington State University), rabbit anti-human my-

eloperoxidase (MPO; 1:200 dilution; DAKO, Dakopatts, Denmark).

Normal rabbit IgG and the absence of primary antibody were used for

negative controls.

Western blot analysis

Animals were anesthetized and decapitated at different time points.

Animals were perfused transcardially with saline. The brain was then

removed and a 4-mm coronal brain slice was cut from the frontal pole

(approximately 3mm thick). The brain slice was divided into ipsilateral

and contralateral cortex, and ipsilateral and contralateral basal ganglia.

Brain tissues were immersed in 0.5mLWestern sample buffer (62.5mM

Tris–HCl, pH 6.8, 2.3% sodium dodecyl sulfate, 10% glycerol, and 5%

�-mercaptoethanol) and then sonicated for 10 sec. Sample solution

(10mL) was taken for protein assay (Bio-Rad Laboratories, Hercules,

CA), while the rest was frozen at �20 �C for Western blot. Western

blot analysis was performed as described previously [11]. Briefly, 50mg

Fig. 1. Complement C9 protein levels in ipsilateral (Ipsi-) and contra-

lateral (Contra-) basal ganglia (BG) 1 day after ICH in aged and young

rats. Values are mean � SD; #p<0.01 and �p<0.05 vs. contralateral

basal ganglia (Contra-BG)

Fig. 2. Immunoreactivity of clusterin in ipsilateral basal

ganglia of (A) aged or (B) young rats 1 day after ICH. Scale

bar¼ 50mm. (C) Clusterin protein levels in contralateral

(Contra-) and ipsilateral (Ipsi-) basal ganglia (BG) in aged

and young rats 1 day after ICH. Values are mean � SD;
#p<0.01 vs. the other groups
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protein was run on polyacrylamide gels with a 4% stacking gel

(SDS-PAGE) after 5min boiling at 95 �C. The protein was transferred

to a hybond-C pure nitrocellulose membrane (Amersham Biosciences,

Piscataway, NJ). The membranes were blocked in 5% Carnation non-fat

dry milk in TBST (150mM NaCl, 100mM Tris-base, 0.1% Tween 20,

pH 7.6) buffer for 1 h at 37 �C. After washing in TBST buffer 3 times,

membranes were probed with primary antibody for 90min at room

temperature. After washing the membranes with TBST buffer 3 times,

the membranes were immuno-probed again with the second antibody for

1 h at room temperature. Finally, membranes were washed 3 times in

TBST buffer and the antigen-antibody complexes visualized with the

ECL chemiluminescence system (Amersham Biosciences) and exposed

to Kodak X-OMAT film. The relative densities of the protein bands were

analyzed with NIH Image software, version 1.61 (National Institutes of

Health, Bethesda, MD).

Statistical analysis

Student t-test and ANOVA test were used. Values are mean� SD.

Statistical significance was set at p<0.05.

Results

Time-course showed that complement C9 protein levels

(Western blotting) were significantly increased in ipsi-

lateral basal ganglia and peaked 1 day after intracerebral

injection of 100 mL autologous whole blood in both

young and aged rats. Complement C9 content then

decreased with time and was very low by day 28.

Compared to young rats, aged rats had higher levels of

complement C9 in ipsilateral basal ganglia 1 day after

ICH (8006� 1726 vs. 4578� 1597 pixels in young rats,

p<0.05; Fig. 1).

By Western blot analysis, clusterin was markedly in-

creased 1 day after ICH in both aged and young rats.

There were more clusterin-positive cells in the ipsilateral

caudate in aged rats compared to young rats (Fig. 2A,

B). Protein levels of brain clusterin in aged rats were

significantly higher than in young rats (3646� 1656 vs.

1009� 134 pixels; p<0.05; Fig. 2C) 1 day after ICH.

Neutrophil infiltration occurred in the brain after ICH.

There were more MPO-positive cells in ipsilateral basal

ganglia at day 3 than at day 1 after ICH. At day 3, the

numbers of MPO-positive cells were lower in aged rats

(35� 6 vs. 97� 53 cells=mm2; p<0.05, Fig. 3).

Discussion

Our previous studies have indicated that complement is

activated in the brain after ICH, contributing to perihe-

matomal edema formation, and complement inhibition

and depletion attenuate ICH-induced brain edema for-

mation [6, 12]. The complement system is involved in

various immune reactions, including cell lysis and the

inflammatory response [8]. Membrane attack complex

(MAC) formation may be involved in lysis of erythro-

cytes in the clot. We have demonstrated that comple-

ment depletion reduces ICH-induced brain edema and

is associated with inhibition of the inflammatory re-

sponse and MAC-mediated erythrocytes lysis [12].

MAC insertion may also occur in neurons, glia, and

endothelial cells, causing neuronal death and blood-

brain barrier leakage. MAC-induced cell lysis plays a

major role in aged rats after ICH. In the present study,

complement activation was greater in aged rats com-

pared to young rats after ICH. We found that ICH-in-

duced brain injury in aged rats was more severe than that

found in young rats [5]. The extensive activation of

complement cascade in aged rats may contribute to se-

vere ICH-induced brain injury in aged rats.

We hypothesized that neutrophil infiltration would al-

so be enhanced after ICH in aged rats. However, in this

study, there was less neutrophil infiltration in aged rats

after ICH compared to young rats. Inflammation and

phagocytosis are involved in hematoma resolution [16],

but they may also be involved in brain injury. There is

evidence that microglia activation and neutrophil infil-

tration contribute to brain injury after ICH [9, 10, 13]. In

rat models of ICH, neutrophil infiltration develops with-

in 2 days and activated microglial cells persist for at

least a month [5, 7]. There were more activated micro-

glial cells in aged rats than in young rats [5]. The role of

neutrophils in aged brain after ICH should be studied

further.

In summary, ICH results in greater complement acti-

vation and less neutrophil infiltration around the hema-

toma in aged rats. Complement inhibition may be a new

therapeutic target for ICH.
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Summary

In this paper, we review current knowledge on blood–brain barrier

(BBB) dysfunction following intracerebral hemorrhage (ICH). BBB

disruption is a hallmark of ICH-induced brain injury. Such disruption

contributes to edema formation, the influx of leukocytes, and the entry of

potentially neuroactive agents into the perihematomal brain, all of which

may contribute to brain injury. A range of factors have been implicated

in inducing BBB disruption, including inflammatory mediators (e.g.,

cytokines and chemokines), thrombin, hemoglobin breakdown products,

oxidative stress, complement, and matrix metalloproteinases. While

there is interaction between some of these mediators, it is probable that

prevention of ICH-induced BBB disruption will involve blocking multi-

ple pathways or blocking a common end pathway (e.g., by stabilizing

tight junction structure). While the effects of ICH on BBB passive

permeability have been extensively examined, effects on other ‘barrier’

properties (metabolic and transport functions) have been less well-stud-

ied. However, recent data suggests that ICH can affect transport and that

this may help protect the BBB and the brain. Indeed, it is possible in

small bleeds that BBB disruption may be beneficial, and it is only in the

presence of larger bleeds that disruption has detrimental effects.

Keywords: Blood–brain barrier; tight junctions; transport; intracere-

bral hemorrhage.

Introduction

The blood–brain barrier (BBB) is formed by cerebral

endothelial cells and their linking tight junctions. It

severely curtails the diffusion of compounds between

blood and brain, protecting the brain from changes in

plasma composition [11, 15]. The BBB also possesses

many transport systems that move nutrients from blood

to brain or potentially harmful compounds from brain

to blood [15]. The BBB is not static and the cells of

the neurovascular unit, particularly astrocytes, appear

to have a major role in inducing and regulating BBB

function [2].

A wide variety of disease states, including ischemic

stroke, traumatic brain injury, multiple sclerosis, and

brain tumors, result in BBB disruption and the migration

of macromolecules from blood to brain [11, 15]. Such

disruption also occurs after intracerebral hemorrhage

(ICH) in man and animals [17, 36, 40]. BBB disruption

can result in vasogenic brain edema, facilitate the migra-

tion of leukocytes from blood to brain, and cause an

influx of potentially neurotoxic compounds from blood.

All of these events may contribute to morbidity and

mortality after ICH. Increases in intracranial pressure

after ICH can be exacerbated by edema formation, lead-

ing to brain herniation and death [39]. Leukocyte entry

after ICH may cause secondary brain injury [39], as may

an influx of prothrombin and complement [13, 18].

There has, therefore, been great interest in developing

therapeutics that can reduce BBB disruption after ICH

and other disease states. In this paper, we review current

knowledge of normal BBB function, how the BBB is

affected by ICH, which mediators may alter BBB func-

tion, and potential therapeutic strategies.

Normal BBB function

Cerebral and systemic endothelial cells share some com-

mon characteristics, particularly in relation to hemostasis,

regulation of blood flow, and regulation of leukocyte

transmigration. However, cerebral endothelial cells differ:

they are linked by continuous tight junctions, have very

low paracellular permeability, limited endocytosis, an ab-

sence of fenestrations, the presence of metabolizing en-

zymes for neuroactive compounds, and high expression of
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awide range of transporters [15]. Thus, the BBB has unique

physical, metabolic, and transport barrier properties.

The most prominent feature of the BBB is the very

limited passive diffusion of compounds from blood to

brain. Thus, large molecular weight compounds in plas-

ma, such as proteins, are virtually excluded from brain.

This limited diffusion is due to the tight junctions

linking the cerebral endothelial cells, which virtually

occlude the paracellular route, and a low level of trans-

cytosis [11, 15]. Considerable progress has been made in

understanding tight junction structure during the past

decade. Tight junctions are composed of transmembrane

proteins that undergo homodimeric interactions with

proteins on adjacent endothelial cells to occlude the

paracellular pathway [11]. These transmembrane pro-

teins include claudins (particularly claudin 5), occludin,

and the junctional adhesion molecules. In addition, a

wide range of proteins form a cytoplasmic plaque asso-

ciated with the tight junction. These plaque proteins

(e.g., ZO-1) link the tight junctions to the actin cytoskel-

eton and, in turn, regulate junction properties [11, 15].

Phosphorylation of transmembrane tight junction pro-

teins and their loss from the plasma membrane occurs

in a number of disease states, thereby increasing BBB

permeability [8, 11, 32, 33].

Although tight junctions limit paracellular diffusion,

lipid-soluble compounds can cross the BBB by diffusing

through the plasma membrane [15]. Other compounds

can cross the BBB because of specific transporters. BBB

transporters may be involved in transporting nutrients

into the brain (e.g., GLUT1, LAT1, and the transferrin

receptor) or regulating the composition (homeostasis) of

the brain extracellular space [15]. With regard to the

latter, there are BBB transporters that move waste pro-

ducts from brain to blood, clear potentially toxic agents

from the endothelium to blood to prevent their entry into

brain, and regulate ion concentrations in the brain inter-

stitial space [15]. It should be noted, however, that some

transporters at the cerebral endothelium may be involved

in regulating endothelial rather than brain composition.

The entry of some compounds into brain is prevented

by metabolism at the BBB. Such metabolism may de-

grade neuroactive compounds, but it may also facilitate

their clearance from brain by converting them into sub-

strates for BBB efflux transporters [15].

BBB disruption during ICH

BBB disruption after ICH has been examined both in

man and in animal models. In animals, evidence on dis-

ruption has come from studies using intracerebral injec-

tion of blood [36, 40] or collagenase [29, 31], the latter

inducing hemorrhage due to blood vessel disruption.

Both models have disadvantages. The blood injection

model only examines blood toxicity and has no dis-

rupted vessel as its cause. The collagenase model does

not replicate the normal cause of vessel rupture in man

and injects an exogenous molecule that may have multi-

ple effects on the brain. Unfortunately, there are few

animal models of spontaneous ICH (e.g., [14]), and the

pathophysiological relevance of those genetic models to

man are open to debate.

After intracerebral blood injection in rat or pig, there

is delayed BBB opening. Thus, after intracaudate blood

injection, Yang et al. [40] found no BBB disruption at

4 h, but progressive disruption at 12 to 48 h. Similarly,

following blood injection into cortical white matter in

pigs, there is no disruption early (1 to 8 h) [21, 35], but

there is by 24 h [36].

Following collagenase-induced ICH, there is a mark-

ed increase in BBB permeability by 30min, a lower

degree of hyperpermeability is then maintained from

5 h to 7 days, with normal permeability being restored

by day 14 [29]. The initial BBB hyperpermeability is

due to collagenase-induced degradation of the endothe-

lial basement membrane, which causes extravasation of

blood and compounds present in blood [29]. It is, how-

ever, unclear whether prolonged hyperpermeability (up

to day 7) is solely the residual effect of endothelial

basement membrane degradation or whether blood-de-

rived factors contribute to the disruption (as indicated by

models with blood injection).

In man, there is evidence of both acute and delayed

vascular disruption after ICH [9, 17, 24]. There has been

interest in the penetration of contrast agents into the

brain in the hyperacute phase after ICH, as it may be

an indicator of hematoma expansion [9, 24]. Some con-

tinued bleeding after the initial ictus occurs in about

14–38% of patients [39], and the extravasation of con-

trast agent is associated with such hematoma expansion

[9, 24]. Since this hyperacute vascular leakage is proba-

bly due to continued extravasation at the site of the

initial hemorrhage, it should probably not be considered

as BBB disruption. There is also, however, delayed BBB

disruption [17] after human ICH, and this may be more

analogous to the disruption found after intracerebral

blood injection in animals.

While most ICH studies have focused on the move-

ment of compounds from blood to brain, there has been

interest in examining whether proteins from brain appear
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in plasma, as they might be useful biomarkers. The ap-

pearance of such proteins in plasma would indicate

BBB disruption, which would allow movement of pro-

teins released from damaged parenchymal cells into the

bloodstream [21]. Delgado et al. [7] have found that

S100B, a primarily glial protein, appears in plasma after

ICH and that plasma levels correlated with ICH volume.

Plasma S100B levels were also higher in patients who

deteriorated early and had an unfavorable outcome.

The underlying cause of BBB disruption after ICH

has not really been examined. In cerebral ischemia, there

is much evidence indicating a loss of tight junction pro-

teins from the plasma membrane, resulting in junction

disruption [8, 11]. Based on the fact that some of the

compounds that can cause tight junction protein redistri-

bution are increased after ICH (e.g., inflammatory med-

iators), it seems probable that ICH-induced disruption

also involves tight junction modification. However, this

needs to be directly examined.

There is evidence for increased pinocytosis at the

BBB after cerebral ischemia, and this may contribute

to increased migration of large molecular-weight com-

pounds [6, 26]. There are, however, questions over its

quantitative importance [27], and its role in ICH-induced

BBB disruption is unknown.

The BBB functions as more than a physical barrier.

There have, however, been very few studies that have

examined the effect of ICH on other BBB functions

(transport or metabolic). In cerebral ischemia, a number

of Na-dependent transporters at the BBB are inhibited,

probably due to ATP depletion [16]. In contrast, we

failed to find a reduction in Na-dependent transport in

a rat ICH model, probably reflecting an absence of en-

dothelial energy depletion following ICH [25]. We have,

however, found that exposure to heme or Fe can induce a

marked increase in cystine uptake in cerebral endothelial

cells (Fig. 1). Cystine uptake is rate limiting for gluta-

thione production [12], and this may be a mechanism to

protect the BBB from oxidative stress.

Mediators of BBB dysfunction and therapeutic

targets

There are currently no agents that prevent ICH-induced

BBB disruption in man. Therapeutic strategies may be

suggested by 2 types of evidence regarding the media-

tors of ICH-induced BBB disruption in animals. There

are experiments that have directly examined the role of

particular mediators using administration of the media-

tor or an inhibitor, and there are those that have shown

increases in the levels of specific compounds after ICH,

compounds that can increase BBB permeability in other

disease states or conditions (e.g., there are increases in

cytokine levels in the brain after ICH, and cytokines can

induce BBB disruption [1, 11, 34]).

Matrix metalloproteinases (MMPs) can cause BBB

disruption and even hemorrhage by degrading the endo-

thelial basement membrane [29, 31]. There is evidence

that MMPs are increased after ICH in man and in animal

models [3, 23], and a MMP inhibitor, tissue inhibitor of

metalloproteinase-2 (TIMP2) can reduce ICH-induced

BBB disruption in rats [30].

A number of compounds that can be produced by

blood have the potential to cause BBB disruption.

Thus, thrombin can cause BBB disruption, and inhibi-

tion of thrombin reduces ICH-edema and BBB disrup-

tion [10, 18]. Products released from erythrocytes during

lysis can cause marked BBB disruption [5, 38]. This is

likely due to the release of hemoglobin and iron with

resultant oxidative stress [39].

Inflammation occurs after ICH with an influx of leu-

kocytes, activation of microglia, and production of

inflammatory mediators including cytokines and chemo-

kines [19, 34]. Evidence indicates that such inflamma-

tion contributes to ICH-induced brain injury [34, 39].

Leukocytes and inflammatory mediators have been

shown to participate in BBB disruption in other disease

states [1, 8, 11, 32, 33], making it very likely that they

also participate in ICH-induced disruption.

Fig. 1. Effect on L-[35S] cystine uptake (expressed as % of control up-

take) when exposing cerebral endothelial cells (bEnd.3) to FeCl3
or hemin (both at 50 mM) for 24 h. Values are means � SE, n¼ 4.
�;���indicate a significant difference from control at the p<0.05 and

p<0.001 levels, respectively
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Belayev et al. [4] have found that intravenous injec-

tion of albumin can reduce BBB disruption in a rat ICH

model. The mechanisms underlying this protection are

as yet uncertain.

Whether ischemia occurs after ICH (in man or ani-

mals) and whether ischemia plays a role in ICH-induced

brain injury is contentious. Certainly BBB disruption

after ICH can occur in animal models where blood flow

does not decrease to levels that cause ischemic brain

damage [39, 40].

From the above discussion, it seems probable that

ICH-induced BBB disruption is induced by multiple

factors. An approach that would potentially reduce mul-

tiple mediators is clot evacuation. Indeed, Wagner et al.

[36] found that evacuation did reduce BBB disruption in

a pig ICH model, although clot evacuation has yet to be

proven beneficial in reducing brain injury in human ICH

[22]. Hypothermia and preconditioning stimuli may also

be methods of inhibiting multiple pathways. The poten-

tial of hypothermia to reduce brain injury, including

BBB damage, has received much attention for ischemic

stroke and trauma, and there is evidence that general or

localized hypothermia is protective in animal models of

ICH [20, 37]. Similarly, we have also found that precon-

ditioning with hyperbaric oxygen can protect the BBB

after ICH [28].

Another approach may be to target downstream path-

ways shared by multiple mediators of BBB disruption,

e.g., by blocking the pathways that cause tight junction

disassembly. BBB disruption involves phosphorylation

of tight junction proteins and their removal from the

plasma membrane [8, 11, 32, 33], both of which may

be amenable to therapeutic intervention.

Conclusion

ICH-induced BBB disruption occurs in man and in

animal ICH models. Such disruption may contribute

to the morbidity and mortality that occurs after ICH.

Multiple potential mediators of ICH-induced BBB

disruption have been identified, but whether they can

be therapeutically modified in man has yet to be de-

termined. However, in addition to potentially harmful

effects, recent evidence indicating that BBB disrup-

tion is an orchestrated event involving specific tight

junction protein phosphorylation and internalization

suggests that under certain circumstances that disrup-

tion might have beneficial consequences. For example,

with small hematomas, BBB disruption may aid in clot

resolution.
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Summary

We describe some of our studies on use of neuro-restorative agents for

treatment of neural injury. We focus on cell-based therapies and select

from a variety of statins. In addition, we show that cell-based and

pharmacological-based therapies enhance brain plasticity and promote

recovery of function after stroke and intracerebral hemorrhage (ICH).

Injured brain recapitulates ontogeny. Cerebral tissue around the in-

farction expresses developmental genes, many of which are present only

during embryonic or neonatal stages of development. Brain response to

injury undergoes remodeling with induction of angiogenesis, neurogen-

esis, and synaptogenesis. The attempt at remodeling, although expressed

as a partial improvement in patients with stroke and ICH, is clearly

insufficient to promote substantial recovery in many patients. The goal

of restorative therapies should be to activate and amplify this endoge-

nous restorative brain plasticity process to potentiate functional recovery.

The logic of restorative therapy is to treat intact or marginally compro-

mised tissue and not injured or dying tissue. Thus, these treatments

can be made available for all neurological injury. Once demonstrated

to be effective for treatment of a large middle cerebral artery occlusion

(MCAo), these restorative treatments can be applied to many types of

injury, including ICH, traumatic brain injury, and neurodegenerative

disease such as experimental autoimmune encephalomyelitis and multi-

ple sclerosis.

Keywords: Stroke; intracerebral hemorrhage; cell-based therapy;

bone marrow mesenchymal cells; statins; restorative therapy.

Cell-based therapy for stroke and intracerebral

hemorrhage (ICH)

The primary action of cell-based therapy in inducing

recovery of function after brain injury is to stimulate

endogenous restorative mechanisms [12, 14, 26, 33, 37]

and not to replace tissue. The cells, whether they be

bone marrow mesenchymal [2, 20, 30], neurospheres

[13, 35], umbilical cord blood [3, 22], or fetal or embry-

onic cells [17, 21], when injected into the adult do not

repopulate adult brain tissue; they produce an array of

factors including angiogenic and neurotrophic factors

that initiate the restorative cascade of recovery [8, 10,

26, 34].

There are various routes of cell administration [2, 15,

16, 36]. Early in the era of cell treatment, the cells were

placed directly into the parenchymal tissue, mostly ad-

jacent to areas of damage [15, 30]. It was subsequently

shown that these cells could be injected using a vascular

route, that they then migrate to the boundary of the

lesion and distribute in the microvasculature encompass-

ing the brain lesion [10, 20, 30, 31].

In our studies of stroke, we induce middle cerebral

artery occlusion (MCAo) by the placement of a mono-

filament into the internal carotid artery to transiently

(2 h) [2] or permanently block the MCA [20]. This pro-

duces a massive unilateral infarction that encompasses

nearly the entire territory of the MCA and results in

major and persistent neurological deficits. We have treat-

ed this type of lesion with a number of different re-

storative cell types. We will focus the present data on

treatment with bone marrow mesenchymal cells (MSCs).

All animals were subjected to a battery of outcome

measures, which include a modified neurological score

and adhesive removal tests, among others. Our data

show that there is significant and persistent therapeutic

benefit when MSCs are administered via a vascular route

1 [2], 7 [2], or 30 days [31] after stroke onset. Some of

the treated animals have been permitted to survive for 1

year, at which time significant functional benefit persists

[30]. This treatment approach has been extended to

models of ICH [28]; 0.1 cc autologous blood is injected

into the striatum. This evokes major neurological deficits
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and has been employed as a standard rodent model of

ICH. MSCs were administered 24 h after injection and

functional outcome was significantly improved.

A major question is: what underlies this functional

improvement? How is the brain being altered so that

benefit becomes evident? Here, we will briefly discuss

3 changes in the brain in response to administration of

MSCs.

The central hypothesis is that cells evoke restorative

responses within the injured brain. Exogenously admin-

istered cells act as catalysts to amplify intrinsic restor-

ative processes. To test this, we injected human bone

MSCs into rodents subjected to MCAo and measured

angiogenic and neurotrophic factors, vascular endotheli-

al growth factor (VEGF). Human and animal forms of

VEGF can be readily distinguished [5]. Performing

ELISA assays, we found that there was an increase in

rodent VEGF in response to the human cells. This sug-

gests that the injected cells stimulate the parenchymal

cells to produce VEGF. Immunohistochemical labeling

of VEGF demonstrates that the astrocytes express

VEGF, and it is possible that the astrocytes are produc-

ing a response trophic factors [12]. Parenchymal cells

produce a wide array of trophic factors and cytokines in

response to MSCs in brain, including brain-derived neu-

rotropic factor (BDNF), fibroblastic growth factor, and

endothelial growth factor, among others [24]. In vitro

studies from our laboratory also demonstrate that pro-

duction of factors by MSCs, which stimulate the paren-

chymal cells, are dependent on the microenvironment of

the MSCs [8, 26]. For example, the production of stim-

ulatory factors by MSCs is dependent on the calcium

levels within the environment [9]. MSC gene is also

altered by the environment in which theses cells are

placed [8, 26]. Co-culture experiments with normal

and ischemic tissue extracts reveal significantly different

MSC gene profiles [8, 26]. Thus, there is a dynamic

coupling between injected cells and the brain tissue en-

vironment, which likely dictates the changes in response

to cell therapy.

Establishing that MSCs stimulate production of many

trophic factors, we next investigated how the brain uses

these factors and how the is brain altered. A major

mechanism in brain repair and plasticity is the induction

of angiogenesis. MSCs significantly increase angio-

genesis in the boundary of ischemic brain [5]. Vascular

density in the penumbral regions of ischemic brain is

significantly upregulated. Angiogenic vessels are criti-

cally important in brain remodeling. Newly-formed ves-

sels produce an array of factors that can contribute to

brain plasticity. Among the factors produced by newly-

formed vessels are BDNF, which is a potent neuro-

trophic factor, and matrix metalloproteinases, which

are chemotactic for endogenous neural stem cells.

Angiopoietin 1 and its receptor, Tie2, are also upregu-

lated in ischemic brain in response to MSC therapy [33].

These factors are responsible for the maturation and

stabilization of this newly-formed vasculature. We also

note that it is not only angiogenesis that may be in-

creased by the exogenously administered cells; vasculo-

genesis and arteriogenesis likely occur and promote

brain recovery.

Complementing the increase in angiogenesis is the

amplification of neurogenesis in the ischemic and in-

jured brain after treatment of stroke [6] and ICH [28]

with cell-based therapy. There are 2 primary regions of

neurogenesis in the injured brain: the subventricular

zone (SVZ) and the subgranular layer of the hippocam-

pus [1]. The SVZ is the primary neurogenic region in

response to stroke. In the normal uninjured brain, cells

generated within the SVZ migrate along the rostral mi-

gratory stream to the olfactory bulb. However, after an

injury such as stroke, the cells originating within the

SVZ migrate to the region of injury, where they localize

in the boundary region and integrate into tissue and

stimulate synaptogenesis [39]. The SVZ cells contribute

to improved neurological function. Treatment of stroke

and ICH with MSCs significantly amplifies the genera-

tion of SVZ cells [6, 28]. These cells also selectively

migrate to the compromised vasculature in the boundary

region of the brain, where they form a vascular niche, a

domain, a microenvironment, which couples brain plas-

ticity, synaptogenesis, and neurogenesis [35]. SVZ cells

also stimulate angiogenic endothelial cells, which sub-

sequently attract additional neuroblasts from the SVZ

and provide them with trophic factors. The SVZs also

promote angiogenesis and augment synaptic connections

and activity.

White matter changes in brain

Treatment of stroke stimulates the production of pro-

genitor oligodendrocytes and mature oligodendrocytes.

These cells produce myelin and are essential for viabili-

ty of the white matter tracks in the central nervous sys-

tem (CNS). Thus, we investigated the changes in white

matter tracks in the brain after stroke and treatment with

MSCs [18, 20, 29]. After stroke, the thickness of the

ipsilateral corpus callosum was significantly increased

[18]. After treatment of stroke with MSCs, both ipsilat-
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eral and contralateral corpus callosum were significantly

increased compared with non-treated stroke animals.

MSCs also cause white matter growth and near-encap-

sulation of the ischemic lesion. Axonal fibers permeate

scar tissue around the infarct and project around and into

the lesional tissue. This is also observed on MRI using

fiber tracking techniques [13]. White matter bundles

within the injured striatum were significantly altered

by MSCs. After stroke, white matter bundles in the

striatum are disrupted and the numbers of intact white

matter bundles are significantly reduced. MSCs greatly

increase the numbers of intact white matter bundles

compared with non-treated animals. These substantial

changes in white-matter architecture in response to cell

treatment can be monitored using MRI tractography

techniques. Particularly, methods such as diffusion ten-

sor imaging (DTI) and fractional anisotropy (FA) pro-

vide an index of tissue structure [13]. The diffusion

constant can be used to survey and characterize the

structure of injured cerebral tissue. When the diffusion

constant is isotropic, there is cavitation of the cerebral

tissue, no structure. We have found that the MRI param-

eter FA is highly correlated to functional outcome.

Higher FA values along the boundary of the ischemic

tissue indicate better functional recovery. White matter

changes are also prominent in the spinal cord in re-

sponse to MSC treatment of stroke.

Thus, treatment of stroke and ICH with cell-based

therapies stimulates changes in the brain, which interact

to promote functional benefit. The injected cells produce

many factors that stimulate neuro-restorative factors in

parenchymal cells, which alter brain architecture, angio-

genesis, neurogenesis, produce white matter changes,

and promote functional recovery from stroke and ICH.

Pharmacological based therapies

for the treatment of stroke and ICH

Our laboratory has investigated multiple approaches

to stimulate functional recovery after neural injury.

Included among these are, nitric oxide (NO) donors

[10], cyclic guanosine monophosphate (cGMP) upregu-

lated by phosphodiesterase 5 inhibitors [38], statins [19],

erythropoietin [32], and carbamylated erythropoietin

[25] and high density lipoproteins, among others. These

data demonstrate that there are key molecular triggers

that promote brain remodeling. In this study, we focus

on statins as restorative therapeutic agents.

Statins, hydroxymethylglutaryl coenzyme A reductase

inhibitors, are pleiotropic agents that have been most

notably used for the reduction of cholesterol, primarily

reducing low density lipoprotein, the bad cholesterol

[11]. However, these agents have many protective and

restorative effects that go well beyond the beneficial

effects on cholesterol. Statins also increase NO and

cGMP and stimulate signal transduction pathways,

which lead to recovery of neurological function follow-

ing neural injury.

We have employed statins in the treatment of stroke

[7], ICH [27], and traumatic brain injury (TBI) [23],

demonstrating a robust therapeutic benefit as restorative

agents. Statins given 1 day after stroke, ICH, or TBI

significantly enhance many of the neuro-restorative fac-

tors noted above, including angiogenesis, neurogenesis,

and synaptogenesis. The response of stroke, ICH, and

TBI to statins also shows a prominent dose-response

with low doses (e.g., 1mg=kg), demonstrating signifi-

cantly improved functional benefit; high doses (e.g.,

8mg=kg) show no benefit, and possibly a reversal of

benefit [27]. These in vivo data are also evident in the

in vivo dose-response of angiogenesis after treatment

with statins, with low-dose showing a robust angiogene-

sis and high-dose a diminution. In vitro data show simi-

lar profiles [7]. Studies in cell culture of primary neurons

show a statin dose-dependent effect on neurite out-

growth and endothelial cell angiogenic tubule formation

[4]. Statins are relatively safe drugs with many benefits

and can be easily translated into the clinic for neuro-

restorative treatments. Based on the extensive preclinical

studies in the treatment of multiple models of neural

injury with statins, Dr. Don Seyfried of Henry Ford

Hospital has initiated a Phase I study for the treatment

of ICH patients with statins.

Conclusions and summary

For decades, the focus of much research for the treat-

ment of ICH and stroke has been on neuroprotection.

The results of these studies have not been promising

and there are essentially no neuroprotective agents on

the market for clinical use, save thrombolysis within a 3-

hour therapeutic window for stroke. This failure may, to

an extent, be attributed to the need to treat very early

after the onset of injury. For treatment to be effective,

cerebral perfusion must also be adequate to support

treatment and the metabolic viability the tissue, and to

inhibit the often-inexorable cascade of events that sim-

ply destroy brain tissue.

The goals of our research have been to reduce or

minimize brain damage and sequelae. In restorative ther-
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apy, we treat the intact tissue. Treatment can be initiated

many hours, days, or weeks after injury. The goal of this

treatment is to stimulate endogenous restorative events

present, but at low levels, within the injured brain. Here,

we have focused on some of our studies on the use of

MSCs as a cell-based therapy and statins as a pharma-

cological based-therapy to remodel brain and enhance

functional recovery after cerebral injury. Our data bring

promise that the era of stimulating recovery of neurolog-

ical function by cell or drug treatment is at hand.
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Summary

Experimental studies of intracerebral hemorrhage (ICH) point to-

ward leukocytes as a major contributor to ICH-induced brain injury.

Leukocyte and endothelial cell adhesion molecules are responsible for

injurious neutrophil-endothelial cell interactions in vasculature. Since

deficiency of leukocyte-expressed CD18 protects against ischemia-re-

perfusion injury, we hypothesized that such deficiency may have similar

effect in ICH-induced injury. Our aim was to investigate whether CD18

deficiency affords neuroprotection by decreasing ICH-induced brain

injury, thereby improving neurological function and reducing mortality.

A total of 20 males wild-type CD18þ=þ mice and 12 CD18�=� knock-

out mice were used in our study. ICH was induced by collagenase injec-

tion. Mortality, neurological function, and brain edema were measured at

24 h after ICH. Data were analyzed by ANOVA, Chi-square, and Student

t-test. Differences of p<0.05 were considered statistically significant.

Our study showed that the increase in brain water content caused by

ICH was significantly smaller in CD18 knockout mice compared with

wild-type mice (p<0.05, Student t-test). This result correlated with a

tendency toward improvement of neurological function and a decrease in

mortality. We conclude that CD18 deficiency significantly reduces brain

edema after ICH, which corresponds with a trend toward reduction in

neurological deficit and mortality.

Keywords: CD18�=�; integrins; inflammation; intracerebral hemor-

rhage; collagenase; edema; mice.

Introduction

Inflammation plays an extremely important role in intra-

cerebral hemorrhage (ICH)-induced brain injury. Both

animal models and human studies show inflammatory

response occurring in and around blood clot. This re-

sponse is mainly characterized by infiltration of leuko-

cytes and macrophages, which, along with activation of

microglia, peaks at 48–72 h after ICH onset [2, 15].

Leukocyte and endothelial cell adhesion molecules are

responsible for neutrophil-endothelial cell interactions in

vasculature, and are necessary for leukocyte recruitment.

Interactions between �2 integrins (CD18) and intercellular

adhesion molecule-1 (ICAM-1) are responsible for firm

adhesion of neutrophils to the endothelium in the acute

stage of inflammation [12]. Leukocyte-expressed CD18

is extremely important, since deficiency of CD18 plays a

great role in lessening of ischemia-reperfusion injury [5,

6]. However it is still unknown how neutrophil-endothelial

cell interactions contribute in ICH-induced brain injury.

We used mice genetically engineered with a targeted

mutation of CD18, the common �2 subunit of CD11=

CD18 integrins. We tested our hypothesis that CD18

gene-targeted deficiency decreases ICH-induced brain

injury, thereby improving neurological function and re-

ducing mortality.

Materials and methods

Animals

All procedures for these studies were approved by the Animal Care and

Use Committee at Loma Linda University and were in compliance with

the Guide for the Care and Use of Laboratory Animals. A total of 32, 19-

to 22-week-old male mice (24.4 � 4.8 g) were used in our study:

20 wild-type C57BL=6J, and 12 CD18 knockout mice (C57BL=6J-

Itgb2tm2bay).

Mice were housed in a specific pathogen-free facility with controlled

temperature and humidity, with 12-h light=dark cycles, and were al-

lowed free access to food and water. All neurological tests were per-

formed during the light cycle.
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Experimental design

Mice were divided into wild-type and CD18�=� knockout groups. All

animals were sacrificed one day after ICH induction, when neurological

testing was performed. Brain samples were collected for measurements

of brain edema and hemorrhage volume. Evaluation of neurological

deficit was carried out by investigators blinded to mice type. Mortality

was examined 24h after stroke onset.

ICH induction

We performed the collagenase-induced ICH model as previously de-

scribed [9]. Briefly, under ketamine (100mg=kg, i.p.) and xylazine

(5mg=kg, i.p.) anesthesia, a 27-gauge needle was inserted stereotaxical-

ly into the right basal ganglia (coordinates: 0.09mm posterior, 0.4mm

ventral, and 0.12mm lateral to the bregma). Then the collagenase

(0.075U in 0.5mL of saline; VII-S, Sigma-Aldrich, St. Louis, MO)

was infused into the brain over 2min at a rate 0.25mL=min with a

micro-infusion pump (Harvard Apparatus, Holliston, MA). The needle

was left in place for additional 10min after injection to prevent the

possible leakage of collagenase solution.

Neurological deficit

Neurological evaluation was conducted using a 28-point neurological

scoring system developed by Clark et al. [1] at 24 h after ICH. The

examiner had no knowledge of procedure or mice type. The neurobeha-

vioral study consisted of 7 tests with a score of 0–4 for each test. The 7

tests are: 1) Body symmetry (open bench top); 2) Gait (open bench top);

3) Climbing (gripping surface, 45� angle); 4) Circling behavior (open

bench top); 5) Front limb symmetry (mouse suspended by its tail); 6)

Compulsory circling (front limbs on bench, rear suspended by tail); and

7) Whisker response (light touch from behind). The score given to each

mouse at the completion of the evaluation is the sum of all 7 individual

test scores. The minimum neurological score was ‘‘0’’ for healthy mouse

and the maximum was ‘‘28’’ for mouse with greatest focal deficit.

Brain water content

Brain water content was measured and calculated as previously de-

scribed [9]. For calculations the following formula was used: [(WW-

DW)=WW]�100%.

Hemorrhage volume

Hemoglobin assay was conducted as described previously [9]. The

ipsilateral hemispheres were homogenized, centrifuged, and Drabkin’s

reagent (400mL; Sigma-Aldrich) was added to the resultant superna-

tants. Absorbance was determined by means of a spectrophotometer at

wavelength of 540nm. The amount of blood in each brain was calculat-

ed using a standard curve generated from known blood volumes.

Statistical analysis

Quantitative data are expressed as mean � SEM. Statistical comparisons

were conducted using ANOVA, Chi-square, and Student t-test for inter-

group comparisons. Differences of p<0.05 were considered statistically

significant.

Results

Neurological evaluation

Intracerebral collagenase injection induced significant

neurological deficit in the ICH model for both wild-type

and CD18�=� mice (Table 2). Neurological examination

revealed tendency toward a decrease in neurological

deficit in CD18�=� mice 24 h after ICH onset, but the

difference was not significant when compared with wild-

type mice (p>0.05, Student t-test).

Brain water content

Brain water content increased markedly after collage-

nase injection in all ICH mice (Table 1), especially in

the ipsilateral hemisphere (p<0.05 ipsilateral vs. con-

tralateral, ANOVA). Brain water content was significant-

ly reduced in CD18 null mice when compared with wild-

type 24 h after ICH onset (Student t-test, p<0.05). No

water content changes were observed in cerebellum be-

tween all groups (p>0.05, ANOVA).

Mortality

Mortality was reduced in CD 18�=� mice compared

with wild-type mice (Table 2); however, this reduction

Table 1. Percent brain edema in wild-type and CD18�=� knockout mice

after intracerebral hemorrhage

Mice Right hemisphere Left hemisphere Cerebellum

Wild-type 80.339 � 0.204 78.659 � 0.243 77.198 � 0.070

CD18�=� 79.623 � 0.221� 78.189 � 0.143 77.237 � 0.063

� p<0.05 vs. wild-type; unpaired t-test, mean � SEM.

Table 2. Differences in neurological function, mortality, and hemor-

rhage volume between wild-type and CD18�=� knockout mice after

intracerebral hemorrhage

Mice Neurological

function

Mortality Hemorrhage volume

(mg=hemisphere)

Wild-type 6.33 � 1.92;

n¼ 20

45% (9=20) 3.69 � 0.76, n¼ 5

CD18�=� 10.13 � 2.10,

n¼ 12

33.3% (4=12) 3.77 � 0.64, n¼ 3

p>0.05, unpaired t-test, mean � SEM.

Fig. 1. Representative photographs of brains with hemorrhage in wild-

type and CD18�=� knockout mice. Hemorrhage volume did not differ

between groups
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was not significant (p>0.05, Chi-square and Fisher

tests).

Hemorrhage volume

We did not find a statistically significant difference in

hemorrhage volume between wild-type and CD18 null

mice (Table 2 and Fig. 1), which confirms the consisten-

cy of our model (n¼ 5 in wild-type group and n¼ 3 in

knockout group).

Discussion

The inflammatory response in areas surrounding lesion

brain tissues is extremely important for cell survival or

death [8, 10]. Neutrophils are the first peripheral leuko-

cytes to migrate into the brain parenchyma, of which

recruitment starts within the first hours after stroke,

peaks within 2–3 days, and dissipates after 1 week

[10, 15]. Large numbers of neutrophils have been ob-

served migrating out of surrounding blood vessels at the

periphery of the hematoma in both collagenase and

blood injection models in experimental ICH and in pa-

tient autopsy [2, 4].

CD18�=� mutant mice display a phenotype resem-

bling that seen in humans with leukocyte adhesion defi-

ciency (LAD-1). LAD-1 is characterized by the absence

of �2 integrins (CD11=CD18) on leukocytes and the

inability of leukocytes, in particular neutrophilic granu-

locytes, to emigrate from the bloodstream toward sites

of inflammation [16]. Neutrophils from CD18�=� mice

do not express CD11=CD18 adhesion complexes [14].

The �2 integrins mediate firm adhesion of polymor-

phonuclear leukocytes (PMNs) to the endothelial cells,

which represents a prerequisite for PMN extravasation

and, as was shown in previous studies, �2 integrins are

involved in the control of the lifetime of emigrating

PMNs by triggering apoptosis [11]. As previously re-

ported, �2 integrins regulate adhesion-dependent injury

responses on venular endothelium after ischemia re-

perfusion through adhesion events involving activated

endothelial cells and leukocytes [6, 7]. These processes

could lead to alteration of blood–brain barrier perme-

ability and brain edema, and may contribute to hemato-

ma expansion [3, 13].

Concordantly, our present results suggest that CD18

deficiency significantly diminished brain edema for-

mation in the collagenase model of ICH. A trend to-

ward reduced mortality and improved neurological

status after collagenase-induced ICH was also found

in CD18 deficient mice. Further study is required to

better understand the mechanism involved in CD18

regulation of ICH.
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Summary

Intracerebral hemorrhage (ICH) leads to delayed cell death in the regions

around the hemorrhagic mass. Apoptosis has been identified in the dying

cells, but the mechanism involved is unclear. Others and us have shown

that matrix metalloproteinases (MMPs) are increased in ICH and could

directly contribute to cell death. Tissue inhibitor to metalloproteinases-3

(TIMP-3) facilitates apoptosis in cancer cells and neurons by inhibiting

the shedding of tumor necrosis factor-� (TNF-�) death receptors,

Fas and p55TNF receptor 1, by MMP-3 and TNF-� converting enzyme

(TACE), respectively. Therefore, TIMP-3 may contribute to cell death in

ICH. We adapted the bacterial collagenase-induced hemorrhage (CIH)

model to the mouse. Adult C57Bl=6 and Timp-3 knockout mice had CIH.

Expression of mRNA for TIMP-3 was determined by real-time PCR.

Hemorrhage volume and numbers of apoptotic cells were measured by

unbiased stereology. Timp-3 mRNA was similar in the knockout and

wild-type mice prior to injury and induction of CIH failed to cause an

increase in Timp-3 mRNA in the wild-type. Furthermore, there were no

differences found in the hemorrhage size or in the numbers of apoptotic

cells between the Timp-3 knockout or wild-type.We were unable to prove

the hypothesis that TIMP-3 is involved cell death in CIH in the mouse.

Keywords: Matrix metalloproteinases; tissue inhibitor of metallopro-

teinases-3; intracerebral hemorrhage; collagenase-induced intracerebral

hemorrhage; mouse.

Introduction

Edema, growth of the hemorrhage, and delayed cell

death contribute to the poor prognosis associated with

intracerebral hemorrhage (ICH) as compared to that of

patients with comparably sized ischemic strokes [8]. The

endogenous production of matrix metalloproteinases

(MMPs) and the recruitment of MMP-laden leukocytes

has been implicated in the progressive injury [10]. A

delayed apoptotic cell death has been observed in exper-

imental models of ICH, but the factors involved in the

inflammatory cell death are uncertain. We hypothesized

that tissue inhibitor of metalloproteinases-3 (TIMP-3)

was involved in apoptosis after ICH. To test the hypoth-

esis, we used the bacterial collagenase-induced hemor-

rhage (CIH) model that was developed in our laboratory

[11]. TIMP-3 is one of four inhibitors of the MMPs; it

is unique because it is bound to the extracellular matrix

where it acts to regulate a number of cell surface events

[1]. We showed that TIMP-3 expression at both the

mRNA and protein levels occur early in stroke [13].

Neuronal death is attenuated following mild ischemia

in the Timp-3 knockout mouse [14]. These data suggest

that TIMP-3 may be involved in cell death in ICH.

Therefore, we adapted the CIH model to the mouse

and examined the involvement of TIMP-3 in CIH, uti-

lizing Timp-3 knockout and wild-type mice. We charac-

terized the time course of Timp-3 mRNA, MMP activity

in the Timp-3 knockout, and the role of TIMP-3 in hem-

orrhage volume and cell death following ICH.

Materials and methods

Stereotactic injection of bacterial collagenase or saline

Animal studies were approved by the Institutional Animal Care and Use

Committee (IACUC) and conformed to NIH standards for use of animals

in research. The methods used have been described in detail previously

[3]. Timp-3 knockout mice were a gift of Dr. Rama Khokha [6].

Corresponding wild-types were produced by breeding Timp-3 heterozy-

gotic mice for the homozygotic wild-type genotypes, which were then

backcrossed at least 10 generations to produce homozygotic wild-type

breeders on a C57Bl=6 background. C57Bl=6 were purchased as con-

trols for the wild-type.
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Male mice weighing 24–30g were anesthetized with 2.5% Halothane

delivered in 70% nitrous oxide=30% oxygen. Bacterial collagenase

(0.5mL of 0.0375 U Type VII-S; Sigma-Aldrich Corp., St. Louis, MO,

USA) or sterile normal saline (Sigma-Aldrich) was injected over two

minutes; the needle was left in place another 2min.

Quantitative TaqMan real-time PCR

Comparison of the time course of Timp-3 mRNA in mice following 12,

24, 48, and 72 h of CIH or saline injection was performed for Timp-3

normalized to Rpl-32. The mRNA levels were quantitated using the

TaqMan real-time PCR assay (Applied Biosystems, Foster City, CA,

USA). Timp-3 and Rpl-32 mRNA levels in the reaction mixtures were

calculated from a standard curve generated by amplification of known

concentrations of TIMP-3 and rpl-32 plasmid DNA using the GeneAmp

5700 Sequence Detection System (Applied Biosystems). Plasmids for

TIMP-3 and rpl-32 were created using pGEM-T Easy Vector Systems II

(Promega, Madison, WI, USA).

Stereological analysis of apoptotic cell counts and hemorrhage volume

Stereological evaluation of TdT-mediated dUTP-biotin nick end-labeling

(TUNEL) positive cells was performed, using the optical fractionator

method of stereology for CIH in wild-type and Timp-3 knockout mice.

Immunohistochemical analysis of TUNEL positive cells was performed

on slide mounted sections (20mm) using NeuroTACS II (Trevigen Inc.,

Gaithersburg, MD, USA).

Gelatin-substrate zymography

Brain tissue samples were separated on 10% sodium dodecylsulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) gels containing 1%

gelatin (Sigma-Aldrich). After electrophoresis, the gels were washed

in 2.5% Triton X-100 (Sigma-Aldrich) to remove the SDS (Fisher

Scientific). Following incubation, gels were stained with Coomassie

R-250 dye (Sigma-Aldrich) and proteolytic bands were visualized as

regions of clear lysis following differentiation in 10% acetic acid. Gels

were dried between two sheets of cellophane and scanned with an AGFA

Duoscan scanner (AGFA Corp., Ridgefield Park, NJ, USA) followed by

densitometric analysis using AlphaEase software (Alpha Innotech Corp.,

San Leandro, CA, USA).

Immunohistochemical analysis of ICH

At 24h, anaesthetized mice were perfused transcardially with 2% para-

formaldehyde solution containing lysine, and sodium periodate (PLP)

(Sigma-Aldrich). The brains were then post-fixed overnight in PLP at

4 �C, cryoprotected in a solution of 30% sucrose (Sigma-Aldrich) at

4 �C, and frozen sections were cut on a cryostat at 16mm. For immu-

nolabeling, rabbit anti-human TIMP-3 (1:1500, Chemicon), biotin con-

jugated goat anti-rabbit (1:500, Jackson ImmunoResearch Laboratories,

West Grove, PA, USA) and the chromogen diaminobenzidine were

utilized with osmium tetroxide enhancement.

Results

Timp-3 mRNA in knockout and wild-type mice after CIH

There were no differences in mRNA levels for Timp-3,

Mmp-2, and Mmp-9 between the C57Bl=6 controls and

the wild-type (Fig. 1A). We then induced hemorrhagic

lesions with bacterial collagenase and measured mRNA;

Fig. 1. A) Timp-3, Mmp-2 and Mmp-9 mRNA levels are similar in C57Bl=6 control and Timp-3 wild-type mice. B) Time course analysis for Timp-3

mRNA following CIH shows similarity of the saline-injected and bacterial collagenase-injected mice in the injected hemisphere, and in the

contralateral side (C)
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we found similar levels of mRNA in knockout and

wild-type after CIH, suggesting that Timp-3 mRNA ex-

pression was not altered in CIH in mice. The contribu-

tion of TIMP-3 following the hemorrhagic insult was

evaluated by comparing Timp-3 mRNA levels following

either saline or BC intracerebral injection over the time

Fig. 2. A) The data from the gelatin zymograms at 72 h after CIH shows similar amounts of latent MMP-9 (98 kDa) in the Timp-3 knockout and

wild-type. B) No differences were seen in the active form of MMP-9 (88 kDa) between knockout and wild-type. C) Latent MMP-2 production was

similar and activated forms were not seen

Fig. 3. TIMP-3 following 24 h CIH and

unbiased stereological analysis of ICH

volume and TUNEL-positive cells fol-

lowing 72 h in wild-type and Timp-3

knockouts. (A–D) Coronal sections repre-

sentative of mid-lesion at bregma stained

for TIMP-3. Arrowheads indicate TIMP-3

positive cells (40�). (A, C) Ipsilateral

to hemorrhage at lateral corpus callosum

and border of ICH, respectively. (B, D)

Contralateral to hemorrhage of same rep-

resentative regions. (E) Timp-3 wild-type

versus Timp-3 knockout mice following

72 h of BC-induced ICH. Hemorrhage

volume is not affected in Timp-3 null

mice. The number of TUNEL positive

cells is unaffected between the wild-type

and knockout
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course of 12 to 72 h. The mRNA levels were evaluated

in both the ipsilateral injected and contralateral non-

injected striata. No increase in mRNA production was

observed over the time course measured (Fig. 1B and C).

Gelatinase expression in Timp-3 knockout

and wild-mice after CIH

We were unable to detect any differences in the MMP-2

or -9 levels or in their activity between knockout and

wild-type; production and activation were similar in the

Timp-3 deficient mice compared to wild-type (Fig. 2).

These data suggest that cell death in ICH is not modu-

lated in the same manner as in ischemic stroke where

Timp-3 deficient mice had reduced cell death.

Effect of TIMP-3 on hemorrhage volume

and cell death in CIH

Because TIMP-3 may have an effect on cell death inde-

pendent of an effect on the gelatinases, we investigated

the effect of TIMP-3 protein on hemorrhage volume and

cell death by comparing Timp-3 knockout to wild-type

mice 72 h after ICH. We found similar hemorrhage

volumes and numbers of TUNEL positive cells between

the knockout and wild type (Fig. 3E). Additionally,

immunohistochemical analysis of TIMP-3 in 24 h CIH

C57Bl=6 mice showed similar intensity and staining

patterns (Fig. 3A–D).

Discussion

Cell death after ICH occurs by necrosis from ischemia

around the lesion or by apoptosis initiated by the inflam-

matory response [2]. TIMP-3 has been shown to induce

apoptosis in cerebral ischemia by blocking the shedding

of death receptors from the cell surface [14]. We tested

the hypothesis that TIMP-3 contributes to cell death in

ICH. We found that the TIMP-3 protein and Timp-3

mRNA levels were not altered after CIH in the wild-type

and that production and activation of MMP-2 and MMP-

9 were similarly unaffected in the knockout. Using the

Timp-3 knockout mouse, which was protected from ap-

optosis after an ischemic injury, we found no differences

between the knockout and the wild-type after CIH. More

importantly, we were unable to demonstrate a contribu-

tion of TIMP-3 to either an increase in brain hemorrhage

volume or TUNEL-positive cells.

