


W



Acta Neurochirurgica

Supplements

Editor: H.-J. Steiger



Brain Edema XIII

Edited by

J.T. Hoff, R.F. Keep, G. Xi, and Y. Hua (eds.)

Acta Neurochirurgica

Supplement 96

SpringerWienNewYork



Julian T. Ho¤

Richard F. Keep

Guohua Xi

Ya Hua
University of Michigan, Department of Neurosurgery, Ann Arbor, Michigan, USA

This work is subject to copyright.

All rights are reserved, whether the whole or part of the material is concerned, specifically those of translation, reprinting, re-use of

illustrations, broadcasting, reproduction by photocopying machines or similar means, and storage in data banks.

Product Liability: The publisher can give no guarantee for all the information contained in this book. This also refers to that on drug dosage

and application thereof. In each individual case the respective user must check the accuracy of the information given by consulting other

pharmaceutical literature. The use of registered names, trademarks, etc. in this publication does not imply, even in the absence of specific

statement, that such names are exempt from the relevant protective laws and regulations and therefore free for general use.

6 2006 Springer-Verlag/Wien

Printed in Austria

SpringerWienNewYork is a part of Springer ScienceþBusiness Media

springeronline.com

Typesetting: Asco Typesetters, Hong Kong

Printing and Binding: Druckerei Theiss GmbH, St. Stefan, Austria, www.theiss.at

Printed on acid-free and chlorine-free bleached paper

SPIN: 11594406

Library of Congress Control Number: 2005937333

With partly coloured Figures

ISSN 0065-1419

ISBN-10 3-211-30712-5 SpringerWienNewYork

ISBN-13 978-3-211-30712-0 SpringerWienNewYork



Preface

The XIII International Symposium on Brain Edema

and Tissue Injury was held June 1–3, 2005, in Ann Ar-

bor, Michigan, USA. This volume includes papers pre-

sented at the symposium as well as papers that were

presented at a satellite Intracerebral Hemorrhage Con-

ference on June 4, 2005. In keeping with the outstand-

ing XII Symposium held in Hakone, Japan in 2002, we

chose to include brain tissue injury as well as brain

edema as the subject matter for this meeting. Brain

edema, in many respects, is a marker of underlying

pathological processes which include tissue injury

from many diseases.

The scientific sessions included invited speakers,

oral presentations, poster sessions, and panel discus-

sions. The meeting emphasized scientific excellence in

a congenial atmosphere focusing on both basic and

clinical science.

The symposium featured basic science research pre-

sentations as well as clinical observations in a variety

of categories, including traumatic brain injury, cere-

bral hemorrhage, cerebral ischemia, hydrocephalus,

intracranial pressure, water channels, and blood-brain

barrier disruption. The recent increase of interest in

intracerebral hemorrhage, including the primary event

and the secondary injury that follows, prompted a one-

day satellite conference on the subject. The conference

was held immediately after the Brain Edema Sympo-

sium. Most participants in the Brain Edema Sympo-

sium stayed an extra day to learn about the latest de-

velopments in intracerebral hemorrhage research,

including ongoing clinical trials and basic research in-

vestigation focusing primarily on the secondary events

which develop after the hemorrhage.

There was considerable enthusiasm to continue the

Brain Edema Symposium series at the conclusion of

the thirteenth meeting. The Advisory Board chose

Warsaw, Poland as the next site for the meeting under

the direction of Professor Zbigniew Czernicki and his

colleagues. Symposium attendees look forward to a

successful meeting in that city in 2008.

The editors wish to thank Ms. Kathleen Donahoe,

Ms. Holly Wagner, and the sta¤ of Springer-Verlag

for the commitment and editorial skills necessary to

prepare this volume for publication.

Julian T. Ho¤, Richard Keep, Guohua Xi, and Ya Hua



Acknowledgments

The Editors would like to express their sincere

thanks to those who made the Brain Edema XIII Sym-

posium and the satellite Intracerebral Hemorrhage

Conference possible. Thanks are due especially to the

International and Local Advisory Boards for both

meetings:

Brain Edema XIII

International Advisory Board

A. Baethmann

Z. Czernicki

U. Ito

Y. Katayama

T. Kuroiwa

A. Marmarou

A. D. Mendelow

Local Organizing Committee

J. T. Ho¤ (Chair)

R. F. Keep

Y. Hua

G. Xi

Intracerebral Hemorrhage Conference

International Advisory Board

J. Aronowski

K. J. Becker

J. R. Carhuapoma

D. F. Hanley

S. A. Mayer

A. D. Mendelow

S. Nagao

R. J. Traystman

K. R. Wagner

M. Zuccarello

Local Organizing Committee

J. T. Ho¤ (Chair)

W. G. Barsan

R. F. Keep

L. B. Morgenstern

Y. Hua

G. Xi

The meeting would not have been possible without

the hard work of Kathleen Donahoe and Heidi Zayan

as Secretariat, Pamela Staton and members of Univer-

sity of Michigan Conference Management Services,

Drs. Yangdong He, Shuijiang Song, and Wenquan

Liu (Department of Neurosurgery, University of

Michigan) for their expertise with the audio/visual pre-

sentations, and Drs. John Cowan and Jean-Christophe

Leveque (Department of Neurosurgery, University of

Michigan) for design and maintenance of the Brain

Edema 2005 website.

We would also like to thank the National Institutes

of Heath and NovoNordisk for providing educational

grants in support of the meeting.



Contents

Human Brain Injury

Kawamata, T., Katayama, Y.:

Surgical management of early massive edema caused by cerebral contusion in head trauma patients. . . . . . 3

Chambers, I. R., Barnes, J., Piper, I., Citerio, G., Enblad, P., Howells, T., Kiening, K., Mattern, J.,

Nilsson, P., Ragauskas, A., Sahuquillo, J. and Yau, Y. H. for the BrainIT Group:

BrainIT: a trans-national head injury monitoring research network. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Timofeev, I., Kirkpatrick, P. J., Corteen, E., Hiler, M., Czosnyka, M., Menon, D. K., Pickard, J. D.,

Hutchinson, P. J.:

Decompressive craniectomy in traumatic brain injury: outcome following protocol-driven therapy . . . . . . . 11

Hutchinson, P. J., Corteen, E., Czosnyka, M., Mendelow, A. D., Menon, D. K., Mitchell, P., Murray, G.,

Pickard, J. D., Rickels, E., Sahuquillo, J., Servadei, F., Teasdale, G. M., Timofeev, I., Unterberg, A.,

Kirkpatrick, P. J.:

Decompressive craniectomy in traumatic brain injury: the randomized multi center RESCUEicp study

(www.RESCUEicp.com) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Ng, S. C. P., Poon, W. S., Chan, M. T. V.:

Cerebral hemisphere asymmetry in cerebrovascular regulation in ventilated traumatic brain injury . . . . . . . 21

Marmarou, A., Signoretti, S., Aygok, G., Fatouros, P., Portella, G.:

Traumatic brain edema in di¤use and focal injury: cellular or vasogenic? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Beaumont, A., Gennarelli, T.:

CT prediction of contusion evolution after closed head injury: the role of pericontusional edema . . . . . . . . . 30

Utagawa, A., Sakurai, A., Kinoshita, K., Moriya, T., Okuno, K., Tanjoh, K.:

Organ dysfunction assessment score for severe head injury patients during brain hypothermia . . . . . . . . . . . . 33

Kinoshita, K., Sakurai, A., Utagawa, A., Ebihara, T., Furukawa, M., Moriya, T., Okuno, K.,

Yoshitake, A., Noda, E., Tanjoh, K.:

Importance of cerebral perfusion pressure management using cerebrospinal drainage in severe traumatic

brain injury. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

Mori, T., Katayama, Y., Kawamata, T.:

Acute hemispheric swelling associated with thin subdural hematomas: pathophysiology of repetitive head

injury in sports . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Kinoshita, K., Utagawa, A., Ebihara, T., Furukawa, M., Sakurai, A., Noda, A., Moriya, T., Tanjoh, K.:

Rewarming following accidental hypothermia in patients with acute subdural hematoma: case report . . . . 44



Furukawa, M., Kinoshita, K., Ebihara, T., Sakurai, A., Noda, A., Kitahata, Y., Utagawa, A., Moriya, T.,

Okuno, K., Tanjoh, K.:

Clinical characteristics of postoperative contralateral intracranial hematoma after traumatic brain injury 48

Human Intracranial Hemorrhage

Compagnone, C., Tagliaferri, F., Fainardi, E., Tanfani, A., Pascarella, R., Ravaldini, M., Targa, L.,

Chieregato, A.:

Diagnostic impact of the spectrum of ischemic cerebral blood flow thresholds in sedated subarachnoid

hemorrhage patients. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Dohi, K., Jimbo, H., Ikeda, Y., Fujita, S., Ohtaki, H., Shioda, S., Abe, T., Aruga, T.:

Pharmacological brain cooling with indomethacin in acute hemorrhagic stroke: antiinflammatory

cytokines and antioxidative e¤ects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Prasad, K. S. M., Gregson, B. A., Bhattathiri, P. S., Mitchell, P., Mendelow, A. D.:

The significance of crossovers after randomization in the STICH trial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Bhattathiri, P. S., Gregson, B., Prasad, K. S. M., Mendelow, A. D.:

Intraventricular hemorrhage and hydrocephalus after spontaneous intracerebral hemorrhage: results

from the STICH trial. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Ebihara, T., Kinoshita, K., Utagawa, A., Sakurai, A., Furukawa, M., Kitahata, Y., Tominaga, Y.,

Chiba, N., Moriya, T., Nagao, K., Tanjoh, K.:

Changes in coagulative and fibrinolytic activities in patients with intracranial hemorrhage . . . . . . . . . . . . . . . . 69

Okuda, M., Suzuki, R., Moriya, M., Fujimoto, M., Chang, C. W., Fujimoto, T.:

The e¤ect of hematoma removal for reducing the development of brain edema in cases of putaminal

hemorrhage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

Wu, G., Xi, G., Huang, F.:

Spontaneous intracerebral hemorrhage in humans: hematoma enlargement, clot lysis, and brain edema . . 78

Fainardi, E., Borrelli, M., Saletti, A., Schivalocchi, R., Russo, M., Azzini, C., Cavallo, M., Ceruti, S.,

Tamarozzi, R., Chieregato, A.:

Evaluation of acute perihematomal regional apparent di¤usion coe‰cient abnormalities by di¤usion-

weighted imaging. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Tagliaferri, F., Compagnone, C., Fainardi, E., Tanfani, A., Pascarella, R., Sarpieri, F., Targa, L.,

Chieregato, A.:

Reperfusion of low attenuation areas complicating subarachnoid hemorrhage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Human Cerebral Ischemia

Nanda, A., Vannemreddy, P., Willis, B., Kelley, R.:

Stroke in the young: relationship of active cocaine use with stroke mechanism and outcome . . . . . . . . . . . . . . 91

Sakurai, A., Kinoshita, K., Inada, K., Furukawa, M., Ebihara, T., Moriya, T., Utagawa, A., Kitahata, Y.,

Okuno, K., Tanjoh, K.:

Brain oxygen metabolism may relate to the temperature gradient between the jugular vein and

pulmonary artery after cardiopulmonary resuscitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

X Contents



Imaging/Monitoring

Daley, M. L., Le¿er, C. W., Czosnyka, M., Pickard, J. D.:

Intracranial pressure monitoring: modeling cerebrovascular pressure transmission . . . . . . . . . . . . . . . . . . . . . . . . 103

Guendling, K., Smielewski, P., Czosnyka, M., Lewis, P., Nortje, J., Timofeev, I., Hutchinson, P. J.,

Pickard, J. D.:

Use of ICMþ software for on-line analysis of intracranial and arterial pressures in head-injured patients. 108

Czosnyka, M., Hutchinson, P. J., Balestreri, M., Hiler, M., Smielewski, P., Pickard, J. D.:

Monitoring and interpretation of intracranial pressure after head injury . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

Experimental Brain Injury

O’Connor, C. A., Cernak, I., Vink, R.:

The temporal profile of edema formation di¤ers between male and female rats following di¤use

traumatic brain injury. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

James, H. E.:

The e¤ect of intravenous fluid replacement on the response to mannitol in experimental cerebral edema:

an analysis of intracranial pressure, serum osmolality, serum electrolytes, and brain water content . . . . . . . 125

Shigemori, Y., Katayama, Y., Mori, T., Maeda, T., Kawamata, T.:

Matrix metalloproteinase-9 is associated with blood-brain barrier opening and brain edema formation

after cortical contusion in rats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

Nakamura, T., Miyamoto, O., Yamashita, S., Keep, R. F., Itano, T., Nagao, S.:

Delayed precursor cell marker response in hippocampus following cold injury-induced brain edema. . . . . . 134

Sakowitz, O. W., Schardt, C., Neher, M., Stover, J. F., Unterberg, A. W., Kiening, K. L.:

Granulocyte colony-stimulating factor does not a¤ect contusion size, brain edema or cerebrospinal fluid

glutamate concentrations in rats following controlled cortical impact. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Li, S., Kuroiwa, T., Katsumata, N., Ishibashi, S., Sun, L., Endo, S., Ohno, K.:

Unilateral spatial neglect and memory deficit associated with abnormal b-amyloid precursor protein

accumulation after lateral fluid percussion injury in Mongolian gerbils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

Ohsumi, A., Nawashiro, H., Otani, N., Ooigawa, H., Toyooka, T., Yano, A., Nomura, N., Shima, K.:

Alteration of gap junction proteins (connexins) following lateral fluid percussion injury in rats . . . . . . . . . . . 148

Vannemreddy, P., Ray, A. K., Patnaik, R., Patnaik, S., Mohanty, S., Sharma, H. S.:

Zinc protoporphyrin IX attenuates closed head injury-induced edema formation, blood-brain barrier

disruption, and serotonin levels in the rat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

Uchino, H., Morota, S., Takahashi, T., Ikeda, Y., Kudo, Y., Ishii, N., Siesjö, B. K.,
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Summary

Early massive edema caused by severe cerebral contusion results in

elevation of intracranial pressure (ICP) and clinical deterioration

within 24–72 hours post-trauma. Previous studies indicate that cells

in the central area of the contusion undergo shrinkage, disintegra-

tion, and homogenization, whereas cellular swelling is predominant

in the peripheral area, suggesting that early massive edema is attrib-

utable to high osmolality within necrotic brain tissue and may gener-

ate an osmotic potential across central and peripheral areas.

We analyzed the e¤ects of surgical excision of necrotic brain tissue

in 182 patients with cerebral contusion registered with Japan Neuro-

trauma Data Bank; 121 patients (66%; Group I) were treated con-

servatively, and 61 (34%; Group II) were treated surgically. Most

Group II cases (90%) underwent complete excision of necrotic brain

tissue and evacuation of clots. Group I demonstrated higher mortal-

ity at 6 months post-trauma compared to Group II (48% vs. 23%;

p ¼ 0.0001; n ¼ 182). Striking di¤erences were observed in patients

scoring 9 or more on Glasgow Coma Scale at admission (56% vs.

17%; p ¼ 0.017; n ¼ 45) and demonstrated ‘‘talk-and-deteriorate’’

(64% vs. 22%; p ¼ 0.026; n ¼ 29), supporting our hypothesis that

early massive edema is caused by cerebral contusion accompanied

by necrotic brain tissue, indicating that surgical excision of necrotic

brain tissue provides satisfactory control of progressive elevation in

ICP and clinical deterioration in many cases.

Keywords: Cerebral contusion; brain edema; necrosis; osmolality.

Introduction

In patients with severe cerebral contusions, early

massive edema occurs within the period of 24–72

hours post-trauma [11]. This type of edema results in

progressive elevation of intracranial pressure (ICP)

and clinical deterioration [7], giving rise to a clinical

course termed ‘‘talk-and-deteriorate’’ [12]. Despite in-

tensive medical therapy, the elevated ICP in patients

with early massive edema is often uncontrollable and

fatal.

The classic histopathological study by Freytag and

Lindenberg [4] demonstrated the presence of 2 compo-

nents of cerebral contusions; one is the central (core)

area [3] in which cells undergo necrosis as the primary

consequence of mechanical injury (contusion necrosis

proper), and the other is the peripheral (rim) area in

which cellular swelling occurs as a consequence of

ischemia. A clear demarcation line separates these 2

components. The cellular elements in the central area,

both neuronal as well as glial cells, uniformly undergo

shrinkage, and then disintegration, homogenization,

and cyst formation. In contrast, cellular swelling,

which is largely attributable to ischemia [e.g., 1], is pre-

dominant in the peripheral area [4].

Our previous clinical studies [5–10], including di¤u-

sion magnetic resonance imaging, have provided sev-

eral lines of evidence to suggest that a large amount

of edema fluid is accumulated in necrotic brain tissue

within the central area of contusion, and this contrib-

utes to early massive edema. We hypothesized that this

early massive edema is attributable to a high osmolal-

ity within the necrotic brain tissue, which may generate

an osmotic potential across the central and peripheral

areas. In the present study, the e¤ects of surgical exci-

sion of the necrotic brain tissue were analyzed in pa-

tients with severe cerebral contusion registered with

the Japan Neurotrauma Data Bank (JNTDB).

Materials and methods

We analyzed data from the JNTDB in which a total of 1002 pa-

tients su¤ering severe traumatic brain injury (TBI) were registered

during the period 1998 through 2001. A total of 10 high-volume

emergency centers in Japan specializing in the management of severe

TBI were involved in this registry. Patients with severe TBI were de-

fined as those who scored 8 or less on the Glasgow Coma Scale



(GCS) during their clinical course or who underwent craniotomy.

Five-year-old and younger children were excluded. The data sheets

contained 392 items covering information on the injury characteris-

tics, pre-hospital care, diagnosis, treatment, and outcome. Among

these patients, 182 (18%) demonstrated severe cerebral contusions

as the major cause of their clinical status.

Results

Among the 182 patients with severe cerebral contu-

sion, 121 (66%; Group I) were treated conservatively

and the remaining 61 (34%; Group II) underwent

surgery. The ratio of selecting surgical management

was far lower in patients with cerebral contusion

(34G 19%), compared to those with acute epidural

hematoma (88G 11%) or acute subdural hematoma

(68G 18%) who were registered on the JNTDB during

the same period. There was a huge variation in the ra-

tio of selecting surgical management (9–77%) among

the contributing centers (n ¼ 10). Older patients, espe-

cially those between 40 and 60 years old, tended to un-

dergo surgery more frequently, while younger patients

tended to be treated conservatively. There was, how-

ever, no significant di¤erence in age between Groups I

and II (47.8G 23.8 vs. 54.4G 19.5 years). Surgical

management involved internal decompression (com-

plete excision of the necrotic brain tissue and evacua-

tion of clots) with or without external decompression

in most patients (90%) of Group II. The remaining

patients underwent external decompression alone. Sur-

gery was performed at 1.8–86.1 hours (19.5G 24.2),

most (73%) within 24 hours post-trauma.

Many of the Group I patients (87%) and only half of

the Group II patients (52%) were scored at 8 or less on

the GCS at time of admission. The remaining patients

of Group I comprised those who were scored at 9 or

more at the time of admission and deteriorated later

to a score of 8 or less. The remaining patients in Group

II included those who scored 9 or more at time of ad-

mission and deteriorated later to a score of 8 or less

(48%), and those who continued to score 9 or better

but required craniotomy to prevent clinical deteriora-

tion (52%).

Group I demonstrated a poorer outcome on the

Glasgow Outcome Scale at 6 months post-trauma

(Table 1). Mortality was higher in Group I compared

to Group II (48% vs. 23%; p ¼ 0.0001; n ¼ 182). A dif-

ference in mortality between the 2 groups was noted in

patients who scored 8 or less on the GCS at time of

admission, but did not reach a statistically significant

level (Table 1). The most striking di¤erence was ob-

served in patients who scored 9 or better on the GCS

at time of admission (Table 1). Mortality was clearly

higher in Group I compared to Group II (56% vs.

17%; p ¼ 0.017; n ¼ 45). A clear di¤erence in mortal-

ity between the 2 groups was observed even when the

analysis was restricted to patients who definitely

demonstrated ‘‘talk-and-deteriorate’’ (64% vs. 22%;

p ¼ 0.026; n ¼ 29; Table 2).

Discussion

Indications for surgical intervention in the case of

severe cerebral contusion remain controversial [2].

The huge variation in the ratio of centers selecting sur-

gical management reflects diversity in management

policy and an absence of consensus regarding the indi-

cations for surgery. It may also be assumed that such

Table 1. Outcome (6 months post-trauma)

GOS (%)

n GR MD SD VS D

GCS on admission: 3–5

– Conservative 47 7 2 11 11 70

– Surgical 11 9 9 27 0 55

GCS on admission: 6–8

– Conservative 58 29 21 10 10 29

– Surgical 21 24 29 24 10 14

GCS on admission: 9–15

– Conservative 16 19 13 13 0 56*

– Surgical 29 28 28 17 10 17

Total

– Conservative 121 19 12 12 9 48**

– Surgical 61 23 25 21 8 23

GCSGlasgow Coma Scale; GOSGlasgow Outcome Scale; GR good

recovery; MD moderate disability; SD severe disability; VS vegeta-

tive state; D death. * p ¼ 0.017, ** p ¼ 0.0001.

Table 2. Outcome (6 months post-trauma) in patients demonstrating

‘‘talk-and-deteriorate’’

GOS (%)

n GR MD SD VS D

Conservative 11 18 9 9 0 64*

Surgical 18 11 22 39 6 22

GOS Glasgow Outcome Scale; GR good recovery; MD mod-

erate disability; SD severe disability; VS vegetative state; D death.

* p ¼ 0.026.
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diversity of management policy could have resulted in

a randomization-like allocation of patients to the 2

groups.

The higher mortality in Group I as compared to

Group II suggests that the surgery performed in the

Group II patients helped to prevent their clinical dete-

rioration and death. E¤ects of surgery were most strik-

ing in those patients who scored 9 or better at the time

of admission. It is by no means certain whether pa-

tients in Group II who scored 9 or better before sur-

gery would have deteriorated or not had surgery not

been carried out. The e¤ect of surgery on mortality is

evident, however, since a di¤erence in mortality was

observed even when the analysis was restricted to pa-

tients who demonstrated ‘‘talk-and-deteriorate.’’ This

finding suggests that the surgery itself was the major

reason for improved mortality in Group II. In other

words, death was probably prevented by the surgery

in many patients of Group II.

We previously examined the evolution of cerebral

contusion by di¤usion magnetic resonance imaging

and apparent di¤usion coe‰cient (ADC) mapping in

head trauma patients [9]. This study demonstrated

a low-intensity core in the central area and a high-

intensity rim in the peripheral area of the contusion be-

ginning at approximately 24 hours post-trauma, which

corresponds with the timing of ICP elevation and clin-

ical deterioration. During the period of 24–72 hours

post-trauma, the ADC value increases in the central

area and decreases in the peripheral area [11], so that

there is maximal dissociation of ADC values between

the central and peripheral areas during the period of

24–72 hours post-trauma. These changes appear to

represent necrosis in the central area and cellular swell-

ing in the peripheral area.

We also demonstrated that a marked increase in tis-

sue osmolality occurs within the central area [8]. It re-

mains uncertain whether or not such a marked in-

crease in osmolality is osmotically active and causes

edema fluid accumulation. Expansion of the extracel-

lular space in the central area would appear to increase

the capacitance for edema fluid accumulation. In con-

trast, shrinkage of the extracellular space in the pe-

ripheral area increases the resistance for edema fluid

propagation or resolution. Edema fluid accumulation

within the necrotic brain tissue is suggested by the for-

mation of a fluid-blood interface within cerebral con-

tusions, which is not an uncommon finding [7]. Such

fluid-blood interfaces are not formed within a cavity

but represent layering of red blood cells in the softened

necrotic brain tissue, which has accumulated volumi-

nous edema fluid.

We hypothesize that the barrier formed by the swol-

len cells in the peripheral area may prevent edema fluid

propagation and also help to generate osmotic poten-

tials across the central and peripheral areas. Since

blood flow is greatly reduced but is not completely in-

terrupted in the contused brain tissue, water is supplied

from the blood vessels into the central area. We sug-

gest that a combination of these events may facilitate

edema fluid accumulation in the central area and

contribute to the early massive edema of cerebral

contusion.

At present, there is no established medical treatment

which e¤ectively inhibits edema fluid accumulation

within cerebral contusions. Our results indicate that

the most e¤ective therapy for ameliorating the poten-

tially fatal edema may be surgical excision of the ne-

crotic brain tissue. The e¤ects of surgical excision of

necrotic brain tissue have commonly been accounted

for on the basis of an increased space compensation

for mass lesions. It is possible, however, that excision

of the necrotic brain tissue eliminates the cause of

edema fluid accumulation. If ICP is elevated by early

massive edema due to cerebral contusion and is medi-

cally uncontrollable, surgical excision of the necrotic

brain tissue would appear to represent the therapy of

choice, regardless of the size of the associated hemor-

rhages. Our results suggest that surgery should be con-

sidered in patients who score 9 or better at the time of

admission, as soon as they deteriorate to a score of 8 or

less on the GCS.

Conclusion

The present findings support our hypothesis that

early massive edema is caused by cerebral contusion

through the presence of necrotic brain tissue, and indi-

cate that surgical excision of the necrotic brain tissue is

the only therapy which can provide satisfactory con-

trol of the progressive elevation of the ICP and clinical

deterioration in many cases. Surgical intervention

should be considered in patients with severe cerebral

contusion who demonstrate ‘‘talk-and-deteriorate.’’
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Summary

Background. Studies of therapeutic interventions and manage-

ment strategies on head injured patients are di‰cult to undertake.

BrainIT provides validated data for analysis available to centers

that contribute data to allow post-hoc analysis and hypothesis test-

ing.

Methods. Both physiological and intensive care management

data are collected. Patient identification is eliminated prior to trans-

fer of data to a central database in Glasgow. Requests for missing/

ambiguous data are sent back to the local center. Country coordinat-

ing centers provide advice, training, and assistance to centers and

manage the data validation process.

Results. Currently 30 centers participate in the group. Data collec-

tion started in January 2004 and 242 patients have been recruited.

Data validation tools were developed to ensure data accuracy and

all analysis must be undertaken on validated data.

Conclusion. BrainIT is an open, collaborative network that has

been established with primary objectives of i) creating a core data

set of information, ii) standardizing the collection methodology, iii)

providing data collection tools, iv) creating and populating a data

base for future analysis, and v) establishing data validation method-

ologies. Improved standards for multi-center data collection should

permit the more accurate analysis of monitoring and management

studies in head injured patients.

Keywords: Head injury; data collection; validation; analysis;

network.

Introduction

There have been a number of projects that have col-

lected high quality monitoring data from severely head

injured patients. Patient recruitment to these projects

can be restricted as the number of patients admitted

to any one unit at any given time is limited. Collection

of this data varies from hospital to hospital and there

are no set standards; therefore, it is di‰cult to make

comparisons of results from di¤erent centers. Physio-

logical monitoring of these patients is essential so that

the incidence and e¤ects of secondary insults can be

determined, as both play a significant role in patient

recovery and outcome [1]. Accurate data collection is

also required to detect subtle di¤erences that new ther-

apeutic and management strategies may produce in the

care of these patients.

The aim of the BrainIT group is to coordinate with

a number of European neurotrauma centers to collect

high quality minute-by-minute physiological monitor-

ing data and also clinical management data using a

previously defined core data set [3] and standardized

data collection equipment. The study started in Sep-

tember 2002 and the initial target for the group is to re-

cruit 300 patients from 30 prospective centers. Data

that is free of patient identification is then transferred

over the internet to the BrainIT website where it is con-

verted in a common format and entered into a data-

base. Data is validated by country-specific data valida-

tors and only this data may be used in formative

analysis. Data which has not been validated may be

used for hypothesis testing. Anyone may register with

the BrainIT website. Access to the database is per-

mitted from those centers who recruit at least 5 pa-

tients per year.



Materials and methods

The BrainIT European Coordinating Center is located in Glas-

gow, Scotland, and a steering group of healthcare professionals leads

and advises the group. There are currently 30 European centers par-

ticipating, with 20 centers actively recruiting patients. Each country

has a Country Coordinating Center, where a data validator assists

and advises the centers taking part. The data validator’s role is to as-

sist in the training of nursing and/or medical sta¤ who collect and

transfer the data, and to act as the first point of contact for centers

with any queries. A previously-defined core data set is used, of which

there are 4 constituent parts: physiological monitoring data, demo-

graphic and clinical information, intensive care management data,

and secondary insult management data. Minute-by-minute monitor-

ing data are collected from the bedside monitors by either a bedside

laptop computer using commercially developed software, or via a

network and locally developed systems. Intensive care treatment

and management data are collected using a handheld computer (per-

sonal digital assistant; PDA). Commercial software developed by

Kelvin Connect Ltd. enables sta¤ to collect demographic, clinical,

and treatment data. Computed tomography (CT) data is also col-

lected using the Traumatic Core Data Bank criteria (Marshall score)

[2] and CT images devoid of patient identification are transferred to

Glasgow via the BrainIT website for independent assessment.

Patients included in this project may be of any age as long as there

is evidence of traumatic brain injury and the patient has both arterial

and intracranial monitoring. Written consent is obtained from the

relatives, although with agreement from the Multi-Research Ethics

Committee in Scotland and local research ethics committees in the

U.K., data collection may begin before consent is formally obtained.

If consent is not given, any data collected will not be retained, as is

stated in information sheets provided to the relatives.

Patients are followed-up at 6 months post-injury using the Ex-

tended Glasgow Outcome Scale, either by face-to-face or telephone

interview. Data is collected for as long as the intracranial pressure

and arterial monitoring are in place. Daily intensive care manage-

ment data are collected by nursing sta¤ and entered into a PDA;

the data is then transferred to a local computer where it is stored in

a database. From this database, the patient files are exported to

Glasgow via the BrainIT website. Patient confidentiality is ensured

by removing patient identification data before the transfer occurs,

which is in keeping with local and national data protection policies.

Patient identification for local and coordinating center sta¤ is by

means of a unique 8-digit number, which is obtained from the Brain-

IT website and attached to the patient’s file prior to sending the data.

The same identification number is used for the physiological moni-

toring data, which is again sent via the internet. Once the data has

been received in Glasgow, it is converted to a common file format

and areas of missing or ambiguous data are highlighted. A missing

data list is then created and sent back to the contributing center

to look for the missing data, who attempts to complete the file as

much as possible and return it to Glasgow. This process is repeated

until as much of the data can be found as is possible.

A random sample of 20% of the data is then selected for validation

against the available source documents (Fig. 1). The validation list

may include any physiological, clinical, and treatment data. For ex-

ample, a request may be sent for a record from the nursing chart or

all of the blood pressure and cerebral perfusion pressure readings

Fig. 1. Data validation cycle. DV Data Validator, GOSe Extended Glasgow Outcome Scale, HI Head Injury
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from a 24-hour period. These readings are taken from the chart using

the time nearest to that on the validation request. Simultaneously, a

request is also sent for the actual number of specific episodic events

during a known period; for example, the number of arterial blood

gas samples taken in a given time span. A validation file is created

for each patient using the BrainIT Core Data Collection tool and

the file is then returned to Glasgow. The data validator is responsible

for the validation of all the samples of data within a given country

(Fig. 1).

Data validation is carried out following a set standard of proce-

dures and can be done at 4 di¤erent levels. Only validated data is

saved in the common database. This ensures that the 20% sample of

data which is stored is the most accurate for each patient.

– Level 1 ensures the data conversion stage functions correctly; in

particular, the time-stamp format (YYYY-MM-DD).

– Level 2 checks all non-numeric categorical core data set data for

transcribing errors. This level of validation di¤ers according to

whether monitoring or non-monitoring data is being validated.

– Level 3 is the conversion of locally used units to BrainIT units.

– Level 4 requires intervention of the data validator.

There are 3 types of Level 4 data validation: Type 1 or self-

validation where the principal investigator validates his own data;

type 2 is cross-validation where local colleagues may validate each

other’s data; type 3 validation is where the data validator has no con-

nection with the center from which the data has been collected.

Results

There are currently 30 centers participating in the

group and 20 of these centers are actually recruiting

patients and supplying data. To date, 257 patients

have been recruited to the study with monitoring data

sent to Glasgow from 251 patients (Fig. 2). Of these,

53 patients have currently been validated.

There are several projects planned to make use of

the data collected and stored in the database. Work is

currently underway to assess intracranial pressure and

cerebral perfusion pressure variability analysis, and to

assess the frequency of missing data and ascertain

which types of data are missing most frequently. Both

quantitative and qualitative analysis methods will be

used in this project. Another project for the future is

the BrainIT network clinical evaluation of the Rau-

medic Neurovent intraparenchymal probe to test its

long-term clinical performance.

Conclusion

BrainIT is an open, collaborative network and, thus

far, the group has demonstrated that it is possible to

standardize the collection methodology of high resolu-

tion neurointensive care data. By providing country-

specific data validators who are responsible for sta¤

coordination and training, the participating centers

have been able to record intensive care treatment and

Fig. 2. Recruitment graph as at May 2005
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management data using a defined core data set. The

provision of standard equipment and assistance ob-

tained from industry has enabled centers to collect

data using standard data collection methods. Transfer

of data has proven successful, and a populated data-

base has provided data for future analysis by those

who contribute data. A minimum of 5 patients per

year is the requirement for those centers participating

to have access to the data. Access to the data by per-

sonnel within the contributing centers is controlled by

the principal investigator within each center. Develop-

ment of software tools has enabled missing and ambig-

uous data to be selected from the data set, and data

validators have collaborated with participating cen-

ters to find missing data. Data validation methodolo-

gies have been established and, with the help of

the data validators, integrity of the data has been

ensured.
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Summary

Although decompressive craniectomy following traumatic brain

injury is an option in patients with raised intracranial pressure

(ICP) refractory to medical measures, its e¤ect on clinical outcome

remains unclear. The aim of this study was to evaluate the outcome

of patients undergoing this procedure as part of protocol-driven ther-

apy between 2000–2003. This was an observational study combining

case note analysis and follow-up. Outcome was assessed at an inter-

val of at least 6 months following injury using the Glasgow Outcome

Scale (GOS) score and the SF-36 quality of life questionnaire. Forty-

nine patients underwent decompressive craniectomy for raised and

refractory ICP (41 [83.7%] bilateral craniectomy and 8 [16.3%] uni-

lateral). Using the Glasgow Coma Scale (GCS), the presenting head

injury grade was severe (GCS 3–8) in 40 (81.6%) patients, moderate

(GCS 9–12) in 8 (16.3%) patients, and initially mild (GCS 13–15) in

1 (2.0%) patient. At follow-up, 30 (61.2%) patients had a favorable

outcome (good recovery or moderate disability), 10 (20.4%) re-

mained severely disabled, and 9 (18.4%) died. No patients were left

in a vegetative state. Overall the results demonstrated that decom-

pressive craniectomy, when applied as part of protocol-driven ther-

apy, yields a satisfactory rate of favorable outcome. Formal prospec-

tive randomized studies of decompressive craniectomy are now

indicated.

Keywords: Head injury; traumatic brain injury; decompressive

craniectomy; ICP; brain edema; intracranial hypertension; Glasgow

Outcome Scale.

Introduction

Severe traumatic brain injury is associated with high

mortality and morbidity. Treatment of patients who

present in coma following severe head injury aims

to protect the brain from further insults, optimize

cerebral metabolism, and prevent secondary injury.

Intracranial pressure (ICP) monitoring is now well-

established in neuro-intensive care. Recent guidelines

[10] recommend target levels of ICP < 25 mmHg and

cerebral perfusion pressure (CPP)b 60–70 mmHg,

and a number of therapeutic approaches are employed

to reduce ICP and augment CPP in order to achieve

these targets.

In patients with post-traumatic cerebral swelling

resistant to optimal medical therapy, decompressive

craniectomy may be considered. Despite observations

that craniectomy leads to reduction in ICP [3, 30, 31,

35], it is still unclear how this translates into clinical

outcome. Although prospective randomized evalua-

tion of the e¤ects of decompressive craniectomy is re-

quired, this operation continues to be used empirically

in the management of patients with traumatic brain in-

jury. In Cambridge, decompressive craniectomy is used

as a part of protocol-driven intensive care manage-

ment of patients with severe head injury [18] (Fig. 1),

when other means of controlling elevated ICP are ex-

hausted. It is also used in selected cases where malig-

nant post-traumatic cerebral swelling is evident from

the outset. Encouraged by our previous observations

[31], we have evaluated the outcome following decom-

pressive craniectomy in another consecutive cohort of

49 patients.

Materials and methods

Study design

This study is a retrospective observational cohort study with cross-

sectional analysis of outcome. Hospital records, intensive care

charts, and computed tomography (CT) scans of patients who

underwent decompressive craniectomy following traumatic brain in-

jury consecutively during the period 2000–2003 were retrospectively

analyzed. Physiological parameters recorded for 24 hours before and



Fig. 1. Protocol of intensive care management of head injured patients
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after operation were compared. Outcome was assessed using the

Glasgow Outcome Score (GOS) [14] recorded at follow-up assess-

ment at least 6 months following the injury. Data were obtained

from patients’ medical records and a prospectively collected head

injury outcome database. SF-36 quality of life survey [29] question-

naires were mailed to surviving patients with favorable outcome

(good recovery or moderate disability) for more detailed evaluation

of their social and physical rehabilitation. The response rate for the

postal questionnaire was 60%.

Statistical analysis

Data were analyzed using SPSS 13.0 for Windows (SPSS Inc.,

Chicago, IL, USA). Following distribution analysis (Kolmogorov-

Smirnov and Shapiro-Wilk tests), mean valuesG SD were used

for data following normal distribution, and median valuesG
interquartile range (IQR) for non-parametric data. Means and me-

dians of physiological variables before and after craniectomy were

compared using paired t-test, Wilcoxon, and sign tests, respectively.

P value of <0.05 was considered significant. Pearson and Spearman

rank coe‰cients were used to test the strength of correlations.

Results

Patient characteristics

Demographic data from the study population as

well as mechanisms and severity of injury are sum-

marized in Table 1. The majority of patients had a

post-resuscitation Glasgow Coma Scale (GCS) score

of less than 8. The only patient who presented with

mild head injury (GCS 13) deteriorated later and re-

quired intubation and intensive care management.

Two patients had bilateral dilated unreactive pupils

on admission; both subsequently died. A significant

proportion of patients had a major intracranial injury

(37%), and 25% of patients underwent non-cranial sur-

gical procedures. Based on preoperative CT scan ap-

pearance, most patients had a di¤use brain injury

(Marshall grade II–III) [16].

Initial ICP control measures

All patients were managed according to an ICP- and

CPP-driven protocol [18] (Fig. 1), which aims to main-

tain ICP < 25 mmHg and CPPb 60 mmHg. Thera-

peutic hypothermia was used in 44 (93.6%) patients,

mannitol in 42 (89.4%) patients, hypertonic saline in 9

(19.1%) patients, external ventricular drainage in 13

(27.7%) patients, and barbiturate-induced coma in 15

(31.9%) patients. Decompressive craniectomy was

considered when all medical measures to control ICP

failed to achieve sustained optimal levels of ICP and

CPP, and occasionally it was considered as an alterna-

tive to barbiturate therapy.

Surgical details

Decompressive craniectomy was performed on me-

dian day 2 (IQR 1;3) after injury. In 24 (49%) patients

the operation was performed within 24 hours, and in 32

(65.3%) patients within 48 hours from the time of ad-

mission. Forty-one (83.7%) patients underwent bifron-

tal decompressive craniectomy, and 8 (16.3%) had a

unilateral procedure. In all cases the dura was opened,

and in cases of bifrontal decompressive craniectomy

the falx cerebri was divided anteriorly if deemed neces-

sary by the operating surgeon.

Complications associated with the operation were

observed in 4 (8%) patients. Two patients su¤ered

intracranial hemorrhage and 1 patient had an acute

subdural hematoma in the early postoperative period,

which required evacuation. One patient developed a

cerebral abscess, which was treated with needle aspira-

tion and antibiotics.

ICP data

Decompressive craniectomy led to a reduction in

ICP pressure in all patients for whom pre- and post-

Table 1. Summary of patient characteristics (n ¼ 49)

Age 28 (range 9–67)

Gender

– Male 37 (75%)

– Female 12 (25%)

Mechanism of injury

– Road Tra‰c Accident 29 (60%)

– Fall 11 (22%)

– Assault 5 (10%)

– Other 4 (8%)

Severity of injury

GCS-based head injury grade:

– Severe (3–8) 40 (82%)

– Moderate (9–12) 8 (16%)

– Mild (b13) 1 (2%)

Preoperative CT Marshall grade (n ¼ 27):

– I —

– II 4 (15%)

– III 13 (48%)

– IV 5 (18%)

– V 1 (4%)

– VI 4 (15%)

Injury severity score: median (IQR), n ¼ 30 25 (16–27)

APACHE score: mean (SD), n ¼ 30 17 (6.7)

Major extracranial injury 18 (37%)

Non-cranial surgery 12 (25%)

Median (IQR) ICU stay (days) 19 (range 14–26)

Decompressive craniectomy in traumatic brain injury: outcome following protocol-driven therapy 13



operative ICP monitoring data was available (n ¼ 27).

MeanG SD ICP during the 24-hour period prior to

surgical decompression was 25G 6 mmHg as com-

pared to 16G 6 mmHg for the 24 hours following an

operation, and the di¤erence is statistically significant

(p < 0:01).

Outcome

The GOS showed favorable recovery in 30 (61.2%)

patients (24 [49%] patients with good recovery and 6

[12.2%] patients with moderate disability), 10 (20.4%)

patients remained severely disabled, and 9 (18.4%) pa-

tients died (Fig. 2). No patient was left in persistent

vegetative state. Four out of 9 patients presenting with

an initial GCS of 3 were severely disabled and 2 died;

however, 3 (33.3%) patients in this group had a favor-

able outcome. In general, outcome was related to ini-

tial GCS score (p ¼ 0:004), but there was no associa-

tion with age, gender, or timing of operation with the

GOS. Interestingly, in the 5 patients over 50 years of

age, the rate of favorable outcome was not di¤erent

than in younger patients (60%), although the numbers

were too small to perform further statistical analysis.

Mortality in this group accounted for the remaining

40% of patients, with no patients left severely disabled.

Eighteen out of 30 patients with favorable outcome

responded to the SF-36 quality of life survey (60% re-

sponse rate). The summary for all 8 domains is pre-

sented in Table 2 and compares general population

levels [13]. At least 10 out of 40 surviving patients re-

turned to work (information on re-employment was

not available for 14 patients). Cranioplasty was per-

formed in 30 patients (75% of survivors) at the time

of analysis. Post-traumatic hydrocephalus, which re-

quired a shunting procedure, was observed in 6 (15%)

of the 40 survivors.

Discussion

Decompressive craniectomy continues to be used as

a treatment measure for advanced cerebral edema and

intractable intracranial hypertension. It has been ap-

plied to patients with malignant cerebral swelling fol-

lowing middle cerebral artery thrombosis [5, 19, 22,

25] and in other conditions leading to brain edema [2,

Fig. 2. Clinical outcome of patients at 6þ months assessed by Glasgow Outcome Scale score

Table 2. SF-36 quality of life survey following decompressive craniec-

tomy (n ¼ 18). Numbers represent meanGSD scores for each SF-6

domain in decompressive craniectomy patients and general population

controls. The latter values were obtained from the results of a recent

large-scale population survey [13]

SF-36 Domain Decompressive

Craniectomy

meanG SD

Controls

meanG SD

Physical Functioning (PF) 67.5G 32 87.9G 20

Role limitation due to

Physical problems (RP)

45.8G 46 87.2G 22

General Health perception (GH) 60.1G 22 71.0G 20

Bodily Pain (BP) 64.8G 35 78.8G 23

Role limitation due to

Emotional problems (RE)

51.9G 47 85.8G 21

Energy Vitality score (EV) 50.3G 22 58.0G 20

Social Functioning (SF) 48.8G 28 82.8G 23

Mental Health (MH) 62.9G 27 71.9G 18
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7, 8, 20, 26, 28]. The indications for decompressive

craniectomy following traumatic brain injury are not

universally defined. Currently, the procedure is consid-

ered when medical treatment measures fail to control

ICP or when malignant intracranial hypertension is

present on admission.

Although decompressive craniectomy may lead to

an improvement in physiological parameters [4, 12,

32], the impact of this procedure on clinical outcome

and social rehabilitation has not been clearly estab-

lished. Present evidence is based on observational

studies or case reports, with the single exception of a

small pilot prospective randomized trial [27]. Outcome

data from the published case series varies significantly.

Although mortality rates quoted by di¤erent centers

fall in the range of 20%G 5%, the rates of reported fa-

vorable outcome and severe disability are considerably

di¤erent. The proportion of patients achieving a favor-

able outcome (GOS: good recovery/moderate disabil-

ity) after decompressive craniectomy has been re-

ported to be as low as 30–40% [1, 6, 21, 23] and as

high as 60–70% [9, 15, 27, 31]. One of the other serious

concerns raised with regard to decompressive craniec-

tomy is that the operation may reduce mortality, but

increase the subset of patients with severe disability

and persistent vegetative state. Indeed, some authors

report high levels of severe disability [21, 23] and per-

sistent vegetative state [6]. The discrepancy in pub-

lished outcome data may, to some extent, be explained

by di¤erence in patient selection, indications, timing

and technique of surgery, as well as an assessment of

outcome.

In our unit, decompressive craniectomy is used as

part of a protocol-based management of severe head

injury (Fig. 1). The multidisciplinary decision to per-

form surgical decompression involves liaison between

a senior neurosurgeon and neuro-intensivist. We have

previously reported high rates of favorable outcome

in a smaller series of patients [31], and the results of

this study are consistent with our earlier findings. The

current study shows that favorable outcome can be

achieved in a large proportion of patients presenting

with severe and potentially fatal head injury, with at

least one-quarter returning to work. A high rate of se-

vere disability or vegetative state after surgical decom-

pression is not supported by our findings, as no patient

was left in a vegetative state and the severe disability

rate was not higher than generally accepted. In terms

of quality of life, the response to the SF-36 question-

naire indicates that patients with favorable clinical

outcome continue to experience physical and emo-

tional consequences of their injury. The mean scores

for patients’ quality of life di¤er from a general popu-

lation in all SF-36 domains; however, the large SDs re-

flect di¤erences in response between individuals and

suggest that some patients rate their quality of life as

high.

Although the complication rate associated with sur-

gery [17, 24, 33, 34] is low, the impact on outcome and

the exact relationship with craniectomy requires fur-

ther evaluation.