TIMP-3 is bound to the extracellular matrix where

it exerts a number of effects, including enhancing

apoptosis in cancer cells [12]. MMP-3 and tumor

necrosis factor-� converting enzyme (TACE) act as

sheddases, releasing the death receptors, Fas and

p55TNF receptor 1, from the cell surface, which

protects the cells. TIMP-3 inhibits the sheddases and

facilitates apoptosis. We were unable to show that a

similar mechanism is occurring in the mouse after

CIH. This suggests that a different mechanism is

involved in CIH in the mouse. Ischemia leads to

expression of a complex set of molecules secondary

to the hypoxic stimulus. There is increasing evidence

that the main lesion in ICH is inflammation due to the

presence of blood products and infiltrating leuko-

cytes [5]. We found recently that inflammation

around the site of the bleed led to the release of

large amounts of MMP-9 from neutrophils and induc-

tion of MMP-3 in microglia=macrophages. One inter-

pretation of the lack of an effect of TIMP-3 in the

CIH in mouse is that there is an absence of a strong

hypoxic stimulus.

Evidence for apoptotic cell death appears in ex-

perimental hemorrhage models including micro-balloon

inflation, autologous blood injection, and bacterial col-

lagenase injection [4, 9, 15]. Apoptotic cells were found

to be distributed both within the matrix of the hemato-

ma and in the perihematomal region in animal models,

and apoptosis has been observed in perihematomal hu-

man tissue following ICH. TUNEL-positive cells are

found to be mainly neurons and astrocytes within and

around the hemorrhage in the BC-induced hemorrhage

model [7]. Autologous blood injection resulted in great-

er than 95% neuronal TUNEL-positive cells around the

clot [2]. Cell culture studies showed that BC was not

toxic to neurons and suggested that the blood itself was

toxic [7].

The presence of TIMP-3 in the adult brain under nor-

mal conditions is very low, and following cerebral ische-

mia it becomes elevated in the cortical neurons that

undergo death in the 90min focal ischemia model in

the rat [1]. However, unlike the induction seen for

Timp-3 mRNA following 90-min of middle cerebral

artery occlusion in rat, our data show that Timp-3 mRNA

levels are unaltered following saline injection or BC

injection from 12 to 72 h. Additionally, hemorrhage vol-

ume and cell death were unaltered between wild-type

and Timp-3 null mice 72 h after collagenase injection.

These data indicate that unlike TIMP-3 mediated cell

death in ischemic neurons, hemorrhagic stroke does

not induce TIMP-3 formation nor modulate cell death

in this model.
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Summary

In this study, we examine 3CB2 expression, a marker of radial glia, after

intracerebral hemorrhage (ICH). Adult male Sprague-Dawley rats re-

ceived an intracaudate injection of 100 mL autologous whole blood.

Animals were sacrificed, and 3CB2 expression was quantified on

Western blot. Single and double labeled immunohistochemistry was

used to identify which cells express 3CB2. Neurobehavioral examina-

tions (forelimb placing test) were perfomed as an evaluation of function.

By Western blot, 3CB2 was strongly expressed at day 3 and expression

persisted for at least 1 month. By immunohistochemistry, 3CB2 immu-

noreactivity was present in large numbers of astrocytes surrounding the

hematoma at day 3 after ICH. At 1 month later, 3CB2 immunoreactivity

was co-localized with a neuronal marker (TUC-4). Neurobehavioral

function in the 1 month after ICH group was significantly improved

compared with that of 3 days after ICH. The ICH-induced 3CB2 ex-

pression in astrocytes may reflect an early response of these cells to

injury, while the delayed expression in neurons might be a part of the

adaptative response to injury, perhaps leading to recovery of neurobe-

havioral function.

Keywords: 3CB2; radial glia; intracerebral hemorrhage; behavior; rat.

Introduction

Radial glia prolifereate actively during neurogenesis,

inducing migration of neurons [4]. One recent study re-

ported that radial glia not only serve as a guide for

neurons, but also have properities of neural progenitor

cells [7]. Radial glia can be detected by immunoassay

using 3CB2 [8]. The effect of intracerebral hemorrhage

(ICH) on 3CB2 expression has not been examined. ICH

induces perihematomal edema and causes neurological

deficits. The mechanisms of brain injury after ICH are

not fully understood but are different from ischemic

stroke. We examine ICH-induced 3CB2 upregulation in

the rat and whether the temporal profile of 3CB2 ex-

pression may correlate with marked recovery of function

that occurs with time in that species [2].

Materials and methods

Animal preparation and intracerebral infusion

Animal protocols were approved by the Animal Committee of the

Kagawa University. Male Sprague-Dawley rats (CLEA, Tokyo, Japan),

each weighing 300–400 g, were used for all experiments. Rats were

allowed free access to food and water. The animals were anesthetized

with pentobarbital (40mg=kg, i.p.) and the right femoral artery was

catheterized to sample blood for intracerebral infusion. The rats were

positioned in a stereotaxic frame (Narishige Instruments, Tokyo, Japan)

and a cranial burr-hole (1mm) was drilled near the right coronal suture

3.5mm lateral to the midline. A 27-gauge needle was inserted stereo-

taxically into the right basal ganglia (coordinates: 0.2mm anterior,

5.5mm ventral, and 3.5mm lateral to the bregma). Autologous whole

blood (100mL) was infused at a rate of 10mL=min with the use of a

microinfusion pump (Terumo, Tokyo, Japan).

Experimental group

We evaluated the time course of 3CB2 expression after ICH. Rats

received an intracaudate injection of 100 mL autologous whole blood.

Some rats were sacrificed at day 3 and at 1 month after ICH, and

brains were processed for Western blotting (n¼ 3, per time point) to

quantify 3CB2 expression. The others were sacrificed at day 3 and at

1 month after ICH for single and double labeled immunochemistry to

identify which cells express 3CB2 (n¼ 3, per time point). The fol-

lowing were examined: 3CB2, glial fibrillary acidic protein (GFAP,

an astrocyte marker), and TUC-4 (a neuronal precursor marker). In
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the sham group, rats were sacrificed at day 3 and at 1 month after

needle insertion (no injection) for immunohistochemistry (n¼ 3, per

time point).

Western blot analysis

Animals were anesthetized before undergoing intracardiac perfusion

with saline. The brains were then removed and a 3-mm thick coronal

brain slice was cut approximately 4mm from the frontal pole. The slice

was separated into ipsilateral and contralateral basal ganglia. Briefly,

50mg proteins for each were separated by sodium dodecyl sulfate poly-

acrylamide gel electrophoresis and transferred to a Hybond-C pure

nitrocellulose membrane (AmershamBiosciences, Piscataway, NJ, USA).

The membranes were blocked in Carnation nonfat milk. Membranes

were probed with a 1:1000 dilution of the primary antibody (mouse anti-

3CB2; Developmental Studies Hybridoma Bank, University of Iowa,

Iowa City, IA, USA) and a 1:1500 dilution of the second antibody

(peroxidase-conjugated goat anti-mouse antibody; BioRad Laboratories,

Hercules, CA, USA). The antigen-antibody complexes were visualized

with a chemiluminescence system (Amersham Biosciences) and exposed

to film. The relative densities of bands (55 kDa) were analyzed with NIH

Image software (National Institutes of Health, Bethesda, MD, USA).

Histological examination

Rats were anesthetized and underwent intracardiac perfusion with

4% paraformaldehyde in 0.1mol=L (pH 7.4) phosphate-buffered saline.

The brains were removed and kept in 4% paraformaldehyde for 6 h,

then immersed in 25% sucrose for 3 to 4 days at 4 �C. Brains were then
placed in OCT embedding compound (Sakura Finetek USA Inc.,

Torrance, CA, USA) and sectioned on a cryostat (18mm thick). Using

the avidin-biotin complex technique, sections were incubated in 1:10

goat or horse serum for 30min, rinsed, and incubated overnight with the

primary antibody. The primary antibodies were mouse anti-3CB2 mono-

clonal antibody, goat anti-GFAP polyclonal antibody (Santa Cruz

Biotechnology, Santa Cruz, CA, USA), and rabbit anti-TUC-4 poly-

clonal antibody (Chemicon International Inc., Temecula, CA, USA).

Normal mouse or rabbit IgG was used as negative control. Sections

were incubated with 1:1000 dilution of biotinylated horse anti-mouse

IgG, rabbit anti-goat IgG, or goat anti-rabbit IgG (Vector Laboratories,

Burlingame, CA, USA) for 90min and then incubated with avidin-

biotinylated horseradish peroxidase (Vector Laboratories) for 90min.

For immunofluorescent double labeling, each primary antibody was

incubated overnight at 4 �C. Rhodamine conjugated goat anti-rabbit

(1:100) and fluorescein isothiocyanate (FITC) labeled horse anti-mouse

(1:100) second antibodies were incubated with sections for 2 h at room

temperature. The double labeling was analyzed by a fluorescence mi-

croscope (Carl Zeiss Inc., Germany) with the use of a rhodamine filter

and a FITC filter.

Neurobehavioral tests (forelimb placing test)

Forelimb placing was scored using the vibrissae-elicited forelimb plac-

ing test [2]. Animals were held by their bodies to allow their forelimbs to

hang free. Independent testing of each forelimb was induced by brushing

the respective vibrissae on the corner of a table top once per trial for 10

trials. A score of 1 was given each time the rat placed its forelimb onto

the edge of the table in response to vibrissae stimulation. Percent suc-

cessful placing responses were determined for impaired forelimb and

non-impaired forelimb.

Statistical analysis

All data in this study are presented as mean� SD. Data were analyzed

using ANOVA or Student t-test. Significance levels were measured at

p<0.05.

Results

3CB2 expression after ICH

By Western blot analysis, 3CB2 expression in the ipsilat-

eral basal ganglia was significantly increased at 3 days

after ICH (p<0.01; Fig. 1), and expression persisted for

at least 1 month (p<0.05; Fig. 1). 3CB2 immunoreactivity

was present in large numbers of astrocytes (GFAP-posi-

tive) surrounding the lesion at 3 days after ICH (Table 1).

However, not all 3CB2-positive glia-like cells were GFAP-

positive. At 1 month, 3CB2 immunoreactivity was co-lo-

Table 1. Immunoreactivity in different cell types after intracerebral

hemorrhage

Time

point

3CB2

immunoreactivity

Cell

types

Other

immunoreactivity

3 days þþ E, A GFAP

1 month þ E, N, A TAC-4, GFAP

þ, Moderate;þþ, strong; E endothelial cell; A glia-like cell; N neuron-

like cell; GFAP glial fibrillary acidic protein.

Fig. 1. Western blot analysis of 3CB2 expression in contralateral and

ipsilateral basal ganglia at day 3 and 1 month after ICH (n¼ 3 in each

group). Values are mean � SD. �p<0.05 and ��p<0.01 compared

with contralateral basal ganglia

Fig. 2. Forelimb placing score was measured pre-ICH and at 3 days

after ICH (by infusion of 100mL autologous whole blood) or in

sham controls (needle insertion without infusion). Values are expressed

as mean � SD; n¼ 5; ��p<0.01 compared with sham group, and
#p<0.05 compared with score at day 3

96 T. Nakamura et al.



calized with TUC-4 (Table 1). In the sham group, a few

astrocytic 3CB2-positive cells were observed only around

the needle track at 3 days after ICH (data not shown).

Neurobehavioral test

There was an improvement in ICH-induced forelimb

placing score, with a significant improvement at 1 month

after ICH compared with that at 3 days after ICH

(p<0.05; Fig. 2).

Discussion

We investigated the early and chronic phase of 3CB2

expression after ICH by Western blotting and immuno-

histochemical staining. Increased expression of 3CB2

immunoreactivity was observed at 3 days and it lasted

for at least 1 month following ICH. Early expression of

3CB2 occurred in astrocytes, but there was delayed ex-

pression in neurons.

3CB2 expression in early and chronic phase

3CB2 upregulation has been detected in a number of

pathological conditions including traumatic brain injury

[6], spinal cord injury [9], and in the kindling model

[10]. As in ICH, this upregulation is prolonged in these

different injury models, lasting at least 1 month [6,

9, 10].

Early after ICH (3 days), 3CB2 was expressed in as-

trocytes around the injury site. These astrocytes were

mostly, but not solely, GFAP-positive. We previously

demonstrated that some nestin-positive glia after ICH

were also GFAP-positive [5].

Increased GFAP expression after brain damage is a

hallmark of reactive astrocytes, and this cytoskeletal

protein contributes to a barrier effect of the glial scar

for axon extension [3].

At 1 month following ICH, 3CB2 was expressed in

some neuron-like cells localized to the injury site. The

fact that these cells have neuron-like properties was con-

firmed by immunofluorescent double-labeling of 3CB2

and TUC-4. Our previous study showed that nestin

immunoreactivity was co-localized with neuron-specific

enolase [5]. The appearance of 3CB2-positive cells was

similar to that found in nestin-positive cells. Englund

et al. [1] have indicated that nestin or GFAP-positive

cells migrate extensively within white matter tracts after

progenitor cell transplantation. These results suggest

that some precursor cell marker expression after ICH

may reflect active proliferation of neural precursor cells,

migration of those cells through white matter, and pos-

sibility have some capacity for self-repair in rodent brain

after ICH.

Neurobehavioral function after ICH

ICH can cause neurobehavioral impariment clinically

and also experimentally [2]. In this study, we showed

that neurobehavioral function at 1 month after ICH was

significantly improved compared with that of 1 day after

ICH. This result suggests improvement of neurological

function following ICH. The improvement of function

after ICH may reflect the remodeling changes in the

damaged brain.

Conclusions

The ICH-induced 3CB2 expression in astrocytes may

reflect an early response of these cells to injury, while

the delayed expression in neurons might be a part of the

adaptative response to injury leading to recovery of neu-

robehavioral function.

Acknowledgments

This study was supported by a Grant-in-Aid for Scientific Research from

the Japanese Society for the Promotion of Science.

References

1. Englund U, Bj€oorklund A,Wictorin K (2002) Migration patterns and

phenotypic differentiation of long-term expanded human neural

progenitor cells after transplantation into the adult rat brain. Brain

Res Dev Brain Res 134: 123–141

2. Hua Y, Schallert T, Keep RF, Wu J, Hoff JT, Xi G (2002) Behavioral

tests after intracerebral hemorrhage in the rat. Stroke 33: 2478–2484

3. McGraw J, Hiebert GW, Steeves JD (2001) Modulating astrogliosis

after neurotrauma. J Neurosci Res 63: 109–115

4. Mission JP, Takahashi T, Caviness VS Jr (1991) Ontogeny of radial

and other astroglial cells in murine cerebral cortex. Glia 4: 138–148

5. Nakamura T, Xi G, Hua Y, Hoff JT, Keep RF (2003) Nestin

expression after experimental intracerebral hemorrhage. Brain

Res 981: 108–117

6. Nakamura T, Miyamoto O, Auer RN, Nagao S, Itano T (2004)

Delayed precursor cell markers expression in hippocampus following

cold-induced cortical injury in mice. J Neurotrauma 21: 1747–1755

7. Parnavelas JG, Nadarajah B (2001) Radial glial cells. Are they

really glia? Neuron 31: 881–884

8. Prada FA, Dorado ME, Quesada A, Prada C, Schwarz U, de la Rosa

EJ (1995) Early expression of a novel radial glia antigen in the chick

embryo. Glia 15: 389–400

9. Shibuya S, Miyamoto O, Itano T, Mori S, Norimatsu H (2003)

Temporal progressive antigen expression in radial glia after con-

tusive spinal cord injury in adult rats. Glia 42: 172–183

10. Tanaka S, Miyamoto O, Janjua NA, Miyazaki T, Takahashi F,

Konishi R, Itano T (2005) Stage and region dependent expression

of a radial glial marker in commissural fibers in kindled mice.

Epilepsy Res 67: 61–72

Radial glia marker expression following experimental ICH 97



Acta Neurochir Suppl (2008) 105: 99–100

# Springer-Verlag 2008

Printed in Austria

Long-term effects of melatonin after intracerebral hemorrhage in rats

R. E. Hartman1, H. A. Rojas2, T. Lekic2, R. Ayer2, S. Lee2, V. Jadhav2, E. Titova2, J. Tang2, J. H. Zhang3

1 Department of Psychology, Loma Linda University, Loma Linda, CA, USA
2 Department of Physiology and Pharmacology, Loma Linda University, Loma Linda, CA, USA
3 Department of Neurosurgery, Loma Linda University, Loma Linda, CA, USA

Summary

Free radical scavengers have been shown to improve short-term outcome

after intracerebral hemorrhage (ICH). The purpose of this study was to

evaluate whether melatonin (a potent free radical scavenger and an

indirect antioxidant) can improve short- and=or long-term neurological

function after ICH, which was induced by collagenase injection into the

striatum of adult rats. Melatonin (15mg=kg) was administered by intra-

peritoneal injection at 1, 24, 48, and 72 h. Neurological and behavioral

testing was performed at several time points from 1 day to 8 weeks post-

ICH. Neurological and behavioral deficits were observed in ICH rats at

all time points, but the melatonin treatment regimen did not improve

performance or level of brain injury.

Keywords: Hemorrhage; collagenase; learning; memory; motor;

melatonin.

Introduction

Intracerebral hemorrhage (ICH) represents at least 10–

15% of all strokes in the Western population [13] and is

often fatal. The collagenase-induced ICH rat model was

originally described by Rosenberg et al. [14] and has

been extensively used to evaluate the injury mechanisms

and potential treatment regimens after ICH. However,

the long-term effects after ICH in this model are not

well understood. There are several published studies that

have tested the behavioral effects of various therapeutic

strategies following collagenase-induced ICH within the

basal ganglia [1, 3, 5, 9, 10, 12], with most using motor

tasks as the sole behavioral outcome measure to assess

the efficacy of treatment strategies. However, cognitive

deficits following ICH in humans are among the most

prominent and troubling [7, 11, 15], with increasing

evidence suggesting that the basal ganglia play a role

in cognitive skills such as learning and memory. Our

study examined whether melatonin reduces infarct size

and=or neurological and cognitive deficits after collage-

nase-induced ICH in rats.

Materials and methods

Intracerebral hemorrhage

Adult male Sprague-Dawley rats were divided into sham-operated con-

trols and ICH groups and anesthetized. Injecting collagenase (VII-S;

Sigma-Aldrich, St. Louis, MO) into the basal ganglia with a microinfu-

sion pump (Harvard Apparatus, Holliston, MA) induced ICH, as previ-

ously described [16]. The needle was left in place for an additional

10min after injection to prevent collagenase leakage. Sham surgery

was performed with needle insertion alone.

Melatonin treatment

After surgery, ICH rats were divided into 2 groups (ICHþ vehicle;

ICHþ 15mg=kg melatonin). Intraperitoneal injections were adminis-

tered at 1, 24, 48, and 72h post-ICH. Sham rats were given vehicle

injections.

Behavioral testing

A number of behavioral tests were administered through 8 weeks post-

ICH, including a battery of neurological tests [6], accelerating Rotarod,

open field, and water maze. This battery of tests allowed for repeated

testing of a number of behavioral domains, including neurological

reflexes, sensorimotor coordination and balance, motor learning, general

activity levels, cued learning, spatial learning, short- and long-term

memory, swim speed, and turn bias.

Histology

Brains were removed at 10 weeks post-ICH, sliced into 10mm thick

sections, stained with cresyl violet Nissl stain, and infarct size was

evaluated (Table 1).
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Results

Neurobehavioral testing

Although behavioral deficits, including cued and spatial

learning, spatial memory, and sensorimotor coordination

were observed in ICH rats throughout the 8-week test

period, the melatonin treatment regimen produced no

significant change in behavior.

Histology

Treatment with melatonin did not produce any signifi-

cant changes in the area of injury produced by collage-

nase-induced ICH.

Discussion

The collagenase-induced ICH model produces lesions in

the dorsolateral and middle regions of the striatum [8],

which are important areas for the control of skilled

motor function [17]. This model often produces a func-

tional impairment of fine motor control of the distal

forelimb and paw as revealed by the staircase test [3].

Neurological deficits in this model are most severe from

24–72 h after ICH induction and are typically attenuated

by 1 month [4, 5, 14]. However, long-term neurological

deficits have been shown when evaluating rotational bias

in response to amphetamine and contralateral stepping

[2]. In the current study, this model of ICH produced

detectable cognitive and motor deficits in rats over an 8

week time period. Along with histological analysis of

infarct volume, this characterization provides a suitable

baseline for the analysis of therapeutic intervention strat-

egies. However, melatonin, at the dose and frequency

tested, did not improve infarct size or neurological func-

tion of rats after ICH induction. It is possible the mela-

tonin regimen was ineffective at reducing the oxidative

damage produced by ICH, or that processes other than

oxidative stress were responsible for the behavioral def-

icits and brain damage. It remains to be determined

whether other antioxidant agents can prevent the long-

term behavioral deficits that were characterized in this

model.
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Summary

Objective. Fibrinolytic therapy for spontaneous intracerebral hemorrhage

using recombinant tissue plasminogen activator (rtPA) is considered a

viable alternative to microsurgical hematoma removal. However, exper-

imental data suggest that rtPA is neurotoxic and evokes a late perihe-

matomal edema. We present preliminary data focusing on the avoidance

of late edema formation after lysis of an intracerebral hematoma in a

porcine model.

Methods. Twenty pigs underwent placement of a frontal intracerebral

hematoma with a minimum volume of 1mL. Half of the pigs were

subjected to rtPA clot lysis and MK-801 injection for blockage of the

NMDA receptor-mediated rtPA-enhanced excitotoxic pathway. The

remaining 10 pigs received desmoteplase (DSPA) for clot lysis, which

is known to be a less neurotoxic fibrinolytic agent than rtPA. MRI on the

day of surgery and on postoperative days 4 and 10 was used to assess

hematoma and edema volumes.

Results. Late edema formation could be prevented in both the MK-

801=rtPA and DSPA pigs.

Conclusion. The benefits of fibrinolytic therapy for intracerebral he-

matomas appear to be counterbalanced by late edema formation. MK-

801 infusion as an adjunct to rtPA lysis, or the use of DSPA instead of

rtPA, prevents late edema and therefore has the potential to further

improve results after clot lysis.

Keywords: Intracerebral hemorrhage; fibrinolysis; tissue plasmino-

gen activator; desmoteplase; excitotoxicity.

Introduction

With mortality rates between 27 and 70%, spontaneous

supratentorial intracerebral hemorrhage (ICH) carries

the worst prognosis of the 3 types of stroke. Several

randomized prospective trials have shown that cranioto-

my and microsurgical clot removal fail to improve the

poor prognosis [4, 12, 13, 27]. It had been assumed that

surgical trauma contributed to the dismal results, which

led to the development of minimally-invasive tech-

niques, especially for frame-based and frameless stereo-

taxy, hematoma puncture, and subsequent fibrinolytic

therapy with recombinant tissue plasminogen activator

(rtPA) [9, 17, 19, 21]. However, recent data suggest that

rtPA might be neurotoxic in the presence of an intrace-

rebral hematoma. In our own experiments, fibrinolytic

therapy in experimental ICH resulted in delayed perifo-

cal edema [18]. Delayed edema is hypothesized to be

caused by promotion of excitotoxic pathways initiated

by perihematomal ischemia, or a reduction in the activi-

ty of protease nexin-1 (PN-1) and plasminogen-activator

inhibitor-1 (PAI-1), which inhibit both rtPA and edema-

evoking thrombin. The purpose of our investigation was

to elucidate the pathways that might be responsible for

the delayed edema and to propose potential therapeutic

alternatives.

Materials and methods

Animal preparation

The protocol for pig intracranial hemorrhage has been described in detail

[18]. Briefly, 20 male pigs weighing 30–35kg were sedated with a 1:6

mixture of atropine (0.3–0.5mg=kg) and azaperone (7–10mg=kg). The

animals were further anesthetized with pentobarbital (15–20mg=kg)

administered via a line in an ear vein. After endotracheal intubation,

the pigs were mechanically ventilated and vital parameters kept at

physiological levels. The hematoma was induced under intracranial

pressure control by injecting autologous venous blood into a preformed

right frontal cavity created by balloon dilatation.

After hematoma induction, magnetic resonance imaging (MRI) scans

were performed on a 1.5T system on all animals. T2-weighted fluid

attenuated inversion recovery (FLAIR) turbo spin-echo images were

used to quantitate edema and T2�-weighted gradient echo images were

acquired for hematoma measurement. Pigs with a hematoma size of less
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than 1 cm3 on MRI were excluded. The scans were repeated on days 4

and 10. Our previous studies have shown that changes in FLAIR inten-

sity correlate with areas of perihematomal edema and inflammatory

infiltration [20].

Experimental groups

Ten animals underwent fibrinolytic therapy of the hematoma with rtPA

(Actilyse, Thomae GmbH, Biberach, Germany) administered via the

Rickham reservoir directly following initial MR imaging. The amount

of rtPA given in milligrams was equal to the maximum diameter of the

hematoma measured in centimeters on T2�-weighted gradient echo

sequences [19]. In the remaining 10 pigs, desmoteplase (DSPA) (Paion,

Aachen, Germany), in a dosage equivalent to the lytic properties of rtPA,

was used as the fibrinolytic agent.

In the 10 rtPA pigs, the NMDA receptor-antagonist MK-801 (M107,

Sigma-Aldrich, Germany), which inhibits the excitotoxic pathway, was

administered intravenously at a dosage of 0.3mg=kg body weight im-

mediately after hematoma induction (before the first MRI) and then

again at 24 h and 72h postoperatively.

Statistical analysis

All values are presented as mean� standard deviation. For comparison

of hematoma and edema volume changes during the study period, the

1-tailed paired t-test was used. Differences were considered significant at

probability values of less than 0.05.

Results

MK-801=rtPA pigs

The mean hematoma size in the 10 animals measured

1.29� 0.26 cm3 and decreased to 0.57� 0.34 cm3 on

day 4 (p<0.001) and to 0.37� 0.25 cm3 on day 10

(p<0.001), respectively. The mean edema volume on

FLAIR images measured 0.73� 0.54 cm3 directly after

surgery and increased to 1.29� 0.76 cm3 on day 4

(p<0.08) and 1.29� 1.76 cm3 on day 10 (p<0.35).

DSPA pigs

The mean hematoma size in the 10 animals was

1.21� 0.34 cm3. DSPA lysis reduced the hematoma

volume to 0.55� 0.31 cm3 on day 4 (p<0.001) and to

0.30� 0.15 cm3 on day 10 (p<0.001). The mean edema

volume on the day of surgery was 0.63� 0.28 cm3 and

increased to 1.44� 0.52 cm3 on day 4 (p<0.001), but

dropped again to 0.94� 1.4 cm3 on day 10 (p<0.24).

Comparison of MK-801=rtPA and DSPA pigs

The initial hematoma volume in both groups of pigs was

comparable. Furthermore, the fibrinolytic effect of rtPA

and DSPA was equivalent, with almost similar reduc-

tions in the initial hematoma volume on postoperative

days 4 and 10. The edema volume in both the MK-801

and DSPA groups increased until day 4. Then, the edema

volume remained stable in the MK-801 group but

dropped in the DSPA group, as seen on day 10.

Discussion

The optimal therapy for spontaneous intracerebral hem-

orrhage has yet to be determined. The few prospective

randomized trials comparing microsurgical clot removal

with conventional medical therapy failed to support sur-

gery. Even when surgery is performed, mortality rates

are as high as 40–67% [4, 12]. Frame-based stereo-

tactic or neuronavigationally-guided hematoma puncture

and subsequent clot lysis with tPA has been proposed as

a therapeutic alternative. In several prospective clinical

series, promising results have been published, with mor-

tality rates between 10 and 25% [9, 17, 19]. These good

results have been attributed to the less-invasive nature of

the procedure, diminishing operative trauma to the brain

overlying the hematoma.

Studies on fibrinolytic therapy in experimental intra-

cerebral hematoma are rare. Wagner and coworkers

demonstrated that fibrinolysis with rtPA and subsequent

aspiration of lysed clot reduces the amount of the peri-

focal edema in a pig model on postoperative day 1 [24].

Using a similar porcine model, our studies confirm the

positive effect of clot lysis on diminishing early edema,

and demonstrate increased hemorrhage site edema on

day 10. This delayed edema was significantly larger than

that seen in an untreated control group [18].

rtPA neurotoxicity

Two hypothetical pathways may account for the increase

in delayed edema. 1) Experimental studies of focal ce-

rebral ischemia using tPA knockout and wild-type mice

showed that tPA induces neuronal death by enhancing

the excitotoxic pathway [25]. Similar findings were

reported in mice experiments using unilateral intrahip-

pocampal injection of kainic acid [22, 23]. The NMDA

receptor plays a dominant role in this excitotoxic path-

way. tPA amplifies the NMDA-induced increase in

intracellular calcium concentration and potentially pro-

vokes cell death by cleavage of a fragment from the NR1

subunit of the NMDA receptor [11, 15]. 2) Blood deg-

radation products, especially thrombin, are well known

factors contributing to the development of perihemato-

mal edema [3, 6, 7, 14, 26]. Thrombin is inhibited by

PN-1 and PAI-1. Figueroa and coworkers showed that

addition of rtPA attenuates the inhibition of thrombin by

competing for PN-1 and PAI-1 [2]. It seems possible that
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the relative increase in thrombin concentration causes

delayed perihematomal edema.

Anti-neurotoxic options

Prior to our current study there was little evidence that

rtPA mediated up regulation of excitotoxic pathways or

that attenuation of the PN-1=PAI-1-induced inhibition of

thrombin contributed to the development of delayed ede-

ma in successfully lysed experimental hematomas. Our

recent experiments clearly indicate that at least the first

pathway is involved in late edema formation. MK-801 is

a non-competitive blocker of the NMDA receptor and,

therefore, of the excitotoxic pathway, as proven by re-

duction of the infarct size in experiments on focal ische-

mia. Similarly, NMDA receptor blockade attenuates the

neurotoxic effect of external tPA with inhibition of cal-

cium overload [1, 5]. In our previous series [18], the

mean edema volume on day 10 was 3.33 cm3� 3.2 cm3

in rtPA pigs, but only 1.29� 1.76 cm3 in rtPA and MK-

801 treated pigs, despite comparable initial hematoma

volumes and fibrinolytic effects. This significant reduc-

tion in edema volume by MK-801 suggests that activa-

tion of the excitotoxic pathway by exogenous tPA plays

a substantial role in delayed edema formation.

DSPA is an alternative lytic agent derived from the

saliva of the blood-feeding vampire bat. In 2 models of

neurodegeneration, DSPAwas found not to promote kai-

nite- or NMDA-mediated neurotoxicity [8, 10, 16]. Our

study demonstrates once again that DSPA as a fibrino-

lytic agent is not neurotoxic, even if given in an extra-

vasated fashion. Delayed edema volume in the DSPA

pigs, at 0.94 cm3, was lower than that on day 4, while

in rtPA pigs the highest edema volume was observed on

day 10.

We have preliminary evidence that PN-1=PAI-1-in-

duced inhibition of thrombin additionally contributes

to the development of delayed edema in successfully

lysed experimental hematomas; PAI-1 injection after in-

duction of the hematoma and rtPA clot lysis reduces

delayed edema formation while only mildly reducing

the lytic potential of rtPA (Samadani and Rohde, unpub-

lished data).

Conclusion

Our work demonstrates that MK-801 may be a useful

adjunct to diminish delayed edema after rtPA clot lysis.

Additionally, DSPA fibrinolysis, when used in lieu of

rtPA, may have a similar effect. These agents have the

potential to further improve outcomes after stereotactic

hematoma puncture and fibrinolytic therapy by blockage

or avoidance of the neurotoxic properties of the injected

rtPA. These data are preliminary and further investiga-

tions are necessary, as the effects of MK-801 and DSPA

have not been compared with a direct, but with a previ-

ous control group. PAI-1 injection after clot lysis with

rtPA offers a third modality for controlling delayed ede-

ma formation.
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Summary

The protective mechanism of recombinant human erythropoietin

(rhEPO) on blood–brain barrier (BBB) after brain injury is associated

with the attenuation of neuro-inflammation. We hypothesize that rhEPO

treatment after intracerebral hemorrhage (ICH) modulates matrix metal-

loproteinase (MMP) activity, maintains BBB integrity, and reduces BBB

breakdown-associated inflammation.

Adult male 129S2=sv mice were subjected to autologous whole

blood-induced ICH. rhEPO or saline was administered intraperitoneally

immediately after surgery and for 3 more days until day of sacrifice.

BBB permeability was measured by Evans blue leakage, and edema was

assessed by brain water content. Immunofluorescence and Western blot-

ting were performed to detect expression of tight junction marker oc-

cludin, type IV collagen, MMPs, tissue inhibitor of metalloproteinase

(TIMP), and glial fibrillary acidic protein. rhEPO prevented Evans blue

leakage, reduced brain edema, and preserved expression of occludin and

collagen IV. rhEPO treatment decreased MMP-2 expression, increased

TIMP-2 expression, and reduced the number of reactive astrocytes in

the brain compared to saline control.

We conclude that rhEPO reduces MMP activity, BBB disruption, and

the glial cell inflammatory reaction 3 days after ICH. Our study provides

additional evidence for the mechanism of rhEPO’s neurovascular protec-

tive effects and a potential clinical application in the treatment of ICH.

Keywords: Intracerebral hemorrhage; recombinant human erythro-

poietin; blood–brain barrier; matrix metalloproteinase; tissue inhibitor

of metalloproteinase; anti-inflammatory; neurovascular protection.

Introduction

Intracerebral hemorrhage (ICH), a high mortality and

morbidity subtype of stroke, makes up approximately

10% to 15% of all strokes, of which the pathological

mechanisms are not yet fully clarified. Only a few ran-

domized clinical trials have been executed after the first

American Heart Association guidelines for the man-

agement of spontaneous ICH were published in 1999.

Tremendous effort has been dedicated to understanding

the basic science mechanisms of ICH, although they are

still largely unknown. Information thus far concludes

that the massive damage induced by ICH results from

the effects of hematoma, which causes local obstruction

of the microcirculation, resulting in ischemia and com-

pression of the distant structures [10]. The inflammation

surrounding the blood clot also contributes to delayed

neuronal death [17]. It has also been demonstrated that

ICH is followed by disruption of the blood–brain barrier

(BBB), which is accompanied by edema surrounding

the lesion area [21]. Disruption of the BBB initiates

the neuro-inflammatory response and tissue injury after

ICH [3].

The BBB is composed of endothelial cells, astrocyte

end-feet, and pericytes, restricting the passage of toxins

and maintaining homeostasis of the neuro-parenchymal

microenvironment [6]. Endothelial cell tight junctions

comprise the first border line against external structures

from entering the brain. The basal lamina, which wraps

the endothelial cells and pericytes and is contiguous

with the plasma membranes of astrocytic end-feet and

endothelial cells, provides a charge barrier and may im-

pede influx of larger molecules. Matrix metalloprotei-

nases (MMPs) contribute to BBB disruption during

central nervous system (CNS) pathological circum-

stances by digesting the components of the basal lamina,

such as heparin sulfate, laminin, fibronectin, and type IV

collagen [14]. In the acute phase of ischemia, MMP

expression is up-regulated [3], which degrades the

BBB and leads to brain edema and secondary injury to

the brain [4]. Increased BBB permeability consequently
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results in the infiltration of leukocytes and macrophages

into the brain and an accelerated inflammatory response,

a proposed component of the cell death mechanism after

ICH. Inhibition of MMPs exerted neuroprotection fol-

lowing mouse ICH [18].

The novel neuroprotectant, recombinant human eryth-

ropoietin (rhEPO) [5, 8, 19], has exhibited potential effects

in BBB protection in different neurovascular diseases

[9, 11, 15]. Anti-inflammation has recently been reported

[7, 16, 20] as one of the possible neuroprotective mecha-

nisms of rhEPO. We hypothesize that rhEPO suppresses

MMP activation after ICH and maintains the integrity of

the BBB, thus attenuating neuro-inflammatory responses,

which may be another neuroprotective mechanism.

Materials and methods

Induction of ICH by autologous whole blood

and drug administration

All animal experiments and surgical procedures were approved by the

University Animal Research Committee and met National Institutes of

Health standards. Male 129S2=Sv mice (20–25g; Harlan, Indianapolis,

IN, USA) were subjected to intraperitoneal injection of 4% chloral

hydrate anesthesia, and were positioned in a mouse stereotaxic frame

(myNeurolab.com, St. Louis, MO). A 1-mm cranial burr hole was

drilled stereotaxically near the bregma and above the right basal ganglia

(AP: �0.2mm; ML: þ2.0mm). A 26-gauge needle was inserted into the

hole at a depth of 3.5mm (DV: þ3.5mm). Autologous whole blood

(20ml) drawn from the tail vein was infused at a rate of 5ml=min using a

microinfusion pump (Stoelting Co., Wood Dale, IL, USA). After waiting

an extra 2min following the infusion, the needle was slowly withdrawn,

the burr hole was filled with bone wax, and the skin incision was closed

with suture. During surgery and recovery periods, body temperature was

monitored and maintained at 37.0 � 0.5 �C using a temperature control

unit and heating pads.

rhEPO (5000U=kg; Amgen Inc., Thousand Oaks, CA, USA) or saline

was injected intraperitoneally immediately after surgery and continued

once per day after insult for 3 days. Animals were sacrificed by decapi-

tation 3 days after ICH. The brain was immediately removed and

mounted in optimal cutting temperature compound (Sakura Finetek

USA, Inc. Torrance, CA) at �80 �C for further processing.

Macroscopic evaluation of alterations in BBB permeability

and brain edema

In order to visualize the BBB leakage, sterilized 2% Evans blue (Sigma-

Aldrich, St. Louis, MO) solution was administered intravenously at

a dosage of 0.1mL per animal 6 hours before sacrifice. Brains were

removed and coronal sections were used to examine the Evans blue

extravasation by photographing under the TRITC (red) excitation wave-

length at 1.25� fluorescent microscopy (BX5; Olympus, Japan). Adobe

PhotoshopCS8.0 software (Adobe Systems Inc., San Jose, CA,USA)was

used to make an image mosaic. The leakage volume was morphomet-

rically measured based on the Evans blue leakage area using our previous

protocol [9]. The leakage ratio and volume were measured by an image

analyzer (SigmaScan Pro 5; Systat Software Inc., San Jose, CA, USA).

To evaluate the effects of brain edema following ICH, tissue sections

from rhEPO and saline groups were assayed for water content at 72 h

after injury by using wet weight=dry weight ratios [9].

Western blot assay

For each group, 3 animals were used to collect ipsilateral tissue samples

from the lesion border. Each sample was run in 3 independent assays.

Western blotting procedure is the standard procedure in our laboratory

[8] and was repeated 3 times with new samples collected from different

animals. In total, 9 different animals were used in each group. The fol-

lowing antibodies were used: mouse anti-occludin (1:500; Invitrogen,

Carlsbad, CA, USA), rabbit anti-MMP-2 (1:1000, AB19167; Chemicon

International, Temecula, CA, USA), rabbit anti-tissue inhibitor of metal-

loproteinase (TIMP)-2 (1:1000, AB801; Chemicon International), and

rabbit anti-glial fibrillary acidic protein (GFAP) (1:1000; Biomeda

Corp., Burlingame, CA). Mouse anti-�-actin (Sigma-Aldrich) was used

as the protein loading control. The protein band was quantified and

analyzed using Image J software (National Institutes of Health,

Bethesda, MD, USA). The intensity of each band was first measured

and then subtracted by the background. The expression ratio of each

target protein was then normalized against �-actin.

Immunofluorescence staining

Coronal fresh frozen sections were sliced 10-mm thick using a cryostat

vibratome (Ultapro 5000, St. Louis, MO). After the slides were com-

pletely air dried, slices were fixed in 10% buffered formalin phosphate

for 10min, followed by 0.2% Triton-100 for 5min and washed with

phosphate-buffered saline 3 times between each step. Slides were

blocked in 1% gelatin from cold water fish before incubation with

primary antibodies overnight at 4 �C. The primary antibodies were as

follows: mouse anti-occludin (1:500; Invitrogen), goat anti-collagen IV

(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-

MMP-2 (1:1000, AB19167; Chemicon), rabbit anti-TIMP-2 (1:1000,

AB801; Chemicon), and mouse anti-GFAP (1:800; Biomeda Corp.).

After rinsing with phosphate-buffered saline, brain sections were then

treated with secondary antibodies Alexa Fluor 488 anti-mouse, anti-rab-

bit, or anti-goat IgG (Molecular Probes, Eugene, OR), Cy3-conjugated

anti-mouse or anti-rabbit IgG (Jackson ImmunoResearch Laboratories,

West Grove, PA, USA) for 1.5 h at room temperature. Hoechst 33342

(Molecular Probes) was used to stain all nuclei. Brain sections were

mounted and cover-slipped, imaged and photographed under a fluores-

cent microscope (BX51; Olympus) and laser scanning confocal micro-

scope (Carl Zeiss Microimaging Inc., Thornwood, NY, USA).

Statistical analysis

Student’s two-tailed t-test was used to compare the 2 experimental

groups. Changes were identified as significant if p<0.05. Mean values

were reported together with the standard error of mean (Mean � SE).

Results

rhEPO reduced Evans blue leakage and brain edema

induced by ICH

The area of Evans blue leakage on a single section was

much less in the rhEPO group (Fig. 1B) than saline

group (Fig. 1A) as revealed by the mosaic images taken

under a fluorescent microscope. There was a significant

reduction (36.6%) in the rhEPO group compared to the

saline group in the indirect ratio of Evans blue leakage

(Fig. 1C).
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Water content was used to represent brain edema

(Fig. 1D). There was no significant difference between

the rhEPO and saline group in any of the sections on the

contralateral side (Fig. 1E). A higher percentage of water

content was seen on the ipsilateral side than the contra-

lateral side in general. On the ipsilateral side, there was

a significant reduction of water content in the second

3-mm section but not in the first 3-mm or the 2-mm

sections in the rhEPO group as compared to saline con-

trol (Fig. 1F).

Fig. 1. rhEPO reduced Evans blue leakage and brain edema 3 days after ICH. (A, B) Images of Evans blue leakage. There was a greatly reduced

area of Evans blue dye (red) in rhEPO treatment group (B) compared to saline group (A). (C) Ratio of Evans blue leakage. There was significant

reduction in the indirect ratio of Evans blue leakage in rhEPO group compared to saline group (N¼ 5). �p<0.05. (D) Sectioning scheme used to

compare edema in different regions of brain. White circle represents lesion area. (E, F) Water content for contralateral and ipsilateral hemispheres

was calculated separately (N¼ 6). On the contralateral side, there was no significant difference between rhEPO and saline group in corresponding

sections (E). On the ipsilateral side, there was significant reduction of water content in the second 3-mm section of the rhEPO group compared to

saline (F). �p<0.05
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rhEPO maintained structural integrity after ICH

The integrity of the BBB endothelial cell tight junction

was visualized by immunofluorescence staining of

occludin in both lower and higher magnification images

on the border of ICH injury in saline (Fig. 2A and C) and

rhEPO groups (Fig. 2B and D). The expression level was

also quantified by Western blot. Morphologically, occlu-

din expression was less abundant and shorter and in

length and width in the saline group as compared to

the rhEPO group, where expression was much more

robust and stronger. The area of occludin expression

was significantly greater (40%) in the rhEPO group than

Fig. 2. rhEPO maintained distribution of occludin and collagen IVexpression 3 days after ICH. (A–D) Expression of occludin (red) against Hoechst

(blue) was detected in saline group (A and C) and rhEPO group (B and D) at both lower (A and B) and higher magnification (C and D) (N¼ 9). (E,

F) Expression of collagen IV (green) against Hoechst (blue) was detected in saline group (E) and rhEPO group (F) (N¼ 9). Dash-lines mark the

boundary of ICH-induced lesion area in A, B, E, and F. (G) The area of occludin expression showed significantly more expression in the rhEPO

group compared to saline group. �p<0.01. Panel H: Western blot and densitometry analysis of occludin expression 3 days after ICH in rhEPO and

saline groups (N¼ 9). Compared with saline group, expression of occludin in rhEPO group was significantly greater. �p<0.05. (I) Collagen IV

expression was significantly greater in rhEPO group than in saline group. �p<0.01

2
Fig. 3. rhEPO down-regulated MMPs, up-regulated TIMPs, and attenuated activated astrocytes 3 days after ICH. (A, B) MMP-2 (red), GFAP

(green), and Hoechst (blue) triple-staining revealed less MMP-2 and GFAP expression in rhEPO groups (B) compared to saline (A). (C, D) TIMP-2

(red), GFAP (green) and Hoechst (blue) triple-staining showed less GFAP but more TIMP-2 in rhEPO treatment group (D) than saline group (C).

Panel E: Western blots for MMP-2 and TIMP-2 3 days after ICH (N¼ 9). (F, G) Densitometry analysis of MMP-2 (F) and TIMP-2 (G) expression 3

days after ICH. Compared to saline group, there was significantly lower expression of MMP-2 but greater expression of TIMP-2 in rhEPO group.
�p<0.05. (H) Western blots for GFAP expression (N¼ 9). Significantly lower expression of GFAP was shown in rhEPO group as compared to

saline group. �p<0.01
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in the saline group (Fig. 2G). Occludin expression was

also significantly greater in the rhEPO group when com-

pared to saline control as detected by Western blot

(Fig. 2H).

The structural integrity of BBB endothelial cells was

also shown by immunofluorescence staining of collagen

IV in the saline (Fig. 2E) and rhEPO groups (Fig. 2F).

Three days after ICH, there was a much more abundant

and stronger and expression of collagen IV on cerebral

endothelial cells in the rhEPO group as compared to

saline control. Its expression area was significantly

greater in the rhEPO group (Fig. 2I).

rhEPO reduced MMP expression, increased TIMP

expression, and reduced inflammatory reactions

after ICH

Immunofluorescence staining at the border of ICH

showed less MMP-2 but more TIMP-2 expression in

the rhEPO treatment group (Fig. 3B and D) compared

to saline control (Fig. 3A and C). Western blotting

showed significantly lower expression of MMP-2 but

greater expression of TIMP-2 in the rhEPO group as

compared to saline group (Fig. 3E–3G). Immunofluores-

cence staining of GFAP at the border showed less abun-

dant and weaker GFAP expression in the rhEPO group

(Fig. 3B and D) than in saline group (Fig. 3A and C).

Swollen astrocytes were barely detected in the rhEPO

group. Western blotting revealed significantly lower ex-

pression of GFAP in the rhEPO group compared to sa-

line group (Fig. 3H).

Discussion

Our study demonstrates that rhEPO significantly main-

tains BBB integrity in the acute phase after ICH. It also

reveals the effects of rhEPO on suppression of MMP

activity and the attenuation of neuro-inflammation with

rhEPO treatment 3 days after ICH in an autologous

whole blood-induced mouse model. Our study also indi-

cates that exogenous administration of rhEPO attenuates

neuro-inflammation by diminishing MMP activities and

maintaining BBB after ICH.

It is well known that the degree of cell death and

behavioral deficits after cerebral injury are highly depen-

dent on the severity of BBB disruption, which makes the

maintenance and protection of BBB one of the therapeu-

tic strategies in many neurological diseases [6]. It has

been shown that rhEPO protects against BBB disruption

after seizure and global and focal ischemia [2, 9, 15]. We

first demonstrated the protective effect of rhEPO on

BBB in a mouse ICH model. Damage to BBB was visu-

alized and quantified by Evans blue leakage. The 2%

Evans blue dye, which was administered intravenously,

was detected under TRICT excitation wavelength. rhEPO

treatment induced a significantly smaller leakage area,

indicating decreased permeability of BBB 3 days after

ICH with rhEPO treatment. To further support this data,

relative water content was used to evaluate brain edema,

which is an important clinical endpoint in ICH studies.

Ipsilateral brain sections with ICH-induced damage had

significantly less water content in the rhEPO treatment

animals compared to saline control. These results dem-

onstrate that rhEPO reduces BBB permeability and the

consequential brain edema 3 days following ICH.

To maintain the barrier function of BBB, intracellular

junction proteins play extraordinarily important roles.

Among these proteins, tight junctions are exclusively

recruited as the first defensive line with particular en-

zymes to prevent the entrance of certain substances [14].

Occludin, a well-accepted tight junction marker, was

used to illustrate the integrity of the BBB. In cultured

brain microvascular endothelial cells, decreased occlu-

din expression was shown 24 h after being exposed in

glutamate, a BBB disrupting agent [1]. Three days after

focal ischemia, less abundant occludin was also detected

[9]. In our current study, occludin expression was se-

verely disrupted both inside and on the border of the

lesion area 3 days after ICH. More abundant and better

organized occludin-positive microvessels were detected

in the rhEPO treatment group compared to the saline

group. The area of occludin expression was significantly

higher in the rhEPO group. These results were confirmed

by Western blot. Taken together, rhEPO treatment pre-

served BBB, partly through maintaining the structure of

endothelial cell tight junctions.

As the other key barrier that prevents larger molecules

influx, the integrity of the basal lamina was detected

as well. Anatomically, basal lamina forms a layer that

wraps the endothelial cells and pericytes. Compared to

the saline group, rhEPO treatment prevented type IV

collagen degradation 3 days after ICH, as more abun-

dant, longer, and thicker collagen IV expression was

seen in the rhEPO treatment group. There was an almost

doubled expression area of collagen IV in rhEPO group

compared to saline group, which indicated the preserva-

tion of type IV collagen=basal lamina from degradation,

therefore maintaining BBB integrity.

Our data demonstrated rhEPO’s protective effects on

the BBB in ICH from various angles. To further investi-
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gate the mechanisms, we focused our hypothesis on

MMPs, as they have been implicated in degradation of

the basal lamina degrader, which leads to BBB disrup-

tion [14]. Recently it has been reported that MMPs also

degrade tight junction proteins, which leads to BBB

disruption as well. Inhibition of MMPs reversed the

disruption of tight junction proteins in focal ischemic

rat [22]. MMPs are a subfamily of metalloproteinases,

which have many members. They are recognized as ma-

trix-degrading enzymes in BBB disruption, extracellular

matrix remodeling, and inflammation [3]. MMP activity

is regulated by TIMP [4]. In the CNS, most cell types are

able to express MMPs and TIMPs after a variety

of stimuli or injuries, including neurons, glia, and

endothelial cells. An increasing amount of work has

been done to characterize MMP=TIMP expression in

ischemic stroke, but not in ICH. Bacterial collagenase-

induced ICH is closely related to MMPs [13]. Up-regu-

lation of MMP-2 and MMP-9, as well as acute brain

injury after ICH, was ameliorated after a broad-spectrum

MP inhibitor [18]. In our current study, expression of

MMP-2 after ICH was significantly down-regulated

by rhEPO treatment, while TIMP-2 expression was up-

regulated 3 days after ICH in rhEPO animals. Our

data indicate that rhEPO attenuates MMP expression

and, thus, preserves both the endothelial cell tight junc-

tions and the basal lamina, which may be involved in

protection against BBB damage in the acute phase after

ICH.

rhEPO has been well-demonstrated as an anti-inflam-

matory agent that exhibits potential for treatment of

brain injury [16, 23]. Neuroprotection with rhEPO treat-

ment after ICH was indicated by a decrease in TUNEL-

positive cells compared to control groups 3 days after

insult and better functional recovery at longer time

points, which were achieved by reducing perihematomal

inflammation [7]. The neuro-inflammatory response has

cellular and molecular components. In terms of molecu-

lar inflammation, adhesion molecules, chemokines, and

cytokines are the most common subtypes. MMPs are

also thought to take part in brain inflammation. At the

cellular level, inflammation is related to the elicitation

and activation of certain types of cells into the injury

area. Neutrophils, lymphocytes, and monocytes occur in

the circulation, whereas astrocytes and microglia are

seen in the injured brain [12]. In our present study, the

less GFAP accumulation on the border of the ICH lesion

area and a less-swollen morphology in the rhEPO treat-

ment group indicated a lower inflammatory response to

injuries. Since the level of inflammatory response in and

around the injured areas limited the severity of apopto-

sis, the attenuation of inflammation by rhEPO treatment

3 days after ICH provides further evidence of its anti-

inflammation and anti-apoptosis functions.

Overall, our current study demonstrated that rhEPO

attenuated neuro-inflammation after ICH by diminishing

the activation of MMPs and preserving BBB integrity.
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Summary

Acute brain edema formation contributes to brain injury after intracere-

bral hemorrhage (ICH). It has been reported that hyperbaric oxygen

(HBO) is neuroprotective in cerebral ischemia, subarachnoid hemor-

rhage, and brain trauma. In this study, we investigated the effects of

HBO on brain edema following ICH in rats.

Male Sprague-Dawley rats received intracerebral infusion of autolo-

gous whole blood, thrombin, or ferrous iron. HBO (100% O2, 3.0 ATA

for 1 h) was initiated 1 h after intracerebral injection. Control rats were

exposed to air at room pressure. Brains were sampled at 24 or 72h for

water content, ion measurement, and Western blot analysis. We found

that 1 session of HBO reduced perihematomal brain edema (p<0.05)

24h after ICH. HBO also reduced heat shock protein-32 (HSP-32) levels

(p<0.05) in ipsilateral basal ganglia 24h after ICH. However, HBO

failed to attenuate thrombin-induced brain edema and exaggerated fer-

rous iron-induced brain edema (p<0.05). Three sessions of HBO also

failed to reduce brain edema 72 h after ICH.

In summary, HBO reduced early perihematomal brain edema and

HSP-32 levels in brain. HBO-related brain protection does not occur

through reduction in thrombin toxicity because HBO failed to attenuate

thrombin-induced brain edema. Our results also indicate that HBO

treatment after hematoma lysis for ICH may be harmful, since HBO

amplifies iron-induced brain edema.

Keywords: Hyperbaric oxygen; cerebral hemorrhage; thrombin; iron;

heme oxygenase.

Introduction

Spontaneous intracerebral hemorrhage (ICH), originat-

ing from a variety of sources, causes instantaneous mass

effect, disruption of surrounding brain, and often an ear-

ly neurological death [13, 28]. There is currently no

proven therapy for ICH. Brain injury after ICH appears

to involve several phases [26], including an early phase

involving the clotting cascade and thrombin production

[5, 23] and a later phase involving erythrocyte lysis and

toxicity from iron [4, 22].

Heme oxygenase-1 (HO-1) is a stress protein and a

key enzyme for degradation of heme in hemoglobin

[27]. HO-1 is upregulated after ICH [20]. An inhibitor

of HO, tin-mesoporphyrin reduces perihematomal ede-

ma in pigs [19]. In a previous study, we showed that

hemoglobin-induced brain edema is also attenuated by

another HO inhibitor, tin-protoporphyrin, in a rat model

of ICH [4].

Hyperbaric oxygen (HBO) treatment is neuroprotec-

tive in cerebral ischemia and brain trauma [2, 14, 17,

29]. Early use of HBO reduces blood–brain barrier

(BBB) disruption, brain edema, and infarct volume af-

ter experimental cerebral ischemia [6, 9]. In another

study, we also showed that HBO treatment attenuated

hemorrhagic transformation after transient cerebral is-

chemia [12].

In the present study, we investigated the effect of

HBO therapy on brain injury after ICH.

Materials and methods

Animal preparation and intracerebral injection

The animal protocol was approved by the University of Michigan

Committee on the Use and Care of Animals. Male Sprague-Dawley rats

(Charles River Laboratories, Portage, MI) weighing 300–350g were

used in this study. Rats were allowed free access to food and water

before and after the experiment. Animals were anesthetized by intraper-

itoneal injection of pentobarbital (45mg=kg). The right femoral artery

was catheterized to monitor arterial blood pressure, to obtain blood for

intracerebral injection, and for analysis of blood pH, PaO2, PaCO2,

hematocrit, and glucose levels. Rectal temperature was maintained

at 37.0–37.5 �C using a feedback-controlled heating pad. Animals were

then positioned in a stereotactic frame (David Kopf Instruments,
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Tujunga, CA), and a cranial burr hole (1mm) was drilled in the right

coronal suture 3.5 mm lateral to the midline. Autologous whole blood,

thrombin, or ferrous iron was infused into the right basal ganglia us-

ing a microinfusion pump (Harvard Apparatus, South Natick, MA)

through a 26-gauge needle (coordinates: 0.2mm anterior, 5.5 mm

ventral, and 3.5mm lateral to the bregma). The needle was removed,

the burr hole was filled with bone wax, and the skin incision was

closed with suture.

Experimental groups

There were 3 parts to our study. In the first part, rats received an in-

tracaudate injection of autologous whole blood (100mL) and underwent

HBO treatment for 1 h each day beginning 1 h after intracerebral

injection. Rats were killed 24 or 72 h later to obtain brain water con-

tent, ion measurements, and Western blot analysis. In the second part

of the study, rats received intracaudate injection of thrombin (5 units

in 50 mL saline) and the rats were treated with HBO 1 h later. Rats

were killed at 24 h for brain edema measurements. In the third part,

rats received intracaudate injection of ferrous iron (1mM, 50 mL) and
had HBO treatment 1 h later. Brains were sampled for brain water

content measurement at 24 h.

HBO administration

Animals in HBO treatment groups were placed in a small rodent HBO

chamber (Marine Dynamics Corp., Long Beach, CA). HBO-treated

animals were pressurized over 15min to a plateau pressure of 3 ATA

with 100% oxygen supplied continuously and maintained for 60min.

Decompression was then carried out over 25–30min. Control animals

were also placed into the HBO chamber but received normobaric

room air.

Brain water content measurement

Animals were re-anesthetized (pentobarbital 60mg=kg, i.p.) and decapi-

tated after ICH to measure brain water and ion content, as described

previously [22]. The brains were removed and a coronal tissue slice

(�3mm thick) was cut 4 mm from the frontal pole using a blade. The

brain tissue slice was divided into 2 hemispheres along the midline, and

each hemisphere was dissected into cortex and basal ganglia. The cere-

bellum served as control. Five tissue samples from each brain were

obtained: the ipsilateral and contralateral cortex, the ipsilateral and con-

tralateral basal ganglia, and the cerebellum. Brain samples were imme-

diately weighed on an electronic analytical balance (model AE 100;

Mettler Instrument, Highstown, NJ) to obtain wet weight (WW). The

dry weight (DW) of samples was determined after the tissues were heated

for 24h at 100 �C in a gravity oven (BlueMElectric Co.,Watertown,WI).

Tissue water content (%) was then calculated as: 100� (WW – DW)=

WW. The dehydrated samples were then digested in 1mL of 1mol=L

nitric acid for 1 week. Sodium content was measured using an automatic

flame photometer (model IL 943; Instrumentation Laboratory, Lexington,

MA). Sodium ion content was expressed in micro-equivalents per gram

of dehydrated brain tissue (mEq=gm DW).

Western blot analysis

Animals were re-anesthetized and underwent transcardiac perfusion

with 0.1M phosphate-buffered saline (PBS) until colorless perfusion

fluid was obtained from the right atrium. A coronal brain section

was then cut as described for brain water and ion content. The ipsilat-

eral and contralateral basal ganglia were sampled, immersed in 0.5mL

of Western blot sample buffer, and sonicated. Protein concentration

was determined by Bio-Rad protein assay kit (Bio-Rad Laboratories,

Hercules, CA). Western blot analysis was performed as described previ-

ously [24]. Fiftymg of protein for each sample were separated using

sodium dodecyl sulfate polyacrylamide gel electrophoresis after being

denatured by boiling at 95 �C for 5min, and then transferred to pure

nitrocellulose membrane. The membranes were blocked in Carnation

nonfat milk and probed with polyclonal rabbit anti-heat shock protein-32

(HSP-32) at 1:2000 dilution (Stress Gen Biotechnologies, San Diego,

CA) overnight, then immunoprobed by a second antibody (peroxidase-

conjugated goat anti-rabbit antibody; Bio-Rad Laboratories). The anti-

gen-antibody complexes were demonstrated with a chemiluminescence

system (Amersham Pharmacia, Piscataway, NJ) and exposed to photo-

sensitive film (X-OMAT; Kodak, Rochester, NY). Relative densities of

the band were analyzed using NIH Image software, version 1.62

(National Institutes of Health, Bethesda, MD).

Statistical analysis

Data are expressed as mean� standard deviation (SD). Statistical sig-

nificance was analyzed using 2-tailed Student t-test or ANOVA with

Scheffe’s multiple comparison tests. Probability value of p<0.05 was

considered statistically significant.

Fig. 1. Bar graph showing (A) water content and (B) sodium ion levels

in different areas of rat brain 24 h after ICH. Values are mean � SD,

n¼ 10, �p<0.05 vs. ICH
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Results

One session of HBO treatment started at 1 h after ICH

reduced brain water content in the ipsilateral basal gan-

glia 24 h later (80.2� 1.1 vs. 81.2� 1.1% in the control,

p<0.05; Fig. 1A). The reduction of water content was

accompanied by a reduction in sodium ion accumula-

tion (310� 68 vs. 388� 86 mEq=gm DW in control,

p<0.05; Fig. 1B). However, 3 consecutive sessions of

HBO treatment failed to reduce brain water content at

72 h after ICH (82.1� 0.9 vs. 82.4� 0.8% vs. control,

p>0.05).

Thrombin infusion (5 units) resulted in marked brain

edema. HBO treatment did not reduce thrombin-induced

brain edema at 24 h (84.7� 1.5 vs. 84.7� 1.1% in

control, p>0.05; Fig. 2A) and sodium ion accumula-

tion (701� 136 vs. 721� 141 mEq=gm DW, p>0.05).

Interestingly, HBO therapy significantly exaggerated

ferrous iron-induced brain edema at 24 h (84.9� 0.8

vs. 82.2� 1.9% in control, p<0.05; Fig. 2B) and sodium

ion accumulation (706� 136 vs. 451� 143mEq=gm DW,

p<0.05).

Western blot analysis showed that 1 session of HBO

therapy reduced HO-1 levels in the ipsilateral basal gan-

glia (807� 137 vs. 1082� 72 pixels in control, p<0.05;

Fig. 3).

Discussion

In this study, we found that a single session of HBO

attenuates perihematomal brain edema at 24 h after

ICH. HBO treatment also reduced HO-1 protein levels

in the ipsilateral basal ganglia after ICH. However, 3

sessions of repeated administration of HBO every 24 h

did not reduce perihematomal brain edema at 72 h. In

addition, HBO failed to attenuate thrombin-induced

brain edema and exaggerated brain edema induced by

ferrous iron.

It is still controversial whether secondary ischemia

contributes to brain injury after ICH [28]. Cerebral

blood flow (CBF) has been measured by single-photon

emission computerized tomography in patients with ICH

[7]. A zone of low CBF was found around the clot soon

Fig. 2. (A) Brain water content 24 h after intracerebral infusion of

thrombin (5 units in 50mL saline) into right basal ganglia. HBO-treated

rats received single HBO therapy. Values are mean � SD, n¼ 4–5. (B)

Brain water content 24 h after intracerebral injection of ferrous iron

(1mM in 50 mL saline). Rats were treated with HBO or normobaric

room air 1 h after ferrous iron injection. Values are mean � SD, n¼ 5,
�p<0.05 vs. iron alone

Fig. 3. HO-1 protein levels in ipsilateral basal ganglia measured by

Western blot 24 h after ICH treated with or without HBO. Values are

mean � SD, n¼ 3, �p<0.05 vs. ICH
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after the ictus. This zone resolved within 48 h. Tanaka

et al. [18] also reported CBF reduction after ICH. In a

positron emission tomography study, however, Zazulia

et al. [30] could not find secondary ischemic injury

following ICH. Using diffusion-weighted magnetic res-

onance imaging and proton magnetic resonance spec-

troscopic imaging, widespread ischemia was not found

around an intracerebral clot [1]. Experimental studies

in animals have shown that CBF adjacent to a hemato-

ma decreases [8], but the reduction is temporary and

modest [11]. It is well known that HBO dramatically

increases the oxygen content of blood, thereby increas-

ing oxygen delivery to the brain [16, 31]. It is unclear,

however, whether a modest reduction in CBF causes

brain injury following ICH, and whether an increased

oxygen level around hematoma can reduce acute brain

damage.

HBO might also affect the level of proteins that are

regulated by oxygen levels. The transcription factor,

hypoxia inducible factor-1�, senses changes in oxygen

levels and plays a critical role in the regulation of a

number of proteins, including HO-1 [15]. HO-1, also

known as heat shock protein-32 (HSP-32), is a key en-

zyme of heme degradation and is upregulated signifi-

cantly after ICH. In the current study, we found that

HBO reduces brain HO-1 protein levels around hemato-

ma. Inhibition of HO is associated with reduction in

perihematomal brain edema in rats [4] and pigs [19],

but it is unclear whether reduced brain edema in the

HBO-treated group results from lower levels of HO-1.

Our previous studies demonstrated that thrombin and

iron are 2 major factors contributing to brain edema

following ICH [3]. Thrombin causes BBB disruption

and contributes to acute brain edema formation. Our

current results show that HBO therapy fails to reduce

thrombin-induced brain edema at 24 h. Iron also plays

an important role in edema formation after ICH [10, 21].

In this study we found that HBO therapy exaggerates

iron-induced brain edema. Ferrous iron can be converted

into ferric iron, and HBO may accelerate this process,

which exacerbates free radical production in the brain.

We also found that 3 sessions of HBO failed to attenuate

brain edema, possibly due to HBO-enhanced iron toxic-

ity, since red blood cells start to lyse at 2–3 days after

ICH [22, 25].

In summary, HBO reduced early perihematomal brain

edema. HBO-induced brain protection does not occur

through reduction in thrombin or iron toxicity. Our

results also indicate that HBO treatment after hematoma

lysis may be harmful.
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Summary

Recent studies have shown that amantadine, an uncompetitive N-methyl-

d-aspartate receptor antagonist and dopamine agonist, is effective for the

treatment of various cerebral disorders and causes relatively mild side

effects. In this study, we investigated whether administration of amanta-

dine will provide a neuroprotective effect in the intracerebral hemor-

rhage (ICH) rat model.

A total of 15 male Sprague Dawley rats (300–380g) were divided into

sham, ICH-untreated, and ICH-treated with amantadine sulphate groups.

ICH was induced by collagenase injection. Total dose 6mg=kg of

amantadine sulphate was divided into 3 injections and administered

intraperitoneally at 1, 8, and 16 h after ICH. Brain injury was evaluated

by investigating neurological function and brain edema at 24 h after

ICH.

Our data demonstrates that ICH caused significant neurological deficit

associated with marked brain edema. Amantadine did not reduce brain

injury after ICH; neurological function and brain edema in the treated

group were not different from those of the untreated group.

We conclude that amantadine sulphate does not offer neuroprotection

in acute stage of experimental ICH-induced brain injury.

Keywords: Amantadine sulphate; rats; intracerebral hemorrhage;

brain edema.

Introduction

Intracerebral hemorrhage (ICH) is a most devastating

type of stroke with high mortality, morbidity, and severe

disability. The latest clinical trials failed to confirm ef-

fectiveness of early surgical intervention as a cure for

ICH. The search for the most effective pharmacological

therapy is still ongoing.

Numerous pharmacological agents have been tested in

ICH. Among others, aminoadamantanes are considered

beneficial due to their neuroprotective effects and good

therapeutic tolerance in both acute and chronic types of

brain diseases. Aminoadamantanes such as 1-aminoada-

mantane (amantadine) and 1-amino-3,5-dimethylada-

mantane (memantine) are low-affinity uncompetitive

NMDA receptor antagonists and also affect the synthe-

sis, accumulation, release, and re-uptake of catechola-

mines within the central nervous system (CNS) [2]. As

shown recently, Memantine is effective not only for

Alzheimer’s disease treatment but also in stroke therapy

[5, 6, 16]. Despite having a chemical structure very sim-

ilar to memantine, amantadine has other effects, such

as actions at the sigma-1 receptor site, modulation of

nicotinic receptors, and enhancement of noradrenergic

transmission [9, 10]. This has led to the assumption that,

besides the NMDA receptor antagonist effect, which is

similar with memantine, additional targets of amanta-

dine in CNS may account for its relatively complex

pharmacological effects.

Amantadine, which was originally used for the treat-

ment of influenza A, was later applied in Parkinson’s

disease. The latest publications suggest that amantadine

is effective in the vegetative state and minimal con-

sciousness state [14], and is also beneficial in traumatic

brain injury in adults and children [7, 15].

In this study, we tested whether amantadine sulphate,

the water soluble acid salt, improves short-term neuro-

logical outcomes in an experimental hemorrhage stroke

model.

Correspondence: Jiping Tang, MD, Department of Physiology

and Pharmacology, Loma Linda University Medical Center, 11041

Campus Street, Risley Hall Room 133, Loma Linda, CA 92354,

USA. e-mail: jtang@llu.edu



Materials and methods

Experimental groups

A total of 15 male Sprague Dawley rats (300–380 g) were divided into a

sham group (n¼ 5), an ICH-untreated group (n¼ 6), and an ICH group

treated with 6mg=kg of amantadine sulphate (n¼ 4).

Animal preparation

All procedures in this study were approved by the Animal Care and Use

Committee at Loma Linda University and complied with the Guide for

the Care and Use of Laboratory Animals.

Animals were housed under 12:12 h light=dark cycle with access to

water and food ad libitum. Anesthesia was induced with 4% isoflurane in

the induction chamber and maintained with 2–3% isoflurane in a

30=70% oxygen=air mixture given via mask to spontaneously breathing

animals. Rectal temperature was maintained at 37� 0.5 �C with a

warming blanket. The right femoral artery was cannulated with a PE-

50 polyethylene cannula to monitor mean arterial blood pressure and to

measure blood gas and blood glucose levels (1610 pH=Blood Gas

Analyzer; Instrumentation Laboratories, Lexington, MA). Measurements

of physiological parameters (arterial blood gas and blood glucose level)

were taken before ICH induction, during collagenase injection, and after

surgery.

For the experimental treatment, we used the infusion form of aman-

tadine sulphate (0.4mg=mL) produced by Merz Pharmaceuticals GmbH

(Germany) for the management of akinetic crisis in patients with

Parkinson’s disease. The usual recommended dose for human treatment

ranges from 200 to 600mg=day, and is potent enough to increase level of

consciousness. Therefore, aiming to mimic a clinical situation, we used a

similar proportion, which for rats was calculated to be 6mg=kg=day. We

used the pharmacological form of the drug at a low concentration,

considering that the elimination half-life of amantadine is 9.7–14.5 h.

To avoid overhydration, we divided total amantadine dose into 3 injec-

tions given at 1, 8, and 16h after ICH. The ICH with vehicle treatment

group (untreated) was injected with the same volume of normal saline.

All animals were sacrificed at 24 h after surgery through deep anes-

thesia with isoflurane inhalation and subsequent decapitation. Brains

were collected immediately to measure brain water content.

Surgical procedure

We adapted a collagenase-induced ICH model in rats, previously de-

scribed by Rosenberg et al. [11, 12]. Briefly, anesthetized rats were

positioned in a stereotaxic head frame (Kopf Instruments, Tujunga,

CA) and a cranial burr-hole (1mm) was drilled near the right coronal

suture 2.9mm lateral to the midline. A 27-gauge needle was inserted

stereotaxically into the right basal ganglia (coordinates: 0.2mm anterior,

5.6mm ventral, and 2.9mm lateral to the bregma). Bacterial collagenase

(0.2U in 1mL of saline; VII-S, Sigma-Aldrich, St. Louis, MO) in

a Hamilton syringe was infused into the brain over 5min at a rate

0.2mL=min with a micro-infusion pump (Harvard Apparatus,

Holliston, MA). The needle was left in place for additional 10min after

injection to prevent possible leakage of collagenase solution. After

removal of the needle, the skull hole was closed with bone wax. The

skin incision was closed with suture and the rats were allowed to recover.

Sham surgery was performed with only needle insertion.

Neurological deficits and mortality

Twenty-four hours after surgery, each rat was graded neurologically for

focal deficits using the 18-point neurological scoring system by Garcia

et al. [3] (minimum score¼ 3; maximum score (healthy rat)¼ 18).

Rating was performed blindly on individual animals and averaged in

groups.

Brain water content

Brain water content was measured as described previously [12]. Briefly,

rats were decapitated under deep anesthesia. The brains were removed

immediately and divided into 3 parts: ipsilateral hemisphere, contralat-

eral hemisphere, and cerebellum. The cerebellum was used as an internal

control for brain water content. Tissue samples were weighed on an

electronic analytical balance (APX-60; Denver Instrument, Denver, CO)

to the nearest 0.1mg to obtain the wet weight (WW). The tissue was

then dried at 100 �C for 24h to determine the dry weight (DW). Brain

water content (%) was calculated as [(WW – DW)=WW]�100.

Results

All operated animals survived 24 h after surgery.

Neurological deficit was detected in all animals with

ICH. There was no statistical difference in neurological

scores between treated and untreated groups (Fig. 1A).

Fig. 1. Amantadine sulphate treatment in ICH. Panel (A) Neurological

function was markedly impaired in all ICH-injured animals (�p<0.01

vs. sham; ANOVA). However, there was no difference between treated

and untreated groups at 24 h after ICH. Panel (B) Brain edema was

significantly higher in all ICH-injured rats when compared with sham-

operated animals (�p<0.001 vs. sham, ANOVA). Amantadine sul-

phate treatment did not result in reduction of brain edema (p>0.05

untreated vs. amantadine; ANOVA)
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Brain edema was markedly increased in all animals

with ICH, as compared with sham-operated group

(p<0.05, ANOVA). We failed to find a statistically sig-

nificant difference between treated and untreated groups

(Fig. 1B).

Discussion

While amantadine is a common and widely-used drug,

little is known regarding its biochemical mechanisms

and additional therapeutic options. Numerous clinical

reports and multicenter studies have shown positive

effects of amantadine treatment in unconsciousness

patients, patients with acquired brain injury, as well as

in pain management [4, 7, 13]. Considering uncom-

petitive NMDA antagonism, theoretically amantadine

may prevent excitotoxic neuronal death after stroke

[1]. Moreover, amantadine treatment may have addition-

al advantages such as improving cognitive alertness and

awareness in patients because of enhanced dopaminergic

pathways [8] and increased catecholamine levels.

The design of our study mimics a clinical situation

where acute stage ICH is treated with the infusion form

of amantadine sulphate, offered specifically to inten-

sive care departments. The recommended dose ranges

from 200 to 600mg=day was reported as being safe for

patients [7]. Although we did not find short-term neu-

roprotective effects of sulphate amantadine treatment

on neurological function and brain edema in an ICH

experimental animal model, this result is not entirely

disappointing. Based on studies mentioned above, it is

clear that a future study with long-term treatment is

needed to understand effects of amantadine on brain

repair mechanisms and functional performance after

ICH.
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Summary

We tested the behavioral effects of intracerebral hemorrhage (ICH) in

adult male rats. ICH was induced by collagenase injection into the basal

ganglia and the rats were subjected to a longitudinal behavioral test

battery. Both learning and memory deficits were detected shortly after

injury. Two months after injury, there were still significant short- and

long-term memory deficits. Rotarod testing also revealed long-term

sensorimotor coordination deficits. No differences in activity levels were

detected at any time. Thus, spontaneous ICH produced detectable cog-

nitive and motor deficits that evolved over the course of 2 months. Along

with histological analysis of infarct volume, this characterization pro-

vides a suitable baseline for the analysis of therapeutic interventions.

Keywords: Hemorrhage; collagenase; learning; memory; motor.

Introduction

Because cognitive deficits after intracerebral hemorrhage

(ICH) in humans are among the most prominent and

troubling [7, 8, 11], and because of increasing evidence

that the striatum plays a role in learning=memory [1, 2,

9, 10], it is important to characterize both motor and

cognitive deficits in animal models of ICH.

Materials and methods

Adult male Sprague-Dawley rats were divided into sham-operated con-

trols and ICH groups.

Intracerebral hemorrhage

Injecting collagenase into the basal ganglia induced ICH, as previously

described [12]. Sham surgery was performed with needle insertion

alone.

Behavioral testing

After 2 weeks and 2 months, the rats were subjected to a battery of

behavioral tests, including:

	 Sensorimotor coordination=balance. The rats were tested using an

accelerating Rotarod treadmill.

	 General activity levels=movement patterns. Activity was assessed

similar to previously published protocols [3, 4, 6].

	 Learning=memory. The water maze tests the learning and memory

abilities of rodents [3–6] and requires finding a hidden (submerged)

platform in a pool of water using visual cues from around the room.

The cued (visible platform) task is used to assess sensorimotor and=or

motivational deficits that could affect performance during the spatial

water maze task. The spatial (submerged platform) task required the

animal to find the platform based on its relationship to spatial cues in

the room. The animals were given 10 trials on each task. The depen-

dent variable was swim distance required to find the escape platform.

A probe trial, in which the platform is removed from the water maze,

was performed 24h after the end of the spatial training session, and

time spent searching the area that previously contained the platform

was measured.

Results

Water maze – early

ICH rats performed significantly worse on both the cued

(p<0.04) and spatial (p<0.0002) learning tasks, al-

though there were no differences in probe trial (memory)

performance.

Water maze – late

ICH rats performed normally on the cued learning task,

and slightly, but not significantly, worse on the spatial

learning task. Probe trials revealed memory deficits,

however (p<0.005).
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Sensorimotor coordination=balance

There were no differences in latency to fall off the

Rotarod at the early time point. Therefore, the task

was made more difficult (i.e., faster acceleration) for the

late time point. The ICH rats performed significantly

worse than controls on the accelerating task at the late

time point (p<0.05).

General activity levels=movement patterns

There were no differences in general activity levels or

movement patterns at either time point.

Discussion

The collagenase injection model of ICH in adult male rat

striatum was associated with long-lasting cognitive (spa-

tial memory) and motor (sensorimotor coordination)

deficits. This type of repeated behavioral characteriza-

tion can therefore provide a baseline for the analysis of

therapeutic treatments and closely approximates the hu-

man condition, in which practice effects are often used

as therapeutic strategies.

It is interesting to note that this model produced no

observable differences in spontaneous open field activity

levels, and that this lack of differences was also reflected

in the general observation of home-cage and handling

activity. However, testing activity levels in an open field

is not a stressful, motivation-driven task like the water

maze or Rotarod.

In summary, the collagenase injection model of

ICH produced short- and long-term deficits across

a broad variety of behavioral domains. Along with

histological analysis of infarct size, these tests pro-

vide several targets for future tests of short- and

long-term efficacy of therapeutic strategies following

stroke.
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Summary

We examined the time course of neurological deficits in gerbils after an

intracerebral hemorrhage (ICH) induced by autologous blood infusion

and examined its correlation with the severity of perihematomal edema.

Mongolian gerbils (n¼ 15) were subjected to stereotaxic autologous

blood infusion (30 or 60mL) into the left caudate nucleus. Corner-turn

and forelimb-placing tests were performed before, and 1 and 3 days after

ICH. Perihematomal water content was measured by tissue gravimetry.

Gerbils developed neurological deficits and perihematomal edema at day

1 after ICH. Both neurological deficits and perihematomal edema were

significantly greater in animals with 60mL blood infusion compared to

the 30mL infusion group, and both neurological deficits and edema were

also greater at 3 days compared to 1 day after ICH. The severity of

neurological deficits paralleled the degree of perihematomal edema. We

conclude that the Mongolian gerbil is a suitable model for studies on the

behavioral effects of ICH.

Keywords: Mongolian gerbil; intracerebral hemorrhage; autologous

blood infusion; perihematomal edema; gravimetry; forelimb-placing

test; corner-turn test.

Introduction

Mongolian gerbils are rodents suitable for assessment of

neurological deficits and they have been used for many

years in neuroscience research [3–5]. We examined neu-

rological deficits in gerbils after intracerebral hemor-

rhage (ICH) induced by autologous blood infusion into

the caudate nucleus. Corner-turn and forelimb-placing

tests were applied for the assessment of neurological

deficits. We observed close association between post-

ICH neurological deficits and perihematomal edema.

Both brain edema and neurological deficits were exacer-

bated over 3 days after onset of ICH and varied with

hematoma size.

Materials and methods

Adult male Mongolian gerbils (n¼ 15) were used in this study. Under

isoflurane anesthesia, gerbils were subjected to either stereotaxic autol-

ogous blood infusion (30 or 60mL) into the left caudate nucleus or a

sham-operation (control group) [7]. Corner-turn and forelimb-placing

tests were performed before and 1 and 3 days after ICH [5, 6] (Fig. 1).

Water content in the perihematomal tissue was measured by tissue

gravimetry [1]. All data were expressed as mean� SEM. P-values of

less than 0.05 were considered significant.

Results

All gerbils survived autologous blood injection. Animals

were sacrificed at day 1 or 3 under isoflurane anesthesia,

and the brain removed. The cut surface of the brain

showed the hematoma with perihematomal edema.

Water content of the perihematomal tissue was signifi-

cantly increased in both the 30 and 60 mL blood groups

at day 1 (water content: 79.6� 0.52, 80.7� 0.36, and

77.6� 0.31% in 30 mL blood, 60 mL blood, and control

groups, respectively; Fig. 2A). Perihematomal edema

was exacerbated at day 3 after onset of ICH (water

content: 81.5� 0.62% and 77.4� 0.06% in 30 mL blood

and control groups, respectively; Fig. 2B).

After ICH, gerbils developed significant neurological

deficits at day 1. The rate of left corner turns was

0.23� 0.15, 0.03� 0.03, and 0.43� 0.07 in the 30 mL
blood, 60 mL blood, and control groups, respectively

(Fig. 2C). Forelimb-placing scores were 0.67� 0.17,

0.27� 0.15, and 0.93� 0.07 in the 30 mL blood, 60 mL
blood, and control groups, respectively (Fig. 2E).
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Neurological deficits were exacerbated at day 3. Thus,

the rate of left corner turns was 0.13� 0.15 and

0.47� 0.06 in the 30 mL blood and control groups,

respectively (Fig. 2D). Forelimb-placing scores were

0.43� 0.07 and 0.97� 0.03 in 30mL blood and control

groups, respectively (Fig. 2F). Thus, the severity of edema

and neurological deficits paralleled injected blood vol-

ume, and both increased over 3 days after onset of ICH.

Discussion

We examined neurological deficits and perihematomal

edema in a gerbil model of ICH induced by autologous

blood infusion into the caudate nucleus. An autologous

blood infusion model has been developed using rats and

mice [6, 7]. We found Mongolian gerbils are also useful

for this model because the animal has a highly sponta-

Fig. 1. Corner-turn (A–D) and forelimb-

placing (E–H) tests. With the narrowing of

the corner (see arrows), vibrissae on both

sides touch the wall. The animal makes left

turn, which is contralateral to the sensory-

disturbed side. Forelimb-placing is failed

on the right side (see arrows), which de-

veloped sensorimotor disturbance

128 T. Kuroiwa et al.



neous locomotive activity and assessment of neurologi-

cal deficits is easier than with the other rodents. Two

tests that can detect post-ICH neurological deficits in

rats [2], forelimb-placing and corner-turn tests, were

also useful in this gerbil ICH model. The deficits were

exacerbated at day 3 compared to day 1.

Brain edema was assessed using tissue gravimetry with

a kerosene=monobrombenzene gradient column [1]. For

this procedure, the sample size was approximately 10mg,

which is suitable for assessment of brain edema develop-

ment in the rodent brain. We detected significant perihe-

matomal edema at day 1 after onset of ICH. The edema

was exacerbated at day 3, which probably corresponds to

the delayed brain edema formation observed in rat [7].

These results suggest a close correlation between the

severity of behavioral deficits and the degree of brain

Fig. 2. (A) Water content of perihemato-

mal tissue at 1 day after onset of ICH

in 30 mL hematoma (black), 60mL hema-

toma (gray), or sham-operated (white)

groups. (B) Edema exaggerated at 3 days

after onset of ICH. (C) Corner-turn test

showed more severe deficit in gerbils with

larger hematoma at 1 day after onset of

ICH. (D) Neurological deficits were exac-

erbated at day 3 after onset of ICH. (E, F)

Similar change and time course were

found in forelimb-placing test. Values are

mean� SEM. �P<0.05 vs. other groups
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edema formation. They also suggest that the Mongolian

gerbil is a suitable model for ICH studies, particularly

those focused on ICH-induced behavioral deficits.
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Summary

Approximately 15% of all strokes are due to intracerebral hemorrhage

(ICH) and of these, 5–10% occur in the cerebellum. The resultant mor-

tality is around 20–30%. However, there is no well-established animal

model to address this important clinical problem.

We induced intracerebellar hemorrhage in rats using stereotaxic colla-

genase injection through a burr-hole into right cerebellum. Dosage-de-

pendent effect of collagenase (0.2, 0.4, and 0.6U) was tested in male

and female rats. Brain edema formation was assessed by brain water

content and hemorrhagic volume measured by hemoglobin assay. Wire

suspension, inclined plane, beam walking, and neurological deficit score

assessed neurological outcome. Marked hematoma was observed in right

cerebellum, accompanied by brain edema in a dose-related fashion.

When comparing sexes, hemorrhagic volume and neurological deficit

scores were significantly increased in females compared to male coun-

terpart. Females had mortality of 16%, while there was no mortality in

male rats. Neurological deficits assessed by both beam walking and

inclined plane were significantly increased at 0.4 and 0.6U in females,

but only at 0.6 for males. This new cerebellar hemorrhage rat model

demonstrated dosage- and sex-dependent changes in hemorrhagic vol-

ume, brain edema, and neurological deficits, and could be used to test

treatment strategies for ICH.

Keywords: Cerebellum; collagenase; stroke; intracerebellar

hemorrhage.

Introduction

Of the 15% of strokes due to intracerebral hemorrhage

(ICH) [7], 5–10% of these will occur in the cerebellum

[9], with consequent mortality around 20–30% [6].

However, there has yet to be described an adequate ani-

mal model to address the important issues of neuropro-

tection and edema reduction for this important clinical

problem.

Materials and methods

All procedures used in our studies were in compliance with the Guide

for the Care and Use of Laboratory Animals and approved by the

Animal Care and Use Committee at Loma Linda University. Aseptic

technique was used for all surgeries, and rats were allowed free access to

food and water.

Experimental design

A total of 40 Sprague-Dawley rats (290–395 g; Harlan, Indianapolis,

IN), 20 male and 20 female, were used in our study. Female rats were

one week post-partum. For brain edema and neurological function

measurements, rats were divided into sham, 0.2, 0.4, and 0.6U collage-

nase, at 4 rats per group. A separate cohort was used for hemorrhagic

volume measurements. All animals were euthanized after neurologi-

cal testing (as described below) at 24 h post-hemorrhage induction,

and then samples were collected for hemoglobin assay and brain edema

measurements.

Cerebellar hemorrhage induction

Rats were anesthetized with isoflurane and placed prone in a stereotaxic

frame (Kopf Instruments, Tujunga, CA). Then, using a collagenase

injection ICH model similar to that described previously in rats [8],

we used the following modified stereotactic coordinates to localize the

right cerebellar hemisphere: 11.64mm posterior, 3.5mm ventral, and

2.4mm lateral to the bregma. A posterior cranial burr-hole (1mm) was

drilled over the right cerebellar hemisphere, into which a 27-gauge

needle was inserted at a rate of 1mm=min. A microinfusion pump

(Harvard Apparatus, Holliston, MA) infused the bacterial collagenase

(0.2U in 1mL saline; VII-S, Sigma-Aldrich, St. Louis, MO) through a

Hamilton syringe at a rate of 0.2mL=min. Needle remained in place for

an additional 10 min after injection to prevent ‘‘back-leakage’’. To

maintain a core temperature within 37.0 � 0.5 �C, an electronic thermo-

stat-controlled warming blanket was used throughout the operation.

After needle removal, the burr-hole was sealed with bone wax, incision

sutured closed, and animals allowed to recover. Sham surgeries consisted

of needle insertion alone.

Hemorrhagic volume

At 24h after induction of cerebellar hemorrhage, a hemoglobin assay

was performed as described previously [10]. Briefly, rats were killed by
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an overdose of isoflurane and perfused transcardially with 300mL of

‘‘ice-cold’’ (4 �C) phosphate-buffered saline (PBS). The cerebellum was

extracted and dissected free of the brainstem and cerebral hemispheres.

This tissue was homogenized (Tissuemiser homogenizer; Fisher

Scientific, Pittsburgh, PA) for 60 sec in a test tube with distilled water

(total volume, 3mL). After the centrifugation phase (15,800 g for

30min; Eppendorf Microcentrifuge model 5417R, Hamburg,

Germany), Drabkin’s reagent (400mL; Sigma-Aldrich) was added into

the 100mL aliquots of supernatant (4 samples per brain) and allowed to

react for 15min. The solution’s absorbance was read using a spectro-

photometer (540nm; Spectronic Genesis 5, Thermo Electron Corp.,

Waltham, MA), and the amount of blood in each brain was calculated

using a curve generated previously using known blood volumes from the

same brain region.

Brain water content

Brain edema was measured by methods described previously [10].

Briefly, under deep anesthesia, rats were decapitated, and brains were

immediately removed and divided into 4 parts: right and left cerebral

hemispheres, brainstem, and cerebellum. The cerebral hemispheres were

used as internal controls. These tissue samples were weighed on an

electronic analytical balance (APX-60, Denver Instrument, Denver,

CO) to the nearest 0.01mg to obtain the wet weight (WW), and then

the tissue was dried at 100 �C for 24h to determine dry weight (DW).

Finally, the brain water content (%) was calculated as (WW–DW)=

WW�100.

Neurological deficit score

Neurological evaluation was conducted using a 6-point neurological

scoring system 24 h after collagenase injection. Scoring is based on a

vertebrobasilar stroke assessment scale developed by others [11] and

used to assess rats in another posterior circulation stroke model [5].

It quantifies limb extensions and dyscoordination (0¼ no deficiency,

3¼ severely deficient). The examiner had no knowledge of hemorrhagic

severity that each rat received.

Wire suspension forelimb testing

This method assessed forelimb strength and balancing ability, as de-

scribed in greater detail elsewhere [2]. Testing involved a wire 3mm

(diameter)�40 cm (length)�100 cm (height), over a 2-inch thick soft

cushioned pad and recorded latency before falling (60-sec cut-off), with

2 trials per session and a 10-min inter-trial period.

Inclined plane paradigm

Used previously by others [4] as an indirect measure of overall muscular

strength and integrated motor-proprioceptive abilities, testing consisted

of a 20 cm (width)�70 cm (length)�10 cm (height) box, with a hinge

attached to a heavy wooden base so that one end of the box could be

lifted to establish an ‘‘inclined plane.’’ Angle was recorded by analog

protractor attached to the side of the device. Rats were placed right side

up and left side up, toward the side of board to be raised. Plane was

raised from 10 to 90� at 5� intervals until the animal began to slip

backwards. The highest angle achieved was recorded for the 2 trials per-

formed (1h inter-trial period). The average angle across 2 body positions

and both trials was recorded as the final value.

Beam walking ability

This apparatus consisted of a horizontal rod 50 cm (length)�5 cm (di-

ameter) covered with masking tape to provide firm grip. More detail has

been provided by others [2]. The beam was marked with a ruler into five

partitions of 10 cm each, and placed 90 cm above a landing area covered

with a 3-inch thick soft cushion. At the beginning of the test, the animal

was placed on the middle of the rod, its body axis perpendicular to the

beam’s longitudinal axis. Latency to fall (60-sec cut-off), time spent in

motion, and distance traveled were measured and recorded. From the

later 2 components of this data, the walking speed was calculated. Two

trials per session, interspersed by a 10-min inter-trial period, were per-

formed 24h after hemorrhage induction.

Statistical analysis

Quantitative data are expressed as the mean � SEM. The t-test or

Mann–Whitney rank sum tests were used when appropriate. Chi-squared

was used for mortality measurements. Statistical significance was con-

sidered p<0.05.

Results

The hematoma observed in the right cerebellum was

accompanied by brain edema in a dose-related fashion

(p<0.05 compared to sham; Table 1). Neurological def-

icits assessed by both beam walking ability and the in-

clined plane were significantly increased compared to

sham (p<0.05; Student t-test) at 0.4 and 0.6U in

females, but only at 0.6 units for the males. Wire-hang

showed dose-dependent trends, but was significantly dif-

ferent compared to sham, only at the highest dose for

both sexes (p<0.05; Student t-test; Table 1).

When comparing sexes, both the hemorrhagic volume

and neurologic disability score were significantly in-

creased in females compared to their male counterparts

(p<0.05; Student t-test; Figs. 1 and 2). Furthermore,

females experienced a mortality of 16%, while there

was no mortality in the male groups. However, this dif-

ference was not significant (p>0.05; Chi-square).

Discussion

ICH has been less-studied than ischemic strokes, and

hindbrain hemorrhages have been even less-studied com-

pared to forebrain-based hemorrhages [1]. Cossu et al.

[3] created an animal model of cerebellar hemorrhage

in rats, where they performed an occipital craniectomy

to expose the posterior cerebellum, and then injected

autologous blood into the right side. However, their

model led to dissipation of intracranial pressure (ICP),

providing limited clinical relevance.

Clinically, after cerebellar hemorrhage, the resultant

obstructive hydrocephalus and brainstem compression

are major determinants of patient outcome [7, 9]. There-

fore, any experimental model of cerebellar hemorrhage

must approximate these compressive and obstructive ef-
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fects from brain edema. However, these factors were

eliminated by Cossu et al. [3], who exposed the convex-

ity of the right cerebellar hemisphere and then injected

autologous blood. Contrary to this method, we created

a closed pressure system in our model by using a sealed

1-mm burr-hole after injecting collagenase, resulting in

conserved hindbrain pressures.

Bacterial collagenase causes disruption of the basal

lamina in cerebral blood vessels, thereby causing leak-

age of blood into the surrounding brain tissue [8].

Compared to the blood injection model, collagenase is

believed to be a simpler method, creating more consis-

tent hemorrhage volumes and allowing investigators to

study different mechanisms of hemorrhage [10]. Taken

together, this cerebellar hemorrhage model provides ad-

ditional facets in the study of the pathophysiology of

Fig. 1. Bar graph showing dose-response of collagenase (0.2 units per

mL) and neurological deficit scores 24 h post-ICH (n¼ 4 per group),

comparing male to female rats. Values expressed as mean � standard

deviation. �p<0.05

Fig. 2. Bar graph comparing male to female hematoma volumes, right

cerebellums, 24 h post-ICH, n¼ 4 per group. Values expressed as

mean � standard deviation (p¼ 0.012). �p<0.05

T
ab
le

1
.
E
ff
ec
ts

o
f
in
cr
ea
si
n
g
co
ll
a
g
en
a
se

d
o
se

o
n
ed
em

a
a
n
d
n
eu
ro
lo
g
ic
a
l
o
u
tc
o
m
es

M
al
e

F
em

al
e

C
o
ll
ag
en
as
e
d
o
se

0
mL

1
mL

2
mL

3
mL

0
mL

1
mL

2
mL

3
mL

B
ra
in

w
at
er

co
n
te
n
t
(p
er
ce
n
ta
g
e)

7
8
.9
5
�

0
.2
1

7
9
.1
5
�

0
.6
2

(p
¼
0
.6
8
6
)

8
0
.0
8
�

0
.4
0

(p
¼
0
.0
0
1
)

8
1
.0
5
�

0
.3
8

(p
�

0
.0
0
1
)

7
9
.2
8
�

0
.3
0

8
0
.2
0
�

0
.6
1

(p
¼
0
.0
3
4
)

8
0
.9
5
�

0
.3
7

(p
�

0
.0
0
1
)

8
1
.1
8
�

0
.1
0

(p
�

0
.0
0
1
)

W
ir
e
su
sp
en
si
o
n
(s
ec
)

1
5
.0
0
�

5
.7
6

1
3
.5
0
�

3
.3
2

(p
¼
0
.6
6
8
)

9
.8
0
�

4
.2
7

(p
¼
0
.1
6
2
)

7
.3
8
�

3
.6
2

(p
¼
0
.0
1
7
)

1
3
.1
3
�

4
.0
7

1
0
.1
3
�

4
.8
0

(p
¼
0
.3
7
7
)

7
.2
5
�

3
.7
8

(p
¼
0
.0
7
9
)

5
.2
0
�

3
.2
6

(p
¼
0
.0
0
2
)

In
cl
in
ed

p
la
n
e
(a
n
g
le

o
f
in
cl
in
at
io
n
)

5
6
.1
3
�

6
.4
3

5
2
.2
5
�

2
.3
3

(p
¼
0
.3
0
1
)

4
3
.0
0
�

3
.0
2

(p
¼
0
.0
0
5
)

4
2
.0
0
�

2
.1
4

(p
<
0
.0
0
1
)

5
7
.5
�

4
.3
4

4
7
.5
0
�

2
.6
7

(p
¼
0
.0
0
8
)

4
2
.0
0
�

2
.2
7

(p
�

0
.0
0
1
)

3
9
.7
0
�

4
.8
7

(p
�

0
.0
0
1
)

B
ea
m

w
al
k
in
g
ti
m
e
(s
ec
)

5
7
.7
5
�

4
.5
0

5
3
.3
8
�

4
.5
9

(p
¼
0
.2
2
2
)

4
4
.8
0
�

2
4
.7
7

(p
¼
0
.5
5
6
)

2
3
.0
6
�

2
2
.8
4

(p
¼
0
.0
1
5
)

6
0
.0
0
�

0
.0
0

6
0
.0
0
�

0
.0
0

(p
¼
1
.0
0
0
)

2
0
.5
0
�

2
5
.1
4

(p
¼
0
.0
2
9
)

1
0
.5
5
�

1
0
.2
2

(p
¼
0
.0
0
6
)

B
ea
m

w
al
k
in
g
d
is
ta
n
ce

(c
m
)

9
8
.1
3
�

4
8
.4
5

4
6
.2
5
�

4
8
.2
0

(p
¼
0
.7
8
7
)

4
9
.0
0
�

3
3
.0
5

(p
¼
0
.1
1
3
)

4
.5
0
�

9
.9
0

(p
¼
0
.0
0
8
)

1
6
8
.8
�

8
.0
8

1
2
0
.8
8
�

2
4
.6
9

(p
¼
0
.1
8
0
)

2
1
.2
5
�

4
2
.5
0

(p
¼
0
.0
0
6
)

7
.7
5
�

1
6
.4
3

(p
¼
0
.0
0
6
)

B
ea
m

w
al
k
in
g
sp
ee
d
(c
m
=
se
c)

1
2
.2
6
�

4
.4
5

9
.4
4
�

7
.0
7

(p
¼
0
.5
2
3
)

5
.9
3
�

6
.4
4

(p
¼
0
.1
4
0
)

0
.3
3
�

0
.7
7

(p
¼
0
.0
0
4
)

2
5
.2
8
�

0
.0
6

1
2
.7
6
�

2
.7
2

(p
�

0
.0
0
1
)

1
.3
7
�

2
.7
4

(p
�

0
.0
0
1
)

0
.6
1
�

1
.2
8

(p
�

0
.0
0
6
)

Rat model of ICH 133



cerebellar hemorrhage, and should be a very useful tool

for investigators.

Our novel cerebellar hemorrhage rat model injected

collagenase through a burr-hole, thereby preserving ele-

vated ICP. We demonstrated dose- and sex-dependent

changes in hemorrhagic volume, brain edema, and neu-

rological deficits. This model could be used to further

test treatments and pathophysiological mechanisms of

cerebellar hemorrhage.
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Summary

Approximately 15% of all strokes are due to intracerebral hemorrhage,

and of these, 5 to 9% will occur in the pons, with mortality approxi-

mately 60% of the time. However, there is not an adequate animal model

to fully address this important clinical problem.

To this end, pontine hemorrhage was induced in rats using stereotaxic

injection of 0.15 units of collagenase. At 24, 48, and 72h (n¼ 4 per

group), the hemorrhagic volume, brain water content, body temperature,

and neurological function (corner turn, inclined plane, and neurological

deficit score) were assessed. All tested parameters were significantly in-

creased, compared to sham, without any differences between time points.

Furthermore, the extent of brainstem edema was highly correlated with

neurological score, inclinedplane, and body temperature.This newpontine

hemorrhage rat model demonstrated brain edema and neurological de-

ficits, and can be used to test treatment strategies for pontine hemorrhage.

Keywords: Pons; brainstem; collagenase; stroke; pontine hemorrhage.

Introduction

Approximately 15% of strokes are due to intracerebral

hemorrhage (ICH) [7], and 5 to 9% of these occur in

the pons, with an associated rate of mortality around

60% [9]. Occhiogrosso et al. [6] demonstrated the safety

of a placing a stereotactic cannula into the rat brainstem

without any residual neurological deficits. Previously, a

cat brainstem hemorrhage model using autologous blood

injection was described, but it required complex surgical

procedures [1]. Herein we describe the first experimental

model of pontine hemorrhage (IPonH) in rodents.

Materials and methods

All procedures used for these studies were in compliance with the Guide

for the Care and Use of Laboratory Animals and approved by the

Animal Care and Use Committee at Loma Linda University. Aseptic

technique was used for all surgeries, and rats were allowed free access to

food and water.

Experimental design

A total of 24 male Sprague-Dawley rats (300 to 395 g; Harlan,

Indianapolis, IN, USA) were used in this study. IPonH was induced in

rats using stereotaxic injection of 0.7 units of collagenase. Brain water

content and neurological functions were assessed at 24, 48, and 72 h

after IPonH. Then, a separate cohort was used for hemorrhagic volume

measurements at 24 h (n¼ 4 per group). Animals were euthanized after

neurological testing, and then samples were collected for either hemo-

globin assay or brain edema measurements.

IPonH induction

Briefly, rats were anesthetized with isoflurane and placed prone in a

stereotaxic head frame (Kopf Instruments, Tujunga, CA, USA). Then,

using a collagenase injection ICH model with methods similar to those

described previously [8], we used the following stereotactic coordinates

to localize the brainstem: 9mm posterior, 7mm ventral, and 1.4mm

lateral to the bregma. A posterior cranial burr-hole (1mm) was drilled,

and a 27-gauge needle was inserted at a rate of 1mm=min. A micro-

infusion pump (Harvard Apparatus, Holliston, MA, USA) infused the

bacterial collagenase (0.2U in 1mL saline; VII-S, Sigma-Aldrich, St.

Louis, MO, USA) through a Hamilton syringe at a rate of 0.1mL=min.

The needle remained in place for an additional 10min after injection to

prevent potential ‘‘back-leakage’’. Upon needle removal, the burr-holewas

sealed with bone wax, the incision sutured closed, and the animals were

allowed to recover. Sham surgeries consisted of needle insertion alone.

Neurological deficit scoring

Neurological testing was performed at 24, 48, and 72 h after IPonH.

The scoring system consisted of 14 tests with possible scores of 0 to 3

for each test (0¼worst; 3¼ best). We used this system with modifica-

tions, as follows: (a) spontaneous activity; (b) alertness; (c) symmetry in

the movement of head and neck; (d) symmetry in the movement of

forelimbs; (e) forepaw outstretching; (f) climbing; (g) beam balance;

(h) body proprioception; (i) corneal reflex; (j) lethargy; (k) circling; and

response to (l) vibrissae touch, (m) pin to body, (n) pinching ears. The

score given to each rat at the completion of the evaluation was the

summation of all 14 individual test scores. The minimum total neurologi-

cal score was 0 and the maximum total score was 42; this scoring method
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has been described in greater detail elsewhere [4]. The examiner had no

specific knowledge as to the extent of neurological injury in each rat.

Inclined plane paradigm

Used previously by others [3] as an indirect measure of overall muscular

strength and integrated motor-proprioceptive abilities, this test consisted

of a 20 cm (width)�70 cm (length)�10 cm (height) box, with a hinge

attached to a heavy wooden base in such a way that one end of the box

could be lifted to establish an inclined plane. Angle was recorded by an

analog protractor attached to the side of the device. Rats were placed

right side up and left side up, toward the side of board to be raised. Plane

was raised from 10 to 90� at 5� intervals until the animal began to slip

backward. The highest angle achieved was recorded for the 2 trials,

which included a 1-hour inter-trial period. The average angle across 2

body positions for both trials was recorded as the final value.