In conclusion, despite the results from this and other

observational studies, consensus on the indications and

timing of decompressive craniectomy following trau-

matic brain injury has not been achieved. There is now

a need to obtain Class I evidence by proceeding with

randomized, multi-center, prospective studies [11].
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Summary

The RESCUEicp (Randomized Evaluation of Surgery with

Craniectomy for Uncontrollable Elevation of intracranial pressure)

study has been established to determine whether decompressive cra-

niectomy has a role in the management of patients with traumatic

brain injury and raised intracranial pressure that does not respond

to initial treatment measures. We describe the concept of decompres-

sive craniectomy in traumatic brain injury and the rationale and pro-

tocol of the RESCUEicp study.

Keywords: Head injury; traumatic brain injury; intracranial pres-

sure; decompressive craniectomy.

Introduction

Severe head injury is a major cause of morbidity and

mortality worldwide [1, 10]. Of the pathophysiological

processes implicated in traumatic brain injury, one of

the most fundamental is an escalating cycle of brain

swelling, increase in intracranial pressure (ICP), reduc-

tion in blood and oxygen supply, energy failure, and

cell death. The goal for management of these patients

is, therefore, to prevent secondary insults, reduce

swelling and ICP, and maintain blood supply, oxygen

delivery, and the energy status of the brain. This man-

agement goal applies at the trauma scene, during

transportation, in the emergency department, in the

operating room, and in the intensive care unit.

In order to assist in the management of patients with

traumatic brain injury on the intensive care unit, pro-

tocols have been developed providing a step-wise

approach to the control of brain swelling and raised

ICP [2, 7, 8]. Targets have been established for ICP

(<20–25 mmHg) and cerebral perfusion pressure

(CPP) (CPP ¼ mean arterial pressure� ICP [>60–

70 mmHg]). These protocols commence with rela-

tively simple therapeutic maneuvers including seda-

tion, ventilation, and head-up position for nursing. If

these basic measures fail to control brain swelling,

more advanced medical treatment can be applied in-

cluding the application of inotropes, hypertonic saline,

mannitol, and hypothermia. External ventricular

drainage of cerebrospinal fluid may also be feasible,

depending on the size of the lateral ventricles. While

brain swelling and ICP can be controlled in most

patients with these basic measures, in others ICP is

refractory and more advanced therapy needs to be

considered. Options for these patients include the

implementation of barbiturate coma and/or a decom-

pressive surgical procedure such as decompressive cra-

niectomy. Evidence of benefit for both of these thera-

pies is currently sparse [4, 9].

Decompressive craniectomy is not a new operation.

The phenomenon of brain decompression has been

in existence for hundreds of years, commencing

with trephination by the ancient Greeks, followed by

Kocher approximately 100 years ago. Most recently,

the operation has been performed in the context of

modern, sophisticated neuro-intensive care.

In terms of controlling raised ICP, decompressive

craniectomy is performed in several neurosurgical

units world-wide, but there is no consensus on if and



when to proceed with the surgery. There are several

concerns regarding the application of decompressive

craniectomy. These include failure to control ICP de-

spite decompression, and herniation of brain through

the craniectomy defect. In addition, the operation

may be being performed unnecessarily in patients des-

tined for a good prognosis, and pertinent to patients

with poor prognosis, may save life at the expense of

creating vegetative state and severe disability.

In terms of the current literature on the application

of decompressive craniectomy to patients with trau-

matic brain injury, there have been several studies pub-

lished (for review, see [3]). These are predominantly

observational studies and demonstrate a wide range

of outcomes (good recovery 29%–69%; mortality

11%–40%). There has been one attempt at randomi-

zation in the pediatric age group, which showed a

significant di¤erence in outcome, favoring patients

randomized to surgery [11]. This study had a number

of limitations, which were recognized by the authors,

including sample size, outcome evaluation, and pro-

longed study duration.

In view of the widely di¤ering results in these pub-

lished studies, consensus on the role of decompressive

craniectomy has not been achieved. This has resulted

in proposals for randomized controlled trials. Three

such trials have been proposed: an American trial,

an Australasian trial (International Multicenter

Randomized Controlled Trial on Early Decompres-

sive Craniectomy – DECRA), and a European study

(Randomized Evaluation of Surgery with Craniec-

tomy for Uncontrollable Elevation of intracranial

pressure – RESCUEicp).

This manuscript outlines the protocol for the RES-

CUEicp study – a randomized control trial comparing

the e‰cacy of decompressive craniectomy versus opti-

mal medical management for the treatment of refrac-

tory intracranial hypertension following brain trauma.

This is a multi-center trial organized as a collaboration

between the University of Cambridge Departments

of Neurosurgery/Neuro-intensive Care and the Euro-

pean Brain Injury Consortium.

Methodology

The RESCUEicp study is a randomized trial com-

paring optimal medical management with surgery

(decompressive craniectomy) for the management of

intracranial hypertension following head injury, re-

fractory to first-line treatment. The trial aims to recruit

patients from centers experienced in the intensive care

management of head injury. The target study group in-

cludes ventilated, ICP-monitored patients with refrac-

tory intracranial hypertension. Post-randomization,

the trial comprises 2 arms: continuation of optimal

medical management versus surgery (decompressive

craniectomy).

Hypotheses

The principal hypothesis for the RESCUEicp study

is that the application of decompressive craniectomy

to head-injured patients with raised ICP refractory to

medical treatment results in improved outcome. Spe-

cifically, 1) that decompressive craniectomy results in

an improvement in the Extended Glasgow Outcome

Score compared to optimal medical treatment and, 2)

that decompressive craniectomy results in an improve-

ment in surrogate endpoint measures (including spe-

cific outcome measures [SF-36 questionnaire], control

of ICP, time in intensive care, and time to discharge

from the neurosurgical unit) compared to optimal

medical treatment.

Protocol

Patient inclusion and exclusion criteria for the trial

are shown in Table 1. Approval for the study has been

obtained from the UK National Ethics Committee,

with ethical approval in other countries on-going. To

avoid delays in treatment, it is recommended that con-

sent for participation in the study is obtained from next

on kin at time of patient admission to the neurosurgi-

cal unit, with randomization performed following fail-

ure to control ICP with initial treatment. Patients are

managed on intensive care units using the trial proto-

col (Fig. 1). The major objective of this protocol is

to maintain ICP < 25 mmHg by applying treatment

measures in 3 stages.

Table 1. Inclusion and exclusion criteria for the RESCUEicp study

Inclusion criteria Exclusion criteria

Head injury requiring ICP monitoring bilateral fixed and dilated

pupils

Age 10–65 years bleeding diathesis

Abnormal CT scan follow up not possible

Patients may have had an immediate

operation for a mass lesion but not

a decompressive craniectomy

devastating injury not

expected to survive 24

hours
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Stage 1: initial treatment measures

Patients are sedated, relieved of pain, and ventilated

(with the option for paralysis), in the head-up position

for nursing and invasive monitoring (ICP, central

venous pressure, and arterial lines as a minimum).

ICP is assessed at this stage. If the ICP < 25 mmHg,

the above medical treatment continues. If the ICP >

25 mmHg, Stage 2 is implemented (with the option of

a repeat scan to investigate the possibility of an evolv-

ing mass lesion).

Stage 2: advanced treatment measures

In Stage 2, the following measures can be consid-

ered, all of which are optional: an external ventricular

drain (depending on the size of the lateral ventricles),

mannitol, inotropes (to increase the mean arterial pres-

sure to maintain a CPP of >60 mmHg), arterial car-

bon dioxide 3.5 kPa to 4.5 kPa (can be monitored

with jugular venous oxygen saturation sensors main-

taining SjvO2 > 55%), hypertonic saline, moderate

cooling (34–36 �C) but not severe hypothermia, loop

diuretics, and steroids. Barbiturates are not imple-

mented as part of Stage 2, but are reserved as part of

continued medical treatment following randomiza-

tion. This clause enables a direct comparison between

the e‰cacy of decompressive craniectomy and ex-

tended medical treatment including the introduction

of barbiturate coma.

Stage 3: randomization

If ICP remains > 25 mmHg for 1–12 hours despite

Stage 1 and 2 measures, then the patient is randomized

to either continued Stage 2 medical treatment includ-

ing barbiturates (e.g. thiopentone bolusesþ infusion

4–8 mg/kg/hr), or to surgical treatment (decompres-

sive craniectomy). Treatment following randomiza-

tion should be implemented within 4–6 hours.

The surgical treatment comprises 2 options: (a)

Fig. 1. Summary of RESCUEicp decompressive craniectomy protocol. The protocol is divided into 3 stages. Stage 1 comprises initial treat-

ment measures. If the ICP > 25 mmHg after the implementation of Stage 1, the patient enters Stage 2 comprising a number of further options

to control ICP. If the ICP is >25 mmHg after the implementation of Stage 2, the patient enters Stage 3 and is randomized to on-going medical

treatment or decompressive craniectomy
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for unilateral hemisphere swelling, a large unilateral

fronto-temporo-parietal craniectomy or, (b) for bilat-

eral di¤use hemisphere swelling, a large bilateral

fronto-temporo-parietal craniectomy from the frontal

sinus anteriorly to the coronal suture posteriorly and

pterion laterally with a wide dural opening (pedicles

based on the superior sagittal sinus medially) with the

option of division of the falx anteriorly.

If the patient is randomized to continued medical

treatment, no decompressive surgery is performed at

the time of randomization, but may be performed later

at the clinician’s discretion if the patient subsequently

deteriorates (for example, prolonged and unacceptably

high ICP > 40 mmHg with compromised CPP). This

clause is required if a situation arises whereby the

treating physician feels that withholding surgery is act-

ing against the best interest of the individual patient;

‘‘the interests of the patient always prevails over those

of science and society’’ [6]. The same principle applies

to barbiturates in the decompressive craniectomy

group.

Outcome is assessed at discharge using the Glasgow

Coma Score, and at 6 months using the Extended

Glasgow Outcome Score [12]. Secondary endpoints

are assessment of outcome using the SF-36 quality of

life questionnaire [5], assessment of ICP control, time

in intensive care, and time to discharge from the neuro-

surgical unit. For patients undergoing decompressive

craniectomy, it is recommended that the bone flap is

replaced within 6 months of the initial injury.

Recruitment of patients commences with a pilot

phase comprising 50 patients. Overall the study aims

to recruit 400 patients (200 in each arm of the study)

for a 15% di¤erence in outcome (di¤erence in favor-

able outcome from 45%–60%) (power ¼ 80%, p ¼
0.05). The pilot phase of the RESCUEicp study has

now commenced, with 19 of out the pilot study target

of 50 patients recruited.

Conclusion

Despite considerable interest in the concept of de-

compressive craniectomy for patients with traumatic

brain injury, including several peer-reviewed publica-

tions, current opinion on the role of this operation

is divided. Randomized studies are now indicated to

obtain good quality Class I evidence. The RESCU-

Eicp study has now commenced and aims to establish

whether decompressive craniectomy results in im-

provement in outcome compared to contemporary op-

timal medical management. Contact with the RESCU-

Eicp group in Cambridge, UK, can be made via the

website www.RESCUEicp.com or by e-mail pjah2@

cam.ac.uk.
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Summary

Disturbances in cerebrovascular regulation in the form of dimin-

ished cerebral vasoreactivity (CVR) to carbon dioxide and an altered

pressure autoregulatory response (PAR) are common after trau-

matic brain injury (TBI) and correlate with clinical outcome. Daily

assessment of the state of cerebrovascular regulation may assist in

the clinical management of TBI patients. This study examined 20

ventilated TBI patients. We employed blood flow velocity (BFV)

measurement using transcranial Doppler ultrasonography to assess

the impact of injury type (focal and di¤use) on cerebral hemisphere

asymmetry in cerebrovascular regulation and to examine whether

impairment in CVR and PAR correlate with clinical outcomes. Sig-

nificant hemisphere asymmetries were found in BFV and PAR. Im-

pairment in CVR was associated with unfavorable outcomes and bi-

lateral CVR impairment predicted mortality.

Keywords: Blood flow velocity; cerebral vasoreactivity; pressure

autoregulatory response; traumatic brain injury.

Introduction

Cerebrovascular regulation, in the form of cerebral

vasoreactivity (CVR) to carbon dioxide and the pres-

sure autoregulatory response (PAR), is a¤ected after

traumatic brain injury (TBI). Impairment in regula-

tion is associated with severity of brain injury and

correlates with neurological condition and clinical out-

come [1, 2]. Knowledge of the state of cerebrovascular

regulation is fundamental to understanding the patho-

physiology of TBI and its sequelae in individual pa-

tients. Daily assessment of CVR and PAR may assist

in the clinical management of TBI patients. However,

the asymmetry of CVR and PAR between cerebral

hemispheres has not been investigated systematically

[4].

The aim of this study was to evaluate the cerebral

hemisphere asymmetry of CVR and PAR in relation

to focal brain injury and to correlate impairment in

such regulation with clinical outcome in ventilated

TBI patients.

Materials and methods

Patients aged less than 70 years with moderate to severe TBI,

as defined by post-resuscitation Glasgow Coma Scale (GCS), with

a score less than or equal to 12, were included in this study. After

surgical intervention, all patients were managed in an intensive care

unit under a standard protocol including artificial ventilation and

sedation.

Physiological parameters including heart rate, arterial blood

pressure (ABP), intracranial pressure (ICP), arterial oxygen satura-

tion, end-tidal carbon dioxide concentration (EtCO2), and jugular

oxygen saturation were continuously monitored. Blood flow veloc-

ities (BFV) in both middle cerebral arteries were determined by

transcranial Doppler as soon as possible after surgery.

To determine CVR, the initial EtCO2 was increased by 1 kilo-

Pascal (7.5 mmHg) using moderate hypoventilation. CVR was

quantified as the percent change in BFV per unit change in EtCO2,

the CVR ratio. Impaired CVR was defined as a less than 1% change

in BFV per unit change in EtCO2. To evaluate PAR, blood pressure

at normocapnia level was increased to 20 to 25% above the baseline.

PAR was measured as the percent change in BFV per unit change in

mean ABP, the PAR ratio. There was deemed to be a loss of PAR if

there was more than a 1.5% change in velocity per unit change in

mean blood pressure [3].

Intracranial lesions were classified according to CT findings as

focal (with intracranial hematoma or unilateral contusion with

or without brain swelling) or di¤use axonal injury. Clinical outcome

was assessed at 6 months after injury using a Glasgow Outcome

Score (GOS). Patients were defined as having a favorable outcome

if they had GOS grades indicating good recovery or moderate dis-

ability.

Results

Sixty-six CVR and 68 PAR tests were performed on

20 patients (16 males and 4 females; mean age: 39.3

years, range: 2 to 69 years; median GCS score: 6.5).



Fourteen patients had focal brain injury. Mortality in

this group of moderate to severe brain-injured patients

was 40%. Seven patients achieved a favorable outcome

at 6 months after TBI.

During the CVR tests, moderate hypoventilation

(EtCO2: before vs. after: 30.3G 3.5 vs. 38.2G
4.0 mmHg, p < 0.0005) resulted in raised ICP

(16.7G 9.3 vs. 22.4G 11.2 mmHg, p < 0.0005) while

ABP remained constant (mean ABP: 84.6G 16.7 vs.

86.8G 17.4 mmHg, p > 0.05). During the PAR

tests at normocapnia (EtCO2: 34.2G 3.4 vs. 34.4G
3.8 mmHg, p > 0.05), the induced increase in ABP

(mean ABP: 80.9G 14.7 vs. 101.6G 16.5 mmHg,

p < 0.0005) did not alter ICP (21.3G 11.8 vs.

19.7G 12.2 mmHg, p > 0.05).

In relation to pathology, significant side-to-side dif-

ferences were found in BFV (lesion side vs. non-lesion

side: 73.8G 29.5 vs. 86.5G 33.4 cm/s, p < 0.0005)

and CVR ratio (2.6G 2.7 vs. 3.2G 2.5%/mmHg,

p ¼ 0.035) but not in PAR ratio (1.3G 1.8 vs.

1.0G 0.9%/mmHg, p > 0.05). Data were stratified

into di¤use and focal brain injury groups (Table 1).

In the focal injury group, side-to-side di¤erences were

found in BFV and PAR. Although CVR ratio was

lower on the lesion side, this did not reach statistical

significance. No side-to-side di¤erences were found in

the di¤use injury group.

Regarding clinical outcome at 6 months after injury,

the mean CVR ratios at di¤erent GOS were di¤erent

(p ¼ 0.001), and the CVR ratio of non-survivors was

significantly lower (p < 0.005). No di¤erences were

found in the mean PAR ratio in relation to GOS. Fur-

ther analysis of the dichotomized CVR and PAR

ratios (Table 2) indicated a significant correlation be-

tween CVR and clinical outcome and mortality where-

as there was no such correlation with PAR.

CVR and PAR tests were performed within 24

hours of admission in 18 and 17 patients, respectively.

Impairment in CVR was significantly associated with

worse clinical outcome and mortality (Table 3). All 6

patients with bilateral CVR impairment were non-

survivors. Such an association was absent for the

PAR tests.

Table 1. Side-to-side di¤erences (in relation to pathology) in BFV, CVR ratio, and PAR ratio in focal and di¤use brain injured patients.

Pathology right side

(meanG SD)

Non-pathology left side

(meanG SD)

Di¤erence

(meanG SD)

p-value

Di¤use injury group

BFV (cm/s) 91.59G 39.22 97.53G 47.55 5.94G 32.87 NS

CVR ratio (%/mmHg) 2.28G 2.46 2.58G 2.29 0.30G 1.57 NS

PAR ratio (%/mmHg) 0.79G 0.81 0.95G 0.86 0.16G 0.58 NS

Focal injury group

BFV (cm/s) 66.08G 20.31 81.78G 24.17 15.71G 15.17 <0.0005*

CVR ratio (%/mmHg) 2.75G 2.83 3.40G 2.61 0.66G 2.27 NS

PAR ratio (%/mmHg) 1.55G 2.00 1.02G 0.94 �0.53G 1.69 0.033*

BFV Blood flow velocity; CVR cerebral vasoreactivity; PAR pressure autoregulatory response.

Table 2. Correlation between CVR and PAR ratios with clinical out-

come and mortality (all measurements).

CVR ratio Preserved Impaired p-value

Outcome: favorable 15/42 0/24 0.002*

Mortality: death 1/42 13/24 <0.0005*

PAR ratio Intact Impaired p-value

Outcome: favorable 11/51 4/17 NS

Mortality: death 12/51 4/17 NS

CVR Cerebral vasoreactivity; PAR pressure autoregulatory

response.

Table 3. Association of impaired CVR and PAR with clinical out-

come and mortality. CVR and PAR were determined by TCD within

24 hours of admission.

CVR ratio Preserved Impaired p-value

One side Both sides

Outcome: favorable 7/9 0/3 0/6 0.003*

Mortality: death 2/9 2/3 6/6 0.003*

PAR ratio Intact Impaired p-value

One side Both sides

Outcome: favorable 1/10 1/4 2/3 NS

Mortality: death 3/10 2/4 1/3 NS

CVR Cerebral vasoreactivity; PAR pressure autoregulatory re-

sponse; TCD transcranial Doppler.
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Discussion

CVR to carbon dioxide and the pressure autoregula-

tion response are mediated through di¤erent mecha-

nisms. The PAR is very sensitive to brain damage

whereas CVR is more resistant. An asymmetry in the

PAR was found in the present study and this is consis-

tent with a previous study [4]. However, no association

between PAR impairment and unfavorable outcome

was found. The fact that some patients with impaired

PAR can be treated may explain the dissociation be-

tween PAR impairment and unfavorable outcome. Pa-

tients with diminished CVR during the first days after

TBI were more likely to have a worse outcome than

patients with preserved reactivity. In our group of pa-

tients, the CVR ratio of non-survivors was lower and

all of them had bilateral CVR impairment.

In conclusion, this study supports the utility of

BFVmeasurement using transcranial Doppler coupled

with CO2 and blood pressure challenge in the assess-

ment of cerebrovascular regulation. Cerebral hemi-

sphere asymmetry in cerebrovascular regulation was

demonstrated and CVR impairment correlated with

unfavorable outcome. In contrast, PAR impairment

did not necessarily mean a poor prognosis. Daily as-

sessment of the state of CVR and PAR may help in

the clinical management and outcome prediction in

moderate-to-severe TBI patients.
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Summary

The objective of this study was to confirm the nature of the edema,

cellular or vasogenic, in traumatic brain injury in head-injured

patients using magnetic resonance imaging techniques. Di¤usion-

weighted imaging methods were quantified by calculating the appar-

ent di¤usion coe‰cients (ADC). Brain water and cerebral blood

flow (CBF) were also measured using magnetic resonance and stable

Xenon CT techniques. After obtaining informed consent, 45 severely

injured patients rated 8 or less on Glasgow Coma Scale (32 di¤use

injury, 13 focal injury) and 8 normal volunteers were entered into

the study. We observed that in regions of edema, the ADC was re-

duced, signifying a predominantly cellular edema. The ADC values

in di¤use injured patients without swelling were close to normal and

averaged 0.89G 0.08. This was not surprising, as ICP values for

these patients were low. In contrast, in patients with significant brain

swelling ADC values were reduced and averaged 0.74G 0.05

(p < 0.0001), consistent with a predominantly cellular edema. We

also found that the CBF in these regions was well above ischemic

threshold at time of study. Taking these findings in concert, it is con-

cluded that the predominant form of edema responsible for brain

swelling and raised ICP is cellular in nature.

Keywords: Head injury; traumatic brain edema; cellular edema;

vasogenic edema.

Introduction

It has been determined that the predominant cause

of brain swelling and subsequent rise in intracranial

pressure (ICP) in head-injured patients is brain edema

[8]. However, the type of edema, vasogenic or cellular,

has not been completely resolved and this knowledge is

critical to the development of new methods for treat-

ment of brain swelling. Fortunately, magnetic reso-

nance imaging (MRI) techniques allow us to identify

predominant edema using the apparent di¤usion coef-

ficient (ADC) [6]. Using these methods, experimental

studies have shown that cellular edema plays an im-

portant role in traumatic brain injury [2, 4] and that

secondary insult exacerbates the cellular edema devel-

opment [2]. However, there have been few studies on

human head injury that address this important issue.

The objective of our study was to identify the type of

edema during the acute stage of severe traumatic brain

injury, and also to determine if ischemia played a role

in the type of edema that developed.

Methods

Informed consent from family or caregivers was obtained to allow

the patient to participate in this study. Following stabilization in the

intensive care unit (ICU) and with approval of the attending neuro-

surgeon, severely head-injured patients (Glasgow Coma Scale [GCS]

8 or less) were transported to MRI suites for measurement of brain

tissue water and di¤usion-weighted imaging (DWI). The transport

team consisted of an ICU nurse, respiratory technician, and neuro-

surgical resident. The research team consisted of the investigator,

head-injury fellow, and radiology technician. After stabilization in

the magnet, the head was positioned carefully to insure computed to-

mography (CT) slice compatibility. First, T1- and T2-weighed pulse

sequences were used to produce images in the axial, coronal, and sag-

ittal planes in order to identify the traumatic lesions present.

Measurement of brain water

From these images, an anatomical slice equivalent to that used in

CT/cerebral blood flow (CBF) measurements was selected for quan-

titative brain water measurements. Five inversion recovery scans of

the selected slice were obtained with a repetition time (TR) of 2.5 sec-

onds, echo time of 28 msec and inversion times (TI) of 150, 400, 800,

1300, and 1700 ms, respectively. From these images, brain water

content fw (expressed as a fraction of water per gram of tissue) was

derived as described previously [3]. The selection of an inversion re-

covery pulse sequence as well as particular values of the parameters

for measurement of brain water have been derived after extensive

studies with calibration standards of known relaxation times and in

vivo infusion edema animal models. Most importantly, the tech-

nique has been validated in man. When stated in terms of water con-

tent, the percentage swelling was calculated from the equation

100ðfw � fwnÞ=ð1� fwÞ where fw represents the water content of the



edematous brain and fwn represents the water content of the normal

tissue. Based on these computations, a fractional increase in water of

2% is equivalent to a volume increase of 8.8%, which emphasizes the

importance of edema for the swelling process and subsequent rise in

ICP.

Di¤usion-weighted imaging

DWI was performed on a 1.5 T whole-body clinical imager (Sie-

mens Vision MR system, Siemens Medical Solutions USA, Inc.,

Malvern, PA) equipped with 15 mT/m gradients using spin-echo se-

quences with and without di¤usion sensitizing gradients. These pulse

sequences generated an ADC trace image using a single-shot tech-

nique with 3 b values: 0, 500, and 1000 s/mm2. Typically, 20 slices

were generated with 5 mm slice thickness, 1.5 mm gap, 230 mm field

of view, 96� 128 matrix, and TE 100 ms. The ADC trace was

generated to obviate issues arising from tissue anisotropy and head

orientation. From the ADC maps, regional measurements were

extracted.

Measurement of CBF

After completion of MRI studies, the patient was transported to

the CT suite for measurement of CBF. After a diagnostic CT scan,

a stable xenon-CT CBF study was performed on a Siemens CT/

Plus scanner (Siemens, Erlangen, Germany) equipped with a xenon

gas delivery system and a CBF software analysis package. Scans

were performed at 4 axial planes with a thickness of 10 mm each,

15 mm apart. Two baseline scans were performed at each level fol-

lowed by multiple enhanced scans during inhalation of 30% xenon

and 70% oxygen. From measurements of the CT enhancement and

the end-tidal curve, CBF maps were calculated by means of the

Kety-Schmidt equation using a commercially available package (Di-

versified Diagnostic Products, Inc., Houston, Texas).

Results

Description of study cohort

A total of 45 severely injured patients (GCS < 8)

and 8 normal volunteers were entered into the study,

9 females and 35 males. The mean age was 33 years,

ranging from 16 to 70 years. Of these, 32 were classi-

fied as having di¤use injury and 12 with focal lesions

based on initial scan assessment. In di¤use injury, 20

were classified as CT type II and 12 were type III–IV

according to the Marshall Classification. The 12 pa-

tients with focal lesions were classified as type V–VI.

Patient response to imaging protocols

All patients included in this report were transported

safely from ICU to imaging suite and returned safely

after protocols were completed without adverse event.

Comparison of blood pressures and ICP measured

prior to and after return indicated no major change

throughout the course of study.

Water content, ICP, and CT classification

in di¤use TBI

The normal hemispheric water content assessed by

MRI in volunteers averaged 76.0%G 0.66. The brain

water content of di¤usely injured patients in CT classi-

fication II was close to normal (76.2G 0.76) and

was consistent with the low ICP of this group which

averaged 14.8G 3.31 mmHg. In contrast, the water

content of di¤use injury patients with CT classi-

fication III/IV was elevated and averaged 77.75G
1.15 g H2O/g tissue (p < 0.001). This increase in

edema is equivalent to an 8.16% increase in brain

swelling according to the Elliot Jasper equation. Cor-

respondingly, ICP at time of study for this group

was also elevated and averaged 23.2G 2.48 mmHg

(p < 0.001). Interestingly, the ICP increased to levels

of 20 mmHg or higher as total water increased above

77%water, which is only 1% above normal. In terms of

swelling, the ICP increased when brain swelling

reached values above 4.3% (p < 0.001) (Fig. 1).

ADC in normal and head-injured patients

with di¤use injury

The ADC computed from hemispheric regions of

interest in 8 normal volunteers averaged ð0:82G
0:05Þ � 10�3 mm2/sec. Henceforth, we will drop the

common multiplicative factor 10�3. ADC values in

di¤usely injured patients was close to normal and aver-

aged 0.89G 0.08 in the non-swelling group. This was

Fig. 1. ICP and water content in di¤use TBI. ICP increased to levels

of 20 mmHg or greater above 77% water, which was only 1% above

normal. In terms of swelling, ICP increased when brain swelling ex-

ceeded 4.3% increase in brain volume. (p < 0.001)
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not surprising, as the ICP values of these patients were

low. In contrast, the ADC values were reduced in pa-

tients with significant brain swelling and averaged

0.74G 0.05 (p < 0.0001), consistent with a pre-

dominantly cellular edema. The distribution of ADC

among normal controls, swelling, and non-swelling

patients correlated with CT classification (Fig. 2).

CBF in di¤use injury with reduced ADC

It is possible that the reductions in ADC seen in dif-

fuse injury were caused by frank ischemic damage.

This was the primary motivating factor to measure

CBF at the same time DWI was measured. In patients

with di¤use injury where ADC was significantly re-

duced, the corresponding hemispheric CBF of the

non-swelling group averaged 50.04G 11.30 mL/min/

100 g tissue, and in the patients with swelling averaged

45.33G 7.99. This reduction in CBF seen in patients

with swelling did not reach significance. In absolute

terms, the values of CBF in all patients studied with

reduced ADC were well above ischemic threshold

considered as 18 mL/min/100 g tissue. When CBF

values were corrected and normalized for a PaC02 of

34 mmHg, using 3% change per mmHg PaC02, the

CBF equaled 46.37G 9.63 mL/min/100 g tissue in

the swelling group and 47.74G 11.35 mL/min/100 g

tissue in the non-swelling group. These values were

not statistically significant from the non-normalized

CBF.

Water content, ICP, and CT classification in focal TBI

The methods for analysis in patients with focal

injury were di¤erent than those of di¤use injury. First,

we selected only patients for analysis which had a well-

defined unilateral non-evacuated contusion, which are

considered to be type VI in the Marshall classification.

Second, we evaluated water content, ADC, and CBF

in specific regions of interest, which included: contu-

sion core, perilesional area, a region distant from the

contusion on the ipsilateral side, and finally, a symmet-

rical site contralateral to the lesion. Of the initial

cohort, 20 patients were selected that fit the inclusion

criteria.

The water content of the contused site averaged

81.81%G 2.36, well above the brain water content of

the symmetrical site of the contralateral hemisphere

(75.83G 1.44%) (p < 0.0001). As water content in-

creased, ICP increased in an exponential fashion. Sim-

ilar to di¤use injury, the ICP increase was substantially

above a level of 77.0% water. ICP at this level was

22 mmHg and corresponded to a 4.3% swelling.

ADC in head-injured patients with focal injury

The ADC in the core of the contusion and ring of

hyperdensity surrounding the contusion was high and

averaged 1.25G 0.37. This value is well above normal

and was consistent among all of the contusions studied

indicating a predominantly vasogenic edema. Beyond

the core in the perilesional area, the ADC was below

normal and averaged 0.72G 0.14 SD. The value was

highly significant compared to the contused site and

also to normal brain tissue (p < 0.001), signifying a

predominantly cellular edema. The ADC of the perile-

sional area was also low compared to the symmetrical

site in the contralateral hemisphere (p ¼ 0.01). Distant

from the contusion in the ipsilateral hemisphere,

the ADC was approximately equal to the ADC ob-

served in the non-contused hemisphere and averaged

0.84G 0.08. With the exception of the site of contu-

sion, the ADC of the perilesional brain tissue was re-

duced. The ADC from tissue distant to the lesion and

in the contralateral hemisphere was also reduced or

near normal.

CBF in focal injury

The CBF of the non-injured hemisphere of the focal

injury cohort averaged 45.86G 9.43, which is in the

Fig. 2. Brain edema and ADC after di¤use TBI. In patients with sig-

nificant brain swelling, ADC values were reduced and averaged

0.74G 0.05 (p < 0.0001), consistent with a predominantly cellular

edema. Water in CT type III/IV was markedly elevated compared

to less di¤use injury in CT type II
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normal range for comatose patients. In contrast, the

CBF in the perilesional area was low, averaging

34.01G 8.52. This reduction in CBF adjacent to the le-

sion compared to the non-injured hemisphere was sta-

tistically significant (p < 0.001). A similar reduction

was seen when these CBF values were corrected and

normalized to a PaC02 of 34 mmHg, assuming a simi-

lar 3% change in CBF per mmHg PaC02 as was used

in the di¤use injury group. In both cases, CBF was

above ischemic threshold levels supporting the notion

that the edema distant from the contusion core is cellu-

lar in nature.

Discussion

This report provides supportive evidence that trau-

matic brain edema is predominantly a cellular phe-

nomenon in both focal and di¤use injury. Further, it

indicates that at time of study, when CBF measure-

ments were made in conjunction with MRI studies,

the blood flow was well above ischemic thresholds

thereby obviating an ischemic-induced cellular compo-

nent to the edematous process. The areas of edema

were signified by zones of increased water content,

measured by our MRI technique and, as might be ex-

pected, the highest levels of edema were measured in

those patients with raised ICP. The ICP relationship

to percentage water in patients with focal injury was

exponential, illustrating a significantly reduced level

of reserve in the contused hemisphere. Taken in con-

cert, these results suggest that alternative therapies tar-

geted to reduce the cellular edema component of swell-

ing in both di¤use and focal injury must be considered.

For the past several decades, it has been generally

accepted that the swelling process accompanying trau-

matic brain injury is mainly due to vascular engorge-

ment, and it is the increase in blood volume that is

mainly responsible for increase in brain bulk and sub-

sequent rise in ICP. Edema was thought to play a mi-

nor role, particularly in a contusion where the blood-

brain barrier (BBB) was thought to be transiently com-

promised. This controversy was resolved by studies in

head-injured patients in whom both tissue water and

cerebral blood volume were measured [8]. In both dif-

fuse and focal injury, it was found that edema and not

vascular engorgement was responsible for brain swell-

ing and that blood volume was actually reduced fol-

lowing severe TBI. The problem remained as to what

type of edema was involved.

Experimental studies to characterize the type of

edema in the laboratory have used DWI to identify

the extent of the cellular edema present in an impact

acceleration model of di¤use injury. These studies

showed that the rise in ICP following experimental

TBI and concomitant reduction in ADC following in-

jury was caused by a predominantly cellular edema.

When coupled with a secondary insult, ischemia was

also considered an important factor contributing to

cellular swelling. Similarly, studies of focal injury us-

ing the cortical contusion model coupled with DWI in-

dicated that the type of edema in the injured area, with

or without superimposed hypotension secondary in-

sult, was predominantly cellular [10]. However, it

would seem reasonable that the formation of vaso-

genic and cellular edema would also be time depen-

dent. Barzo et al. [1] studied the type of edema that

forms during both the acute and chronic stage of dif-

fuse impact acceleration injury using DWI and water

content measures. The authors found a significant in-

crease in the ADC during the first 60 minutes post-

injury, which was consistent with development of a

vasogenic edema secondary to BBB compromise. This

transient increase in ADC was followed by a continual

decrease in ADC that began 40 to 60 minutes post-

injury and continued for up to 7 days post-injury. The

study by Barzo et al. [2] illustrated that a vasogenic

component of edema can develop soon after injury,

but as the BBB closes, the cellular edema predomi-

nates. These studies implied an early closure to the

BBB following traumatic brain injury. Changes in bar-

rier opening were measured in a subsequent experi-

mental study by the same group, using MRI monitor-

ing with contrast agent. The authors found that closed

head injury was associated with a rapid and transient

BBB opening that lasted only 30 minutes. Secondary

insult tended to prolong the duration of the barrier

opening. Thus, the increase in barrier permeability in

di¤use injury was short-lived despite the continued de-

velopment of brain swelling, further supporting a pre-

dominantly cellular edema. Taken in concert, the ex-

perimental findings provide compelling evidence that

the BBB opening is brief and the subsequent swelling

of the brain is due to an increase in cellular water.

Human studies of DWI

The information regarding ADC changes in severely

brain-injured patients is scant. Liu studied 9 patients

ranging from 26 to 78 years of age with head trauma

[7]. No data was available about the severity of injury.
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Despite the small number of patients in their study, the

authors found decreased ADC in patients with di¤use

axonal injury in the acute setting. In some cases, the

reduced ADC persisted into the sub-acute period, be-

yond that described for cytotoxic edema. This could

not be confirmed because water measurements were

not made. The ADC values ranged from a low of

0.334 at 9 days post-injury to 0.551. A more extensive

study of DWI in head-injured patients was conducted

by Kawamata et al. [5]. These authors studied 20

patients within 24 to 48 hours post-trauma. They ex-

pressed an ADC ratio of contusion site to normal

brain. Using this ratio, the ADC value increased in

the central area from 1.13G 0.13 and decreased in the

peripheral area to 0.83G 0.81. The authors concluded

that a combination of events facilitates edema accu-

mulation in the tissue and contributes, together with

the cellular edema in the peripheral area, to the mass

e¤ect of contusion edema. Nakahara et al. [9] studied

4 severely brain-injured patients and compared the

ADC values with 4 reference subjects. They found

that ADC values in the more severely injured patients

were lower compared to the remaining patients.

In summary, investigations of severely brain-injured

patients by others are consistent with the findings of

our study, namely that ADC is reduced following se-

vere TBI.

ADC and brain edema

As mentioned earlier, most studies attempt to relate

the increased T2 relaxation to increased edema. In our

study, where water was quantified in absolute terms,

the regions of ADC change from normal values of

0.82G 0.05 correlated with water increase. For exam-

ple, in patients with di¤use injury in the non-swelling

group, the ADC values were close to normal

(0.89G 0.08). However, in patients with significant

brain swelling, ADC values were reduced to

0.74G 0.05, a reduction that was highly significant

(p < 0.0001), and consistent with cellular edema. It

must be emphasized that the measured ADC combines

contributions from both vasogenic and cellular influ-

ences with the di¤usion of water through the tissue.

For example, if the vasogenic and cytotoxic influence

were equal, the ADC would show no change from nor-

mal. That is the reason why we state that cellular

edema is the predominant form of edema that is pres-

ent.

In summary, the ADC, brain water, and CT classifi-

cations were consistent and changed in the expected di-

rection. In CT classification type II where swelling was

minimal, the ADC change was also minimal. How-

ever, in type III and IV with increased swelling and

increased water content, the ADC was markedly

reduced.

Changes in CBF and ADC

As mentioned earlier, CBF was measured at the

same time that DWI was performed. The primary mo-

tivating factor was to eliminate frank ischemic damage

as one possibility a¤ecting the change in ADC. We

found that CBF was reduced in patients with brain

swelling and reduced ADC, but this reduction did not

reach significance. All values were above ischemic

thresholds.

Water content, ICP, and CT classification in focal TBI

The type of edema that surrounds a contusion is of

great interest because it is the expanding lesion that

leads to brain shift, elevated ICP, and eventually ische-

mia. According to the results of our study, we can sub-

divide the contusional area into 3 zones: the lesion

core, the perilesional area, and the surrounding tissue.

Our results show that water and the ADC in the lesion

core were elevated, consistent with a zone of necrotic

tissue coupled with a mixture of blood and water. In-

terestingly, in the perilesional area the ADC was

reduced, as well as the ADC in tissue distant from the

lesion. As water content increased in the contused

hemisphere, ICP increased exponentially, similar to

the shape of an ICP/volume curve. This suggests that

small increases in water content, when reserve is ex-

hausted, will result in dramatic increases in ICP.

The CBF changes followed a distinct pattern. In the

center of the lesion, CBF was reduced below ischemic

levels. In the perilesional area, CBF was higher in the

vicinity of 35 mL/min/100 g tissue. The CBF in the

perilesional area, although above ischemic threshold,

was associated with reduced ADC indicating that the

edema that formed around the contusion was predom-

inantly cellular. The highest CBF was found, as ex-

pected, in the contralateral hemisphere and was near

expected levels for the head-injured patient.

It has always been thought that changes in CT den-

sity surrounding a contusion were representative of a

vasogenic edema exuding from the lesion site and mi-

grating through the tissue. Although a vasogenic com-
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ponent cannot be excluded, our results provide com-

pelling evidence that cellular edema predominates in

both di¤use and focal injury.

Conclusion

The brain swelling seen in severely brain-injured pa-

tients is predominantly cellular as signaled by a reduc-

tion in ADC in regions of high tissue water. The cellu-

lar form of edema dominates in both focal and di¤use

injury. The CBF seen in these regions is above ische-

mic levels, indicating that other mechanisms resulting

in a tissue energy crisis must be involved.
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CT prediction of contusion evolution after closed head injury:
the role of pericontusional edema

A. Beaumont and T. Gennarelli

Department of Neurosurgery, Medical College of Wisconsin, Milwaukee, WI, USA

Summary

Background. Cerebral contusions have a 51% incidence of evolu-

tion in the first hours after injury. Evolution is associated with clini-

cal deterioration and is the reason for ICP monitoring or surgical

intervention. We sought to define CT features that predict cerebral

contusion evolution.

Methods. Patients treated for cerebral contusion who had 2 CT

scans within 24 hours after injury were evaluated (n ¼ 21). CT scans

were analyzed for area of contusion, hemorrhagic components, and

edema. Increase (%) in contusion size was recorded. Contusion evo-

lution was defined as>5% size increase. Ratios of hemorrhagic com-

ponents to surrounding edema were calculated.

Results. Ten patients (47.6%) showed contusion evolution and 11

(52.4%) did not. Age, sex ratio, or injury severity between the 2

groups did not di¤er. Eight of 10 patients with evolving contusions

had minimal or no perilesional edema on first CT; only 2 of 11 non-

evolution patients had perilesional edema (p < 0.005).Mean ratio of

area of surrounding edema to area of hemorrhagic products on first

CT was 0.770 in evolution group versus 2.22 in non-evolution group

(p ¼ 0.055).

Conclusions. A higher proportion of patients without contusion

evolution had perilesional edema present on first CT scan. The ab-

sence of pericontusional edema on early CT may be a useful marker

to predict contusion evolution.

Keywords:Traumatic brain injury; contusion; computed tomogra-

phy; brain edema.

Introduction

It is well recognized that cerebral contusions associ-

ated with traumatic brain injury (TBI) can increase in

size after an initial computed tomography (CT) scan

has been obtained [4]. This contusion evolution can

be associated with clinical deterioration of the patient,

including obtundation, loss of airway protection, ele-

vated intracranial pressure (ICP), and herniation. Fre-

quently contusions will be serially imaged until they

are seen to be stable in size, or an ICP monitor will

be placed to warn of worsening ICP problems. The

pathological reasons why some contusions expand

and some remain stable is not clear, and currently no

formal criteria have been defined that can help predict

the behavior of any particular contusion. Any clinical

modality used to help make such determinations must

be readily obtainable in the setting of acute injury. This

study aims to define CT scan parameters that might

help predict contusion expansion after TBI.

Materials and methods

Patients with TBI admitted to Froedtert Memorial Lutheran

Hospital between March and December 2004 were retrospectively

analyzed. Patients were selected according to the following criteria:

presence of 1 or more contusions on CT scan, 2 CT scans performed

within the first 24 hours after admission, and the presence of at least

1 reactive pupil. Clinical data regarding injury mechanism, patient

demographics, and neurological function were collected. CT scan

data was obtained and analyzed using ImageJ (National Institutes

of Health, Bethesda, MD) and Analyze (Mayo Clinic, Rochester,

MN) software. Contusion size changes, pixel intensity profiles, pixel

intensity histograms, pixel mean and standard deviation, size of

pericontusional edema, ratio of edema to contusion, and fractal

signature [2] were calculated and recorded from regions of interest.

All segmentation for contusion definition was performed manually.

Statistical analysis included Chi square distribution and t-tests ac-

cording to data type. Statistical significance was defined as p < 0.05.

Results

Twenty-one patients fulfilled the entry criteria: 10

with contusion expansion and 11 with stable contusion

size. Contusion expansion was defined as a greater

than 5% increase in size of hemorrhage between the

study CT scans. The age range of the patients was 19

to 75 years. Injury mechanisms included fall, motor ve-

hicle accident, and assault. The median age of the ex-

panding contusion group (EC) was 41.5 years (range:



21 to 75). The median age of the stable contusion

group (SC) was 35 years (range 19 to 72). The male to

female ratio was 7 :3 and 9 :2 in EC and SC, respec-

tively. The median score on the Glasgow Coma Scale

at admission was 5 (range 4 to 15) with no di¤erence

between the groups. The mean time interval between

the first 2 CT scans was 10.4 hours in EC and 15.0

hours in SC. The EC group consisted of 6 frontal, 2

temporal, and 2 parietal contusions. The SC group

consisted of 9 frontal, 1 temporal, and 1 parietal con-

tusion. Overall there was no di¤erence in the age distri-

bution, contusion location, clinical state of the patient,

or time interval between the CT scans between the 2

groups.

Table 1 shows the proportions of EC and SC that

had an identifiable rim of pericontusional edema. EC

clearly had a much higher proportion of contusions

with no perilesional edema compared with SC where

most contusions had a rim of surrounding edema

(p < 0.005). Table 1 also shows other imaging charac-

teristics between the 2 groups. The mean signal inten-

sity was higher in the EC group (p < 0.01), consistent

with the presence of hypointense edema signal in

the SC group. The percentage contribution of edema

signal to lesion size was higher in the SC group

(p < 0.01), and the ratio of the size of contusion to

edema was higher in this same group. Fractal signa-

ture, a measure of image texture or variability, was

lower in SC (p < 0.05), consistent with higher variabil-

ity in pixel intensity.

Analysis of histogram plots for each of the con-

tusions demonstrated apparent di¤erences (Fig. 1).

In the SC group, where perilesional edema was seen

more commonly, the histogram profiles were bimodal

or unimodal with skew (100%). This observation is

consistent with 2 overlapping populations of pixels. In

the EC group, histogram profiles were more clearly un-

imodal (90%), consistent with a single population of

pixel intensities, i.e., no surrounding edema.

Discussion

Prior studies have demonstrated a 23% to 51% rate

of progression of hemorrhagic contusion after closed

head injury [3–5]. Clinical and demographic factors

that have been shown to independently correlate with

risk of lesion expansion include injury severity, sex,

age, and coagulopathy. No clear risk factors have

been previously identified beyond injury severity that

can predict lesion expansion.

In this study, CT scan features were identified that

correlated with the risk of contusion expansion after

TBI. Specifically, the presence of a rim of perilesional

edema is associated with a lower risk of contusion

expansion. The lack of surrounding edema is also re-

flected in a lower mean signal intensity and morpho-

logical di¤erences in the signal intensity/frequency his-

tograms.

Fractal signature is a dimensionless parameter ap-

plied in image processing and calculated by a process

of dilation and erosion. Variation in the image fractal

dimension with resolution is then tested. Fractal signa-

ture measures the deviation of the sample image from

a fractal surface. Increases in the fractal signature are

associated with reductions in image variability. Prior

studies have demonstrated alterations in fractal signa-

ture with osteoarthritis of the knee [2]. In this study,

the stable contusion group had a significantly lower

fractal signature, implying less homogeneity. Care

should be taken not to apply too much weight to

measures of complexity in this setting with a relatively

small study group. However, di¤erences in objective

image parameters between EC and SC are apparent,

and these may prove useful in further study.

The pathological processes and time course of con-

Table 1. Comparison between imaging parameters in expanding and

stable contusions.

Expanding

contusion

(n ¼ 10)

Stable

contusion

(n ¼ 11)

Ratio of Edema:No Edema 8 :2 2 :9***

Increase in Contusion Size (%) 439 0.39**

Mean Signal Intensity (GSD)

(units)

142.1G 16.9 125.1G 7.8**

Mean Signal Intensity SD

(GSD) (units)

20.9G 10.4 22.2G 6.0

Edema:Contusion Size Ratio 0.77G 1.79 2.22G 2.15

Fractal Signature 2.44G 0.18 2.29G 0.10*

Bimodal :Unimodal Ratio 1 :9 11 :0

Ratio of Edema:No Edema is the number of cases in each group

with defined perilesional edema on CT scan compared with the num-

ber of cases without edema.

Mean Signal Intensity is the mean pixel value in the region of interest

(ROI).

Mean Signal Intensity SD, is the mean standard deviation of the

pixel values for the ROI, a marker of heterogeneity in the ROI.

Fractal signature is a dimensionless number reflecting the complexity

of data in the ROI.

Bimodal :Unimodal Ratio is the number cases in each group where

the signal intensity/frequency histogram is bimodal/skewed or uni-

modal, as described in Fig. 1. *** p < 0.005, ** p < 0.01,

* p < 0.05.
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tusions is not completely understood at present. It is

certainly known that as a contusion matures it is asso-

ciated with the development of a rim of pericontu-

sional edema that gradually increases as hemorrhagic

tissue undergoes necrosis. This process often takes

days to weeks. However, this study suggests that the

presence of pericontusional edema early after injury is

associated with a lower risk of contusion expansion.

As such, the edema is most likely a marker of lesion

maturity that represents a state where the pathological

process does not favor lesion expansion.

The lack of pericontusional edema on an early CT

scan may be a useful indicator of a relatively high risk

of contusion expansion, and may therefore be useful in

guiding the early management of contusional injury,

including decisions regarding repeat CT scanning,

intensity and frequency of neurological observation,

and the need for ICP monitoring. This may be particu-

larly important given recent recommendations to ra-

tionalize the use of routine repeat CT scanning after

closed head injury [1]. More extensive study is required

to better determine the predictive values of some of the

radiological features outlined in our study.

References

1. Brown CV, Weng J, Oh D, Salim A, Kasotakis G, Demetriades

D, Velmahos GC, Rhee P (2004) Does routine serial computed

tomography of the head influence management of traumatic

brain injury? A prospective evaluation. J Trauma 57: 939–943

2. Lynch JA, Hawkes DJ, Buckland-Wright JC (1991) Analysis of

texture in macroradiographs of osteoarthritic knees using the

fractal signature. Phys Med Biol 36: 709–722

3. McBride DQ, Patel AB, Caron M (1993) Early repeat CT scan:

importance in detecting surgical lesions after closed head injury.

J Neurotrauma 10 [Suppl] 1: S227

4. Oertel M, Kelly DF,McArthur D, BoscardinWJ, Glenn TC, Lee

JH, Gravori T, Obukhov D, McBride DQ, Martin NA (2002)

Progressive hemorrhage after head trauma: predictors and conse-

quences of the evolving injury. J Neurosurg 96: 109–116

5. Stein SC, Spettell C, Young G, Ross SE (1993) Delayed and pro-

gressive brain injury in closed-head trauma: radiological demon-

stration. Neurosurgery 32: 25–31

Correspondence: Andrew Beaumont, Dept. Neurosurgery, Medi-

cal College of Wisconsin, 9200 W Wisconsin Ave., Milwaukee, WI

53226, USA. e-mail: abeaumont@neuroscience.mcw.edu

Fig. 1. Signal intensity/frequency histograms from selected contu-

sions. (a) Histogram from a non-EC, showing bimodal distribution

with peaks corresponding to contused tissue and surrounding edema.

(b) Histogram from a non-EC showing skew, consistent with 2 over-

lapping populations of pixels corresponding to contused tissue and

surrounding edema. (c) Histogram from initial CT scan of EC, show-

ing a more clearly unimodal distribution, consistent with a single

population of pixel density from contused tissue
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Summary

The purpose of this study was to evaluate the utility of a novel or-

gan dysfunction assessment score developed for patients with severe

traumatic brain injury during therapeutic brain hypothermia.

The Brain Hypothermia Organ Dysfunction Assessment

(BHODA) score is calculated through the combined assessment of

6 indices: central nervous system (CNS) function, respiratory func-

tion, cardiovascular function, hepatosplanchnic circulation, coagu-

lation, and metabolism. The CNS, hepatosplanchnic circulation,

and metabolic indices were based on measurements of cerebral per-

fusion pressure, gastric tonometry, and blood glucose, respectively.

Thirty-nine patients with severe closed head injuries (scores of 3 to 8

on the Glasgow Coma Scale) were enrolled. Seven patients (18%)

died during hospitalization. Outcome was favorable in 20 patients

and unfavorable in 19. The BHODA score proved useful in describ-

ing sequences of complications during therapeutic brain hypother-

mia. A total maximum BHODA score of more than 13 points corre-

sponded to a mortality of 70%. In a multivariate model, the total

maximum BHODA score was independently associated with neuro-

logical outcome (odds ratio for unfavorable neurological outcome,

2.590; 95% confidence interval, 1.260, 5.327). In conclusion, the

BHODA score can help assess multiple organ dysfunction/failure

during therapeutic hypothermia and may be useful for predicting

outcome.

Keywords: Traumatic brain injury; hypothermia; organ dysfunc-

tion syndrome; subdural hematoma.

Introduction

Growing evidence suggests that therapeutic brain

hypothermia (THT) confers neuroprotective e¤ects

in subgroups of patients with neurological damage.

Yet THT remains controversial as a strategy for severe

traumatic brain injury (TBI), in part because of its

many side e¤ects during the cooling phase. The sys-

temic organ function of TBI patients and the patho-

physiological response to hypothermia are important

to recognize and evaluate. The Sequential Organ Fail-

ure Assessment (SOFA) score is useful for assessing

organ dysfunction and failure over time, as well as

predicting outcome in critically ill patients. When TBI

patients undergo THT, however, the SOFA score has

only limited usefulness in evaluating cardiovascular

response and central nervous system (CNS) due to se-

dation. As an alternative, we developed a novel organ

dysfunction assessment score suitable for TBI patients

undergoing THT. The purpose of this study was to

evaluate the utility of this score.

Material and methods

Severe TBI patients with a Glasgow Coma Score (GCS)a 8 on

admission and su¤ering from acute subdural hematoma with cere-

bral contusion were enrolled in our study between January 1996

and December 2000. All patients underwent THT immediately after

surgery, as previous described [6, 7]. The target brain temperature

was 33 to 34 �C maintained for 48 to 72 hours. Basic treatment

included sedation with midazolam (1–3 mg/kg/min), analgesic with

buprenorphine (1–2 mg/kg/min), and muscle relaxant. PaCO2 con-

centrations were maintained at 35 to 40 mmHg and PaO2 levels

were maintained above 100 mmHg. A ventricular pressure monitor-

ing probe (Camino, Integra Neurosciences, Plainsboro, NJ) was in-

serted to measure ICP and ventricular temperature in each patient.

Mean arterial pressure was kept above 90 mmHg and the ICP was

kept below 20 mmHg. No patient underwent combined barbiturate

coma therapy or active hyperventilation. Insulin generally was not

administered in patients with glucose levels of less than 200 mg/dl.

After THT, the patients were gradually rewarmed at a rate of 1 �C
per day.

The BHODA score (Table 1) was calculated on admission and

once for every 24-hour period until discharge. The worst value for

each parameter was used to calculate the score for each 24-hour pe-

riod. The total maximum BHODA score was calculated by summing

the worst scores for each of the components. Neurological outcome

was assessed at hospital discharge by the Glasgow Outcome Scale,

and was dichotomized into favorable outcome (good recovery or

mild disability) or unfavorable outcome (severe disability, vegetative

state, or death).



Analyses of continuous, normally-distributed variables within and

between groups were undertaken using the appropriate Student t-

test. Non-normally distributed continuous variables were analyzed

using the Mann-Whitney U-test. Categorical variables were ana-

lyzed using Fisher exact test. A p value of <0.05 was considered sig-

nificant. The results are presented as meanG SD, except where

otherwise indicated.

Results

Overall outcome

This study investigated a population of 39 patients

with a mean age of 50.4G 15.4 years (range: 18 to 72

years). The post-resuscitation GCS of non-survivors

(GCS 4) was significantly lower than that of survivors

(GCS 6) ðp ¼ 0:0009Þ. Seven patients (18%) died dur-

ing hospitalization.

Organ dysfunction/failure during THT

The BHODA scores were analyzed at 4 time points

for each index to identify significant di¤erences: at the

beginning of cooling, during the cooling phase, during

the rewarming phase, and at the end point of THT.

Scores for the respiratory system, hepatosplanchnic

circulation, coagulation system, and metabolic system

were significantly higher in non-survivors at all points.

The score for the CNS was also significantly higher in

non-survivors, but only at 3 time points (cooling phase,

rewarming phase, and end point of THT).

Hospital mortality and neurological outcome

Hospital mortality and neurological outcome by

quartile of the total maximum BHODA score are

shown in Table 2. The quartile of patients with the

highest score had a hospital mortality of 70%, while

the quartile of patients with the lowest scores had a

hospital mortality of 0%. All of the patients in the

quartile with the highest total maximum BHODA

score had an unfavorable outcome. A multivariate

model was created to assess the independent associa-

tion of multiple organ dysfunction/failure and neuro-

logical outcome. After controlling for age, post-

resuscitation GCS, and the BHODA score at the

cooling phase, the neurological outcome was inde-

pendently associated with the degree of multiple organ

dysfunction/failure (odds ratio for unfavorable neuro-

logical outcome, 2.590; 95% C.I., 1.260, 5.327 for

maximum BHODA score).

Discussion

Non-neurological organ dysfunction is common in

patients with severe TBI and is independently associ-

ated with worse outcome. Respiratory and/or cardio-

vascular failure are more frequent in severe TBI

than failures in other organs. Zygun [17] suggested

that the potential mechanisms of organ dysfunction in

severe TBI may be divided into neurogenic causes and

complications from therapies. The primary etiological

theory singles out catecholamine release as the neuro-

genic cause of myocardial dysfunction and pulmonary

edema. According to a report by Dujardin et al. [2],

41% of TBI patients showed echocardiographic evi-

dence of myocardial dysfunction after brain death.

Table 1. Brain Hypothermia Organ Dysfunction Assessment

(BHODA) score

Variables BHODA score

0 1 2 3 4

CNS

– CPP (mmHg) >70 a70 a65 a60 a55

Respiratory

– PaO2/FiO2 (mmHg) >400 a400 a300 a200 a100

Cardiovascular

– PAR 7–10 10.1–15.0 a20 a30 30<

or <7

Hepatosplanchnic

– CO2 gap (mmHg) <10 a15 a20 a25 25<

Coagulation

– Platelet (�103/mm3) >150 a150 a100 a50 a20

Metabolism

– Blood glucose (g/dl) <170 170a 200a 230a 260a

CNSCentral nervous system;CPP cerebral perfusion pressure; PAR

pressure-adjusted heart rate defined as the product of the heart rate

multiplied by the ratio of the right atrial (central venous) pressure to

the mean arterial pressure. CO2 gap was defined as the di¤erence

between gastric mucosal PCO2 and arterial PCO2.

Table 2. Hospital mortality and neurological outcome by quartile of

the total maximum BHODA score

Total maximum

BHODA score

0–6 7–8 9–12 13–24

Survivors, n (%) 6 (100) 14 (100) 9 (100) 3 (30)

Nonsurvivors, n (%) 0 (0) 0 (0) 0 (0) 7 (70)

Favorable, n (%) 3 (50) 14 (100) 3 (33) 0 (0)

Unfavorable, n (%) 3 (50) 0 (0) 6 (67) 10 (100)

p < 0.0001 for the di¤erence between survivors and non-survivors;

p ¼ 0.0002 for the di¤erence between patients with favorable and

unfavorable outcome.
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Pulmonary edema fluid analysis indicated that both

hydrostatic edema and permeability edema might be

present in patients with neurogenic pulmonary edema

[11]. Pulmonary constriction due to catecholamine

surge increases capillary pressure and hydrostatic

edema, thereby disrupting the basement membrane

and ultimately producing permeability edema.

Barbiturate coma therapy is one of the main ICP-

oriented therapies. The use of barbiturates has been as-

sociated with an increased incidence of pneumonia.

Thiopental inhibits tumor necrosis factor and alpha-

induced activation of nuclear factor kappaB by sup-

pressing kappaB kinase activity [8]. It should be noted

that cerebral perfusion pressure (CPP)-oriented thera-

pies administered to optimize cerebral blood flow may

be linked with an increased occurrence of respiratory

failure. Robertson et al. [10] reported a five-fold in-

crease in the occurrence of acute respiratory distress

syndrome in a group managed with a higher CPP

protocol (70 mmHg vs. 50 mmHg). The updated CPP

guidelines from the Brain Trauma Foundation and

the American Association of Neurological Surgeons

recommend the following: ‘‘CPP should be main-

tained at a minimum of 60 mmHg. In the absence of

cerebral ischemia, aggressive attempts to maintain

CPP above 70 mmHg with fluids and pressors should

be avoided because of the risk of acute respiratory dis-

tress syndrome.’’

The following concepts prompted the development

of the SOFA score and formed its basis: 1) Organ

dysfunction/failure is a process rather than an event.

As such, it should be seen as a continuum rather than

a condition which is simply ‘‘present’’ or ‘‘absent’’; 2)

The evaluation of organ dysfunction/failure should

be based on a limited number of simple yet objective

variables which can be easily and routinely measured

in every institution [16]. The SOFA score can help

quantify the degree of organ dysfunction/failure and

is useful to predict outcome in critically ill patients [3].

The score has only limited usefulness in evaluating sys-

temic organ dysfunction during THT, however. When

severe TBI patients undergo THT, the concomitant

treatment with sedatives, analgesics, muscle relaxants,

and other medications generally makes it impossible

to evaluate CNS function by the SOFA score. As an

alternative, we created a novel organ dysfunction as-

sessment score specialized in THT.

The BHODA score is a set of indices covering 6

physiological functions: CNS function, respiratory

function, cardiovascular function, hepatosplanchnic

circulation, coagulation, and metabolism. The CNS

function, hepatosplanchnic circulation, and metabolic

indices are based on measurements of CPP, gastric

tonometry, and blood glucose, respectively. The in-

ability of patients to respond to stimulation under

THT makes the GCS inappropriate as an index of

CNS function. Accordingly, the BHODA score uses

CPP as the CNS index. Hypothermia is initially as-

sociated with sinus tachycardia and the subsequent

development of bradycardia. The index of cardiovas-

cular function in the BHODA score is based on the

pressure-adjusted heart rate (PAR), defined as the

product of the heart rate multiplied by the ratio of

the right atrial (central venous) pressure to the mean

arterial pressure. Hypothermia may decrease periph-

eral blood flow because of vasoconstriction, thereby

decreasing the transfer of heat from the core to the

periphery. In this case, it is di‰cult to maintain the

target temperature by a water blanket. Dobutamine,

an agent proven e¤ective in controlling body tempera-

ture without inducing hypotension, can be used to in-

crease the peripheral blood flow and improve heat

conduction when administered concomitantly with

fluid replacement therapy. For these reasons, PAR

was selected as the index of cardiovascular function.

PAR is also used as an index of cardiovascular func-

tion in the Multiple Organ Dysfunction (MOD) score

[9]. Application of PAR in the BHODA score di¤ers

slightly, however, as 1 point is added when the PAR

is calculated at less than 7 points.

Kinoshita et al. [6] showed that patients run the risk

of impairing hemodynamics during THT. Systemic

vasoconstriction under hypothermia may obscure the

hypovolemic condition and hypoperfusion. At the

point of oxygen metabolism, ‘‘masked hypoperfusion’’

can increase oxygen debt. Lactate concentration usu-

ally increases under hypothermia due to the fat and

glucose metabolic alteration. This makes it di‰cult to

estimate the oxygen debt by monitoring the lactate

concentration alone. The pulmonary artery catheter is

invasive and carries a risk of complications and higher

cost. Gastric tonometry is a novel method used for

indirect evaluation of regional blood flow within the

splanchnic vascular bed. The measurement of the

PCO2 gap (the di¤erence between gastric mucosal

PCO2 and arterial PCO2) may make it possible to ac-

curately evaluate oxygen demand/supply status at the

level of microcirculation [4]. Tonometric measurement

by the air-gas method is likely to be reliable at around

34 �C [1]. The BHODA score also incorporates the
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hepatosplanchnic circulation calculated by PCO2 gap,

as the tissue oxygen debt has been established as a

common pathophysiological process leading to multi-

ple organ failure. Venkatesh et al. [15] suggested

that TBI patients developed splanchnic ischemia. A

prospective randomized study by Van den Berghe

et al. [13] recently identified a reduced mortality in

critically ill patients under aggressive control of blood

glucose levels (target < 110 mg/dl). Van den Berghe’s

group also reported that intensive insulin therapy re-

duces mean and maximal ICP in patients with isolated

brain injury [14]. Kinoshita et al. [5] found that post-

traumatic hyperglycemia in acute phase aggravates

histopathological outcome and increases the accumu-

lation of polymorphonuclear leukocytes. Patients with

unfavorable outcome in our study had higher blood

glucose concentrations than the patients with favor-

able outcome. Hypothermia decreases insulin sensi-

tivity and insulin secretion, thereby facilitating the

development of hyperglycemia. Hypothermia may

modulate the physiological role of insulin in the regu-

lation of target cell metabolism [12]. It remains un-

known whether THT combined with intensive insulin

therapy actually improves neurological outcome.

We developed the BHODA score by closely moni-

toring clinical experience in the management of com-

plications during THT, and evaluated its utility in a

small population of patients. The total maximum

BHODA score in this multivariable logistic regression

model may contribute to the prediction of hospital

mortality, assuming that all other factors are held con-

stant. Further clinical prospective studies will be re-

quired to clarify the utility of the BHODA score.

Conclusion

Our study shows that the BHODA score may be

useful for assessing the evolution of organ failure over

time in patients with TBI. The progress of multiple

organ dysfunction/failure in this patient population

was associated with worse outcome independent of

age and post-resuscitation GCS.
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Summary

Objective. To evaluate hemodynamics in patients with severe trau-

matic brain injury (TBI) after cerebral perfusion pressure (CPP)

management using cerebrospinal fluid (CSF) drainage.

Methods. Twenty-six patients with TBI (GlasgowComa Score ¼ 8

or less) were investigated. Mean arterial blood pressure, CPP, car-

diac index (CI), systemic vascular resistance index (SVRI), and cen-

tral venous pressure were measured. The patients were divided into 2

groups after craniotomy: the intraparenchymal ICP (IP-ICP) moni-

toring group ðn ¼ 14Þ and ventricular ICP (V-ICP) monitoring

group ðn ¼ 12Þ. Patient hemodynamics were investigated on the

second hospital day to identify di¤erences. Measurements indicated

a target CPP above 70 mmHg and a central venous pressure of 8–

10 mmHg in both groups. Mannitol administration (IP-ICP group)

or CSF drainage (V-ICP group) was performed whenever the CPP

remained below 70 mmHg.

Results. High SVRI and low CI ðp < 0:05Þ were observed in the

IP-ICP group. The V-ICP group exhibited a reduction in the total

fluid infusion volume of crystalloid ðp < 0:01Þ and a reduction in

the frequency of hypotensive episodes after the mannitol infusion.

Conclusions. CPP management using CSF drainage decreases the

total infusion volume of crystalloid and may reduce the risk of aggra-

vated brain edema after excess fluid resuscitation.

Keywords: Traumatic brain injury; CPP; CSF drainage; fluid

management.

Introduction

The main management goals in patients with trau-

matic brain injury (TBI) are to reduce the intracranial

pressure (ICP), provide an adequate cerebral perfu-

sion pressure (CPP), and stabilize hemodynamics

systemically. Clinical studies have documented the im-

portance of intensive care unit (ICU) management in

maintaining the CPP of traumatically brain-injured

patients [9]. Fluid management is also a critical factor

during intensive care in patients with TBI [5]. A recent

study reported that the early use of diuresis is associ-

ated with significant side e¤ects, including significant

fluid loss and unexpected hypotension [4] during ICU

management. Now that systemic arterial blood pres-

sure can be maintained by neurogenic hypertension, it

has become di‰cult to identify hypovolemia in the

presence of increased sympathetic tone after brain

injury. Hypovolemia could not be determined if the

frequent use of diuresis led to a depletion in the intra-

vascular volume after TBI. As a consequence, it has

become important to maintain euvolemia in CPPman-

agement as a precondition during ICU care [6]. The

drainage of cerebrospinal fluid (CSF) for ICP manage-

ment has been recommended in patients with TBI in

light of its e‰cacy in reducing ICP [2]. The changes

in hemodynamics during CPP management by CSF

drainage after TBI are not well understood, however.

This study evaluates the hemodynamics in patients

with TBI during CPP management by CSF drainage.

Materials and methods

Twenty-six patients with TBI (Glasgow Coma Score ¼ 8 or less)

were investigated in this study. Mean arterial blood pressure

(MAP), CPP ðCPP ¼ MAP� ICPÞ, cardiac index (CI), systemic

vascular resistance index (SVRI), and central venous pressure were

measured.

The patients were divided into 2 groups after craniotomy: the in-

traparenchymal ICP monitoring group (CAMINO; REF 110-4BT;

IP-ICP group; n ¼ 14) and the ventricular ICP monitoring group

(CAMINO; REF 110-4BT; V-ICP group; n ¼ 12). The hemo-

dynamics of the patients were investigated on the second hospital

day to identify di¤erences between the groups.

Measurements indicated a target CPP above 70 mmHg and a

central venous pressure of 8–10 mmHg in both groups. Mannitol

(0.25–1.0 g/kg) was administered whenever the CPP remained be-

low 70 mmHg for over 20 minutes in the IP-ICP group. The patients

in the V-ICP group initially underwent CPP management by CSF

drainage, followed by mannitol treatment if CSF drainage failed



to bring about the desired e¤ects. Crystalloid was administered at a

basic infusion volume of 2000 mL/24 h, with adjustment of the vol-

ume every eighth hour if the water balance (total infusion volume

minus urine volume) for the previous 8-hour period was calculated

to be negative.

Nine cases in the IP-ICP group and 8 cases in the V-ICP group

underwent therapeutic hypothermia immediately after the craniot-

omy. No patient underwent combined barbiturate coma therapy.

Arterial PaCO2 was maintained at about 35 mmHg and never al-

lowed to fall below 30 mmHg.

Statistical analysis

Data were expressed as mean valuesGSD. The non-paired t test

and Fisher exact test were employed for comparison of 2 groups. Sta-

tistical significance was defined as p < .05.

Results

Age and Glasgow Coma Score on admission

No di¤erences were seen among the IP-ICP or

V-ICP patients in age (IP-ICP; 51.9G 17.2 vs. V-ICP;

55.3G 15.4) or Glasgow Coma Score (IP-ICP;

6.2G 1.6 vs. V-ICP; 6.1G 1.6) on admission.

Changes in ICP and CPP

Measurements on the second hospital day indicated

no change between the groups in MAP (IP-ICP

99.0G 11.0 vs. V-ICP 100.9G 9.1 mmHg) or CPP

(IP-ICP 84.9G 16.1 vs. V-ICP 86.3G 8.8 mmHg).

Changes in SVRI and CI (Fig. 1a)

SVRI increased ðp < 0:05Þ in the IP-ICP group

compared to the V-ICP group (IP-ICP 2505.8G
202.5 vs. V-ICP 1934.4G 145.8 dyne.s/cm5/m2). A

decrease ðp < 0:05Þ in CI was seen on the second hos-

pital day in the IP- ICP group (3.3G 0.7 ml/min/m2)

compared to the V-ICP group (4.2G 0.4 ml/min/m2).

Total infusion volume of crystalloid and mannitol

(Fig. 1b)

The total fluid infusion volume of crystalloid was

lower ðp < 0:01Þ in the V-ICP group (4273.0G
362.4 mL) than in the IP-ICP group (5036.4G
403.8 mL). The volume of administered mannitol was

higher ðp < 0:01Þ in the IP-ICP group (625.0G
143.8 mL) than in the V-ICP (83.0G 103.0 mL)

group. The hypotensive episodes after mannitol infu-

sion tended to decrease in frequency during intensive

care management in the V-ICP group (IP-ICP, 6 epi-

sodes in 5 cases vs. V-ICP, 1 episode in 1 case).

Discussion

Patients who su¤er severe brain injury face the risk

of developing secondary brain damage after the injury

due to the low CPP [8, 9] stemming from either intra-

cranial hypertension or arterial hypotension [1, 3, 7].

This study demonstrated that CPP management using

CSF drainage reduced the total intravenous infusion

volume after TBI. Head-injured patients administered

mannitol might have unexpectedly developed a combi-

nation of hypotension and hypovolemia [4]. This study

failed to uncover direct evidence of any relationship

between hypotension and the early use of mannitol as

a diuretic. It did demonstrate, however, that patients

undergoing CPP management without CSF drainage

exhibit high SVRI and low CI that is clinically signifi-

cant. The e¤ective maintenance of systemic arterial

blood pressure now makes it di‰cult to identify hypo-

volemia in patients with increased systemic vascular

resistance. If the depletion in the intravascular volume

Fig. 1. (a) Changes in SVRI and CI. (b) Total infusion volumes

of crystalloid and mannitol. Open bars: IP-ICP group, Closed bars:

V-ICP group; *p < 0.05. **p < 0.01
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after craniotomy cannot be determined, the failure to

maintain cardiac stroke volume may accelerate hemo-

dynamic impairment and lead to unexpected hypoten-

sion during intensive care.

Fluid replacement should be conducted based on the

blood pressure, heart rate, urine output, and central

venous pressure, if available, during intensive care

after craniotomy. If hypovolemia is not properly

corrected, the condition will trigger hypotension and

aggravate cerebral ischemia. Controversy has emerged

regarding the potential danger of seriously compro-

mised ICP as an adverse response to the large volumes

of crystalloid fluids required by patients with vaso-

genic edema after TBI.

Small-volume fluid resuscitation is particularly at-

tractive for use in patients with brain injuries. Hemo-

dynamic stability can be achieved with smaller vol-

umes of fluid, and this can theoretically reduce the

risk of brain edema after TBI.

Conclusion

Our study suggests that patients with severe TBI

run the risk of a masked imbalance of hemodynamics

during intensive care. Hypotension may occur due to

inadequate sedation, inadequate analgesia, and exces-

sive use of diuretic agents. CPP management by CSF

drainage may decrease the total infusion volume of

crystalloid and reduce the risk of aggravated brain

edema from excess fluid resuscitation.
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Summary

Introduction. The most common head injury in sports is concus-

sion, and repeated concussions occurring within a short period occa-

sionally can be fatal. Acute subdural hematoma is the most common

severe head injury and can be associated with severe neurologic

disability and death in sports. We investigated severe brain damage

resulting from repetitive head injury in sports, and evaluated the

pathophysiology of sports-related repetitive injury.

Methods. We reviewed the literature containing detailed descrip-

tions of repetitive severe sports-related head injury. In total, 18 cases

were analyzed with regard to age, gender, type of sports, symptoms

before second injury, and pathology of brain CT scans.

Results. The majority of cases involved young males aged 16 to 23

years old, who sustained a second head injury before symptoms from

the first head injury had resolved. Ten of 15 cases did not su¤er loss

of consciousness at insult. Eight cases were confirmed on brain CT

scans after the second injury, and all 8 cases revealed brain swelling

associated with a thin subdural hematoma.

Conclusions. Second impact syndrome is thought to occur because

of loss of autoregulation of cerebral blood flow, leading to vascular

engorgement, increased intracranial pressure, and eventual hernia-

tion. Our investigation suggests that the existence of subdural hema-

toma is a major cause of brain swelling following sports-related,

repetitive head injury.

Keywords:Hemispheric swelling; thin subdural hematoma; repeti-

tive head injury; sports.

Introduction

The most common head injury in sports is concus-

sion. Furthermore, repeated concussions occurring

within a short period occasionally lead to a fatal out-

come. Once athletes have su¤ered a concussion, they

may be 4 to 6 times more likely to su¤er a second

head injury than someone who has never had one [7].

Subdural hematoma is the most common cause of

death or severe disability in the sports-related head in-

jury patient [11]. It has been reported that subdural

hematoma can result from repeated minor head trau-

ma [17]. In this study, we focused on the acute phase

of repetitive injuries in an attempt to clarify the patho-

physiology of repetitive severe sports-related head

injury.

Materials and methods

We reviewed the published papers on repetitive severe sports-

related head injury [1, 2, 5, 6, 10, 11, 14, 16]. In total, 18 cases, in-

cluding our own 4 cases, were analyzed with regard to age, gender,

type of sport, symptoms before receiving second injury, and com-

puted tomography (CT) findings, if available.

Results

All 18 cases were male adolescents or young adults

and they returned to play before the symptoms from

their first injury had resolved. At the initial insult, 10

of 15 cases did not lose consciousness. After the second

injury, we could confirm CT findings in 8 cases, and all

8 cases revealed subdural hematoma (Table 1).

Case reports

The first case was a 22-year-old man, who was an

American college football player with an unremark-

able medical history. He received a strong tackle in

the first game. He did not lose consciousness but suf-

fered partial amnesia during the game. The player

stated that he was su¤ering from a headache and

nausea, but continued to participate in the game. At

14 days after the first game, his headache still persisted.

In the second game, the player received a hard

helmet-to-helmet hit that knocked him to the ground.

He came o¤ the field of play complaining of headache



and vomiting, and then collapsed. He recovered con-

sciousness immediately, and he was oriented to time,

person, and place. The patient was then examined at

an emergency department. Coronal magnetic reso-

nance imaging revealed a subdural hematoma over

the cerebral convexity and interhemispheric (Fig. 1).

The second case was a 20-year-old man, a beginner

at karate. After his first competition, he su¤ered head-

ache and dizziness, but did not undergo a medical ex-

amination. After an interval of 4 days, he attempted to

participate in practice. He received a blow to the head

and developed severe headache and vomiting. His ini-

tial CT scan revealed extensive cerebral swelling of the

right hemisphere compared to the contralateral side,

and a thin rim of subdural hematoma in the right

temporal convexity (Fig. 2).

Discussion

Repetitive head injury in sports

Concussions are among the mildest forms of sports-

related head injury. Such sports-related head injuries

are very di¤erent from the typical severe traumatic

brain injuries such as those sustained in tra‰c acci-

dents and falls. Because sports-related brain injury

tends to be repetitive, prevention is feasible. A player

who has received a minor head injury is 4 to 6 times

as likely to sustain a subsequent head injury [7]. Re-

petitive concussive injury induces acute and chronic

damage to the brain. Repeated concussions that occur

within a short period can occasionally lead to a fatal

outcome.

Second impact syndrome

Second impact syndrome is a widely feared compli-

cation of sports-related traumatic brain injury, and

is characterized by rapid cerebral edema following a

second impact prior to recovery from the first. Loss of

consciousness is not always present, but mortality and

morbidity are extremely high. Seventeen cases were re-

ported in the 3 years from 1992 to 1995 [1].

The pathophysiology of second impact syndrome

is thought to involve a loss of autoregulation in the

brain’s blood supply. This leads to vascular engorge-

ment within the cranium which can, in turn, markedly

increase intracranial pressure and eventually result in

herniation [2]. McCrory reviewed and analyzed the

published cases of second impact syndrome, but de-

scribed the term ‘‘second impact syndrome’’ as mis-

leading because the etiology and pathology are not

entirely clear [12, 13].

Table 1. Summary of repetitive severe sports-related head injury cases (cases with CT scan imaging available after second injury)

Ref. Age/sex Sport 1st injury Ongoing symptoms Delay to 2nd injury 2nd injury Pathology GOS

16 19/M AF LOC� headache 4 days deep coma ASDH D

9 17/M AF LOC� headache 7 days deep coma ASDH D

11 18/M AF LOC� headache 2 hours headache nausea ASDH GR

5 22/M Boxing LOC� headache vertigo 2 months headache vomiting ASDH GR

* 22/M AF LOC� headache 2 weeks collapsed ASDH GR

* 23/M Boxing LOC� headache 2 weeks collapsed ASDH GR

* 20/M Karate LOCþ headache 4 days headache ASDH GR

* 22/M Skiing LOCþ headache 2 days headache ASDH GR

* ¼ Our cases.

AF American Football, ASDH acute subdural hematoma, D dead, GOS Glasgow Outcome Scale, GR Good Recovery, LOCþ with loss of

consciousness, LOC� without loss of consciousness, Ref references.

Fig. 1. MRI coronal section showing a subdural hematoma over the

cerebral convexity and interhemispheric (arrows)
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Based on previous case reports [5, 11] and our cases,

it is conceivable that the pathology of repetitive severe

brain injury could be as follows. At the initial impact,

the insult spreads to the bridging veins, and these veins

become stretched and occasionally torn. The surface of

the cortex then adheres to the dura matter. At the next

impact, a thin rim of subdural hematoma compresses

the bridging veins. The brain becomes swollen due to

venous congestion, and fatal hemorrhage occasionally

occurs. Therefore, concussion injury patients should

receive close medical attention.

Management of concussion in sports

In general, a concussion can be defined as a head

injury involving a traumatic alteration in mental sta-

tus, commonly followed by confusion and amnesia

[9]. It has been suggested that most sports-related con-

cussions do not result in a loss of consciousness [3, 4].

Players often decide to return to play after a head

injury without seeking medical attention. Kawamata

et al. [8] have indicated that a decrease in incidence of

concussion leads to a decrease in fatal injury. Both

players and coaches need to understand the risks of

multiple head injuries and how to apply return-to-

play guidelines in their decision-making. For preven-

tion of further injury, systems have been developed to

determine when an athlete who has su¤ered a concus-

sion can safely return to competition. Various grading

schemas and guidelines exist [1, 10, 15, 18], and appro-

priate education and training for players and coaches

concerning the care of head injuries are needed in

order to prevent potentially catastrophic events.

Conclusion

The existence of subdural hematoma is one of the

major causes of brain swelling following repetitive

sports-related head injury. Further studies are needed

to clarify the detailed pathophysiology of repetitive se-

vere head injury.
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Summary

A 57-year-old man was admitted to the Emergency and Critical

Care Department with accidental hypothermia (31.5 �C) after resus-

citation from cardiopulmonary arrest (CPA). Brain CT revealed an

acute subdural hematoma. Active core rewarming to 33 �C was

performed using an intravenous infusion of warm crystalloid. The

patient underwent craniotomy soon after admission, with bladder

temperature maintained at 33 to 34 �C throughout the surgery. Ther-

apeutic hypothermia (34 �C) was continued for 2 days, followed by

gradual rewarming. After rehabilitation, the patient was able to con-

tinue daily life with assistance.

Traumatic brain injury (TBI) following CPA is associated with ex-

tremely unfavorable outcomes. Very few patients with acute sub-

dural hematomas presenting with accidental hypothermia and CPA

have been reported to recover. No suitable strategies have been

clearly established for the rewarming performed following accidental

hypothermia in patients with TBI. Our experience with this patient

suggests that therapeutic hypothermia might improve the outcome

in some patients with severe brain injury. It also appears that the

method used for rewarming might play an important role in the ther-

apy for TBI with accidental hypothermia.

Keywords: Traumatic brain injury; hypothermia; cardiac arrest.

Introduction

The neurological outcomes of traumatic brain in-

jury (TBI) are extremely poor in patients resuscitated

from cardiopulmonary arrest (CPA). In fact, TBI

with hypoxia/hypotension is reported to be one of

the most common causes of secondary brain damage.

Several studies have shown at least a doubling of mor-

tality in brain-injured patients with hypoxia and hy-

potension [9, 11, 14]. In this study we describe a patient

who received intensive treatment and ultimately sur-

vived after presenting with CPA involving accidental

hypothermia in the aftermath of a traumatic brain in-

jury.

The optimal strategy for rewarming from accidental

hypothermia in TBI patients remains unclear. Our pa-

tient with accidental hypothermia (31.5 �C) underwent

active core rewarming from to 33 to 34 �C, followed
by therapeutic hypothermia with slow rewarming.

This experience may prove useful when considering

the need for warming and the method by which it is

applied. Specifically, the present case suggests that re-

warming is important in patients with TBI involving

accidental hypothermia and that therapeutic hypo-

thermia has the potential to improve outcome in se-

lected patients with severe TBI.

Case history

A 57-year-old man was discovered in front of a res-

taurant in coma with a gasping respiration pattern. By

the time emergency medical services reached the scene,

the patient’s body temperature had fallen to 31.5 �C.
On arrival at our emergency room, bladder tempera-

ture was 31.8 �C and no spontaneous respirations

were present. Carotid pulse was absent. Electrocardio-

gram indicated pulseless electrical activity. Active core

rewarming to 33 �C was performed using a warming

blanket and intravenous infusion of warm crystalloid.

Cardiopulmonary resuscitation (CPR) had been ad-

ministered with an intravenous injection of epinephr-

ine (adrenaline, 1 mg) and atropine (1 mg). Return

of spontaneous circulation was finally observed 25

minutes after the onset of CPA.

A brain computed tomography (CT) revealed an

acute subdural hematoma with e¤acement of the basal

cisterns (Fig. 1A). The cause of the brain injury was

unclear, as no witnesses had been present at the scene

and the patient had been comatose at hospital admis-

sion. An emergency craniotomy was performed after



rapid rewarming to 33 �C, with bladder temperature

maintained at 33 to 34 �C during the surgery. No brain

swelling or episodes of intraoperative hypotension

were observed. The pupils measured 3.5 mm after

surgery, but both were unreactive to light. Therapeutic

hypothermia was induced using a water-circulating

blanket to confer brain protection. The patient re-

ceived sedation by intravenous administration of

midazolam (0.1 mg/kg body weight/h initially) and

buprenorphine (0.05 mg/h), with dose adjustments as

needed for the management of mechanical ventilation.

Paralysis was induced by a continuous infusion of

pancuronium (0.05 mg/kg body weight) to prevent

shivering.

Fig. 1. Sequential changes in brain CT after admission. (A) Brain CT revealed an acute subdural hematoma on admission. (B) No brain swell-

ing was observed on CT 4 days after admission. (C) Ventricular dilatations were observed at 6 weeks after admission
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The patient was cooled (34.0 �C) continuously for 2

days and then gradually rewarmed to 37.0 �C at a rate

no faster than 0.1 �C/h and 1.0 �C/d (Fig. 2). No evi-

dence of intracranial hypertension was observed on

brain CT 4 days after admission (Fig. 1B).

The patient was able to respond to verbal requests

and eat meals by himself after a rehabilitation pro-

gram, but he remained aphasic for 6 weeks after onset.

He was discharged to a satellite hospital with a rating

of severe disability on the Glasgow Outcome Scale. CT

at the time of discharge showed atrophy of the cerebral

cortex and ventricular dilation (Fig. 1C). The patient

currently lives in a partially-dependent state at the sat-

ellite hospital.

Discussion

The CPA su¤ered by this patient might have been

wholly or partially attributable to the following con-

ditions: 1) increased intracranial pressure caused by

brain contusion/hematoma, resulting in brainstem

compression, brain herniation, and subsequent respi-

ratory arrest; 2) secondary brain damage caused by

anoxia-hypoxia and hypotension; 3) hypothermia.

Even when return of spontaneous circulation is ob-

served after successful CPR in patients with TBI, only

a few patients survive over the long term and those

who do have a poor prognosis for daily life. Isolated

brain injuries with hypotension are associated with in-

creased mortality [8].

The recovery of our patient after hypoxia and severe

hypotension was somewhat surprising. In view of this

outcome, this case suggests that therapeutic strategies

after TBI with accidental hypothermia should be con-

sidered further. Recent clinical trials of therapeutic hy-

pothermia suggest that this treatment can improve

outcomes after resuscitation from CPA due to cardio-

genic origins [1, 2, 13]. Although a clinical study of

TBI failed to identify significant improvements in out-

comes with therapeutic hypothermia [3], the present

report suggests that such treatment might be beneficial

in selected patients with TBI.

Two methods are applied for rewarming from ac-

cidental hypothermia (30 �C to <34 �C) [4]: passive re-

warming and active external rewarming (truncal areas

only). To avoid the risks of dysrhythmia and coagul-

opathy [15] that arise when the core temperature drops

below 33 �C, the latter method, active external re-

warming, is generally preferred [4]. Dysrhythmia and

coagulopathy were not observed in the case reported

Fig. 2. Sequential changes in mean arterial pressure and bladder temperature during hypothermia. Active core rewarming to 34 �C was done

using a warming blanket and intravenous infusion of warm crystalloid. Therapeutic hypothermia was continued for 3 days with gradual re-

warming of the patient to 37.0 �C at a rate of 1 �C/day. No hypotensive episodes were observed after craniotomy
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here. A comparison between normothermic (37 to

38 �C) and hypothermic (32 to 33 �C) groups by Clif-

ton et al. revealed no di¤erence in the incidence of

delayed traumatic intracerebral hemorrhage due to

coagulopathy [3, 12]. Standard rewarming rates from

accidental hypothermia range from 1 to 3 �C/h for

cardiac arrest patients [5, 6]. Suitable rewarming rates

from accidental hypothermia with TBI remain contro-

versial, however. Each rewarming method has advan-

tages and disadvantages, and no controlled studies

have been performed to compare them in humans.

Clifton et al. [3] reported that brain-injured patients

with hypothermia on admission should not be re-

warmed. They based this advice on a subgroup analy-

sis revealing a significant improvement in the outcome

of brain-injured patients with hypothermia on admis-

sion. They did not, however, provide any data or indi-

cate the methods used for rewarming. The present case

suggests that the method of rewarming might play an

important role in improving outcomes in TBI with

accidental hypothermia. Posttraumatic hypothermia

followed by rapid rewarming o¤ered no beneficial ef-

fects for neuronal outcome [10]. Our group previously

reported [7] that marked changes in alternation of vas-

cular resistance at rewarming and active core rewarm-

ing to normothermia may lead to elevations in cerebral

blood volume and intracranial pressure, which in turn

may adversely a¤ect final outcomes. For these reasons,

we have determined that active core rewarming to nor-

mothermia at a rate of 1 to 3 �C/h might worsen the

patient outcome. After active core rewarming to 33 to

34 �C, therapeutic hypothermia with slow rewarming

could be e¤ective for the treatment of patients with se-

vere brain injuries accompanied by accidental hypo-

thermia < 33 �C.

Conclusion

We report the case of a patient with severe brain in-

jury who survived CPA with accidental hypothermia.

Although the neurological outcome was poor, the sur-

vival of our patient suggests that therapeutic hypother-

mia might have the potential to improve survival and

functional outcome in TBI patients with accidental hy-

pothermia who experience hypoxia and hypotension.

This case may provide information useful for planning

rewarming treatment in TBI patients with accidental

hypothermia.
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Summary

Objectives. To investigate the clinical characteristics of contra-

lateral intracranial hematoma (ICH) after traumatic brain injury.

Methods. The subjects included 149 patients with traumatic ICH

treated by hematoma evacuation. The patients were retrospectively

divided into a bilateral ICH (B-ICH) group and unilateral ICH (U-

ICH) group after craniotomy using brain CT scans for comparison

of the following parameters: complicated expanded brain bulk from

the cranial window, hypotension during craniotomy, and outcome.

Results. Post-craniotomy brain CT scans revealed U-ICH in 106

patients and B-ICH in 43 patients. Average Glasgow Coma Scale

on arrival did not di¤er between the groups, but a higher proportion

of patients in the B-ICH group deteriorated after admission

(p ¼ 0.02). The B-ICH patients also exhibited a significantly higher

rate of expanded brain bulk from the cranial window (p < 0.05). No

significant di¤erence was observed between the groups with hypoten-

sion during craniotomy. The B-ICH group exhibited a lower rate of

favorable outcome (p < 0.05) and higher mortality (p < 0.05).

Conclusion. The B-ICH patients had a worse outcome than the U-

ICH patients. Contralateral ICH was di‰cult to forecast based on

pre- and intraoperative clinical conditions. Subdural hematoma or

contusional ICH was frequently observed as a contralateral ICH.

Keywords: Traumatic brain injury; intracranial hematoma; hypo-

tension, clinical characteristics.

Introduction

Traumatic intracranial hematoma is a severe insult

with poor outcome. It often has mass e¤ect and re-

quires surgical management urgently. Outbreak or en-

hancement of a contralateral intracranial hematoma

can develop after decompressive craniotomy. When

this happens, the patient is sent back to the operating

room after postoperative brain computed tomography

(CT) scan for contralateral surgical intervention. A

spreading contralateral intracranial hematoma might

be preventable if detected early enough. Few articles,

however, have described the clinical characteristics of

bilateral traumatic intracranial hematoma. In this

study we sought to clarify these characteristics and de-

termine whether the development of a contralateral

hematoma expansion could be predicted from the

clinical findings before and during craniotomy.

Materials and methods

The subjects included 149 patients who arrived with evidence of

traumatic intracranial hematoma on brain CT and underwent emer-

gency craniotomy and hematoma evacuation in the emergency

center of a university hospital between 1993 and 1999. Patients with

multiple injuries or hypotension before craniotomy (systolic blood

pressure < 90 mmHg) were excluded.

Brain CT scans were recorded on arrival and just after operation.

Based on these CT findings, the patients were retrospectively divided

into 2 groups: those with confirmed hematoma on the non-operative

side (bilateral intracranial hematoma: B-ICH) and those with no

hematoma on the non-operative side (unilateral intracranial hema-

toma: U-ICH). The group with a confirmed presence of hematoma

on the non-operative side was further divided into 2 subgroups based

on timing of the detection of the hematoma using brain CT on the

non-operative side on arrival (pre-B-ICH) or after the craniotomy

(post-B-ICH). Four parameters were studied in each of these groups:

Glasgow coma scale (GCS) on arrival, complicated expanded brain

bulk from the cranial window, hypotension during craniotomy, and

outcome.

Hypotension during craniotomy was defined as systolic arterial

blood pressure of <90 mmHg during emergency craniotomy for

10 minutes or more, in spite of steps taken to correct hypotension.

Deterioration into a coma state was assessed in patients whose

GCS score fell from a 9 or more to an 8 or less within 24 hours due

to neurological deterioration.

Outcome was evaluated on the Glasgow Outcome Scale.

Statistical analysis was performed using StatView 5.0 (SAS Insti-

tute Inc., Cary, NC). Student t-test was used to compare clinical data

between groups. Data are expressed as meanGSD. A p-value of less

than 0.05 was considered significant.