Hemorrhagic volume

At 24 h after induction of IPonH, hemoglobin assay was performed, as

described elsewhere [10]. Briefly, rats were killed by an overdose of

isoflurane and perfused transcardially with 300mL of ice-cold (4 �C)
phosphate-buffered saline (PBS). The brainstem was extracted and dis-

sected free of the cerebellum and cerebral hemispheres. This tissue was

homogenized (Tissuemiser homogenizer; Fisher Scientific, Pittsburgh,

PA, USA) for 60 sec in a test tube with distilled water (total volume,

3mL). After the centrifugation phase (15 800 g for 30min; Eppendorf

Microcentrifuge model 5417R, Hamburg, Germany), Drabkin’s reagent

(400mL; Sigma-Aldrich) was added into the 100mL aliquots of super-

natant (4 samples per brain) and allowed to react for 15min. The

solution’s absorbance was read using a spectrophotometer (540 nm;

Spectronic Genesis 5, Thermo Electron Corp., Waltham, MA, USA), and

the amount of blood in each brain was calculated using a curve generated

previously using known blood volumes from the same brain region.

Brain water content

Brain edema was measured using methods described previously [10–

12]. Briefly, under deep anesthesia, rats were decapitated, and brains

were immediately removed and divided into 4 parts: brainstem, cerebel-

lum, and right and left cerebral hemispheres. The cerebral hemispheres

were used as internal controls. These tissue samples were weighed on an

electronic analytical balance (APX-60, Denver Instrument, Denver, CO,

USA) to the nearest 0.01mg to obtain the wet weight (WW), and the

tissue was then dried at 100 �C for 24h to determine dry weight (DW).

Finally, brain water content (%) was calculated as (WW�DW)=

WW�100.

Statistical analysis

Quantitative data are expressed as mean� SEM. Statistical significance

was verified by Student t-test, ANOVA, and Scheff�ee tests. Statistical

significance was considered p<0.05.

Results

All parameters tested were significantly increased,

compared to shams, at 24, 48, and 72 h after IPonH.

Parameters included brain water content, body tempera-

ture, neurological deficit score, corner turn (percent left

turning), and inclined plane angles, (p<0.01 versus

sham, Student t-test, mean� SEM; Table 1). However,

there were no statistical differences between any of the

time-points for the parameters tested (p>0.05, ANOVA,

mean� SEM; Table 1).

The hemoglobin assay demonstrated spectrophotomet-

rically significant amounts of bleeding with 0.15 units of

collagenase compared to needle trauma (13.153 mL�
2.070 vs. 0.733 mL� 0.426; p>0.001, Student t-test,

mean� SEM). Furthermore, the range of bleeding be-

tween animals was fairly narrow (min: 11.150, max:

15.690, median: 12.885), suggesting good reproducibili-

ty of the bleeding amount.

Additionally, the extent of brainstem edema was highly

correlated with degree of neurological deficit scoring,

inclined plane angle, and body temperature (data not

shown). Nonetheless, mortality was 0% among all groups.

Table 1. Changes in brain edema, neurological function, and temperature at 24, 48, and 72 h after induction of pontine hemorrhage

Sham 24 h 48 h 72 h

Brain water content (% brainstem) 73.200 � 0.283 75.150 � 0.300# 75.175 � 0.991� 75.225 � 0.171#

Neurological deficit score 37.500 � 1.291 24.033 � 4.930# 22.563 � 8.728� 22.875 � 3.351#

Inclined plane (angle of inclination) 52.750 � 2.754 43.933 � 5.688� 45.875 � 4.970� 45.000 � 2.708�
Corner turning (percent to left) 55.000 � 17.321 90.000 � 13.540# 82.000 � 16.432� 100.00 � 0.000�
Rectal temperature (�C) 36.873 � 0.377 38.445 � 0.291# 38.688 � 0.452# 38.675 � 0.310#

� p<0.01 and # p<0.001 versus sham, ANOVA, mean � SEM.

Fig. 1. Hemorrhagic volume was measured spectrophotometri-

cally at 24 h after IPonH induction. Significant amount of bleed-

ing with 0.15 units of collagenase compared to needle trauma

(13.153 mL � 2.070 vs. 0.733 mL � 0.426; p>0.001, Student t-test,

mean � SEM).
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Discussion

ICH has been less-studied than ischemic stroke, and hind-

brain hemorrhage has been even less-studied compared to

forebrain-based hemorrhage [1, 2]. Several animal studies

have delineated the neurophysiologic and anatomic struc-

tures of the hindbrain, which in turn, guided studies of

posterior fossa mass lesion removal and cerebellopontine

angle manipulations [1]. However, the effects of intra-

parenchymal hemorrhage of the pons=brainstem had

only been previously studied by Chung et al. [1], who

created an autologous blood injection model using an in-

vasive transtentorial technique. However, the severity of

the surgery dramatically limited the study of functional

outcomes, which diminishes the utility of that model.

In this study, we describe a novel IPonH model using

rats, which demonstrates brain edema and neurological

deficits. This model can be applied toward testing treat-

ment strategies and pathophysiological mechanisms. Also,

the observed sustained temperature elevation was consis-

tent with the hyperthermia described in several human

clinical case reports of brainstem hemorrhage [5], and

needs to be explored further. Finally, future studies are

needed to elucidate the molecular mechanisms involved

with the corresponding neurological deficits, brain edema,

hemorrhagic volume, and temperature elevations.
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Summary

The aim of this clinical study was to determine the optimal time-window

for surgical treatment of spontaneous intracerebral hemorrhage (ICH).

From January 1998 to September 2000, 17 hospitals in Shanghai partic-

ipated in a prospective randomized controlled trial. Among a consecu-

tive series of 500 patients with spontaneous ICH, 234 underwent medical

treatment and 266 patients received surgical treatment. According to the

interval from initial onset to treatment, they were divided into 3 stages:

ultra-early (�7 h), early (7–24h), and delayed (>24h). Perioperative

evaluation (Glasgow Outcome Score), long-term outcome (the activities

of daily living [ADL] score), mortality, as well as incidence of associat-

ed complications were compared respectively. We found that: a) in the

ultra-early and early stages, both the perioperative and long-term out-

come of surgical treatment was definitely better than medical treatment;

b) for the outcome of surgical treatment, there was no significant differ-

ence between ultra-early and early stages; c) in ultra-early stage, risk of

postoperative rebleeding was significantly higher, and decreased hence-

forth; d) in delayed stage, incidence of associated respiratory, urinary,

and gastrointestinal system complications was higher in surgery group

than in medication group. In summary, our study yielded conclusive

evidence that the early stage (within 7–24h) was the optimal time-

window for surgical intervention of spontaneous ICH.

Keywords: Intracerebral hemorrhage; hypertension; surgery; time-

window.

Introduction

Spontaneous intracerebral hemorrhage (ICH) most com-

monly results from hypertensive damage to vessel walls.

It is the leading cause of death in the aged population in

China. Currently, advanced minimally-invasive surgical

techniques have led to improved outcome from surgery,

according to various published data of clinical observa-

tions. Nevertheless, firm conclusions are still lacking

with regard to the role of operative treatment.

Therefore from January 1998 to December 2000, a

randomized prospective controlled trial was undertaken

in 17 Shanghai hospitals to compare the outcome of op-

erative treatment and conservative treatment for patients

with spontaneous ICH. When analyzing the therapeutic

effects, careful attention was paid to calibrate the differ-

ences in the constituent ratio of the key prognostic fac-

tors. Our findings revealed that operative treatment was

associated with a better outcome than conservative treat-

ment for patients with spontaneous ICH [2, 11]. Timing

of surgical intervention is an important prognostic factor

in patients being treated surgically for spontaneous

ICH. But the optimal time-window for surgical evacua-

tion of the hematoma continues to be controversial. In

this study, the therapeutic effect and follow-up outcomes

were assessed and compared between surgically and

conservatively treated groups at different stages, and an

optimal time-window for surgical intervention in pa-

tients with ICH is proposed.

Materials and methods

Patient population

The inclusion and exclusion criteria for patients are listed in Table 1. The

executants in each hospital were required to randomize eligible patients

into surgical group (those receiving operative treatment) or medication

group (those receiving conservative treatment) by referring to a unified

random digits table. Operative or conservative treatment was offered to

each enrolled patient in accordance with the standard protocol set up by

the research center. All patients were eligible based on clinical aspects

and computed tomography (CT) imaging evaluations, and who complied

with the protocol after being provided informed consent. The clinical

trial was approved by the local ethics committee before commencing.
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Prior to treatment, the ascending clinical scale was standardized as

follow: Severe, coma (Glasgow Coma Score [GCS], 7–8); Moderate,

semicoma (GCS, 9–12); Mild, mild conscious disturbance (GCS, 13–

15). The patient would be scored one level upward if they possessed any

of the following attributes: age 
61 years; history of acute cerebral

vascular accident; history of severe systematic disease related to heart,

lung, liver, kidney, etc.; body temperature >38 �C; diabetes.

Treatment strategies

Therapeutics in the medication group consisted of administration of

hemostatics, dehydration agents to release surrounding brain tissue

edema and decrease the elevated intracranial pressure, symptomatic

treatment, and supportive treatment. Treatment strategies in the surgical

group included the following: 1) minimally-invasive approach with a

keyhole of 2.5 cm in diameter for surgical evacuation of hematoma; 2)

stereotaxic catheter insertion and hematoma evacuation; 3) endoscopic

removal of hematoma; 4) lateral ventriculopuncture and catheter in-

sertion for continuous drainage of hematoma ruptured into ventricle;

5) direct clot removal by craniotomy. Each kind of surgical method

except craniotomy was incorporated with intracavity thrombolysis using

500,000U of combined streptokinase (r-SK) in 5mL saline per day.

Drainage of the residual clot was continued for 72h postoperatively.

The accompanying standardized therapeutics in the surgical group were

similar to those received by the medication group.

Perioperative assessment and long-term follow-up

All patents in both medication and surgical treatment groups were

divided into 3 time-windows according to various stages from onset

to treatment: ultra-early stage, �7 h; early stage, 7–24h, delayed stage,

>24h. Therapeutic effect was compared between the surgical group and

the medication group in the same stage, and among each of 3 stages.

Perioperative therapeutic effect was assessed by Glasgow Outcome

Scale (GOS): 5, good recovery; 4, moderate disability; 3, severe disabil-

ity; 2, persistent vegetative; 1, death. Long-term activities of daily living

(ADL) status was scored according to the Modified Rankin Scale

(MRS) and the Barthel Index (BI): Score 5, patients with MRS 0

or 1, the BI cutoff score was 90. Excellent, patients did not require

help from another person for everyday activities; Score 4, patients

with MRS 2 or 3, the cutoff score on the BI was 60. Slight disability,

able to be self-caring, partial independence; Score 3, patients with

MRS 4 or 5, the BI <60. Severe disability, neither able to be self-

caring, nor able to walk by oneself; Score 2, vegetative state; Score 1,

death. Other evaluation criterion included: 1) mortality, including

both perioperative mortality and long-term mortality; 2) excellent

rehabilitation, sum of the constituent ratio in patients with ADL

Score 5 and 4. One could decide to choose MRS 3 and BI 60 as

cut-off scores for favorable outcome; (3) incidence of associated

complications, with respect to all kinds of complications during the

course of treatment.

Perioperative therapeutic effect was evaluated 1 month after treat-

ment, primarily based on clinical observation by the attending neuro-

surgeons. Long-term follow-up continued up to 6 months after

treatment. Follow-up data were based on patient and family responses

on questionnaire forms, which were completed on-site (recommended to

all patients at enrollment) or by telephone contact (in cases where an on-

site visit was impossible) at each follow-up interval. Data regarding

patient survival and functional status were recorded by 2 independent

neurosurgeons who were not members of the treatment group and who

were blinded to treatment strategies.

Statistical analysis

Due to their potential to impact outcome evaluation, the �2-test and

independent sample t-test were used to estimate the initial baseline of

qualitative data in both groups; cmh �2 was used to inspect the balance

of qualitative data in order; rank-sum test was adopted to compare the

therapeutic effect of either treatment. Stepwise regression method using

multinomial logistic regression model was constructed to account for

effects of prognostic factors (multivariate statistical analysis). All statis-

tical analyses were conducted using SPSS software (Release 13.0; SPSS

Inc., Chicago, IL).

Results

Patient population

A total of 500 cases were eligible in the trial, of which

234 were enrolled in the medication group and 266

were enrolled in the surgical group. There were 361

males and 139 females, aged 12 to 70 years (mean,

56.67� 10.53 yrs). Preoperative GCS varied from 7

to 15 (mean, 11.02� 2.60), and hematoma volume ran-

ged from 12 to 130mL (mean, 36.57� 18.23mL). Peri-

operative assessment was conducted on all patients

(100%), and long-term follow-up was achieved in

98.6% cases.

Table 1. Study inclusion and exclusion criteria for patients

Criteria for inclusion Criteria for exclusion

Cause History of hypertension or blood pressure increases at time

of onset and spontaneous ICH excluding other reasons

(aneurysm, arteriovenous malformation, Moyamoya, traumatic)

>180=110mmHg

Location Emergency CT scanning displays hematoma in cortex, subcortical

white matter, basal ganglia, capsula interna, thalamus,

cerebellum, ICH ruptured into ventricles

ICH in brain stem

Volume� Supratentorial ICH 
30mL; infratentorial ICH 
10mL Supratentorial ICH <20mL; infratentorial ICH <10mL

Age �70 years >70 years

Consciousness Glasgow Coma Score 
7 Glasgow Coma Score <7

Vital signs Stable Unstable, cerebral hernia

Body condition Severe disease of heart and lung; coagulation disorders

CT Computed tomography; ICH intracerebral hemorrhage.
� Hematoma volume measure (mL)¼ length�width�height (layer thickness)�1=2, Standard CT scanning is applied.
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Initial baseline prerequisites in both groups

A stepwise regression analysis was conducted using

the multinomial logistic regression model, showing that

prognosis was affected by the following predictors:

clinical scale, hematoma volume, state of consciousness,

GCS, and associated complications in the respiratory,

urinary, and cardiovascular systems (Table 2) [2]. Clini-

cal scale is a comprehensive index derived from the state

of consciousness and GCS; therefore, these 3 factors

were all considered under clinical scale. A significant

imbalance of 2 prognostic factors, which included both

clinical scale and hematoma volume, was inspected. The

mean clinical scale of patients in the surgical group was

significantly lower than that of patients in the medication

group, and the mean hematoma volume in the surgical

group was significantly higher than that of the medica-

tion group (p<0.01). As these 2 factors were calibrated

using the stepwise multinomial logistic regression mod-

el, certain conclusions could still be effectively drawn in

this controlled study regarding the role of operative

treatment as well as optimal time-window of surgery.

The results of statistical analysis are shown in Table 3.

Perioperative assessment

For patients in the ultra-early stage (�7 h), the mean

GOS score of patients in the surgical group was sig-

nificantly higher than that in the medication group

(p<0.01). For patients in the early stage (7–24 h), the

mean GOS score of patients in the surgical group was

also significantly higher than that in the medication

group (p<0.01). Conversely, for patients in the delayed

stage (>24 h), there was no significant difference in the

mean GOS score between the 2 groups.

Long-term follow-up

For patients in the ultra-early stage (�7 h), the mean

ADL score for patients in the surgical group was sig-

nificantly higher than that in the medication group

(p<0.01). For patients in the early stage (7–24 h), the

mean ADL score for patients in the surgical group was

also significantly higher than in the medication group

(p<0.01). Nevertheless, for patients in the delayed stage

(>24 h), there was no significant difference in mean

ADL score between the 2 groups.

Mortality

In the ultra-early stage (�7 h), mortality in the surgical

group was 15.8% (19 cases; perioperative death in

17 cases, 13.6%), compared to 30.0% (27 cases) in

the medication group (perioperative death in 22 cases,

24.4%) (p<0.01). In the early stage (7–24 h), mortality

Table 2. Results of stepwise multinomial logistic regression model

Index Perioperative

evaluation (Glasgow

Outcome Scale)

Long-term outcome

(ADL score)

Mortality Disability Excellent

rehabilitation

Variables OR value p-value OR value p-value OR value p-value OR value p-value OR value p-value

Clinical scale 1.492 0.0278 1.658 0.0060 2.325 0.0001 2.131 0.0001 2.069 0.0001

Hematoma volume 0.510 0.0012 0.560 0.0058 0.344 0.0040 0.474 0.0017 0.582 0.0284

Conscious state 0.701 0.0223 0.714 0.0308 – – 0.595 0.0002 0.653 0.0027

Glasgow Coma Score 1.168 0.0264 1.157 0.0373 – – – – – –

Respiratory complication 2.079 0.0036 2.298 0.0008 2.160 0.0204 3.105 0.0001 1.987 0.0091

Cardiovascular complication – – 2.250 0.0488 2.795 0.0442 – – – –

Urinary complication 2.881 0.0022 – – – – – – – –

OR Odds ratio; p probability; ‘‘–’’ p>0.05, no statistical difference.

Table 3. Stratified comparison between surgical and medication groups in each stage of time-window

Stages Groups Variables Perioperative evaluation

(Glasgow Outcome Scale)

Long-term outcome

(ADL score)

Mortality Excellent

rehabilitation

Ultra-early stage, Medication (n¼ 92) vs. cmh �2 14.047 17.033 12.222 19.161

�7 h surgery (n¼ 125) p-value 0.001 0.001 0.001 0.001

Early stage, 7–24 h Medication (n¼ 81) vs. cmh �2 13.929 10.400 11.396 8.303

surgery (n¼ 91) p-value 0.001 0.001 0.001 0.004

Delayed stage >24 h Medication (n¼ 61) vs. cmh �2 2.780 0.667 0.017 1.629

surgery (n¼ 50) p-value 0.095 0.414 0.896 0.202
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in the surgical group was 8.9% (8 cases; perioperative

death in 6 cases, 6.7%), compared to 17.5% (14 cases) in

the medication group (perioperative death in 10 cases,

12.5%) (p<0.01). In the delayed stage (>24 h), mortal-

ity in the surgical group and in the medication group

were 8.0% (4 cases; perioperative death in 3 cases,

6.0%) and 3.3% (2 cases; perioperative death in 1 case,

1.7%) respectively; this was not a statistically significant

difference.

Excellent rehabilitation

In the ultra-early stage (�7 h), the ratio of patients

with excellent rehabilitation in the surgical group was

68.3%, compared to 46.7% in the medication group

(p<0.01). In the early stage (7–24 h), the ratio of

patients with excellent rehabilitation in the surgical

group was 67.7% compared to 65.0% in the medication

group (p<0.01). There was no significant difference

between the 2 groups for patients in the delayed stage

(>24 h).

Associated complications

As shown in Table 4, in the ultra-early stage (�7 h), the

risk of a rebleeding in the surgical group was higher than

in the medication group (p<0.05). In the delayed stage

(>24 h), occurrence of complications of respiratory, uri-

nary, and digestive systems was higher in the surgical

group than in the medication group (p<0.05).

Comparison of surgical outcome between stages

The prognostic factors of all patients who underwent

operative treatment in 3 stages were well balanced

besides ‘‘clinical scale’’ and ‘‘hematoma volume’’

(p>0.05). Incidence of rebleeding for patients in the

ultra-early stage (�7 h), early stage (7–24 h), and

delayed stage (>24 h) was 14.4%, 5.5%, and 6.0%, re-

spectively (p<0.05). The result of rank-sum test showed

that the risk of rebleeding was much higher in the ultra-

early stage (�7 h) than in the other 2 stages. Further-

more, there was no statistically significant difference in

risk of rebleeding between the early stage (7–24 h) and

delayed stage (>24 h). There was no statistically signifi-

cant difference in postoperative complication incidence

among the 3 stages (p>0.05). There was no statistically

significant difference in either GOS or ADL scores

among the 3 stages (p>0.05). Mortality for operative

cases in ultra-early stage (�7 h), early stage (7–24 h),

and delayed stage (>24h) was 15.8, 8.9 and 8.0%, re-

spectively. The difference among the 3 stages was not

statistically significant (p>0.05).

Discussion

The accumulation of knowledge about the occurrence

and development of ICH and its pathological and physi-

ological mechanisms has made timing of surgery more

of a theoretical issue than an empirical judgment.

In 1961, Fisher proposed that ICH was formed by one

hemorrhage, rather than continuous bleeding in small

amounts. Juvela et al.’s [4] prospective randomized con-

trolled study of surgical and conservative treatment

showed that if time to treatment exceeded 24 h, opera-

tion was not a better option than medication. In 1977,

Kaneko et al. [5] introduced the concept of ultra-early

operation for ICH, which meant an operation within 7 h

after the onset of hemorrhage. They believed that clini-

Table 4. Stratified comparison of associated complications between surgical and medication groups in each stage of time-window

Stages Index and variables Associated complications (%)

ICH enlarged

or rebleeding

Respiratory

apparatus

Cardio-vascular

system

Urinary

system

Digestive

system

Blood pressure

uncontrolled

Ultra-early stage, �7 h Medication (n¼ 92) 4.3 10.9 2.2 6.5 10.9 0

Surgery (n¼ 125) 14.4 15.2 7.2 7.2 9.6 0.8

�2-value 5.878 0.858 2.782 0.038 0.094 0.758

p-value 0.015 0.354 0.123 0.846 0.759 1.000

Early stage, 7–24 h Medication (n¼ 81) 2.5 18.5 4.9 3.7 9.9 0

Surgery (n¼ 91) 5.5 19.8 3.3 8.8 17.6 0

�2-value 1.005 0.044 1.444 1.853 2.119 –

p-value 0.449 0.834 0.486 0.173 0.145

Delayed stage, >24 h Medication (n¼ 61) 0 8.2 3.3 4.9 4.9 0

Surgery (n¼ 50) 6.0 24.0 6.0 20.0 16.0 0

�2-value 3.762 5.291 0.473 6.045 3.780 –

p-value 0.088 0.021 0.656 0.014 0.050

ICH Intra cerebral hemorrhage.
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cal symptoms would worsen due to the intensifying of

cerebral edema, and that it was advisable to remove the

hematoma before surrounding brain tissue (penumbra)

was severely damaged, which was helpful for function

recovery and mortality reduction.

Some scholars supported this opinion and suggested

ultra-early operation to remove the hematoma within 6 h

after onset of ICH [5, 6] to eliminate oppression of

the hematoma on surrounding brain tissue as early

as possible to improve perfusion in the penumbra. Sec-

ondly, early removal of hematoma decreases secondary

brain edema related to presence of thrombin and some

other possible inflammatory mediators [3, 8–10]. How-

ever, other scholars argued that in the ultra-early stage of

ICH, formation of hematoma is not stable enough, and it

is difficult to arrest rebleeding effectively under direct

visualization in the course of minimally-invasive surgery

and, therefore, the risk of rebleeding is quite high. Kazui

et al. [7], by analyzing the CT images of 204 patients

with ICH, found that in 30% of cases, hematoma con-

tinued to expand 3 h after initial onset, in 17% cases

6 h after initial onset, but in no cases 24 h after initial

onset. They concluded that hematoma expansion mostly

took place 3 to 6 h after initial onset, and if the surgery

was performed within 3 h after initial onset, a second

hemorrhage was likely to occur after the hematoma cav-

ity was decompressed. Surgery performed 6 h after ini-

tial onset would be safer. As rebleeding is the main

complication leading to postoperative mortality or se-

vere disability [1], ultra-early operative intervention is

not recommended.

In our clinical trial, the comparison of therapeutic

effect between surgical group and medication group

demonstrated that patients who underwent operative

intervention less than 7 h (ultra-early stage) after initial

onset had a higher risk of rebleeding than those receiv-

ing medication. Secondly, surgery performed within

24 h (ultra-early and early stages) after initial onset

was related to a better outcome and less mortality than

with medication. Thirdly, there was no significant dif-

ference, regarding perioperative evaluation, long-term

outcome, and mortality, between patients receiving sur-

gery more than 24 h after initial onset (delayed stage)

and patients receiving medication in the same stage.

Moreover, delayed surgery was associated with higher

incidence of complications of the respiratory, urinary,

and digestive systems. Further comparison of therapeutic

effect among surgical cases in different time-windows

showed no significant difference regarding perioperative

evaluation, long-term outcome, and mortality, except

the definitely higher risk of rebleeding for patients

who underwent operative intervention less than 7 h after

initial onset.

In conclusion, this multicenter clinical study has pro-

vided conclusive evidence that the early stage (7–24 h)

is the optimal time-window for surgical evacuation of

hematoma in patients with spontaneous ICH. It is asso-

ciated with a favorable outcome, less risk of postopera-

tive rebleeding, and fewer associated complications.
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Summary

Introduction. Compared to ischemic stroke, intracerebral hemorrhage

(ICH) is easily and rapidly identified, occurs in younger patients, and

produces relatively small initial injury to cerebral tissues – all factors

suggesting that interventional amelioration is possible. Investigations

from the last decade established that extent of ICH-mediated brain injury

relates directly to blood clot volume and duration of blood exposure to

brain tissue. Using minimally-invasive surgery plus recombinant tissue

plasminogen activator (rtPA), MISTIE investigators explored aggressive

avenues to treat ICH.

Methods. We investigated the difference between surgical inter-

vention plus rtPA and standard medical management for ICH.

Subjects in both groups were medically managed according to stan-

dard ICU protocols. Subjects randomized to surgery underwent ste-

reotactic catheter placement and clot aspiration. Injections of rtPA

were then given through hematoma catheter every 8 h, up to 9 doses,

or until a clot-reduction endpoint. After each injection the system was

flushed with sterile saline and closed for 60min before opening to

spontaneous drainage.

Results. Average aspiration of clots for all patients randomized to

surgery plus rtPA was 20% of mean initial clot size. After acute

treatment phase (aspiration plus rtPA), clot was reduced an average

of 46%. Recorded adverse events were within safety limits, including

30-day mortality, 8%; symptomatic re-bleeding, 8%; and bacterial

ventriculitis, 0%. Patients randomized to medical management showed

4% clot resolution in a similar time window. Preliminary analysis in-

dicates that clot resolution rates are greatly dependent on catheter

placement. Location of ICH also affects efficacy of aggressive treat-

ment of ICH.

Conclusion. There is tentative indication that minimally-invasive sur-

gery plus rtPA shows greater clot resolution than traditional medical

management.

Keywords: Thrombolysis; recombinant tissue plasminogen activator;

stereotaxis; aspiration; intracerebral hemorrhage.

Introduction

Spontaneous intracerebral hemorrhage (ICH) affects

thousands of adults in the United States every year

[1, 5–7, 12, 20]. Although it is easily identified using

computed tomography (CT), treatment of ICH presents

many challenges. It has been shown that patients with

smaller bleeds (<20 cc) have a lower mortality and better

clinical outcome [3, 4, 13]. This leads to the hypothesis

that methods of removing ICH in stable patients could

result in lowered risk of mortality and improved outcome.

Unless presented with a severe unmitigated bleed, most

physicians are reluctant to aggressively treat ICH.

Conventional treatment of ICH consists of medical moni-

toring, and only in the most severe cases craniotomy [19].

Pilot data from several trials support minimally-invasive

surgery (MIS) as a safe method of treating ICH [10, 11,

14, 15, 17, 18, 22, 25]. Positive results have been shown

in several clinical trials using thrombolytic agents, specif-

ically recombinant tissue plasminogen activator (rtPA)

[2, 8, 9, 16, 21, 23, 24]. In summary, the following pre-

mises have led to the Minimally Invasive Surgery plus

rtPA for Intracerebral Hemorrhage Evacuation (MISTIE)

clinical trial: 1) evacuating blood clot in stable patients

increases the chance of good outcome; 2) stereotactic

MIS can safely and effectively provide a channel for clot

aspiration, drug delivery, and clot drainage; 3) rtPA can

safely and effectively lyse clot to accelerate drainage.

Background

The MISTIE clinical trial is a phase II, safety and effi-

cacy study of ICH treatment, sponsored by the National
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Institutes of Health=National Institute of Neurological

Disorders and Stroke. The trial is a 2-arm study designed

to observe the differences between patients randomized

to MIS plus rtPA versus best practice medical manage-

ment. The MISTIE trial enrolled 25 patients in the first

of 3 stages of dose-finding of rtPA. A total of 60 enrolled

patients will complete this phase of the study (each

stage of dose finding will enroll 20 patients with a 3:1

MISþ rtPA to medical management randomization

scheme). Each site will have one run-in patient as their

first enrollment; this patient is automatically designated

as a surgical patient. We present our preliminary analy-

ses of the first 21 enrolled patients.

Methods

Inclusion criteria for the study are as follows. Patients must be between

the ages of 18 and 80, with a Glasgow Coma Scale (GCS) score �14 or

a National Institutes of Health Stroke Scale (NIHSS) score 
6. The
eligible patient’s diagnostic CT must show evidence of ICH 
25 cc
shown to be stable at least 6 h later by a second CT scan (clot volume

calculated using the A�B�C=2 method). The patient must have a

historical Rankin score of 0 or 1 and a negative pregnancy test.

Exclusion criteria are: any infratentorial hemorrhage, intraventricular

hemorrhage requiring external ventricular drainage, coagulopathy

(patients with platelet count �100,000, international normalized ratio


1.7, abnormal prothrombin time, or an elevated activated partial throm-

boplastin time. Reversal of warfarin is permitted). Magnetic resonance

angiography or computed tomographic angiography must be obtained

prior to enrollment to rule out aneurysm, arteriovenous malformation, or

any other vascular anomaly.

For enrolled patients randomized to surgery, a 14-French cannula is

stereotactically placed into the center of the parenchymal clot two-thirds

the length of the long axis, and within the middle one-third of the clot.

Directly after catheter placement, an initial aspiration of clot is con-

ducted using a 10 cc syringe until the surgeon notes the first resistance to

free-hand suction. This is the only aspiration in the treatment. Following

completion of hematoma aspiration, a soft ventriculostomy catheter is

then passed through the rigid cannula and the rigid cannula is removed

leaving the soft catheter in the center of the residual hematoma. A

postoperative CT scan is taken to confirm accurate placement and check

for any instance of new bleeding. After CT, the patient begins a dosing

regimen of 0.3mg rtPA followed by a sterile flush. After each dose, the

system is closed for 1 h to allow drug=clot interaction. After 1 h, the

system is opened for gravitational drainage. Subsequent doses are given

every 8 h, up to 9 doses, or until a clinical endpoint is reached. Clinical

endpoints include: 1) reduction of clot to 80% of original size (measured

on the scan that shows clot stability prior to enrollment), or 2) clot size is

reduced to 15 cc or less. Additional endpoints include any bleeding

events involving a new hemorrhage, or extension of exiting hemorrhage

by 5 cc or more (treatment failures). CT scans are taken once every 24h

to evaluate drainage, or as clinically indicated.

Results

Patients responded favorably to the surgery plus rtPA

treatment compared to the 2 patients in the group ran-

domized to medical management. On average, 20% of

the clot was removed through surgical aspiration alone.

After treatment, average clot size was reduced by nearly

50% of starting volume, whereas patients randomized to

medical management showed only a 6% reduction of

clot through a 7-day period (Table 1).

Surgical patients received an average of 4 doses of

rtPA, with 4 patients receiving no doses (clot reduction

endpoint was met through aspiration alone) and 3 pa-

tients receiving 9 doses (Table 2). Recorded adverse

events were within safety limits, including 30-day mor-

tality, 8%; symptomatic re-bleeding, 8%; and bacterial

ventriculitis, 0%.

Table 1. Mean clot size in surgical patients versus medically-managed

patients at critical points during acute-treatment phase

Treatment Starting

volume

(cc)

Post-

surgery

volume

(cc)

End-of-

treatment

volume

(cc)

7-day

follow-up

volume

(cc)

Minimally-invasive

surgery plus rtPA

(n¼ 19)

48.07 37.02 25.21 19.37

Medical management

(n¼ 2)

38.97 N=A N=A 36.65

rtPA Recombinant tissue plasminogen activator.

Table 2. Patient demographics and treatment

Patient

no.

Age

(years)=

sex

GCS

score

ICH size at

stability on

CT (cm3)

Treatment No. of

doses

1 73=M 11 23.02 MISþ rtPA 0

2 51=M 12 39.64 MISþ rtPA 6

3 70=F 14 56.43 MISþ rtPA 3

4 54=M 11 28.12 MISþ rtPA 8

5 49=M 11 20.00 medical

management

0

6 66=F 11 28.38 MISþ rtPA 2

7 59=M 7 31.76 MISþ rtPA 6

8 65=M 9 55.59 MISþ rtPA 9

9 71=M 15 74.22 MISþ rtPA 4

10 60=M 6 59.76 MISþ rtPA 9

11 79=F 14 42.40 MISþ rtPA 0

12 77=M 8 51.25 MISþ rtPA 0

13 62=F 13 23.33 MISþ rtPA 3

14 64=M 15 30.69 MISþ rtPA 1

15 50=F 8 29.27 MISþ rtPA 3

16 47=F 8 37.18 MISþ rtPA 5

17 71=F 10 28.42 MISþ rtPA 6

18 56=M 13 43.87 MISþ rtPA 1

19 65=F 10 44.52 MISþ rtPA 0

20 75=F 14 57.94 medical

management

0

21 74=F 14 185.42 MISþ rtPA 9

Mean 64=11M:10F 11 47.20 19:2 4

CT Computed tomography; F female; GCS Glasgow Coma Scale; ICH

intracerebral hemorrhage; M male; MIS minimally-invasive surgery;

rtPA recombinant tissue plasminogen activator.
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Fig. 1. Patient randomized to treatment

(surgery plus rtPA). During initial sur-

gical aspiration, 11.54 cc of clot was

removed. Two doses of rtPAwere given

before patient reached clot reduction

endpoint. Image 1 taken at 0 h, image 2

taken at 30 h (directly after aspiration

and catheter placement), and image 3

taken at 72 h (end of treatment)

Fig. 2. Patient randomized to medical

management. Clot volume remained

relatively stable over time. Image 1

taken at 0 h, image 2 taken at 38.5 h,

image 3 taken at 81 h
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Discussion

Clot resolution rate for surgical patients appears to be

highly correlated with catheter placement. A comparative

look at catheter placements performed during the trial fo-

cused on 3 criteria: 1) catheter goes through the center of

the clot; 2) catheter runs through the long axis of the clot;

and 3) catheter spans at least two-thirds the length of the

long axis of the clot. Using this scoring rubric, CT scans of

all surgical patients were graded for catheter placement

efficiency. This scoring (a score of 0 being lowest and

150 representing optimal catheter placement) was related

to overall clot resolution through the treatment period.

An appreciable trend toward optimal catheter placement

leading to greater clot resolution is seen in Fig. 3.

Conclusions

It has been shown that the methods used for stereotactic

catheter placement for hematoma aspiration and intra-

cranial thrombolytic therapy are safe, and appear to be

effective when compared to current medical manage-

ment of large intracerebral hematomas. Early analysis

indicates that catheter positioning plays an important

role in the effectiveness of treatment following the

MISTIE surgical protocol. Further analyses of additional

patients enrolled in the study will be forthcoming.
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Summary

Objective. To investigate the epidemiology of pediatric cerebrovascular

diseases.

Methods. Retrospective review of clinical data for 204 pediatric

patients under the age of 18 treated for cerebrovascular disease at

Huashan Hospital within the past 13 years.

Results. Mean age was 12.7 years and male-to-female ratio was

1.91:1. Onset of symptoms was acute or subacute in 73.5% (150=204).

Main clinical manifestations include: headaches (70.6%), vomiting

(50.0%), loss of consciousness (22.5%), convulsions (21.6%), and focal

neurological deficits (13.2%). The most common etiologies were:

arteriovenous malformations (42.2%; 86=204), cavernomas (16.2%;

33=204), aneurysms (8.8%; 18=204), and Moyamoya disease (5.9%;

12=204). The cause remained unknown in 21% (43=204).

Conclusions. As the main neurological medical center in the southern

part of China, the statistics of Huashan Hospital could be representative.

The epidemiology of pediatric cerebrovascular diseases has its own

specificity. Pediatric cerebrovascular disease must be diagnosed in a

timely manner and treated urgently, according to the distinct clinical

features of the pediatric patient.

Keywords: Cerebrovascular disease; pediatric; epidemiology; etiology;

clinical presentation.

Introduction

Children are not true miniature versions of adults be-

cause of their physiological features during development

[12]. Characteristics of pediatric cerebrovascular disease

differ from adults in etiology, clinical features, diagno-

sis, and treatment. Cerebrovascular disease must be di-

agnosed timely and treated urgently or it will endanger

the lives of children; furthermore, survivors often have

sequelae of the nervous system. Most of the current

reports of pediatric cerebrovascular disease are sporadic

case analyses or introductory experiences, and few large

series have yet been reported. Thus, to investigate the

clinical characteristics of cerebrovascular disease, we

performed a retrospective analysis of clinical epidemiol-

ogy (including age distribution, etiology, clinical presen-

tations, diagnosis, and treatment) in 204 children under

the age of 18 treated at our hospital during the period

1993–2006.

Materials and methods

Patients

Included in this retrospective study were patients younger than 18 years

of age who had been diagnosed with cerebrovascular disease at our

hospital during the period 1993–2006. Patients with traumatic bleeds

or abnormal hematological findings were excluded from the study.

Methods

The following information was collected during review of the medical

records: neuro-imaging investigations, current age, age at time of onset,

sex, underlying etiologies, initial clinical presentation, neurological signs

at admission, diagnostic procedures, anatomic location, therapy, and

neurological outcome at time of discharge. Most instances of cerebro-

vascular disease were diagnosed by cerebral digital subtraction angi-

ography (DSA) or pathology; only a few were obtained by clinical

presentation and=or other corresponding neuro-imaging findings (com-

puted tomography [CT] and=or magnetic resonance imaging [MRI]).

Etiologies were all based on cerebral DSA or pathology. We performed

�2 test or Fisher exact probability test (p<0.05) using Stata 7.0 software

(StataCorp LP, College Station, TX).

Results

Age and sex

The study group consisted of 204 patients, 134 boys and

70 girls. Sex ratio was m:f¼ 1.91:1. Ages ranged from

32 days to 17.9 years, with a mean age of 12.7 years.

Mean ages were 12.4 and 13.1 years for boys and girls,

respectively. The age distribution of all patients and ma-
Correspondence: Rong Zhang, M.D., #12 Wulumuqi Zhong Road,

Shanghai 200040, China. e-mail: rong.z.zhang@gmail.com



jor etiologies is summarized in Table 1. We found that

patients aged between 9 and 15 years had greater likeli-

hood for the disease (58.8%; 120=204), and boys were

more likely than girls to have the 4 major etiologies.

Clinical presentation

Symptoms included headaches (70.6%; 144=204),

vomiting (50.0%; 102=204), impaired consciousness

(22.5%; 46=204), convulsions (21.6%; 44=204), and fo-

cal neurological deficits (13.2%; 27=204), as well as ac-

cidental discovery without symptoms (4.9%; 10=204).

Onset of symptoms was acute and subacute in 73.5%

(150=204) of patients. Subacute is defined as a pro-

longed and protracted course over a period of several

hours up to a few days that did not lead to immediate

hospitalization. Acute is defined as a sudden onset of

symptoms (e.g., epileptic seizure, abrupt unconscious-

ness, splitting headache, etc.) that resulted in immediate

hospitalization.

Etiologies

The following etiologies were found: arteriovenous mal-

formation (AVM) 42.2% (86=204); cavernomas 16.2%

(33=204); aneurysms 8.8% (18=204); Moyamoya dis-

ease 5.9% (12=204); complex vascular malformations

2.0% (4=204, aneurysm þ AVM); arteriovenous fistula

(AVF) 1.0% (2=204); venous malformations 1.0%

(2=204); meningioangiomatosis 1.0% (2=204); telangi-

ectasia 0.5% (1=204); and dural AVF (DAVF) 0.5%

(1=204). The causes were unknown in 21.1% (43=204),

which included 16 (7.8%) patients with negative DSA

and 27 (13.3%) patients without DSA examinations. In

the 16 patients with negative DSA, there were 3 patients

whose lesions may have been resected in emergency

operations because of acute hemorrhage, and the other

13 patients underwent conservative treatment owing

to mild hemorrhage in deep brain or functional area.

Etiologies for 27 patients without DSA examinations

were not available because either parents=guardians

gave up treatment or patients died soon after onset of

the disease.

The first etiology was AVM in female, male, and

entire group, respectively. There was no obvious varia-

tion (p¼ 0.835) between boys and girls in the percent-

age of the first 4 known causes (Table 2).

Location

Lesions in 181 cases were supratentorial (88.7%); 23 cases

were infratentorial (11.3%); 7.8% percent of the lesions

occurred midline, and 6.9% bilaterally. Hemorrhage oc-

curred in 182 cases (89.2%): intracerebral hemorrhage

144 (79.1%), intraventricular 26 (14.3%), and subarach-

noid 12 (6.6%). AVMs were located mainly supratentor-

Table 1. Age distribution and major etiologies of 204 pediatric patients

Age group

(years)

Number of patients

with arteriovenous

malformation

Number of patients

with cavernoma

Number of patients

with aneurysm

Number of patients

with Moyamoya

disease

Total

Male Female Male Female Male Female Male Female Male (%) Female (%)

0–3 1 0 1 0 0 0 0 0 3 (1.5) 0 (0)

3–6 3 3 0 0 1 0 0 0 5 (2.5) 6 (2.9)

6–9 6 2 2 1 1 3 3 0 21 (10.3) 6 (2.9)

9–12 12 6 3 4 2 1 1 0 32 (15.7) 14 (6.9)

12–15 20 9 9 4 6 1 3 3 47 (23.0) 27 (13.2)

15–18 15 9 5 4 2 1 2 0 26 (12.7) 17 (8.3)

Total 57 29 20 13 12 6 9 3 134 (65.7) 70 (34.3)

Table 2. Etiologies of 204 cases of pediatric cerebrovascular disease

Etiology Number

of male

patients (%)

Number

of female

patients (%)

Total (%)

Arteriovenous malformation 57 (42.5) 29 (41.4) 86 (42.2)

Cavernoma 20 (14.9) 13 (18.6) 33 (16.2)

Unknown 17 (12.7) 10 (14.3) 27 (13.2)

Aneurysm 12 (9.0) 6 (8.6) 18 (8.8)

Digital subtraction

angiography (negative)

11 (8.2) 5 (7.1) 16 (7.8)

Moyamoya disease 9 (6.7) 3 (4.3) 12 (5.9)

Arteriovenous

malformationþ aneurysm

4 (3.0) 0 4 (2.0)

Arteriovenous fistula 2 (1.5) 0 2 (1.0)

Venous malformations 0 2 (2.9) 2 (1.0)

Meningioangiomatosis 1 (0.7) 1 (1.4) 2 (1.0)

Telangiectasia 0 1 (1.4) 1 (0.5)

Dural arteriovenous fistula 1 (0.7) 0 1 (0.5)

Total 134 (100) 70 (100) 204 (100)
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ial (73.3%; 63=86) and frequently in frontal or occipital

lobe, while infratentorial AVMs were found mainly in

cerebellum (see Table 3). Cavernomas were also mainly

located supratentorial (84.8%; 28=33) and more fre-

quently in frontal or temporal lobe; occasionally in

infratentorial but 4=5 in pons (Table 3). Aneurysms in

6 cases were located in the middle cerebral artery

(MCA), 10 in distal arteries, and 5 around the circle of

Willis (Table 4). Moyamoya disease occurred bilaterally

in 10 cases and unilaterally in only 2 (p¼ 0.03).

Diagnosis

To confirm intracranial hemorrhage, CT was performed

for 195=204 children, and etiology was chiefly based on

DSA in 130=204 children or pathology in 78=204 chil-

dren. To screen the etiologies, MRI=magnetic resonance

angiography (MRA) was performed on 66 children and

computed tomographic angiography (CTA) on 25 chil-

dren. MRI was mainly performed on 31 children sus-

pected of cavernoma, of which 29 cases were treated

surgically and the imaging diagnoses of 28 cases

(96.6%; 28=29) were consistent with pathological diag-

nosis. Only 1 child with cavernoma was misdiagnosed

preoperatively because of atypical MRI signal due to

repeating hemorrhage. MRI=MRA was also used for 8

children with Moyamoya disease (100% diagnostically

consistent with DSA). CTA had a diagnostic coincidence

of 78.9% (15=19), and was performed on children highly

suspected of AVM or aneurysm but who couldn’t toler-

ate DSA examination.

Therapeutic management and outcome

Treatment was chiefly based on the individual cause as

determined by DSA or=and MRI=MRA. According to

the location and size of AVMs confirmed by DSA, we

performed microscopic resection of the AVMs in 48.8%

(42=86) of children, embolization in 12.8% (11=86),

stereotactic radiotherapy in 9.3% (8=86), and stereotac-

tic radiotherapy after embolization in 1 child. Other

methods included microscopic resection of cavernomas

in 87.9% (29=33), clipping aneurysm in 50% (9=18),

embolization of aneurysm in 5.6% (1=18), and EDAMS

(encephalo-duro-arterio-myo-synangiosis) operations in

75% (9=12) of children with Moyamoya disease. In

32.4% (66=204) of patients, no invasive treatment such

surgery or an endovascular intervention was performed

after negative DSA findings; 8 of these 66 children died,

and the survivors were advised to follow-up with DSA.

Nineteen (9.3%, 19=204) children required ventricular

drainage because of hydrocephalus or severe intraven-

tricular hemorrhage, of which 7 (3.4%; 7=204) required

a permanent ventriculo-peritoneal shunt.

The outcome of survivors was assessed by their con-

dition at time of hospital discharge, and included cure

(no obvious neurological deficits) in 61.3%, improving

(symptoms or signs improving, but with diverse neuro-

logical deficits) in 21.1%, ineffective treatment (no im-

provement of symptoms or signs) in 13.7%, and death in

3.9% (Table 5). Of all etiologies, the group with highest

cure rate was cavernoma (84.8%; 28=33); the others in

turn were AVM (66.3%; 57=86), negative DSA (56.3%;

9=16), and Moyamoya disease (41.7%; 5=12). The un-

known etiologies group had severe mortality (22.2%;

6=27), and the AVM group had 2 deaths (2.3%; 2=86).

Table 3. Locations of pediatric intracranial lesions

Location Number of patients

with arteriovenous

malformation

Number of

patients with

cavernoma

Frontal lobe 21 7

Temporal lobe 10 11

Parietal lobe 7 4

Occipital lobe 13 1

Temporo-parietal

lobe

3 –

Lateral fissure 3 –

Corpus callosum 6 1

Lateral ventricle 5 1

Cerebellum 11 1

Brainstem 2 4 (all in pons)

Others 5 (1 basilar ganglion;

1 fronto-temporal

lobe; 1 fronto-parietal

lobe; 2 parieto-

occipital lobe)

3 (2 with multiple

lesions in frontal

lobe; 1 in frontal

lobe and cerebellum,

respectively)

Total 86 33

Table 4. Locations of aneurysms in 18 pediatric patients

Location Number of patients

Anterior cerebral artery 2 (A3)

Anterior communicating artery 1

Internal carotid artery 3 (2 in C1; 1 in C5)

Middle cerebral artery 6 (1 in M1; 1 in M2 multiple;

2 in M3; 1 in M3–4; 1 in M4)

Posterior cerebral artery 3 (1 in occipital ramification;

1 in posterior choroidal artery;

1 in tentorial hiatus)

Posterior communicating artery 1

Multiple locations 2 (1 in C1 and bifurcate of

M1–2; 1 distal of middle

and posterior cerebral arteries)

Total 18
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All 8 children died (overall mortality, 3.9%) of acute

massive intracranial hemorrhage aggravated too rapidly

to be effectively rescued (Table 5).

Discussion

Pediatric cerebrovascular disease has characteristic fea-

tures that differ from the adult form of the disease: 1)

male predominance; 2) chief etiology was AVMs, and

more occurred in the 9–18 year age group in our series;

3) infratentorial cavernomas mainly occurred in the

pons; 4) intracranial aneurysms were generally found

in distal arteries as opposed to the circle of Willis; 5)

ischemic presentation was more often seen in pediatric

Moyamoya disease.

Etiologies and age distribution

The chief etiologies of cerebrovascular disease in adults

are cerebral infarction and intracerebral hemorrhage

caused by hypertension or atherosclerosis, rather than

intracerebral vascular abnormality. In the latter, an-

eurysms are more common than AVMs in adults. The

etiologies of cerebrovascular disease in children are ob-

viously different than those of adults. The major cause

was AVMs, accounting for 30–60% of cerebrovascular

disease in children, and other vascular abnormalities

such as cavernoma, Moyamoya disease, and aneurysm

were relatively uncommon, and there were some un-

known causes as well [7, 14, 15, 17, 19]. In our series,

AVMs (42.2%) were the most common and occurred

mostly in the age group from 9 to 18 years (82.6%;

71=86). Cavernoma (16.2%) and aneurysm (8.8%) were

fairly uncommon. These findings are consistent with the

study done by Liu et al. [11], who reported 9 cases

(18%) with cavernoma and 3 cases (6%) with aneurysm

in a series of 50 children with non-traumatic stroke.

Cavernoma may be more common because MRI is more

frequently used in the diagnosis of intracerebral hemor-

rhage, and the increasing vigilance for angiogram-nega-

tive cavernoma. In our series, there were still 17 cases

with unknown etiology on DSA and other neuro-imag-

ing examinations.

The sex ratio (m:f¼ 1.91:1) of our patients and the

fact that pediatric cerebrovascular disease occurred more

frequently in boys is consistent with the literature by Al-

Jarallah et al. [1] (sex ratio, m:f¼ 1.72:1). The etiologies

of pediatric cerebrovascular disease are different accord-

ing to age group [1]: hematological disease is seen more

in newborns, latent vitamin K deficiency is seen more at

0–6 months and especially under 3 months, and AVM

seen more in children aged greater than 5 years. Our

series with only 3 patients under 3 years did not show

this characteristic, perhaps because of the lack of a

pediatric department in our hospital. We did find that

the highest incidence of AVM was in the age group

from 9 to 15 years (54.6%; 47=86), and a similar trait

was seen in cavernoma, aneurysm, Moyamoya disease,

and other etiologies.

Clinical presentation and diagnosis

Onset of symptoms was acute and subacute in 73.5% of

the children in our series (83% in the series by May

Llanas et al. [13]), and the symptoms were caused main-

ly by hemorrhage (89.2%; 182=204) and clinical presen-

tations included increased intracranial pressure, sudden

loss of consciousness, seizures, local neurological defi-

cits, and others. In our series, there were different fea-

tures associated with the different causes of pediatric

Table 5. Outcome of 204 cases of pediatric cerebrovascular disease

Etiology Number of

patients cured (%)

Number of patients

improving (%)

Number of patients receiving

ineffective treatment (%)

Number of

deaths (%)

Total

Arteriovenous malformation 57 (66.3) 14 (16.3) 13 (15.1) 2 (2.3) 86

Cavernoma 28 (84.8) 2 (6.1) 3 (9.1) 0 33

Unknown 13 (48.1) 8 (29.6) 0 6 (22.2) 27

Aneurysm 6 (33.3) 5 (27.8) 7 (38.9) 0 18

Digital subtraction angiography (negative) 9 (56.3) 7 (43.8) 0 0 16

Moyamoya disease 5 (41.7) 4 (33.3) 3 (25.0) 0 12

Arteriovenous malformationþ aneurysm 3 (75.0) 1 (25.0) 0 0 4

Arteriovenous fistula 1 (50.0) 1 (50.0) 0 0 2

Venous malformations 1 (50.0) 0 1 (50.0) 0 2

Meningioangiomatosis 2 (100.0) 0 0 0 2

Telangiectasia 0 1 (100.0) 0 0 1

Dural arteriovenous fistula 0 0 1 (100.0) 0 1

Total 125 (61.3%) 43 (21.1%) 28 (13.7%) 8 (3.9%) 204
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cerebrovascular disease: children’s aneurysms were

more common near the distal arteries (10=18) than near

the circle of Willis (5=18), which is contrary in adults;

infratentorial cavernomas mainly occurred in the pons

(80%; 4=5); in cases of Moyamoya disease, ischemic

presentation (9 cases) such as dizziness and fatigue of

the limbs was more often seen than hemorrhagic (3 cases,

all were intraventricular hemorrhage) (p¼ 0.039), while

the hemorrhagic type was common in adults [6]. Clinical

presentation also differed with the age groups of chil-

dren. Older children who were able to describe their

complaints did not differ from adults, except for their

higher incidence rate of seizures. In our series, the first

highest incidence rate was in cavernomas (30.3%; 10=

33), the second highest was in AVMs (18.6%; 16=86),

and the total was 21.6% (44=204). Younger patients who

could not describe their complaints had nonspecific pre-

sentation, of which the most common [16] were in-

creased tension in fontanel, vomiting, refusing feeding

of milk, screaming, progressive facial paleness, tics, cry-

ing and disquiet, faintness, change in pupil size, uncon-

sciousness, and others.