Results

The results of our investigation are detailed in Table

1. Brain CT scans revealed traumatic U-ICH in 106

patients and B-ICH in 43 patients. Fifteen of the

contralateral hematomas in the B-ICH group were de-

tected on arrival (pre-B-ICH), while the other 28 were

detected after craniotomy (post-B-ICH).

Patients in the B-ICH and U-ICH groups ranged in

age from 19 to 86 years and 6 to 90 years, respectively,

with no significant di¤erence in age between groups.

The average GCS on arrival did not di¤er between

the groups. A higher proportion of patients in the B-

ICH group deteriorated into a comatose state before

the craniotomy.

No di¤erence was observed between the groups in

hypotensive episodes during the craniotomy. The B-

ICH patients exhibited a higher rate of expanded brain

bulk from the cranial window. The cause of the ex-

panded brain bulk in the U-ICH group was associated

with brain swelling (vascular engorgement) after treat-

ment for hypotension using massive fluid infusion or

vasopressors. There was no evidence of contralateral

hematoma in the brain CT scans after the craniotomy

in the U-ICH group. The main cause of the expanded

brain bulk in the B-ICH group was impossible to dis-

cern due to the combined contralateral hematoma with

brain swelling after treatment for hypotension.

Postoperative brain CT scans identified acute epi-

dural hematoma in 5 patients, acute subdural hema-

toma in 12, and contusional intracerebral hematoma

on the contralateral side in 11.

The B-ICH group exhibited a lower rate of favor-

able outcome (good recovery or moderate disability

on Glasgow Outcome Scale) and higher mortality.

Discussion

The GCS on admission did not di¤er between the 2

groups investigated in this study. Moreover, the con-

tralateral hematoma was only detected after the cra-

niotomy in 65% of the patients in the B-ICH group.

These results suggest that clinical parameters such as

GCS or an initial brain CT on admission may not be

predictive of B-ICH before craniotomy.

Deterioration into a comatose state after traumatic

brain injury has recently been estimated to occur in

about 10.5% to 25.1% brain-injured patients [6, 7, 10].

Intracranial hematoma has been cited as the most

frequent cause of the deterioration, and mass lesions

requiring surgical management are present in 75% to

81% of patients [9, 10, 13]. Our study indicated a very

high (85.7%) incidence of deterioration into a coma-

tose state in B-ICH patients, versus a much lower inci-

dence (36.0%) in patients with U-ICH. Patients with

traumatic B-ICH after craniotomy had a significantly

high mortality (65.1%) in the present study. In earlier

studies, however, favorable outcomes (good recovery

and moderate disability) were reported in 56% of pa-

tients with acute epidural hematoma, 10% to 30% of

patients with acute subdural hematoma, and 9% of pa-

tients with cerebral hemorrhage [2, 3, 5, 11, 12, 14].

Further studies will be needed to clarify the clinical

characteristics and the operative strategies for B-ICH

in order to improve outcome.

Intraoperative hypotension has often developed

during decompressive craniotomy for severe traumatic

brain injury. Kinoshita et al. [4] reported that the ex-

panded brain bulk from the cranial window was not al-

ways caused by expansion of contralateral hematoma,

and that the total infusion volumes treated for intra-

Table 1. Clinical characteristics of ICH patients after TBI.

U-ICH B-ICH p

Pre-B-ICH Post-B-ICH

Patients 106 43

15 (34.9%) 28 (65.1%)

Age (range) 52.1G 19.8 (6–90) 51.7G 19.2 (19–86) NS

GCSa 8 on arrival (n) 76.4% (81) 83.7% (36) NS

Average GCS on arrival 6.7 5.7 NS

Deteriorated after admission (n) 36.0% (9/25) 85.7% (6/7) p ¼ 0.02

Expanded brain bulk from the cranial window (n) 10.4% (11) 23.3% (10) p < 0.05

Intraoperative hypotension (n) 12.3% (13) 16.3% (7) NS

Favorable outcome (n) 42.5% (45) 23.3% (10) p < 0.05

Mortality (n) 42.5% (45) 65.1% (28) p < 0.05

B-ICH Bilateral intracranial hematoma; GCS Glasgow Coma Scale; ICH intracranial hematoma; NS not significant; TBI traumatic brain

injury; U-ICH unilateral intracranial hematoma.
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operative hypotension during craniotomy were as-

sociated with intraoperative acute brain swelling. This

finding formed the basis for our decision to exclude

from the present study patients who had hypotension

before craniotomy. Two recent papers [1, 8] describe

intraoperative brain swelling as a sign suggestive of

contralateral hematoma development. In mentioning

‘‘intraoperative brain swelling,’’ they refer to ex-

panded brain bulk from the cranial window. This

may not be entirely appropriate, however, as it can be

di‰cult to estimate whether the expanded brain bulk

occurs due to an expansion of contralateral hematoma

or due to swelling of brain substance during craniot-

omy [4]. Given the di¤erences in pathophysiology and

clinical strategies for treatment, our group thought

that brain swelling (vascular engorgement) after treat-

ment for hypotension should be clearly distinguished

from expanded brain bulk caused by a contralateral

hematoma, a condition with compression from the op-

posite side. This was our rationale for coining the term

‘‘expanded brain bulk from the cranial window.’’

Expanded brain bulk from the cranial window dur-

ing craniotomy was significantly more frequent in the

B-ICH group than in the U-ICH group, but the main

cause of the condition in the former could not be con-

firmed. It appeared that the expanded brain bulk from

the cranial window did not always indicate develop-

ment or expansion of a contralateral hematoma. Con-

firmation by imaging such as brain CT might be nec-

essary when brain bulk expands in association with

treatment for unstable hemodynamics during craniot-

omy. We conclude that the occurrence of a contrala-

teral hematoma could not be confirmed solely on the

basis of intraoperative findings.

Subdural hematoma or contusional intracerebral

hematoma was frequently observed as a contralateral

intracranial hematoma on postoperative brain CT.

Subdural hematoma or contusional intracerebral hem-

atoma is often accompanied by damage of the brain

substance. These results suggest that B-ICH might

lead to extensive damage of the brain and ultimately

cause poor outcome.

Conclusions

The B-ICH patients had a worse outcome than the

U-ICH patients. Subdural hematoma or contusional

ICH was frequently observed as a contralateral ICH.

Development of contralateral hematoma could not be

predicted from pre- and intraoperative findings.
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Summary

Objective. Ischemia is the main cause of secondary damage in sub-

arachnoid hemorrhage (SAH). Cerebral blood flow (CBF) measure-

ment is useful to detect critical values. We analyzed the diagnostic

impact of CBF ischemic thresholds to predict a new low attenuation

area on computed tomography (CT) due to failure of large vessel

perfusion.

Methods. We analyzed 48 xenon CT (Xe-CT) studies from 10

patients with SAH. CBF measurements were obtained by means of

Xe-CT and cortical regions of interest (ROIs). The ROIs which ap-

peared in a hypoattenuation area were recorded. Cortical CBF was

tested for specificity and sensitivity as a predictor of hypoattenuation

by means of a receiver operating characteristic curve.

Results. Mean age was 58 (SDG 12.4) years. The median Fisher

score and Hunt & Hess scale were 2 and 3, respectively. The area

under the receiver operating characteristic curve was 0.912 (CI

0.896 to 0.926). The cut-o¤ value for best accuracy was 6 mL/

100 g/min, with a likelihood ratio of 37.

Conclusion. The present study suggests a threshold of 6 mL/100 g/

min as a predictor of a new low attenuation area. However, each cli-

nician should choose the most useful threshold according to pre-test

probability and the cost/e¤ectiveness ratio of the applied therapies.

Keywords: Subarachnoid hemorrhage; ischemia; xenon CT.

Introduction

Ischemia is a frequent complication after aneurys-

mal subarachnoid hemorrhage (SAH) caused by vaso-

spasm [19], thromboembolic events related to em-

bolization [17], inadvertent intraoperative vascular

occlusion [6], or cerebral herniation [7]. Computed

tomography (CT) is considered to be a sensitive and

practical imaging method for detecting ischemic le-

sions after SAH, which appear as well-demarcated

parenchymal regions of low attenuation relative to ad-

jacent normal brain tissue [16]. However, hypoattenu-

ation of ischemic tissue, as depicted by CT scans, be-

comes fully apparent only 24 hours after the onset of

symptoms [11].

On the other hand, xenon-enhanced CT (Xe-CT)

technology has proven to be a powerful tool to demon-

strate the presence of cerebral blood flow (CBF) dis-

turbances in patients with ischemic stroke, SAH, and

head injury [3, 8, 14]. However, there is no consensus

about ischemic thresholds, which are often derived

from animal models. Failure of electrical activity and

neurological dysfunctions occurs at 18–20 mL/100 g/

min [1, 13] in awake subjects, but when the patient is

comatose from disease and/or sedation [4, 9], an ische-

mic threshold CBF level might be as low as 10 mL/

100 g/min.

The purpose of this study was to analyze the diag-

nostic impact of a spectrum of CBF ischemic thresh-

olds to predict a new low attenuation area on the CT

scan, indicative of ischemia.

Materials and methods

Patient selection

From January 2001 to December 2003, our neurointensive care

unit admitted 173 patients with aneurysmal SAH. Of these, 85

patients underwent Xe-CT studies when physiological parameters

were stable. We selected for analysis 10 patients with more than 4

Xe-CT studies who did not have any low attenuation areas on the

initial Xe-CT. A total of 48 Xe-CT studies were analyzed. The phys-

iological data from Xe-CT studies were recorded. The amount of

traumatic SAH on initial CT scans was determined using Fisher’s

classification [5]. Clinical severity at admission was graded according

to the Hunt and Hess scale [10]. The outcome at 6 months post-

injury was measured using a Glasgow Outcome Score [12].



Treatment and management

Decisions concerning aneurysm treatment were made based on a

combination of factors (aneurysm location, size, and shape, patient

age, Hunt and Hess scale, Fisher score, presence of hematoma, and

accessibility of resources). Patient monitoring involved transcranial

Doppler, intracranial pressure, and cerebral perfusion pressure

measurements. Clinical assessment was performed only in patients

who were lightly sedated, with good Hunt-Hess scores, and no intra-

cranial hypertension. When there was a suspicion of vasospasm, a

Xe-CT was performed. If a low CBF was found, hypertensive hyper-

volemic therapy and increased sedation, up to electroencephalogram

burst suppression, were instituted. Serial Xe-CTs were performed

over the next few days.

Stable Xe-CT CBF studies

CBF measurements were performed using a CT scanner (Picker

5000) equipped for Xe-CT CBF imaging (Xe/TC system-2TM,

DDP, Inc., Houston, TX). Cortical regions of interest (ROIs) were

measured by dedicated software (Xe-CT System Version 1.0, 1998,

Diversified Diagnostic Products Inc., Houston, TX).

An independent researcher (FT) evaluated the ROI density coe‰-

cients in the following Xe-CT studies. The corresponding ROIs,

which evolved in a hypoattenuation area due to impairment of arte-

rial perfusion (peri-herniation or postsurgical vascular distortion,

occlusion, or vasospasm), were recorded and matched to their corti-

cal regional CBF (rCBF) values from the previous Xe-CT study.

Statistical analysis

The presence of a new low attenuation area in combination with

a CBF value obtained from the same ROI found in the previous

Xe-CT study prompted a receiver operating characteristic curve

analysis. The area under the curve was measured and a cut-o¤ value

obtained using the statistical approach involving the best accuracy

(MedCalc 7.5, Frank Schoonijans, Belgium). Diagnostic test results

were also evaluated using methods considered to be more relevant

for the ‘‘diagnostic impact’’ (the likelihood ratio [LR]) of diagnostic

thresholds [18]. The latter was categorized according to ‘‘Rule In’’

(above 10 of LR), ‘‘Indeterminate High’’ (above 1 of LR), ‘‘Indeter-

minate’’ (equal to 1 of LR), ‘‘Indeterminate Low’’ (below 1 of LR),

and ‘‘Rule Out’’ (above 0.3 of LR).

Results

The demographic and clinical parameters of our

patients are reported in Table 1. The physiological

data on CBF studies were: intracranial pressure

18.4 mmHg (SDG 5.6), cerebral perfusion pressure

80.2 mmHg (SDG 13.5), and paCO2 39.9 mmHg

(SDG 4.8). The median time elapsing between con-

secutive studies was 3 days. We analyzed 1663

ROIs (mean area 400.2; SDG 89.8 mm2; mean rCBF

27.9 mL/100 g/min; SDG 13.7); 110 (7.3%) of them

developed low attenuation. The principal cause of a

new low attenuation area was vasospasm (62%). The

area under the receiver operating characteristic curve

was 0.912 (CI 0.896 to 0.926). The threshold of 6 mL/

100 g/min had a sensitivity of 37%, a specificity of

99%, and a LR of 37 (Table 2).

Discussion

In the present study, the threshold of 6 mL/100 g/

min was more representative of low attenuation than

the traditionally accepted threshold of 18 mL/100 g/

min [13]. Physiologic and therapeutic reasons could

explain our results. Brain tissue at risk for irreversible

damage is classically described as the ischemic penum-

bra due to a critical CBF. The enlargement of perma-

nent damage and ischemia in the penumbra might be

dependent on 3 variables: the level of residual blood

flow (collateral blood flow), the duration of ischemia,

and the individual susceptibility of neurons [9]. The

treatment of SAH with suspicion of ischemia is con-

sistent with the increasing cerebral perfusion pressure,

reduction of blood viscosity, and a reduction of cere-

bral metabolic rate for oxygen, by means of metabolic

suppression (deep sedation and/or burst suppression).

The latter strategy could interfere with the relationship

between the CBF threshold and ischemia, and rCBF

reduction due to metabolic suppression could be im-

properly classified as ischemia. In fact, CBF and cere-

bral metabolic rate for oxygen are physiologically

coupled [15] and the deep sedation/burst suppression

can reduce metabolic rate and reduce CBF thresholds

for ischemia [2].

To verify the final impact of our diagnostic tests, we

must consider 2 other factors: the pre-test probability

and potential adverse events. The pre-test probability

is the patient’s probability of having ischemia based

on clinical experience, statistical prevalence, practice

databases, and the accuracy of diagnostic tests. With

a higher pre-test probability, it is possible to accept a

range of CBF with a low LR. Conversely, when the

chance to predict a priori that the fate of the tissue is

incomplete, thresholds having elevated LR may be

more useful. However, highly diagnostic LR may de-

tect biological phenomena without any possibility of

treatment benefit.

Our results, from both the statistical approach

as well as the ‘‘diagnostic impact,’’ suggest a thres-

hold of 6 mL/100 g/min. Nevertheless, each clinician

should choose the most useful threshold according to

the pre-test probability and the cost/e¤ectiveness ratio

of the therapies applied. In our setting, the ischemic

threshold was lower (6 mL/100 g/min) than conven-

tion (18 mL/100 g/min) [13]. This finding might be re-

lated to our treatment protocol (deep sedation, hyper-

tension, hemodilution, and hypervolemia) [16]. Future

studies will be performed to confirm this supposition.
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Table 1. Patient demographics and clinical parameters.

Mean (SD) Median n (%)

Patients 10

Age, y 58 (12.4)

Sex, male/female 4/6

Fisher Score 2

Hunt & Hess Scale 3

Clipping/embolization 6/4

Normal pupillary reactivity 10 (100)

Bleeding Site Anterior communicating artery 5 (50)

Posterior communicating artery 4 (40)

Anterior cerebral artery 1 (10)

Maximum TIL Standard# 0 (0)

Reinforced## 5 (50)

Extreme### 5 (50)

Therapy ICP monitoring 9 (90)

CSF drainage 9 (90)

Sedation/analgesia 10 (100)

Burst suppression 4 (40)

Catecholamines (Mean arterial pressure

improvement)

2 (20)

Catecholamines (arterial hypertension) 6 (60)

GOS at 6 months Good recovery or moderate disability 4 (40)

Severe disability 2 (20)

Persistent vegetative state or death 2 (20)

Missing 2 (20)

Xenon Studies 48

New Low Attenuation Area 8 (80)

Causes of Low Attenuation Postsurgical 2 (25)

Vasospasm 5 (62.5)

Vascular distortion 1 (12.5)

Time elapsed between basal Xe-CT and

Xe-CT having new attenuation area (days)

3 (2)

Patients with 4 studies 6 (60)Frequency distribution of xenon

studies per patients Patients with 5 studies 1 (10)

Patients with 6 studies 2 (20)

Patients with 7 studies 1 (10)

# Standard: Sodium infusion, sedation, scheduled cerebrospinal fluid drainage, mannitol, or mild hyperventilation. ## Reinforced: Moderate

hyperventilation, arterial pressure improvement, propofol and benzodiazepine, indomethacin, evacuation of contusion or hematoma.
### Extreme: Deep hyperventilation, arterial hypertension, muscle paralysis, external decompression, internal decompression, barbiturates

or hypothermia. CSF Cerebrospinal fluid, GOS Glasgow Outcome Score, ICP intracranial pressure, TIL therapeutic intervention level,

Xe-CT Xenon-enhanced computed tomography.

Table 2. Suggested thresholds according to classes of likelihood ratio values [22]

CBF

mL/100 g/min

Hypoattenuation

present

(sensibility)

n (%)

Hypoattenuation

absent

(1-specificity)

n (%)

Likelihood

ratio

Diagnostic

impact

<6 41 (37%) 18 (1%) 37 Rule In

b6 to <15 41(37%) 218 (14%) 2.6 Indeterminate

High

b15 to <20 12 (11%) 196 (13%) 1.21 Indeterminate

b20 to <25 10 (9%) 222 (14%) 0.84 Indeterminate

Low

>25 6 (5%) 898 (57%) 0.09 Rule Out

Total: 110

(100%)

Total: 1552

(100%)

CBF Cerebral blood flow.
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Summary

We evaluated the e¤ects of a novel pharmacological brain cooling

(PBC) method with indomethacin (IND), a nonselective cyclooxy-

genase inhibitor, without the use of cooling blankets in patients

with hemorrhagic stroke. Forty-six patients with hemorrhagic stroke

(subarachnoid hemorrhage; n ¼ 35, intracerebral hemorrhage;

n ¼ 11) were enrolled in this study.

Brain temperature was measured directly with a temperature sen-

sor. Patients were cooled by administering transrectal IND (100 mg)

and a modified nasopharyngeal cooling method (positive selective

brain cooling) initially. Brain temperature was controlled with IND

6 mg/kg/day for 14 days. Cerebrospinal fluid concentrations of

interleukin-1b (CSF IL-1b) and serum bilirubin levels were measured

at 1, 2, 4, and 7 days. The incidence of complicating symptomatic

vasospasm after subarachnoid hemorrhage was lower than in non-

PBC patients. CSF IL-1b and serum bilirubin levels were suppressed

in treated patients.

IND has several beneficial e¤ects on damaged brain tissues (anti-

cytokine, free radical scavenger, antiprostaglandin e¤ects, etc.) and

prevents initial and secondary brain damage. PBC treatment for

hemorrhagic stroke in patients appears to yield favorable results by

acting as an antiinflammatory cytokine and reducing oxidative

stress.

Keywords: Cyclooxygenase inhibitor; interleukin-1b; stroke; hy-

pothermia; free radical scavenger.

Introduction

Neurons are extremely vulnerable to hyperthermia

compared to other cell types [17]. Brain temperature

elevates during the early phase of severe brain damage

caused by cerebral vascular accidents or severe head

injury [3]. Hyperthermia is believed to occur after

brain damage due to dysfunction of the selective brain

cooling mechanisms [5], destruction of the hypothala-

mus, the abnormal release of catecholamines, and the

production of endogenous pyrogens such as inflamma-

tory cytokines [8, 14, 21]. Elevation in cerebrospinal

fluid concentrations of interleukin-1b (CSF IL-1b) in-

duces hyperthermia [20]. Hyperthermia and increased

concentrations of inflammatory cytokines caused by

primary brain damage induce secondary brain damage

[11, 17].

Neuroprotective e¤ects of hypothermia have been

described [2]. Clinically, even mild brain hypothermia

(33 �C to 35 �C) achieved by surface cooling is neuro-

protective [10, 16]; however, the clinical use of brain

hypothermia therapy has been limited, and imprecise

temperature controlmay cause systemic complications.

Indomethacin (IND) is a strong cyclooxygenase

(COX) inhibitor widely used as a nonsteroidal anti-

inflammatory drug. Recently, the COX inhibitors, in-

cluding IND, have been shown to have not only anti-

pyretic and antiinflammatory e¤ects, but also other

pharmacological e¤ects (Table 1) including protection

against neuronal cell death [7, 9].

Heme oxygenases, the rate-limiting enzymes in

heme degeneration, catalyze the cleavage of the heme

ring to form ferrous irons, carbon monoxide, and bili-

verdin. Biliverdin is rapidly metabolized to bilirubin,

which is known to have powerful antioxidant proper-

ties [4, 18, 19]. Serum bilirubin concentration has re-

cently become a marker of oxidative stress in patients

with brain damage [4].

In the present study, we administered a pharmaco-

logical brain cooling (PBC) method with IND to pa-



tients with cerebrovascular diseases. We also measured

CSF IL-1b and serum bilirubin concentrations in these

patients to evaluate the combined e¤ect of PBC and

IND. This study was approved by the Ethics Commit-

tee of Showa University.

Materials and methods

Patients

The study group included 46 patients with intracerebral hemor-

rhage (ICH) (n ¼ 11; Glasgow Coma Scale, mean ¼ 5.9) and sub-

arachnoid hemorrhage (SAH) (n ¼ 35; World Federation of Neuro-

surgical Societies Grade 2, n ¼ 5; Grade 3, n ¼ 3; Grade 4, n ¼ 6;

Grade 5, n ¼ 21) who were admitted to Showa University Hospital

from January 1997 to March 2000. The mean ages of the patients in

the ICH and SAH groups were 58.6 and 68.2 years. The patients in

the SAH group underwent early operation. Thirteen patients with

SAH were not treated with the PBC method, serving as controls,

and were compared with the ICH group. The ICH control group

(Glasgow Coma Scale, mean ¼ 6.9) consisted of 30 patients and

were compared with the SAH group (SAH control group: World

Federation of Neurosurgical Societies Grade 1, n ¼ 1; Grade 2,

n ¼ 7; Grade 3, n ¼ 3; Grade 4, n ¼ 4; Grade 5, n ¼ 15). The mean

ages of patients in the ICH and SAH control groups were 68.3 and

66.3 years.

PBC method

The PBC method was introduced at the early postoperative stage

in the SAH group, and as early as possible after admission in the

ICH Group.

Induction of brain cooling

Brain temperature was measured directly with a ventriculostomy

catheter (intracranial pressure and brain temperature sensor;

4HMT, Integra NeuroSciences, Hampshire, UK). While vital signs

were monitored, transrectal IND (100 mg) was administered to the

patients. Positive selective brain cooling was also performed for

rapid introduction of brain cooling [5, 12]. A balloon catheter was

inserted to direct chilled air (8 to 12 L/min) into each side of the na-

sal cavity. The chilled air was exhaled only through the oral cavity.

Control of brain temperature

Brain temperature was maintained at 36.5 to 37.5 �C by adminis-

tering IND suppositories (6 mg/kg/day) and regulating the room

temperature without the use of cooling blankets. Additional IND

suppositories were administered (maximum of 600 mg/day) to main-

tain temperature control.

Rewarming

Rewarming was controlled to within 1 �C/day by decreasing the

IND dose and regulating the room temperature.

Measurement of CSF IL-1b concentrations

CSF IL-1b concentrations in SAH patients were measured on

days 1, 2, 4, and 7 by enzyme-linked immunoabsorbent assay (PBC

group, n ¼ 6; control group, n ¼ 6).

Measurement of serum bilirubin

On days 1, 2, 4, and 7, 5 ml aliquots of blood were collected in the

morning. Bilirubin concentrations in the serum were measured for 4

consecutive days using an enzyme assay (PBC group, n ¼ 46; con-

trol group, n ¼ 13).

Statistical analysis

Data were evaluated using SigmaStat software (Systat Software

Inc., Point Richmond, CA) using analysis of variance followed

by Tukey’s test or by Student t-test and are expressed as the

meanGSEM.

Results

Clinical course

The mean dose of IND was 267.3G 121.6 mg/day.

The outcomes 3 months after admission were eval-

uated using the Glasgow Outcome Scale. In the ICH

PBC group, 5 patients were scored as ‘‘moderate dis-

ability’’ (MD), 3 had ‘‘severe disability’’ (SD), 3 were

classified as ‘‘vegetative state’’ (VS), and none were

‘‘dead’’ (D). In the control group, there were 2 MD, 3

SD, 6 VS, and 2 D. In the SAH PBC group, 11 patients

were scored as ‘‘good recovery’’ (GR), 3 MD, 5 SD, 2

VS, and 14 D. In the control group, 5 were GR, 6MD,

3 SD, 2 VS, and 14 D. The incidence of symptomatic

vasospasm after SAH was suppressed (p < 0.01):

17.1% in the PBC group and 46.7% in the non-PBC

group. In the ICH patients with hemiparesis on admis-

sion, weakness was significantly improved in the PBC

group (81.8%) compared to the non-PBC group

(33.3%). Anal bleeding due to the insertion of supposi-

tories was observed in 2 patients. Common complica-

tions associated with brain hypothermia, such as se-

vere infections including pneumonia, were observed

in only 2 patients.

CSF IL-1b concentrations

In the PBC group, CSF IL-1b concentrations were

suppressed significantly 1 and 2 days after attack

(Fig. 1a).

Serum bilirubin concentrations

In the PBC group, serum bilirubin concentrations

were suppressed significantly 1 and 2 days after attack

(Fig. 1b).
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Discussion

E¤ects of PBC (Table 1)

COX is an important enzyme that metabolizes

arachidonic acid found in unsaturated fatty acids in

prostaglandin. There are 3 isozymes: COX-1 (constitu-

tional type), COX-2 (inducible type), and COX-3,

which represents a new COX family [1]. IND is one of

the strong nonselective COX inhibitors.

COX inhibitors, including IND, induce various sys-

temic and local pharmacological e¤ects, and are used

commonly as nonsteroidal antiinflammatory drugs

and to treat various diseases. COX inhibitors directly

prevent delayed neuronal cell death after ischemia

and spinal injury [9]. We used IND in the present study

since it has already been used in patients with brain tu-

mors and head injury for its beneficial e¤ect in cases of

elevated intracranial pressure [6]. Recent advances in

molecular biology have shown that various biologi-

cally active substances, including COX, have complex

roles in brain injury. Inflammatory cytokines and free

radicals are induced in the early phases of brain injury

and promote primary and secondary tissue damage.

These substances also play a role in the systemic in-

flammatory response syndrome [13, 15]. Inflammatory

cytokine levels and COX are also associated with vaso-

spasm after SAH [13, 15]. IND acts directly as a free

radical scavenger [7].

We have demonstrated that IND suppresses produc-

tion of CSF IL-1b and reduces oxidative stress. These

findings indicate that PBC improves outcomes and

minimizes neurological deficits by decreasing the inci-

dence of cerebral vasospasm through its e¤ect on anti-

inflammatory cytokines and free radical scavengers as

well as suppression of hyperthermia. In particular, the

decreased occurrence of symptomatic vasospasm in

the PBC group is highly significant, since vasospasm

is a serious problem associated with conventional

brain hypothermia. Our results demonstrate that PBC

induces e¤ects di¤erent from those of conventional

brain cooling achieved by the use of cooling blankets.

IND is a nonselective COX inhibitor that causes ad-

verse events such as gastrointestinal ulcer. Safer and

more e¤ective COX-2 inhibitors should be evaluated

in the PBC method. We have started using a COX-2

inhibitor clinically, though in a small number of pa-

tients thus far. Further research to evaluate the di¤er-

ent e¤ects of COX-1, COX-2, and COX-3 on neurons,

endothelial cells, as well as the entire body, is required.

Fig. 1. (a) CSF IL-1b concentrations after hemorrhagic stroke. In the PBC group, CSF IL-1b concentrations were suppressed compared to the

non-PBC group. Each value is meanG SEM for 6 patients per group. (*p < 0.05) (b) Serum bilirubin concentrations after hemorrhagic stroke.

In the PBC group, plasma bilirubin concentrations were suppressed compared to the non-PBC group. Each value is meanGSEM. (*p < 0.05)

PBC (þ); PBC (�)

Table 1. E¤ects of pharmacological brain cooling with indomethacin.

Desired E¤ects Complications

� Control of intracranial pressure � Gastrointestinal ulcer
� Inhibition of neurotoxic factors
� Control of brain hyperthermia
� Prevention of brain edema
� Maintenance of blood-brain

barrier
� Prevention of endothelial cell

damage

� Degeneration of coagulation

system
� Anal laceration by

suppository
� Renal failure
� Shock (drug allergy)
� Asthma

Pharmacological brain cooling with indomethacin in acute hemorrhagic stroke 59



Conclusion

We describe a novel pharmacological method for

brain cooling using IND. PBC induces many e¤ects in-

cluding suppression of inflammatory cytokines and re-

duction in oxidative stress. PBC is a safe alternative to

conventional brain hypothermia management, which

often results in systemic complications.
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Summary

Introduction. Of all forms of stroke, spontaneous intracerebral

haemorrhage (ICH) causes the highest morbidity and mortality.

The Surgical Trial in Intracerebral Haemorrhage (STICH) found

no di¤erence in outcomes between patients randomized to surgical

or conservative treatment.

Patients and methods. Of 530 patients randomized to initial con-

servative treatment, 140 crossed over to surgery. This study examines

the variables associated with crossover.

Results. Dominant features of the crossover group were: male,

(p ¼ 0.04), right-sided clot (p ¼ 0.03), lobar clot (p ¼ 0.003),

clot volume (median 64 mL for crossovers vs. 38 mL for others,

p < 0.00001), midline shift (median 6 mm for crossovers vs. 3 mm

for others, p < 0.00001), superficial clot (median 1.3 mm for cross-

overs vs. 11.5 mm for others, p < 0.00001), and randomization with-

in 12 hours of ictus (p < 0.0005). Thalamic location (p ¼ 0.002) was

under-represented. Intraventricular haemorrhage, hydrocephalus,

and focal deficits were not associated with crossover. Craniotomy

was the method of evacuation in 85% of crossover patients.

Conclusions. Crossover to surgery was more likely when ICH had

these features: Right side, lobar location, superficial, large volume,

big shift, and early randomization. Crossovers formed a worse prog-

nostic group compared to non-crossovers. Surgery did not a¤ect trial

results, which were analyzed by intention-to-treat.

Keywords: Crossover; intracerebral haemorrhage; surgery.

Introduction

Spontaneous intracerebral haemorrhage has the

highest mortality of all forms of stroke, and accounts

for 20% of all stroke-related neurological deficits [5].

The Surgical Trial in Intracerebral Haemorrhage

(STICH) reported a neutral trial finding with no di¤er-

ence in outcomes at 6 months between those random-

ized to early surgery and those receiving initial conser-

vative treatment. An unexpected feature of this trial

was the crossover rate. Crossovers to surgery in pro-

spective randomized controlled trials (PRCT) cause

problems in comparing groups as well as a¤ecting the

power of the trial. We explored the features and impact

of crossovers in STICH.

Materials and methods

STICH had a parallel group design in which a total of 1033

patients from 83 centers in 27 countries were recruited over an 8-

year period [5]. The patients were randomized to early surgery

(haematoma evacuation) or initial conservative treatment, but cross-

overs were permitted for clinical and ethical reasons. The extended 8-

point Glasgow Outcome Score (GOS) at 6 months was used as the

primary outcome measure. Analysis was by intention-to-treat. We

analyzed STICH randomization and outcome data and the pre-

randomization CT scans coded using a specified protocol [3].

Results

The reasons for crossover to surgery from the initial

conservative treatment groupwere rebleeding (n ¼ 17),

neurological deterioration (n ¼ 82), clinical deteriora-

tion (n ¼ 20), no improvement with conservative treat-

ment (n ¼ 4), raised intracranial pressure (n ¼ 3),

edema (n ¼ 5), altered consciousness (n ¼ 2), coma

(n ¼ 1), aneurysm (n ¼ 1), not waking after external

ventricular drain (n ¼ 1), family request (n ¼ 1), and

reason not recorded (n ¼ 3).

Of the 1033 patients who were recruited, 503 were

randomized to early surgery while 530 drew initial

conservative treatment. Of these, 496 were assessable

in the surgery group while 529 were assessable in the

initial conservative treatment group at 2 weeks. Com-

plete outcome data at 6 months was available for

468 patients among those randomized to early surgery

while 497 were assessable in the initial conservative

treatment group. Thirty-one patients (6%) allocated

to surgery did not have the procedure while 140 (26%)



from the conservative treatment group crossed over to

surgery.

Patients randomized to surgery but did not have it

were a very small group and are not considered in fur-

ther detail here. Crossovers from initial conservative

treatment to surgery are included in all further analy-

ses in this paper.

Crossover rates for patients with a Glasgow Coma

Scale (GCS) score of 15 was 14.5% while for patients

with a GCS score less than 10 was 34.9%. The drop

in GCS between randomization and surgery for the

crossovers averaged 3 points. Age did not have any

particular association with crossovers and frequencies

were matched in the di¤erent quartiles (Fig. 1A).

Males were more common in the crossovers (p ¼ 0.04;

Fig. 1B). Right-sided clots were more likely than

left-sided ones in the crossover group (p ¼ 0.03; Fig.

1C). The site of the haematoma had a positive associa-

tion with crossovers with lobar clots (p ¼ 0.003, Fig.

1D) while thalamic haematomas were infrequent

(p ¼ 0.002). As expected, larger haematomas tended

to crossover more often (Fig. 1E). Seventy percent of

the crossovers had a clot less than 10 mm from the sur-

face (p < 0.0005; Fig. 1F). Of those randomized with-

Fig. 1. Graph showing percentage of crossovers to surgery in the initial conservative treatment group according to di¤erent ages (1A), gender

(1B), side of haematoma (1C), site of haematoma (1D), volume of haematoma (1E), haematomas at di¤erent depths from cortical surface

(1F), ictus to randomization time intervals (1G), presence or absence of IVH (1H), presence or absence of hydrocephalus (1I), and presence

or absence of focal deficits (1J). Had surgery NO, YES
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in 12 hours after the ictus, 38.4% crossed over, while

the crossover rate for those randomized later was

21.4% (p < 0.0005, Fig. 1G). There were no di¤er-

ences in crossover rates in subjects with or without

intraventricular haemorrhage (IVH) (Fig. 1H), hydro-

cephalus (Fig. 1I), or focal deficits (Fig. 1J). The me-

dian clot volume for those crossing over was 64 mL

(IQR 44 to 85) compared to 38 mL (IQR 21 to 58)

for those who did not (p < 0.00001). Midline shift

also had a predictable association. The median shift

in crossovers was 6 mm (IQR 4 to 9), while it was

3 mm (IQR 1 to 6) for the others (p < 0.00001). Hae-

matomas closer to the surface were more likely to be

crossovers than deeper ones, with median depth from

the cortical surface for crossovers being 1.3 mm (IQR

0 to 10.9) and 11.5 mm (IQR 0 to 18.2) in those that

did not (p < 0.00001). Of the 140 patients who were

crossovers to surgery, 119 (85%) had craniotomy as

the method of haematoma evacuation. Favorable out-

come was experienced in 22% of the crossover group

and 24% of those who continued to have conservative

treatment (p ¼ 0.7).

STICH used the intention-to-treat analysis primar-

ily, but analyses using methods such as ‘‘treatment

per protocol’’ or ‘‘treatment received’’ did not change

the basic conclusions (Fig. 2).

Discussion

PRCT are always vulnerable to dropouts, protocol

violations, and crossovers. Crossovers occur due to

evolution of the clinical problem, thus removing

the equipoise that existed at randomization or due to

selection/e‰cacy bias. Sometimes crossovers are used

deliberately, as in crossover trials to use within-patient

comparisons rather than between-patient comparisons

[4], but that methodology is impossible in surgical

trials.

Another constraint for PRCTs involving surgical

options is that true blinding of treatment is not possi-

ble. In various coronary bypass grafting trials, cross-

over rates to surgery have been in the range of 25% to

38% over periods up to 5 years [6, 9]. In STICH, cross-

over from initial conservative treatment to surgical

treatment was 26%. An important requirement of

PRCTs is determination of sample size. If crossovers

are not factored in, the trial can su¤er from loss of

power [8]. When statistical power is lost, a truly e¤ec-

tive treatment may be erroneously considered to be no

better than control [9]. Often sample size determina-

tion is based on anticipated type I and II error rates

and other assumptions such as Cox’s proportional haz-

ards [8]. However, STICH used published data and in-

formation from a prospective pilot study to include a

safety margin of 25% to o¤set e¤ects on sample size

of protocol violations and crossovers [5]. The target

sample size of 800 was exceeded even when protocol

violations and crossovers were excluded.

Crossovers are significant confounding elements

when analysis of outcome is by initial assigned treat-

ment (intention-to-treat). Attributing success to the

assigned treatment, but ignoring crossovers, would

falsely associate outcome to the treatment modality

from which the patient had crossed over. Similarly, if

success was simply tagged to the treatment received af-

ter crossover, it would miss failures of the first assigned

treatment [2].

For these reasons the classic intention-to-treat anal-

ysis has been doubted for its lack of sensitivity in de-

tecting the ‘true’ e¤ect of a treatment. This has been

compared with other types of analyses, such as: 1) ex-

clusion of crossovers from analysis; 2) transferring

crossovers to the new treatment group from the time

of treatment change; 3) censoring crossovers from the

time of the crossover; 4) counting crossovers retrospec-

tively from the date of randomization, but in the new

group. After comparison of all these methods, the va-

lidity of the intention-to-treat analysis has been re-

Fig. 2. Forest plot and odds ratio for outcome (alternate methods of analysis)
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a‰rmed [6]. There is extensive support in the literature

that data occurring after crossover has little bearing on

the comparison of 2 treatments [7]. STICH primarily

used the intention-to-treat analysis, but analyses using

methods such as ‘‘treatment per protocol’’ and ‘‘treat-

ment received’’ did not change the basic conclusions

(Fig. 2).

Features of the crossovers in STICH displayed a

predictable pattern. Disease evolution and loss of clin-

ical equipoise were likely reasons for crossover when

randomization was undertaken early (<12 hours) [5].

Crossover took place with an average drop in GCS by

3 points. Larger clots, lobar location, nondominant

hemisphere involvement, superficial haematomas,

and greater midline shift had higher associations with

crossovers. These are in keeping with conventional

surgical practice. Established focal neurological defi-

cits did not spur crossovers. Not surprisingly, patients

with IVH and hydrocephalus were not associated with

higher crossover rates, probably related to the poor

prognosis associated with such cases [1].

Conclusions

There was a greater rate of crossovers to surgery in

STICH in men, and in patients with right-sided clots,

larger haematomas, lobar location, superficial pres-

ence, increased midline shift, and in those randomized

early (<12 hours). Thalamic bleeds had a significantly

lower crossover rate. IVH, hydrocephalus, and focal

deficits had no association with crossovers. Of the

crossovers from the initial conservative treatment

group, 85% underwent craniotomy for haematoma

evacuation.

Crossover rates in STICH were not higher than ex-

pected. Crossovers formed a significantly worse prog-

nostic group than non-crossovers. Ine¤ective surgery

did not a¤ect trial results analyzed by intention-to-

treat. Our results suggest that surgeons in the STICH

trial were more likely to operate (despite initial ran-

domization) in patients with large, superficial right-

sided haematomas with a greater midline shift.
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Summary

Introduction. Intraventricular hemorrhage (IVH), either indepen-

dent of or as an extension of intracranial bleed, is thought to carry a

grave prognosis. Although the e¤ect of IVH on outcome in patients

with subarachnoid hemorrhage has been extensively reviewed in the

literature, reports of spontaneous intracerebral hemorrhage (ICH)

in similar situations have been infrequent. The association of hydro-

cephalus in such situations and its influence on outcome is also

uncertain.

Patients and methods. As a sub-analysis of data obtained through

the international Surgical Trial in Intracerebral Hemorrhage

(STICH), the impact of IVH, with or without the presence of hydro-

cephalus, on outcome in patients with spontaneous ICH was ana-

lyzed. CT scans of randomized patients were examined for IVH

and/or hydrocephalus. Other characteristics of hematoma were eval-

uated to see if they influenced outcome, as defined by the STICH

protocol [9].

Results. Favorable outcomes were more frequent when IVH was

absent (31.4% vs. 15.1%; p < 0.00001). The presence of hydrocepha-

lus lowered the likelihood of favorable outcome still further to 11.5%

(p ¼ 0.031). In patients with IVH, early surgical intervention had a

more favorable outcome (17.8%) compared to initial conservative

management (12.4%) (p ¼ 0.141).

Conclusion. The presence of IVH and hydrocephalus are indepen-

dent predictors of poor outcome in spontaneous ICH. Early surgery

is of some benefit in those with IVH.

Keywords: Intracerebral hemorrhage; intraventricular hemor-

rhage; hydrocephalus; outcome.

Introduction

Primary intracerebral hemorrhage (ICH) is a

common and devastating disorder that often results in

long-term disability and a socio-economic burden to

society. Clinical and radiological findings following

ICH not only help in treatment planning and prognos-

tication, but also aid rehabilitation specialists to de-

velop treatment goals, anticipate long-term patient

care needs, and educate and train caregivers [2].

The recently concluded international Surgical Trial

in Intracerebral Hemorrhage (STICH) [9] gave insight

into the outcome of ICH with early surgical interven-

tion when compared to initial conservative treatment.

Intraventricular hemorrhage (IVH), either indepen-

dently or as an extension of an intracranial bleed, is

thought to carry a grave prognosis [10, 14]. Various

treatment options to address the intraventricular blood

load has been of particular interest recently [3, 5, 7,

11]. Although the e¤ect of IVH on outcome in patients

with subarachnoid hemorrhage has been reviewed in

the literature extensively [4, 8, 12], reports of spontane-

ous ICH in similar situations have been reported

less frequently. The association of hydrocephalus in

such situations and its influence on outcome is also un-

certain, although it has been identified as one of the

major factors determining mortality in primary IVH

[14].

Materials and methods

As detailed in the STICH report [9], a parallel group trial design

was used to compare outcomes of patients having ICH treated with

early surgery versus initial conservative treatment. In addition to

clinical data, pre-randomization computerized tomography (CT)

scans were collected from centers all over the world either as hard

copies or in electronic format. Scans were re-evaluated for the pres-

ence of IVH and/or hydrocephalus, as well as information on site,

volume, midline shift, depth, and other special characteristics,

if any. At 6-month follow-up, the 8-point Glasgow Outcome

Score was used as the primary outcome measure. Analysis was by

intention-to-treat. As a sub-analysis of data obtained through

STICH, the impact of IVH and the presence of hydrocephalus on

outcome were analyzed. Patient factors and hematoma characteris-

tics were also evaluated to see if they had any bearing on outcome

in this subset of patients.



Results

Patients (n ¼ 1033) from 83 centers in 27 countries

were randomized to early surgery (n ¼ 503) or initial

conservative treatment (n ¼ 530) [9]. Of 468 patients

randomized to early surgery, 122 (26%) had a favor-

able outcome compared with 118 (24%) of 496

randomized to initial conservative treatment (odds

ratio 0.89 [95% CI, 0.66–1.19]; p ¼ 0.414); absolute

benefit 2% (�3.2 to 7.7); relative benefit 10% (�13 to

33). Pre-randomization CT scans were collected and

analyzed for 960 (93%) patients. Of these, 950 had

adequate images to provide for analysis and 902 had

follow-up. Scans were reviewed by the Research Regis-

trars after establishing inter-observer and intra-

observer variability [1].

Of the 902 patients with follow-up, 42% (377) had

IVH of whom 55% (208) went on to develop hydroce-

phalus. Mean age was 60.9 years (G13.6) when IVH

was present and 62.9 years (G12.2) when hydrocepha-

lus was present, compared to mean age of 60.7 years

(G12.4) when neither were present. Median Glasgow

Coma Scale score changed from 12 when IVH was ab-

sent to 11 when IVH was present, or 10 when hydroce-

phalus was present as well (p < 0.00001, Kruskal-

Wallis test). Fifty-eight percent of patientsb50 years

of age developed hydrocephalus following IVH

compared to only 41% of those <50 years of age

(p ¼ 0.007).

Outcome

Favorable outcomesweremore frequent (31%)when

IVH was absent compared to when IVH was present

(15%; p < 0.00001), with or without associated hydro-

cephalus. The presence of hydrocephalus lowered the

likelihood of favorable outcome still further to 12%

in comparison to the presence of IVH alone (20%,

p ¼ 0.031). In patients with IVH, early surgical inter-

vention had more favorable outcomes (18%) when

compared to initial conservative management (12%)

(p ¼ 0.141). Age did not have any significant e¤ect

on outcome in these patients.

As one would expect, deeper hematomas were asso-

ciated with greater IVH (20%; p < 0.00001) and hy-

drocephalus (29%) than lobar ones (17% and 15%).

Outcome was di¤erent between lobar and deep hema-

tomas when hydrocephalus was present (p ¼ 0.001).

There was marginal benefit for the early surgical

group over the conservative group when the ICH was

lobar in location, whereas there was a slight, although

not statistically significant, detrimental e¤ect of sur-

gery when the ICH was deep with no IVH (Fig. 1).

The average midline shift for having a favorable

outcome was significantly di¤erent in both IVH

(p ¼ 0.008) and hydrocephalus groups (p ¼ 0.008),

whereas there was no significant di¤erence (p ¼ 0.059)

when neither was present (Table 1). Increasing volume

of the ICH also correlated with unfavorable outcome

Fig. 1. Comparison of favorable outcome (%) in patients with no intraventricular hemorrhage (no ivh), intraventricular hemorrhage (ivh), and

associated hydrocephalus (ivhþ hcp) with respect to treatment; early surgery (ES ) and initial conservative treatment (ICT). Total numbers

in each group are shown on the horizontal axis. no ivh ES, no ivh ICT, ivh ES, ivh ICT, ivhþ hcp ES, ivhþ hcp ICT

66 P. S. Bhattathiri et al.



with IVH (p ¼ 0.003) and without IVH (p ¼ 0.003)

and did not have any significant correlation in pres-

ence of hydrocephalus (p ¼ 0.167). Left-sided ICH

with IVH had a tendency for better outcome than

right-sided ones, although it was not statistically sig-

nificant.

To summarize, factors that most a¤ected outcome

were midline shift, volume, and deep location.

Discussion

Spontaneous or secondary IVH is a marker of poor

prognosis for hemorrhagic stroke. It can cause hydro-

cephalus requiring ventricular shunt placement, result-

ing in permanent neurological deficit or death [6, 14].

Severe IVH caused by extension from subarachnoid

hemorrhage or ICH leads to hydrocephalus and often

poor outcome, although no randomized controlled tri-

als have been conducted thus far [13]. Most studies re-

garding treatment and outcome following IVH have

been conducted in neonates.

STICH was designed to look at outcome measures

in adolescent or adult ICH patients receiving early sur-

gical intervention versus initial conservative manage-

ment. Although no overall benefit was shown from

early surgery when compared with initial conservative

treatment [9], there may be subsets showing some ben-

efit of one over the other.

A systematic review compared conservative treat-

ment, extraventricular drainage, and extraventricular

drainage combined with fibrinolysis [13]. The poor

outcome rate was 90% for conservative treatment,

89% for extraventricular drainage, and 34% for extra-

ventricular drainage with fibrinolytic agents.

Conclusion

This analysis of the STICH data shows the detri-

mental e¤ect of the presence of IVH and consequent

hydrocephalus on outcome in patients with spontane-

ous ICH. Early surgery might be of some benefit in

those with IVH. Further studies are necessary to eluci-

date this problem and evaluate various treatment

options.
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Summary

Objective. To investigate whether any changes occur in the

coagulative/fibrinolytic cascade in patients with subarachnoid hem-

orrhage (SAH) or hypertensive intracerebral hemorrhage (HICH).

Design and methods. Subjects included 143 patients with intracra-

nial hemorrhage (SAH, n ¼ 50; HICH, n ¼ 82; ROSC-SAH [return

of spontaneous circulation after cardiopulmonary arrest due to

SAH], n ¼ 11). Coagulative and fibrinolytic factors were measured

in blood samples taken on admission.

Results. The prothrombin fragment 1þ2 level was significantly

higher (p < 0.005) in SAH patients than in HICH patients. The

fibrinolytic factors (plasmin alpha 2-plasmin inhibitor complex, D-

dimer, or fibrinogen degradation products) in SAH and ROSC-

SAH were both significantly higher than those in HICH, but the

significance of di¤erence was stronger in the case of ROSC-SAH

(p < 0.05).

Discussion. Both coagulative and fibrinolytic activities were al-

tered after the onset of SAH. These results demonstrate that the

coagulative/fibrinolytic cascade might be activated via di¤erent

mechanisms in di¤erent types of stroke. It remains unclear, however,

whether a significant alteration of the fibrinolytic cascade in patients

with ROSC-SAH might be a nonspecific phenomenon attributable

to the reperfusion after collapse.

Keywords: Coagulation; fibrinolysis; subarachnoid hemorrhage;

cardiopulmonary arrest; return of spontaneous circulation; intra-

cerebral hemorrhage; PTF1þ2; plasmin inhibitor complex; D-dimer;

fibrinogen degradation products.

Introduction

A recent study [20] reported that mechanisms sec-

ondary to subarachnoid hemorrhage (SAH) could

contribute to the development and progression of ex-

tracerebral organ dysfunction by promoting systemic

inflammation. About 77% of documented extracere-

bral organ system failures have been reported to occur

in conjunction with systemic inflammatory response

syndrome [5]. Moreover, the inflammatory and pro-

coagulant host responses have been found to be closely

related [4]. Inflammatory cytokines such as tumor ne-

crosis factor alpha, interleukin-1beta, and interleukin-

6 are capable of activating coagulation and inhibiting

fibrinolysis, while the procoagulant thrombin is capa-

ble of stimulating multiple inflammatory pathways [1,

4].

The various relationships among the activated

coagulative/fibrinolytic cascade, patient prognosis,

and the incidence of complications have recently been

described in stroke patients [6, 19]. It remains unclear,

however, whether the mechanisms activating these cas-

cade changes di¤er among various types of stroke pa-

tients, such as SAH and hypertensive intracerebral

hemorrhage (HICH). Knowledge is also scanty on

coagulative/fibrinolytic activities in patients who expe-

rience return of spontaneous circulation (ROSC) from

cardiopulmonary arrest (CPA) due to SAH, one of

the most common causes of sudden death [17]. The ob-

jective of our study was to examine the coagulative/

fibrinolytic cascade and its mechanism of activation

in stroke patients.

Materials and methods

SAH and HICH patients scoring 8 or less on the Glasgow Coma

Scale (GCS) and patients experiencing ROSC from SAH-induced

CPA (ROSC-SAH) were studied at a university hospital. ROSC-

SAH patients whose spontaneous circulation returned in an ambu-

lance or in the hospital were included. All ROSC-SAH patients

were diagnosed as SAH by computed tomography. Coagulation

and fibrinolytic activities were retrospectively compared between

the patient groups.

We investigated 143 intracranial hemorrhage patients divided into

3 groups: SAH (n ¼ 50), ROSC-SAH (n ¼ 11), and HICH (n ¼ 82).

Peripheral blood samples were drawn immediately after hospitaliza-



tion in patients with SAH and HICH. The samples from the ROSC-

SAH group were drawn after the ROSC.

The modulating factors of coagulation cascade were measured us-

ing the following methods: Antithrombin III was measured by the

chromogenic synthesized substrate method; prothrombin fragment

1þ2 (PTF1þ2) was assayed by enzyme-linked immunosorbent as-

say; protein C was measured by latex photometric immunoassay;

activated protein C was evaluated using the activated prothrombin

time method; thrombomodulin was assayed by enzyme immunoas-

say.

The modulating factors of the fibrinolytic cascade were measured

using the following methods: Tissue plasminogen activator plasmi-

nogen activator inhibitor-1 complex (tPA-PAI1) was assayed by the

enzyme immunoassay; plasmin alpha-2 plasmin inhibitor complex

(PIC), D-dimer, and fibrinogen degradation products were assayed

using latex photometric immunoassay.

StatView for Windows version 5.0 (SAS Institute, Cary, NC) was

used for statistical analysis. Proportions were compared using the

Fisher exact test. Continuous variables were compared using the un-

paired Student t test or Mann-Whitney’s U test, and presented as

meanGSD. Two-tailed p values of <0.05 were used to indicate sta-

tistical significance.

Results

Table 1 shows patient characteristics at admission.

The proportion of males was significantly lower in

the ROSC-SAH group than in the other groups

(p < 0.0005). All patients in the ROSC-SAH scored 3

points on the GCS, and the GCS score for the group

as a whole was significantly lower than the scores in

the other groups (p < 0.005, ROSC-SAH vs. SAH;

p < 0.001, ROSC-SAH vs. HICH). Blood glucose

levels were higher than the reference value (70–

109 mg/dL) in all groups, and remarkably elevated in

the ROSC-SAH group.

Comparison of coagulative/ fibrinolytic activities

between SAH and HICH patients

The antithrombin III level was significantly lower in

the HICH group than in the SAH group (p < 0.05),

but the change was within reference values. Changes

in protein C, activated protein C, and thrombomodu-

lin levels were comparable in these 2 groups. The

PTF1þ2 level in the SAH group was significantly

higher than that in the HICH group (p < 0.005).

Changes in tPA-PAI1 levels were not significant in ei-

ther group, but the levels were remarkably higher than

the reference value in both groups. The levels of PIC,

D-dimer, and fibrinogen degradation products ex-

ceeded the reference values in both groups and were

significantly higher in the SAH group than in the

HICH group (p < 0.001, p < 0.01, p < 0.005, respec-

tively) (Table 2).

Comparison of coagulative/ fibrinolytic activities

between SAH and ROSC-SAH

While the antithrombin III level in the ROSC-SAH

patients was below the reference value, it was not sig-

nificantly di¤erent from that of the SAH patients.

Changes in PTF1þ2, protein C, activated protein C,

and thrombomodulin levels were not significant either.

Changes in tPA-PAI1 levels were not significant in ei-

ther group, but they were above the reference value in

both groups. The levels of PIC, D-dimer, and fibrino-

gen degradation products exceeded the reference value

in both groups, but the only di¤erence between the

groups was a significantly higher PIC in the ROSC-

SAH patients (p < 0.05) (Table 2).

Discussion

Medical complications such as systemic inflam-

matory response syndrome, pneumonia, sepsis, and

multiple organ dysfunction syndrome are among the

leading causes of late morbidity and mortality in

Table 1. Patient characteristics at admission

Variable SAH ROSC-SAH HICH p Value

No. of patients 50 11 82 NS

Age, yrs 60.3G 15.0 60.1G 12.0 59.9G 15.6 NS

Male gender, % 46.0 27.3 75.6 <0.0005

GCS 4.9G 1.8 3.0G 0.0 5.0G 1.8 <0.005a, <0.001b

Body temperature, centigrade 36.3G 1.2 35.3G 0.7 36.4G 1.2 NS

Blood glucose level, mg/dL 221.3G 74.3 311.8G 85.6 182.0G 49.2 <0.005 a, <0.0001b, <0.05c

a Denotes significance in the comparison between SAH and ROSC-SAH, b denotes significance in the comparison between ROSC-SAH and

HICH, c denotes the significance in the comparison between SAH and HICH. SAH Subarachnoid hemorrhage, ROSC-SAH return of spon-

taneous circulation after cardiopulmonary arrest due to subarachnoid hemorrhage, HICH hypertensive intracerebral hemorrhage, GCS Glas-

gow Coma Scale, NS not significant.
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aneurysmal SAH. Le Roux et al. [8] found a significant

association between multiple medical complications

with unfavorable outcome in both Hunt-Hess grades

1 to 3 [8] and Hunt-Hess grades 4 and 5 [9]. The mech-

anisms leading to the development of these medical

complications after SAH are still poorly understood,

however.

Disseminated intravascular coagulation is charac-

terized by the widespread activation of coagulation,

which results in intravascular fibrin formation and, ul-

timately, thrombotic occlusion of small and midsize

vessels [2, 13, 14]. Intravascular coagulation can also

compromise the blood supply to organs, and when

combined with hemodynamic and metabolic derange-

ments, it can contribute to multiple organ dysfunction

syndrome [10]. Early activation of both coagulative

and fibrinolytic systems following SAH has also been

demonstrated [10]. Moreover, SAH patients who suf-

fered CPA (ROSC-SAH group) had higher plasma

levels of PIC, a marker of increased fibrinolytic activ-

ity, than SAH patients without CPA.

Several reports have described this altered coagu-

lation/fibrinolytic cascade activity in SAH patients

[6, 15, 16, 19], and altered coagulation activity has

been found to correlate with poor outcome [15]. Other

authors have concluded that altered fibrinolytic activ-

ity is linked with neurological deficits and a higher

incidence of complications [6, 15, 16]. These results

suggest that activation of both coagulation and fibri-

nolysis in SAH patients without CPA may be strongly

associated with clinical severity, correlated with the

development of multiple organ dysfunction syndrome

and worsened outcome. It remains unclear, however,

whether a significant alteration of fibrinolytic cascade

in ROSC-SAHmight be a nonspecific phenomenon at-

tributable to reperfusion after collapse.

As is true for almost all systemic inflammatory re-

sponses, the derangement of coagulation and fibrinol-

ysis in disseminated intravascular coagulation is medi-

ated by several proinflammatory cytokines [11, 18].

Recent reports have demonstrated that the e‰cacy of

activated protein C in sepsis might be rooted in the

protein’s ability to modulate both coagulation and in-

flammation [12]. In vitro experiments have shown that

activated protein C can inhibit neutrophil binding to

selectins, potentially blocking tight leukocyte adhe-

sion. Protein C also inhibits tumor necrosis factor-

alpha secretion from monocytes and other cell lines

by interfering with nuclear factor-kappaB nuclear

translocation, and it has been shown to prevent organ

damage in experimental models of sepsis [3]. The level

of activated protein C in our study tended to descend

below the reference value in patients resuscitated from

cardiopulmonary arrest following SAH, although the

di¤erence failed to reach a significant level among the

SAH, ROSC-SAH, and HICH groups.

We also observed an elevation of plasma tPA-PAI1

above the reference value in all 3 groups. Johansson

et al. [7] recently reported that the tPA/PAI-1 com-

plex, a novel fibrinolytic marker, is independently

associated with the development of a first-ever stroke,

especially hemorrhagic stroke. They proposed that ele-

vated tPA-PAI-1 complex levels could reflect a more

severe form of endothelial dysfunction caused by an

Table 2. Changes in coagulative/fibrinolytic activities in patients with SAH, ROSC-SAH, and HICH

Variable SAH ROSC-SAH HICH p Value

AT (79–121%) 93.9G 17.8 70.5G 0.7 82.2G 19.1 <0.05c

PTF1þ2 (0.4–1.4 nmol/L) 7.8G 7.1 2.7G 1.5 3.5G 3.0 <0.005c

Protein C (70–150%) 95.8G 26.2 80.3G 29.0 88.6G 26.3 NS

APC (64–146 %) 79.1G 28.9 60.0G 3.6 86.5G 27.8 NS

TM (1.8–4.1 FU/mL) 9.6G 21.4 3.3G 1.0 4.8G 3.8 NS

tPA-PAI1 (<15 ng/mL) 21.0G 16.0 20.8G 9.0 26.3G 45.1 NS

PIC (<0.8 mg/mL) 9.1G 11.9 25.4G 30.9 2.8G 3.5 <0.05a, <0.001c

D-dimer (<1.0 mg/mL) 22.5G 34.6 41.8G 53.4 7.5G 17.4 <0.01c

FDP (<4 mg/mL) 6.2G 9.2 9.2G 10.4 2.0G 3.3 <0.005c

Numerical values in parentheses denote the reference values of the coagulation/fibrinolysis factor.

a Denotes significance in the comparison between SAH and ROSC-SAH, c denotes significance in the comparison between SAH with HICH.

SAH Subarachnoid hemorrhage, ROSC-SAH return of spontaneous circulation after cardiopulmonary arrest due to subarachnoid hemor-

rhage, HICH hypertensive intracerebral hemorrhage, AT antithrombin, PTF1þ2 prothrombin fragment 1þ2, APC activated protein C, TM

thrombomodulin, tPA-PAI1 tissue-plasminogen activator plasminogen activator inhibitor-1 complex, PIC plasmin alpha2-plasmin inhibitor

complex, FDP fibrinogen degradation products, NS not significant.
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advanced form of atherosclerotic disease. If our results

can be taken to support their hypothesis, the distur-

bances in fibrinolysis might precede a cerebrovascular

event and the coagulative/fibrinolytic cascade might

be activated via di¤erent mechanisms in di¤erent types

of stroke. Ikeda et al. [6] reported that elevated levels

of cerebrospinal tPA-PAI-1 complex are associated

with neurological outcome and the occurrence of

vasospasm in severe SAH patients. Noting its role in

inducing a more advanced form of atherosclerotic

disease, we proposed that this early alteration of the

coagulative/fibrinolytic cascade with endothelial dys-

function might a¤ect the incidence of vasospasm after

SAH. Nonetheless, we have yet to elucidate the role

of endogenous activated protein C, tPA-PAI1, or

PIC in coordinating the innate immune response in

endothelium-based inflammation.

Our study has some limitations. The gravely ill con-

dition of the patients following stroke (GCS 8 or less)

or ROSC from CPA limits the applicability of our re-

sults. These findings might simply indicate a poor clin-

ical condition such as severe ischemia inapplicable to

stroke patients of a more favorable grade. The lack of

detailed data on medical complications, on the inci-

dence of vasospasm, and on overall outcomes follow-

ing stroke in the limited number of patients included

in this study calls for further investigations to elucidate

the importance of the data, as well as the status of

other types of diseases and more favorable grades of

stroke.

Conclusions

Coagulative and fibrinolytic activities were both

altered after SAH. The activation of fibrinolytic cas-

cade was higher in patients with ROSC-SAH than in

those with SAH. These results demonstrate that the

coagulative/fibrinolytic cascades might be activated

via di¤erent mechanisms in di¤erent types of stroke.

It remains unclear, however, whether the significant

alteration of the fibrinolytic cascade in patients with

ROSC-SAH might be a nonspecific phenomenon at-

tributable to the reperfusion after collapse.
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Summary

Introduction. Surgical intervention in putaminal hemorrhage has

been a controversial issue. The aim of this research is to evaluate

the benefits of surgery for reducing the development of brain edema.

Materials and methods. Sixteen cases of putaminal hemorrhage

were examined. Eight patients were treated conservatively (C group),

and the other 8 patients were treated surgically (S group). Head CT

scans were performed on the day of onset (day 0) in C group or per-

formed just after surgery (day 0) in S group, and performed again

once per period on days 1–7, 8–14, and 15–21. The volume of the

mass including hematoma and edema (Hþ E) was measured using

CT scans and the (Hþ E)/H0 ratios were calculated (H0; hematoma

volume on day 0). The (Hþ E)/H0 ratios for each period were com-

pared statistically between the 2 groups using a t-test.

Results.The mean values of (Hþ E)/H0 ratios at each period were

2.19, 2.63, 2.53 in C group, and 1.29, 1.29, 0.66 in S group. The

values in S group were significantly lower as compared with C group

in every period (p < 0.01, <0.05, <0.01).

Conclusions.Hematoma volume reduction by surgery reduced the

development of brain edema.

Keywords: Brain edema; intracerebral hemorrhage; hematoma

removal.

Introduction

Surgical treatment for intracerebral hemorrhage

(ICH), including hematoma removal by craniotomy

and stereotactic hematoma evacuation, has long been

controversial. Since Cushing [1] reported the first oper-

atively treated case of ICH with localizing symptoms

in 1903, many medical researchers have studied the ef-

fectiveness of surgery for ICH.

In 1961, McKissock et al. [8] reported the first

randomized trial in which 180 patients were included.

They reported that surgically treated cases demon-

strated worse prognoses than conservatively treated

cases. Since then, there has been a tendency not to

perform surgical treatment for ICH in Western coun-

tries. However, the pre-microneurosurgical and pre-

computed tomography (CT) era during which that

investigation was conducted should be taken into

account.

Recent meta-analyses of published trials of craniot-

omy for ICH by Fernandes et al. [2] were also found to

be inconclusive, indicating that more information is

needed from randomized studies to determine the role

of surgery in ICH.

On the other hand, in Japan, a large-scale retrospec-

tive study by Kanaya et al. [5] in 1980, in which 7010

patients were included, has revealed an improvement

in mortality and morbidity rates in the cases of grade

3 (stupor), 4a (semicoma without herniation signs), 4b

(semicoma with herniation signs), and 5 (deep coma)

following hematoma evacuation by craniotomy. Since

then, there has been a tendency to perform surgical

treatment for ICH in Japan [6].

In a report from 2004, Hattori et al. [3] reported that

stereotactic hematoma evacuation is clearly of value in

selected patients with spontaneous putaminal hemor-

rhage whose eyes are closed, but will open in response

to strong stimuli on admission.

Until now there has been no consensus that surgical

treatment produces a better outcome than conserva-

tive treatment, because a number of mechanisms ap-

pear to be involved in ICH, especially edema forma-

tion around a hematoma.

In our hospital, on the basis of past literature and

from our own experience, we usually perform surgical

treatment for ICHwhen the hematoma volume is more

than about 40 cm3, the patient is suited to a neurolog-

ical grading of 3 (stupor) or 4 (semicoma), and no



other conditions such as aging, anti-coagulant use, or

chronic renal failure are an obstacle.

The object of this paper is to evaluate the benefits of

surgery for reducing the development of brain edema

by measuring the volume of the mass including the

hematoma and surrounding edema in a quantitative

manner and analyzing the data statistically.

Materials and methods

Sixteen cases of putaminal hemorrhage were selected according to

the volume of the hematoma. Patients with hematoma volume of

20 cm3 or less at the time of onset and who had been treated conser-

vatively and patients whose hematoma volume had been reduced to

20 cm3 or less as a result of surgery were included in the present

study.

The patients were hospitalized during a 5-year period between

1999 and 2003. All patients were admitted to our hospital within 24

hours after onset, and the diagnosis of idiopathic putaminal hemor-

rhage was based on CT findings. We excluded patients with a past

history of cerebrovascular diseases such as ICH or cerebral infarc-

tion, intraventricular extension, underlying aneurysm or vascular

malformation, anticoagulant use, trauma, or death before 28 days

after onset.

Eight patients were treated conservatively (C group) and 8 pa-

tients were treated surgically (S group). Both groups received admin-

istration of osmotic antidiuretics and other intensive medical treat-

ments such as antihypertensives.

Surgery consisted of hematoma removal by craniotomy or stereo-

tactic hematoma evacuation, the former for 3 cases and the latter for

5 cases. Stereotactic hematoma evacuations were performed using

the Komai CT-guided stereotaxic system, without administration of

argatroban or tissue plasminogen activator (tPA).

There were 5 men and 3 women ranging in age from 41 to 82

years (mean 57.6G 14.8 years old) in the C group, and 4 men and 4

women from 33 to 77 years (mean 55.9G 14.9 years old) in the S

group.

In the C group, the mean volume of the hematoma was 20 cm3 or

less at the time of onset (mean 13.4G 4.8 cm3). Three cases occurred

in the right hemisphere, and the other 5 cases in the left.

In the S group, surgery was performed within 72 hours after

the onset; the mean volume of the hematoma before surgery was

46.1G 9.7 cm3 and it was reduced to 20 cm3 or less as the result of

surgery (mean 10.4G 5.4 cm3). Three cases occurred in the right

hemisphere, and the other 5 cases in the left.

There were no significant di¤erences between these 2 groups with

regard to age, sex, hematoma volume (compared the day of onset in

C group and the day after surgery in S group), side of the hematoma,

and history of hypertension or diabetes. Hematoma enlargement was

not observed in either group.

We defined the day of onset as day 0 in the C group, and the day

just after surgery as day 0 in the S group. Head CT scans were per-

formed on the day of onset (day 0) in C group or just after surgery

(day 0) in S group, and repeated on periods of days 1–7, 8–14, and

15–21, respectively, one scan per period.

First, we calculated the volume of hematoma on day 0 (H0). We

measured the area of the hematoma in each CT slice using NIH Im-

age software, multiplied the area and the thickness of each slice, and

summed them all. The product is H0.

Next, we calculated hematoma volume (H) plus perihematomal

edema volume (E) (Hþ E) in each CT film since day 1. We defined

(E) as a lower density area than the corresponding area in the con-

tralateral hemisphere [4]. We measured the area of mass including

(H) and (E), multiplied the area and the thickness of each CT slice,

and summed them all. The product was (Hþ E).

Finally, we determined the (Hþ E)/H0 ratio, which indicated the

increased volume compared to the hematoma volume on day 0, in

each CT film in every period. The (Hþ E)/H0 ratios were compared

statistically between the C group and the S group in every period by

performing a t-test. Di¤erences were regarded as significant when the

probability value was less than 0.05.

We evaluated the neurological status of each patient on day 21

using the Modified Rankin Scale.

Results

Figure 1 shows representative cases from the C

group (upper row) and the S group (lower row), re-

spectively. The volume of edema peaked on days 8–

14 in both groups.

The mean values of (Hþ E)/H0 ratios at each pe-

riod (days 1–7, 8–14, and 15–21) were 2.19, 2.63, 2.53

in the C group, and 1.29, 1.29, 0.66 in the S group. The

mean values of the (Hþ E)/H0 ratios in the S group

were significantly lower compared with the C group

in every period (p < 0.01, <0.05, <0.01) (Fig. 2).

The results of our study indicate the benefits of sur-

gery for reducing the development of brain edema in

patients with putaminal hemorrhage. However, there

was an apparent inconsistency in that the S group

showed a worse prognosis than the C group with re-

gard to neurological status on day 21 as evaluated by

the Modified Rankin Scale. The scores indicated 2.5

as the mean value in the C group, and 3.75 in the S

group (p < 0.05).

Discussion

In this study, by measuring volume of the hematoma

and edema in a quantitative manner and analyzing the

data statistically, we found that surgical treatment was

considered to reduce the development of brain edema

with putaminal hemorrhage. Considering the correla-

tion between brain ICH-induced edema and surgical

treatment, we review the current knowledge of how

the brain tissue is injured in ICH.

Brain injury due to ICH consists of 2 steps. Primary

brain damage is due to hematoma formation. Hema-

toma itself causes mechanical and immediate destruc-

tion of the neural structure. Secondary brain damage

is brought about by edema formation and ischemia

around a hematoma. Edema formation in the perihe-

matomal area is considered to play an important role

in brain damage.
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The pathomechanism for the development of brain

edema associated with ICH seems to be quite di¤erent

from that of cold lesion edema, edema induced by

ischemia, and other sorts of edema. Suzuki et al. [9]

demonstrated that the ICH-induced edema peaked be-

tween 10 to 20 days after the onset and prolonged clin-

ical deterioration.

A number of mechanisms appear to be involved in

edema formation after ICH and have not yet been fully

understood. Xi et al. [10] reported that at least 3 phases

of edema are involved in ICH. These include a very

early phase involving hydrostatic pressure and clot re-

traction, a second phase involving the activation of

the coagulation cascade and thrombin production,

and a third phase involving red blood cell lysis and

hemoglobin-induced neuronal toxicity. That is, toxic

components of blood seem to be closely correlated

with edema formation.

Recent research has identified thrombin as a key me-

diator in the development of edema in animal models,

prompting further studies on the administration of a

thrombin inhibitor such as argatroban. Kitaoka et al.

[7] reported in 2002 that intracerebral injection or the

systemic administration of high-dose argatroban in

the acute phase of ICH significantly reduced edema

and suggested that argatroban may be an e¤ective

therapy for ICH-induced edema. Clot removal after

tPA treatment or infusion of tPA directly into the hem-

atoma have also been actively tested.

Hematoma removal may be the e¤ective cure be-

cause it reduced brain edema volume and blood-brain

barrier disruption and improved cerebral tissue pres-

sure, and because it results in the removal of toxic

components such as thrombin at the same time [10].

We emphasize that, whether medicines such as arga-

troban and tPA are used or not, surgical reduction of

the fluid component at the site of the hematoma would

be e¤ective for reducing the development of brain

edema because thrombin existing in fluid components

around the clot would be reduced. In our study, edema

formation was reduced after surgical intervention

compared with the conservatively treated cases, al-

though the hematoma volume just after surgery re-

mained at the same level between the 2 groups. We

did not use either argatroban or tPA.

Although 2 of 8 cases were treated with ventricular

drainage for hydrocephalus and this influence cannot

be ignored, the result of our current study supports

the possibility that surgical treatment itself can prevent

brain edema by reducing toxic components of blood

such as thrombin in ICH.

Regarding the worse prognosis for the S group as

evaluated by the Modified Rankin Scale in the current

study, the result appeared to be a¤ected by the neuro-

Fig. 1. The upper row shows the representative course of a conservatively treated case, and the lower row shows that of a surgically treated

case. The volume of edema peaked on days 8–14 in both cases (C group; conservatively treated group, S group; surgically treated group)
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logical status at the time of onset between the 2 groups.

The mean score on the Glasgow Coma Scale in our C

group was 13.75 at the time of onset, and 10.25 in our

S group; it was significantly lower in the S group

(p < 0.05).

We intend to enhance the quality of research with a

more secure protocol, many more cases, analysis of the

fluid components gained by surgery, and by seeking to

promote our understanding of the connection between

edema formation in ICH and surgical treatment.
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Summary

Early hematoma enlargement and delayed clot lysis contribute to

brain injury after intracerebral hemorrhage (ICH). We investigated

hematoma growth, clot lysis, and brain edema formation in patients

with spontaneous ICH.

A total of 17 spontaneous ICH patients who received regular med-

ication were chosen for this study. All patients had their first CT scan

within 5 hours of onset of symptoms (day 0). The patients then un-

derwent second, third, and fourth CT scans at 1, 3, and 10 days later.

Hematoma size and absolute and relative brain edema volumes were

measured. Hematoma enlargement was defined as a >33% increase

in volume. Relative brain edema volume ¼ absolute brain edema

volume/hematoma size. Hematoma enlargement occurred in 4 of

the 17 ICH patients (24%) within the first 24 hours. The hematoma

sizes were reduced significantly at day 10 (p < 0.05) because of clot

lysis. However, both absolute and relative brain edema increased

gradually with time (p < 0.01).

These results suggest that delayed brain edema following ICH

may result from hematoma lysis. This study also shows that early

hematoma enlargement occurs in Chinese patients with ICH. Reduc-

ing early hematoma growth and limiting clot lysis-induced brain

toxicity could be potential therapies for ICH.

Keywords: Intracerebral hemorrhage; brain edema; hematoma

growth; hematoma lysis; computed tomography.

Introduction

Spontaneous intracerebral hemorrhage (ICH) is a

common and often fatal stroke subtype lacking e¤ec-

tive management [6]. ICH is estimated to account for

10–15% of all strokes in the United States [10]. The in-

cidence of ICH is more common in China [17]. Brain

edema contributes to brain damage after ICH [14].

Experimental and clinical investigations have demon-

strated that early hematoma enlargement and delayed

clot lysis contribute to ICH-induced brain injury [15].

The natural history and pathogenesis of hematoma

and perihematomal edema in human ICH have not

been well-studied. We investigated hematoma growth,

clot lysis, and brain edema formation in Chinese ICH

patients.

Materials and methods

Study design

In-patients who experienced spontaneous ICH (n ¼ 17) in the

Huashan Hospital at Fudan University between 2003 and 2004

were studied. All hematomas were located in the supratentorial

area. Patients received regular medication. Exclusion parameters

for this study included: 1) traumatic hemorrhage with initial or sub-

sequent intraventricular extension, subsequent subarachnoid hemor-

rhage, or underlying aneurysm or vascular malformation, 2) death,

or 3) undergoing surgical treatment within 10 days. All patients re-

ceived non-contrast brain computed tomography (CT) scans within

6 hours of ICH onset. After the first CT scan, patients underwent sec-

ond, third, and fourth CT scans at 1, 3, and 10 days after ICH onset.

Hematoma enlargement was defined as a >33% increase in volume

[2].

Measurement of hematoma and perihematomal edema volumes

All CT pictures were converted from CT machine to personal

computer using the accessory software of the CT machine (e-Film),

andNIH Image J 1.29 software (National Institutes of Health, USA)

was used to analyze hematoma and edema volume.

We reset the calibration of the image according to the scale on the

CT slices. Then the range of hematoma and perihematomal edema

were marked out (for hematoma, the grey value was >130, and for

the edema area, the grey value was 55–90). The area of hematoma

and perihematomal edema of each CT slice was measured by NIH

Image J. The above steps were repeated 3 times. Relative brain

edema volume ¼ absolute brain edema volume/hematoma size.

Statistical analysis

All data in this study are presented as meanG SD. Data were an-

alyzed with ANOVA using the Sche¤e F test. Significance levels

were measured at p < 0.05.



Results

A total of 17 patients were chosen for this study. De-

mographic and clinical features of the study patients

are summarized in Table 1. All patients received non-

contrast brain CT within 6 hours of ICH onset, and

mean time was 2.6 hours after symptom onset. Ten pa-

tients had a history of hypertension (3–20 years) and 5

patients had a history of diabetes mellitus (4–13 years).

Hematoma enlargement occurred in 4 of the 17 ICH

patients (24%) within the first 24 hours. Average

hematoma sizes of all 17 patients were 20.9G 18.8,

23.8G 16.5, 21.2G 14.8, and 12.4G 10.3 cm3 at days

0, 1, 3, and 10, respectively. The hematoma sizes were

reduced significantly at day 10 (p < 0.05) because of

clot lysis (Table 2, Fig. 1). However, both absolute

and relative brain edema volumes increased gradually

with time (absolute edema: 46.4G 30.1 at day 10 vs.

20.4G 13.2 cm3 at day 0, p < 0.05; relative edema:

6.1G 6.5 at day 10 vs. 1.3G 0.8 at day 0, p < 0.05;

Table 2). Figure 1 shows serial CT scans in 2 ICH

patients.

Discussion

Our study demonstrates that early hematoma en-

largement contributes to brain injury in Chinese ICH

patients. Hematoma enlargement occurred in 4 of 17

ICH patients (24%) within the first 24 hours.

Several recent investigations evaluated the rate of

hematoma enlargement after initial presentation [1, 2,

4, 7]. Early enlargement of the hematoma after the ic-

tus is associated with midline shift and accelerates neu-

rological deterioration [1, 16]. The precise mechanisms

of hematoma growth are not known, but most hema-

toma enlargement occurs within the first 24 hours [2,

7]. Broderick et al. [1] recognized that early hematoma

growth is associated with early neurological deteriora-

tion. An ongoing clinical trial focuses on early treat-

ment with activated Factor VIIa aimed at preventing

hematoma enlargement and reducing ICH-induced

brain injury [8].

We also found that hematoma size decreases and

perihematomal brain edema increases during the first

10 days after ICH in humans, suggesting delayed brain

edema following ICHmay result from hematoma lysis.

Other studies have demonstrated that perihematomal

edema peaks several days after ICH [3, 11]. In rats,

brain edema peak occurs on the third or fourth day

after experimental ICH [13]. This delayed brain edema

may be related to erythrocyte lysis, because infusion of

packed erythrocytes causes edema after about 3 days

but not earlier when the erythrocytes remain intact

[13]. A clinical study of brain edema after ICH also in-

dicates that delayed edema is related to significant

midline shift after ICH [16].

Delayed brain edema in ICH patients may be due

to erythrocyte lysis and iron toxicity. Our previous

studies demonstrated that an intracerebral infusion

of hemoglobin and its degradation products, hemin,

iron, and bilirubin, cause the formation of brain edema

within 24 hours. Hemoglobin itself induces heme

oxygenase-1 up-regulation in the brain, and heme

oxygenase inhibition by tin-protoporphyrin reduces

hemoglobin-induced brain edema. In addition, an in-

traperitoneal injection of a large dose of deferoxamine,

an iron chelator, attenuates brain edema induced by

hemoglobin. These results indicate that hemoglobin

Table 1. Clinical data after admission.

Gender (n) Male (10), female (7)

Age, y 59G 13

Systolic pressure, mmHg 176G 26

Diastolic pressure, mmHg 105G 13

Blood glucose, mM 9G 3

Glasgow Coma Scale 11G 3

Hematoma location, n (%)

– Right basal ganglia 6 (36)

– Left basal ganglia 4 (24)

– Right temporal lobe 2 (12)

– Left temporal lobe 3 (18)

– Right parieto-occipital 1 (6)

– Right frontal lobe 1 (6)

Table 2. Volumes of hematoma and perihematomal brain edema.

Volume Day 0 Day 1 Day 3 Day 10

Volume of hematoma (cm3) 20.9G 18.8 23.8G 16.5 21.2G 14.8 12.4G 10.2#

Absolute edema volume (cm3) 20.4G 13.2 30.7G 15.4# 42.6G 23.8 46.4G 30.1

Relative edema volume 1.3G 0.8 1.7G 1.1 2.5G 1.7 6.1G 6.5

# p < 0.05 vs. day 0.
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causes brain injury by itself and through its degrada-

tion products [5]. Also, investigations have demon-

strated that iron overload occurs in the brain after

ICH, and iron chelation with deferoxamine reduces

perihematomal edema [9, 12].

In conclusion, early hematoma enlargement oc-

curred in our study population of Chinese ICH pa-

tients, and delayed perihematomal edema develop-

ment was associated with erythrocyte lysis. Reducing

early hematoma growth and limiting clot lysis-induced

brain toxicity could be potential therapies for ICH.

References

1. Broderick JP, Brott TG, Tomsick T, Barsan W, Spilker J (1990)

Ultra-early evaluation of intracerebral hemorrhage. J Neuro-

surg 72: 195–199

2. Brott T, Broderick J, Kothari R, Barsan W, Tomsick T, Sauer-

beck L, Spilker J, Duldner J, Khoury J (1997) Early hemorrhage

growth in patients with intracerebral hemorrhage. Stroke 28:

1–5

3. Enzmann DR, Britt RH, Lyons BE, Buxton JL, Wilson DA

(1981) Natural history of experimental intracerebral hemor-

rhage: sonography, computed tomography and neuropathology.

AJNR Am J Neuroradiol 2: 517–526

4. Fujii Y, Tanaka R, Takeuchi S, Koike T, Minakawa T, Sasaki

O (1994) Hematoma enlargement in spontaneous intracerebral

hemorrhage. J Neurosurg 80: 51–57

5. Huang FP, Xi G, Keep RF, Hua Y, Nemoianu A, Ho¤ JT

(2002) Brain edema after experimental intracerebral hemor-

rhage: role of hemoglobin degradation products. J Neurosurg

96: 287–293

6. Kase CS, Caplan LR (1994) Intracerebral Hemorrhage.

Butterworth-Heinemann, Boston

7. Kazui S, Naritomi H, Yamamoto H, Sawada T, Yamaguchi T

(1996) Enlargement of spontaneous intracerebral hemorrhage.

Incidence and time course. Stroke 27: 1783–1787

8. Mayer SA, Brun NC, Begtrup K, Broderick J, Davis S, Diringer

MN, Skolnick BE, Steiner T; Recombinant Activated Factor

VII Intracerebral Hemorrhage Trial Investigators (2005) Re-

combinant activated factor VII for acute intracerebral hemor-

rhage. N Eng J Med 352: 777–785

9. Nakamura T, Keep R, Hua Y, Schallert T, Ho¤ JT, Xi G (2004)

Deferoxamine-induced attenuation of brain edema and neuro-

logical deficits in a rat model of intracerebral hemorrhage. J

Neurosurg 100: 672–678

10. Qureshi AI, Tuhrim S, Broderick JP, Batjer HH, Hondo H,

Hanley DF (2001) Spontaneous intracerebral hemorrhage. N

Engl J Med 344: 1450–1460

11. Tomita H, Ito U, Ohno K, Hirakawa K (1994) Chronological

changes in brain edema induced by experimental intracerebral

hematoma in cats. Acta Neurochir Suppl (Wien) 60: 558–560

12. Wu J, Hua Y, Keep RF, Nakamura T, Ho¤ JT, Xi G (2003)

Iron and iron-handling proteins in the brain after intracerebral

hemorrhage. Stroke 34: 2964–2969

13. Xi G, Keep RF, Ho¤ JT (1998) Erythrocytes and delayed brain

edema formation following intracerebral hemorrhage in rats. J

Neurosurg 89: 991–996

14. Xi G, Keep RF, Ho¤ JT (2002) Pathophysiology of brain edema

formation. Neurosurg Clin N Am 13: 371–383

15. Xi G, Fewel ME, Hua Y, Thompson BG, Ho¤ J, Keep R (2004)

Intracerebral hemorrhage: pathophysiology and therapy. Neu-

rocrit Care 1: 5–18

16. Zazulia AR, Diringer MN, Derdeyn CP, Powers WJ (1999)

Progression of mass e¤ect after intracerebral hemorrhage.

Stroke 30: 1167–1173

17. Zhang LF, Yang L, Hong Z, Yuan GG, Zhou BF, Zhao LC,

Huang YN, Chen J, Wu YF; Collaborative Group of China

Multicenter Study of Cardiovascular Epidemiology (2003) Pro-

portion of di¤erent subtypes of stroke in China. Stroke 34:

2091–2096

Correspondence: Fengping Huang, Department of Neurosurgery,

Huashan Hospital, Fudan University, 12 Wulumuqi Zhong Road,

Shanghai 200040 China. e-mail: fengpinghuang@hotmail.com

Fig. 1. Serial CT scans of 2 ICH patients

80 G. Wu et al.: Spontaneous intracerebral hemorrhage in humans: hematoma enlargement, clot lysis, and brain edema



Acta Neurochir (2006) [Suppl] 96: 81–84

6 Springer-Verlag 2006

Printed in Austria

Evaluation of acute perihematomal regional apparent di¤usion coe‰cient
abnormalities by di¤usion-weighted imaging

E. Fainardi1, M. Borrelli1, A. Saletti1, R. Schivalocchi2, M. Russo3, C. Azzini4, M. Cavallo2, S. Ceruti1,

R. Tamarozzi1, and A. Chieregato5

1Neuroradiology Unit, Department of Neuroscience, Arcispedale S. Anna, Ferrara, Italy

2Neurosurgery Unit, Department of Neuroscience, Arcispedale S. Anna, Ferrara, Italy

3Neurology Unit, Department of Neuroscience, Arcispedale S. Anna, Ferrara, Italy

4Neurology Unit, Ospedale S. Bortolo, Vicenza, Italy

5Neurocritical Care Unit, Ospedale M. Bufalini, Cesena, Italy

Summary

In this study, we investigated 40 patients (18 male, 22 female;

mean age ¼ 64.5G 11.0; GCS ¼ 9 to 14) with acute supratentorial

spontaneous intracerebral hemorrhage (SICH) at admission by us-

ing a 1-tesla magnetic resonance imaging (MRI) unit equipped for

single-shot echo-planar spin-echo isotropic di¤usion-weighted imag-

ing (DWI) sequences. All DWI studies were obtained within 48

hours after symptom onset. Regional apparent di¤usion coe‰cient

(rADC) values were measured in 3 di¤erent regions of interest

(ROIs) drawn freehand on the T2-weighted images at b 0 s/mm2

on every section in which hematoma was visible: 1) the perihemato-

mal hyperintense area; 2) 1 cm of normal appearing brain tissue sur-

rounding the perilesional hyperintense rim; 3) an area mirroring the

region including the clot and perihematomal hyperintense area

placed in the contralateral hemisphere. rADC mean values were

higher in perihematomal hyperintense and in contralateral than in

normal appearing areas (p < 0.001), with increased rADC mean

levels in all regions examined.

Our findings show that rADC values indicative of vasogenic

edema were present in the perihematomal area and in normal ap-

pearing brain tissue located both ipsilateral and contralateral to the

hematoma, with lower levels in non-injured areas located in the T2

hyperintense rim around the clot.

Keywords: Intracerebral hemorrhage; apparent di¤usion coe‰-

cient; di¤usion-weighted imaging.

Introduction

Neither surgical nor medical treatment has been

shown to improve clinical outcome after spontaneous

intracerebral hemorrhage (SICH) [13]. Several investi-

gations have recently focused on the mechanisms un-

derlying edema formation in brain tissue surrounding

the hematoma, widely considered to be a major cause

of secondary damage contributing to delayed deterio-

ration following SICH [6]. Although the development

of perihematomal edema has been clearly demon-

strated in animal models [10, 18, 19], the precise nature

of this edema reaction remains to be elucidated [6, 13].

Studies performed with di¤usion-weighted imaging

(DWI) in humans may distinguish between cytotoxic

and vasogenic edema, showing decreased apparent dif-

fusion coe‰cient (ADC) values in cytotoxic edema

and increased ADC values in vasogenic edema [14].

Perihematomal edema can be cytotoxic [8] or vaso-

genic [12, 15] in hyperacute phases, vasogenic [2, 3,

12] or combined cytotoxic and vasogenic [4] in acute

phases, and vasogenic in subacute [2, 3, 12] stages of

hematoma temporal evolution. ADC levels measured

in the whole lesion (hemorrhagic core plus perihema-

tomal area) are low in hyperacute, elevated in acute,

decreased in early subacute, and slightly increased in

late subacute hematomas [7]. Similar chronological

fluctuations in ADC values are seen in the perihemato-

mal area [4]. Since cellular components are irreversibly

injured in cytotoxic and preserved in vasogenic edema

[1], it is important to clarify which type of edema

occurs early in the perihemorrhagic area. In the pres-

ent study, we sought to evaluate perilesional ADC

changes in patients with acute SICH.

Materials and methods

Patient selection

Forty patients with acute supratentorial SICH (18 male and 22 fe-

male; mean age ¼ 64.5G 11.0) who underwent DWI studies within



48 hours after symptom onset were included in the study. Time of

ictus was considered as the last time the patient was known to be neu-

rologically normal. Patients with infratentorial hemorrhage, hema-

toma related to tumor, trauma, coagulopathy, aneurysms, vascular

malformations, hemorrhagic transformation of brain infarction, in-

traventricular extension of their hemorrhage, and patients who had

undergone surgical hematoma evacuation were excluded. Disease se-

verity was scored in all patients at entry using the Glasgow Coma

Scale (GCS) [16]. Hematoma location was classified as either basal

ganglia or lobar. Hematoma volume was calculated using the for-

mula A� B� C/2 [9]. Informed consent was obtained from each pa-

tient or from relatives before DWI studies were performed.

DWI studies

DWI examinations were performed on a 1-tesla magnetic reso-

nance imaging (MRI) unit (Signa Horizon LXTM, GE Medical

System, Milwaukee, WI) equipped for isotropic DWI single-shot

echo-planar spin-echo sequences. Axial images covering the whole

brain were obtained by single-shot echo-planar spin-echo sequences

(TR ¼ 10000 ms; TE ¼ 109 ms; slice thickness ¼ 5 mm; interslice

spacing ¼ 0; matrix size ¼ 96� 96; FOV ¼ 28 cm; NEX ¼ 1; b-

value ¼ 1000 s/mm2). ADC maps were generated for each patient

using an imaging workstation (Advantage Windows; GE Medical

System,Milwaukee, WI) supplied with a dedicated software package

(Functool; GE Medical System, Milwaukee, WI). Regional ADC

(rADC) values were measured in 3 di¤erent regions of interest

(ROIs) drawn freehand on the T2-weighted images at b 0 s/mm2

on every section in which the hematoma was visible: 1) the perihema-

tomal hyperintense area; 2) 1 cm of normal appearing brain tissue

surrounding the perilesional hyperintense rim; 3) an area mirroring

the region showing the clot and perihematomal hyperintense area in

the contralateral hemisphere (Fig. 1). rADC values within the hem-

orrhagic core were not evaluated due to the presence of susceptibility

artifacts. rADC levels were expressed in s/mm2 [11]. Because cere-

brospinal fluid (CSF) contamination was not excluded from rADC

measurements, rADC values lower than 80� 10�5 and higher than

92� 10�5 s/mm2 were considered to be suggestive of cytotoxic and

vasogenic edema, respectively [17].

Fig. 1. DWI images obtained within 48 hours after symptom onset in a patient with SICH in the left thalamus. Images A, B, and C show hand-

drawn ROIs placed around the perihematomal hyperintense area and normal appearing brain tissue surrounding the perilesional hyperintense

rim in T2-weighted sequences at b ¼ 0 s/mm2 (A), in isotropic DWI sequences at b ¼ 1000 s/mm2 (B), and in ADCmaps (C). Image D, E, and

F depict hand-drawn ROIs including the clot and perihematomal hyperintense area, and a mirroring area located in the contralateral hemi-

sphere in T2-weighted sequences at b ¼ 0 s/mm2 (D), in isotropic DWI sequences at b ¼ 1000 s/mm2 (E), and in ADC maps (F)
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Statistical analysis

Mann-Whitney U test was used to compare mean values among

the various groups. The Spearman rank correlation coe‰cient test

was used to identify possible relationships among the di¤erent vari-

ables. Statistical significance was set at p < 0.05.