According to the above presentations, further neuro-

imaging examinations are necessary to confirm sus-

pected intracranial hemorrhage. CT is the examination

of first choice, but B-mode ultrasonography could be

combined with CT in infants with unclosed fontanel,

especially for follow-up of the evolving intracerebral

hemorrhage already confirmed by CT in conservative

treatment. It can be safely, easily performed at bedside

for dynamic follow-up with highly positive findings in

intracerebral hemorrhage but without radiation and trau-

ma [10]. As CT is easily available nowadays, examina-

tion of cerebrospinal fluid by lumbar puncture is seldom

performed to confirm intracerebral hemorrhage. This

procedure is not only traumatic for the patient and un-

helpful for making the treatment plan, but may also

precipitate cerebral herniation in the acute phase.

To determine disease causes, CTA, MRI=MRA, and

DSA are selected according to the disease conditions,

the degree of the child’s ability to cooperate, and sus-

pected etiologies. CTA has great value in the diagnosis

of cerebrovascular disease. Wu et al. [18] reported that

3D-CTA had the same sensitivity and specificity of

100% as that of DSA in AVM, AVF, and venous mal-

formations, and the sensitivity of 3D-CTA for aneurysm

and Moyamoya was 90.9% and 84.6%, respectively. The

advantages of CTA are as follows [3]: 1) It can be per-

formed safely, quickly, less expensively, and at any

moment. 2) CTA compared with DSA provides more

complete anatomic information (unlimited viewing

angles, 3-dimensional views, virtual endoscopy, and in-

formation on bony and adjacent vessel relationships, true

neck-to-dome relationships in aneurysms, and the pres-

ence of calcium or atheromas). 3) CTA can be per-

formed easily and expeditiously after spontaneous

intracranial hemorrhage has been confirmed while the

patient is still on the CT table, thus saving time for

rescue of the patient. CTA is suitable for younger chil-

dren who cannot cooperate, and is especially attractive

for evaluation of critically ill patients who cannot toler-

ate DSA examination, or at centers where urgent DSA

may be difficult to obtain. MRI=MRA has special advan-

tages for children because there is no radiation or trauma

involved. It is especially suitable for the children who

are suspected of cavernomas or ischemic cerebrovascu-

lar diseases (e.g., Moyamoya disease), are in relatively

stable condition, and for differential diagnosis with the

apoplexy of brain tumor. MRI can provide effective com-

plementary information for cases with negative DSA find-

ings (e.g., cavernomas). In our series, MRI=MRA were

chiefly performed on children suspected of cavernomas

and Moyamoya disease, and the preoperative diagnostic

coincidence rates were 96.6% (28=29) in cavernomas

and 100% (8=8) in Moyamoya disease. DSA is still

the gold standard for the diagnosis of cerebrovascular

disease [5]. It can provide correct imaging information

about the dynamic supply and drainage of blood in ab-

normal blood vessels (especially in AVMs and DAVF),

and can provide details for further management options.

In our experience, the techniques of DSA were not ob-

viously different between children and adults, and the

microcatheter was no more difficult to insert into the

target vessels of children and had less distortion than

in adults. General anesthesia is commonly required for

children, but local anesthesia can be undertaken for

older children who can cooperate. With the develop-

ment of imaging and microcatheter techniques, the

safety of cerebral DSA in children has been obviously

improved. Burger et al. [2] reported the rate of intra-

procedural complications was 0.0% (95% CI, 0.0–

1.4%), and only one 7-year-old girl with a type IV

DAVF of the right transverse sinus died of a ruptured

posterior fossa varix 3 h after completion of an un-

eventful cerebral angiogram (0.4%; 95% CI, 0.01–

2.29%). It is possible that the rupture of the varicose

vein may have been coincidental or precipitated by the

straining induced by the sudden vomiting approximate-

ly 3 h after angiography, when the patient awoke from

anesthesia without deficit but with slight nausea. Most
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patients tolerate emergency DSA examinations, where-

as only a few cannot tolerate it because cerebral herni-

ation had occurred or would occur in the children with

decreasing consciousness after sudden onset (5.4% in

our series).

According to the clinical features of cerebrovascular

disease, definite diagnoses can be acquired with appro-

priate neuro-imaging examinations or by combining

with the above methods. Of major concern are younger

children who cannot depict their complaints, have no

specific presentations, and have delayed or inconspicu-

ous intracranial pressure. Such patients require special

attention.

Treatment and outcome

Cerebrovascular disease is treated by medication and

surgical methods. Medications included those for osmot-

ic dehydration, prophylactic anti-convulsion, hemostatic

administration, and others. These were applicable to all

cases. Surgical methods were selected based on the

cause of the individual’s symptoms and condition at

admission. In our experience, it is very important to

determine the specific cause as soon as possible and then

select active measures (surgical operation, endovascular

intervention, stereotactic radiotherapy, or combined ap-

plication of methods) based on the cause, thereby low-

ering mortality, decreasing sequelae, and improving

quality-of-life for our patients. For children with AVM

or cavernoma who can tolerate craniotomy, we generally

performed microscopic resection of the lesions. In the

case of aneurysm, we performed surgical clipping or

embolization according to cerebral DSA. For AVMs

located in important functional areas or deep in the

brain for which total resection or complete embolization

was not possible, we suggested stereotactic radiotherapy.

In cases of symptomatic Moyamoya disease, we per-

formed EDAMS operations. In children with cerebral

hemorrhage with cause undetermined by DSA and=or

other neuro-imaging examinations, we provided guid-

ance for close clinical follow-up including another

DSA examination.

In some cases, DSA is not able to detect underlying

lesions, for the following reasons [4]: the blood supply

of the anomaly is compressed by the hematoma around

it; spasm of supplying artery; thrombosis in the vascular

malformation; destruction of vascular malformation

during bleeding; slow flow and high coagulative state

in the abnormal vessels. It is very important to 1) estab-

lish intravenous access in children prior to surgery, 2)

enforce careful administration of anesthesia during the

operation, 3) apply microscopic techniques during the

operation, 4) correctly estimate and supply the bleeding

volume in a timely manner, and 5) pay attention to pro-

phylactic anti-convulsion therapy after the operation.

General postoperative nursing should also attach impor-

tance to caring for younger children, especially avoiding

too much or too rapid transfusion that can induce heart

failure.

The prognosis of pediatric cerebrovascular disease is

better than in adults, partly owing to better reconstruc-

tion of cerebral function after intracerebral hemorrhage.

In our series, the total rate of cure and improving was

82.4% (168=204), and mortality was 3.9% (8=204).

Death occurred in the AVM (2 patients) and unknown

etiology (6 patients) groups, and all had acute massive

hemorrhage and were unable to be rescued. In the 17

articles on pediatric hemorrhagic stroke reviewed by

Jordan et al. [8], mortality was from 7% to 52%, and

mean mortality was 24%. Thus, the mortality in our

series was lower than that of the literature. Children with

Moyamoya disease can also have good outcomes after

EDAMS operations, especially for the ischemic type for

which neurological functions can be obviously improved

[9]. In the 9 children in our study who underwent sur-

gery, the preoperative ischemic symptoms and signs dis-

appeared in 5 patients and obviously improved in 4

patients.

In summary, better prognosis and treatment efficacy

can be attained if we can recognize the clinical fea-

tures of pediatric cerebrovascular disease, make a timely

diagnosis, acquire an etiology as soon as possible, and

then actively take effective measures to deal with

the etiology. The high rate of cure and improvement

(82.4%; 168=204) in our series are attributed to all of

the above.
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Summary

Background. Xenon-CT is a quantitive technique for estimating cerebral

blood flow. To investigate whether penumbra exists around hematoma,

regional cerebral blood flow (rCBF) was measured by Xenon-CT in

patients with intracerebral hemorrhage (ICH).

Methods. Xenon-CT was performed on 15 patients with basal ganglia

hemorrhage and hematoma volume<50mL. rCBF was measured within

36h of onset and an average of 13 days later by 27-pixel rings in

perihematomal area and its enantiomorph in contralateral hemisphere.

Penumbra was defined as rCBF 8–20mL � 100g�1 �min�1.

Results. Average ICH volume was 13 � 7mL (6.4–23.7mL). First

rCBF examination was conducted at 21.7 � 9.4 h (5–37 h), second

rCBF examination was conducted at 13.4 � 1.8 days (11–18 days)

after onset. Within 36 h of onset, mean perihematomal rCBF was

28.4 � 7.8mL � 100 g�1 �min�1; contralateral region was 34.2 �
12.2mL � 100g�1 �min�1 (p¼ 0.11). Average 13 days after onset,

mean rCBF close to hematoma was 19.4 � 8.1mL � 100g�1 �min�1;

rCBF in contralateral region was 40.1 � 11.3mL � 100 g�1 �min�1

(p<0.0001). rCBF in distal perihematomal region was 27.8 � 9.5mL �
100 g�1 �min�1; the difference was significant compared to contralateral

region (p¼ 0.0003). One patient’s rCBF in area of edema around hema-

toma was less than 20mL � 100 g�1 �min�1 at first examination. At

second examination, 6 patients had same occurrence in region adjacent

to hematoma and 2 patients experienced it in distal perihematomal

region.

Conclusions. Reduced perihematomal rCBF was shown after ICH;

this phenomenon lasted at least 14 days. A number of ICH patients

experienced penumbra around hematoma.

Keywords: Intracerebral hemorrhage; regional cerebral blood flow;

penumbra; Xenon-CT.

Introduction

The incidence of intracerebral hemorrhage (ICH) among

the Asian population is 55 per 100,000 – twice that of

the Caucasian race. Prospective observational studies in

both animals and human beings [3, 4] have dispelled the

concept of major ischemia in the edematous tissue sur-

rounding the hemorrhage. Nevertheless, some controver-

sy persists based on human magnetic resonance imaging

(MRI) apparent diffusion coefficient (ADC) studies of

the perihemorrhagic region [2], which indicate a rim of

tissue at risk for secondary ischemia in large hemato-

mas with elevated intracranial pressure (ICP). Xenon-

enhanced computed tomography (XeCT) cerebral blood

flow (CBF) study is an emerging real-time, high-resolu-

tion technique for quantifying CBF. We report our CBF

measurement results on 20 spontaneous ICH patients

with small to moderately sized hematomas who under-

went XeCT during a 20-month study period.

Materials and methods

Patients

This prospective study began in June 2002 and lasted 20 months. Twenty

patients with spontaneous single basal ganglia hemorrhage underwent

XeCTexamination. Inclusion criteria for our study was as follows: 1) age

>18 years; 2) diagnosis of intraparenchymal hemorrhage confirmed by

CT images; 3) patient was conscious or had slightly lethargy for a good

technical quality XeCT CBF study; 4) first XeCT scans were able to be

performed within 48h of ictus; 5) hemorrhage volume was �50mL.

Exclusion criteria included: 1) head trauma; 2) radiographic evidence

of subarachnoid hemorrhage or intraventricular hemorrhage; 3) an un-

derlying mass lesion or vascular malformation; 4) infratentorial ICH.

Clinical data included demographic information, ICH onset time, time to

XeCT CBF study. Radiological data included hematoma volume. Five

subjects were excluded from this study because of poor technical quality

XeCT studies related to motion artifact.

XeCT CBF study

In order to investigate changes in regional CBF (rCBF) around the

hematoma during acute and subacute phases, each patient underwent 2

XeCT CBF examinations: the first within 48 h of ictus, the second about

Correspondence: Qiang Dong, Department of Neurology, Fudan

University, Huashan Hospital, 14F ward, Wulumuqi Middle Road

No. 12, Shanghai, China. e-mail: qiang_dong@hotmail.com



13 days later. We used a computer-generated template that is part of

the XeCT computer software (Diversified Diagnostic Products Inc.,

Houston, TX). Four contiguous CT-defined levels of 1-cm slice thickness

were obtained along the orbitomeatal line. Voxels (1�1�10mm) cor-

responded to CBF in cubic centimeters per 100 g per minute and were

color-coded according to an ordinal scale of CBF values. A color-coded,

quantitative CBF map was produced and displayed with individual CT

images. XeCT computer software calculated the mean CBF within

regions of interest. Our analysis included hematoma and perihematomal

edema. In the first CBF examination, we found that the width of peri-

hematomal edema in most patients was equivalent to 27 pixels; that is,

mean diameter of edema was about 6mm, so we decided to use a 27-

pixel ring to measure CBF. One 27-pixel ring was placed at the center of

hematoma in each slice, and the average CBF for the 4 rings was defined

as the CBF of hematoma.

In the first examination, the 4 27-pixel rings were placed in region

of edema on respective slices at up, down, right, and left positions.

The mean CBF was the CBF of edema in these slices. However, the

width of edema was increased by time of the second examination, so

we divided the region of edema into 2 parts: ‘‘Region 1’’ was adja-

cent to hematoma; ‘‘Region 2’’ was distal of edema and was adjacent

to normal tissue. Again, we used 27-pixel rings to measure CBF.

Perihematomal edema CBF was defined as [(CBF of Region 1þCBF

of Region 2)=2] (Fig. 1).

Statistical analysis

Data management and analysis were performed using Statistical Package

for the Social Science (SPSS) version 10.0 (SPSS, Inc., Chicago, IL).

Hematoma volumes and CBF values were summarized as average and

standard deviation. Changes in CBF between the 2 examinations were

analyzed with Student t-test.

Results

A total of 15 patients performed a total of twenty one

XeCT examinations; 9 of these patients were male.

Average age was 55.8� 9.2 years (40–75 years). We

obtained CBF results for 10 patients in the acute phase

(within 48 h of the ictus), and 11 patients in the sub-

acute phase (average 13 days after onset). Among these

cases, 6 patient had results in both CBF studies.

We defined penumbra range as CBF between 8 and

20mL � 100 g�1 �min�1.

The results for 10 patients who underwent acute phase

studies are presented in Table 1. Mean hematoma vol-

Fig. 1. Panel (a) First CT image of

head: QRST edema region;

UVWX their mirror region at con-

tralateral hemisphere; Y hematoma;

�10 hematoma’s mirror region. Panel

(b) Corresponding CBF map. Panel (c)

Second CT image of head: QRST
edema region adjacent to hematoma;

11,12,13,14 edema region adjacent to

normal tissue. Panel (d) Corresponding

CBF map
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ume was 15.4mL (5.1–42.5mL). Mean studied time

was 21.7 h (5–37 h) after onset. CBF of hematoma was

10.8mL � 100 g�1 �min�1 (2.3–26.3mL � 100 g�1 �min�1),

CBF of its mirror region at contralateral hemisphere was

37mL � 100 g�1 �min�1 (23.2–53.7mL � 100 g�1 �min�1;

p<0.0001). Mean perihematomal edema CBF was

28.4mL � 100 g�1 �min�1, was not within penumbra

range, and was 9% lower than its mirror region CBF of

34.2mL � 100g�1 �min�1 (17.7–58.6mL � 100g�1 �min�1;

p¼ 0.11). Only 1 patient’s edema CBF fell below pen-

umbra range. This patient also had the largest hematoma

volume, which exceeded 40mL. All other hematoma

volumes fell below 30mL, and had perihematomal re-

gion CBF greater than 20mL � 100 g�1 �min�1.

Results for 11 patients who underwent subacute phase

studies are presented in Table 2. Studies were performed

between 11 and 18 days after onset and the mean

CBF of edema adjacent to hematoma (Region 1) was

19.4mL � 100 g�1 �min�1 (8.3–33.9mL � 100g�1 �min�1),

just within penumbra range; CBF of its mirror region

was 40.1mL � 100 g�1 �min�1 (p<0.0001). However,

CBF of edema adjacent to normal tissue (Region 2)

was 27.8mL � 100 g�1 �min�1 (14.3–47.6mL � 100 g�1 �
min�1), higher than penumbra range, and differed from

its mirror region (p¼ 0.0003). Mean of perihematomal

region CBF [(Region 1 CBFþRegion 2 CBF)=2] was

about 41% of mirror region in contralateral hemisphere.

When comparing acute and subacute studies, CBF of

perihematomal region decreased, and the percentage

of difference between perihematomal region and its

mirror region [(mirror CBF – edema CBF)=mirror

CBF�100%] was also apparently reduced (p¼ 0.033).

On the other hand, CBF of perihematomal mirror re-

gion was unchanged (p¼ 0.265), and so avoided the

influence of different examination times to CBF abso-

lute value.

Table 2. Cerebral blood flow (mL � 100 g�1 �min�1) data for 11 patients recorded during subacute phase

Patient

no.

Age

(years)

Hematoma

volume (mL)

Study time

(days)

Hematoma

CBF

Edema Region 1

CBF

Edema Region 2

CBF

Mirror of

edema CBF

1 63 16.72 13 5.88 8.30 14.30 29.33

2 75 16.45 12 4.43 8.58 17.28 28.18

3 41 23.25 14 1.20 13.73 24.58 37.39

4 57 5.08 13 10.80 25.35 38.80 52.34

5 53 18.64 18 9.50 16.76 25.63 41.55

6 40 13.30 14 13.70 29.13 23.72 47.88

7 52 10.83 11 5.93 23.13 23.13 43.62

8 56 12.19 14 6.88 18.79 33.11 28.08

9 54 9.44 13 14.45 33.91 47.64 63.86

10 67 22.81 12 10.68 20.91 31.65 34.35

11 49 8.97 13 16.50 14.66 25.42 34.23

Mean 55.2 14.33 13.36 9.09 19.39 27.75 40.07

SD 10.4 5.80 1.80 4.69 8.12 9.54 11.26

CBF Cerebral blood flow; SD standard deviation.

Table 1. Cerebral blood flow (mL � 100 g�1 �min�1) data for 10 patients recorded within 48 h (acute phase) of ictus

Patient

no.

Age

(years)

Hematoma

volume (mL)

Study

time (h)

Hematoma

CBF

Mirror of

hematoma CBF

Edema

CBF

Mirror of

edema CBF

1 63 16.72 19 11.15 33.5 26.68 39.62

2 75 16.45 22 6.38 28.75 20.62 18.39

3 57 24.00 26 6.55 23.18 37.63 17.74

4 57 5.08 34 20.43 43.23 29.46 38.88

5 54 11.85 37 10.93 47.20 27.44 35.31

6 40 13.30 13 6.20 31.45 31.07 33.93

7 54 6.04 19 6.73 47.07 29.21 42.37

8 54 9.44 18 26.3 53.68 42.29 58.59

9 49 8.97 24 11.10 37.30 24.64 32.61

10 65 42.48 5 2.30 24.43 15.16 24.58

Mean 56.80 15.43 21.70 10.81 36.98 28.42 34.20

SD 9.45 11.05 9.38 7.31 10.45 7.75 12.16

CBF Cerebral blood flow; SD standard deviation.
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Discussion

Whether or not significant perihematomal ischemia

exists in patients with spontaneous ICH continues to

be debated. Ours is the first study to describe changes

in perihematomal CBF from up to 48 h of onset to

2 weeks later. As found in the results of other studies,

neither ischemia nor penumbra was found in the acute

phase; however, with time, ischemic penumbra emerge

around the hematoma.

According to Kaufmann’s study [1], XeCT CBF de-

fines penumbra as 8–20mL � 100 g�1 �min�1 tissue sur-

rounding hematoma. Our study found perihematomal

CBF within 48 h of onset decreased slightly, no more

than 9% of mirror region. At subacute phase about 2

weeks later, CBF surrounding hematoma reduced 41%

compared with mirror region. Fifty-five percent (6=11)

of patients had penumbra-level perihematomal CBF in

region adjacent to hematoma; 2 patients (18%) even had

it in distal region adjacent to normal tissue.

Most studies selected patients within 6 h of onset, and

came to the conclusion that ischemia did not exist in that

time window; however, signs of ischemia still could not

be ignored in some special patients, especially in cases

of greater hematoma volume. For example, in the pro-

spective trial reported by Schellinger et al. [5], MRI

within 6 h of onset in 32 spontaneous ICH patients with

small to moderately sized hematomas found no signifi-

cant mean transit time or ADC changes within a 1-cm

radius of the clot. However, subgroup analysis showed

there were 4 patients in which mean transit time was

delayed more than 2 sec compared to mirror region in

contralateral hemisphere, and there were 7 patients with

relatively prolonged ADC. These phenomena suggested

ischemia or penumbra exists in perihematomal region.

Eleven patients with acute spontaneous ICH underwent

2 technetium-99 hexamethylporpyenenamine oxime sin-

gle-photon emission CT (Tc-99HMPAO SPECT) scans

within 2 days of ictus and subsequently at 4–7 days

[6]. The authors found diminished perihematomal perfu-

sion, which improved after surgical clot evacuation.

Therefore, according to our study results and that of

other authors, we surmise that perihematomal CBF

decreases with time.

Data pertaining to perihematomal CBF in the sub-

acute phase has been scarce. Animal studies have shown

that CBF around hematoma is restored during acute

phase [7], but this phenomenon is transient, and was

found to decline once again after 48 h from onset.

Yonezawa et al. [8] observed a rat model of ICH for

30 days, and found not only injured hemisphere, but also

healthy hemisphere CBF declined within 4 h of onset,

but at 24 h after onset, frontal lobe and basal ganglia

region of injured hemisphere was restored, even to nor-

mal levels. However, after 24 h, CBF then decreased

once again for up to 30 days after onset. This study

supports our results.
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Summary

Objective. To discover the practical value of pyramidal tractography in

evaluating the prognosis of hypertensive intracerebral hemorrhage (ICH)

patients.

Methods. Eight acute-stage patients with hypertensive ICH were stud-

ied. We used magnetic resonance diffusion tensor imaging (DTI), ap-

plied white matter fiber tracking to deal with the raw DTI data, and

thereafter obtained tractography data. The form, conformation, and spa-

tial position of pyramidal tracts were observed, and the extent of injury

assessed by measurement of continuity, integrity, and spatial displace-

ment. Meanwhile, a 6-month follow-up survey was conducted to obtain

patient neurological function index in order to analyze potential correla-

tions with the tractography data.

Results. Tractography accurately identified the number of white mat-

ter fiber tracts, which showed a positive correlation with neurological

function outcomes.

Conclusions. Pyramidal tractography is able to clearly identify form,

conformation, and spatial displacement range of pyramidal tracts, and

therefore can effectively predict long-term neurological function out-

comes for hypertensive ICH patients.

Keywords: Pyramidal tract; hypertensive intracerebral hemorrhage;

prognosis.

Introduction

White matter fiber tracking, or tractography, is an impor-

tant imaging technology developed from magnetic reso-

nance diffusion tensor imaging (DTI). It is a non-invasive

imaging method used to show the white matter fiber tracts

in living brain [4]. At the end of 20th century, researchers

such as Mori et al. [11] first released a DTI study on

white matter fiber tracts of animal and human brains.

The pyramidal tract (PT) is one of the most important

white matter fiber tracts in human brain. Composed of

corticospinal and corticonuclear tracts, it is the major

projection tract dominating limb movements. Diseases

such as intracranial tumors, inflammation, congenital

white matter pathologies, and vascular disorders can all

lead to PT disorganization or limb function impairment.

In previous DTI studies related to PT in brain tumors,

white matter pathology, and ischemic stroke, results

have shown that such technology has practical value

for guiding therapy, pathology analysis, and determining

prognosis [13, 16, 17].

We applied white matter fiber tracking technology to

hypertensive intracerebral hemorrhage (ICH) patients to

obtain their pyramidal tractography. Our goal was to ana-

lyze the correlation between the imaging data and the

patient outcome in terms of limb function, and to discover

the technology’s practical value for assessing prognosis

for neurological function in hypertensive ICH patients.

Patients and methods

Patients

From June to September 2006, our emergency room treated 8 ICH

patients; 4 males and 4 females ranging in age from 30 to 59 years

(average age, 47 � 11 years) (Table 1). Upon admission to the hospital,

all showed symptoms of cranial hypertension, including sudden

headache and vomiting, together with hemiplegia of differing levels.

Emergency head computed tomography (CT) images revealed a hema-

toma at the internal capsule of the basal ganglia in each case. DTI scans

were performed within the first 5 days after ICH. Each patient and their

family were informed of the purpose of the scan and possible DTI risks,

and consent was received to proceed. We used Chin-Sang Chung’s ICH

classification methods for cerebral hemorrhage at the internal capsule of

basal ganglia [1].

DTI scan and image post-processing

We used a GE 3T Signa Horizon magnetic resonance scanner (GE

Healthcare, Fairfield, CT) with standard head coil. DTI parameters were
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as follows: pulse sequence of single shot spin-echo EPI (SE EPI); repeat

time=echo time (TR=TE)¼ 8000=84msec; seam height¼ 5mm; no in-

terval; matrix¼ 128�128 pixels; field of vision (FOV)¼ 240mm�
240mm; number of excitation (NEX)¼ 1; 25 diffusion gradient direc-

tions on each layer, 29 layers. The scan scope was, in general, from

pontomedullary sulcus to calvaria, no contrast media, scan time 5.1min.

On the platform of workstation SUN ADW 4.0_05 (SUN Microsystems

Inc., Santa Clara, CA), using diffusion tensor module of FuncTool 2.6.6i

software (GE Healthcare) to post-process the generated DTI images.

Pyramidal tractography

Original DTI images in DICOM 3.0 format were imported into a per-

sonal computer post-process with the application software Volume-One

version 1.72 (VOLUME-ONE Developers Group, http:==volume-one.

org=main.htm) and dTV.II (Image Process and Analysis Laboratory, The

University of Tokyo, Japan) to obtain separate maps of fractional anisot-

ropy (FA) and directionally encoded color (DEC). In DEC map, red

represents fiber tracts of left-right course (x-axis), green represents front-

back course (y-axis), and blue represents upper-lower course (z-axis).

Our study focuses mainly on the PT injury following hypertensive

ICH. Therefore, we used tractography on PTs, as follows. A FA hori-

zontal position map was taken through the internal capsule for reference,

and seed points put at the bilateral posterior limbs of the internal capsule

(the blue parts on DEC map), and the radius set at 3.5mm, so that all

selected seed points at imaging were guaranteed constant (seed points to

be 180 after calculation). Meanwhile, the central lobule cortex area was

set as the target area. A computer was used to separately auto-trace,

define those PTs reaching central cortex area as effective pyramidal

tracts (EPT), and to show the results on map. The end-trace condition

of this study was FA<0.18, or until 160 steps. This method resulted in a

3-dimensional PT tractography.

Follow-up survey

All patients received expected standard of care, and follow-up surveys

were performed 6 months after initial treatment. Karnofsky Performance

Scale (KPS) was used to evaluate long-term quality of life for each

patient.

Statistics and analysis

We used dTV.II software to separately calculate bilateral EPT drawn

lines for each patient. STATA 8.0 statistics software package (StataCorp

LP, College Station, TX) was used for self-paired t-test of chased EPT

drawn lines on the normal and affected sides of patient brain. We used

effective fiber tract drawn lines for the affected sides and patient KPS

data to carry out Spearman’s rank correlation analysis (�¼ 0.05).

Results

For all 8 patients, we obtained a DTI scan, post-pro-

cessed images on a personal computer, and obtained

satisfactory FA (e.g. Figs. 1B and 2B), DEC maps

(e.g. Figs. 1C and 2C), and 3-dimensional pyramidal

tractography (e.g. Figs. 1D–G and 2D–G). On the

DEC map axial image, the posterior limb structure of

internal capsule and the hematoma-induced injury were

obvious. The anterior limb of internal capsule on the

normal side was marked in green and contained mainly

front-back frontopontine tract and anterior thalamic

radiations. The posterior limb of the internal capsule

was marked in blue and included mainly upper-lower

corticospinal tract and corticonuclear tract. On the af-

fected side, the structure of the posterior limb of the

internal capsule was unclear, obviously affected by

hematoma injury (Figs. 1B–C and 2B–C). The PT struc-

ture changes for all directions were clearer when

shown on 3-dimensional pyramidal tractography. Also,

PT hematoma injury was obvious on the affected side

(Figs. 1D–E and 2D–E), and EPT much sparser than on

the normal side. Therefore, PT on normal and affected

side are in sharp contrast (Figs. 1F–G and 2F–G).

After to computer calculation of effective fiber tract

drawn lines on each patient’s normal and affected side,

self-paired t-test was conducted. We found that EPT

drawn lines traced from the posterior limb of the internal

capsule on the normal side to the central motion layer

were far more evident than the ones traced on the pos-

terior limb of internal capsule on the affected side.

These results were statistically significant (t¼ 5.9401;

p¼ 0.0006 <0.005).

All patients received a follow-up survey 6 months

after initial treatment to evaluate their long-term quality

of life. Because EPT and KPS data were spread in a

non-normal distribution, Spearman’s rank correlation

analysis was used to analyze the 2 data groups. The data

Table 1. Patient demographics and tractography data

Pt. no. Gender Age

(years)

Classification of

intracerebral hemorrhage

Normal side Affected side KPS score

after 6 months

Seed points EPT Seed points EPT

1 Male 59 left posterior lateral 180 142 180 9 70

2 Female 56 left lateral 180 156 180 107 90

3 Female 44 left posterior lateral and medial 180 178 180 60 70

4 Male 40 left lateral 180 133 180 0 30

5 Female 50 left posterior lateral 180 175 180 0 30

6 Female 30 right posterior lateral 180 173 180 0 50

7 Male 58 left posterior lateral 180 161 180 7 50

8 Male 43 left lateral 180 173 180 154 90

EPT Effective pyramidal tracts; KPS Karnofsky Performance Scale.
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Fig. 1. Case 1: 59-year-old male with a 3-h history of conscious disturbance, Glasgow Coma Scale score of 11, muscle strength grade 0. Panels B

and C show FA image and DEC image; panels D through G show PTs after tractography. The calculation resulted in few effective fiber tracts. KPS

score 6 months after ICH was 70

Fig. 2. Case 2: 56-year-old female with a 4-h history of conscious disturbance, Glasgow Coma Scale score of 10, muscle strength grade 0. Panels

B and C show FA image and DEC image; panels D through G show PTs after tractography. PTwas only pressed by hematoma. KPS score 6 months

after ICH was 90
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showed positive correlation (rank-correlation coefficient:

rs¼0.95; p¼ 0.0003) (Table 1).

Discussion

Basic principles of pyramidal tractography

Diffusion refers to the random movement of water mole-

cules. It has two basic forms; isotropic and anisotropic.

Isotropy means the free diffusion of water molecules in a

non-obstacle space, while anisotropy refers to the re-

stricted diffusion of water molecules in a with-obstacle

space. In human brain PT, water molecule diffusion has

the barrier of axolemma and myelin sheath and, there-

fore, diffusion is quicker in the direction of PT fibers

than in the direction of vertical fibers [6]. The anisotrop-

ic characteristic of water molecule diffusion in brain is

basic to PT DTI. DTI can fully describe water molecule

movements in all directions and the relevance between

different directions. Three mutually perpendicular fea-

ture vectors determine the partial fiber frame of the dif-

fusion tensor. Every fiber frame, like a 3-dimensional

ellipsoidal, is named a voxel. The size of 3 feature vec-

tors is called diffusion coefficient (high diffusion coeffi-

cient �1, middle �2, and low �3). Pierpaoli et al.’s [15]

diffusion character classification of intracerebral white

matter fiber has shown that white matter fiber tracts

generally follow �1>�2>�3. The vector corresponding

to high diffusion coefficient is called high eigenvector.

Its direction is regarded the same as with the partial PT

fiber direction where such voxels locate. FA can be cal-

culated by diffusion coefficient [10]. Of all tissues, FA

scope lies between 0 and 1; 0 for highest isotropic dif-

fusion and 1 for highest anisotropic diffusion.

White matter fiber tracking, or tractography, is an im-

portant new imaging technology developed from DTI.

Based on color coding of DTI and neuroanatomy

descriptions, fiber tractography is an imaging method

where the initial area of interest is marked with seeds,

and then from the seeded area, the effective diffusion

tensor directions of voxels are continuously chased. For

example, the procedure for pyramidal tractography

would be as follows: on a FA map of DTI, set the poste-

rior limb of internal capsule region as seed area, calcu-

late each voxel diffusion tensor from the selected seed

area, and chase along the diffusion tensor direction to

the 2 adjoining up and down voxels. Repeat the above

process of a 2-way chase. A continuous track is there-

fore established until all tracks reach the last voxel with

threshold value for the diffusion tensor. The generated

series of tracks in sheaf arrangement are pyramidal trac-

tography. Pyramidal tractography is able to vividly show

the 3-dimensional configuration, spatial structure, and

extension trend of PTs. If further setting a target on

motion layer according to the somatosensory homuncu-

lus of Penfield and Rasmussen, projection fibers of each

motion unit can be accurately displayed [12].

Clinical application of pyramidal tractography

in hypertensive ICH

Currently, the technology of white matter fiber tracto-

graphy has already been applied to diseases such as

brain tumors, acute ischemic cerebral apoplexy, dyspla-

sia of corpus callosum, etc. [10]. However, there have

been no reports of its application in hypertensive ICH.

After hypertensive ICH, the destruction, extrusion, and

displacement due to the hematoma lead to changes in

integrity or spatial structure of fiber tracts in axolemma

or myelin sheath. It also damages the diffusion barrier of

water molecules, making their descent its diffusion an-

isotropy, and finally causing a fall in the DTI FA value.

Therefore, we set the lower limit of FA as the end-chase

point for pyramidal tractography. On FA and DEC maps,

the posterior limb structure of the internal capsule

become less clear and are obviously affected by the

hematoma. Effective fiber tracts, in this study, are not

necessarily those FA-fit tracts during tracing. Effective

fiber tracts, in this study, are not necessarily those FA-fit

tracts during tracing. They are limited to projection fiber

tracts chased from posterior limb of internal capsule to

central brain motion layer, excluding those starting from

posterior limb of the internal capsule but broken or dis-

placed before reaching parietal cortex area. Fig. 1D and

E shows, for one patient, tracts from the seed area of

internal capsule posterior limb, the PT configuration,

structure and projection fiber tract number from the set

area and those from there finally reaching the central

motion layer. These photographs clearly show that, al-

though many PTs start from posterior limb of internal

capsule, they are either broken or extruded by the hema-

toma before reaching the central motion layer. Chased

by pyramidal tractography, the PTs finally reaching the

central motion layer are effective projection fiber tracts

relevant to the patient’s clinical prognosis.

Two typical cases are presented in this report. Images

of case 1 (Fig. 1) indicate PTs, with involvement of

hematoma, had obvious fragmentation and displace-

ment. Calculations showed few effective fiber tracts,

equating to poor prognosis. In case 2 (Fig. 2), images
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show that PTs were only pressed by hematoma and

slightly displaced from the original dissection position.

Calculations showed more effective fiber tracts, equating

to good prognosis. We first carried out self-paired t-test

on effective fiber tract drawn lines on normal and affect-

ed sides of each patient, finding that the drawn lines on

normal side were far more than the number on the af-

fected side, thus proving our hypothesis. Furthermore,

our study adopted Spearman’s rank correlation to ana-

lyze effective fiber tract drawn lines, and followed up

with the patient KPS score 6 months later. This method

showed a clear relationship between EPTon the affected

side and patient prognosis. Such results suggest that by

the effective fiber tract drawn lines on the affected side,

we could deduce an ICH patient’s long-term motor

function.

Potential application of pyramidal tractography

in hypertensive ICH

Current pyramidal tractography technology is not yet

mature, and lacks a unified and standardized method

for setting of tractography parameters. Regarding PT

DTI of white matter fiber tracts, different researchers

choose various tracer methods and termination condi-

tions [2, 8, 18]. Meanwhile, their set FA termination

figures vary from 0.12 to 0.24, and methods of choosing

target areas differ. Various tractography parameters and

tracer methods lead to different pyramidal tractogra-

phies. As a result, neurological prognosis based on im-

aging can have different conclusions. Therefore, a large

sample size for prospective contrast study is required to

evaluate and standardize various parameters in pyrami-

dal tractography. In our study, the FA tracer termination

figure is set at the default of dTV application software,

and target area was determined using basic principles of

neuroanatomy of brain motor pathways.

In recent years, more and more researchers have

adopted pyramidal tractography to study PT structure

in normal or diseased human brain [7, 8, 17]. Hyperten-

sive ICH patients usually suffer muscle injury at differ-

ent levels, which is related to hematoma-involved PTs.

Our study has a correlation analysis between EPT drawn

lines and patient prognosis. The results indicate that EPT

drawn lines can help predict the patient’s future motor

function and quality of life. Due to the limited sample

size, no regression analysis was carried out. Therefore,

exact criteria to deduce long-term quality of life using

EPT drawn lines is not yet available. We anticipate that

through prospective contrast study of a larger sample

size, we could predict the outcome of hypertensive ICH

patients via imaging foundations.

Many studies have proven pyramidal tractography

useful to improve effects of PT-involved tumor surgery

[3, 5, 9, 14, 19]. The imaging findings in our study show

that hematoma affects PT involvement differently in

each patient. Some PTs were fragmented by hematoma,

some became sparse by infiltration inside hematoma,

and some became displaced by hematoma extrusion.

Two cases from this study fully demonstrate this.

Case 1 showed PT fragmentation by hematoma, while in

case 2, hematoma caused only minor PT extrusion. Al-

though both patients appeared to be hemiplegic at first,

after a period of recovery, the prognosis in case 2 became

much better than in case 1. Therefore, further study is

necessary to determine whether pyramidal tractography

can distinguish PT damage in different hematoma patients,

help identify indication for early operation, and provide

support for the preoperative plan, ultimately avoiding iat-

rogenic PT injury from improper operative approaches.
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Summary

Intracerebral hemorrhagic transformation is a multifactorial phenome-

non in which ischemic brain tissue converts into a hemorrhagic lesion

with blood vessel leakage. Hemorrhagic transformation can significantly

contribute to additional brain injury after stroke. Especially threatening

are the thrombolytic-induced hemorrhages after reperfusion therapy with

tissue plasminogen activator (tPA), the only treatment available for

ischemic stroke. In this context, it is important to understand its under-

lying mechanisms and identify early markers of hemorrhagic transfor-

mation, so that we can both search for new treatments as well as predict

clinical outcomes in patients. In this review, we discuss the emerging

mechanisms for hemorrhagic transformation after stroke, and briefly

survey potential molecular, genetic, and neuroimaging markers that

might be used for early detection of this challenging clinical problem.

Keywords: Intracerebral hemorrhage; tissue plasminogen activator;

hemorrhagic transformation; blood–brain barrier.

Introduction

Stroke is a primary cause of death and disability world-

wide. Ischemic stroke can lead to large infarct areas with

a complex pathophysiology that includes excitotoxicity,

apoptosis, oxidative stress, and neurovascular matrix

proteolysis. These overlapping pathways may be con-

nected by a common neuroinflammatory response, which

perturbs homeostasis within the so-called neurovascular

unit [54]. Further breakdown of the blood–brain barrier

(BBB) after vessel reperfusion can thus lead to hemor-

rhagic transformation (HT). In some patients, a large and

symptomatic intracranial hemorrhage (ICH) can occur,

significantly worsening neurological outcome and in-

creasing mortality rate up to 40%.

Of special interest is thrombolytic-associated hemor-

rhage. Thrombolysis can be accomplished with tissue

plasminogen activator (tPA), the only Food and Drug

Administration (FDA)-approved drug for acute ischemic

stroke. The rationale is straight-forward, i.e., to reestab-

lish cerebral blood flow in the occluded artery [38].

Although it is an effective therapy, tPA can only be

administered within the first 3 h of ischemic onset due

to the increased risk of hemorrhagic conversion beyond

this narrow time-window. Hence, only a small percent-

age of all ischemic stroke patients benefit from throm-

bolytic therapy.

In this scenario, it is imperative that we dissect the

underlying mechanisms involved in this difficult phe-

nomenon and further identify early markers of risk. An

increased emphasis on neurovascular mechanisms and

targets has emerged that may eventually reveal novel

combination therapies. Different diagnostic approaches

have also been explored as potential biomarkers, includ-

ing blood molecular markers, genetic individual back-

ground, and neuroimaging techniques.

In this short review, we briefly discuss the triggering

mechanisms of HT in the ischemic brain, and survey the

potential biological and radiological tools that could

guide clinicians to manage HT, and select the best can-

didates for thrombolytic therapies after stroke.

Mechanisms of HT

Fundamentally, HT in cerebral ischemia occurs after an

increase in permeability within the BBB. Further rupture

damages the entire neurovascular unit, which comprises

the extracellular matrix, endothelial cells, astrocytes,

neurons, and pericytes. Thus, neurovascular injury in

this context can significantly extend parenchymal injury

into irreversible infarction and pan-necrosis [30]. The

underlying pathways of ischemia, HT, and neurovascular
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compromise are highly complex and diverse. Here, we

will focus on what we believe might be rate-limiting

mechanisms triggered by proteolysis, oxidative stress,

and leukocyte infiltration.

At the neurovascular interface, proteolysis of the ma-

trix is a major contributor to intracranial hemorrhage.

Degradation of essential components such as laminin,

fibronectin, collagens, or proteoglycans, destabilizes

structural support for the BBB, producing leakage and

breakdown. Although many proteases are expressed in

the brain under normal and ischemic conditions, both

animal and human studies suggest that the matrix metal-

loproteinase (MMP) family and the tPA system play a

central role. In the past decade, many groups have dem-

onstrated that MMPs such as MMP-2, MMP-3, and

MMP-9, are rapidly increased in the ischemic brain,

and these responses are closely related to infarct exten-

sion, neurological outcome, or hemorrhagic conversion

[40, 42, 44, 46]. In particular, a specific role has been

proposed for MMP-9 as a triggering protease for HT.

Animal models have demonstrated that MMP-9 and

MMP-3 increase after thrombolysis [48, 51], and phar-

macological or genetic inhibition of MMP-9 significant-

ly decreases the risk of hemorrhagic complications after

thrombolysis [1, 47]. Furthermore, microvascular basal

lamina injury and loss of collagen type IV can be reversed

with hypothermic treatments that reduce enzymatic activi-

ty of MMP-2 and MMP-9 in ischemia-reperfusion rat

models [22]. These results are consistent with human

studies showing that MMP-9 peaks in areas that undergo

hemorrhagic conversion, correlating with enhanced eryth-

rocyte extravasation, neutrophil infiltration, and severe

collagen IV degradation in the basal lamina [43].

Within the plasminogen activator family, tPA, uroki-

nase-type plasminogen activator (uPA), and plasmino-

gen activator inhibitors (PAIs) have been studied. In

the context of stroke therapy, tPA is a serine protease

that catalyses the conversion of plasminogen to plasmin,

which then is intended to lyse the clot in ischemic

stroke. In the properly selected set of patients, thrombo-

lysis with tPA rescues brain tissue. But in addition to its

intended role in clot lysis, tPA might be potentially neu-

rotoxic and may also trigger important protease actions

on the neurovascular unit, some of which would be re-

sponsible for mediating HT in the ischemic brain [25].

Animal models attribute BBB injury to protease effects

of pleiotropic actions of tPA, including activation of

apoptosis [32], cleavage of the N-methyl-D-aspartate

(NMDA) NR1 subunit [37], or activation of other extra-

cellular proteases such as MMP-9 [53].

Deep cerebral tissue oxygenation changes occur after

cerebral ischemia and reperfusion, providing oxygen as

a substrate for numerous enzymatic oxidation reactions.

Oxygen radicals, the products of these biochemical and

physiological reactions, can accumulate and damage cel-

lular lipids, proteins, and nucleic acids, and initiate cell

signaling pathways after cerebral ischemia [8]. In fact,

free radical production and oxidative stress-associated

BBB disruption after transient focal cerebral ischemia

have been identified as major triggering mechanisms for

HT [20]. Related to the previous proteolytic mechanisms

described, two interesting investigations on murine

models of cerebral ischemia-reperfusion suggest that

oxidative stress mediates BBB disruption through

metalloproteinase activation in mice lacking copper=

zinc-superoxide dismutase [17], and that treatment with

the free radical scavenger, �-phenyl-tert-butyl nitrone

(�-PBN), significantly reduces tPA-induced cerebral

hemorrhage in embolic focal ischemia [1].

Ultimately, protease dysfunction and oxidative stress

might contribute to a larger integrated inflammatory

response in stroke. Leukocyte recruitment, activation,

and infiltration are likely to play a critical role in HT.

Interaction of inflammatory leukocytes with cerebral

endothelial cells thorough adhesion molecules such as

V-CAM and=or I-CAM might underlie endothelial dys-

function and cell injury [3]. The recruitment of neutro-

phils to the area of ischemia can occur rapidly (within

hours) as a first step to inflammation, involving the ex-

pression of multiple proteins (selectins, cytokines, integ-

rins, MMPs). A late response includes the activation of

resident microglial cells and peripheral macrophages.

Because these events are highly correlated, blockade

of this molecular inflammatory cascade has become a

potential therapeutic target for reducing HT in stroke.

These targets may also serve to extend the therapeutic

time-window for tPA. An embolic stroke model in rats

have shown that early administration of proteasome in-

hibitor PS-519 or minocycline reduces inflammation

[55] and MMP-9 levels [35] respectively, and, thus,

can extend the time-window for tPA to 6 h without in-

creasing the incidence of HT.

Molecular markers

The mechanistic findings of HT can be also confirmed

by molecular measurements in human stroke that might

guide clinicians in diagnosis and prognosis of ICH. Ideal

molecular markers would be those available to measure

at bedside within minutes in biological fluids such as
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urine or blood. Using this approach, some groups have

identified different biomarkers of HT after cerebral is-

chemia related to BBB proteolysis, oxidative stress, or

hemostasis.

As markers of proteolysis, MMPs are good candidates

and, to date, MMP-9 has been the most-studied MMP in

the bloodstream related to hemorrhagic conversions.

Consistent with the hypothesis of deleterious MMP roles

during ischemic stroke, hyperacute MMP-9 plasma level

appears to be a powerful predictor of further hemorrhag-

ic complication after tPA thrombolysis [33], since stroke

patients treated with tPA present increased levels of

MMP-9 compared to untreated patients [39].

The ability to detect early alterations in BBB integrity

would be a precious tool for the management of ische-

mic stroke. As specific a marker of vascular damage,

elevated plasma levels of cellular fibronectin have been

associated with HT after thrombolysis [6]. Together with

the cerebral endothelium, astrocyte end-feet comprise

crucial elements that give biochemical and structural

support to the BBB. In this regard, serum level of a

calcium binding protein (S100B), an astroglial cyto-

plasmic protein, has been related to HT after ischemic

stroke. Interestingly, a high S100B level before throm-

bolytic therapy predicts further parenchymal hemor-

rhages and becomes an independent risk factor for

HT [16]. Another astrocytic protein marker of brain

damage is glial fibrillary acidic protein (GFAP). The

same authors reported elevated serum levels in hem-

orrhagic versus ischemic strokes, suggesting its poten-

tial role as a marker for intracerebral bleeding [15].

Whether GFAP might also serve as a marker for hem-

orrhagic conversions after ischemic stroke still needs to

be determined.

Endogenous hemostatic status might also be a deci-

sive factor for the risk of bleeding, especially after throm-

bolytic therapy, depending on the individual patient’s

coagulation and fibrinolysis balance. Two relevant inves-

tigations reported differing results when evaluating blood

levels of fibrinolysis inhibitors, such as PAI-1 or the

thrombin-activated fibrinolysis inhibitor (TAFI) before

thrombolysis. Whereas the first study showed that base-

line PAI-1 and TAFI levels predicted further symptom-

atic intracranial hemorrhage [41], the second study

failed to detect a difference in levels for PAI-1, TAFI,

and other hemostatic markers between patients that de-

veloped HT and patients that did not [10]. Perhaps larger

investigations may be required to resolve these con-

founding results and validate the utility of these poten-

tial markers in the clinic.

The measurement of free radical levels in stroke

would be incredibly important, given the large body of

literature supporting the importance of this central

pathophysiology in stroke; however, technically, this is

extremely challenging. Therefore, other molecules, such

as products of lipid peroxidation (malondialdehyde, 4-

hydroxynonenal, isoprostane, etc.) or indirect measure-

ments such as enzymatic and non-enzymatic antioxi-

dants (vitamins, uric acid, superoxide dismutase, etc.),

have been used as surrogate markers of oxidative stress

after stroke [9]. Although the importance of oxidative

stress as a triggering mechanism for HT is unquestion-

able, there are currently not many fully quantitative

studies to test the use of oxidative stress molecular

markers for predicting hemorrhagic conversions that fol-

low ischemic stroke. Recently, plasma level of F2-iso-

prostanes (free radical-induced products of neuronal

arachidonic acid peroxidation) has been found elevated

in acute ischemic stroke compared to controls [26].

Hence, the authors present a potential valid plasma bio-

marker for oxidative stress after stroke. Whether F2-iso-

prostanes could become markers of HT needs to be

determined.

Genetic markers

Apart from monogenic disorders associated with stroke,

such as Fabry disease or CADASIL, the cause of ische-

mic stroke is complex and will involve a combination of

environmental and genetic risk factors. Certain genetic

mutations or single nucleotide polymorphisms might de-

termine our predisposition to stroke, response to phar-

macotherapy, and outcome-response.

Increasingly, the influence of several polymorphisms

has been the focus of many investigations. The question

is whether there are any markers that can be used to

define high-risk populations for HT after thrombolytic

therapies. Early studies were conducted to determine the

risk of ischemic stroke or a primary ICH. More recently,

studies have been directed to predict the safety (potential

development of an HT) and efficacy (achieving vessel

recanalization) of thrombolysis. In this regard, two stud-

ies investigating the influence of relevant molecules

such as MMP-9 and Apo-E in ischemic strokes that

received thrombolytic therapy showed negative results.

According to these studies, polymorphism of the pro-

moter region of the MMP-9 gene (C-1562T) was not

associated with HT events, despite increased levels

of plasma MMP-9 [34]. Furthermore, the NINDS tPA

Stroke Study Group could not detect a relationship
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between ApoE4 phenotype and clinical outcome, in-

cluding adverse events such as symptomatic ICH [5].

The coagulation=fibrinolysis system has also been the

focus of a search for functional polymorphisms that

could predict the risk of bleeding. The well-studied co-

agulation factor XIII functional polymorphism V34L (a

single G-to-T mutation) is known to be associated with

the development of primary ICH [7] and recently, the

GENOtPA study group has shown that patients carrying

the L34 variant presented with severe ICH compared to

patients with the V=V genotype in a cohort of ischemic

strokes treated with tPA [18]. Another interesting poly-

morphism that may influence vessel recanalization after

thrombolytic therapy may lie in the promoter region of

the PAI-1 (4G=5G), in the coding region of the TAFI

gene (C1040T), and an insertion=deletion (I=D) in the

intron 16 of the angiotensin converting enzyme (ACE)

gene [12, 13]. However, these studies failed to establish

a correlation between functional mutations and rates of

HT in stroke.

In spite of the challenge, it is likely that multiple

genes might yet influence the development of intra-

cranial bleeding, especially after tPA administration. A

single mutation would be ideal. But some combination

may ultimately help us select the best candidates for

thrombolysis.

Neuroimaging markers

Early ischemic alterations in brain tissue on pre-treat-

ment computed tomography (CT) scans, such as blurring

of the gray matter–white matter distinction and the

putaminal border as well as sulcal effacement, were

among the first neuroimaging parameters reported to

be predictors of HT after thrombolytic therapy [23].

However, widespread use was limited due to difficulties

in reliably defining the true areas of interest [19].

Currently, the development of more advanced CT tech-

nologies allows direct monitoring of BBB function [4,

31]. Using dynamic perfusion CT, Lin and colleagues

[31] reported as many as 88% of ischemic stroke patients

to reveal increased microvascular permeability measures

in ischemic areas within the first 3 h after stroke onset.