Results

Overall, SICH was observed within basal ganglia

regions in 10 patients and within lobar regions in the

remaining 30 patients. GCS scores ranged between

9 and 14. Mean hematoma volume was 17.2G 12

(range ¼ 2–48.3). The mean time from symptom onset

and DWI studies was 39.9G 4.4 hours (range ¼ 29.2

to 47 hours; median ¼ 40.2 hours). As illustrated in

Fig. 2, rADC mean values were higher in perihemato-

mal hyperintense tissue and contralateral parenchyma

than in normal appearing areas (p < 0.001). There

was no di¤erence between perihematomal hyperin-

tense and contralateral areas. The analysis of absolute

values revealed that rADC mean levels were increased

in perihematomal hyperintense (111.7G 38.2� 10�5

s/mm2), in normal appearing (93.8G 11.4� 10�5 s/

mm2) and in contralateral (104.9G 20� 10�5 s/

mm2) areas. No definite correlations were observed be-

tween perihematomal rADC mean levels and hema-

toma volume.

Discussion

We have investigated rADC values in the region pe-

ripheral to the hematoma to verify whether perihema-

tomal edema is cytotoxic or vasogenic in the acute

phase. In accordance with previous studies [2, 3, 12],

perihemorrhagic rADC values were elevated, suggest-

ing ongoing accumulation of excess fluid in the extra-

cellular space consistent with vasogenic edema. These

findings are in contrast with those obtained by other

investigators who have shown that cytotoxic and vaso-

genic edema can coexist in the perihematomal zone

when a di¤erent topographical approach is used [4].

A possible explanation for acute edema formation sur-

rounding the clot in the extracellular compartment

comes from experimental studies documenting that

vasogenic edema development around an intracerebral

hemorrhage during the acute stage is mainly mediated

by the clotting of blood with liberation of the remain-

ing serum proteins, especially thrombin, into sur-

rounding brain parenchyma [10] rather than by the

toxic e¤ect of hemoglobin degradation products de-

rived from erythrocyte lysis [19]. In agreement with

recent observations [7, 15], an inverse correlation be-

tween perihematomal rADC levels and hematoma

size described previously [3] was not found. Our results

argue against a major role for mechanical compression

of small perilesional blood vessels related to hema-

toma mass e¤ect in early perihemorrhagic edema de-

velopment [6].

Interestingly, rADC values indicative of vasogenic

edema were detected in non-lesioned regions located

around the perihemorrhagic hyperintense rim and in

the contralateral hemisphere. Concordance between

our data and those obtained in other reports [3, 7, 15]

is of particular relevance since they confirm that nor-

mal appearing brain tissue is not always normal when

a focal hemorrhagic lesion is present. Global elevation

of hydrostatic pressure resulting in abnormal water

shift from blood vessels to the extracellular space could

account for the occurrence of the increase in whole-

brain ADC levels [7]. Alternatively, an intense and dif-

fuse inflammatory response due to remote toxic e¤ects

of clotting proteins and red blood cell lysis compo-

nents may contribute to the vasogenic edema observed

in non-a¤ected brain areas adjacent and distant to the

SICH [10]. As seen in Fig. 1, the high rADC values ob-

tained in normal appearing ROIs, manually outlined

ipsilateral and contralateral to the hematoma, could

be ascribed to inclusion of small and partially conflu-

Fig. 2. Regional ADC (rADC) mean values expressed in 10�5 s/

mm2 in perihematomal hyperintense area, in normal appearing tis-

sue surrounding the perilesional hyperintense rim, and in a mirroring

contralateral area including the clot and perihematomal hyperin-

tense area from 40 patients with SICH. rADC mean values were

higher in perihematomal hyperintense and contralateral areas than

in normal appearing areas (p < 0.001). The boundaries of the box

represent the 25th to 75th quartile. The line within the box indicates

the median. The whiskers above and below the box correspond to

highest and lowest values, excluding outliers
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ent focal hyperintensity on T2-weighted imaging. In

fact, it has been demonstrated that ADC values are

elevated in regions of leukoaraiosis as a consequence

of axonal loss replaced by interstitial water [5].

Regional ADC levels were greater in contralateral

than in ipsilateral normal appearing regions. Because

the CSF signal was not excluded from rADCmeasure-

ments, this apparent paradox was probably attribut-

able to an e¤acement of the contiguous CSF spaces

with elevated ADC values determined by the hema-

toma mass e¤ect.

In conclusion, rADC values reflecting vasogenic

edema were found in the perihematomal area and in

normal appearing brain tissue located both ipsilateral

and contralateral to the hematoma, with less pro-

nounced values in the non-injured area located around

the T2 hyperintense rim of the clot. Edema formation

in the perilesional T2 high signal area did not seem to

relate to the hematoma size. These findings suggest

that an acute SICH is associated with both local and

global edematous brain responses, indicating that

DWIwith analysis of rADC values represents a power-

ful tool for the evaluation of early edema development

occurring around an acute hemorrhagic focal lesion.
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Summary

Hypoattenuation areas shown on brain CT scans after subarach-

noid hemorrhage (SAH) are believed to be associated with persistent

ischemia. The aim of this study was to evaluate regional cerebral

blood flow (rCBF) in hypoattenuation areas and its evolution over

time by means of Xenon CT (Xe-CT).

We enrolled 16 patients with SAH who developed a hypoattenua-

tion area in the middle cerebral artery territory. Patients were studied

at time zero (the first Xe-CT), within 24 to 96 hours, and 96 hours

after the initial Xe-CT.

We analyzed 19 hypoattenuation areas caused by vascular distor-

tion, vasospasm, or post-surgical embolization in 48 Xe-CT studies.

Areas of hypoattenuation were divided in 2 groups according to ini-

tial rCBF. In the first group (n ¼ 15), rCBF was initially above

6 mL/100 gr/min but only 2 were still ischemic (rCBF < 18 mL/

100 gr/min) 96 hours after the first Xe-CT, while 7 (58%) were

hyperemic. Conversely, in the second group with severe ischemia

(rCBF < 6 mL/100 gr/min; n ¼ 4) mean rCBF increased (p ¼ 0:08)

but still remained below the ischemic threshold.

In severely ischemic lesions, rCBF reperfusion occurs but is prob-

ably marginally relevant. Conversely, in lesions not initially severely

ischemic, residual CBF gradually improved and frequently became

hyperemic. The functional recovery of these zones remains to be

evaluated.

Keywords: Subarachnoid hemorrhage; ischemia; cerebral blood

flow; Xenon-CT.

Introduction

The most common complication of aneurysmal sub-

arachnoid hemorrhage (SAH) is cerebral ischemia

[11]. Low attenuation zones due to poor perfusion in

a major vessel territory after SAH are usually associ-

ated with persistent ischemia. Hypodense lesions con-

sistent with cerebral infarctions (40 to 60%) are com-

mon on follow-up computerized tomography (CT)

scans among survivors [6]. However, spontaneous re-

perfusion can follow ischemia. Many reports describe

ischemic events after SAH, but none explain the evolu-

tion over time of the regional cerebral blood flow

(rCBF) following ischemia. The knowledge of rCBF

values in low-density areas related to SAH may be of

potential interest in outcome prediction as well as in

treatment planning. It is reasonable to believe that pa-

tients with low-density areas associated with normal

rCBF levels have better outcomes. The practice of re-

gional monitoring of hypodense edematous areas on

CT could benefit from rCBF measurements, which

might explain brain tissue oxygen or microdialysis re-

gional data and improve the physiological background

that sustains specific therapies [12]. The aim of our

study was to evaluate CBF in low attenuation areas

over time by repeated rCBF measures with Xenon CT

(Xe-CT).

Materials and methods

From June 2000 to January 2003, 169 patients with aneurysmal

SAH were treated in the Intensive Care Unit at Bufalini Hospital,

Cesena-Italy. Sixteen of them developed new hypoattenuation areas

greater than 1 cm2 in the middle cerebral artery (MCA) territory

and were studied with at least 2 Xe-CTs. Parenchymal hypoattenua-

tion on CT was defined as a visually well-recognized cerebral region

of abnormally increased radiolucency relative to other parts of the

same structure or to its contralateral counterpart covering the same

vascular territory [13]. There were 3 causes of major vessel distortion:

distortion due to elevated intracranial pressure (ICP), vasospasm,

and post-clipping or post-embolization procedures. The site of the

bleeding aneurysm was assessed by angiography. Clinical and radio-

logical severity on admission was graded according toHunt andHess

[2] and Fisher [1] scores. ICP, arterial pressure, body temperature,

and end-tidal CO2 were continuously monitored. Patients were also

monitored with a Swan-Ganz or a PICCO catheter as needed. Addi-

tional monitoring included transcranial Doppler and electroence-

phalography.

A staircase treatment protocol to maintain ICP below 20 mmHg

was applied, consisting of sedation and analgesia to a level reducing

noxious stimulation known to increase ICP, intermittent cerebro-



spinal fluid drainage to control ICP and to wash out bloody cerebro-

spinal fluid, control of serum sodium, and normocapnia. In cases

with refractory elevated ICP, benzodiazepine and fentanyl treatment

was combined with propofol or barbiturate to induce burst suppres-

sion, if necessary. Cerebral perfusion pressure (CPP) was maintained

above 70 mmHg with crystalloid input and with norepinephrine

and dobutamine if needed. Patients with critical rCBF and/or sus-

pected vasospasm were treated with further elevation of CPP up to

90 mmHg.

Once a focal lesion was found in the MCA territory and rCBF

measured, the treatment applied was consistent with ICP level, the

extent of the area of the lesion, the cardiovascular reserve status,

and the risk of medical complications. In patients with elevated ICP

and large low-density areas that had ischemic or hyperemic rCBF

values, treatment consisted of external decompression, CPP levels

no higher than 70 mmHg, and deep sedation frequently induced

with diazepam, propofol, and fentanyl. Conversely, patients with

borderline rCBF values in low-density areas were treated with pro-

longed CPP elevation (90 mmHg).

Outcome was evaluated 1 year later using the Glasgow Outcome

Score (GOS) [3]. We combined good recovery and moderate disabil-

ity into one group (good), and severe disability, persistent vegetative

state, or dead into a second group (poor).

CBF studies

When a hypoattenuation area was detected by CT, CBF was mea-

sured using a CT scanner (Picker 5000) equipped for Xe-CT CBF

imaging (Xe/TC system-2, DDP, Inc., Houston, TX). Regions of in-

terest larger than 1 cm2 were drawn freehand around the low-density

area on the CT scan. The rCBF mean values of each region of inter-

est were expressed in mL/100 gr/min. Two di¤erent groups were de-

fined according to the rCBF of the lesions seen on the first Xe-CT.

The first group had severely ischemic lesions (CBFa 6 mL/100 g/

min) [7] on the first Xe-CT, while the second group had less severe

ischemic lesions on the first Xe-CT (CBF > 6 mL/100 g/min). Mod-

erate ischemia was defined as rCBF > 6 and a18 mL/100 gr/min

[4]. Relative hyperemia was defined as CBF > 33:9 anda55.3 mL/

100 g/min, while absolute hyperemia was CBF above 55.3 mL/

100 g/min [10]. The distribution of the studies were categorized in 3

time periods: 1) first Xe-CT with a hypoattenuation zone, 2) 24 to 96

hours, and 3) 96 hours after the first Xe-CT.

The time intervals between both the onset of SAH and surgical

or endovascular procedures and Xe-CT CBF measurements were

recorded.

Statistical analysis

Comparisons of mean rCBF among di¤erent time groups were

carried out by ANOVA. Comparison of mean rCBF between the

group with severely ischemic lesions on the first Xe-CT and the

group with less severe ischemic lesions was done using the unpaired

2-tailed t test. Comparison of percentage of hyperemic and ischemic

lesions and outcome between groups was done by means of Chi-

square (Data Desk v 6.1.1, by Data Description, Inc., Ithaca, NY,

USA). A value of p < 0:05 was considered significant.

Results

Patient characteristics are reported in Table 1. The

median Hunt and Hess score was 3 (interquartile

range; IQR 2). The median Fisher score was 3 (IQR 1).

The 16 patients developed 19 hypoattenuation le-

sions in the MCA territory on plain CT scans. The first

Xe-CT of a hypoattenuated lesion was performed at a

median time of 3 (IQR 5) days after bleeding. The me-

dian time between aneurysm exclusion and the first

Xe-CT was 1.5 (IQR 4) days. The 19 lesions were ana-

lyzed by 48 Xe-CT studies with a median of 3 Xe-CT

studies per lesion (low attenuation lesion/Xe-CT

study). Therefore, a total of 52 low attenuation

lesion/Xe-CT studies were subjected to statistical anal-

ysis. The mean physiological parameters recorded dur-

ing the 48 Xe-CT studies were ICP ¼ 21G 6 mmHg,

CPP ¼ 74G 13 mmHg, andPaCO2 ¼ 39G 5 mmHg.

The initially less severe ischemic lesions were due

to vascular distortion (n ¼ 1), vasospasm (n ¼ 3), or

post-surgical embolization (n ¼ 8). In the first group

with severely ischemic lesions on the first Xe-CT,

the mean rCBF was higher in subsequent Xe-CTs

(p ¼ 0:08), failing to reach a mean rCBF above

18 mL/100 gr/min. In the group of less severe ische-

mic lesions on the first Xe-CT, the mean rCBF rose

(p ¼ 0:24) with an increased frequency hyperemic le-

sions (p ¼ 0:053) (Table 2). This behavior was consis-

tent with relative hyperemia. Conversely, absolute hy-

peremia peaked at 24 to 96 hours after the first Xe-CT

and declined thereafter.

Poor outcome was found at 12 months in 3 (75%)

patients with severely ischemic lesions on the first Xe-

Table 1. Patient characteristics.

Patients n 16

Age (years) Mean (SD) 52 (12)

Sex (%) Female 62

Fisher Score I n (%) 1 (6)

II n (%) 1 (6)

III n (%) 6 (38)

IV n (%) 8 (50)

Hunt & Hess Score I n (%) 4 (25)

II n (%) 3 (19)

III n (%) 1 (6)

IV n (%) 8 (50)

V n (%) 0 (0)

Clipping/Embolization n/n 12/4

Bleeding Site AcoA n (%) 5 (31)

MCA n (%) 7 (44)

PcoA n (%) 2 (12.5)

ICA n (%) 2 (12.5)

Outcome at

12 months

Good recovery or

moderate disability

n (%) 7 (44)

Severe disability n (%) 5 (31)

Persistent vegetative

state or death

n (%) 3 (19)

Missing n (%) 1 (6)

AcoA Anterior communicating artery;MCA middle cerebral artery;

PcoA posterior communicating artery; ICA internal carotid artery.
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CT and 6 (50%) patients with less severe ischemic le-

sions (p ¼ 0:68).

Discussion

This study suggests that hypoattenuated lesions on

plain CT scans usually associated with current ische-

mia do not always correspond with reduced rCBF be-

low the ischemic threshold and that rCBF recovery is

consistent in most lesions. However, only in the ini-

tially less severe ischemic lesions will stable and satis-

factory final rCBF levels return.

Reperfusion or recovery of rCBF may be due to

the reversal of an initial fall in rCBF in the MCA

territory, suggested by the pathological hyperemia

which appeared early and disappeared after 96 hours.

Similar behavior has already been described in patients

with acute stroke [9]. Conversely, relative hyperemia

tends to consolidate later, suggesting that focal de-

rangement of microcirculation due to post-ischemic

vasodilatation subsides and normal circulation re-

covers. Whether reperfusion in low-density areas con-

tributes to cellular viability and better neurological

outcome remains to be evaluated.

Since cerebral ischemia is generally described as the

most frequent complication after SAH [11] and is asso-

ciated with poor outcome [5], the value and evolution

of rCBF within hypodensity areas may help with man-

agement decisions [8].
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Table 2. Data from 48 Xe-CT studies comparing lesions according to the threshold of severe ischemia.

First CT 24–96 hrs >96 hrs p-value

mL/100 gr/min meanG SD (n) 3G 1 (4)* 4.3G 2.6 (4)# 14G 12 (2)� 0.08

% of relative hyperemic lesions (n) 0 0 0 1

% of absolute hyperemic lesions (n) 0 0 0

Initially severe ischemic

low-density lesions (n ¼ 4)

% of lesions with rCBF < 18 mL/100 gr/min (n) 100 (4) 100 (4) 50 (1)

mL/100 gr/min meanG SD (n) 22G 19 (15)* 34G 30 (15)# 35G 17 (12)� 0.24

% of relative hyperemic lesions (n) 6.6 (1) 13.3 (2) 40 (6) 0.053

% of absolute hyperemic lesions (n) 6.6 (1) 26.6 (4) 6.6 (1)

Initially less severe ischemic

low-density lesions (n ¼ 15)

% of lesions with rCBF < 18 mL/100 gr/min (n) 60 (9) 40 (6) 5 (2)

* p < 0:03; # p < 0:03; � p < 0:05.
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Summary

Background. Cocaine and other vasoactive substances are known

causes of cerebrovascular disease. Ictus during drug intake adversely

a¤ects outcome.

Materials and methods. A retrospective review revealed 42 patients

with cocaine abuse and stroke. Aneurysmal bleed occurred in 15 pa-

tients; the rest had stroke. The outcome of stroke because of cocaine

intoxication was analyzed.

Results. Mean age for stroke was 38 (G8.5 SD) years; males out-

numbered females (20 :7) similar to the pattern seen in subarachnoid

hemorrhage (SAH) following aneurysm rupture. Nine had intracere-

bral hematomas, 6 had SAH with intracerebral hemorrhage (ICH)/

infarct, 1 had transverse myelopathy. Transient ischemic attack was

identified in 4. Carotid occlusion was found in 2, and slow-flow in the

vertebrobasilar system in 1. Fifteen were known hypertensives.

Cocaine was the principal substance in all patients; 7 used other

substances including marijuana and heroin. Three patients had

HIV, 3 had hepatitis, 2 had syphilis, and 1 had tuberculosis. Urinal-

ysis was positive for cocaine metabolites in 15; 2 had late analysis.

Nine had ICH or SAH with poor neurological status at admission

and died. Cocaine intoxication correlated with fatal cerebrovascular

accident (CVA) ðp < 0:001Þ and poor Glasgow Outcome Score

(GOS) ðp < 0:001Þ.
Conclusion. Stroke and cocaine use correlated with fatal CVA and

poor outcome. Prompt diagnostic intervention may reveal the inci-

dence of CNS injury with cocaine abuse.

Keywords: Cocaine; stroke; aneurysm; subarachnoid hemorrhage.

Introduction

The Substance Abuse and Mental Health Adminis-

tration reported that nearly 2.5 million Americans

admitted occasional and 600 000 admitted frequent co-

caine use in 1995 [43]. These statistics show that a large

number of individuals are exposing themselves to po-

tentially adverse health consequences associated with

cocaine use, the most commonly documented system

being cardiovascular [5]. Hospital admissions for ma-

jor cerebrovascular abnormalities associated with co-

caine abuse have been less than 3% [13]. However, re-

cent literature illustrates that the incidence of cocaine-

related cerebrovascular disease is rapidly increasing

[6]. The likelihood of developing a stroke in cocaine

users may be as much as 14 times greater than that

in age-matched non-cocaine using people [36]; 25%

to 60% of these strokes are attributable to cerebral

ischemia [7, 24]. The etiology of cocaine-induced brain

ischemia involves vasospasm, platelet aggregation,

pathological changes in the cerebral vasculature, and

impaired cellular oxygenation [18, 27]. Rupture of in-

tracranial aneurysms and arteriovenous malforma-

tions have been detected in nearly half of the patients

with hemorrhagic strokes due to cocaine abuse. A tem-

poral association exists between the onset of hemor-

rhagic and ischemic strokes and cocaine administra-

tion, the majority developing within 1 hour [29, 32].

Materials and methods

A computer search of ICD-9-CM (International Classification of

Diseases, World Health Organization, 9th Revision, Clinical Modi-

fication) was utilized for retrieval of data on cocaine abuse and cere-

brovascular disease. Over a 7-year period, 42 patients admitted to

the hospital with this diagnosis were identified. Our review included

patient demographics, comorbid factors like hypertension, nature of

stroke, urinalysis findings, outcome measured by Glasgow Outcome

Score (GOS) and angiographic findings. Data were coded and en-

tered in to multivariate analysis using SigmaStat (version 3.0, Systat

Software Inc., Chicago, IL).

Results

There are 2 categories of patients in the study; one

with aneurysmal subarachnoid hemorrhage and the

other group with hemorrhagic and non-hemorrhagic



cerebrovascular incidents including transient ischemic

attack (TIA), infarcts, intracerebral hemorrhage

(ICH), and subarachnoid hemorrhage (SAH).

Aneurysmal SAH

Among 42 patients, aneurysmal SAH was seen in 15

patients with a mean age of 38.4 years (G11.2 SD).

Five were males and 10 were females. Ten patients ex-

perienced ictus during intake of the drug, while others

were a¤ected a few hours after intake. Most aneurysms

were located on proximal sites and all except one were

in the anterior circulation.

In comparison with the mean size of aneurysms in

our own data base, aneurysms associated with co-

caine were significantly smaller and tended to be mul-

tiple. The mean size of the aneurysms was 8 mm,

almost 50% of them 5 mm or smaller in size, a di¤er-

ence from the average aneurysm size in our database

ðp < 0:05Þ.
Nearly 60% of the patients presented with a good

clinical grade (Hunt and Hess classification). One pa-

tient, in grade V, died before angiography and was

found to have a proximal internal carotid artery aneur-

ysm. No patient had evidence of vasospasm in our

study. Most aneurysms were small and proximal in lo-

cation; one was on the basilar artery.

All patients underwent clipping of the ruptured

aneurysms. A good outcome was achieved in 80%,

comparable with our overall outcome in aneurysm

patients.

Case illustration

(Case 1) GM, a 26-year-old female, had severe head-

aches and altered sensorium following nasal insu¿a-

tion of cocaine. Computed tomography (CT) scan of

the brain showed an ICH with extension into the syl-

vian fissure (Fig. 1a). An emergency angiogram re-

vealed a multi-lobulated aneurysm at the bifurcation

of the middle cerebral artery on the side of the ICH

(Fig. 1b). Clipping of the aneurysm achieved a good

result.

Cerebrovascular events

There were 20 men and 7 women with a mean age of

38 years (G8.5 SD). Nine patients had an ICH, 6 had

SAH with ICH/infarct, 13 had infarcts, and 4 had

Fig. 1. (a) Plain CT scan of brain showing intracerebral and subarachnoid hemorrhage on right side. (b) Cerebral angiogram showing internal

carotid injection on right side with saccular aneurysm arising from middle cerebral artery bifurcation
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TIA. Fifteen had hypertension and were getting treat-

ment for it. All had cocaine as the principal abuse sub-

stance, while 7 used other stimulants including mari-

juana and heroin. At the time of admission, urinalysis

revealed positive cocaine metabolites in 15 while 2 had

late analysis. Other patients arrived in an elective fash-

ion. Nine had other diseases including tuberculosis

ðn ¼ 1Þ, syphilis ðn ¼ 2Þ, hepatitis ðn ¼ 3Þ, and HIV

ðn ¼ 3Þ.
Nine patients admitted emergently died. All of them

had ICH and/or SAH with poor neurological status at

the time of arrival (33.33%). Other reasons for admis-

sion of patients with cocaine abuse included TIA and

small non-hemorrhagic infarcts.

Statistical analysis

Forward stepwise regression analysis for cerebro-

vascular events revealed that a positive urinalysis was

a strong predictor of severe stroke (hemorrhagic with

ICH or SAH; p < 0:001) while other comorbid factors

like hypertension, cigarette smoking, alcohol, age, and

gender had no correlation with stroke severity. Hyper-

tension, as a comorbid factor, had no relationship with

the nature of the stroke.

Stepwise regression model for outcome (GOS)

showed that a positive urinalysis for cocaine metabo-

lites and stroke severity had a correlation with poor

outcome (p < 0:001 and p < 0:01, respectively). Co-

morbid factors, including age and hypertension, did

not reveal any association with outcome.

Case illustrations

(Case 2) SP, a 33-year-old man, was admitted with

right-sided weakness, global aphasia, and altered sen-

sorium following usage of cocaine and possibly other

agents that the patient was unable to name. Cocaine

metabolites were found in the urine. CT was negative

for hemorrhage. Echocardiography was negative for

thrombus. Magnetic resonance imaging (MRI) studies

were positive for an occluded middle cerebral artery on

left side (Fig. 2a–b).

(Case 3) SB, a 22-year-old female presented with

sudden onset of right-sided limb weakness during in-

take of cocaine. She was admitted to the hospital. A

CT scan did not reveal significant abnormality. Her

urinalysis was positive for cocaine metabolites. She

recovered completely from weakness over the next

few hours. A follow-up MRI of the brain was normal.

The neurological event this patient had was secondary

to spasm of cerebral vessels during cocaine intake.

Fig. 2. (a, b) Delayed MR scan of brain showing infarct in middle cerebral artery territory in a young man who presented with sudden onset

right-sided extremity weakness during cocaine abuse
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Discussion

Cocaine is a highly lipid soluble alkaloid that

reaches a 5 :1 brain-plasma ratio with a half-life of ap-

proximately 1 hour [17]. It potentiates the e¤ects of

monoamines by blocking reuptake of norepinephrine,

thus increasing the bio-availability of catecholamines.

This e¤ect, combined with increased sensitivity of cat-

echolamine receptors, leads to sympathetic hyperactiv-

ity and transient hypertension [11, 21, 23]. Hyperten-

sion is a significant risk factor for cerebrovascular

accident and aneurysmal formation as well as rupture

[25, 38, 40].

Cocaine-induced hemodynamic changes play a vital

role in the formation and rupture of intracranial

aneurysms. The transcranial Doppler ultrasound

study by Van de Bor et al. [47] on infants exposed to

cocaine in utero strongly supports the hypothesis that

aneurysmal rupture is a direct consequence of the he-

modynamic e¤ects of cocaine; the transient but re-

peated bouts of hypertension are transmitted, almost

unchanged, to the saccular aneurysms [9] and result in

exceedingly high intra-aneurysmal wall tension that in-

creases the risk of rupture. Because of the relative non-

distendability of the aneurysmal sac, which is deficient

in functional elastin and collagen, the intraluminal

stress within the aneurysm can be nearly 10 times that

of cerebral arteries at a particular pressure [3, 34]. Fre-

quent bursts of hypertension can induce an injury to

the arterial wall, the formation and enlargement of

aneurysms, and even subsequent rupture [1, 25, 37,

41]. In the current study, rupture of the aneurysms oc-

curred during intake of cocaine in the majority of the

patients.

Cocaine and its metabolites have been shown to

be potent cerebral vasoconstrictors in animal models

[26]. In almost 80% of long term cocaine users, a focal

perfusion defect develops, which is a subtle form of

cerebrovascular dysfunction, and may be secondary

to cocaine-induced cerebral vasoconstriction [42, 48].

In human volunteers, a similar phenomenon was dem-

onstrated by Kaufmann et al. [18]. Their findings also

suggested a dose-related cumulative residual e¤ect in

which repeated cocaine exposures produce delayed

and/or prolonged vasoconstriction. In both formation

and growth of an aneurysm, narrowing of vessels has

a direct influence: the nozzle e¤ect of a jet of blood

emerging through a constricted area results in turbu-

lence that induces damage to the vessel wall [14, 46].

However, the duration of cocaine-induced vasocon-

striction is unclear. The active metabolites, benzylec-

gonine and ecgonine, are known to remain in the brain

long after exposure to the drug and the defective areas

of cerebral blood flow may remain 10 days after intake

[50]. The smaller size aneurysms at the time of rupture

and the young age of patients might be indicators of

these vasoactive properties of cocaine and resultant

damage to the cerebral vasculature [29].

A recent study by Su et al. [44] showed that cerebral

vascular smooth muscle can undergo rapid apoptosis

in response to cocaine in a concentration-dependent

manner. Cocaine-induced apoptosis plays a major

role in brain-microvascular damage, cerebral vascular

toxicity, and stroke.

Our study has shown that strokes tend to be hemor-

rhagic and present in poor neurological status in peo-

ple who take cocaine actively. Most of them in poor

clinical grade succumb to the intracranial pathology.

The manner in which cocaine induces cerebrovascular

disease is multifactorial.

Nassogne et al. [30] showed that exposure of fetal

mouse brain co-cultures to cocaine does not a¤ect the

viability of glial cells, but selectively inhibits neurite

outgrowth, followed by loss of neurons through an un-

known mechanism. The major metabolites of cocaine

appeared to have no detectable e¤ects on neurons, in-

dicating that apoptosis could be due to cocaine itself

[31]. Inappropriate neuronal apoptosis in cocaine-

exposed fetal brain could perturb the neurodevelop-

ment program and contribute to quantitative neuronal

defects. Similar laboratory data suggest that cocaine

induces apoptosis in the smooth muscle of the cerebral

vasculature predisposing the brain to development of

multiple cerebrovascular diseases. Kaufmann et al.

[18], using human volunteers, administered cocaine in

small doses and suggested that low cocaine doses are

su‰cient to induce cerebrovascular dysfunction. Their

data also suggested a dose-response relationship be-

tween cocaine and vasoconstriction. In a small dose

(0.2 or 0.4 mg/kg), cocaine when administered intrave-

nously to human volunteers induced vasoconstriction

on magnetic resonance angiography. A similar phe-

nomenon may be responsible in one of our patients

who presented with vascular insu‰ciency syndrome

but had normal MRI brain 1 year later. Kaufmann

et al. [18] confirmed the findings of Su et al. [44] that

cocaine may have cumulative e¤ect in producing cere-

brovascular dysfunction in addition to its acute vaso-

constrictive e¤ect.

According to Levine et al. [24], 0.1% of in-patient
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admissions had a cerebrovascular event temporally re-

lated to cocaine use. Petitti et al. [36] also reported that

cocaine and/or amphetamine use was a major inde-

pendent risk factor for stroke in young women. The

occurrence of hemorrhagic strokes exceeds that of ce-

rebral infarctions [19], although significant numbers

also present with ischemic episodes [24]. Our study

also showed a large number of patients with hemor-

rhage (ICH, SAH, or both) from aneurysmal or non-

aneurysmal causes. There is a cause and e¤ect relation-

ship between a cerebrovascular event and cocaine as

shown by our study, where the majority of aneurysms

bled during drug abuse. Similar clinical studies have

also shown the same phenomenon [12, 19, 24]. Apart

from spasm, other possible mechanisms for increased

stroke risk include emboli from drug impurities [8],

paradoxical fat embolism [2], infectious emboli from

heart [16], acute severe increase in blood pressure [35],

cardiomyopathy induced emboli [29], hypoxia during

drug overdose [51], and allergic reactions to the drug

or its additives [8]. Cocaine also enhances the response

of platelets to arachidonic acid in vitro, thus promot-

ing thrombus formation [45]. Chronic cocaine use

increases platelet levels, enhances adenosine diphos-

phate platelet activation, and augments sporadic re-

lease of platelet-bound alpha granules. These activities

may be mediated by cocaine-induced increases in

monoamine levels, particularly of 5-HT [20].

About 70% of events occurring with intranasal or

intravenous cocaine use are caused by hemorrhage.

Hemorrhages may be intracerebral, intraventricular,

or subarachnoid. In the majority of studies, most

strokes occurred during the first hour of drug use and

blood pressure may not be elevated at all times or at

the time or presentation. Sometimes hypertension is la-

beled as the cause of hemorrhage.

Although vasculitis was often mentioned as a possi-

ble cause, no cases of vasculitis have been found in sev-

eral large postmortem series [22, 28, 33]. Nolte et al.

[33] found almost 60% of the fatal intracranial hemor-

rhages were associated with cocaine use. This is similar

to our finding where all fatalities occurred from ICH.

Vascular changes described histologically in cocaine

abuse include abnormal internal elastic lamina infold-

ing and tunica media disruption in cerebral infarction

[20], arteriolar and periarteriolar fibrosis in the nasal

mucosa of cocaine snorters [4], elastic disruption and

subendothelial edema in submucosal intestinal arteri-

oles in a case of intestinal ischemia [10], and coronary

artery intimal hyperplasia with platelet thrombi in

ischemic heart disease [39]. Vascular changes may ap-

pear as spasm on angiography and the beaded appear-

ance of vessels sometimes goes on to vasculitis. Large

arteries also may go into spasm and produce infarc-

tion. In some instances, platelet activation and sub-

sequent thrombus formation can induce vascular oc-

clusion.

The biological half-life of cocaine in blood is ap-

proximately 1 hour, with less than 5% of cocaine ap-

pearing unchanged in urine. Most urine excretion of

cocaine and its metabolites occurs within the first 24

hours after administration regardless of route. The du-

ration of detection of urinary cocaine metabolites de-

pends upon 2 factors: the amount of cocaine absorbed

or injected and the sensitivity of the drug assay used.

Smoking cocaine provides the fastest route of entry

into the cerebral circulation (6 to 8 seconds) and the

intravenous route takes twice as much time; nasal in-

su¿ation produces peak levels in 30 to 60 minutes

[15, 49].

The true incidence of cocaine-induced cerebrovascu-

lar events, including aneurysmal rupture, remains ob-

scure. The pharmacokinetics and pathophysiological

mechanisms involved in cocaine-induced CNS damage

are also unclear. From our data and other publica-

tions, it is evident that most strokes and deaths due

to hemorrhage in the young have a relationship with

cocaine use. Prompt diagnostics for the evaluation of

cocaine metabolites in body fluids might help us under-

stand the true nature of the cocaine-related CNS injury

and further management strategies.
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Brain oxygen metabolism may relate to the temperature gradient between
the jugular vein and pulmonary artery after cardiopulmonary resuscitation
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and K. Tanjoh
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Summary

Objective. A gradient between the jugular vein temperature and

core body temperature has been reported in animal and clinical

studies; however, the pathophysiological meaning of this phenome-

non remains unclear. This study was conducted to identify the tem-

perature gradient between the jugular vein and pulmonary artery in

comatose patients after cardiopulmonary resuscitation.

Materials and methods. The temperatures of the jugular vein and

pulmonary artery were measured in 19 patients at 6 and 24 hours af-

ter cardiopulmonary resuscitation. Jugular venous blood saturation

(SjO2; %) was also measured concomitantly. The patients were di-

vided into 2 groups: high SjO2 (SjO2 > 75%: H-group; n ¼ 10) and

normal SjO2 (SjO2 a 75%: N-group; n ¼ 9). The temperature gradi-

ent was calculated by subtracting the temperature of the pulmonary

artery from that of the jugular vein ( jugular� pulmonary ¼ dT �C).

Statistical significance was defined as p < 0:05.

Results. dT was significantly lower in the H-group than in the

N-group at 6 hours (0.120G 0.011: meanG SD vs. 0.389G 0.036:

p ¼ 0:0012) and 24 hours (0.090G 0.005 vs. 0.256G 0.030: p ¼
0:0136) after cardiopulmonary resuscitation.

Conclusion. The temperature gradient between the jugular vein

and pulmonary artery was significantly lower in patients with high

SjO2 after cardiopulmonary resuscitation. This temperature gradient

may be reflected in brain oxygen metabolism.

Keywords: Jugular vein temperature; pulmonary artery tempera-

ture; SjO2; CMRO2.

Introduction

Fever is a frequent and important problem in pa-

tients with neurological injury [4]. Among brain-

injured patients with hypothermia, regional di¤erences

in brain temperature appear to increase [5, 9, 10].

In temperature measurements taken immediately after

neurological injury, local brain temperatures are often

significantly higher than core body temperatures [3, 4,

9, 10]. This di¤erential between local brain and core

body temperatures ranges from 0.1 to 2.0 �C [4, 9, 10],

and it has been clinically and experimentally demon-

strated to increase even further when the core temper-

ature climbs above 38 �C [1, 3, 5]. The pathophysiolog-

ical meaning of this phenomenon remains unclear,

however.

Clinical studies [6, 8] have reported fluctuations in

this temperature di¤erential between brain and core

body in patients with traumatic brain injury or stroke.

The authors of these studies have suggested that the

temperature gradient in critical brain conditions might

be reflected in brain blood flow and oxygen metabo-

lism. Few studies, however, have reported the temper-

ature gradient between the central nervous system and

core body temperatures in comatose patients after re-

suscitation from cardiopulmonary arrest (CPA). The

objective of our study was to identify whether this tem-

perature gradient in comatose patients resuscitated

from CPA reflects brain blood flow and oxygen metab-

olism.

Materials and methods

The temperatures of the jugular vein and pulmonary artery were

measured in 19 patients at 6 and 24 hours after CPA. Patients with

traumatic brain injury or cerebrovascular accident were excluded

by computed tomography (CT). The jugular venous blood satura-

tion (SjO2; %) was measured concomitantly using a jugular vein

catheter (Opticath P540-H, Abbott Laboratories, Chicago, IL) in-

serted into the right jugular bulb and depicted on skull radiographs

to confirm appropriate placement. All SjO2 values were obtained by

re-calibrated data for blood samples drawn through the catheter. A

pulmonary artery catheter (OptiQ, Abbott Laboratories, Chicago,

IL) was inserted into the pulmonary artery. Appropriate placement

was confirmed by pressure waves and a chest radiograph.

All patients were managed by controlled ventilation (maintaining

PaCO2 at 35 to 45 mmHg), sedation, and neuromuscular blocking

agents. Systemic blood pressure was kept above 90 mmHg.



A Pittsburgh cerebral performance category of 1 (good recovery)

or 2 (moderate disability) was defined as a favorable outcome. The

other 3 categories – 3 (severe disability), 4 (vegetative state), and 5

(death) – were defined as unfavorable outcomes.

The patients were retrospectively divided into 2 groups based on

the SjO2 at 6 hours after resuscitation: normal SjO2 (SjO2 a 75%:

N-group; n ¼ 9) and high SjO2 (SjO2 > 75%: H-group; n ¼ 10).

The temperature gradient was calculated by subtracting the tem-

perature of the pulmonary artery from that of the jugular vein

( jugular� pulmonary = dT �C). Non-paired t -test and Fisher exact

test were employed for the comparisons between the 2 groups. Statis-

tical significance was defined as p < 0:05.

Results

The profiles of the 2 groups are summarized in Table

1. There were no significant di¤erences between the

groups in gender, age, rate of cardiac etiology with

CPA, rate of witnessed CPA, or outcome.

Brain CT scans revealed no brain swelling, basal cis-

tern, or evidence of intracranial hypertension.

Figure 1 compares the temperature gradients (dT)

between the N-group and H-group at 6 hours (A) and

24 hours (B) after resuscitation. dT was significantly

lower in the H-group than in the N-group at both 6

hours (0.120G 0.011: meanG SD vs. 0.389G 0.036:

p ¼ 0:0012) and 24 hours (0.090G 0.005 vs. 0.256G
0.030: p ¼ 0:0136) after cardiopulmonary resuscita-

tion.

Discussion

Fluctuations in the gradient between brain and core

body temperatures are frequently observed in brain-

injured patients [3, 5, 6]. Brain temperature seems to

be determined by 3 major factors: 1) the production

of local heat by metabolic processes in the brain; 2)

the rate of local cerebral blood flow; and 3) the arterial

blood temperature [1]. We have reported that temper-

ature gradient di¤erences between brain and bladder

have a significant inverse correlation with SjO2 at cere-

bral perfusion pressure (CPP) > 50 mmHg in patients

with traumatic brain injury and stroke [8]. A higher

SjO2 indicates brain hyperemia or blood contamina-

tion from the external carotid artery after brain death

[2]. Hyperemia is defined as a cerebral blood flow in

excess of the metabolic demand. In this study we also

found that the temperature gradient between the jugu-

lar vein and pulmonary artery was significantly lower

Table 1. Patient characteristics

N-group H-group p-value

Gender (male/female) 6/3 5/5 0.6499

Age (meanG SD) 56.7G 15.0 55.2G 15.5 0.8364

Cause of CPA (cardiac/

non-cardiac)

3/6 2/8 0.6285

CPA witnessed/non-

witnessed

7/2 6/4 0.6285

Outcome (favorable*/

unfavorable**)

3/6 3/7 0.9999

N-group Normal SjO2 group; H-group high SjO2 (>75%) group;

CPA cardiopulmonary arrest.

* Favorable outcome defined as Pittsburgh cerebral performance

category 1 (good recovery) or 2 (moderate disability), ** unfavor-

able outcomes defined as Pittsburgh cerebral performance category

3 (severe disability), 4 (vegetative state), or 5 (death)

Fig. 1. Comparison of temperature gradient between the N-group (open bars) and H-group (closed bars) at 6 hours (a) and 24 hours (b) after

resuscitation. dT ¼ temperature of the pulmonary artery subtracted from the temperature of the jugular vein

98 A. Sakurai et al.



in a high SjO2 group than in the normal group, and it

remained so for 24 hours. These results corroborated

those from our previous study [8]. We surmise that a

long-lasting elevation of SjO2 for at least 24 hours after

resuscitation from CPA might indicate a lower brain

oxygen metabolism rather than hyperperfusion follow-

ing anoxia-ischemia. This would be consistent with

earlier results from ischemia-reperfusion models dem-

onstrating postischemic hyperperfusion lasting only a

few minutes [7]. Taken together, these findings have

two implications: first, that brain blood flow and oxy-

gen metabolism might reflect fluctuations in the

temperature gradient between the jugular vein and

pulmonary artery of comatose patients after cardio-

pulmonary resuscitation; and second, that a reduced

gradient might indicate a lower oxygen metabolism

at SjO2 > 75%.

Our decision to measure the jugular vein tempera-

ture instead of the brain tissue temperature in this

study was based on the report by Ao indicating that

jugular vein temperature reflects brain temperature

[1]. A major limitation of our study was the inability

to monitor intracranial pressure (ICP) or CPP. While

CT brain scans revealed no evidence of increased ICP,

further studies will be needed to elucidate the impor-

tance of temperature gradient data together with data

on ICP and CPP in comatose patients after resuscita-

tion from CPA.

Conclusion

This study showed that the temperature gradient

between the jugular vein and pulmonary artery was

significantly lower in a high-SjO2 group (SjO2 > 75%)

than in a normal group (SjO2 a 75%) among coma-

tose patients after cardiopulmonary resuscitation.

This temperature gradient may also reflect brain blood

flow and oxygen metabolism.
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Summary

Objectives. To examine changes in cerebrovascular pressure trans-

mission derived from arterial blood pressure (ABP) and intracranial

pressure (ICP) recordings by autoregressive moving average model-

ing technique.

Methods. Digitized ICP and ABP recordings were obtained from

patients with brain injury. Two groups were defined: Group A with 4

patients who demonstrated plateau waves, and Group B with 4 intra-

cranial hypertensive, hypoperfused patients. For each 16.5 s inter-

val, mean values of ICP, ABP, cerebral perfusion pressure (CPP),

and corresponding highest modal frequency (HMF) of cerebro-

vascular pressure transmission were computed.

Results. Mean values of CPP and HMF of 56.2 mmHg and

2.0 Hz for Group A were significantly higher (p < 0:005) than corre-

sponding mean values of 31.9 mmHg and 0.744 Hz for Group B.

The mean value of the slope of the regression line between HMF

and CPP for group A of �0.034 Hz/mmHg was significantly di¤er-

ent (p < 0:025) than the mean value of 0.0077 Hz/mmHg for Group

B. Computations of HMF, pressure reactivity, and correlation pres-

sure reactivity index on continuous pressure recordings are illus-

trated.

Conclusions. Values of HMF of cerebrovascular pressure trans-

mission are inversely related to CPP when pressure regulation is

thought to be intact, and directly related when regulation is likely

lost.

Keywords: Plateau waves; cerebrovascular pressure transmission;

highest modal frequency.

Introduction

Protocols for the intensive care management of pa-

tients with traumatic brain injury such as controlled

cerebral perfusion pressure (CPP) [8], controlled intra-

cranial pressure (ICP) [6], or the Lund therapy [1] are

substantially di¤erent. However, a recent retrospective

study comparing the CPP- and ICP-oriented protocols

indicates better outcomes occur when the former pro-

tocol is applied during active pressure regulation of

cerebral blood flow and the latter protocol is more ap-

propriate when pressure regulation of cerebral blood

flow is impaired [5]. Given the lack of clinically practi-

cal methods to continuously evaluate pressure regula-

tion, trauma centers generally have no alternative but

to follow the approach that one protocol fits all.

Indirect methods designed to assess regulation of

cerebral blood flow continuously based on analysis of

the readily-available arterial blood pressure (ABP) and

ICP recordings have been proposed [3, 5]. A recent

laboratory study has shown that numerical analysis

system identification techniques applied to recordings

of ABP and ICP can be used to derive a mathematical

model of cerebrovascular pressure transmission [4].

Furthermore, during pressure regulation of cerebral

blood flow, the highest modal frequency (HMF) of

cerebrovascular pressure transmission is inversely re-

lated to CPP [4]. In contrast, following brain injury

and during loss of pressure regulation, the HMF varies

directly with CPP [4].

In our current study we used this same mathematical

technique to examine clinical pressure recordings ob-

tained from 2 groups of patients. One group consisted

of patients with plateau waves. For this group it was

assumed that partial pressure regulation was intact be-

fore and following a wave. The other group consisted

of 4 patients with severe intracranial hypertension and

hypoperfusion. All patients in this latter group were

assumed to have impaired pressure regulation.

The purpose of this study was to determine the rela-

tionship between HMF and CPP for each group to test

the hypothesis that during active pressure regulation,

the relationship between HMF and CPP is an inverse

one, whereas during loss of pressure regulation the

HMF varies directly with CPP.



Materials and methods

Patients

Measurement of ICP and ABP is standard monitoring in the man-

agement of severely head injured young adult patients in Adden-

brooke’s Hospital, Cambridge, United Kingdom. Each set of record-

ings was labeled in such amanner that the patients studied here could

not be identified by the Memphis investigators. The Institutional Re-

view Board at The University of Memphis approved the data analy-

sis protocol. Two groups were defined: Group A consisting of 4 pa-

tients who demonstrated a plateau wave, and Group B consisting of

4 patients with intracranial hypertension and hypoperfusion. Pres-

sure recordings over a 6.6 hour period were obtained from 1 addi-

tional patient.

Pressure recording analysis

Monitoring included invasive ABP from the radial or dorsalis

pedis artery. ICP was monitored using an intraparenchymal probe

(Camino ICP transducer, Integra LifeSciences Corp., Plainsboro,

NY, or Codman ICP MicroSensors, Codman & Shurtle¤, Inc.,

Raynham, MA). ICP and ABP recordings were sampled at 30 Hz.

For each 16.5 s interval, mean values of ICP, ABP, CPP, and the

corresponding HMF of cerebrovascular pressure transmission were

computed. The length of the pressure recordings obtained from

each patient in Groups A and B varied from 16.2 minutes to 117

minutes. Because the aim of this study was to compare the results of

the mathematical modeling technique derived from pressure record-

ings obtained during both active pressure regulation and loss of pres-

sure regulation, analysis of pressure recordings from Group A was

done on segments before and following a wave. To reconstruct the

sampled recordings to a more accurate description of the actual pres-

sure recordings, a moving average filter was applied to every 2 sam-

ple values of the sampled recordings.

Numerical methods

The details of the numerical analysis have been described previ-

ously. In brief, the mathematical structure of the model used for

identification modeling of cerebrovascular pressure transmission by

the autoregressive moving average (ARMAX) is based on a Wind-

kessel model of ICP dynamics that has been successfully used to in-

terpret bedside tests of cerebrovascular autoregulation [2] and is of

the form:

Yððnþ 3ÞTÞ þ a2Yððnþ 2ÞTÞ þ a1Yððnþ 1ÞTÞ þ a0YðnTÞ
¼ b1UðnTÞ þ b2Uððnþ 1ÞTÞ þ b3Uððnþ 2ÞTÞ: ð1Þ

Specifically, in the above equation, Y(nT) and U(nT) represent

ICP and ABP, respectively, and T represents the sampling epoch of

33 ms. For each 500 paired samples of pressure values representing

16.5 s segments, the autoregressive moving average (ARMAX) nu-

merical technique was applied using MATLAB System Identifica-

tion Toolbox software (The MathWorks, Inc., Natick, MA) to ob-

tain the minimum least square error set of constants a0, a1, a2 and

b1, b2, b3 for equation (1) above. These constants are used to derive

the equivalent continuous-time di¤erential equation description of

cerebrovascular pressure transmission of the form:

d3YðtÞ=dt3 þ aa2d
2YðtÞ=dt2 þ aa1dYðtÞ=dtþ aa0YðtÞ

¼ bb1UðtÞ þ bb2dUðtÞ=dtþ bb3d
2UðtÞ=dt2: ð2Þ

The eigenvalues of this di¤erential equation are the modal radian

frequencies of the cerebrovascular pressure transmission and are the

roots of the polynomial equation:

z3 þ aa2z
2 þ aa1z

1 þ aa0 ¼ 0: ð3Þ
The highest modal radian frequency is defined as the eigenvalue

with the greatest absolute value and is converted to modal frequency

by division by 2*pi.

The ABP recording obtained from either the radial artery or dor-

salis pedis artery does not have the same time relationship to the ICP

recording as does an ABP recording obtained from one of the major

arteries entering the intracranial subarachnoid space. To account for

the time di¤erence between recordings, the computation is done on

10 paired recordings. These paired recordings are obtained by shift-

ing the start of the 16.5 s ICP recording in steps of 33 ms over a

range ofG165 ms relative to the same 16.5 s ABP recording. As a

result, 10 sets of constants each derived by the ARMAX technique

were determined, and the best fit set which produced minimum least

square error was selected to describe the cerebrovascular pressure

transmission between ABP and ICP and the corresponding value of

HMF.

For the patient monitored continuously over a 6.6 hour period, a

continuous computation of the correlation pressure reactivity index

(PrX) was computed as the correlation of 40 consecutive 5 s aver-

aged samples of ICP and ABP. In addition, the pressure reactivity

index (PRI) defined as the slope of the regression line of the relation-

ship between mean ICP andmean ABP was determined from 11 con-

secutive samples of mean ICP and mean ABP with each value de-

rived over a 16.5 s interval. The slope parameter of the HMF/CPP

was similarly determined by 11 consecutive samples of mean HMF

and mean CPP with each value derived over a 16.5 s interval.

Results

Examples of ICP and ABP recordings from patients

in Groups A and B and the corresponding changes

in the HMF of cerebrovascular pressure transmission

are shown (Fig. 1). During the 26-minute monitoring

period, patient A demonstrated an apparent plateau

wave (Fig. 1a). The corresponding relationship be-

tween the HMF and CPP is also shown (Fig. 1c).

Both the computed correlation coe‰cient and slope

of the regression line values for this relationship were

negative at �0.29 and �0.061 Hz/mmHg, respec-

tively. During the 130-minute monitoring period, pa-

tient B demonstrated a marked increase in ICP and

an increase in ABP. The corresponding relationship

between the HMF and CPP is also shown (Fig. 1f ).

The computed correlation coe‰cient and slope of the

regression line values for this were positive at 0.831

and 0.0151 Hz/mmHg, respectively. Grand mean

values (GSD) of ABP, ICP, CPP, HMF, and the

slope of the regression line and correlation coe‰cient

of the relationship between HMF and CPP of patients

and with the degree of significance between the corre-

sponding means for Groups A and B are given in

Table 1.
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To illustrate the use of indirect continuous methods

to assess pressure regulation of cerebral blood flow,

paired recordings obtained over a 6.6 hour period

were evaluated using the slope parameter of regression

lines of the relationships between HMF and CPP, the

PRI, and the PrX. During the monitoring period, ICP,

ABP, and CPP remained stable with mean values

(GSD) of 21.2 (G4.8) mmHg, 92.9 (G22.7) mmHg,

and 71.6 (G21.8) mmHg; however, brief artifacts,

likely due to instrumentation or patient manipulation,

can be noted (Fig. 2).

Discussion

In this study, the ARMAX modeling technique was

used on clinical recordings obtained from 2 distinct pa-

tient groups. Group A consisted of patients who dem-

onstrated plateau waves. Because the onset and termi-

nation of a plateau wave are thought to relate to active

vasodilation and vasoconstriction [7], the recording

intervals just prior and following the wave were used

for analysis and assumed to be obtained during active

pressure regulation of cerebral blood flow. For this

group, values of HMF were found to decrease with

increasing CPP. In contrast, the severely intracranial

hypertensive, hypoperfused patients in Group B with

mean values (GSD) of ICP and CPP of 58.3

(G12.6) mmHg and 31.9 (G16.1) mmHg, respectively,

were assumed to have impaired pressure regulation.

These patients demonstrated a direct relationship be-

tween HMF and CPP (Table 1). These findings of the

use of the numerical modeling technique of cerebro-

vascular pressure transmission support the conclusion

of a recent laboratory study that during active pressure

regulation of cerebral blood flow the relationship be-

tween HMF and CPP is an inverse one; during im-

paired pressure regulation a direct relationship exists

between HMF and CPP [4].

This modeling technique is based on a functional

physiological compatible parameter model of a dy-

namic equilibrium between cerebrospinal fluid volume

Fig. 1. Examples of ARMAX modeling method applied to clinical

pressure recordings. (a) ICP recording from patient with assumed

active pressure regulation in Group A. (b) ABP recording corre-

sponding to (a). (c) Derived values of HMF from recordings in

(a and b) plotted against corresponding values of CPP. Values of

HMF decrease with increasing CPP. (d) ICP recording from patient

with assumed impaired pressure regulation in Group B. (e) ABP re-

cording corresponding to (d). (f ) Derived values of HMF from re-

cordings in (d and e) plotted against corresponding values of CPP.

Values of HMF increase with increasing CPP

Table 1. Grand mean (GSD) of ABP, ICP, CPP, HMF, regression line slope, and correlation coe‰cient between HMF and CPP for patient

groups A and B

Patient

Group

ABP

(mmHg)

ICP

(mmHg)

CPP

(mmHg)

HMF

(Hz)

Slope

Hz/mmHg

Correlation

coe‰cient

A (n ¼ 4) 94.4

(G3.4)

29.6

(G4.9)

56.2

(G6.5)

2.0

(G0.20)

�0.034

(G0.02)

�0.35

(G0.24)

p <1 n.s. .01 .05 .005 .025 .05

B (n ¼ 4) 86.2

(G29.9)

58.3

(G12.6)

31.9

(G16.1)

0.74

(G0.22)

0.0077

(G0.008)

0.24

(G0.40)

1 Level of significance between grand means was determined using Student t-test. ABP arterial blood pressure, CPP cerebral perfusion pres-

sure, HMF highest modal frequency, ICP intracerebral hemorrhage.
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and cerebral blood volume [2]. Given this model, the

analytical description of cerebrovascular pressure

transmission is expressed as the third order di¤erential

equation (see equation 3). As a result, it is possible

to interpret changes in modes of cerebrovascular pres-

sure transmission, particularly the HMF, in terms

of changes in the resistance and compliance of the

arterial-arteriolar bed, cerebral venous compliance,

and intracranial compliance. During pressure regula-

tion of cerebral blood flow, increases in CPP result

in active vasoconstriction that causes an increase in

resistance of the arteriolar bed, cerebral venous com-

pliance, and intracranial compliance. When these pa-

rameters of the model are increased, HMF decreases

systematically. Thus, the inverse relationship between

HMF and CPP demonstrated by the patients in Group

A and by the model of cerebrovascular pressure trans-

mission is consistent with active vasoconstriction and

pressure regulation. Conversely, during impaired pres-

sure regulation, increases in CPP result in a passive

vasodilation that causes decreased resistance of the ar-

teriolar bed, cerebral venous compliance, and intracra-

nial compliance. When these parameters of the model

are decreased, HMF increases systematically. Thus,

the direct relationship between HMF and CPP demon-

strated by the patients in Group A and by the model is

passive vasodilation and impaired regulation. Because

monitoring the HMF of cerebrovascular pressure

transmissions may link directly to physiological prop-

erties of the cerebrovasculature, it can be used to sup-

port pure black-box indirect assessment such as the

PRI and PrX indices. As shown in Figure 2, the values

of HMF, PRI, and PrX were positive during the 6.6

hour monitoring period 60%, 49%, and 68% of the

time, indicating that during the monitoring period the

patient had impaired pressure regulation of cerebral

blood flow.

In conclusion, the findings of this study support the

premise that when the HMF varies indirectly with

CPP, pressure regulation of cerebral blood flow is

intact; whereas, when the HMF varies directly with

CPP, pressure regulation is impaired. Because the

HMF is a mode of cerebrovascular pressure transmis-

sion based on a physiological compatible model of ICP

dynamics, changes in this parameter can be related to

changes in arterial-arteriolar resistance, vascular com-

pliances, and intracranial compliance. Future studies

will be designed to examine the changes of the other

two modes of the model during active and impaired

pressure regulation.
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Summary

Objective. To summarize our experience from the first 2 years of

use of the ICMþ software in our Neurocritical Care Unit (NCCU).

Materials and methods. Ninety-five head-injured patients (74

males, 21 females), average age 36 years, were managed in the

NCCU. Intracranial pressure (ICP) was monitored using Codman

intraparenchymal probes and arterial blood pressure (ABP) was

measured from the radial artery. Signals were monitored by ICMþ
software calculating mean values of ICP, ABP, cerebral perfusion

pressure (CPP) and various indices describing pressure reactivity,

compensation and vascular waveforms of ICP (pulse amplitude,

respiratory, and slow waves), etc.

Results. Mean ICP was 17 mmHg, mean CPP was 73 mmHg.

Seven patients showed permanent disturbance of cerebral autoregu-

lation (mean pressure reactivity index above 0.3). Pressure reactivity

index demonstrated significant U-shape relationship with CPP, sug-

gesting loss of pressure reactivity at too low (CPP < 55 mmHg) and

too high CPPs (CPP > 95 mmHg). Mean ICP was inversely corre-

lated with respiratory rate (R ¼ 0.46; p < 0.0001; reciprocal model).

Conclusion. The new version of ICMþ software proved to be use-

ful clinically in the NCCU. It allows continuous monitoring of

pressure reactivity and exploratory analysis of factors implicating

intracranial hypertension.

Keywords: Head injury; intracranial pressure; cerebral perfusion

pressure; autoregulation; computer monitoring.

Introduction

Major improvements in outcome after traumatic

brain injury (TBI) over the past 20 years have been

achieved, not only because of new drugs and therapies,

but also through the identification and monitoring of

secondary brain insults [12]. Within the first few days

after injury, vital mechanisms to match the blood sup-

ply of the brain to its energy demands are often im-

paired [7, 9]. This leaves the brain vulnerable to rela-

tively minor insults such as transient falls in arterial

blood pressure (ABP) or arterial oxygen saturation

with profound e¤ects on outcome. The new generation

of brain sensors (intracranial pressure [ICP], tissue

oxygen, pH, temperature, intracerebral microdialysis,

transcranial Doppler, laser Doppler, near-infrared

spectroscopy) enables on-line acquisition of vital infor-

mation on cerebral metabolism and blood supply and

function, enabling clinicians to recognize secondary in-

sults and optimize management [10, 11]. However, to

process and analyze on-line the large amount of data

generated continuously by bedside monitors in order

to facilitate decision-making is a complex task. The

problems of data filtration, integration, appropriate

analysis and prognostic interpretation await a satisfac-

tory solution, which has been only partly addressed in

previous studies [4, 8, 13].

The first specialized computer-based systems for

neurointensive care were introduced in the early

1970’s. Initially, these systems were aimed at monitor-

ing ICP and ABP, allowing calculation of CPP and a

basic analysis of the pulsatile ICP waveform. In con-

trast, contemporary systems are sophisticated, multi-

channel, digital trend recorders with built-in options

for complex signal processing [13].

The intensive care multimodality monitoring sys-

tem adopted in our Cambridge Neurosurgical Unit is

based on software for the standard IBM-compatible

personal computer, equipped with a digital to ana-

logue converter and RS232 serial interface. The first



version of the software was introduced into clinical

practice in Poland, Denmark, and the United King-

dom in the middle 1980’s and has been extended into

a system for multimodal neuro-intensive caremonitor-

ing (ICM) and waveform analysis ICP [4] used in

Cambridge, UK, and other centers in Europe and the

United States. Most data has been derived from head-

injured [5, 14] and hydrocephalus patients [1, 6]. How-

ever, the same or similar techniques are being increas-

ingly applied to those su¤ering from severe stroke,

subarachnoid hemorrhage, cerebral infections, ence-

phalopathy, liver failure, idiopathic intracranial hy-

pertension.

Over past 2 years, new software called ICMþ, has

been introduced into clinical practice. We summarize

our clinical experience from use of the software in the

management of patients after TBI.

Materials and methods

Following head injuries of various etiology, 95 patients (74 males,

21 females) with an average age of 36 years were managed in the

Neurocritical Care Unit (NCCU) between 2003 and 2005. Median

admission Glasgow Coma Scale (GCS) score was 6 (range 3 to 14),

with 23% of patients having a GCS of 9 or greater, but deteriorating

later. ICP was monitored using Codman intraparenchymal probes

and ABP was measured from a peripheral artery. Signals were cap-

tured by personal computers running ICMþ software, calculating

mean values of ICP, ABP, cerebral perfusion pressure (CPP) and

various indices describing pressure reactivity, compensation, and

vascular waveforms of ICP.

The software reads analog signals through the analog-to-digital

converter (Data Translation 9800 USB box) with the sampling fre-

quency of 50 Hz. Data were processed (processing is fully program-

mable) and, for TBI patients, configuration was set to calculate aver-

age values of the following variables every minute:

ABP mean arterial blood pressure

aABP pulse amplitude of arterial blood pressure

AMP pulse amplitude of ICP waveform

CPP mean cerebral perfusion pressure

HR mean heart rate

ICP mean intracranial pressure

PRx pressure reactivity index

RAC index describing moving correlation between pulse

waveform of ICP and mean CPP

RAP index describing pressure-volume compensatory reserve

Resp amplitude of respiratory waveform

RespRate mean respiratory rate

Slow slow waves of ICP (equivalent time periods from 20 sec-

onds to 3 minutes)

Particular care was paid to organization of the front page display,

which shows time trends of ABP, ICP, CPP, and pressure reactivity.

For clarity, the pressure reactivity index (PRx) is also displayed at

the bottom of the screen as risk-graph, converting information about

reactivity to colors: green ¼ good; red ¼ impaired (Fig. 1). Optimal

CPP [14] was also calculated on-line (Fig. 2).

Results

Artifact-free time of signal recording, which pro-

vided good quality output suitable for data analysis,

was around 92% of the time our patients spent in the

NCCU.

Averaged values of monitored variables and their

standard deviations are given in Table 1. PRx plotted

as a function of CPP showed a significant relation-

ship (ANOVA: p < 0.023) indicating loss of cerebral

pressure-reactivity for low CPP (CPP < 55 mmHg)

and for high CPPs (CPP > 95 mmHg). This averaged

trend (Fig. 2b) emphasizes the validity of individual

methodology for tracing optimal CPP (Fig. 2a) using

finite-time (3 to 6 hours) plots of PRx versus CPP.

In total, 10% of patients had permanently impaired

cerebral autoregulation ðPRx > 0:2Þ. The software

was helpful in analyzing ICP respiratory waves. Respi-

ratory amplitude was not associated with any other pa-

rameters characterizing intracranial hypertension or

cerebral perfusion. But, respiratory rate demonstrated

a strong inverse relationship to ICP (R ¼ 0.46;

p < 0.0001) indicating that lower mean ICP is present

with higher frequency ventilation (20 to 25 cycles per

minute).

Discussion

In the established environment of a clinical neuro-

science department, enormous quantities of data

can be captured, from which information regarding

cerebral autoregulation, cerebrospinal compensatory

reserve, oxygenation, metabolite production and func-

tion can be obtained. Recognition of changing cere-

brovascular hemodynamics and oxygenation demands

can result from reliable monitoring techniques, as well

as sophisticated and time-consuming signal analysis

provided by dedicated computer support [4, 8, 13].

The flexibility of such systems allows wide-range sig-

nal analysis, which can generate data chaos. Thus, the

modern user must decide which parameters should be

considered and how the data should be interpreted.

This information must be presented in a manner that

is comprehensible to medical and nursing sta¤. Al-

though personal computers with designated software

are portable, they have yet to gain widespread clinical

acceptance as an intensive care tool. They are seen

as stand-alone instruments requiring specialized skills

for their operation, and occupying precious space. In

contrast, a commercial hardware system with a cus-
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tomized console can be more user-friendly, but less

flexible and more expensive.

PRx – global index of cerebrovascular reactivity

Useful ICP-derived variable is the PRx, based on as-

sessing the response of ICP to spontaneous fluctua-

tions in ABP [5]. Using computational methods, PRx

is determined by calculating the correlation coe‰cient

between 40 consecutive, time-averaged data points

(over 6- to 10-second periods) of ICP and ABP. A pos-

itive PRx signifies a positive gradient of the regression

line between the slow components of ABP and ICP,

which has been shown to be associated with passive be-

havior of a non-reactive vascular bed. A negative value

of PRx reflects normal reactive cerebral vessels, as

ABP waves provoke inversely correlated waves in ICP.

Earlier work has shown a correlation between PRx

and outcome [14]. Our results show that the PRx/CPP

plot replicates a U-shape curve often seen in individual

cases: pressure reactivity is disturbed by both too low

and too high CPPs.

Optimization of CPP

Many attempts have been made to find an optimal

value for CPP; however, there is no method available

currently that is accurate enough to be clinically use-

ful.

In a group of retrospectively-evaluated patients, the

greater the distance between current and ‘‘optimal’’

CPP, the worse the outcome [14]. This potentially use-

ful parameter attempts to refine CPP-directed therapy.

Both, too low CPP (indicating ischemia) and too high

CPP (indicating hyperemia) are detrimental. Hence, it

has been suggested that CPP should be optimized on-

line to maintain cerebral perfusion in the most favor-

able state (Fig. 2).

Fig. 1. Example of the ‘front page’ of the software. Standard display shows mean ABP, ICP, and CPP. PRx is displayed both as time trend and

color graph (here reduced to grey-scale).White indicates good autoregulation and black indicates poor pressure-reactivity. In this example, ICP

was quite stable but PRx deteriorated in the second half of the recording, probably due to elevated CPP
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Relationship between ICP and respiratory rate

Head trauma is a significant cause of death and dis-

ability, especially in young males, and is associated

with raised ICP. Raised ICP is defined as pressure

greater than 20 mmHg, and appears most commonly

in about 50 to 75% of patients with serve head injury

who remain comatose after resuscitation [3, 11]. In

the past, raised ICP has been found to be associated

with a poorer outcome from injury. Higher ICP, par-

ticularly higher peak ICP levels, correlate with mortal-

ity and morbidity [2, 12].

It is di‰cult to establish a universal ‘‘normal value’’

for ICP because it depends on age, body position, and

Fig. 2. (a) Individual plot of PRx versus CPP (upper panel) and his-

togram of CPP, used to analyze on-line optimal CPP. This is a value

of CPP corresponding to the lowest PRx (i.e., the best PRx) updated

on-line using past 3-hour trends of PRx and CPP. (b) Averaged plot

of PRx versus CPP in a group of 95 patients. The plot replicates

U-shape often seen in individual cases: PRx is disturbed by too low

and too high CPP (ANOVA; p < 0.023)
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clinical conditions. Our results show an inverse rela-

tionship between respiratory rate and mean ICP, i.e.,

a high respiratory rate signifies low ICP.

However, several questions need to be addressed to

determine the mechanistic and clinical significance of

this relationship. While the association of respiratory

rate and ICP is intriguing, these data do not provide a

complete explanation for the underlying pathophysiol-

ogy, because higher frequency ventilation may control

intracranial hypertension. And, higher respiratory rate

leads to a lower arterial CO2 with vasoconstriction of

the cerebral blood vessels, causing ICP to fall.

Optional diagnostic tools

Program monitors gather input variables in the pre-

programmed manner and analyzes them according

to the programmed configuration, saving the output

data in 2 separate files. First file contains time trends

of the analyzed signals, and all calculations as well as

comments and remarks introduced during monitoring.

The second file contains raw data (input signals de-

fined by the user). This file may be viewed and ana-

lyzed using various spectral analysis methods, or pro-

cessed directly on-line.

Software also enables o¤-line data analysis, includ-

ing files from the old ICM software, text files, and

cerebrovascular laboratory software known also as

BioSAn, i.e. ‘text files’.

The software enables modification of existing meth-

ods of brain monitoring and development of new algo-

rithms through extensive programming of signal anal-

ysis. It aids the integration of physiological monitoring

with clinical observations.

In addition to continuous assessment provided by

the time trends of indices, it is sometimes necessary to

introduce external excitation to the measured system

and to quantify its response. Examples are an increase

in the ventilator rate to induce a change in arterial CO2

content, brief compression of the common carotid ar-

tery to induce a momentary drop in CPP, or controlled

infusion of saline into the cerebrospinal fluid space in

order to challenge the compensatory reserve. Such an

intervention provides an opportunity for more accu-

rate assessment of the queried system characteristics

than analysis of spontaneous fluctuations originating

from it. On-line tools available to assess these diagnos-

tic tests help gain additional insight into the developing

pathology as well as allow for cross-calibration of con-

tinuous time trends.

Conclusion

ICMþ software proved to be useful in the manage-

ment of patients after TBI. The study revealed that re-

spiratory rate and mean ICP were inversely related.

Therefore, higher frequency ventilation may be helpful

to control intracranial hypertension.
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Table 1. Mean values and standard deviations of the monitored

variables.

Variables Units Average Standard

deviation

ABP (arterial blood

pressure)

mmHg 90.7 17.1

aABP (pulse amplitude

of ABP)

mmHg 20.1 6.2

AMP (pulse amplitude

of ICP waveform)

mmHg 4.78 7.98

CPP (cerebral perfusion

pressure)

mmHg 73.4 20.8

HR (heart rate) Beats/minute 72.8 17.5

ICP (intracranial

pressure)

mmHg 17.3 20.3

PRx (pressure

reactivity index)

0.0558 0.1639

RAC (index describing

moving correlation

between pulse

waveform ICP and

mean CPP)

1.11 9.22

RAP (index describing

pressure-volume

compensator reserve)

0.148 0.174

Resp (amplitude of

respiratory

waveform)

mmHg 0.515 0.450

RespRate (respiratory

rate)

Cycles/minute 14.44 3.39

Slow (slow waves of

ICP)

mmHg 5.97 7.28
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Summary

Objective. To investigate the relationships between long-term

computer-assisted monitoring of intracranial pressure (ICP) and in-

dices derived from its waveform versus outcome, age, and sex.

Materials and methods. From 1992 to 2002, 429 sedated and ven-

tilated head-injured patients were continuously monitored. ICP and

arterial blood pressure (ABP) were recorded directly and stored in

bedside computers. Additional calculated variables included: 1) Ce-

rebral perfusion pressure (CPP) ¼ ABP� ICP; 2) a PRx calculated

as a moving correlation coe‰cient between slow waves (of periods

from 20 seconds to 3 minutes) of ICP and ABP.

Results. Fatal outcome was associated with higher ICP (p <

0:000002), worse PRx (p < 0:0006), and lower CPP (p < 0:001).

None of these parameters di¤erentiated severely disabled patients

from patients with a favorable outcome. Higher average ICP, lower

CPP, worse outcome, and worse pressure reactivity were observed in

females than in males (age-matched). Worse outcome, lower mean

ICP, worse PRx, and higher CPP were significantly associated with

the older age of patients.

Conclusion. High ICP and low PRx are strongly associated with

fatal outcome. There is a considerable heterogeneity amongst pa-

tients; optimization of care depends upon observing the time-trends

for the individual patient.

Keywords: Head injury; intracranial pressure; pressure reactivity;

outcome.

Introduction

Several novel methods of brain monitoring, includ-

ing brain tissue oxygenation, cerebral microdialysis,

and cerebral blood flow, have recently been studied

and compared to more traditional techniques. How-

ever, intracranial pressure (ICP) and mean arterial

blood pressure (ABP) are still gold standards in neuro-

critical care monitoring. Although there is no class-1

evidence that monitoring of ICP has the potential to

improve outcome [7], there is consensus that without

this modality the management of severely head injured

patients is far from optimal. Cerebral perfusion pres-

sure (CPP) and ICP have become therapeutic targets

to prevent potentially life-threatening cerebral hypo-

perfusion. Therefore, several protocols for the man-

agement of acutely head-injured patients are based on

a CPP-oriented therapy [9], an ICP-oriented manage-

ment [6], or a mixture of both [8].

Beginning in September 1991, bedside computer-

supported systems were used in our Neurosurgical

Critical Care Annexe until 1993, and then in our Neu-

rosciences Critical Care Unit (NCCU) from 1994 on-

ward [3]. Its purpose has been to continuously monitor

physiological parameters such as ICP, ABP, and CPP,

and pressure-derived indices describing the state of

brain homeostasis. The resultant large dataset has

been used to examine our 10-year experience with

head-injury monitoring. Some particular aspects are

summarized, such as the relationship between Glas-

gow Coma Score (GCS) and outcome, influence of

gender [1] and age [4] on outcome, and usefulness of

ICP waveform analysis in order to predict complica-

tions associated with intracranial hypertension [2].

Patients and methods

This retrospective analysis is based on 492 head-injured patients

admitted to the Annexe and NCCU between January 1992 and De-

cember 2001. Only patients with invasive monitoring of ICP and

ABP over a period greater than 12 hours and connected to a bedside

computerized system were included in the study. It is important

to emphasize that the studied group is not representative of all

admissions to the unit. Patients who were admitted and dis-

charged promptly or died soon after admission are not included

in the analysis.

Patients were sedated, mechanically ventilated, and paralyzed in

order to maintain ICP below 25 mmHg. Systemic hypotension was

treated with fluids and vasoactive drugs. CPP was kept above 60

to 70 mmHg to avoid secondary ischemic insults. Episodes of

intracranial hypertension were treated with mild hyperventilation

(PaCO2 > 4.0 kPa), moderate hypothermia, and boluses of manni-

tol and thiopentone. An external ventricular drain was inserted when



feasible, depending on the size of ventricles on computed tomogra-

phy scan. In 1997, a standard ICP/CPP-oriented protocol for head

injury was introduced, consisting of more aggressive management

of intracranial hypertension and stricter control of ABP, aiming to

minimizing the detrimental e¤ects of hypoperfusion on brain tissue

[8].

Data were analyzed retrospectively as part of the standard clinical

audit and no additional intervention was associated with the bedside

computer data capture of the monitored variables.

Monitoring and data analysis

ICP was monitored by an intraparenchymal probe (Camino ICP

transducer in 12 patients [Integra Neurosciences, Plainsboro, NJ] or

Codman ICP MicroSensors in 446 patients [Codman & Shurtle¤

Inc., Raynham, MA]) or through a ventricular drain and an external

pressure transducer (34 cases; Baxter Healthcare Corp., Round

Lake, IL) prior to 1994. ABP was monitored invasively. Signals

were sampled from the analogue output of the monitors at 30 Hz,

digitized (12 bits analogue-to-digital converter), analyzed as 6-

second averages, and subsequently converted to 1-minute averages.

From each of the 40 samples of 6-second mean ICP and ABP,

a moving correlation was calculated (pressure-reactivity index

[PRx]). By averaging such a moving index over a minimum half an

hour interval, pressure reactivity could be assessed. A positive corre-

lation between ABP and ICP revealed a passive, non-reactive cere-

brovascular bed. A negative correlation is specific for a reactive bed

(Fig. 1A). A positive value of PRx has been previously demonstrated

to be a strong predictor of fatal outcome following head injury [2,

10].

Apart from the calculation of global averaged values of ICP, ABP,

CPP, and PRx, patients were classified as having gross intracranial

hypertension if their mean ICP was above 35 mmHg for at least 4

hours continuously. Post-resuscitation GCS was used for analysis.

The Glasgow Outcome Score (GOS) was determined at 6 months,

either by follow-up clinic or by questionnaire.

Results

Of 492 patients included in the computer-supported

monitoring, 429 were suitable for analysis, with ade-

quate quality of the continuous recording of ICP and

ABP and reliable outcome follow-up. Mean age was

34 (G16.7 years) and median admission GCS was 6

(range 3 to 15; 20% of patients had an initial GCS

above 8); 21% of the patients were female. Overall,

28% of patients had a good outcome, 21% were mod-

erately disabled, 22% severely disabled, 2% remained

in a persistent vegetative state, and 27% died at 6

months.

Impact of ICP, CPP, and pressure reactivity on

outcome

Outcome rates were distributed unevenly along

the observed range of ICP. Mortality showed a clear

breakpoint, increasing from 17% to 47% when aver-

aged ICP increased above 20 mmHg (p < 0.0001; the

exact threshold of ICP that minimized the p value of

di¤erence in mortality rate was 23 mmHg) (Fig. 1).

This was mirrored by a decrease in good/moderate

outcome rate. Severe disability rate did not show any

remarkable changes dependent on ICP.

The mortality rate indicated a threshold rise from

20% to 70% when pressure reactivity deteriorated

(averaged PRx increased above 0.3; p < 0.01) (Fig.

1). The relationship between CPP and the mortality

rate revealed 2 areas where mortality rate increased.

For CPP below 55 mmHg mortality was 81%, while

above 55 mmHg it was only 23% ðp < 0:0001Þ. For

Fig. 1. (a) Mortality rate expressed as a function of intracranial

pressure (ICP). (b) Mortality rate expressed as a function of

pressure-reactivity (PRx)
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CPP above 95 mmHg mortality was 50%, while below

was 20%, although this di¤erence was not significant.

However, a CPP greater than 95 mmHg had a

detrimental e¤ect on good and moderate outcome.

For CPP above 95 mmHg the rate of good and

moderate outcome was 28%, while below it was 50%

ðp < 0:033Þ.
The severe disability rate showed a tendency to

steadily increase with CPP (r ¼ 0.87; p ¼ 0.02), sug-

gesting either that a greater CPP does not help achieve

a favorable outcome, or that these patients had more

severe injury requiring greater intensity of treatment

(Fig. 2).

Gender-related di¤erences

ICP was significantly greater (median 15.9 mmHg,

range 3.6 mmHg to 79 mmHg in males versus me-

dian 17.5 mmHg, range 5.7 mmHg to 106 mmHg

in females, p ¼ 0.036) and CPP significantly lower

in females (males median: 76.7 mmHg vs. females

73.6 mmHg; p ¼ 0.007). PRx was worse in females

than males (females: 0.1 vs. males 0.04; p ¼ 0.022).

ABP was not di¤erent between the 2 groups. The mor-

tality rate in females was significantly higher (females

35%, males 24%; p ¼ 0.029) and rate of favorable out-

come was lower (females 40%, males 25%; p ¼ 0.047).

The median GOS was worse in females (severe disabil-

ity) than in males (moderate disability).

The rate of gross intracranial hypertension (aver-

aged ICP above 35 mmHg) was greater in females

(11%) than males (4.1%; p ¼ 0.012). Averaged ICP

was compared between both sexes in di¤erent outcome

groups. Significant di¤erences were only found in pa-

tients who died or persisted in a vegetative state: in fe-

males, mean ICP was 21.5 (range 9.4 to 106) mmHg in

females versus 19.3 (range 3.6 to 75) mmHg in males;

p ¼ 0.036 (Mann-Whitney). In other outcome groups,

ICP was distributed uniformly and reached a median

of 16.2 mmHg both in females and males.

Influence of age

Elderly people had a worse outcome after brain

trauma; the relationship between GOS and age was

significant and positive (R ¼ 0.301; p < 0.0001). The

Fig. 2. Outcomes as a function of cerebral perfusion pressure (CPP).

(a) Mortality/persistent vegetative state. (b) Good/moderate. (c)

Severe disability
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initial GCS assessment correlated with age (R ¼ 0.14;

p < 0.01), indicating that there was a tendency to score

better in elderly patients.

Monitored variables appeared to be associated with

age: mean ICP had a weak tendency to decrease with

age (R ¼ �0:14; p < 0.01), ABP tended to increase

with age although insignificantly (p ¼ 0:18), and CPP

increased with age (R ¼ 0.19; p ¼ 0.0004). Pressure

reactivity indicated worsening of cerebrovascular con-

trol with age (PRx: R ¼ 0.24; p ¼ 0.003).

Discussion

Raised ICP determines outcome in terms of life

and death. Above 20 to 25 mmHg, the mortality rate

increases dramatically. An even more spectacular

threshold can be demonstrated when PRx is consid-

ered. There is a sudden increase in mortality rate from

20% to 70% when averaged PRx increases above 0.3.

Low CPP with aggressive CPP-oriented therapy is

seldom an issue. The lower values of CPP observed in

patients who died were mainly related to the higher

values of ICP, as no significant di¤erence was found

between mean values of ABP in the di¤erent outcome

groups.

The finding that a high CPP (above 95 mmHg) may

reduce the rate of favorable outcome was surprising.

This may suggest that an excessive increase in ABP to

improve brain perfusion may be detrimental. Low ICP

and CPP within the range of 50 to 90 mmHg are clini-

cal findings that seem to justify a lower CPP target [6].

Our study is based on material gathered over a long

time interval and has not been influenced by one con-

sistent protocol. Our policy has changed a few times

over the period, finishing with a mixed CPP- and ICP-

oriented protocol [8].

In this group of traumatic brain injury (TBI) pa-

tients, females had a significantly greater rate of fatal

outcome than males [1]. This was associated with a

higher incidence of gross intracranial hypertension in

females compared to males. One practical implication

may be that aggressive treatment of intracranial hyper-

tension should be administered more readily in young

females than in males, as refractory intracranial hy-

pertension is more likely to develop and lead to fatal

outcome in females. Indeed, in patients with only mod-

erately elevated global ICP (<25 mmHg), the gender-

related di¤erence in the mortality rate becomes non-

significant and decreases further when this critical

threshold is lowered. If ICP remains normal in TBI pa-

tients, the likelihood of a good outcome is comparable

for females and males. However, if ICP rises, it ap-

pears to be more di‰cult to control in young females

than males. In spite of the postulated neuroprotective

role of estrogen in experimental studies, the suscepti-

bility to brain swelling reported in the recently pub-

lished clinical audit [5] is very likely to be an important

factor.

The initial GCS in elderly patients admitted to Ad-

denbrooke’s NCCU indicates that the primary injury

is usually slightly less severe. Also the post-injury

course seems to be more favorable in the elderly from

the point of view of brain protection against secondary

insults: ICP seems to be lower and CPP higher in

elderly patients. What, then, makes outcome worse if

these traditionally outcome-linked factors are more fa-

vorable? It may be that critical thresholds may become

less favorable in elderly patients. However, such an

analysis would be impossible using our material. The

only variables which deteriorated with age in our data

were vascular pressure reactivity and autoregulation

[4]. This association may suggest that worsening of

the indices of blood-flow regulation with age is respon-

sible for the worse outcomes. Indeed, in all our previ-

ous studies, when these indices were considered they

were strong and independent predictors of outcome

after TBI.

Conclusion

In addition to low CPP and high ICP, cerebral PRx

should become a target in post-injury intensive care.

Vasopressors should be used with moderation. Young

women should be treated more aggressively when they

develop intracranial hypertension (possibly including

surgical decompression), as their mortality rate associ-

ated with raised ICP is greater than in males.
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Summary

Although female hormones are known to influence edema forma-

tion following traumatic brain injury (TBI), no studies have actually

compared the temporal profile of edema formation in both male and

female rats following di¤use TBI. In this study, male, female, and fe-

male ovariectomized rats were injured using the 2 m impact accel-

eration model of di¤use TBI. The temporal profile of brain water

content was assessed over 1 week post-trauma.Male animals demon-

strated increased (p < 0:05) edema at 5 hours, 24 hours, 3 days, 4

days, and 5 days after TBI with a peak at 5 hours post-injury. This

time point was associated with increased blood-brain barrier (BBB)

permeability. In contrast, intact females showed increased levels of

edema (p < 0:05) at 5 hours, 24 hours, 3 days, and 4 days post-TBI,

with a peak at 24 hours. No BBB opening was present in intact fe-

males at 5 hours. Female animals demonstrated more edema than

male animals at 24 hours, but less at 5 hours, 3 days, and 5 days.

Ovariectomy produced an edema profile that was similar to that ob-

served in males. The temporal profile of edema formation after TBI

seems to depend on endogenous hormone levels, a di¤erence which

may have an influence on clinical management.

Keywords: Edema; gender; progesterone; estrogen; neurotrauma;

brain swelling.

Introduction

Cerebral edema is a serious consequence of trau-

matic brain injury (TBI), resulting in increased intra-

cranial pressure and possibly death [12]. In young vic-

tims of trauma, it has been reported that brain edema

may be associated with up to 50% of all deaths [8].

Currently, there is no e¤ective treatment in clinical

practice, with interventions such as mannitol, cortico-

steroids, hyperthermia, barbiturates, and drainage of

cerebrospinal fluid having either limited success or

being completely ine¤ective [12].

A number of experimental TBI studies have dem-

onstrated that female gonadal hormones, particu-

larly progesterone, may significantly attenuate post-

traumatic edema formation. For example, normal cy-

cling female rats develop less edema than males 24

hours after TBI [15]. Females at the high estrogen

stage of their cycle (proestrus) demonstrate 50% of

the edema which males developed, whereas females

that are high in progesterone (pseudo-pregnant) show

virtually no evidence of edema.

In contrast to the experimental TBI literature, the

e¤ects of female gonadal hormones on edema and

brain swelling in human head injury are less clear. A

recent report examining this issue has shown that fe-

males under 50 years of age have worse edema and

brain swelling after TBI than males [7], suggesting

that the female gonadal hormones have no beneficial

e¤ect on edema formation.

Although the reasons for these di¤erences are un-

clear, it may be that the experimental models used to

date have generally been focal in nature, while clinical

injury tends to be more often di¤use. Alternatively,

di¤erences may be related to the time points chosen to

measure edema, particularly in temporal edema pro-

files between the genders. Accordingly, the current

study compares the temporal profile of edema forma-

tion in male, female, and female ovariectomized rats

in a di¤use model of TBI.

Materials and methods

Induction of injury

Male (n ¼ 35; 5/group; 380–450 g), intact female (n ¼ 35; 5/

group; 310–400 g), and ovariectomized female (n ¼ 20; 5/group;

310–400 g) Sprague-Dawley, out-bred rats were injured using the

impact acceleration model of di¤use TBI [13] as previously described

[14]. Briefly, under halothane anesthesia, the skull was exposed by a

midline incision and a stainless steel disc (10 mm in diameter and



3 mm in depth) was fixed rigidly with polyacrylamide adhesive to the

animal’s skull centrally between lambda and bregma. The rats were

subsequently placed on a 10 cm foam bed and subjected to brain in-

jury induced by dropping a 450 g brass weight a distance of 2 m onto

the stainless steel disc. During all surgical procedures and in the im-

mediate recovery period, rectal temperature was maintained at 37 �C
by use of a thermostatically controlled heating pad. Subsequent to

injury, all wounds were sutured, anesthesia was terminated and,

when stable, animals were returned to their cages.

Ovariectomy

A subgroup of female rats (n ¼ 30) was surgically ovariectomized

at 7 weeks of age. Briefly, anesthesia was induced using halothane

(3% induction followed by 1% maintenance) and a bilateral ovariec-

tomy performed by ligation and dissection of the ovaries. Rectal

temperature in all animals was maintained at 37 �C with a thermo-

statically controlled heating pad. Animals were allowed to recover

for approximately 9 weeks, after which TBI was induced. In female

animals that were not ovariectomized, the stage of estrus was deter-

mined using vaginal smears [11]. At the time of trauma, 66% of the

intact females were in diestrus, 17% in estrus, and 17% in metestrus.

Determination of edema

At pre-selected time points (5 hours to 5 days), animals were re-

anesthetized with halothane and decapitated. All sham animals

(n ¼ 5/group) were decapitated 30 minutes after surgery. Brains

were rapidly removed from the skull, the olfactory bulbs and cerebel-

lum discarded, and the cortex and subcortex separated. The cortex

and subcortex of each rat was placed separately into pre-weighed

and labeled glass vials with quick-fit lids to prevent evaporation. Af-

ter weighing for wet water content, the vials (glass lids removed)

were then placed in an oven for 72 hours at 100 �C. Vials and brain

segments were then re-weighed to obtain dry weight content. Edema

in each brain sample was calculated using the wet/dry method for-

mula [6], where %water ¼ [(wet wt� dry wt)/wet weight]� 100.

Determination of blood-brain barrier permeability

Evans blue (EB) is a serum albumin tracer. Extravasation of EB

at 5 hours after TBI (n ¼ 5/group) was used for determination of

blood-brain barrier (BBB) permeability. Briefly, at 4 hours after

injury, 2% EB was injected intravenously at a dose of 2 ml/kg.

Animals were then re-anesthetized at 5 hours with halothane and

perfused using saline to remove intravascular EB dye. Animals were

then decapitated, the brains removed and homogenized in phosphate

bu¤ered saline. Trichloroacetic acid was then added to precipitate

protein, and the samples were cooled and centrifuged. The resulting

supernatant was measured for absorbance of EB using a spectropho-

tometer.

Data analysis

Data are shown as meanG SEM. Statistical significance was de-

termined by analysis of variance, followed by a Tukey HSD test to

determine specific di¤erences between groups. A p value of 0.05 was

considered significant.

Results

The temporal profile for edema development in the

cortex of male, female, and ovariectomized female an-

imals is shown in Fig. 1. The results in the cortex were

similar to results obtained in the subcortices (results

not shown). Prior to injury, brain water content was

similar amongst all 3 groups. After injury, male ani-

mals had significant edema development at 5 hours,

24 hours, 3 days, 4 days, and 5 days when compared

to sham values. The water content was not di¤erent

from sham values at 2 days post-trauma. These results

were consistent with the biphasic edema profile previ-

ously demonstrated after TBI using di¤usion weighted

magnetic resonance imaging [2, 4]. The maximum level

of edema was recorded 5 hours post-injury.

In intact females, increases in brain water content

after trauma were noted at 5 hours, 24 hours, 3 days,

and 4 days. However, in contrast to males, the largest

increase occurred at the 24-hour time point. There was

also a more rapid decline in edema over time to the

extent that by 5 days after injury, brain water con-

tent had returned to normal. A significant gender by

time interaction was observed (Fð6; 56Þ ¼ 15:434;

p < 0.01) in the cortex of both groups, confirming

that the temporal profile for edema formation was dif-

ferent between the groups. Tukey post hoc compari-

sons illustrated that females had less edema after injury

than male animals at 5 hours, 3 days, and 5 days. In

contrast, female animals demonstrated more edema

than male animals at the 24-hour time point. There

were no di¤erences observed at the 48-hour point.

Ovariectomized female animals also demonstrated

increases in cortical water content after injury (Fig.

1). Tukey post hoc comparisons demonstrated that

the di¤erences occurred at 5 hours and 3 days with no

edema present at 24 hours. This edema profile in the

Fig. 1. Temporal changes in brain water content in male, female,

and female ovariectomized (Ovx) rats following severe di¤use trau-

matic brain injury (* ¼ p < 0.05 versus sham value)
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ovariectomized female animals was, in fact, very simi-

lar to that observed in male animals.

BBB permeability at 5 hours after TBI is shown in

Fig. 2. Male rats demonstrated a marked increase

in BBB permeability after TBI, consistent with previ-

ously published reports [1, 3, 18]. In contrast, intact

female animals demonstrated no increase in BBB

permeability, whereas ovariectomized female rats did

show an increase in BBB permeability, although the

degree of EB extravasation was quantitatively far less

than that observed in the males.

Discussion

A number of studies have now reported e¤ects of

female gonadal hormones in central nervous system in-

jury, including ischemic injury [5, 10], controlled corti-

cal impact injury [9, 15, 16], and bilateral medial fron-

tal cortex injury [17, 19]. These models are generally

focal in nature, with a number of them also involving

a profound ischemic component. The degree of edema

in these forms of injury is high, with increases in water

content from 6–10% in male animals having been re-

corded [16, 19]. Clinical trauma involves a significant

degree of di¤use axonal injury, and rodent models of

di¤use TBI have shown small increases in brain water

content of less than 3% [18]. Accordingly, it was of in-

terest to determine if gender di¤erences in edema exist

in di¤use models of TBI.

Our results indicate that the profile for edema for-

mation in females after di¤use TBI is considerably dif-

ferent from that noted in males. Female animals dis-

played an increase in edema at 5 hours, but this was

much less than that observed in the males. Unlike the

males, the early edema in females was not followed by

a decline in water content, but by an increase at 24

hours that was greater than that observed in the males.

Thereafter, female brain water levels were less than

that observed in males at every time point, falling to

non-significant levels by day 5. Most intriguing is our

finding that ovariectomy conferred a male edema pro-

file on ovariectomized animals, with a maximum at 5

hours and significant edema at later time points. The

presence of endogenous levels of hormones not only

attenuated the edema development after trauma, but

also altered the temporal profile of edema formation.

A significant increase in EB extravasation occurred

in males 5 hours after trauma but not in intact females.

The fact that males have greater edema formation at

this time point is therefore consistent with a larger

potential contribution of vasogenic edema in male

animals in the period immediately after TBI. Ovariec-

tomy in female animals resulted in more EB extra-

vasation than that observed in intact female animals,

although this increased BBB permeability was less in

quantitative terms than that observed in males. More-

over, the higher degree of BBB permeability was asso-

ciated with increased edema formation in ovariec-

tomized females at this time point, suggesting greater

involvement of vasogenic processes in edema forma-

tion. However, when compared to males, the degree

of early edema was almost identical in both groups,

suggesting that more processes are involved in the

early phase of edema after TBI than simply increased

BBB permeability.