Microvascular permeability was found to be signifi-

cantly higher in patients developing subsequent HT

and thus, may qualify as a predictor of HT in both tPA

and non-tPA patients.

Magnetic resonance imaging (MRI)-based studies

reported an early parenchymal contrast enhancement

on T1-weighted images after the application of gadolin-

ium-containing contrast agents, which may be indicative

of BBB disruption and impending HT in the acute phase

of stroke. In the experimental setting, such enhancement

was first observed in rats subjected to transient middle

cerebral artery occlusion that subsequently developed

petechial hemorrhage [11, 28, 36]. The pathophysiologi-

cal correlate is most likely a loss of basal lamina in

cerebral microvessels, which allows the extravasation

of contrast medium molecules into the extravascular

space [21]. MRI-based studies in humans confirmed

the occurrence of an early leptomeningeal, parenchymal,

and cerebrospinal fluid contrast enhancement in is-

chemic stroke and underlined its association with acute

BBB disruption and the development of subsequent

hemorrhage [29, 52].

Kassner and colleagues [24] used dynamic MR per-

meability imaging to quantify defects in the BBB in a

small series of patients with acute ischemic stroke who

did not undergo thrombolytic therapy, and reported an

association between hemorrhagic conversion and elevat-

ed permeability parameters. Very recently, using perme-

ability images derived from a pretreatment standard

perfusion MRI, Bang and colleagues [2] showed an as-

sociation between hemorrhage and permeability image

abnormalities in patients with acute stroke undergoing

recanalization therapy.

Other MR parameters that may serve as hemorrhage

predictors include lower apparent diffusion coefficient

values [49, 50] and a persistently delayed perfusion

[50] in ischemic areas. The size of the lesion on diffu-

sion-weighted imaging was recently reported to predict

symptomatic ICH after thrombolytic therapy [45].

However, it is unclear whether these MRI changes rep-

resent mechanistically-related events or are only related

to non-specific severity of overall tissue damage. Some

studies have pointed out that silent microbleeds, a pos-

sible indicator of pre-existing severe microangiopathy,

may also be a predictor of an increased risk of hemor-

rhagic conversion after thrombolytic treatment [27], but

other groups found contrary results [14]. In the end,

systematic MRI studies utilizing consistent protocols

for quantitation might be required to resolve inter-site

differences.

Conclusions

Ischemic stroke is a devastating event involving activa-

tion of multiple pathological mechanisms in the ische-

mic brain and leads to cell death, edema, inflammation,

and BBB rupture. Especially threatening is the develop-
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ment of HT, which may be further enhanced by tPA

administration, the only FDA-approved stroke drug for

dissolving the obstructing clot. Advances in research on

many fronts are now beginning to provide multiple po-

tential tools such as biological markers, genetic risk fac-

tors, or neuroimaging assays, which might eventually be

used to guide clinicians to predict, and hopefully pre-

vent, hemorrhagic complications. Correlating these sur-

rogate markers with the underlying mechanisms would

be best. Ultimately, a combination of new targets for

therapy, together with novel biomarkers, may even help

extend the narrow 3-hour time-window for tPA adminis-

tration to provide therapeutic benefit without increasing

the incidence of HT.
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Summary

Aneurysmal subarachnoid hemorrhage (SAH) is a devastating neurolog-

ical event that accounts for 3–7% of all strokes and carries a mortality

rate as high as 40%. Delayed cerebral vasospasm has traditionally been

recognized as the most treatable cause of morbidity and mortality from

SAH. However, evidence is mounting that the physiological and cellular

events of acute brain injury, which occur during the 24–72h following

aneurysm rupture, make significant contributions to patient outcomes,

and may even be a more significant factor than delayed cerebral vaso-

spasm. Acute brain injury in aneurysmal SAH is the result of physiolog-

ical derangements such as increased intracranial pressure and decreased

cerebral blood flow that result in global cerebral ischemia, and lead to

the acute development of edema, oxidative stress, inflammation, apopto-

sis, and infarction. The consequence of these events is often death or

significant neurological disability. In this study of acute brain injury, we

elucidate some of the complex molecular signaling pathways responsible

for these poor outcomes. Continued research in this area and the devel-

opment of therapies to interrupt these cascades should be a major focus

in the future as we continue to seek effective therapies for aneurysmal

SAH.

Keywords: Subarachnoid hemorrhage; acute brain injury; blood–brain

barrier; edema; apoptosis; infarction; oxidative stress; inflammation.

Introduction

Aneurysmal subarachnoid hemorrhage (SAH) has long

been recognized as a devastating neurological event that

accounts for 3–7% of all strokes [11, 54]. Although

significant advances in the diagnosis and surgical treat-

ment of SAH since the 1960s may have reduced mortal-

ity by as much as 15% and improved functional outcome

[19], SAH still carries a mortality rate as high as 40% in

some series [49]. For over a decade, the events following

the initial bleed after SAH have been recognized as the

greatest contributor to mortality [4]; however, vaso-

spasm has traditionally been recognized as the most

treatable prognostic factor of poor outcome following

SAH. More recently, the CONSCIOUS-1 clinical trial

of clazosentan, an endothelin-1 receptor antagonist,

demonstrated a 65% reduction in angiographic vaso-

spasm that resulted in only mild reductions in delayed

neurological deficits and failed to result in improved

functional outcome [32, 33]. These surprising results

have raised the practical question of drug side effects

outweighing potential benefits, but preliminary evidence

does not support this hypothesis [33]. Interestingly, this

study spotlights the mounting evidence that early brain

injury, which occurs in the hours immediately following

SAH, is an important player in neurological outcomes

[6]. Our review highlights the pathophysiology of early

brain injury, provides evidence to suggest that early

brain injury contributes to the neurological deterioration

following SAH that has otherwise been solely attributed

to cerebral vasospasm, and suggests potential avenues of

investigation for the development of future therapies.

Blood–brain barrier disruption and edema

It has been established that an acute rise in intracranial

pressure (ICP) occurs after aneurysmal SAH [59]. The

mechanisms for this increased pressure are many: hem-

orrhage volume, impeded cerebrospinal fluid (CSF)

drainage, cerebrovascular dysfunction resulting in vas-

cular engorgement, and the formation of acute cerebral

edema [6]. Elevated ICP in SAH is correlated with poor

outcome, and therapies aimed at reducing the acute
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development of cerebral edema should prove to be ben-

eficial [18, 59]. Edema after SAH has traditionally been

overlooked, possibly due to the difficulty of its quantifi-

cation on CT scans, but puncture models of SAH in

animals confirm that global cerebral edema can occur

within minutes to hours of aneurysm rupture, making it

an important factor in the pathophysiology of acute

brain injury [5, 23, 53].

A prospective cohort of 374 patients with spontaneous

aneurysmal SAH found that CT scanning identified glob-

al cerebral edema in 8% of SAH patients [7]. Other

investigators have found similar incidences in other se-

ries [25, 29], and cases of severe cerebral edema follow-

ing SAH treated with craniectomy have also been

reported [51]. The recognition of SAH patients with

acute global cerebral edema has spurred further investi-

gation into its significance. Claassen et al. [7] found that

patients with global cerebral edema on CT had a 40%

mortality at 3 months, compared to only an 18% mor-

tality for patients without global cerebral edema. Kreiter

et al. [26] found cerebral edema to be one of the major

predictors of cognitive dysfunction following SAH.

Global cerebral edema was also an independent predic-

tor of mortality and morbidity following SAH, even after

factors such as age, aneurysm size, and neurological

grade at time of admission were considered. This edema

developed independently of cerebral vasospasm and

highlights the importance of early brain injury mecha-

nisms in the development of edema.

The triggering event of global cerebral ischemia fol-

lowing SAH is the circulatory arrest that occurs as ICP

transiently reaches levels approximating arterial pres-

sures [38]; this is supported clinically by the fact that

one of the predictors of global cerebral edema at time of

admission to the hospital includes the loss of conscious-

ness [7]. This circulatory arrest creates a hypoxic state in

the cerebral tissues and the resulting energy failure in

the ischemic neurons and glia initiates the cascade of

events leading to cellular swelling, or cytotoxic edema

[41]. Apoptotic cascades are also initiated by the tran-

sient ischemia following SAH, resulting in damage to

neurons and the blood–brain barrier (BBB) [6, 7].

Apoptosis of the endothelial cells and perivascular astro-

cytes that comprise the BBB cause the leakage of serum

from the vascular lumen into cerebral tissues (vasogenic

edema).

Numerous intracellular second messenger cascades

have been implicated in initiating the apoptotic signal

that disrupts the BBB [6, 42, 60]. Park et al. [42] dem-

onstrated apoptosis in cerebral endothelial cells and an

increased BBB permeability after experimental SAH

that was reversed with caspase inhibition. Additionally,

vascular endothelial growth factor (VEGF), a mitogen

involved in angiogenesis and vascular permeability [36,

61, 62], is elevated following SAH [28, 60] and initiates

cell death pathways in the neurovascular unit that com-

prised the BBB [28]. Besides the initiation of apoptotic

cascades, other mechanisms of BBB destruction exist.

For example, matrix metalloproteinases (MMPs), which

degrade the type IV collagen that makes up the base-

ment membrane of the BBB, are known to be increased

following experimental and human SAH [20, 37, 48, 52]

and contribute to BBB breakdown [46, 47, 52]. The

development of therapies that target these enzymes

may have clinical efficacy, as Yatsushige et al. [60] found

that decreased MMP-9 activity was associated with a

preserved basement membrane and reduced cerebral

edema 24 h after experimental SAH in rats. The devel-

opment of therapies to reduce BBB disruption is com-

plicated by the fact that the therapeutic window for these

treatments may be limited. Already evidence exists that

inhibiting factors may prove beneficial acutely, but if the

inhibition is prolonged it may prove detrimental to re-

covery, as in the case of VEGF [62] and MMPs [34].

Oxidative stress

Through their highly reactive unpaired electrons, free

radicals are directly damaging to the neurovascular unit

(endothelial cells, pericytes, astrocytes) and neurons

through the promotion of lipid peroxidation, protein

breakdown, and DNA damage [41]. The consequences

of these events are neuronal apoptosis, endothelial inju-

ry, and BBB breakdown (Fig. 1). Figueroa et al. [12]

demonstrated that oxidative stress induced cortical neu-

ron death through the mitochondrial pathway of apopto-

sis as well as through necrosis. Endo et al. [9], through

the use of transgenic rats, showed that reducing oxida-

tive stress during acute brain injury reduced apoptosis,

and promoted increased survival and neurological func-

tion in experimental SAH. The administration of system-

ic antioxidants in experimental SAH has also proven to

reduce oxidative stress, protect the BBB, and improve

neurological scores [14, 22, 58]. Free radical-mediated

damage is non-specific and affects many cell types. The

advantage of direct free radical scavenging, or the up

regulation of native protective systems during acute in-

jury, is the ability to prevent the initiation of multiple

damaging cascades. This task seems less daunting than

having to address each damaging cascade independent-
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ly; however, identifying and utilizing an effective thera-

peutic window may be the biggest challenge. By the

time a patient is available to receive treatment, the dam-

age caused by free radicals may have already been com-

pleted or the second messenger signaling cascades

leading to cell death may have already been activated.

This issue may be a significant contributor to the poor

performance of free radical scavengers in clinical trials

[16, 24, 30, 31].

Inflammation

An inflammatory response occurs within the central ner-

vous system (CNS) following SAH. Investigators have

characterized the infiltration of lymphocytes and macro-

phages into the CNS following SAH, indicating that

SAH may illicit its own characteristic inflammatory re-

action [27, 35]. It is interesting to note that neutrophil

activation may not play a significant role in CNS in-

flammation following SAH [40], and the CSF from

SAH patients may be inhibitory to their activation [55].

Debate exists as to whether or not the infiltration of

lymphocytes into the CNS is a neuroprotective part of

the healing process, or a response that is detrimental to

recovery; numerous conflicting reports are highly debat-

ed [17]. Investigators have sought to resolve the conflict-

ing evidence by examining the subpopulations of T-cells

following various CNS injuries, particularly distinguish-

ing between type 1 (Th1), type 2 (Th2), and type 3 (Th3)

T helper cell subsets through the identification of

their characteristic cytokines. Investigations of ischemic

stroke models demonstrate potential for the development

of a Th1 cellular response, resembling CNS autoimmune

disease, that results from the exposure of CNS antigens

to the immune system that are usually protected from

recognition by an intact BBB [2]. The development of

immune tolerance to CNS antigens prior to experimental

stroke has been found to reduce Th1 autoimmunity, re-

duce infarct size, and improve outcomes [3].

Additionally, eliciting a Th2=Th3 response, character-

ized by the secretion of immunomodulatory cytokines

(IL-4, IL-10, transforming growth factor �1 (TGF-�1),

promotes the immunological tolerance of CNS antigens

and may augment neuroregeneration [13, 17]. These

findings have led to the experimental application of

drugs known to elicit Th2 immune responses for the

treatment of stroke and other CNS diseases [13, 17].

Most of this work has been pioneered in in vitro studies

and ischemic stroke models; however, the application of

these theories to SAH has only begun [39]. Interestingly,

statins have been described as being able to elicit a Th2

immune response [1, 15], and this may help explain their

reported efficacy in treating SAH patients [56, 57]. The

concept of immunomodulation may prove to be benefi-

cial while avoiding the pitfalls blanket immunosuppres-

sion [10].

Cell death and brain infarction

As mentioned above, apoptosis in the cells comprising

the neurovascular unit is one of the key factors to BBB

disruption and the development of edema. However, the

apoptotic cell death of neurons in the acute phase of

SAH has been demonstrated as well. Prunell et al. [44]

demonstrated the progression of apoptosis at 2 and 7

days after SAH. The degree of neuronal apoptosis was

linked to events following the initial bleed by correlating

it with the severity of acute cerebral blood flow reduc-

tion. In light of the results of the CONSCIOUS-1 trial,

this evidence lends itself to the hypothesis that the cell

death signaling initiated during acute injury may at least

partially be responsible for the neurological decline tra-

Fig. 1. Illustration of the simultaneous

injurious pathways initiated during

acute brain injury following SAH.

Events that are initiated independently

often make combined contributions to

various outcomes
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ditionally attributed to vasospasm and manifesting as

delayed ischemic neurological deficits. This would also

mean that these acute events play a significant role in

long-term outcome. Evidence from several studies dem-

onstrates significant long-term neurological disability

following SAH without the occurrence of cerebral vaso-

spasm [8, 21, 26]. Many potential opportunities for in-

tervention exist as more about the apoptotic cascades

initiated in SAH are revealed. Yatsushige et al. [60]

demonstrated the programmed cell death of neurons me-

diated through the activation of a JNK=cJun pathway,

while Cahill et al. [6] demonstrated that activation of the

3 classical apoptotic pathways following SAH results in

the loss of cortical and hippocampal neurons 72 h after

SAH. Each of these studies demonstrated that the inhi-

bition of apoptotic pathways not only reduced cellular

death, but also resulted in a significant improvement in

functional outcome.

The most obvious indication of cell death, albeit from

apoptosis or necrosis, is the development of an infarc-

tion, and its appearance following SAH has been well

documented [26, 43, 50]. Infarction is widely recognized

to occur following severe vasospasm [45], but its occur-

rence as a result of the initial bleed is also recognized

[50], and it presence under these circumstances is a clear

indicator for poor outcome [26]. Some skeptics may

believe that addressing this sequel of SAH is not an

effective approach to improving outcome, but studies

have shown that the acute administration of neuropro-

tectants, such as nimodipine, reduces the incidence of

infarction whether it is from early brain injury or cere-

bral vasospasm [43]. Additionally, the cascade of events

leading to infarction probably results in a continuum of

cellular damage, of which infarction is the most extreme

outcome. Addressing the processes leading up to infarc-

tion will not only reduce its incidence, but also reduce

the more subtle sequel.

Perspectives

Aneurysmal SAH continues to be a devastating neuro-

logical event, but recent studies are continuing to shed

light on the importance of early brain injury and its

determination on patient survival and long-term func-

tional outcome. Cerebral vasospasm after SAH and its

clinical consequences should no longer be recognized as

the only treatable cause of poor outcome following

SAH. Early brain injury should perhaps now be consid-

ered to have an equal or more significant impact on

outcome. The development of therapies targeting patho-

logical signal transduction, oxidative stress, and immune

reaction are certain to be challenging, owing to the com-

plexity of the disease. However, addressing early brain

injury in conjunction with continued treatment for vaso-

spasm bodes well for continued improvement in the

treatment of aneurysmal SAH.
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Summary

Normal vasculature development of the central nervous system is ex-

tremely important because patients with vascular malformations are at

life-threatening risk for intracranial hemorrhage or cerebral ischemia.

The etiology and pathogenesis of abnormal vasculature development in

the central nervous system are unknown, and progress is hampered by

the lack of animal models for human cerebrovascular diseases. Here, we

report our current study on cerebral microvascular dysplasia (CMVD)

development. Using vascular endothelial growth factor hyper-stimula-

tion, we demonstrated that aberrant microvessels could be developed in

the rodent brain under certain conditions (such as genetic deficient

background, local cytokine and chemokine release, or exogenous vessel

dilating stimulation) that may speed up focal angiogenesis and lead to

cerebral vascular dysplasia.

Keywords: Cerebral; dysplasia; microvascular; mice; vascular endo-

thelial growth factor.

Introduction

Brain microvascular dysplasia is one of the most critical

situations because the aberrant angiogenesis can cause

epilepsy, focal ischemia, and even intracranial hemor-

rhage. During the disease process in cases such as brain

trauma, ischemia, or inflammation, local angiogenic fac-

tors, e.g., growth factors such as vascular endothelial

growth factor [VEGF], platelet derived growth factor

[PDGF]; cytokines such as interleukin-1 beta [IL-1�],

interleukin-6 [IL-6], transforming growth factor-beta

[TGF-�], tumor necrosis factor-alpha [TNF�]; chemo-

kines such as monocyte chemotactic protein-1 [MCP-1],

macrophage inflammatory protein-1 [MIP-1]; and others

such as netrin-1; matrix metalloproteinases [MMPs], and

integrin, etc., are greatly increased [7]. These angiogenic

mediators initially activate focal angiogenesis in the

body, including brain tissue. Under certain conditions,

such as genetic deficiency (endoglin [ENG] and activin-

like kinase [ALK] mutation), vessel dilation stimulation

(endothelial nitric oxide synthase [eNOS], hydralazine,

or nicardipine), or micro-environmental changes (in-

creased VEGF, MMP, integrin, homeobox gene expres-

sion), normal angiogenesis then turns to abnormal

growth and develops to form cerebral microvascular

dysplasia (CMVD). When this process takes place, in-

creased blood–brain barrier (BBB) permeability and fo-

cal hemodynamic changes exacerbate existing dysplasia,

enhance region of the dysplasia lesion, or even cause

focal hemorrhage. Currently, several angiogenic media-

tors are being used to stimulate CMVD formation in the

experimental animal brain. This strategy has provided a

unique model for mechanistic studies.

Development of CMVD animal models that

phenocopy human disease

Experimental animal models for arteriovenous mal-

formations (AVMs) were first developed by surgeons

seeking to understand the complex hemodynamics of

arteriovenous shunting and its relationship to ‘‘normal

perfusion pressure breakthrough,’’ an infrequent but

morbid complication of AVM resection [29, 30].

Further model development included attempts to model

aspects of the disease related to potential therapy devel-

opment, such as a target for radiosurgery or embolic

agents. A wide variety of models, generally extracranial
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arteriovenous fistulas between the common or internal

carotid artery and the external jugular vein [1, 3, 6, 13,

16, 22] and=or dural fistulas [32, 33], has been described

in a number of species, including rats, swine, cats,

sheep, chickens, rabbits, pigs, and goats [15, 19–21,

23, 24]. With few exceptions, they are extradural in

nature [26]. Of particular note is that they do not display

the clinical syndrome of recurrent hemorrhage into the

brain parenchyma or cerebrospinal fluid (CSF) spaces.

Therefore, a parenchymal nidus is not formed; nidus

growth and hemorrhage mimicking the human disease

do not occur.

To optimally study pathogenesis and disease progres-

sion, a model system is needed to test mechanistic ques-

tions. An ideal model system would have the following

attributes by phenocopying the clinical cerebrovascular

disease: 1) possess a nidus of abnormal vessels of vary-

ing sizes, encompassing both micro- and macro-circula-

tory levels; 2) display spontaneous hemorrhage into the

brain parenchyma or CSF spaces (but not preferentially

subarachnoid and in basal cisterns); 3) display arteriove-

nous shunting, including early visualization of efferent

veins relative to normal venous circulation; 4) possess

flow rates that are sufficient to reproduce lower proximal

feeding artery pressure [9, 27]; 5) display high angio-

genic and inflammatory signal expression consistent

with human surgical specimens [11, 12].

TGF-� signaling is of particular interest (see com-

panion article by Kim et al.). Hereditary hemorrhagic

telangiectasia (HHT; Osler-weber-Rendu disease) is an

autosomal dominant syndrome of mucocutaneous fragil-

ity that is strongly associated with both pulmonary and

brain AVMs. The 2 common subtypes of HHT (HHT-1

and -2) are caused by well-characterized loss-of-func-

tion mutations in 2 genes [18]: ENG, which codes for an

accessory protein of TGF-� receptor complexes; and

ALK1 or ACVLR1, a transmembrane kinase that par-

ticipates with TGF-� receptor II in TGF-� signaling.

Recently, 2 reports indicate that ALK1 can signal

through bone morphogenetic protein 9 (BMP9), and that

ENG can potentiate the signal. These newer data suggest

that BMP9 may represent the most physiologically

relevant endothelial signaling pathway for HHT patho-

genesis [5, 28]. The downstream target effector for both

TGF-� and BMP signaling for AVM pathogenesis is the

mothers against decapentaplegic homolog 4 (SMAD4)

gene, which is associated with juvenile polyposis and

has recently been described for SMAD. This gene is

mutated in a combined syndrome of juvenile polyposis

and HHT [8].

Approaches to CMVD model development

Based on the above attributes of human lesion tissue, we

aimed our model development toward establishing the

means by which we simulated relevant aspects of

the human disease, either by phenocopying aspects of

the vascular phenotype or by genetic manipulation to

provide an intermediate phenotype.

Conceptually, dysplasia represents enlarged, dysmor-

phic vascular structures that have structural instability.

Our model was initially based on growth factor hyper-

stimulation of murine brain by viral transfection.

Although many exciting studies have been conducted

on the initiation, formation, and growth of angiogenesis,

the nature of vascular signaling pathways in abnormal

cerebral vascular phenotypes in both human disease and

experimental animals is still unclear [17]. The main

causes of pathologic angiogenesis in the central nervous

system include vascular malformations, tissue ischemia,

traumatic damage, and neoplasm. Angiogenesis is a rap-

idly growing field with some 4477 publications listed in

PubMed for the year 2007, 6 times the number from the

previous 10 years [2]. Development of a non-tumor

brain angiogenesis model is therefore timely.

Hyper-stimulation of angiogenesis can induce abnor-

mal vessel formation in a variety of tissues including the

brain [25, 34]. We began our modeling efforts by intro-

ducing VEGF into a normal adult circulatory bed by

an adenoviral (Ad) or adeno-associated viral (AAV) vec-

tor to hyper-stimulate naive tissue, thus deregulating

paracrine homeostasis. Although viral vector-delivered

hyper-stimulation of VEGF can cause some degree of

morphological changes [31], and other kinds of VEGF

delivery cause dysmorphic vessels, a combination of the

VEGF delivery system with altered genetic background

may more reliably produce vascular dysplasia.

To develop a feasible and reproducible focal brain

microvessel dysplasia model, we performed the follow-

ing experiment based on the understanding of multi-sys-

temic focal vascular lesions in HHT disease [10, 17].

Following induction of anesthesia, AAVVEGF was

stereotactically injected into the right hemisphere of

ENGþ=� or ALK1þ=� or ENG=ALK1þ=� mice. Animals

were sacrificed following 3–6 weeks of AAVVEGF gene

transfer. Lectin staining was performed for microvessel

counting. We found much more abnormal microvessel

patterns in the ENGþ=�, ALK1þ=� or ENG=ALK1þ=�

mice brain following VEGF hyper-stimulation. Our re-

sult thus indicated that VEGF hyper-stimulation could

induce microvessel dysplasia in the genetic deficient

situation.
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To develop a CMVD model, we tested the effect

of flow-augmentation in VEGF-transduced mice. Using

a micro-osmotic pump infusion technique, we ob-

served the effect of hydralazine on microvessel dys-

plasia formation. We counted microvessel numbers in

AAVVEGF-transduced ALK1þ=� mice with hydralazine

or nicardipine or saline treatment. We found that micro-

vessel counts were greatly increased in the AAVVEGF-

transduced mice compared to the AAVlacZ plus saline

infusion group; hydralazine or nicardipine did not fur-

ther increase microvessel counts in hydralazine-treated

AAVVEGF or AAVlacZ-transduced ALK1þ=� mice.

We then counted the number of dilated microvessels

(>8 mm in diameter), which increased after treatment

with hydralazine or nicardipine in both AAVlacZ and

AAVVEGF-transduced mice compared to the saline in-

fusion group mice (p<0.05). BrdU staining showed

CD31-positive cells were well-merged with the BrdU-

positive staining, indicating active proliferation of endo-

thelial cells in hydralazine or nicardipine infusion in

AAVVEGF-transduced ALK1þ=� mice.

We further examined the microvascular morphologic

changes. Interestingly, we detected much more abnormal

microvasculature, such as a massive or single enlarged

node, or clustered, twisted, or spiral microvessels, fol-

lowing hydralazine or nicardipine micro-pump infusion

in the AAVVEGF-transduced ALKþ=� mice than in the

saline-infused mice. These abnormal microvessels usu-

ally developed in the ipsilateral cortex and caudate pu-

tamen adjacent to the needle track. Confocal microscope

demonstrated that these abnormal microvessels were

not overlapped, confirming the abnormal microvessel

morphology.

eNOS is critical for vascular remodeling, mural cell

recruitment, and blood flow reserve [36]. eNOS-derived

NO can serve as a vasodilator to reduce vascular resis-

tance, improve blood flow, and maintain proportional

remodeling of blood vessels during changes in blood

flow. In addition, eNOS exerts a second messenger role

in VEGF signaling and is necessary for many of the

actions of VEGF in cultured endothelial cells or in post-

natal mice. PI3K mediates a critical pathway in NO- and

VEGF-mediated angiogenesis. In vivo results demon-

strate that elevated eNOS expression or activity is suffi-

cient to activate the PI3K=Akt signaling pathway via

protein kinase G, leading to neovascularization in ische-

mic tissues [14].

Using adenoviral vector delivering eNOS gene

(AdeNOS) transfer, AdeNOS was injected into basal

ganglia region in the mouse brain. The result demon-

strated that dilated microvessels are increased in the

AdeNOS-transduced mouse brain compared to the con-

trol (AdlacZ), and eNOS-positive staining is mainly lo-

cated in the vessel wall. In addition, less eNOS-positive

staining was found in the lowest dose group, suggesting

that eNOS expression is dose-dependent. We also exam-

ined microvessel morphology by lectin staining. Dilated

and abnormal microvessels were identified under the

hyper-stimulation of eNOS.

Functional consequences of vascular dysplasia

Morphological characterizations are the most visible

and widely accepted evidence for vascular dysplasia.

However, the functional consequence of vascular dys-

plasia is important evidence supporting dysplasia vas-

Fig. 1. Schematic illustrating the current approach to modeling vascular dysplasia in the adult brain. Main steps include initiation of angiogenesis

with VEGF hyper-stimulation, and induction of morphological dysplastic changes (deficit endoglin in genetic background or local flow increases),

which leads to loss of barrier integrity and micro-hemorrhage
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culature as being detrimental. Within this functional

determination, we decided to examine BBB perme-

ability and micro-hemorrhage because these are often

detected in vascular dysplasia.

The main dilemma of pathologic angiogenesis is con-

sistent BBB leakage, which exacerbates brain edema

and tissue damage. We demonstrated that BBB dis-

ruption occurred during active angiogenesis. BBB per-

meability was determined using albumin staining, as

previously described [35]. BBB permeability also can

be determined quantitatively using a measurement of

Evans blue with similar results.

Micro-hemorrhage is another complication during

active angiogenesis. We also found that micro-hemor-

rhage occurred in the AdVEGF-transduced mouse

brain. The extent of cerebral hemorrhage can be quan-

tified using a spectrophotometric assay with Drabkin’s

reagent [4]. We demonstrated that hemorrhage was in

the mouse brain after injection of AdVEGF, but not in

the viral vector control group after AdFc injection.

The pattern of intracranial hemorrhage induced by

focal VEGF hyper-stimulation in the brain is illustrat-

ed using hematoxylin-eosin staining

Conclusions and further considerations for model

development

Our primary approach to creating our intermediate brain

AVM phenotype has been to combine viral hyper-stimu-

lation with manipulation of genetic background (e.g.,

ENG-deficient mice), or by manipulation of local hemo-

dynamics (e.g., increased tissue perfusion by local vaso-

dilator infusion), as illustrated in Fig. 1. We hypothesize

that with further development of these experimental con-

ditions to achieve a focal vascular lesion, we will detect

direct arteriovenous shunting and spontaneous ruptures,

which mimic human disease. Continually integrating

hemodynamic influences on vascular remodeling is also

important.

Furthermore, dysplastic abnormalities are now pres-

ent in the microcirculation and need to be brought

to the level of macrocirculation, as seen in human dis-

ease. These in vivo animal models will provide us

with an opportunity to discern causal relationships in

the formation of an abnormal vascular phenotype and

to comprehensively investigate the pathways involved.

The relationship of vascular dysplasia to the dis-

ease remains to be clarified, but this is a first step to-

ward generating a morphological correlate of the

human phenotype.
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Summary

Background. Recent studies have shown that preconditioning with hy-

perbaric oxygen (HBO) can reduce ischemic and hemorrhagic brain

injury. We investigated effects of HBO preconditioning on traumatic

brain injury (TBI) at high altitude and examined the role of matrix

metalloproteinase-9 (MMP-9) in such protection.

Methods. Rats were randomly divided into 3 groups: HBO precondi-

tioning group (HBOP; n¼ 13), high-altitude group (HA; n¼ 13), and

high-altitude sham operation group (HASO; n¼ 13). All groups were

subjected to head trauma by weight-drop device, except for HASO

group. HBOP rats received 5 sessions of HBO preconditioning (2.5 ATA,

100% oxygen, 1 h daily) and then were kept in hypobaric chamber at

0.6 ATA (to simulate pressure at 4000m altitude) for 3 days before

operation. HA rats received control pretreatment (1 ATA, room air, 1 h

daily), then followed the same procedures as HBOP group. HASO rats

were subjected to skull opening only without brain injury. Twenty-four

hours after TBI, 7 rats from each group were examined for neurologi-

cal function and brain water content; 6 rats from each group were killed

for analysis by H&E staining and immunohistochemistry.

Results. Neurological outcome in HBOP group (0.71� 0.49) was

better than HA group (1.57 � 0.53; p<0.05). Preconditioning with

HBO significantly reduced percentage of brain water content

(86.24� 0.52 vs. 84.60� 0.37; p<0.01). Brain morphology and struc-

ture seen by light microscopy was diminished in HA group, while

fewer pathological injuries occurred in HBOP group. Compared to

HA group, pretreatment with HBO significantly reduced the number of

MMP-9-positive cells (92.25 � 8.85 vs. 74.42 � 6.27; p<0.01).

Conclusions. HBO preconditioning attenuates TBI in rats at high

altitude. Decline in MMP-9 expression may contribute to HBO precon-

ditioning-induced protection of brain tissue against TBI.

Keywords: Traumatic brain injury; hyperbaric oxygen; matrix metal-

loproteinase-9; preconditioning.

Introduction

It is widely accepted that a number of preconditioning

stimuli, including ischemia [21], hypoxia [4, 15], and

drugs (such as cytokines [11], potassium chloride [25],

and morphine [9]), can induce ischemic tolerance. While

the previously described preconditioning methods are

good for protection of the central nervous system, the

application of ischemia and hypoxia preconditioning is

ethically problematic in a clinical setting, and pharma-

cological preconditioning is questionable because of

drug toxicity and side effects [2].

Accumulated evidence from recent studies shows

that preconditioning with hyperbaric oxygen (HBO)

can reduce ischemic brain injury [21, 24]. In addition,

Qin and colleagues [13] found that preconditioning

with HBO can induce tolerance to brain edema forma-

tion after experimental intracerebral hemorrhage. It is

well-known that the critical factors influencing the

prognosis of traumatic brain injury (TBI) are ischemia,

hypoxia, hemorrhage, and edema [6, 18]. What is more,

there is evidence to prove that the reduced supply of

oxygen at high altitudes may lead to brain damage [3].

Therefore, we hypothesized that preconditioning with

HBO can induce protective effects against TBI in rats

at high altitudes.

Matrix metalloproteinase-9 (MMP-9) is one kind of

zinc-dependent endopeptidases and is associated with

blood–brain barrier opening and brain edema formation

after TBI. Hyperbaric oxygenation can reduce expres-

sion of MMP-9 following TBI [20], suggesting a role for

MMP-9 in the effects of pretreatment with repeated hy-

perbaric oxygenation.

This study was conducted to determine whether HBO

preconditioning can induce brain protection against TBI

in rats at simulated high altitude, and the role of MMP-9

in HBO preconditioning-induced protection of brain tis-

sue against TBI.
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Hospital, Chongqing 400038, P.R. China. e-mail: fenghua8888@

sohu.com



Materials and methods

The animal study protocol used in this research was approved by the

Ethics Committee for Animal Experimentation and was conducted

according to the Guidelines for Animal Experimentation of our institu-

tion. The animals were studied at Southwest Hospital of the Third

Military Medical University, Chongqing, China.

Animal preparation

Thirty-nine males Sprague-Dawley rats (Experimental Animal Center of

the Third Military Medical University) weighing between 200 and 240 g

were used in this study. Rats were allowed free access to food and water

before and after the surgical procedure. Animals were anesthetized with

an intraperitoneal injection of pentobarbital (40mg=kg). Rectal temper-

ature was maintained at 37–37.5 �C using overhead lamps during the

experiment. Arterial blood was sampled from the right femoral artery for

analysis of arterial oxygen tension (PaO2), arterial carbon dioxide ten-

sion (PaCO2), pH, hematocrit, and plasma glucose levels 24h after

surgical operation.

Surgical procedures

The rats were subjected to head trauma using a weight-drop device

based on the technique described by Queen and colleagues [14]. After

removal from the hypobaric chamber, rats were anesthetized with an

intraperitoneal injection of pentobarbital (40mg=kg) and then placed in

a stereotactic apparatus. A 4-cm long skin incision was made in the

midline, and a 1-mm burr hole was drilled in the skull (2 mm anterior to

lambdoid suture and 2mm lateral to midline). The hole was then en-

larged to 5mm in diameter using a hemostatic forceps, leaving the dura

intact. An area in the parietal and temporal lobe was contused by de-

livery of a 600g�cm force, produced by dropping a 30-g weight a dis-

tance of 20 cm through a stainless steel guide tube onto a 4-mm diameter

steel cylinder. The sham-operated rats were treated identically except for

the contusion. After impact, the skull hole was filled with bone wax, and

the skin incision was closed using sutures.

Experimental protocol

Thirty-nine males Sprague-Dawley rats were randomly assigned to 1 of

3 groups: HBO preconditioning group (HBOP; n¼ 13), high-altitude

group (HA; n¼ 13) and high-altitude sham operation group (HASO;

n¼ 13). The rats in the HBOP group received 1 h of HBO at 2.5

atmosphere absolute (ATA) in 100% oxygen each day for 5 days using

an animal hyperbaric chamber, and then were kept in a hypobaric

chamber at a pressure of 0.6 ATA for 3 days before operation. The rats

were subjected to head trauma using a weight-drop device. The animals

in the HA group were placed in a chamber (21% O2), which was not

pressurized for sham treatments, using the same 5-day schedule and the

same procedures as the HBOP group. In the HASO group, rats received

skull opening without brain injury. Twenty-four hours after TBI, 7 rats

from each group were examined for neurological function and brain

water content, and 6 rats from each group were killed for analysis by

hematoxylin and eosin (H&E) staining and immunohistochemistry.

Hyperbaric and hypobaric oxygen procedure

Animals in HBOP group were placed in a small rodent HBO chamber

(Binglun Corp., China). The chamber was pressurized for 20min to a

pressure of 2.5 ATA with 100% oxygen supplied continuously and

maintained for 60min. Decompression was then performed for

30min. Animals in the other 2 groups were also transferred into

the HBO chamber but received normobaric room air. Decompression

and pressurization of the hypobaric chamber (Binglun Corp.) were

performed for 30 and 20min, respectively.

Neurological evaluation and brain water content measurement

Twenty-four hours after TBI, 7 rats from each group were neurologically

assessed by an observer who was unaware of the grouping, using the

modified Longa criteria [28]: 0¼ no deficit; 1¼ failure to extend left

forepaw fully; 2¼ circling to the left; 3¼ falling to the left; 4¼ no

spontaneous walking with a depressed level of consciousness; 5¼ dead.

dead. After completion of the neurological evaluation, animals were re-

anesthetized using an intraperitoneal injection of 50mg=kg of pentobar-

bital, then decapitated to measure brain water, as described previously

[23]. The rat brains were removed and cortical tissue (about 150mg)

4.5mm from the center of the wound was cut with a blade. Brain

samples were immediately weighed on an electronic analytical balance

(analytical fidelity 0.1mg; Jingtian Instruments Corp., China) to obtain

wet weight (WW). Dried weight (DW) of the samples was determined

after the tissues were heated for 48 h at 80 �C in an electronic homeo-

thermic oven. The percentage of tissue water content was then calculated

according to the following formula: 100� (WW – DW)=WW.

Histopathologic examination

Twenty-four hours after TBI, 6 rats from each group were re-anesthe-

tized and perfused intracardially with 4% paraformaldehyde in 0.1M

phosphate-buffered saline (PBS; pH 7.4). Brains were removed and

immersed in 10% formaldehyde for 3 to 6 days at 4 �C. After dehydra-
tion in graded concentrations of ethanol and butanol, each brain was

embedded in paraffin. Coronal sections of brain tissue (with the wound

as center) were cut at a thickness of 5mm and H by a blinded observer.

Immunohistochemical analyses

Twenty-four hours after TBI, 6 rats from each group were re-anesthetized

and perfused intracardially with 4% paraformaldehyde in 0.1M PBS

(pH 7.4). Brains were removed and immersed in 10% formaldehyde for

3 to 6 days at 4 �C. After dehydration in graded concentrations of ethanol
and butanol, each brain was embedded in paraffin. Coronal sections of the

brain tissue (with the wound as center) were cut at a thickness of 5mm.

Sections were incubated according to the SP technique. The primary

antibody was polyclonal rabbit anti-MMP-9 (1:100 dilution; Santa Cruz

Biotechnology, Santa Cruz, CA). The second antibody was goat anti-

rabbit immunoglobulin-G (Reactant kit; Zhongshan Corp., China). PBS

(0.1M, pH 7.4) was used as a negative control. The staining of cells was

evaluated at a magnification of 250� by a blinded investigator. Positive

cells were identified by the brown color of staining. In each slice, positive

cells were counted in 2 sections for each animal and then averaged.

Statistical analyses

Data are expressed as mean� standard deviation. Changes in arterial

pH, PaO2, PaCO2, hematocrit, blood glucose concentration, neurological

deficit scores, brain water content, and number of MMP-9 positive cells

were compared using independent samples t test or one-way ANOVA

and a Tukey multiple comparison test.

Results

Physiological variables

Physiological parameters in all groups were recorded

24 h after TBI. Variables included blood pH, PaO2,
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PaCO2, hematocrit, and plasma glucose level, and values

were similar in all groups (Table 1).

HBO preconditioning improved neurological outcome

All animals survived until neurological assessment at

24 h after TBI. Neurological outcome in HBOP group

(0.71� 0.49) was better than that of HA group (1.57�
0.53; p<0.05; 7 rats per group; Fig. 1). Two animals in

HBOP group showed completely normal neurological

function 24 h after TBI. No animals in HA group showed

normal neurological function. All animals in HASO

group had normal function.

HBO preconditioning reduced brain water content

Preconditioning with HBO significantly reduced the

percentage of brain water content in cortex 24 h after

TBI (84.60� 0.37 in HBOP group compared with

86.24� 0.52 in HA group; p<0.01; 7 rats per group;

Fig. 2).

Table 1. Physiological variables recorded 24 h after traumatic brain injury in rats

Treatment group pH PaO2 (mmHg) PaCO2 (mmHg) Hematocrit (%) Glucose (mmol=L)

High-altitude sham operation 7.41 � 0.05 82 � 7.8 39.9 � 5.5 45.5 � 3.5 7.54 � 1.57

High altitude 7.35 � 0.03 73 � 9.4 46.0 � 7.0 42.1 � 2.4 8.35 � 2.70

Hyperbaric oxygen preconditioning 7.32 � 0.07 85 � 5.0 42.2 � 4.9 43.0 � 3.9 7.72 � 2.21

Data are expressed as mean � SD.

Fig. 1. Neurological outcome 24 h after TBI. HA group exposed to

21% O2 at 1 ATA for 1 h each day for 5 days; HBO group exposed to

HBO in 100% O2 at 2.5 ATA for 1 h each day for 5 days. �p<0.05

compared with HA group

Fig. 2. Percentage of brain water content in brain cortex 24 h after TBI

in rats. HA group exposed to 21% O2 at 1 ATA for 1 h each day for

5 days; HBO group exposed to HBO in 100% O2 at 2.5 ATA for 1 h

each day for 5 days. ��p<0.01 compared with HASO group, com-

pared with HA group (p<0.01)

Fig. 3. Photomicrographs showing brain morphology and structure, stained with hematoxylin and eosin 24 h after TBI in rats. (A) HASO group;

minimal change. (B) HA group exposed to 21% O2 at 1 ATA for 1 h each day for 5 days; dramatic decrease in number of cells, conspicuous edema

of interstitium, and hemorrhage. (C) HBO group exposed to HBO in 100% O2 at 2.5 ATA for 1 h each day for 5 days; fewer pathological injuries

occurred
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HBO preconditioning improved histopathologic

outcome

Brain morphology and structure as shown by light mi-

croscopy was greatly diminished in HA group, with

massive cells necrosis, dramatic decrease in neurons,

and conspicuous edema of interstitium, while fewer

pathological injuries occurred in HBOP group. There

was little change in HASO group (Fig. 3).

HBO preconditioning decreased number of MMP-9

positive cells

To examine the role of MMP-9 in HBO preconditioning-

induced brain protection, expression of MMP-9 was ob-

served using immunohistochemical techniques. We

found that, compared to HA group, pretreatment with

HBO significantly reduced the number of MMP-9-posi-

tive cells (92.25� 8.85 vs. 74.42� 6.27; p<0.01; 6 rats

per group; Fig. 4). There was minimal expression of

MMP-9 in the HASO group (Fig. 5).

Discussion

The major findings of this study are that repeated expo-

sure to HBO before TBI in rats at simulated high altitude

can induce tolerance to TBI, and that the mechanism

of HBO preconditioning-induced neuroprotection may

be related to its inhibiting effect on the expression of

MMP-9.

In 1996, Wada et al. [21] first reported ischemic tol-

erance could be obtained in the brain by HBO precon-

ditioning. Further research found that the same

phenomenon occurs in spinal cord [2], heart [26], liver

[27], and kidney [5]. Recently, Qin and coworkers [13]

reported that repeated administration of HBO can pro-

duce protective effects against brain edema formation

after experimental intracerebral hemorrhage. However,

it is important to choose the optimal stimulus intensity

and interval between preconditioning treatment and sub-

sequent insult. To determine the preferential conditions

for induction of ischemic tolerance by HBO, Wada et al.

[22] compared the effects of preconditioning with 5 ses-

sions of HBO (100% oxygen, 2 ATA), 10 sessions of

HBO (100% oxygen, 3 ATA), and 1 session of HBO

(100% oxygen, 2 ATA), and found that preconditioning

with 5 sessions of HBO (100% oxygen, 2 ATA) induced

ischemic tolerance and the other session numbers did

not. Qin et al. [13] also found that 5 sessions rather than

2 or 3 sessions of preconditioning with HBO can induce

brain protection against hemorrhagic edema formation.

However, to date, it is unclear whether or not repeated

hyperbaric oxygenation can reduce brain damage after

TBI at high altitude. In this study, we demonstrated that

HBO preconditioning can induce tolerance to TBI.

Past studies have suggested that the mechanisms by

which preconditioning with HBO results in neuroprotec-

tion involved increased expression of heme oxygenase-1

[8], upregulation of antioxidant enzymes such as cata-

Fig. 4. Number of MMP-9 positive cells by immunohistochemical

analysis in brain cortex 24 h after TBI in rats. HA Group exposed to

21% O2 at 1 ATA for 1 h each day for 5 days. HBO group exposed to

HBO in 100% O2 at 2.5 ATA for 1 h each day for 5 days. ��p<0.01

compared with HA group

Fig. 5. Photomicrographs showing immunohistochemical analysis of MMP-9 positive cells in brain cortex 24 h after TBI in rats. (A) HASO group.

(B) HA group exposed to 21% O2 at 1 ATA for 1 h each day for 5 days. (C) HBO group exposed to HBO in 100% O2 at 2.5 ATA 1h each day for

5 days
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lase and superoxide dismutase [12], activation of p44=

p42 mitogen-activated protein kinases (p44=p42 MAPK)

[13], or inhibition of infiltration of polymorphonuclear

neutrophils [10]. However, relatively little is known

regarding the exact mechanism. Our current study sug-

gests the role of MMP-9 in HBO preconditioning-in-

duced brain protection. MMP-9 is a member of the

MMP family, which are zinc-dependent endopeptidases

that cleave protein components of extracellular matrix

such as collagens, laminin, fibronectin, and proteogly-

cans. Recent evidence suggests that MMPs contribute to

acute edema and lesion formation following TBI, and

MMP-9 levels increase significantly in brain 24 h after

trauma [17, 19]. Hyperbaric oxygenation can reduce ex-

pression of MMP-9 in the rat [20], which implies that

HBO preconditioning-induced tolerance to TBI might be

associated with its inhibiting effects on expression of

MMP-9. Previous studies have demonstrated precondi-

tioning with HBO can activate p44=p42 MAPK [13] in

the brain and decrease infiltration of neutrophils [10].

Shin et al. [16] found that activation of p38 MAPK

resulted in down-regulation of MMP-9. P38 MAPK is

closely related in structure and function to p44=p42

MAPK. Therefore, although the precise mechanisms

by which HBO preconditioning leads to decreased ex-

pression of MMP-9 are unknown, the effects may be

caused partially through activation of MAPK or attenu-

ation of neutrophil inflammatory response, which pro-

vide the main source of MMP-9 [20].

There are many high-altitude districts in the world,

such as the Qinghai-Tibet Plateau in western China.

With the economic development of the Qinghai-Tibet

Plateau and the building up of Qinghai-Tibet railway,

more and more people travel to Tibet for pleasure or

business, which may lead to a rise in morbidity for

TBI at high altitudes. Our results indicate that repeated

HBO as pretreatment may be beneficial to people trav-

eling to Qinghai-Tibet Plateau.

Surgical operations, like traumatic injuries, may result

in hemorrhage, edema, ischemia, and=or hypoxia. HBO,

as a new preconditioning stimulus, has many advantages

compared with ischemic preconditioning and pharmaco-

logical preconditioning and may be a potential method

for preconditioning before surgery if proven safe and

helpful. Kurir et al. [7] found that repeated hyperbaric

oxygenation before partial hepatectomy promotes liver

regeneration and improves liver function postoperative-

ly. To evaluate the effects of HBO preconditioning on

brain ischemia in patients undergoing cardiopulmonary

bypass, Alex et al. [1] compared the effects of precon-

ditioning with HBO (oxygen, 2.4 ATA) and control air

(atmospheric air, 1.5 ATA), and found that precondi-

tioning with HBO rather than control air can reduce

neuropsychometric dysfunction and also modulate the

inflammatory response after cardiopulmonary bypass.

In conclusion, serial exposure to HBO as precondi-

tioning can attenuate TBI in rats at simulated high alti-

tude. The decline in MMP-9 expression may contribute

to HBO preconditioning-induced protection of brain tis-

sue against TBI. Pretreatment with HBO might be ben-

eficial for people traveling to high altitude districts.
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Summary

Brain arteriovenous malformations (AVMs) cause intracranial hemor-

rhage (ICH), especially in young adults. Molecular characterization of

lesional tissue provides evidence for involvement of both angiogenic and

inflammatory pathways, but the pathogenesis remains obscure and med-

ical therapy is lacking. Abnormal expression patterns have been ob-

served for proteins related to angiogenesis (e.g., vascular endothelial

growth factor, angiopoietin-2, matrix metalloproteinase-9), and inflam-

mation (e.g., interleukin-6 [IL-6] and myeloperoxidase). Macrophage

and neutrophil invasion have also been observed in the absence of prior

ICH. Candidate gene association studies have identified a number of

germline variants associated with clinical ICH course and AVM suscep-

tibility. A single nucleotide polymorphism (SNP) in activin receptor-like

kinase-1 (ALK-1) is associated with AVM susceptibility, and SNPs in

IL-6, tumor necrosis factor-� (TNF-�), and apolipoprotein-E (APOE)

are associated with AVM rupture. These observations suggest that even

without a complete understanding of the determinants of AVM develop-

ment, the recent discoveries of downstream derangements in vascular

function and integrity may offer potential targets for therapy develop-

ment. Further, biomarkers can now be established for assessing ICH risk.

These data will generate hypotheses that can be tested mechanistically in

model systems, including surrogate phenotypes, such as vascular dys-

plasia and=or models recapitulating the clinical syndrome of recurrent

spontaneous ICH.

Keywords: Angiogenesis; inflammation; vascular malformations.

Introduction

Brain arteriovenous malformations (AVMs) represent a

relatively infrequent but important source of neurologi-

cal morbidity in relatively young adults [4]. Brain AVMs

have a population prevalence of 10 to 18 per 100,000

adults [3, 7], and a new detection rate of approximately

1.3 per 100,000 person-years [58]. The basic morpholo-

gy is that of a vascular mass, called the nidus, that di-

rectly shunts blood between the arterial and venous

circulations without a true capillary bed. There is usually

high flow through the feeding arteries, nidus, and drain-

ing veins. The nidus is a complex tangle of abnormal,

dilated channels, not clearly artery or vein, with inter-

vening gliosis.

Seizures, mass effect, and headache are causes of as-

sociated morbidity, but prevention of new or recurrent

intracranial hemorrhage (ICH) is the primary rationale

to treat AVMs, usually with some combination of surgi-

cal resection, embolization, and stereotactic radiothera-

py. The risk of spontaneous ICH has been estimated in

retrospective and prospective observational studies to

range approximately from 2 to 4% per year [31]. Other

than non-specific control of symptomatology, such as head-

ache and seizures, primary medical therapy is lacking.

Etiology and pathogenesis

The genesis of AVMs has been enigmatic. Unlike the

association of antecedent head trauma or other injuries

with the pathogenesis of dural arteriovenous fistulae

(DAVF), environmental risk factors for AVMs are lack-

ing. There is remarkably little evidence for the common

assertion that AVMs are congenital lesions arising during

the fourth to eighth week of embryonic development,
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considering the widespread use of prenatal ultrasound

(Vein of Galen lesions are not true AVMs). Further, there

have been multiple reports of AVMs that grow or re-

gress, including de novo AVM formation [19]. Inciting

event(s) might include the sequelae of even relatively

modest injury from an otherwise unremarkable episode

of trauma, infection, inflammation, irradiation, or com-

pression. In susceptible individuals, one might posit

some degree of localized venous hypertension [34, 68]

from microvascular thrombosis, perhaps associated with

a state of relative thrombophilia [56]. The scarce data

available on longitudinal assessment of AVM growth

suggests that approximately 50% of cases display inter-

val growth [25]. Consistent with growth is the many-fold

greater endothelial proliferation rate (Ki-67) in AVM

surgical specimens, compared to control brain [25].

Characterization of lesional tissue

Available evidence points toward an active angiogenic

and inflammatory lesion rather than a static congenital

anomaly. A conceptual, speculative synthesis of these

observations is shown in Fig. 1. Our group and others

[27] have shown that a prominent feature of the AVM

phenotype is relative overexpression of vascular endo-

thelial growth factor-A (VEGF-A), at both the mRNA

and protein level. VEGF may contribute to the hemor-

rhagic tendency of AVMs, extrapolating from animal

models [35]. Other upstream factors that may contribute

to AVM formation might include Homeobox genes, such

as excess pro-angiogenic Hox D3 or deficient anti-an-

giogenic Hox A5 [12]. The vascular phenotype of AVM

tissue may be explained, in part, by inadequate recruit-

ment of peri-endothelial support structure, which is

mediated by angiopoietins and TIE-2 signaling. For ex-

ample, angiopoietin-2 (Ang-2), which allows loosening

of cell-to-cell contacts, is over-expressed in the perivas-

cular region in AVM vascular channels [24].

A key downstream consequence of VEGF and Ang-2

activity, contributing to the angiogenic phenotype, is

matrix metalloproteinase (MMP) expression. MMP-9

expression in particular appears to be orders of magni-

tude higher in AVM than control tissue [13, 26], with

levels of naturally-occurring MMP inhibitors, TIMP-

1 and TIMP-3, also higher, but to a lesser degree. Addi-

tional inflammatory markers that are over-expressed in-

clude myeloperoxidase (MPO) and interleukin (IL)-6,

both of which are highly correlated with MMP-9 [13,

14]. MMP-9 expression is correlated with the lipocalin-

MMP-9 complex, suggesting neutrophils as a major

source. In a subset of unruptured, non-embolized AVMs,

neutrophils (MPO), macrophages=microglia (CD68), T-

lymphocytes (CD3), and B-lymphocytes (CD20) were

clearly evident in the vascular wall and intervening stro-

ma of AVM tissue, whereas T- and B-lymphocytes were

rarely observed [15].

Genetic considerations relevant to AVMs

The majority of brain AVMs are sporadic; however,

there is some evidence supporting a familial component

to the AVM phenotype and there is evidence that genetic

variation is relevant to the study of the disease. A sim-

plified summary of relevant pathways is shown in Fig. 2.

Mendelian disease

To date, the most significant candidate genes=pathways

for brain AVM pathogenesis have come from Mendelian

disorders that exhibit AVMs as part of their clinical

phenotype. AVMs are highly prevalent in patients with

Fig. 1. Speculative synthesis of experimental observations relevant to

AVM pathogenesis is presented in a simplified, conceptual fashion.

After an inciting event or events, inflammatory or angiogenic activity

(MMP, VEGF) initiates microvascular growth and remodeling, which

are stabilized through interplay of pathways that include TIE-2=ANG

and ALK-1=ENG. TGF-� signaling occurs primarily through ALK-5

in smooth muscle and BMP-9 signaling through ALK-1 in the en-

dothelium (see Fig. 2). Normal vessels stabilize, but a region that

represents an incipient AVM undergoes a dysplastic response.

Arteriovenous (A–V) shunting and high flow rates synergize with the

dysplastic response and involve classical inflammatory signals, causing

a vicious cycle in a localized area destined to become the AVM nidus.

Eventually, the human disease phenotype results. Genetic variation

can influence any and all of the pathways
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hereditary hemorrhagic telangiectasia (HHT), an autoso-

mal dominant disorder of mucocutaneous fragility and

AVMs in various organs, including the brain. The 2 main

subtypes of HHT (HHT-1 and -2) are caused by loss-of-

function mutations in 2 genes [38] originally implicated

in tumor growth factor (TGF)-� signaling pathways

(Fig. 1). The first is endoglin (ENG), which codes for

an accessory protein of TGF-� receptor complexes. The

second is activin-like kinase-1 (ALK-1 or ACVLR1),

which codes for a transmembrane kinase also thought

to participate in TGF-� signaling.

Two recent reports show that ALK-1 may instead

signal through bone morphogenetic protein (BMP)-9

and that ENG can potentiate the signal, suggesting that

BMP-9 may represent a physiologically relevant endo-

thelial signaling pathway for HHT pathogenesis [17, 52].

Endothelial cell (EC)-specific ablation of the murine

ALK-1 gene causes AVM formation during develop-

ment, whereas mice harboring an EC-specific knockout

of ALK-5 (the type I TGF-� receptor) or TbRII (the type

II TGF-� receptor) show neither AVM formation nor

any other perturbation in vascular morphogenesis [42].

A third candidate for AVM pathogenesis is the SMAD4

gene, encoding the downstream effector for both TGF-�

and BMP signaling. This gene is mutated in a combined

syndrome of juvenile polyposis and HHT [21]. Two ad-

ditional independent loci, termed HHT-3 and HHT-4,

have recently been described [5, 16], but the genes un-

derlying these less-common forms of HHT have yet to

be identified.

In HHT, defects in either ENG or ALK-1 may affect a

common pathway. By inference, this common pathway,

which includes BMP-9, is also implicated in sporadic

brain AVM development. A potential mechanism for the

role of this pathway in AVM pathogenesis would include

the requirement of ALK-1 for EC maturation [18, 32].

Disruption of this signaling pathway by mutation or

possibly through physiological perturbation would result

in a block in the maturation process, leading to inappro-

priate EC migration and proliferation. This suggests that

aberrant EC migration and proliferation may be one of

the earliest events in the development of an AVM.

The pathways involved in TGF-� signaling are com-

plex and interconnected [59]. In addition to direct effects

Fig. 2. Signaling pathways and speculative synthesis of signaling pathways. The �v�8 gene, which has an IL-1� responsive region in human and

mouse �8 promoters, is critical for liberation of TGF-� from LAP. MMP-9 activity and inflammation are associated with IL-1�, TNF-�, and IL-6.

TGF-� signaling proceeds through the ALK-5 receptor expressed primarily on vascular smooth muscle. Endothelial cells express primarily ALK-1,

which signals via the BMP-9 ligand. The ALK-1 signal is required for EC maturation, which when abrogated, leads to inappropriate EC migration

and proliferation. ENG is an accessory receptor that can modulate both TGF-� and ALK-1 signaling. ALK-1 and ALK-5 signal via distinct SMAD

effector pathways converge on the common co-effector, SMAD4, in order to effect gene expression
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of abnormal ENG and ALK-1 signaling that result in

abnormal angiogenic function [60], insufficient ENG

may affect local hemodynamics through its interaction

with nitric oxide signaling [61]. A loss of local micro-

vascular flow regulation may in and of itself lead to the

development of arteriovenous shunts, as predicted by

computational modeling studies [46].

As a class, the inherited AVMs in HHT have some

distinguishing morphological features, but are generally

similar to the sporadic lesions and cannot be distin-

guished individually on the basis of their angioarchitec-

ture [37, 40]. Brain AVMs are approximately 10 times

more common in HHT-1=ENG (�20%) than HHT-

2=ALK-1 (�2%) patients [6, 36, 50]. Compared to spo-

radic lesions, presence of an ENG or ALK-1 mutation

results in an approximate 1000- or 100-fold increased

risk, respectively, of developing a brain AVM. The great-

ly elevated risk of brain AVM development in the

Mendelian disorders raises the possibility that germline

sequence variants of these and other genes may like-

wise pose a significant risk for sporadic brain AVM

development.

Because the population prevalence of HHT is roughly

1=10,000, and approximately 10% of all HHT cases

harbor brain AVMs [36], this would yield a population

prevalence of HHT-related AVMs of 1=100,000. There-

fore, given the total AVM population prevalence of 10

to 18 per 100,000 adults [3, 7], the fraction of HHT-

AVMs in large referral series should be approximately

5% to 10%. Interestingly, HHT accounts for less than

1% of the University of California San Francisco

(UCSF) [31] and Columbia [39] AVM databases (un-

published data), suggesting that systematic underesti-

mation of undiagnosed HHT may occur in the large

referral cohorts.

Familial aggregation

Although rare, familial cases of AVM outside the con-

text of HHT have been reported in the literature [30, 63].

A recent review article examined all case reports and

identified 53 patients without HHT in 25 families with

AVMs, mostly of first-degree relationships (79%) [63].

While no clear pattern of inheritance emerged from

the pedigrees, the clinical characteristics of familial

AVM patients did not differ significantly from sporadic

AVM, except for a younger age at diagnosis. In addi-

tion, linkage and association analysis of 6 Japanese

families, each with 2 affected relatives, was recently

reported [30]. Linkage analysis revealed 7 candidate

regions, with the strongest signal at chromosome 6q25

(LOD¼ 1.88; p¼ 0.002) under a dominant genetic

model. However, no association was observed with

markers in the candidate linkage regions likely due to

the small sample size.

Further evidence for a genetic component to AVMs

comes from considering the excess risk of disease in

relatives compared to the general population. A com-

monly used familial aggregation measure is the recur-

rence risk ratio, lambda (�), defined as the risk of disease

in relatives of an individual with disease (Krelative), di-

vided by the population prevalence of the disease

(K) [47]. This measure can be calculated for various

relatives, such as siblings, and provides a quantitative

measure of the genetic contribution to disease. Any

� value equal to 1.0 indicates no evidence for a ge-

netic influence, whereas higher � values suggest a

greater genetic component to the pathogenesis of dis-

ease. For example, complex diseases have �sibling
values ranging from 2.0 to 5.0 for ischemic stroke

[41], 58 for ankylosing spondylitis [11], and 215 for

autism [48].

The lack of published population-based studies of

AVM with family history information makes it difficult

to assess familial aggregation. However, we estimated

�sibling for the recently reported linkage and association

study of AVM by Inoue et al. [30], which included cases

from a region of Japan thought to have a high prevalence

of AVM. Five of 31 cases (assuming 26 cases included

in the association analysis had no family history) had

affected siblings, yielding a sibling recurrence risk (Ks)

of 16%. Given a population risk of AVM (K) of 18 per

100,000 (0.018%) [3], the excess sibling risk (�sibling¼
Ksibling=K) is estimated to be 889 (16%=0.018%). As a

sensitivity analysis, we calculated �sibling varying the

recurrence risk to siblings from 0.01% to 50% and as-

suming a population prevalence of AVM of 0.018%. A

sibling recurrence risk even as low as 0.05% would yield

a �sibling of 2.78, which would still support a genetic

contribution to the disease.

Taken together, there is modest evidence supporting

familial aggregation for the AVM phenotype, although

definitive proof is lacking. The high relative risk to

siblings suggests a significant genetic influence, al-

though this could also be the result of random chance,

shared environmental factors, shared genetic factors,

or any combination of these. The challenge is identi-

fying enough families with imaging-confirmed AVM

cases and genetic data to perform classical genetic

studies.
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An alternative genetic mechanism for sporadic AVMs

An alternative hypothesis for sporadic AVM pathogene-

sis would posit that the relevant genes=pathways are

disrupted by somatic, rather than germline mutations.

This genetic mechanism would parallel that found for

venous malformations, where germline TIE-2 mutations

are found in autosomal dominant families with venous

malformations [9, 64], but somatic mutations are found

in tissue isolated from sporadic venous malformations

[8, 65]. The somatic mutation mechanism might also

explain the rarity of families with AVMs outside the

context of HHT. The occasional but rare familial occur-

rence of the usually sporadic AVM is similar to that found

with other vascular traits such as Klippel-Trenaunay

syndrome. This pattern has been termed paradominant

inheritance and invokes a crucial role for somatic mu-

tation as its underlying mechanism [22, 23]. In the

paradominant model, heterozygous individuals for

a germline mutation are phenotypically normal, but

zygotes that are homozygous for the mutation die during

early embryogenesis. Thus, the mutation rarely mani-

fests as familial inheritance of a trait, but instead is

usually ‘‘silently’’ transmitted through many generations.

However, the trait becomes manifest in an individual

when a somatic mutation occurs at a later stage during

embryogenesis, giving rise to a mutant cell population

being either homozygous or hemizygous for the muta-

tion. This clone of mutant cells has bypassed the de-

velopmental block, and these cells can now seed the

development of the vascular anomaly. This intriguing

hypothesis has yet to be explored for sporadic AVMs.

Another consideration is the way one construes the

nature of an ‘‘inherited disease’’. Even if the mechanism

of AVM initiation – as yet unknown – is a structural or

mechanical insult, which is not in itself a heritable trait,

the subsequent growth and behavior of the lesion can

still be influenced by genetic variation in mechanistic

pathways important in vascular biology. For example,

there are multiple genetic loci that control VEGF-in-

duced angiogenesis [49, 53]. Genetic influences on

AVM pathobiology may therefore be evaluated in a

case-control study design comparing affected patients

to normal controls, or in cross-sectional or longitudinal

cohort designs to investigate genetic influences on clini-

cal course, such as propensity to rupture.

Candidate gene studies in AVM patients

We have pursued 2 general classes of candidates for

examination: (a) genes in pathways found to be upregu-

lated in lesional tissue, i.e., inflammatory or angiogenic

genes; and (b) genes mutated in Mendelian disorders

affecting the cerebral circulation, e.g., HHT. Such genes

provide a starting point for hypothesis generation

for both clinical studies and laboratory experiments.

Common polymorphisms may subtly alter protein func-

tion or expression, resulting in phenotypes relevant to

the human disease. For example, abnormal vascular de-

velopment has been observed in murine models with in-

sufficient ALK-1 [57, 62] and ENG [51]. Importantly,

adenoviral-mediated VEGF gene transfer in ENG-defi-

cient mice causes enhancement of vascular abnormali-

ties, suggesting a synergism between TGF-� and VEGF

signaling pathways in development of abnormal or

‘‘dysplastic’’ vessels [66]. Structural integrity may also

be influenced by upstream influences on TGF-� signal-

ing. For example, of interest is the interaction of as-

trocytic integrin �V�8 and its role in TGF-� transport;

its abrogation results in vascular instability leading to

developmental ICH [10]. Preliminary data suggest de-

creased �V�8 expression in resected AVM tissue (un-

published data).

We recently provided the first description of a com-

mon genetic variant associated with the sporadic dis-

ease: an intronic variant of ALK-1 (IVS3 -35 A>G)

was present at a higher frequency in AVM cases com-

pared to healthy controls [44]. This association was

independently replicated [54, 55]. Preliminary data sug-

gest that this single nucleotide polymorphism (SNP) is

associated with alternative splicing (unpublished data).

Other SNPs we have found to be associated with AVM

susceptibility include common promoter polymorphisms

in IL-1� (IL-1� -31 T>C and -511 C>T) [29].

There are also genetic influences on clinical course of

AVM rupture resulting in ICH in 3 settings: presentation

with ICH [28, 43], new ICH after diagnosis [1, 45], and

ICH after treatment [2]. We found that the GG genotype

of the IL-6 (IL-6 -174 G>C) promoter polymorphism

was associated with clinical presentation of ICH [43].

The high-risk IL-6 -174 GG genotype was also associat-

ed with the highest IL-6 mRNA and protein levels in

AVM tissue [14]. We have not yet identified any asso-

ciations of sporadic AVM with polymorphisms in genes

coding for important angiogenesis-related proteins, such

as VEGF, TIE-2, or the angiopoietins.

We have further explored use of genotype to predict

new ICH in the natural course after presentation, but

before any treatment had been initiated [1, 45]. We

found that the A allele of the TNF-� -238 G>A pro-

moter SNP was associated with new hemorrhage in the
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natural course of a sample of 280 AVM cases. Adjusting

for initial presentation with hemorrhage, age, and race=

ethnicity, resulted in an adjusted hazards ratio (HR) of

4.0 (95% CI¼ 1.3–12.3; p¼ 0.015) [1].

Additionally, the apolipoprotein (APOE) "2, but not

APOE "4 allele, was associated with new hemorrhage

(n¼ 284) in the natural course, with an adjusted HR of

5.1 (95% CI¼ 1.5–17.7; p¼ 0.01) [45]. When examined

together in a multivariate model, both the APOE "2 and

TNF-� -238 A alleles were independent predictors of

ICH risk [45]. The TNF-� and APOE results are excit-

ing, because they represent the first description of a

genotype associated with increased natural history hem-

orrhagic risk in AVM patients. Newer evidence also

associates IL-1� with increased risk of new ICH [28].

In addition to their association with spontaneous ICH in

the natural, untreated course, both APOE "2 and TNF-�

-238 A alleles appear to confer greater risk for post-

radiosurgery and post-surgical hemorrhage [2].

All of these genetic association results require repli-

cation and larger sample sizes, considerable challenges

for a rare disease such as AVM. The largest cohorts to

date have been assembled from clinical series. Although

the large clinical series have not directly studied genet-

ics, there may be indirect evidence of a genetic influ-

ence, in that race=ethnic background appears to affect

spontaneous bleeding rate [31]. This association could

be explained by genetic, socio-economic, and environ-

mental factors, or a complex combination of all three.

However, no specific factors have been identified in case

series, with the possible exception of essential hyperten-

sion [33].

Conclusions

Considering the tissue expression data together with the

genetic studies, the available data are consistent with

the hypothesis that angiogenic and inflammatory pro-

cesses – including ENG and ALK-1 signaling path-

ways – contribute to AVM pathogenesis and clinical

course. Although the data do not prove that such activity

is causative, involvement of these pathways appears

highly plausible. Replication studies are needed for the

genetic association findings and animal models are need-

ed for mechanistic studies.

A prevailing view is that AVM pathophysiology is

governed to a large extent by chronic hemodynamic

derangements [20, 67] imposed on a relatively fixed

congenital lesion. Our findings raise the possibility that

angiogenic and inflammatory pathways can either syner-

gize with underlying defects or hemodynamic injury to

result in the clinical phenotype and behavior. Further, it

may be the case that the angiogenic and inflammatory

components are actually the driving causal force in dis-

ease initiation and progression, perhaps in conjunction

with as yet undetermined environmental influences.

Progress in elucidating these pathways and mechanisms

not only offer promise for developing innovative, safer

treatments for the disease, but also may provide insights

into the vascular failure seen in other hemorrhagic brain

disorders.
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Summary

Cerebral vasospasm is the classic cause of delayed neurological de-

terioration leading to cerebral ischemia and infarction, and thus,

poor outcome and occasionally death, after aneurysmal subarachnoid

hemorrhage (SAH). Advances in diagnosis and treatment, principally

nimodipine, intensive care management, hemodynamic manipulations,

and endovascular neuroradiology procedures, have improved the pro-

spects for these patients, but outcomes remain disappointing. A phase 2b

clinical trial (CONSCIOUS-1) demonstrated marked prevention of va-

sospasm with the endothelin antagonist, clazosentan, yet patient out-

come was not improved. The most likely explanation is that the study

was underpowered to detect the relatively small improvements in out-

come that would be seen with prevention of vasospasm, especially when

assessed using relatively insensitive measures such as the modified

Rankin and Glasgow outcome scales. Other possible explanations for

this result are that adverse effects of treatment affected the beneficial

effects of the drug. It also is possible that alternative causes of neuro-

logical deterioration and poor outcome after SAH, including delayed

effects of acute global cerebral ischemia, thromboembolism, microcir-

culatory dysfunction, and cortical spreading depression, play a role.

Clazosentan reduced angiographic vasospasm in a dose-dependent man-

ner in patients with aneurysmal SAH following coiling or clipping of the

aneurysm. Reducing the incidence of vasospasm should have an impor-

tant effect on clinical outcome. A phase 3 clinical trial (CONSCIOUS-2)

will focus on quantifying this outcome in patients undergoing aneurysm

clipping receiving placebo or 5mg=h of clazosentan.

Keywords: Cerebral aneurysm; clazosentan; endothelin antagonist;

subarachnoid hemorrhage; vasospasm.

Introduction

Cerebral vasospasm remains an important contributor to

patient morbidity and mortality after aneurysmal sub-

arachnoid hemorrhage (SAH), despite sizeable efforts

to control its occurrence. In fact, vasospasm following

aneurysmal SAH is a significant independent risk factor

for poor prognosis in survivors of aneurysm rupture [9].

Vasospasm can occur as early as 3 days and as late as

14 days after SAH secondary to aneurysm rupture. It is

often defined radiologically or clinically. Radiologic

vasospasm is diagnosed by arterial narrowing on angi-

ography. Contrast fills vessels at a slower rate, and

comparison with previous angiograms demonstrates

progressively narrowing arteries that then return to nor-

mal weeks later in most cases. Clinical vasospasm,

delayed ischemic neurological deficit, or delayed cere-

bral ischemia (DCI) is a clinical diagnosis of exclusion

assigned to patients post-SAH, who show confusion,

decreased level of consciousness, or present with a

focal neurological deficit. It is believed, but not well

documented, that clinical vasospasm can occur without

radiological vasospasm. The reverse, where patients

have radiological vasospasm and no symptoms, occurs

in about half of cases.

The pathophysiology and pathogenesis of vaso-

spasm and DCI continues to be widely researched

and debated. Though widely accepted that vessel con-

traction and arterial narrowing are primarily responsi-

ble for the ischemia and consequent neurologic decline

seen after SAH, we know that the process is far more

complicated. Immediate global cerebral ischemia oc-

curring when the aneurysm ruptures, loss of blood-

brain barrier integrity, activation of apoptosis and

inflammatory pathways, microcirculatory constriction,

thromboembolism, and cortical spreading depres-

sion have all been hypothesized as elements of the

process [7].
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Prognosis

Patient outcome after SAH is dependent upon a wide

array of factors [9]. The relative contributions of vari-

ous factors to outcome have been estimated and divid-

ed into those present on admission and thus perhaps

less-modifiable, and those developing after admission

and traditionally being considered more treatable. The

most important factor present on admission is the neu-

rological grade of the patient. All other factors such as

age, amount of SAH on computed tomography, pres-

ence of intraventricular and intracerebral hemorrhage,

size and location of the aneurysm, and preexisting

systemic hypertension, were less important. Of the

factors developing after admission, the most important

was cerebral infarction (although strictly speaking, not

a risk factor for poor outcome). Others, such as vaso-

spasm and fever 8 days after SAH, contributed a simi-

lar amount, whereas use of anticonvulsants and various

hemodynamic treatments were less influential. The

multiple factors and relatively small overall effect of

vasospasm leads to very large sample sizes when tra-

ditional clinical trials are designed for agents to pre-

vent vasospasm with endpoints such as the Glasgow

Outcome Scale [6]. Further complicating the picture

are additional, as yet unidentified factors that are not

directly modifiable by treating physicians, such as ge-

netic predispositions to brain injury [5]. Another issue

is that the above retrospective multivariable analysis

does not give any information about the causative na-

ture of any of the features to outcome but simply

measures association. Fever after SAH is a good ex-

ample. The uncertainty lies in whether we consider the

febrile patient in such condition as a cause or a con-

sequence of the underlying aneurysmal pathology.

Certainly, SAH and the resulting neurological deficits

will have an effect on physiological homeostasis. In

fact, the extent of neurological insult will determine

the magnitude of dysfunction systemically [11]. A vi-

cious cycle thus develops, where the increasing sys-

temic disorder results in further neurological injury.

This may be a consequence of one known manifesta-

tion of systemic disease: fever. Other work has identi-

fied poor clinical neurological grade and the presence

of intraventricular hemorrhage as key risk factors in

the development of fever after SAH [3]. Importantly,

these febrile patients are often refractory to the usual

treatments for fever, such as acetaminophen. Further

study on patient management and the development

of medical complications such as fever is certainly

warranted.

Pathogenesis of vasospasm

Given the correlation between vasospasm of cerebral

arteries and poor outcome, much interest has focused

on the etiologic factors that propagate vasospasm and

the possibility of selectively targeting and interrupting

their mechanism of action. Endothelin-1 is an important

mediator of vasospasm and is known to be a potent

and long-lasting vasoconstrictor. Clazosentan, a selec-

tive endothelin-A receptor antagonist, has proven to be

an interesting candidate in the treatment of vasospasm

owing to its ability to reverse vasoconstriction in experi-

mental [10] and phase 2a clinical trials [12]. Much focus

has turned to the possibility of using clazosentan in the

prevention angiographic cerebral vasospasm following

aneurysmal SAH.

Vajkoczy et al. [12] randomized 76 patients with an-

eurysmal SAH to clazosentan, 0.2mg=kg=h, or placebo.

In blinded analysis, moderate and severe angiographic

vasospasm was reduced significantly from 88% in

the placebo to 40% in the clazosentan-treated patients.

Regional cerebral blood flow was also measured [1]. It

was the same in placebo (23� 4mL=100 g=min) and

clazosentan (24� 1) patients acutely after the SAH, but

by day 8 was significantly lower in the placebo group

(11� 7 versus 24� 13). In an open-label component of

the study, clazosentan was infused intravenously in some

of the placebo patients after vasospasm had developed

and it was found to reverse established vasospasm in

50% of cases. Furthermore, new infarctions were ob-

served in 15% of patients in the clazosentan group com-

pared to 44% in the placebo group (not statistically

significant). Toxicity seemed to be minimal.

CONSCIOUS-1

The effects of clazosentan on the occurrence of vaso-

spasm were tested further in the CONSCIOUS-1 study

(clazosentan to overcome neurological ischemia and

infarction occurring after subarachnoid hemorrhage).

Here, a double-blind, randomized placebo-controlled

approach was employed for patients with ruptured

aneurysms treated with either coiling or clipping.

Clazosentan, 1, 5, or 15mg=h was tested in patients

for up to 14 days. The primary efficacy endpoint was

moderate or severe cerebral vasospasm, as measured by

digital subtraction catheter angiography (DSCA) at day

9� 2 post-aneurysm rupture. Of note, this is one of

few [4, 12], and possibly the largest trial to evaluate

an experimental treatment for cerebral vasospasm using

DSCA. Recruitment involved 413 patients from 52 cen-
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ters worldwide. All 3 doses significantly reduced mod-

erate or severe cerebral vasospasm. The effect was pro-

portional to the dose of the drug administered, with a

relative risk reduction of 65% (as compared to placebo)

in the group of patients receiving 15mg=h of clazosen-

tan (p<0.0001).

While the reduction in vasospasm occurred in a dose-

dependent manner, clinical outcome was not favorably

changed. One somewhat implausible explanation for this

is that moderate and severe vasospasm defined angio-

graphically does not necessarily cause poor outcome.

A review of the literature as well as clinical experience

shows that patients with severe vasospasm that is not

treated develop large cerebral infarctions. Cerebral in-

farction is strongly associated with poor outcome, and

angioplasty to reverse vasospasm almost certainly saves

lives, suggesting that this is not true [2, 8]. Another

possibility is that clinical benefit may be balanced by

side effects of the drug. This seems unlikely, because

there was a trend for reduction in cerebral infarct num-

ber and volume among the clazosentan-treated patients

compared to placebo. There may be other causes for

DCI as aforementioned. Reducing the degree of vaso-

spasm can only reduce its contribution to the clinical

outcome that is dependent upon a number of modifiable

and unmodifiable factors. Finally, and perhaps most like-

ly, is the fact that the study was not powered to detect

an effect on the Glasgow Outcome Scale, which would

require many more patients [6].

CONSCIOUS-2

The benefit of clazosentan in reducing vasospasm is

strongly supported now in 2 blinded clinical trials.

Since vasospasm is a well-documented adverse prog-

nostic factor for outcome after aneurysmal SAH, it re-

mains important to further study preventive treatments.

CONSCIOUS-2 is the next study of clazosentan and is a

phase 3 randomized, blinded, placebo-controlled trial.

It aims to measure clinical outcome using the primary

endpoint of vasospasm morbidity and all-cause mor-

tality. Vasospasm morbidity is defined as delayed neuro-

logical deterioration, new cerebral infarction, and=or

commencement of valid rescue therapy for vasospasm.

Patients suffering from aneurysmal SAH who have had

their aneurysm clipped and do not suffer any severe

intraoperative complications that would compromise

neurological evaluation will be randomized 2:1 to re-

ceive clazosentan (5mg=h) or placebo. One design ad-

vantage of this study is that the patients entered will

represent a homogenous group, with a unique treatment

for their ruptured aneurysm (neurosurgical clipping).

Additionally, multiple secondary endpoints of this study

include the extended Glasgow Outcome Scale assessed

at 3 months, as well as total volume of new cerebral

infarcts and each of the primary endpoint components

as determined by a central critical events committee.

This way, we will be able to measure the longer term

effects of clazosentan, as well as the clinical outcome of

patients with reduced vasospasm months after the initial

hemorrhage.

Conclusions

Two of every 3 patients with aneurysmal SAH will ex-

perience vasospasm, and 1 of these will suffer morbidity

and mortality that decreases their chance for meaning-

ful recovery [7]. This is in spite of nimodipine and

complicated, expensive hemodynamic therapy and in-

tensive care monitoring. Currently, treatment for SAH

remains supportive and the treatment options for vaso-

spasm are limited. Vasospasm is a well-established

complication of SAH and clazosentan has statistical-

ly shown to be effective in reducing its incidence.

Hopefully, the CONSCIOUS-2 study will elucidate

whether and how this translates into clinical benefit

for our patients.
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Summary

Objective. We investigated early postoperative hemodynamic and meta-

bolic values using positron emission tomography (PET) scanning in

subarachnoid hemorrhage (SAH) patients treated with clipping or coil-

ing, and evaluated usefulness of PET studies in predicting late ischemic

events and neurological outcome in SAH patients.

Methods. We examined 14 SAH patients treated with neurosurgical

clipping (CLIP group) and 16 patients treated with endovascular coiling

(COIL group). Cerebral blood flow (CBF), cerebral metabolic rate for

oxygen (CMRO2), and oxygen extraction fraction (OEF) were deter-

mined using 15O-PET scanning about 8.5 days after SAH.

Results. 1) Mean regional CBF (rCBF) in the middle cerebral artery

(MCA) territory was significantly higher in CLIP group compared with

COIL group; regional CMRO2 (rCMRO2) and regional OEF (rOEF)

were also higher. Four clipped patients showed true hyperemia in the

MCA territory; none of the coiled patients showed hyperemia. 2)

Surgical intervention significantly decreased mean rCMRO2 and rOEF

in the operated frontal lobe compared with the unoperated side. 3) Nine

of 30 patients (40%) developed subsequent clinical vasospasm after

SAH. Significant differences between the spasm group and non-spasm

group were not observed in the MCA territory before vasospasm.

Conclusion. A wide range of cerebral perfusion patterns including

hyperemia were found in the CLIP group. Surgical manipulation of

the brain significantly reduced oxygen metabolism in the operated

frontal lobe. PET data alone may not have independent prognostic

value for detecting delayed cerebral ischemia or in predicting neuro-

logical outcome.

Keywords: Cerebral blood flow; cerebral oxygen metabolism; endo-

vascular coiling; subarachnoid hemorrhage; surgical clipping.

Introduction

Clipping has been considered the most reliable and com-

mon treatment for subarachnoid hemorrhage (SAH)

resulting from ruptured aneurysm. In the past decade,

however, endovascular coiling has grown in popularity

as an alternative to clipping. Outcome studies are neces-

sary to ascertain the relative benefits of endovascular

coiling over neurosurgical clipping.

The International Subarachnoid Aneurysm Trial

(ISAT), a randomized trial comparing neurosurgical

clipping with endovascular coiling in patients with rup-

tured intracranial aneurysm, has shown the benefit of

endovascular treatment on the primary outcome: death

or dependency at 1 year [11]. Many studies of reportedly

good neurological outcome have demonstrated that a

significant number of SAH patients show impairments

in neuropsychological functioning [7, 9]. To fully under-

stand the clinical outcome and relative efficacy of these

treatments, evaluation of neuropsychological status, in-

cluding cognitive outcome, is necessary. A recent study

showed that coiled patients may have slightly better

cognitive outcome than clipped patients in the acute

phase after treatment [3]. However, there are minimal

differences in long-term cognitive outcome between the

2 groups because of the post-acute stage of recovery in

the both groups [3]. This finding indicates that there

might be differences in cerebral blood flow (CBF) and

metabolism that occur shortly after clipping or coiling of

a ruptured aneurysm.

The primary aim of our study was to investigate early

hemodynamic and metabolic values using positron emis-

sion tomography (PET) scanning in patients with SAH.

Regional cortical values of CBF, cerebral metabolic rate

of oxygen (CMRO2), and oxygen extraction fraction

(OEF) were evaluated within 14 days after SAH and

compared between the surgical clipping (CLIP) group

and the endovascular coiling (COIL) group. The second-
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ary aim of this study was to evaluate the correlation be-

tween the PET findings and delayed cerebral ischemia

due to cerebral vasospasm and to determine the useful-

ness of PET studies in predicting late ischemic events

and neurological outcome.

Materials and methods

Patients, study design, and treatment

Thirty consecutive patients with SAH attributable to aneurysm rupture

(20 women, 10 men) with a mean age of 61.6 � 13.4 years (range, 32–

79 years) were enrolled in this study. The protocol excluded patients

who had large intracerebral hematoma or were World Federation of

Neurological Surgeons (WFNS) grade V.

Decisions on how to treat an aneurysm were made on a case-by-case

fashion, depending on angiographic and clinical data. Fourteen patients

were treated by neurosurgical clipping using the standard pterional

approach (10 women, 4 men; mean age 54.0 � 12.4 years) (CLIP group)

and 16 patients were treated by endovascular coiling with Guglielmi

detachable coil (GDC) (10 women, 6 men; mean age 68.1 � 10.5 years)

(COIL group). As the treatment strategy was decided on a case-by-case

fashion, the COIL group was found to be significantly older than the

CLIP group (p<0.01). The 2 groups were compared with 13 disease

control patients (CONTROL group) without SAH, where a cerebral pan-

angiography did not show any vascular lesions (6 women, 7 men; mean

age 60.8 � 11.7 years). The clinical status of the patients was assessed

using the WFNS grading scale, and mean WFNS grade on admission

was similar in the CLIP group (2.6 � 0.7) and in the COIL group

(2.4� 0.7). Four patients bearing posterior circulation aneurysm were

all treated by endovascular coiling.

Postoperatively, all patients were monitored in neurological intensive

care units, usually until day 14 post-SAH. Regardless of the method of

securing the ruptured aneurysm, every patient was treated in the same

way with hypervolemia=hypertension and intermittent fasudil hydro-

chloride (Rho-kinase inhibitor) administration. Continuous cerebrospinal

fluid drainage from the lumbar subarachnoid space was placed when

necessary. Neurological examinations were performed daily to detect

delayed ischemic neurological deterioration (DIND). DIND was defined

as a new or aggravating neurological deficit or a reduced level of

consciousness and confirmed with digital angiography. Once cerebral

vasospasm was revealed on angiography, fasudil hydrochloride or pa-

paverine hydrochloride was selectively administered to relax constricted

arteries and intensive hypervolemia=hypertension therapy was per-

formed to maintain adequate CBF. Regional CBF (rCBF) and metabo-

lism was determined using positron emission tomography (PET), usually

within 10 days after SAH. Patients who already exhibited DIND and had

cerebral infarction on CT scan at the time of PET examination were

excluded from this study. Outcome was graded according to the Glasgow

Outcome Scale at time of discharge from the hospital.

Results

One patient in the CLIP group (7%) had severe DIND

resulting in cerebral infarction and 4 patients (29%) had

mild to moderate symptoms from DIND without radio-

logical consequences. On the other hand, 3 patients in

the COIL group (19%) had moderate to severe DIND

with subsequent cerebral infarction, and 1 patient (6%)

had minor symptoms from DIND without permanent

radiological findings. Therefore, the incidence of clinical

vasospasm was not significantly different between the 2

groups. The outcome of the patients at discharge was

similar in the CLIP group (GR:9, MD:3, SD:1, VS:1)

and in the COIL group (GR:10, MD:4, SD:2).

PET studies were performed usually within 10 days

after SAH in both groups (8.4� 3.4 days in the CLIP

group and 8.6� 2.4 days in the COIL group). Physio-

logical parameters including blood pressure, arterial

pH, PaO2, PaCO2, hemoglobin concentration, and he-

matocrit level were within normal values and did not

differ significantly between the 2 groups. Mean rCBF

in the middle cerebral artery (MCA) territory was sig-

nificantly higher in the CLIP group (49.9� 4.5ml=

100 g=min) compared with the COIL group (44.1�
4.1ml=100 g=min, p<0.01) (Fig. 1A). The mean rCBF

Fig. 1. Comparison of rCBF (A), rCMRO2 (B), and rOEF (C) in the MCA territory examined using 15O-PET in SAH patients treated with surgical

clipping (CLIP) or endovascular coiling (COIL) and controls (CONTROL). PET scanning was performed about 8.5 days after SAH in the CLIP and

COIL patient groups. Mean rCBF was significantly higher in the CLIP group compared with the COIL group (�p<0.01). The rCBF value observed

in the CLIP group was also significantly higher than that in the CONTROL group (#p<0.05). Mean rCMRO2 and rOEF were higher in the CLIP

group compared with the COIL group, but the differences between the 2 groups were not statistically significant
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value observed in the CLIP group was also significantly

higher than that in the CONTROL group (46.4�
2.7ml=100 g=min, p<0.05). Four patients in the CLIP

group showed hyperemia (rCBF >51.6ml=100 g=min,

mean rCBFþ 2 SD in the CONTROL group) in the

MCA territory; however, no patients in the COIL group

showed hyperemia. Mean regional CMRO2 (rCMRO2)

in the MCA territory was higher in the CLIP group

(3.14� 0.72ml=100 g=min) compared with that in the

COIL group (2.72� 0.52ml=100 g=min), but this was

not statistically significant (Fig. 1B). Again, mean re-

gional OEF (rOEF) in the MCA territory was slightly

higher in the CLIP group (0.43� 0.09), but was not

significantly different compared with that in the COIL

group (0.40� 0.07) (Fig. 1C). Since only a small num-

ber of patients (n¼ 4) had poor neurological outcome

(SDþVS) in both groups, we did not perform a statisti-

cal comparison of PET values between good-outcome

and poor-outcome patients. Four poor-outcome pa-

tients (2 in each group) showed slightly lowered mean

rCBF (44.4� 5.1ml=100 g=min) in the MCA territory;

their mean rCMRO2 was, however, apparently low

(2.40� 0.34ml=100 g=min). To evaluate the effect of

surgical manipulation and retraction of the brain on

CBF and metabolism, we compared PET values in the

bilateral frontal lobe in the CLIP group (n¼ 14). Al-

Fig. 3. Comparison of rCBF (A),

rCMRO2 (B) and rOEF (C) before

clinical vasospasm in the MCA territo-

ry in the spasm group (n¼ 12) and

non-spasm group (n¼ 18). There were

no significant differences in these PET

values between the 2 groups

Fig. 2. Comparison of rCBF (A), rCMRO2 (B) and rOEF (C) in operated and unoperated frontal lobes of SAH patients treated with surgical clipping

(n¼ 14). Mean rCBF in the operated frontal lobe did not significantly differ from the value in the unoperated frontal lobe. Mean rCMRO2 and rOEF

in the operated frontal lobe were significantly lower compared with values in the unoperated frontal lobe (��p<0.01 and �p<0.05). Comparison

was made by paired t-test. The bottom row of images is from a representative case showing decreased rCMRO2 and rOEF in the operated frontal

lobe (double arrow)
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though there was no significant difference in mean

rCBF in the frontal lobe between the approach side

(47.1� 4.9ml=100 g=min) and non-approach side

(47.9� 4.1ml=100 g=min) (Fig. 2A), the values of mean

rCMRO2 and rOEF in the frontal lobe were significantly

lower in the approach side (2.65� 0.53ml=100 g=min

and 0.39� 0.07ml=100 g=min, respectively) compared

with those in the non-approach side (2.89� 0.61ml=

100 g=min; p<0.01, and 0.42� 0.07; p<0.05, respec-

tively) (Fig. 2B and C). To clarify the second aim of our

study, evaluation of the usefulness of PET studies in

predicting cerebral vasospasm, we compared PET values

obtained before clinical vasospasm in the MCA territory

between the spasm group (n¼ 12) and the non-spasm

group (n¼ 18). There was no significant difference

in rCBF between the spasm group (46.9� 5.8ml=

100 g=min) and the non-spasm group (46.6� 4.8ml=

100 g=min) (Fig. 3A). Again, there were no significant

differences in oxygen metabolism between the spasm

group (rCMRO2¼ 2.82� 0.62; rOEF¼ 0.43� 0.06) and

the non-spasm group (rCMRO2¼ 2.98� 0.67; rOEF¼
0.41� 0.09) (Fig. 3B and C).

Discussion

Our study was conducted to examine 2 questions. The

first was to determine whether there are any differences

in postoperative CBF and metabolism between surgi-

cally clipped and endovascularly coiled patients after

aneurysmal SAH. The clinical and demographic data

are identical between the 2 groups, and PET scans were

obtained at similar time points in the acute stage after

SAH. Regional CBF in the MCA territory was signifi-

cantly higher in the CLIP group compared with the

COIL group. The effect of aging on CBF might be small

and could not account for the significant reduction ob-

served in the COIL group. We found a wide variation in

CBF patterns, ranging from reduced blood flow to nor-

mal CBF values to hyperemia among SAH patients trea-

ted by surgical clipping. Four of the clipped patients

(29%) exhibited true hyperemia in the MCA territory;

however, none of the coiled patients showed hyperemia.

Hyperemia observed in the CLIP group influenced the

result of significantly higher values of mean rCBF in the

MCA territory compared with the COIL group. Several

pervious studies have demonstrated globally and gradu-

ally reduced CBF and CMRO2 in the acute stage of

aneurysmal SAH [5, 8]. There was, however, one report

showing hyperemic CBF values in the normal cortices in

surgically operated SAH patients [6]. A recent xenon-

CT study also demonstrated that global hyperemia was

detected postoperatively in 14% of the aneurysmal

SAH patients treated with surgical clipping [13]. To

the best of our knowledge, no report has demonstrated

cerebral hyperemia in SAH patients treated with coil

embolization.

Although hyperemia is not a rare phenomenon follow-

ing aneurysmal SAH, the precise mechanism of hyper-

emia has not been elucidated. A large amount of SAH

causes elevated intracranial pressure and results in a

severe drop in perfusion pressure [5]. Craniotomy for

surgical clipping dramatically reduces intracranial pres-

sure and this may cause reperfusion hyperemia. This

does not occur in aneurysmal SAH patients treated

with endovascular coiling. Our patients who showed

global hyperemia after surgery also exhibited globally

increased cerebral blood volume (CBV) in the brain.

Hyperemia with increased CBV supports the reperfusion

theory, which consists of recruitment of blood flow into

the impaired cerebral vasculature with vasodilatation. In

a scenario of cerebral ischemia, postischemic hyperemia

is a beneficial phenomenon associated with good tissue

outcome by restoring the blood flow into the impaired

cerebral vasculatures when it occurs early in the acute

ischemic phase. A previous study has shown that hyper-

emic CBF value following SAH correlates to a favorable

outcome [13]. In our study, 4 clipped patients exhibited

true hyperemia in the PET scan obtained 7 to 11 days

after SAH, and they all showed good neurological out-

come (GR) at discharge.

Animal studies have shown that marked reduction in

CBF underlying a brain retractor and prolonged brain

retraction can lead to tissue damage [12]. Yundt et al.

used PET to measure rCBF, rCMRO2, and rOEF in

4 patients 1 day before and 6–17 days after surgical

clipping for ruptured aneurysm [14]. They compared

pre- and postoperative changes and differences between

operated and unoperated hemispheres. Measurements

revealed that CMRO2 fell 45% and OEF fell 32% after

surgery in the retraction zone, while CBF remained un-

changed. We observed similar results in our surgically-

treated SAH patients, but the relative reductions in

CMRO2 and OEF in the operated frontal lobe were very

mild (<10%).

The second question examined in our study is whether

PET examinations have predictable values of late

ischemic events and final neurological outcome.

Measurement of CBF has been shown to provide useful

prognostic information about patients with SAH and

to help guide timing of surgery. Transcranial Doppler
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(TCD) ultrasonography is a commonly used technique

to measure blood flow velocities in large intracranial

arteries [1]. Although TDC is the simplest and least

invasive method to detect changes in CBF in patients

with SAH, this technique is associated with poor sensi-

tivity and specificity and is best used in combination

with other modalities [10, 13]. We observed apparently

low rCMRO2 and rOEF in the MCA territory in patients

with poor neurological outcome; rCBF in the MCA ter-

ritory, however, did not differ between the poor- and

good-outcome groups. In a primate study of cerebral

ischemia, CMRO2 measurement provided the best pre-

dictor of reversible or irreversible tissue damage [4].

Also, OEF and CMRO2 measurements could provide a

true definition of ischemia in patients with aneurysmal

SAH [2]. We observed that 36 and 27% of the clipped

and coiled patients, respectively, exhibited delayed clin-

ical and=or angiographic vasospasm. However, no sig-

nificant difference in CBF and metabolism in the MCA

territory was observed between spasm and non-spasm

patients before the vasospasm. Of course, it is important

to recognize that PET studies provide a ‘‘snapshot’’ of

cerebral perfusion and metabolism at the time of scan-

ning, but provide no information regarding preceding or

subsequent events. The number of patients in this series

is insufficient for detailed quantification of this prog-

nostic value, but our results suggest that PET data may

not have independent prognostic value in the assessment

of crude outcome, in terms of poor and good neuro-

logical outcome. No study has attempted to compare

the PET findings and cognitive outcome in aneurysmal

SAH patients treated by surgical clipping or endovascu-

lar coiling. We would like to examine the relationship

between the temporal and spatial PET findings and neu-

ropsychological consequences including cognitive func-

tion in our next study.

Conclusions

First, among patients with aneurysmal SAH, we ob-

served that mean rCBF in the MCA territory was sig-

nificantly higher in the CLIP group compared with the

COIL group. A wide range of cerebral perfusion pat-

terns including hyperemia was found in the CLIP

group, while no patients in the COIL group showed

hyperemia. Surgical manipulation of the brain signifi-

cantly reduced rCMRO2 and rOEF, but not rCBF in the

operated frontal lobe compared with those in the unop-

erated frontal lobe.

Secondly, PET data alone may not have independent

prognostic value in detecting delayed cerebral ischemia

or for predicting crude neurological outcome. It is nec-

essary to examine the relationship between PET findings

and neuropsychological consequences, including cogni-

tive function, in the future.
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Summary

Introduction. Brain hemorrhage is the most frequent fatal form of

stroke and has the highest level of morbidity of any stroke subtype.

For patients with both intracerebral hemorrhage and intraventricular

hemorrhage (IVH), expected mortality is 50–80%. No validated,

efficacious treatment exists for humans, but animal models demon-

strate substantial physiologic and functional benefits associated with

rapid, near-complete removal of blood from either the ventricle or

intracerebral location (i.e., �80% removal over 48 h). The purpose of

the CLEAR-IVH trial (Parts A and B) is to evaluate safety and ef-

ficacy of using multiple injections of low-dose rt-PA to accelerate

lysis and evacuation of IVH.

Methods. Patients enrolled in the trial receive an injection of 1.0mg rt-

PA through an external ventricular drain every 8 h up to 12 doses, or

until clot reduction or clinical endpoint is met. CT scans are taken daily

to monitor clot resolution and check for unexpected bleeding events. In a

previous dose-finding study where the safety profile (symptomatic re-

bleeding) was 0%, 1mg rt-PA every 8 h was determined the appropriate

dose.

Results. Comprehensive analyses of 36 patients in the recently com-

pleted CLEAR-IVH Part B are currently being conducted. Adverse

events are within safety limits, including 30-day mortality, 8%; symp-

tomatic re-bleeding, 8%; and bacterial ventriculitis, 0%.

Conclusion. Preliminary analyses show that use of low-dose rt-PA can

be safely administered to stable IVH clots and may increase lysis rates.

Keywords: Intraventricular hemorrhage; thrombolysis; tissue plas-

minogen activator.

Introduction

Intraventricular hemorrhage (IVH) occurs in about 40%

of primary intracerebral hemorrhage (ICH) cases and

15% of aneurysmal subarachnoid hemorrhage (SAH)

cases [1, 6, 8, 17]. The incidence of IVH in ICH is about

twice that of SAH; respectively they account for about

10 and 5% of the 500,000 strokes occurring yearly in

the United States [5, 6]. Thus, an IVH occurs in about

22,000 people every year in the United States. Most

recent research supports the assertion that IVH is a sig-

nificant and independent contributor to morbidity and

mortality in both ICH and aneurysmal SAH [1, 7, 8,

15, 22, 23, 25]. Mortality estimates for this condition

range from 50 to 80% [2, 23].

Current practice in the management of IVH involves

the use of an extraventricular drain (EVD) to treat ob-

structive hydrocephalus; however, an EVD is often in-

adequate in the setting of IVH because the catheter

becomes occluded with blood clots. Conventional thera-

py for catheter occlusion with blood is removal of the

occluded catheter and insertion of a second catheter in

another location, preferably one that is free of blood.

This technique does little to address inflammatory reac-

tions caused by the breakdown of blood clots in ventri-

cles that often lead to communicating hydrocephalus [4,

9, 10, 14]. The severity of communicating hydrocepha-

lus appears to be related to the amount of blood present

and the amount of time that the cerebrospinal fluid

(CSF) is exposed to the clotted blood [3, 11–13, 21,

24]. In the CLEAR-IVH trial, the aim is to use recom-

binant tissue plasminogen activator (rt-PA; CathFlo

Activase, Genetech Inc., South San Francisco, CA) to

accelerate the lysis of IVH and effectively drain lysed

blood products, thereby alleviating the effects of ob-

structive hydrocephalus and reducing the incidence of

communicating hydrocephalus.
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Background

Pang et al. [18–20] developed a model of intraventricu-

lar thrombolysis by treating clotted blood injected into

the ventricles of adult dogs. In this study, more rapid

clearance of intraventricular blood occurred in lytic-trea-

ted versus control animals. Similarly, Mayfrank et al.

[16] showed ventricular dilatation and an association

of blood clot volume with mass effect in a pig model.

In that study, significant decline in this mass effect was

noted at 1.5 h and 7 days when rt-PA was used for intra-

ventricular thrombolysis. Importantly, in both canine

and porcine models, the greater the volume of blood clot

injected into the ventricles, the greater the likelihood of

animal death [16, 20]. Initial data from the CLEAR-IVH

Part B study (n¼ 36), and findings from the preceding

safety study (n¼ 48) and CLEAR-IVH Part A study

(dose-finding, n¼ 16), shows a similar proportional ef-

fect between greater clot volume and increased mortality

in human IVH patients.

Methods

Inclusion criteria for the study are as follows: patients aged 18–75 with

an intraventricular catheter placed as standard of care, using less than or

equal to 2 complete passes. The eligible patient’s diagnostic computed

tomography (CT) scan must show evidence of either third or fourth

ventricle obstruction, and an ICH volume �30 cc (volume calculated

using the A�B�C=2 method) and stable at least 6 h later by a second

CT scan. If an aneurysm is suspected, magnetic resonance angiography

or CT angiography must be obtained prior to enrollment to rule out an-

eurysm, arteriovenous malformation, or any other vascular anomaly. The

patient must have a historical Rankin score of 0 or 1 and a negative

pregnancy test. Exclusion criteria include: any infratentorial hemor-

rhage, coagulopathy, platelet count <100,000, international normalized

ratio >1.7, abnormal prothrombin time (PT), or an elevated activated

partial thromboplastin time (APTT). Reversal of warfarin is permitted. If

SAH is suspected, an angiogram is obtained to rule out any possibility of

a bleeding source not strongly associated with hypertension.

Patients meeting enrollment criteria have an EVD placed as standard

of care for treatment of acute obstructive hydrocephalus. Before dosing,

the investigator is required to view the most recent CT scan, confirming

that the catheter does not deliver rt-PA into tissue or subarachnoid space.

Once catheter placement is confirmed and CSF outflow is observed to

follow normal pressure wave forms, the first dose of drug is administered

no sooner than 12 h and no later than 48h after the diagnostic CT scan.

Pharmacokinetic samples are drawn at doses 1 and 4 to assess drug-

blood interaction (Fig. 1). After injection, the system is closed for 1 h to

allow for drug-clot interaction. After 1 h, the system is opened for drain-

age. Isovolumetric injections continue every 8 h up to 12 doses, or until

a clinical endpoint is met. Clinical endpoints include: (1) clot reduction

to 80% of initial clot volume, (2) clearance of all obstruction of the third

and fourth ventricles, and (3) any instance of re-bleeding in which

stability cannot be re-established. A CT scan is taken every 24 h to as-

sess whether an endpoint has been met. Follow-up scans are scheduled

at 30 days and 180 days after treatment to monitor any subsequent

bleeding event and track continuing changes in residual clot.

Results

One hundred patients (22 placebo, 78 treatment) have

been treated using the described protocol. Results from

Fig. 1. rt-PA in the ventricle; the bio-

chemistry of drug-blood interactions
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the recently concluded Phase II CLEAR-IVH, Part B, trial

are not yet available. However, preliminary analyses indi-

cate that low-dose treatment with rt-PA shows an expected

safety profile, with the incidence of ventriculitis, cerebritis,

re-bleeding, and 30-day mortality below predetermined

study thresholds. One additional finding is that intraven-

tricular blood closest to the drug-delivering EVD, as well

as blood in the third and fourth ventricles, resolves more

quickly than blood in areas of the ventricular system fur-

ther from the EVD. Furthermore, once obstruction of the

third and fourth ventricles is removed, clot lysis rates dis-

sipate more rapidly in the treated patients (Fig. 2).

Conclusion

Enrollment in Phase II of the study concluded in March

2008. Early analyses have shown that areas closest to the

catheter delivering drug and the third and fourth ventri-

cles are the first to resolve with intraventricular rt-PA

dosing. Furthermore, areas near the EVD catheter and

the third and fourth ventricles show a clear dose re-

sponse. This suggests that appropriate dosage and cath-

eter placement are both important in achieving optimal

clot lysis. Complete analyses are forthcoming.
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Summary

Introduction. Intracerebral hemorrhage (ICH) is one of the most com-

mon clinical manifestations of human brain arteriovenous malformation

(BAVM). However, the hemorrhagic mechanism of BAVM is still un-

clear. Leptin, first discovered in obesity research, has not been system-

atically studied in BAVM and ICH. We investigated expression and

effect of leptin on human BAVM.

Methods. Specimens were obtained from 6 BAVM patients, who

had been divided into either hemorrhagic or non-hemorrhagic groups.

Leptin, leptin receptor, and signal transducers and activators of transcrip-

tion-3 (STAT3) were analyzed by different methods, such as gene chips,

reverse transcription-polymerase chain reaction (RT-PCR), immunohis-

tochemistry, and Western blot. Perinidal brain tissue around each BAVM

served as control.

Results. Gene chips and RT-PCR found transcriptional leptin raised at

least 2 levels in hemorrhagic BAVM. Immunohistochemical slices also

showed higher expression of leptin, leptin receptor, and STAT3 on nidus

part of hemorrhagic BAVM than non-hemorrhagic ones. On Western

blot analysis, hemorrhagic BAVMs had higher levels of leptin (p<0.01).

Conclusions. The transcriptional and translational levels of leptin,

leptin receptor, and STAT3 were higher in hemorrhagic BAVM, suggest-

ing that leptin may play an important role in the hemorrhagic mecha-

nism of BAVM.

Keywords: Brain arteriovenous malformations; leptin; intracerebral

hemorrhage.

Introduction

Intracerebral hemorrhage (ICH) is one of the most com-

mon clinical manifestations of human brain arteriove-

nous malformation (BAVM) [1]. The primary goal of

modern treatments, including surgical resection, inter-

ventional embolism and radiotherapy, or multidisciplin-

ary therapy, is to lessen occurrences of BAVM bleeding

[3]. However, the hemorrhagic mechanism of BAVM

rupture is still unclear.

Leptin was once classified as a key endocrine factor in

regulating metabolism and was originally discovered in

obesity research [11], but it has not been systematically

studied in the field of BAVM and ICH [10]. Previously,

we screened leptin as a significantly upregulated factor

in the nidus part of BAVM by angiogenesis microarray.

Also, Soderberg et al. [8] found there was positive rela-

tionship between leptin levels in serum and first-occur-

rence ICH, which is another independent risk factor of

hemorrhagic stroke. These findings caused us to consid-

er the possibility of a relationship between leptin and

bleeding of BAVM. Therefore, the goal of our study

was to investigate expression and effect of leptin and

its related signaling pathway on human BAVM.

Methods

Samples

Specimens from 6 BAVM patients were obtained, with informed con-

sent, for the period November, 2006 to March, 2007 at our hospital.

Clinical data for these patients are listed in Table 1. According to each

patient’s history and imaging data, the patients were divided into 2

groups: hemorrhagic (3 patients) and non-hemorrhagic (3 patients).

None of them had ever received either embolization or radiotherapy

prior to their surgery.

The nidus and perinidal brain tissue of each BAVM was identified and

then carefully dissected by the same experienced surgeon. Samples were

collected individually and stored in liquid nitrogen, and later transferred

to a �80 �C refrigerator, while the remainder of the specimen underwent

routine pathological examination and immunohistochemistry to confirm

BAVM, as follows.

Microarray analysis

Total ribonucleic acid (RNA) was extracted from the stored frozen tissue

of nidus (N), supplying artery (A), draining vein (V), and perinidal brain

tissue (B) individually using TRIzol reagent (Invitrogen, Carlsbad, CA).

Yield and quality of total RNA were assessed by ultraviolet absorbance

and denaturing agarose gel electrophoresis. Oligo GEArray Human

Angiogenesis Microarray (OHS-024; SuperArray Biosciences Corp.,

Correspondence: Xian-cheng Chen, Department of Neurosurgery,

Huashan Hospital, Fudan University, Shanghai 200040, China. e-mail:

xcchen58@yahoo.com.cn



Frederick, MD) was used to test 113 key genes involved in modulating

the biological processes of angiogenesis. Particularly, the leptin gene

bands were compared among the 4 tissues. After mean values of N, A, V,

and B parts of 3 hemorrhagic BAVM specimens were concluded as N0,
A0, V0, B0, we calculated values of N0=B0, A0=B0, V0=B0, making B0 as
control and �-actin as internal control.

Semi-quantitative reverse transcription-polymerase chain

reaction (RT-PCR)

A randomly selected nidus part of hemorrhagic BAVM underwent semi-

quantitative RT-PCR, while the perinidal brain tissue of the same patient

served as control.

After mRNA sequence of human leptin gene was copied from the

National Center for Biotechnology Information (NCBI) GeneBank on-

line, Primer Express version 1.0 software (Applied Biosystems, Foster

City, CA) was used to design specific primers, which were manufactured

by SBS Company (Beijing, China) and stored at �20 �C. Forward

primer is 50-GAAGGTTTGGTGTGTGGAGATG-30, and reverse primer

is 50-GCCTGATTAGGTGGTTGTGAGG-30.
In RT-PCR system A, RNase-free H2O 11mL, 10� reaction buffer

2mL, dNTP 2mL, oligo (dT)18 2mL, RNA inhibitor 1mL, sample RNA

1mL, and sensicript RTase 1mL, were added to a 20-mL final volume.

The contents were mixed well at 37 �C for an hour, so that sample RNA

was reverse transcripted and amplified to cDNA. Then in PCR system B,

ddH2O 15.62mL, 10X reaction buffer 2mL, dNTP 0.4mL, forward prim-

er 0.4mL, reverse primer 0.4mL, sample cDNA 1mL, and Hotstar-ase

0.18mL, were added to a 20-mL final volume. The contents were mixed

and the conditions of the PCR thermocycler were programmed at 94 �C
for 15min, 94 �C for 30 sec, 54 �C for 30 sec, and 72 �C for 40 sec; after

35 cycles, maintain 72 �C for 10min. mRNA levels were normalized to

�-actin as outlined by the manufacturer.

To every 10-mL sample, 2mL loading dye (Fermentas Life Sciences,

Glen Burnie, MD) was added into the well and DNA marker DL2,000

(TaKaRa) 7mL was used as control. After electrophoresis for 30min, the

gel was visualized on an ultraviolet transilluminator and pictures were

saved to compare expression of leptin gene in different samples semi-

quantitatively.

Immunohistochemical studies

Immunostaining was performed strictly following Strept-Avidin-Biotin-

Peroxidase Complex (SABC) method using reagent kits. Sections of all

specimens were incubated with primary antibodies of either leptin or

leptin receptor diluted at the following concentrations: rabbit polyclonal

anti-human leptin antibody, 1:20 diluted (Chemicon International,

Temecula, CA); rabbit polyclonal anti-rat leptin receptor antibody,

1:20 diluted (Abcam Inc., Cambridge, MA); rabbit monoclonal anti-

rat signal transducers and activators of transcription-3 (STAT3) antibody,

1:100 diluted (Cell Signaling Technology, Inc., Beverly, MA). The sec-

tions were mounted and photographed under fluorescent microscope.

Negative controls were performed without adding primary antibodies.

Western blot analysis

Protein was extracted from all 3 hemorrhagic BAVM specimens and

Western blot analysis was performed. Extracted protein from perinidal

brain tissues served as controls. Briefly, concentration of sample protein

was measured by bovine serum albumin method. The protein sample

(50mg) was run on 12% polyacrylamide gels with a 4% stacking gel

after denaturing in 100 �C water for 5min. The protein was transferred

to pure nitrocellulose membrane (Amersham Biosciences, Piscataway,

NJ), and membranes were probed with a 1:5000 dilution of the primary

antibody (rabbit anti-human leptin antibody; Chemicon International)

and a 1:2000 dilution of the secondary antibody (peroxidase-conjugated

goat anti-rabbit antibody). Finally, the antigen-antibody complexes were

visualized with a chemiluminescence system and exposed to photosen-

sitive film. The relative densities of leptin protein bands were analyzed.

Statistical analysis

Data are presented as mean� standard deviation. We used SPSS version

10.0 software (SPSS, Inc., Chicago, IL) to analyze and F-test for com-

parison among groups. p-value of <0.05 was considered significant.

Results

With microarray analysis, values of N0=B0, A0=B0, V0=B0

were calculated, and N0=B0 was found to be about 4

times higher than the others, suggesting that mRNA ex-

Table 1. Clinical data for BAVM study patients

Pt.

no.

Age=

Sex

Hemorrhage Epilepsy Radiotherapy Embolization BAVM

site

BAVM

diameter (cm)

Spetzler-Martin

scale [9]

Gene

chips

IHC RT-PCR Western

blot

1 30=M yes no no no L Fr 4.0 2
p p p p

2 17=F yes no no no L T&P 5.5 2
p p

–
p

3 49=M yes no no no L T 4.5 2
p p

–
p

4 60=F no no no no L Fr 7.0 3 –
p

– –

5 35=M no yes no no L P&O 4.0 2 –
p

– –

6 30=F no yes no no L T 3.5 2 –
p

– –

BAVM Brain arteriovenous malformation; F female; Fr frontal; IHC immunohistochemistry; L left; M male; O occipital; P parietal; Pt patient; RT-

PCR reverse transcription-polymerase chain reaction; T temporal.

Fig. 1. RT-PCR compared to expression of leptin. Expression of leptin

on nidus is higher than in perinidal brain tissue
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pression of leptin gene in the nidus part of BAVM was

about 4-fold higher than in artery, vein, or perinidal

brain tissue (p<0.01).

In Fig. 1, semi-quantitative RT-PCR indicates that the

band of leptin gene in nidus part of BAVM was clearer

than in perinidal brain tissue under the ultraviolet trans-

illuminator, proving that the nidus part had higher ex-

pression of leptin gene than perinidal brain tissue.

The vascular walls of the nidus part in non-hemor-

rhagic BAVM were thicker than in hemorrhagic ones.

Leptin antibody was positive on matrix of BAVM, but

negative on vascular walls and sporadically positive on

perinidal brain tissue. The stains of leptin antibody were

much stronger in hemorrhagic BAVM than in non-hem-

orrhagic, suggesting that expression of leptin in hemor-

rhagic BAVM was higher. Leptin receptor antibody had

a similar expression. STAT3 antibody was positive on

both matrix and vascular walls, and sporadically positive

on perinidal brain tissue. There was no significant dif-

ference in its staining on hemorrhagic and non-hemor-

rhagic BAVM.

Western blot analysis showed that there was expres-

sion of leptin on the nidus part of BAVM and slight

expression on perinidal tissue, which concurs with the

results above (Fig. 2).

Discussion

Leptin gene is coded by ob gene, which is on chromo-

some 7q31.3 in humans [10]. It has 146 amino acid

residues and its molecular weight is about 16 kD [2].

In serum, leptin molecules mostly combine with protein

for its strong hydrophilic activity, while only the free

leptin has its biological effects within a 10-min half-life

[10]. Leptin has to bind to its receptor to activate down-

stream effectors, such as the nuclear transcriptor, STAT3

[10]. Leptin receptor distributes widely in the human

body, mainly in choroid plexus, hypothalamus, liver,

kidney, heart, spleen, testis, fat tissue, and pancreatic

cells [2]. However, there has been no report of leptin

expression on BAVM. In our study, we found that the

transcription and translation levels of leptin, leptin re-

ceptor, and STAT3 were higher in hemorrhagic BAVM

than in non-hemorrhagic ones, suggesting that leptin

might play a role in rupture of BAVM.

The origin of leptin in BAVM may be similar to that

of other general endocrine hormones, and secreted in

several ways. First, after leptin is secreted by peripheral

white fat cells, it is transferred to BAVM. Since the flow

rate of blood in the nidus part of BAVM is faster, more

leptin deposits there. Secondly, several kinds of cells are

capable of secreting leptin by paracrine approach, such

as vascular endothelial cells, smooth muscle cells, fibro-

blasts, and macrophages. Third, the nidus itself secrets

leptin through an autocrine approach. The results of

immunohistochemical analysis showed leptin antibody

was negative on vascular walls of the nidus part but

positive on matrix and perinidal brain tissue. Since the

half-life of leptin is rather short, about 10min, the se-

cretion of leptin is probably from matrix cells of nidus.

According to different methods of secretion, leptin

deposits at the nidus part mostly because of fast flow,

high pressure, and disruption of blood-brain barrier of

BAVM.

We also found that expression of leptin, leptin recep-

tor, and STAT3 is greater in the nidus part of BAVMs.

Generally, the signal transduction pathway induced by

leptin is JAK=STAT, MAPK, PI3K, and so on [2].

JAK=STAT3 is the main pathway after leptin combines

with its receptor [4]. The transcriptional and translation-

al levels of leptin, leptin receptor, and STAT3 are higher

in hemorrhagic BAVM, suggesting that leptin may play

an important role in the hemorrhagic mechanism of

BAVM, probably acting through the JAK-STAT3 signal-

ing pathway.

Several hypotheses are proposed to explain why leptin

has a higher expression in BAVM. First, it is a specific

elevation. Leptin may promote angiogenesis and remo-

deling of vascular walls, such as hyperplasia of vascular

endothelial cells and smooth muscle cells, so that the

vascular walls are unstable [5, 7]. Leptin can activate

several pathways to release nitric monoxide, which

dilates vascular walls and thus leads to rupture [2].

Furthermore, leptin is the result of BAVM bleeding,

which may facilitate hyperplasia and calcification of

vascular walls and stable matrix, in order to prevent

further bleeding [2, 4, 5, 7]. Second, it is a non-specific

process. The deposition of leptin is the result of high

flow volume and disruption of blood-brain barrier. We

are more inclined toward the first explanation.

We chose perinidal brain tissue as our controls for a

reason. Sato et al. [6] proposed the term ‘perinidal dilat-

ed capillary networks’ (PDCN), and proved PDCN is

Fig. 2. Expression of leptin on nidus part of BAVM and slight ex-

pression on perinidal tissue on Western blot
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abnormally dilated to about 10- to 25-fold greater than

normal capillary vessels adjacent to nidus, and is com-

posed of micro-vessels communicating with nidus, sup-

plying artery, draining vein, and normal brain tissue. In

our experience, we usually resect these abnormal tissues

for fear of postoperative perfusion pressure break-

through and recurrence of BAVM. Of course, these peri-

nidal brain tissues are not normal brain tissue and may

still be subject to controversy, for they may have gliosis,

scar, or hemosiderosis, and are apt to change by bleed-

ing, hemodynamics, and interference by surgery, but this

is an ethically agreeable self-control.

In summary, we explored the effect of leptin and its

relative factors on bleeding of BAVMs, which may help

in the development of new therapeutic strategies for

predicting and preventing hemorrhagic BAVM.
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Summary

Cerebral vasospasm is a major cause of cerebral ischemia and poor

outcomes in the setting of aneurysmal subarachnoid hemorrhage (SAH).

Despite advances in diagnosis and treatment of SAH, the pathophysiol-

ogy of vasospasm is still poorly understood and outcomes remain disap-

pointing. Recent advances in understanding the role of hemoglobin in

initiating an inflammatory cascade in the subarachnoid space open new

avenues for therapy. Preliminary experimental and clinical evidence

indicate that targets in the inflammatory and oxidative cascades hold

promise in reducing the incidence and impact of cerebral vasospasm.

Keywords: Edaravone; haptoglobin; hemoglobin; ibuprofen; lefluno-

mide; subarachnoid hemorrhage; vasospasm.

Introduction

Despite decades of intensive research, cerebral vaso-

spasm due to subarachnoid hemorrhage (SAH) continues

to pose a formidable clinical problem. There are approx-

imately 30,000 cases of ruptured cerebral aneurysms in

the United States every year, and a significant number of

these cases are complicated by ischemia due to delayed

vasospasm. In fact, cerebral vasospasm likely accounts

for the fact that, while responsible for only 3% of all

strokes, SAH represents a significant proportion of poor

outcomes related to stroke [4, 7, 17, 30]. Moreover, con-

sidering that the average age of the SAH patient is de-

cades younger than for other types of stroke, many more

years of functional life are lost as a result of aneurysm

rupture and subsequent vasospasm [30, 33, 35]. As such,

cerebral vasospasm is a promising target for treatments

to reduce the morbidity and mortality associated with

the rupture of cerebral aneurysms.

Conventional treatments for cerebral vasospasm have

focused on the fluid dynamics of cerebral vasculature,

affecting vascular resistance, flow viscosity, and blood

pressure. Current medical management of vasospasm

typically involves hypervolemia, hypertension, and he-

modilution [19, 22, 29]. While it is capable of reducing

adverse outcomes related to vasospasm, hemodynamic

therapy is unable to prevent the vasospastic process [21,

24]. Patients must be monitored carefully through treat-

ment to evaluate for signs of congestive heart failure

related to the hemodynamic stress placed on the myo-

cardium with this therapy. In addition to hemodynamic

therapy, current medical management involves the use of

calcium channel blockers that ostensibly act on smooth

muscle cells to cause relaxation [5, 11, 14, 25, 27, 28,

38]. The calcium channel blocker nimodipine preferen-

tially vasodilates cerebral blood vessels, leaving it less

likely to cause systemic hypotension than other calcium

channel blockers. While this medication has not been

shown to alter the incidence of angiographic vasospasm,

studies have shown that it decreases the incidence of

cerebral ischemia [8]. Thought to act as a calcium chan-

nel blocker as well, magnesium sulfate infusion has also

been shown in randomized controlled trials to reduce the

incidence of symptomatic vasospasm, and preliminary

evidence indicates that it may lead to improved out-

comes [31, 36, 37].

Medical and hemodynamic therapies are augmented

nowadays with interventional procedures, including an-

gioplasty and intra-arterial vasodilator treatment. These

have shown efficacy in treating vasospasm. Balloon an-

gioplasty, while only available for larger vessels, is ef-
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fective in reversing focal vasospasm [18, 20]. While

these therapies have shown efficacy in treatment of va-

sospasm, each acts to affect hemodynamics in cerebral

vasculature without addressing the pathophysiology of

cerebral vasospasm.

Newer research has focused on the role of oxidative

damage and inflammation in the pathophysiology of ce-

rebral vasospasm following the release of hemoglobin

from extravasated red blood cells following SAH. It is

now believed that this hemoglobin participates in attract-

ing inflammatory cells to the perivascular space [2, 6]. In

addition, it is becoming increasingly clear that iron re-

leased from the hemoglobin molecules leads directly to

oxidative stress in the surrounding area [23, 34]. In this

study, we focus on several novel treatment strategies that

involve decreasing the quantity of subarachnoid hemo-

globin, interrupting the attraction of inflammatory cells,

or decreasing oxidative damage to cell membranes. We

do not intend for this to be an encyclopedic description

of novel research on this topic. For a thorough review of

the panoply of current treatment strategies in cerebral

vasospasm, the reader is encouraged to read 2 recently-

published, excellent reviews on the topic [18, 20].

New treatments

Thrombolytics

Since the extravasation of blood into the subarachnoid

space is ultimately the cause of vasospasm, one strategy

to reduce spasm involves decreasing the burden of sub-

arachnoid blood using thrombolytics to lyse clot. In

Japan, it is not uncommon to place drainage catheters

in the basal cisterns of patients with SAH. These may

then be used to instill thrombolytic agents, such as recom-

binant tissue plasminogen activator (TPA), to help dis-

solve and clear the blood present in the basal cisterns.

More recent trials involve irrigation of the cisterns intr-

aoperatively immediately following aneurysm clipping,

followed by cisternal drainage. A meta-analysis examin-

ing 9 studies from 1990 to 2000 showed significant de-

crease in the incidence of delayed ischemia and showed

improved functional outcomes with decreased mortality

following thrombolytic therapy [1]. Conversely, the single

randomized prospective trial has not shown evidence of

benefit [12]. This is an area open to more study, although

preliminary data indicates a reduction in symptomatic

vasospasm in patients treated with thrombolytics and

drainage [16]. An obvious concern with regard to the

instillation of a thrombolytic agent following rupture of

cerebral aneurysm would be complications related to

bleeding. This concern has in fact been borne out in re-

cent studies, where hemorrhagic complication rates as

high as 15% have been documented [1].

Haptoglobin

While the gross removal of subarachnoid blood shows

promise in the prevention of cerebral vasospasm, the

microscopic removal of hemoglobin may also prove help-

ful. The body’s endogenous system for clearance of

extracorpuscular hemoglobin involves the serum protein,

haptoglobin [3, 6]. Unlike other mammalian species,

which harbor only 1 haptoglobin subtype, humans have

2 separate alleles of haptoglobin molecules. This leads

to 3 possible protein subtypes: homozygous for type 1

(Hp1-1), heterozygous (Hp1-2), or homozygous for type

2 (Hp2-2). Each of these molecules has a very differ-

ent protein structure, leading to different molecular in-

teraction and efficiency in inactivation and clearance of

hemoglobin. Since extracorpuscular hemoglobin mole-

cules are responsible for free radical production and

the induction of prostaglandin synthesis in the perivas-

cular space, haptoglobin could prove helpful by imped-

ing its inflammatory and oxidizing capabilities.

The haptoglobin 2 allele interferes with normal poly-

merization of the haptoglobin molecule. In animals and

in humans with the Hp1-1 phenotype, haptoglobin forms

a dimer. The presence of a second allele (Hp2) induces

polymerization, creating a linear polymer in Hp1-2, and

a cyclical polymer in Hp2-2. Hp1-2 and Hp2-2 polymers

do not readily cross membranes, decreasing their access

to the extravasated blood. Moreover, when combined

with hemoglobin, Hp2-2 is more potent at activating

monocytes and macrophages than Hp1-1, while it is less

able to stimulate production of anti-inflammatory cyto-

kines [6]. There is a potential therefore that the Hp2

allele may actually exacerbate the vasospastic process.

Recent experimental evidence has been presented to

support the notion that the presence of Hp2 alleles may

play a role in cerebral vasospasm. The arterial lumens of

knock-in mice with Hp2-2 phenotypes were more con-

stricted following SAH than those in Hp1-1 mice. Also,

the physical activity level of the Hp2-2 mice was signif-

icantly decreased, indicating symptomatic vasospasm

[6]. Other, more recent studies have indicated that hap-

toglobin genotype may determine the severity of the

inflammatory response to blood products, leading to a

prediction of those who may be more susceptible to

vasospasm following SAH [3, 6, 15]. A recent clinical
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trial studied patients with SAH and has shown correla-

tion of haptoglobin type with presence of vasospasm on

transcranial Doppler examination [3].

This understanding of haptoglobin sub-types opens a

new area of prognostic and treatment modalities. Already,

haptoglobin typing has been used to predict those pa-

tients with SAH who are at increased risk of vasospasm.

This may allow the tailoring of other preventive mea-

sures to those patients at highest risk [3, 15]. Haptoglo-

bin may also be used as a therapeutic approach, with

possible cisternal infusion of Hp1-1 to improve clear-

ance of hemoglobin.

Anti-inflammatory agents

Extravascular hemoglobin is a potent pro-inflammatory

agent, causing the induction of adhesion molecules and

inflammatory cytokines. As such, inflammation plays

an important role in the pathophysiology of cerebral

vasospasm. Adhesion molecules and inflammatory cyto-

kines, induced by free hemoglobin, act as chemo-attrac-

tants, leading to aggregation of leukocytes in the walls

of cerebral blood vessels and in the perivascular space

and, in turn, intimal hyperplasia and luminal narrowing

with subendothelial fibrosis [2, 9, 13, 26, 32].

Once the inflammatory cascade has been initiated by

free hemoglobin, treatment options may focus on inter-

rupting continued inflammatory signals. For example, by

interrupting the chemo-attractive signals that bring in-

flammatory cells to the site of subarachnoid blood, local

administration of ibuprofen has shown promise in pre-

venting vasospasm [13, 26, 32]. Independent of its effect

on cyclooxygenase, ibuprofen in high intrathecal con-

centrations inhibits CAM expression, blocking the key

mediator of leukocyte extravasation, decreasing inflam-

mation in blood vessel walls. This is a property shared

by other non-steroidal anti-inflammatory drugs, as well;

however, attaining the concentration necessary in cere-

brospinal fluid would require toxic oral doses. Recently,

drug-eluting polymers have been developed for cisternal

administration of these agents following aneurysm clip-

ping. Treatment with ibuprofen-eluting polymer has

been shown to prevent vasospasm when initiated within

6 h of SAH in a rabbit model [13]. Subsequent primate

studies have shown similar results when the polymer

was placed within 12 h of the hemorrhagic event [26].

In addition, there was no evidence of immediate system-

ic or local toxicity at 7 days.

Another potent anti-inflammatory agent, leflunomide,

acts through inhibiting pro-inflammatory cytokines and

protein kinases. It may also have an anti-proliferative ef-

fect on vascular smooth muscle and anti-angiogenic prop-

erties. Early rabbit studies showed that oral leflunomide

treatment is able to reverse vasospasm by decreasing wall

thickness and increasing luminal cross-sectional area [2].

Finally, preliminary data from a recent small clinical

trial indicates that dexamethasone, applied topically to

arteries following aneurysm clipping, reduced the inci-

dence of symptomatic vasospasm. In this particular se-

ries, 1 patient (10%) in the treated group had vasospasm

without neurological deficit, compared with 4 patients

(40%) in the control group, 1 of whom had hemiplegia

[10]. It remains to be seen whether a beneficial effect of

this treatment could be demonstrated in larger, more

well-controlled studies.

Free radical scavengers: edaravone

Oxyhemoglobin is known to release reactive oxygen spe-

cies, such as superoxide, and the iron from heme actively

catalyzes the reaction, forming hydroxyl radicals. When

hemoglobin is released into the perivascular space fol-

lowing SAH, these free radicals attack endothelial cell

membranes, leading to lipid peroxidation and cell mem-

brane damage [23, 34]. Brain tissue is very sensitive to

lipid peroxidation, due to the high concentration of poly-

unsaturated fatty acids and its high rate of oxygen con-

sumption. Lipid peroxidation leads to changes in cell

membrane structure, causing edema and cell death.

Efforts to take advantage of this mechanism are still in

the early phase. One novel free radical scavenger, edar-

avone, acts on hydroxyl radicals and on iron-dependent

lipid peroxidation. While human studies have not been

completed, continuous intravenous administration of

edaravone for 7 days following SAH in a canine model

has shown significant reduction in cerebral vasospasm,

as observed on basilar artery angiography [23].

Conclusion

Subarachnoid blood following aneurysm rupture plays

an important role in the pathophysiology of cerebral

vasospasm. Extracellular hemoglobin leads to increased

inflammation and oxidative damage to the cerebral vas-

culature. The future of vasospasm prevention and treat-

ment rests in further understanding and manipulation of

these processes. By physically or chemically reducing

the perivascular hemoglobin burden, or by interrupting

the damaging inflammatory and oxidative cascades, it

may be possible to prevent the consequences of cerebral

vasospasm. This is the new frontier in the treatment of

this challenging and important clinical problem.
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Summary

Objective. To study the relationship of serum sodium levels and brain

ventricle size after aneurysmal subarachnoid hemorrhage (SAH).

Methods. Serum sodium levels and brain computed tomography (CT)

scans were obtained simultaneously and within 21 days from onset of

SAH in 69 patients. Serum sodium levels were compared with brain

ventricle size on CT. The index of third ventricle was calculated from

brain CT, and we studied its relationship to GOS (Glasgow Outcome

Scale) scores.

Results. There was obvious correlation between serum sodium levels

and index of third ventricle (r¼�0.753). GOS scores correlated with

serum sodium levels in patients with hypernatremia.

Conclusion. There was a negative correlation between serum sodium

levels and cerebral ventricle size in SAH patients. Hypernatremia is one

factor leading an unfavorable prognosis in SAH patients.

Keywords: Subarachnoid hemorrhage; serum sodium level; third

ventricle index; aneurysm.

Introduction

Subarachnoid hemorrhage (SAH) is usually caused by

the rupture of an intracranial aneurysm. SAH patients

often have changes in serum sodium levels, including

hypernatremia or hyponatremia [1, 11], which could

have an important effect on prognosis. Some research

[2, 7] had indicated that hypernatremia is an independent

factor that could produce an unfavorable prognosis. In

fact, hyponatremia occurs more frequently than hyper-

natremia and is considered to contribute to cerebral va-

sospasm following SAH [10]. Diabetes insipidus could

induce hypernatremia and syndrome of inappropriate

(secretion of) antidiuretic hormone (SIADH) could in-

duce hyponatremia. These fluid-electrolyte metabolic

disturbances are related to hypothalamus injury follow-

ing SAH [6, 9]. Hypothalamus injury has no character-

istic manifestation on imaging [12]. But because the

base of the third ventricle is hypothalamus, it is prudent

to determine whether the size of the third ventricle could

indirectly reflect hypothalamus injury. Clinically, hydro-

cephalus patients often experience hyponatremia, and

hypernatremia often occurs in patients with intracranial

hypertension causing disappearance of the third ventri-

cle. Further research is required to investigate whether

changes in the size of the third ventricle correlate to

changes in serum sodium levels.

Materials and methods

Patients

We analyzed 69 patients with SAH who were admitted to our hospital

between August 2004 and August 2006, which included 32 males and 37

females ranging age from 22 to 65 years. Careful research was under-

taken to rule out patients with significant systemic disease such as

cardiac disease, renal disease, endocrine disorders, and past neurological

disease. Our study was approved by the Committee for Clinical Trials

and Research on Humans at Zhejiang University of Medicine. All

patients provided written informed consent.

SAH in all patients was confirmed by brain computed tomography

(CT) scan and cerebral vessels were examined by digital subtraction

angiography (DSA). Patient treatment methods included direct surgery

in 46 patients, endovascular embolization in 11 patients, external ven-

tricular drainage in 2 patients, and medical treatment in 10 patients.

Serum sodium levels

Serum sodium levels were obtained twice daily from each SAH patient.

We averaged serum sodium levels every 3 days to obtain variances in

serum sodium levels.

The presence of hypernatremia (serum sodium concentration

>145mmol=L), hyponatremia (serum sodium concentration<135mmol=

L), or normonatremia (serum sodium concentration 135� 145mmol=L)
Correspondence: Dr. Chen Gao, 88 Jie-fang Road, Hangzhou,
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was determined by serum sodiummeasurements obtained twice daily after

SAH.We assigned patients into 3 groups by the maximum,minimum, and

average of each patient’s serum sodium level within 21 days after SAH.

Brain CT

In conjunction with serum sodium levels, brain CT was simultaneously

obtained every 3 days to observe intra-calvarium changes. On computer

scans of patient brain CTs, we calculated: A) maximum width of the

third ventricle; and B) the maximum endo-meridians of the skull on

caudate nucleus plane. According to the method used by Matar�oo et al.

[3], we calculated the index of third ventricle, and then evaluated the

correlation between serum sodium levels and index of third ventricle.

After patients were admitted to our hospital, GCS (Glasgow Coma

Scale) scores were evaluated on the third day after admittance, and GOS

(Glasgow Outcome Scale) scores were evaluated at the 3-month follow-

up visit.

SPSS version 11.0 software (SPSS, Inc., Chicago, IL) was used for

statistical analysis. According to the type of data property, Spearman

rank correlation analysis or Pearson correlation analysis were used. The

level of significance was denoted as p<0.05.

Results

Serum sodium levels following SAH

Serum sodium levels changed in a majority of patients

following SAH: 25 patients had hyponatremia (36%), 14

patients had hypernatremia (21%), and 30 patients had

normal levels (43%). Both GCS and GOS scores correlat-

ed to serum sodium levels (p<0.001, Pearson; Table 1).

Relationship between serum sodium levels

and brain ventricle size

Brain ventricles of the SAH patients with hypernatremia

had shrunken, excluding 2 patients who had obstructive

hydrocephalus resulting from cerebroventricular hemor-

rhage. In addition, all 16 patients with communicating

hydrocephalus had hyponatremia; however, the brain

ventricle size in some hyponatremia patients had no

change. The patients with obstructive hydrocephalus

were excluded and those left were divided into 3 groups

by serum sodium level. Third ventricle indices of the 3

groups were compared to each other by Spearman’s rank

correlation analysis. Third ventricle indices also corre-

lated with serum sodium levels (r¼�0.753; p<0.001)

(Fig. 1).

Changes in serum sodium levels after

ventriculoperitoneal shunt

The 16 patients with communicating hydrocephalus re-

ceived a ventriculoperitoneal shunt, and experienced in-

creased serum sodium levels following the surgery

(Table 2).

Discussion

Patients with aneurysmal SAH often have changes in

serum sodium levels, and in our experience, hyponatre-

mia occurred more frequently than hypernatremia. Our

study of 69 patients found 25 hyponatremia patients

(36%) and 14 hypernatremia patients (21%). The aver-

age serum sodium level of the hypernatremia patients in

this study was 163.8� 15.3mmol=L. The serum sodium

level of most hypernatremia patients increased in the

early stage and their GCS scores descended 3–5 points

following the increase. If the serum sodium level per-

sisted at 165mmol=L or beyond, it progressively in-

creased, even to 185mmol=L. The third ventricle in

patients with severe hypernatremia disappeared and its

index was zero. GOS scores of such patients were very

Table 1. Serum sodium levels, and GCS and GOS scores for 3 patient

groups (p<0.001)

No. of

patients

Serum sodium

level

GCS

scores

GOS

scores

Hypernatremia 14 163.8 � 15.3 4 � 1 1.4 � 0.6

Normonatremia 30 138.7 � 4.5 13 � 2 4.3 � 0.6

Hyponatremia 25 124.5 � 5.9 8 � 1 4.4 � 0.7

GCS Glasgow Coma Scale; GOS Glasgow Outcome Scale

Table 2. Comparison of serum sodium levels before and after ventri-

culoperitoneal shunt surgery

Serum sodium

level (mmol=L)

t p-value

Before surgery 127.11 � 6.39 5.832 <0.001

After surgery 138.97 � 4.03

Fig. 1. Third ventricle index of different groups. �p<0.05 vs. the

other groups
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low, and 90% died within 6–15 days and the remaining

10% incurred severe brain impairment. Pearson analysis

demonstrated an obvious correlation between GOS

scores and serum sodium level with hypernatremia

(r¼�0.757), but no correlation with hyponatremia or

normal levels. Therefore, hypernatremia could predict

poor outcomes in SAH patients, which confirms research

by Qureshi et al. [7]. Qureshi et al. also report that the

mechanism involved in this phenomenon is yet un-

known. In our study, brain CT showed that patients with

hypernatremia were complicated by obvious intracere-

bral hematoma, intraventricular hemorrhage, cerebral

infarction of a large area, or obstructive hydrocephalus.

In these patients, the third ventricle was pressed and

transformed, except in cases of obstructive hydrocepha-

lus where the ventricle was enlarged. The average in-

dex of third ventricle was 0.0061� 0.0058, which was

homochronous with hypernatremia. If the serum sodium

level did not exceed 165mmol=L and furthermore did

not last a long time, the prognosis obviously improved.

More commonly, SAH patients were complicated by

hyponatremia. In our study, 21 patients (30%) had hypo-

natremia in the early phase. As the illness progressed,

4 patients with normal serum sodium levels had

hyponatremia after 14 days, with an average level of

124.5� 5.9mmol=L. In the hyponatremia group, 16

patients had an enlarged brain ventricle with an average

third ventricle index of 0.1188� 0.02527. Such pa-

tients often had some clinical manifestation, such as

cognitive disorder, instability of gait, urinary inconti-

nence, hypermyotonia, etc. The average serum so-

dium level recovered from 127.11� 6.39mmol=L to

138.97� 4.03mmol=L after all 16 patients received a

ventriculoperitoneal shunt. Twelve patients experienced

an obvious improvement in gait and cognition, while the

size of brain ventricle and the third ventricle’s index had

no changes. This result corresponded with some of the

research by Sorteberg et al. [8] on normal pressure hy-

drocephalus (NPH). At present, it is still unknown why

hyponatremia and hydrocephalus concur.

In our study, 30 patients (43%) had a normal level of

serum sodium, with an average level of 138.7�
4.5mmol=L. Of these patients, 84% had normal brain

ventricle with a third ventricle index of 0.0295�
0.0074; 16% had slightly-enlarged brain ventricle with

a third ventricle index of 0.0499. The GCS scores of

these patients ranged from 11 to 15, and GOS scores

were normal except in 4 patients who had NPH with

hyponatremia in the late stage. By analyzing the 3

groups with different serum sodium levels, it was dis-

covered that serum sodium level had little correlation

with GCS scores (r¼�0.413; p<0.001) and an obvious

correlation with the third ventricle index (r¼�0.753;

p<0.001). Therefore, it could be concluded that the size

of brain ventricle is negatively correlated with serum

sodium level.

Following SAH, changes in serum sodium level in-

volved different pathophysiological mechanisms. Most

of the patients with hypernatremia had diabetes insipidus

and the serum sodium level continued to increase, even

though intake of sodium was forbidden and enough non-

electrolyte fluid was supplied according to urine volume

and central venous pressure (CVP). Intracranial pressure

in these patients was very high, resulting in decrease of

cerebral blood flow. The third ventricle transformed by

compression and nucleus hypothalamus, which is near

the third ventricle, was damaged. As a result, secretion

of antidiuretic hormone decreased, which could produce

a great deal of hypobaric urine. Synchronously, the se-

rum sodium level persistently increased, which could

lead to poor outcome. The third ventricle of patients with

normal serum sodium levels had no change or minimal

enlargement, and the hormone secretion of hypothalamus

was normal, so there was no effect on water-electrolyte

metabolism. When arachnoid granulations were blocked

following SAH, the secretion-absorption balance of ce-

rebrospinal fluid was disturbed and the enlargement of

brain ventricle would damage hypothalamus. By SIADH

or cerebral salt wasting syndrome, water-electrolyte em-

bolism was affected, resulting in hyponatremia. The

patients with communicative hydrocephalus in this

group had normal CVP and no hypotension, so hypona-

tremia might be caused by SIADH. But McGirt et al. [4]

discovered that brain natriuretic peptide (BNP) in-

creased in patients with hydrocephalus and considered

cerebral salt wasting syndrome a mechanism of hypona-

tremia. Further research is required to determine the

mechanism involved. It is still unknown why the serum

sodium level recovered but the size of brain ventricle

had no change after ventriculoperitoneal shunt. Novak

et al. [5] ascertained that the brain ventricle system has

hysteresis similar to that of the blood vascular system,

and it is hard for brain ventricle to recover after enlarge-

ment. Further research should be carried out to study this

phenomenon.

In our pilot study, we investigated the correlation be-

tween serum sodium levels and the size of the third

ventricle following SAH. The pathophysiological mech-

anism involved remains unclear, and further study is

required.
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Summary

We investigated the relationship between apolipoprotein E (APOE)

promoters (G-219T, C-427T, A-491T) polymorphisms, and worsening

CT results in early stage of traumatic brain injury (TBI) in a previously

reported cohort of Chinese patients.

Radiographic evidence of hemorrhage extension or delayed hemor-

rhage in acute stage (<7 days after TBI) was judged by serial CT

scanning compared to that on admission. APOE genotyping was per-

formed by means of PCR-RFLP. �2 test and logistic regression analyses

were done using SPSS software.

Of 110 Chinese patients, 19 presented with deteriorated clinical con-

dition in acute stage after hospitalization. Among these 19 patients,

serial CT scanning revealed 3 cases with hemorrhage extension and 2

cases with delayed hemorrhage. �2 test showed no statistical differences

in radiographic worsening=stabilization between the APOE "4(þ) and

APOE "4(�) groups (p¼ 0.170>0.05). Furthermore, no significant

correlation between intracranial bleeding based on CT scanning with

genotype or with haplotype frequencies for A-491T, C-427T, or G-219T

was found by �2 test (p>0.05).

In Chinese population, our data do not support the hypothesis that

genetic variations within the APOE gene are associated with CT wors-

ening in early stage of TBI.

Keywords: Apolipoprotein E; traumatic brain injury; early response;

intracranial hematoma.

Introduction

Traumatic brain injury (TBI) is an important global

public health problem and a leading cause of morbidity

and mortality in the neurosurgery field. Posttraumatic

intracranial hematoma is one of the major causes of fa-

tal injuries that complicate 25–45% of severe TBI

(Glasgow Coma Score (GCS) 3–8), 3–12% of moderate

TBI (GCS 9–13), and 1–3% of mild TBI (GCS 14–15)

[2]. One of the key factors affecting the clinical course

of patients in acute phase of TBI is the change in hema-

toma volume. The hematoma itself sometimes can lead

to secondary brain injury resulting in severe neurologi-

cal deficits, even delayed fatality. It is important to

predict the development of intracranial hematoma fol-

lowing TBI. But the considerable variability is only part-

ly explained by known prognostic features such as

patient’s sex, age, protective pathways, and therapeutic

targets. It has now been demonstrated that genetic poly-

morphism may play a key role in the susceptibility to

TBI, even outcome after TBI.

Recently, most studies on the relationship between

genetics and TBI have focused on apolipoprotein E.

Apolipoprotein E (apoE¼ protein), an important media-

tor of cholesterol and lipid transport in the brain, is

coded by a polymorphic gene (APOE¼ gene). More

and more study groups have shown that these APOE

alleles, especially "4 allele, are associated with predis-

position to the outcome following TBI [3, 4, 9, 11, 15].

The "4 allele not only influences poor long-term reha-

bilitation [9], but also severity in the acute phase after

TBI [5, 6]. Furthermore, a few studies focusing on the

regulation of apoE expression, have directed their atten-

tion to the association between APOE promoter (-491A=T

transversion, -427T=C transversion, and -219G=T trans-

version) and TBI [6, 7]. But the effect of genetics on the

formation of posttraumatic intracranial hematoma has

not been investigated.

In our previous studies, we have found that not only

is APOE "4 a risk factor, but also the APOE -491AA
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promoter in "4 carriers is a likely factor for clinical

deterioration in Chinese population [5, 6]. The aim of

this study was to determine the association between

APOE promoters in "4 carriers and worsening on com-

puted tomography (CT), showing the radiographic

evidences of either hemorrhage extension or delayed

hemorrhage in early stage of TBI.

Materials and methods

Patient population

In this study, we used the cohort of the Chinese patients reported

previously [5, 6]. A total of 110 medical records from patients with

TBI admitted to 2 neurosurgery departments (First Affiliated Hospitals

of Chongqing Medical University and Luzhou Medical College) from

December 2003 to May 2004 were collected and studied prospectively.

Information extracted from clinical records included age, sex, smoking

or not, alcohol-drinking or not, injury cause, initial clinical severity by

GCS, and CT findings.

Management was determined by the attending physician, blinded to

APOE genotyping. TBI patients’ conditions were monitored in ICU

continuously for 24h. CT scanning was performed on admission and

repeated every 4–8 h, or at any time necessary during the first 24 h after

TBI, and every day or every other day according to clinical status.

CT findings were dichotomized into deterioration or stabilization for

this study. Worsening on CT (<7 days after TBI) was judged by either of

the following criteria: increase in hematoma volume or delayed hema-

toma, both detected by serial CT scanning and compared to scans taken

at time of admission.

This study was approved by the Ethics Committee of the Department

of Medical Research. An informed consent was obtained from patients

directly or from a family member.

APOE genotyping

Determinations of APOE genotype and promoter polymorphisms were

performed blinded to the diagnosis and clinical condition of patients.

Venous blood was collected from patients on admission, then frozen and

stored for extraction of DNA by standard techniques. APOE genotype

and promoter polymorphisms were determined using a previously de-

scribed polymerase chain reaction method [5, 6].

Statistical analysis

SPSS software was used. Univariate analysis was performed using the

Pearson �2 test and the Fisher Exact test when necessary. In the multivari-

ate analysis, we coded the genotypes of each APOE promoter polymor-

phism as dummy variables according to the hypothesis for a recessive

model. Finally, logistic regression analysis was performed to control

other factors (including age, sex, GCS, smoking, alcohol-drinking, pattern

of TBI, treatments, injury mechanisms), as well as to test interactions

between promoter genotypes and worsening on CT after TBI.

Results

In this study, we used the cohort of Chinese patients

reported previously, where we found an association be-

tween deterioration of clinical condition and APOE

-491AA promoter [5, 6]. In this cohort, the distribu-

tions of APOE genotypes and alleles matched Hardy-

Weinberg law. Of 110 patients, 29 presented with intra-

cranial hematomas detected by the first CT scan after

hospitalization (<7 days). �2 test showed no statistical

differences in APOE allele frequencies between the 29

patients with intracranial hematomas and the other 81

cases (Table 1).

Of 110 patients, 19 presented with deteriorated clini-

cal condition after hospitalization (<7 days). Decrease in

GCS was detected in all worsening patients, including

those who were found to have radiographic evidence of

either hemorrhage extension or delayed hemorrhage.

Among the 19 patients, repeated CT scanning revealed

3 cases with hemorrhage extension and 2 cases with

delayed hemorrhage. Data were analyzed by statistics

using SPSS software and Fisher’s exact probability test

to compare the genotype frequencies. �2 test showed no

statistical differences in radiographic worsening=stabi-

lization between the APOE "4(þ) and APOE "4(�)

groups (p¼ 0.170>0.05). Furthermore, no significant

correlation between worsening on CT scans with geno-

type or with haplotype frequencies for A-491T or

C-427T or G-219T were found by �2 test (p>0.05)

(Table 2). After the adjustment by further multiple

logistic regression for general information (age, sex,

smoking or not, alcohol-drinking or not), the injury

causes, GCS, CT findings, treatments, and injury mecha-

Table 1. Comparison between number of patients with=without hema-

toma and apolipoprotein E allel

Hematoma "2 allel "3 allel "4 allel

"2(þ) "2(�) "3(þ) "3(�) "4(þ) "4(�)

Yes 5 24 28 1 4 25

No 13 68 80 1 13 68

p-value 0.882 0.460 0.773

Table 2. Comparison between number of patients with=without wors-

ening on CT scans and apolipoprotein E genotype

APOE genotype CT worsening CT stabilization p-value

"2(þ) 1 17 1.000

"2(�) 4 88

"3(þ) 4 104 0.089

"3(�) 1 1

"4(þ) 2 15 0.170

"4(�) 3 90

-219TT 2 50 1.000

-219GTþGG 3 58

-427TT 3 93 0.121

-427TCþCC 2 12

-491AA 3 77 0.612

-491AAþAT 2 28
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nisms, APOE "4 and APOE promoter were not found to

be risk factors for worsening on CT scans (p>0.05).

Discussion

In the general population, genetic polymorphism occurs

as the result of mutation and can be defined as a genetic

locus. The single nucleotide polymorphisms (SNPs)

resulting from a single base variation are the most com-

mon polymorphisms. ApoE is one of the most important

cholesterol transport proteins and an important mediator

of cholesterol and lipid transport in the brain. ApoE is a

polymorphic protein with 3 common isoforms (apoE2,

E3, E4), encoded by three alleles ("2, "3, "4) of a single

gene on chromosome 19q13.2. Furthermore, several

polymorphisms within the promoter region of the

APOE gene have been identified at -491 (A=T transver-

sion), -427 (T=C transversion), and -219 (G=T transver-

sion), which may affect the transcriptional activity of the

APOE gene [1].

Recently, APOE has been implicated as influencing

outcome following TBI. In our previous studies, we

reported that APOE "4 is a risk factor that predisposes

to clinical deterioration in acute phase after TBI [5].

And our further research focusing on APOE promoter

also has shown that APOE -491AA promoter in "4 car-

riers is apt to influence clinical deterioration in Chinese

population [6]. These findings may suggest that APOE

genotype plays a role in early responses to TBI and

contributes to poor outcome after TBI.

Intracranial hematomas are known to occur more

commonly in patients who have sustained brain injuries.

Although posttraumatic intracranial hematoma may be

one of the factors associated with deterioration, the ef-

fect of APOE genotype on posttraumatic intracranial

hematoma has not been studied as much as that on the

outcome of TBI. So far, there is only one investigation

[8] reporting that larger hematomas were found in head-

injured patients with one or more APOE "4 alleles than

in patients without the allele.

In this study, �2 test showed no statistical differences

in the APOE allele frequencies between the 29 patients

with intracranial hematomas and the other 81 cases

without it. Furthermore, no significant correlation of

intracranial bleeding based on CT scanning with ge-

notype or with haplotype frequencies for A-491T, C-

427T, or G-219T was found by �2 test (p>0.05). These

results suggest that not only the APOE genotype

but also APOE promoter may not be risk factors for

an intracranial hematoma after TBI, although APOE

might affect vitamin K-dependent coagulation, as sug-

gested by Shearer [12].

In our study, worsening on CT (<7 days after TBI)

was defined as either hemorrhage extension or delayed

hematoma. Hemorrhage extension means increase in he-

matoma volume, and delayed hematoma can be defined

as an intracranial hematoma that is insignificant or not

present on initial head CT scan at admission, but re-

vealed by subsequent CT scanning and showing sizeable

epidural, subdural, or intracerebral bleeding. Among

19 patients who showed deterioration during the first

7 days, only 5 cases showed radiographic evidence of

either hemorrhage extension or delayed hematoma.

There was no statistical difference in CT worsening=

stabilization between the APOE "4(þ) and APOE

"4(�) groups, which indicated that APOE "4 has no

distinct effect on hemorrhage extension or delayed he-

matoma following TBI. And according to further statis-

tic analysis, APOE promoter does not influence the CT

worsening in this study. These results suggest that not

only the APOE genotype but also APOE promoter may

not predict radiographic evidence of hemorrhage exten-

sion or delayed hematoma after TBI. Stein et al. [14]

tried to determine whether the ApoE "4 genotype pre-

disposes patients to coagulopathy and intravascular

microthrombosis after TBI, and reported that ApoE ge-

notype was not associated with intravascular coagulation

in TBI. Their finding may partly support our results.

As mentioned above, there is only 1 investigation [8]

reporting that APOE "4 does predict a larger hematoma,

which is contrary to our findings. The difference may be

that we have focused on the association between allele

frequencies and CT worsening in the early stage after

TBI, while Liaquat et al. analyze the relationship

between APOE "4 and the size of the intracranial hema-

toma. Ethnic and sample size differences may also in-

fluence the association between gene and intracranial

hematoma.

In brief, although more and more studies are interest-

ed in APOE gene, there are few reports focusing on the

relationship between APOE genotype and intracranial

hematoma. There is some evidence showing that ApoE

isoforms have differential influences on blood coagula-

tion or cerebrovascular pathology [10, 13, 16]. Our study

failed to support the hypothesis that APOE genotype and

promoter polymorphism may be a risk factor for post-

traumatic intracranial hematoma after TBI or to predict

worsening on CT scans. Larger cohort studies are need-

ed to elucidate the relationship between genotype and

coagulopathy to vascular complications of TBI.
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