In conclusion, we have demonstrated that male and

female animals have di¤erent temporal profiles of

edema formation and variable degrees of BBB perme-

ability after di¤use TBI. These di¤erences may, in

part, be accounted for by the e¤ects of female gonadal

hormones, although it has yet to be determined which

hormones are involved.
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Summary

Albino rabbits that had undergone a cryogenic insult over the left

parieto-occipital cortex were analyzed for serum osmolality, serum

electrolytes, brain water content, and intracranial pressure (ICP)

following either a baseline infusion of intravenous (IV) fluid

(45 mL total) for 3 hours or above-maintenance isotonic saline

(73.5G 12 mL or 90.5G 1.5 mL) and mannitol therapy. The sub-

groups were compared amongst themselves and to sham-operated

controls. Serum osmolality was elevated in the higher-dose mannitol

subgroup compared with maintenance IV fluids subgroup (1 g/kg/h

vs 1 g/kg/3 h; p < 0.05), accompanied by an insignificant reduction

of serum sodium. A significant reduction in brain water in the

injured left hemisphere was seen following high-dose mannitol in

the subgroup that received less IV (maintenance) fluids than the

group that received above-maintenance IV fluids (p < 0.025). No re-

duction in brain water was seen in the subgroup that received above-

maintenance IV fluids (non-treated groups). Reduction of ICP was

not found in the lower mannitol dose group. We conclude that the

ability of mannitol to reduce cerebral edema is related to the total

amount of IV fluid replacement. This implies that the amount of IV

crystalloid fluid that is administered to patients with cerebral edema

and raised ICP requiring mannitol for control needs to be carefully

monitored.

Keywords: Edema; mannitol; osmolality; intracranial pressure.

Introduction

The use of hypertonic agents in clinical practice for

the control of intracranial pressure (ICP) and brain

edema has been extensively documented [9–11, 15,

18, 23]. Concerns relating to the clinical use of hyper-

tonic agents are: hypertonic dehydration [1, 5, 8, 19,

25], rebound elevation of ICP [13, 26, 27], acute

changes in serum osmolality and sodium, and loss of

ICP-reducing e¤ects following repeated administra-

tions of the agents [11, 21, 22]. The influence of the vol-

ume and type of intravenous (IV) fluid administration

on serum, cerebrospinal fluid, and brain interstitial

fluid osmolality, and the response of ICP to hypertonic

therapy has been debated [6, 14, 16, 17, 20].

The purpose of our study was to determine the ef-

fects of hypertonic mannitol administration in normal

rabbits and in rabbits with brain edema secondary to a

cryogenic insult in the presence of isotonic fluid admin-

istration in varying amounts over a fixed time period.

Materials and methods

Albino rabbits weighing 2.5 to 3.0 kg were anesthetized with hal-

othane (2%), placed in a stereotactic head-holding device, and their

scalp incised under local anesthesia (bupivacaine 1%). The calva-

rium was exposed and, with a 12.5 mm diameter circular trephine,

an opening was created in the skull at the left parieto-occipital re-

gion. A stainless steel probe then was immersed and equilibrated in

liquid nitrogen and applied to the intact dura for 90 seconds to create

a cold injury [3]. The bone remnant was sutured to the skull, the scalp

incision closed, and topical antibiotic ointment (bacitracin) applied

to the suture line. All animals received 1 mL Evans blue solution

intravenously to document the extent of blood-brain barrier break-

down. The rabbits then received 50 mg/kg of ampicillin intraperito-

neally. Another group of animals received a similar operation but

without a cryogenic insult, constituting the sham-operated (control)

group.

Twenty-four hours following the operation at the time of maximal

brain edema [7, 10], the surviving animals underwent the experimen-

tal trials. They were re-anesthetized with halothane (2%), intubated

with an endotracheal tube and continuously ventilated with a mix-

ture of oxygen (50% O2, nitrous oxide 50%) and halothane (0.5%).

Arterial and central venous (femoral) lines were placed with local an-

esthesia (bupivacaine 1%). Blood gases were frequently determined

in order to maintain a PaCO2 in the 37 to 43 torr range (Harvard

Apparatus, Harvard Instruments, Framingham, MA). The animals

were then placed in the stereotactic head-holding device and an 18-

gauge needle was inserted into the cisterna magna. The scalp incision

was opened and the calvarium exposed. Two platinum electrodes

were placed in the skull on each side of the midline for continuous



EEG recording. The cisterna magna needle, and the arterial and ve-

nous lines were connected to transducers for continuous display of

ICP, systolic arterial pressure, and central venous pressure on a

multi-channel polygraph (Hewlett-Packard, Model 7758B System,

Palo Alto, CA).

The animals were divided into 3 groups. Group 1 consisted of the

animals without mannitol therapy. Group 2 received 0.33 g/kg/h of

20% mannitol IV infusion over 3 hours. Group 3 received an IV in-

fusion of 20%mannitol at 1 g/kg/h for 3 hours (high-dose mannitol).

Each group was in turn subdivided into the following subgroups:

sham-operated (controls), cryogenic insult, maintenance IV fluids,

and above-maintenance IV fluids (vide infra). The various groups

and subgroups are shown in Table 1.

IV infusions were initiated following stabilization of the PaCO2.

One subgroup received 4 to 8 mL/h and the second subgroup

received 15 mL/h of isotonic saline solution. The amounts of fluids

have been summated for all subgroups (Fig. 1). Group 1 had

15 mL/h baseline isotonic saline and had no mannitol. Group 2 had

62.5G 2.4 mL/h isotonic saline infusion for the maintenance sub-

group, and 90.5G 1.5 mL/h for the above-maintenance subgroup.

For Group 3, the maintenance subgroup had 47.7G 7.7 mL/h

and the above-maintenance subgroup had 73.5G 12.0 mL/h. Both

Groups 2 and 3 had mannitol therapy. Blood samples for serum

osmolality, sodium, and potassium were taken prior to mannitol in-

fusion at 60, 120, and 180 minutes after mannitol infusion was initi-

ated. Upon completion of 3 hours of mannitol therapy, the animals

were killed by IV air embolization. Rapid craniectomy permitted

prompt removal of the brain, which was placed in cold kerosene for

gravimetry studies. Samples were taken in front and behind the areas

of hemorrhage and necrosis resulting from the cold lesion, where

Evans blue extravasation indicated a disturbance of the blood-brain

barrier. An equivalent area from the opposite hemisphere was

sampled. In sham-operated animals, homologous samples were

taken from the parieto-occipital regions of each hemisphere [12].

Authorization for this investigation was obtained from the Animal

Investigation Committee of the University of California San Diego.

Table 1. Experimental subgroups

Group 1 Group 2 Group 3

Mannitol

(1 g/kg/3 h ¼ 0.33 g/kg/h)

Mannitol

(1 g/kg/h)

Sham-operated (controls)

a) Maintenance fluids

b) High-volume fluids

sham-operated (controls)

a) maintenance fluids

b) high-volume fluids

sham-operated (controls)

a) maintenance fluids

b) high-volume fluids

Cryogenic insult (edema)

a) Maintenance fluids

b) High-volume fluids

cryogenic insult (edema)

a) maintenance fluids

b) high-volume fluids

cryogenic insult (edema)

a) maintenance fluids

b) high-volume fluids

Fig. 1. Amount of IV fluids administered to the various groups. Note: Group 2 (A) received mannitol at 0.33 g/kg/h, while Group 3 (B)

received mannitol at 1.0 g/kg/h. CO Controls; CL cold lesion;Maintenance maintenance fluid groups;High above-maintenance fluid groups
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Results

Systolic arterial pressure ranged from 85 to 120 torr

in all groups. Central venous pressure failed to change

in all groups. There was no statistical di¤erence in se-

rum osmolality in any of the subgroups except that

receiving maintenance IV fluids (p < 0.05). Serum os-

molality rose 120 minutes into treatment in all sub-

groups that progressed through the 3 hours of the ex-

perimental trial.

The pre-treatment serum sodium for Group 2 with

mannitol was 133.8G 7.4 mEq/L, and at 180 minutes

it was 134.3G 3.8 mEq/L in the control subgroup

with maintenance fluids. A similar change during the

mannitol infusion was seen for the cold lesion sub-

groups.

In Group 1, the sodium had a decreasing trend dur-

ing the infusion, but this was not significant. Serum

potassium was not altered significantly in any of the

groups studied.

There was no significant di¤erence in brain water

data between subgroups. A similar lack of significance

was seen between Group 3 subgroups following man-

nitol therapy. There was no statistical di¤erence be-

tween the sham-operated subgroups of low-dose man-

nitol and high-dose mannitol (Fig. 2). Likewise, there

was no di¤erence between equivalent subgroups that

received maintenance or above-maintenance IV fluids.

Comparison of ICP showed no di¤erence between any

of the study groups.

Discussion

Our previous work determined that large volumes

of isotonic IV fluids given in a short time do not lead

to an increase in brain water content or ICP in the

mechanically ventilated animal [12]. However, the ef-

fectiveness of mannitol in the same setting may be dif-

ferent.

In previous studies of albino rabbits with cytotoxic

brain edema, the administration of a bolus of manni-

tol produced a prompt reduction of ICP. When ICP

reached its nadir, analysis of gray matter water content

demonstrated a significant reduction compared to un-

treated controls [10]. In a subsequent study, similar bo-

lus administrations produced a prompt reduction in

ICP; however, with this form of cryogenic edema there

was no significant reduction of brain water [10]. In

both studies, animals received no IV fluid replacement

other than the amount necessary to maintain patent

monitoring systems. The simultaneous administration

of mannitol and furosemide in those experiments did

not further reduce ICP or brain water content [10, 19].

In our current study, animals were given isotonic

IV fluid loads that were in excess of their resting re-

Fig. 2. Specific gravimetry values of the left hemisphere white matter samples (mean and SD) of the various groups. Note: Group 2 (A) received

mannitol at 0.33 g/kg/h, while Group 3 (B) received mannitol at 1.0 g/kg/h. CO Controls; CL cold lesion; Maintenance maintenance fluids;

High above-maintenance fluids
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quirements. In the subgroups that received the lower

mannitol dose (1 g/kg over 3 hours), serum osmolality

trended upward in some animals, however, with the

higher dose (1 g/kg/h for 3 hours), osmolality rose sig-

nificantly as previously reported [2, 9, 11, 24, 28]. A re-

duction in serum sodium was noted in the higher man-

nitol dose group, but the change was not significant.

Earlier, we found no cause and e¤ect between ad-

ministered fluid volume and resultant brain edema

[12] with or without a cold lesion (Figs. 2 and 3). How-

ever, brain water fell significantly in the white matter

of the left hemisphere (the lesion side) in animals that

had maintenance IV fluid. The high-dose mannitol

subgroup also had less edema than the low-dose sub-

group on the lesion side (Fig. 2). This was not the

case in the subgroup that had high-volume IV fluids

(Fig. 2).

These findings demonstrate that isotonic fluid given

rapidly in large volumes may not increase brain

edema, but it may alter intracranial dynamics caused

by changes in the movement of sodium and water,

which may then lead to impaired e¤ectiveness of man-

nitol in extracting brain water and reducing ICP. Al-

teration of cerebral circulation and changes in brain

blood volume may also account for the lack of reduc-

tion in ICP [4]. Further investigations into the e¤ects

of hypertonic agents and IV replacement fluids are

needed.
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Summary

Matrix metalloproteinases (MMPs) are associated with blood-

brain opening and may be involved in the pathophysiology of acute

brain injury. Previous research demonstrated that knockout mice de-

ficient in MMP-9 subjected to transient focal cerebral ischemia had

reduced blood-brain barrier (BBB) disruption and attenuated cere-

bral infarction.

In this study, we examined MMP-9 up-regulation, BBB disrup-

tion, and brain edema formation after cortical impact injury in rats.

Cortical contusion was induced by controlled cortical impact. Ani-

mals were sacrificed at intervals after injury. MMP up-regulation

was assessed by gelatin zymography, and BBB integrity was eval-

uated using Evans blue dye with a spectrophotometric assay. Brain

water content was measured by comparing wet and dry weights of

each hemisphere as an indicator of brain edema.

Zymograms showed elevated MMP-9 as early as at 3 hours after

injury, reaching a maximum at 18 hours. Peak levels of BBB dis-

ruption occurred 6 hours after injury. Brain edema became pro-

gressively more severe, peaking 24 hours after injury. Compared

to control group, treatment with MMP-inhibitor GM6001 signifi-

cantly reduced BBB disruption 6 hours and brain water content

(85.9G 0.5% vs. 82.6G 0.3%; p < 0.05) 24 hours after injury. These

findings suggest that MMP-9 may contribute to BBB disturbance

and subsequent brain edema after traumatic brain injury.

Keywords: Matrix metalloproteinase; traumatic brain injury;

blood-brain barrier.

Introduction

Recent studies have suggested that matrix metallo-

proteinases (MMPs) increase after brain injury such

as in ischemia, trauma, and neurodegenerative disor-

ders. These proteins might play a critical role in degra-

dation of the extracellular matrix, disruption of the

blood-brain barrier (BBB), facilitation of leukocyte in-

filtration, and inflammatory responses following brain

injury. The MMP family comprises endopeptidases

with zinc-binding catalytic regions [11]. Asahi et al.

have demonstrated that knockout mice deficient in

MMP-9 subjected to transient focal cerebral ischemia

had reduced BBB disruption, and attenuated edema

and infarction [2].

In the present study, we examined the time course

of MMP-9 up-regulation, BBB disruption, and brain

edema formation after cortical impact injury in rats.

Materials and methods

Animal model

Male Wistar rats (200–250 g) were anesthetized with a gas mix-

ture of 66% nitrous oxide, 33% oxygen, and 1% halothane. The

head of each animal was secured in a stereotaxic apparatus, and the

rectal temperature maintained at 37.0–38.0 �C using a heat pad and

lamp. An 8 mm diameter craniotomy, centered 3 mm caudal to

the bregma and 3 mm lateral to the midline, was performed on the

left side of the parietal cranium. Cortical contusion was induced

with a controlled cortical impact device, as described in detail else-

where [8]. A 5 mm diameter injury tip, 6 m/sec impact velocity, and

3 mm penetration depth were employed for the injury induction.

These parameters were chosen to provide a moderate level of cortical

contusion.

Gelatin zymography

Gelatin zymography was used to assess the MMP-9 levels, as de-

scribed previously [10]. At 1 hour, 3 hours, 6 hours, 18 hours, and 24

hours after trauma, animals were killed with an overdose of pento-

barbital sodium (100 mg/kg, i.p.) and perfused transcardially with

chilled (4 �C) phosphate-bu¤ered saline (PBS), pH 7.4. The brains

were rapidly removed, and damaged brain tissue within the trauma-

tized hemisphere was homogenized in lysis bu¤er, which contained

protease inhibitors on ice. Following centrifugation, the supernatant

was collected, and the total protein concentrations were determined

using the Bradford assay (Bio-Rad Laboratories, Hercules, CA).

Equal amounts (50 mg) of total protein extracts were prepared. Pro-

tein samples were loaded and separated on 10%Tris-Glycine gel with

0.1% gelatin as substrate. After the separation by electrophoresis, the

gel was re-natured and then incubated with developing bu¤er at

37 �C for 24 hours. Following development, the gel was stained

with 0.5% Coomassie Blue R-250 for 30 minutes and then de-stained



appropriately. Purified proteins of murine MMP-9 were purchased

from Chemicon International, Inc. (Temecula, CA). The zymogram

gels were quantified by standard densitometry techniques.

Assessment of BBB permeability

The degree of BBB disruption was evaluated quantitatively by flu-

orescent detection of extravasated Evans blue dye [9, 14]. After trau-

ma, 2% Evans blue in PBS was injected intravenously (4 ml/kg) and

allowed to circulate for at least 1 hour. The animals were anesthe-

tized deeply, and perfused transcardially with PBS through the left

ventricle until a colorless perfusion fluid was obtained from the right

atrium. The brains were removed and separated into hemispheres.

The materials were stored at �70 �C until use. The sample weight of

each hemisphere was measured. Following homogenization of the

materials with 1.2 ml of 50% trichloroacetic acid in distilled water

for 40 seconds, centrifugation was carried out for 20 minutes at

10,000 rpm. The supernatant was extracted and diluted 1 :4 in

100% ethanol. A fluorescent plate reader (KC4) was used at an

excitation wavelength of 620 nm and an emission wavelength of

680 nm.

Assessment of brain edema

Brain edema was evaluated on the basis of brain water content.

The brain water content was quantitated by the wet-dry weight

method, as described previously [8]. Briefly, animals were killed by

decapitation under deep pentobarbital anesthesia, the brain was

removed, and each hemisphere was gently blotted with tissue paper

to remove the small quantities of adsorbent cerebrospinal fluid. The

tissue samples were rapidly weighed with a basic precision scale, and

then dried to constant weight in a vacuum oven at 105 �C for 24

hours to obtain the dry weight. The percent water content of each tis-

sue sample was calculated according to the following equation:

%H2O ¼ [(Wet Weight�Dry Weight)/Wet Weight]� 100.

Statistical analysis

Data are expressed as the meanG SEM. The data were analyzed

statistically among the groups, employing the unpaired Student t-test

or repeated measures analysis of variance. P values of less than 0.05

were considered significant.

Results

MMP up-regulation

Traumatic brain injury (TBI) induced via controlled

cortical impact resulted in a significant elevation of

MMP-9 protein levels (Fig. 1). MMP-9 was primarily

expressed as the higher molecular weight zymogen

(105 kDa). No clear evidence of the lower molecular

weight cleaved (activated) form of MMP-9 was noted.

MMP-9 was not detected in sham-operated control

brains subjected to craniotomy alone. At 3 hours after

injury, the MMP-9 level was elevated and reached a

maximum at 18 hours after injury. Elevated MMP-9

levels persisted until 24 hours after trauma. The con-

trol lane was loaded with murine MMP-9 standards.

BBB permeability

Extravasated Evans blue dye was observed in the

injured cortex and ipsilateral hippocampus. Fluores-

cence measurements confirmed that BBB disruption

increased within 3 hours after injury induction. The

peak level of BBB disruption was observed in the trau-

matized hemisphere 6 hours after injury and then grad-

ually decreased (Fig. 2).

Brain edema

Increased brain edema corresponds to increased

brain water content. Brain edema was first noted at 6

hours after injury, became progressively more severe

over time, and peaked 24 hours after injury (Fig. 3).

Fig. 1. Representative gelatin zymogram showing elevation of MMP-9 as early as 3 hours after injury, reaching a maximum at 18 hours after

injury. The control lane was loaded with murine MMP-9 standards
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The contralateral hemisphere did not exhibit signifi-

cant changes in brain water content (data not shown).

MMP inhibitor reduced BBB disruption and edema

after TBI

Compared to the untreated control group, treatment

with GM6001, an MMP inhibitor, significantly re-

duced the BBB disruption at 6 hours and the brain wa-

ter content at 24 hours after injury (85.9G 0.5% vs.

82.6G 0.3%; p < 0.05) (Fig. 4). GM6001 (100 mg/

kg) was injected intraperitoneally immediately after in-

jury, as described previously [7].

Discussion

The progression of secondary brain damage follow-

ing trauma involves a multifactorial cascade of patho-

physiology including excitotoxicity [5], oxidative stress

[6], inflammation [1], and abnormal apoptosis [3]. Re-

cent studies have suggested that MMPs increase after

cerebral ischemia [2], TBI [16], and neurodegenerative

disorders [4]. These proteins might play a critical role

in degradation of the extracellular matrix, disruption

of the BBB [13], and a facilitation of leukocyte infiltra-

tion [12]. MMPs are also induced by cytokines which

are produced in association with inflammation [15].

In cerebral ischemia, emphasis has been placed on the

fact that MMP-9 can digest matrix proteins present in

the vascular basal lamina including collagen, fibronec-

tin, and laminin. Damage to the vascular integrity

would then lead to a disrupted BBB function and in-

creased vasogenic edema [13]. Since edema can play a

critical role in TBI, this specific pathway may be in-

volved as well. Inhibition of such cascades could thus

exert a therapeutic e¤ect on TBI.

In the present study, we focused on MMP-9 up-

regulation in cerebral contusion, which leads to BBB

disruption and subsequent edema formation. The level

of MMP-9 increased and BBB disruption and subse-

quent edema formation after TBI became progres-

sively more severe over time. GM6001, an MMP in-

hibitor, significantly reduced BBB disruption at 6

hours and the brain water content at 24 hours after

injury. The results of our study imply a mechanistic

connection between increased levels ofMMP-9 protein

and brain tissue damage. We acknowledge that the

time lag for each individual result reflects regulatory

mechanisms. Our findings indicate that MMP-9 con-

tributes to BBB disturbance and subsequent brain

edema after TBI, although the precise mechanisms in-

volved remain to be elucidated.

In conclusion, the present study demonstrates that

MMP-9 contributes to BBB disturbance and subse-

quent brain edema after TBI. Further investigations

into the deleterious activities of MMP-9 could reveal

new therapeutic targets in TBI.

Fig. 2. Time course of BBB disruption after cortical contusion ex-

amined on the basis of Evans blue extravasation. Peak level of BBB

disruption was observed 6 hours after injury. (BBB blood-brain

barrier)

Fig. 3. Time course of brain edema after cortical contusion eval-

uated from measurements of water content by the wet-dry weight

method. Brain edema became progressively more severe over time

and peaked 24 hours after injury
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Summary

The purpose of this study was to examine the possibility of neuro-

nal remodeling and repair after cold injury-induced brain edema

using immunoassays of nestin, 3CB2, and TUC-4. Male ddN strain

mice were subjected to cold-induced cortical injury. Animals were

divided into the following 6 groups: 1) 1-day after injury, 2) 1-week

after injury, 3) 2-weeks after injury, 4) 1-month after injury, 5) sham,

and 6) normal controls. Brain water content measurement, Western

blot analysis, histological examination, and neurobehavioral exami-

nation were performed.

Brain water content was significantly increased in the ipsilateral

cortex at 1-day after injury. At 1-day and 1-week after injury, immu-

noreactivity of nestin, 3CB2, and TUC-4 were absent. Nestin was ex-

pressed in 3CB2-positive astrocytes at 1-month after injury, and nes-

tin expression with TUC-4 was present in the hippocampal cell layer.

Neurobehavioral function of the 1-month after injury group was

significantly improved compared with function 1-day after injury.

These results suggest that delayed precursor cell marker expression

in glia and neuron-like cells might be part of adaptation to the injury.

Although brain injury causes brain edema and neuronal death, there

is the possibility of remodeling.

Keywords: Nestin; 3CB2; TUC-4; remodeling; behavior; cold-

induced brain injury; mice.

Introduction

Pathological events in traumatic brain injury may be

divided into primary and secondary brain injury [10].

Primary brain injury occurs at the time of the insult,

whereas secondary injury follows during the recovery

period. Furthermore, reparative processes may occur

following damage to the tissue. Eventually, the reac-

tion results in the formation of gliotic scar [8]. How-

ever, there are few data on long-term reparative pro-

cesses after traumatic brain injury.

In the present study, we investigated evidence of nes-

tin, 3CB2, and TUC-4 immunoreactivity, as potential

precursor cell markers, in a cold-induced brain injury

model. In addition, we examined whether the appear-

ance of cells positive for these markers might coincide

temporally with a recovery in behavioral deficit.

Materials and methods

Animals and cold-induced cortical injury

ddN strain mice (25–30 g body weight), inbred in our laboratory

(Nakamura et al., 1999), were used for this study. Animal protocols

were approved by the Kagawa University Animal Committee. Mice

were given free access to food and water prior to experiment. Ani-

mals were anesthetized with sodium pentobarbital (30 mg/kg i.p.),

with supplemental doses given as necessary, and then placed in a

stereotactic frame (Narishige Instruments, Tokyo, Japan). Rectal

temperature was maintained at 37 �C using a feedback-controlled

heating pad (CMA, Stockholm, Sweden) during the operation. The

scalp was incised at the midline and the skull exposed. A cold-

induced brain injury was generated by application of a metal probe

(3 mm in diameter) cooled with liquid nitrogen to the exposed right

parietal bone for 20 seconds. The animals were then divided into 6

experimental groups: 1) 1-day after injury, 2) 1-week after injury, 3)

2-week after injury, 4) 1-month after injury, 5) sham control, and 6)

normal control.

Water content

Animals were re-anesthetized with sodium pentobarbital (50 mg/

kg i.p.) and decapitated. Brains were removed, and a coronal brain

slice (approximately 2 mm thick at the level of injury) was cut with

a blade. The brain slice was divided into 2 hemispheres along the

midline, and each hemisphere was dissected into the cortex and the

basal ganglia. A total of 3 samples from each brain were obtained:

the ipsilateral and contralateral cortex and the cerebellum, which

served as a control. Brain samples were immediately weighed on an

electric analytical balance to obtain the wet weight. Brain samples

were then dried at 100 �C for 24 hours to obtain the dry weight. Brain

water content was determined as: (Wet Weight – Dry Weight)/Wet

Weight.



Western blot analysis

Animals were anesthetized with sodium pentobarbital (50 mg/kg

i.p.) before undergoing intracardiac perfusion with 0.1 mol

phosphate-bu¤ered saline (PBS; pH 7.4). The brains were removed

and the ipsilateral and contralateral hippocampi separated. Western

blot analysis was performed. Briefly, 25 mg of protein from each

sample was separated by sodium dodecyl sulfate polyacrylamide gel

electrophoresis and transferred to a Hybond-C pure nitrocellulose

membrane (Amersham, Piscataway, NJ). The membranes were

blocked in Carnation nonfat milk. Membranes were probed with a

1 :1000 dilution of the primary antibodies, monoclonal mouse anti-

nestin or anti-3CB2 (Developmental Studies Hybridoma Bank, Uni-

versity of Iowa, Iowa City, IA) followed by a 1 :1500 dilution of the

secondary antibody (peroxidase-conjugated goat anti-mouse; Bio-

Rad Laboratories, Hercules, CA). The antigen-antibody complexes

were visualized with a chemiluminescence system (Amersham) and

exposed to film. The relative densities of bands were analyzed with

NIH Image (National Institutes of Health, Washington, DC).

Histological examination

For histological examination, animals were sacrificed under deep

anesthesia using sodium pentobarbital (50 mg/kg i.p.). The brains

were transcardially perfused with 4% phosphate-bu¤ered parafor-

maldehyde after flushing with 0.1 mol PBS. The brains were re-

moved and placed in fixative overnight. Adjacent coronal para‰n

sections (10 mm thick) were taken. Sections of the CA1 area (in-

cluding the dorsal hippocampal area) around 2.0 mm posterior to

bregma were obtained.

For evaluation of neuro-degeneration following cold-induced

brain injury, the terminal deoxynucleotidyl transferase-mediated

dUTP nick end-labeling technique was performed on adjacent brain

sections to detect DNA double-strand breaks. ApopTag Peroxidase

Kits (Serologicals Corp., Temecula, CA) were used in this study. In

this method, 0.05 mol PBS was used as solution for dilution and

washing. The sections were made permeable with 1% Triton X-100

for 30 minutes and endogenous peroxidases quenched with 2%

H2O2 for 20 minutes. After washing with PBS, the sections were

incubated in a moist chamber at 37 �C for 60 minutes with TdT en-

zyme. After anti-digoxigenin peroxidase had been applied to the sec-

tions for 30 minutes at room temperature, peroxidase was detected

with DAB. The labeling target of this method was the new 3 0-OH

DNA ends generated by DNA fragmentation. The omission of the

terminal deoxynucleotidyl transferase was used as the negative con-

trol. Sections were counterstained with hematoxylin.

Double labeling was performed. Briefly, sections were incubated

overnight at 4 �C with monoclonal mouse anti-nestin antibody and

polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) antibody

diluted, respectively, to 1 :100 and 1 :200 in 1% skim milk solution in

0.01 mol PBS. After washing with 0.01 mol PBS, the reactions for

nestin and GFAP were visualized after incubation for 2 hours at

room temperature with anti-mouse immunoglobulin (IgG) conju-

gated with fluorescein isothiocyanate (Vector Laboratories, Burlin-

game, CA) and anti-rabbit IgG conjugated with Texas red avidin D

(Vector). The secondary antibodies were both diluted 1 :40 in 1%

skim milk solution in 0.01 mol PBS. Finally, the sections were rinsed

in 0.01 mol PBS and visualized using a confocal laser-scanning mi-

croscope (LSM-GB200; Olympus, Tokyo, Japan). Other sections

were used for double-labeling of nestin and 3CB2. Monoclonal

mouse anti-3CB2 antibody was diluted to 1 :100 and anti-mouse

immunoglobulin M conjugated with Texas red avidin D (1 :40)

(Vector) was used as the second antibody. Additionally, some sec-

tions were used for double-labeling of nestin and immature neuronal

marker TUC-4. Polyoclonal rabbit anti-TUC-4 antibody was di-

luted to 1 :100 and anti-rabbit IgG conjugated with Texas red avidin

D (1 :40) (Vector) was used as the second antibody.

Behavioral test

The radial maze and test procedure used in the present study was

similar to that previously reported by Nakamura et al. [11]. The cen-

tral part of the maze was 22 cm in diameter. The arms (25 cm long,

6 cm high, 6 cm wide) were made of transparent Plexiglas for the

spatial memory task. Arms were baited with small food pellets. The

maze was always oriented in the same direction in space. Twelve

hours prior to training, the body weight was verified to be at 80%

of the pre-test body weight. Animals (n ¼ 10) were trained on 4 con-

secutive days, with 1 trial per day. An error was noted if the animal

entered an arm previously visited. The number of errors was re-

corded. The neurological test was scored by an investigator blind to

the treatment group.

Statistical analysis

All data are presented as meanGSD. Data from water content

and Western blot analysis was analyzed using Student t-test. Neuro-

behavioral data were used by 2-way analysis of variance, followed by

Sche¤e’s post hoc test.

Results

Water content

The brain water content was significantly increased

in the ipsilateral cortex in ddN mice 1-day after injury

compared with the sham controls (80.9G 0.9% vs

77.9G 0.4%; p < 0.01).

TUNEL staining

We observed staining of some clustered cells in the

core area of the cold-induced lesion at 1-day after

injury. There was expansion of lesions stained by

TUNEL-positive cells to include positive CA1 pyra-

midal cells in the ipsilateral hippocampus at 1-week

after injury. The TUNEL-positive cells were already

resolved at 1-month after injury. Migration changes

were seen in the ipsilateral hippocampal stratum radi-

atum area at 1-month after injury by counter staining.

Western blot analysis

By Western blot analysis, there was no increase in

nestin, 3CB2, and TUC-4 protein levels in the ipsilat-

eral hippocampus from 1-day to 2-weeks after injury.

However, there was strong nestin (791G 144% of

contralateral; p < 0.01), 3CB2 (524G 215% of con-

tralateral; p < 0.05), and TUC-4 (356G 127% of con-

tralateral; p < 0.05) expression at 1-month after injury

(Fig. 1).
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Immunohistochemistry

Nestin, 3CB2, and TUC-4 were absent from astro-

cytes and neurons in sham and normal control groups.

After induction of brain injury, nestin, 3CB2, and

TUC-4 immunoreactivity was also absent at 1-day, 1-

and 2-weeks after injury, similar to the Western blot

findings. Nestin expression was observed in the ipsilat-

eral hippocampal stratum pyramidale and radiatum

area at 1-month after injury. 3CB2 was expressed in

astrocytes and TUC-4 was expressed in neuron-like

cells in the ipsilateral hippocampus at 1-month.

Interestingly, nestin-positive neuron-like cells were

observed in the ipsilateral hippocampal CA1 cell layer

at 1-month after injury. However, there was no immu-

noreactivity for 3CB2 in the ipsilateral CA1 cell band.

The number of nestin-positive cells in the CA1 band

was significantly increased at 1-month after injury

(18.7G 12.7 cells/mm; p < 0.05) compared with nor-

mal controls, and 1-day and 1-week injury groups.

Nestin-positive neuron-like cells could be observed in

each animal 1-month after injury.

Nestin appeared to be localized to both glial cells

and neurons in the ipsilateral hippocampus at 1-month

after injury, as assessed using double-labeling for nes-

tin and GFAP, nestin and 3CB2, or nestin and TUC-4.

Immunoreactivity for both nestin and GFAP was pres-

ent in the ipsilateral hippocampus CA1 pyramidal cell

layer and in the hippocampal striatum radiatum. Inter-

estingly, nestin-positive neuron-like cells that were not

GFAP immunoreactive were observed in the ipsilat-

eral hippocampus CA1 cell layer. The nestin-positive

neuron-like cells co-expressed TUC-4.

Behavioral test

Figure 2 shows the number of errors made in the

8-arm radial maze. The analysis revealed significant

major e¤ects of the groups (F4;108 ¼ 18:0; p < 0.01)

and trials (F3;108 ¼ 23:4; p < 0.01). No interaction be-

tween the groups and trials was observed (F12;108 ¼
0:5; p > 0.05). The number of errors in the 1-day, 1-

week, and 1-month after injury groups was signifi-

cantly increased in comparison with those in the sham

control group (p < 0.01). The number of errors de-

creased in the 1-month after injury group, a significant

Fig. 1. Western blot analysis of the time course of nestin, 3CB2, and

TUC-4 expression in the contralateral and ipsilateral hippocampus

1-day, 1-week, 2-weeks, and 1-month after injury (n ¼ 3 in each

group). Values are meanG SD; *p < 0.05 and **p < 0.01 compared

with the contralateral hippocampus

Fig. 2. Number of performance errors for 4 experimental groups in

4 days of trials using the 8-arm radial maze. Neurobehavioral perfor-

mance deteriorated immediately after injury, (1-day injury group vs

control), but then there was a significant improvement over 1-month.

Values are meanGSD, n ¼ 10. (See text for a description of statis-

tics)
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di¤erence when compared with the 1-day after in-

jury group (p < 0.05). These results indicate that there

were marked neurological deficits after injury, with

progressive recovery of function over 1-month.

Discussion

Degeneration and remodeling following brain injury

Neuronal cell death after traumatic brain injury can

be divided into 2 categories; acute cell death due to pri-

mary injury, and delayed cell death as a result of sec-

ondary injury. In the present study, there was expan-

sion of lesions stained by TUNEL-positive cells to

include positive CA1 pyramidal cells in the hippocam-

pus at 1-week after injury. Thus, delayed cell death

appeared to continue for at least 1-week after cold-

induced brain injury.

The possibility of neurogenesis exists following

acute and delayed cell death in traumatic brain in-

jury. Several studies have indicated some remodeling

changes following brain injury [4, 16, 18]. Suzuki and

Choi [16] demonstrated repair and reconstruction of

the cortical plate following brain injury to the neonatal

rat. Dash et al. [4] showed that brain injury increased

the production of new granule neurons in dentate gy-

rus. Yang et al. [18] demonstrated that an increase in

reactive astrocytes at the immediate site of cerebral

cortical injury in rat was related to tissue remodeling.

However, the precise mechanisms involved in remod-

eling following brain injury are not fully understood.

In the present study, dynamic histological changes

were seen by immunohistochemical examination.

Precursor cell marker expression in hippocampus

following cortical injury

Adult brain tissue consists of neurons and glia that

are generated by precursor cells from the embryonic

ventricular zone. During postnatal development of

the central nervous system, intermediate filament pro-

teins are subjected to a remodeling process [17]. Nestin

is a distinct neurofilament protein expressed transi-

ently in immediate precursors to neurons and glia [1]

and nestin expression is regarded as correlating with

progenitor cells in the central nervous system [3].

In general, glial cells are generated after neurons

during development. Radial glia are an exception to

this rule, however, being generated before neurogene-

sis and neuronal migration [14]. Radial glia are mitoti-

cally active throughout neurogenesis [9]. Noctor et al.

[13] showed that neurons migrate along clonally-

related radial glia, and that proliferative radial glia

generate neurons. In the present study, the appearance

of 3CB2-positive radial glial cells had a similar time

course to that of nestin-positive cells. This is the first

report of 3CB2 expression following brain injury in

an in vivo model. Moreover, nestin immunoreactive

cells in the hippocampal CA1 cell layer were GFAP-

negative at 1-month after injury and they were

neuron-like in appearance. These cells co-expressed

the immature neuron marker TUC-4. Whether these

cells will develop into mature neurons requires further

study. The present and other studies suggest that nestin

might play an important role in neuronal remodeling.

Behavioral function after brain injury

Traumatic brain injury can cause neurobehavioral

impairment clinically [7] and experimentally [2]. The

radial maze has been used to study hippocampal func-

tion in ischemic models [6, 12]. In the present study,

hippocampal damage could be detected histologically

1-week after injury. Memory function in all of the

brain injury groups (1-day, 1-week, and 1-month after

injury groups) was significantly decreased compared to

sham controls. However, the number of errors was sig-

nificantly decreased in the 1-month after injury group

compared to the 1-day after injury group. This result

suggests improvement of memory function long-term

after experimental brain injury. The improvement in

neurobehavioral function after brain injury may reflect

the remodeling changes in the damaged hippocampus.

Conclusions

The present study suggests that delayed nestin ex-

pression in glia and neuron-like cells might be a part

of adaptation to the injury and recovery of function.

Progress in the regenerative treatment using neuro-

trophic factors [5] and neural stem cells [15] has been

remarkable.

Treatment strategies for traumatic brain injury have

been directed at attenuating secondary or delayed in-

jury. Our data shows that although experimental brain

injury causes neuronal death, there is the possibility of

remodeling. As damaged brain tissue has the potential

for neurogenesis, it is important to utilize this potential

in treatment of traumatic brain injury.
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Summary

Introduction. Granulocyte colony-stimulating factor (G-CSF) is

an established treatment in the neutropenic host. Usage in head-

injured patients at risk for infection may aggravate brain damage.

In contrast, evidence of G-CSF neuroprotective e¤ects has been re-

ported in rodent models of focal cerebral ischemia. We investigated

e¤ects of G-CSF in acute focal traumatic brain injury (TBI) in rats.

Methods. Thirty-six male Sprague-Dawley rats were anesthetized

with 1.2% to 2.0% isoflurane and subjected to controlled cortical im-

pact injury (CCII). Thirty minutes following CCII, either vehicle or

G-CSF was administered intravenously. Animals were sacrificed 24

hours following CCII. Glutamate concentrations were determined in

cisternal cerebrospinal fluid (CSF). Brain edema was assessed gravi-

metrically. Contusion size was estimated by 2,3,5-triphenyltetrazo-

lium chloride staining and volumetric analysis.

Results. Dose-dependent leukocytosis was induced by infusion of

G-CSF. Physiological variables were una¤ected. Water content of

the traumatized hemisphere and CSF glutamate concentrations were

unchanged by treatment. Contusion volumewas similar in all groups.

Conclusions.A single injection of G-CSF did not influence cortical

contusion volume, brain edema, or glutamate concentrations in CSF

determined 24 hours following CCII in rats. G-CSF, administered 30

minutes following experimental TBI, failed to exert neuroprotective

e¤ects.

Keywords:Cranio-cervical trauma; glutamate; growth factor; neu-

roprotection; traumatic brain injury.

Introduction

Multifold neuroprotective treatment strategies have

been explored to counter the dreaded sequelae of trau-

matic brain injury (TBI). While it is generally accepted

that the main target is to avoid or ameliorate second-

ary injuries, the primary injuries are often not amena-

ble to treatment. Yet, less severely injured neural tissue

could potentially be resuscitated by the same pathways

that stimulate cell division, growth, and survival. As

such, cytokine growth factors have increasingly gained

attention in recent years [1, 11, 18].

Cytokine granulocyte colony-stimulating factor (G-

CSF) is a 19.6 kD 175 amino acid polypeptide secreted

by monocytes, macrophages, and neutrophils after cell

activation. Its role in hematopoiesis is stimulation of

the neutrophil/granulocyte cell lineage [8].

Recent experimental studies suggest that G-CSF, as

a growth factor, could be neuroprotective in models of

glutamate toxicity, focal ischemia, and intracerebral

hemorrhage, and improve neurological outcome [6,

13–16]. Inducible expression of G-CSF and its respec-

tive receptor has been demonstrated in neural tissues

[10, 11, 14, 18]. The underlying mechanisms of neuro-

protection are not fully understood, but anti-apoptotic

signaling [14], hematopoietic stem-cell liberation [5,

16, 20], and neoangiogenesis [4, 16] may play a role.

The current study tested whether or not G-CSF ad-

ministered soon after controlled cortical impact injury

(CCII) reduces brain edema formation and contusion

volumes 24 hours after injury.

Methods

Animals

For the present study, a total of 36 male Sprague-Dawley rats

(347G 52 g) (Charles River, Germany) were used. Animals were

accustomed to the laboratory for approximately 24 hours before the

study was performed. The experimental protocol was approved by

the committee for animal research in Karlsruhe, Germany (35-

9185.81/G165/03).



Experimental procedures

After induction of anesthesia with isoflurane (5%, 3 minutes),

animals were weighed and positioned. All animals breathed sponta-

neously under inhalational anesthesia (isoflurane: 1.0% to 2.5%;

fraction of inspirational oxygen 30%). The caudal artery was cathe-

terized to allow continuous recording of mean arterial blood pres-

sure and serial blood sampling to determine arterial blood gases.

The right femoral vein was cannulated with care not to injure the

femoral nerve. Lines were locked with normal saline, or perfused at

a rate of 0.5 mL/h, respectively. Samples for di¤erential blood cell

counts were obtained at the beginning and at the end of all experi-

ments. Rectal temperature was measured during anesthesia and

maintained between 37� and 38 �C using a homeothermic heating

pad.

Brain trauma was induced with the CCII device using a 5 mm bolt

which was pneumatically driven at a velocity of 7 m/sec�1 (100

p.s.i.), a penetration depth of 1 mm, and a contact time of 0.15 sec-

ond, as described previously [17].

At 30 minutes after CCII, either G-CSF at standard (10 mg/kg) or

high dose (100 mg/kg) was infused intravenously over 30 minutes in a

randomized and blinded fashion. Control animals received iso-

volume amounts of vehicle only.

Following infusion, catheters were removed and the animals re-

turned to their cages with free access to food and water for 24 hours.

Outcome variables

At 24 hours following CCII, animals were deeply anaesthetized,

exsanguinated, and cerebrospinal fluid (CSF) was carefully aspirated

from the cerebromedullary cistern by puncture with a 27-gauge nee-

dle. Paired samples of CSF and heparinized arterial plasma were

deproteinized using centrifugal filtration through 10.000 kD cut-o¤

polyethersulfone membranes (Vivaspin 500, Vivascience, Hannover,

Germany). Glucose, lactate, and glutamate were determined in

protein-free samples using the CMA600 enzyme-kinetic analyzer

(CMA, Solna, Sweden). Brains were removed quickly, either for

gravimetric analysis of hemispheric water content (n ¼ 18) or stain-

ing of 6 2-mm sections in a 2% solution of 2,3,5-triphenyltetrazolium

chloride (n ¼ 18). Stained slices were immersed in 4% paraformalde-

hyde and scanned for determination of contusion volumes using

Table 1. Physiological variables determined before trauma, before and after infusion, and at 24 hours following trauma (N ¼ 6 per treatment

group)*

Granulocyte Colony-Stimulating Factor

Vehicle 10 mg/kg 100 mg/kg p

Mean arterial pressure (mmHg)

Before CCII/infusion 72G 5 73G 3 73G 6 NS

After CCII/infusion 78G 5 79G 8 79G 8 NS

Heart rate (bpm)

Before CCII/infusion 348G 37 356G 43 343G 18 NS

After CCII/infusion 362G 42 379G 39 369G 43 NS

Core temperature (�C)

Before CCII/infusion 36.6G 1.4 36.6G 0.9 36.8G 0.5 NS

After CCII/infusion 36.4G 0.3 36.4G 0.3 36.3G 0.3 NS

pH

Before CCII/infusion 7.38G 0.05 7.4G 0.03 7.41G 0.05 NS

After CCII/infusion 7.37G 0.02 7.36G 0.04 7.38G 0.04 NS

24 h after CCII 7.46G 0.04 7.45G 0.04 7.47G 0.04 NS

pCO2 (mmHg)

Before CCII/infusion 42.8G 8.4 43.0G 2.5 41.4G 5.3 NS

After CCII/infusion 43.0G 4.3 43.7G 2.9 39.9G 6.5 NS

24 h after CCII 36.2G 5.7 36.9G 4.5 34.8G 6.2 NS

pO2 (mmHg)

Before CCII/infusion 145.5G 12.9 150.5G 13.9 146.8G 7.1 NS

After CCII/infusion 155.9G 4.4 149.9G 11.9 151.5G 21.2 NS

24 h after CCII 150.4G 28.8 124.9G 24.7 142.7G 24.8 NS

Glucose (g/dL)

After CCII/infusion 225G 40 207G 35 223G 51 NS

24 h after CCII 197G 23 183G 26 175G 20 NS

Hemoglobin (g/dL)

Before CCII/infusion 14.7G 1.2 15.1G 1.3 14.4G 1.3 NS

After CCII/infusion 14.8G 1.4 14.6G 0.6 13.5G 1.8 NS

24 h after CCII 12.3G 1.1 11.9G 1.5 10.8G 2.0 NS

Leukocytes (nL)

Before CCII/infusion 8.6G 2.5 9.2G 2.2 9.0G 1.7 NS

24 h after CCII 8.3G 2.9 9.2G 3.9 12.3G 6.0** <0.05

* Values are meanGSD, ** p < 0.05 compared to vehicle-treated animals. NSNot significant.
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ImageJ 1.6 software (National Institutes of Health, Bethesda, MD,

USA).

Statistical analysis

Statistical analysis was performed using SPSS 13.0 software (SPSS

Inc., Chicago, IL, USA). Data averaged among groups are reported

as meanG SD. For testing of averages and di¤erences between

groups, analysis of variance (ANOVA) was employed. Post-hoc t

tests for paired comparisons were adjusted according to the Bonfer-

roni method. A p-value of less than 0.05 was considered significant.

Results

Physiological variables, i.e., blood pressure, heart

rate, rectal temperature, arterial blood gases, hemo-

globin, or serum glucose concentrations, remained in

the physiological range at all times. No significant dif-

ferences were seen among groups. High-dose G-CSF

treatment resulted in moderate leukocytosis (12 G
6 nL. vs. 8G 3) in vehicle controls (Table 1).

Metabolic parameters were determined in CSF ob-

tained from the cerebromedullary cistern postmortem.

Lactate/glucose ratios were calculated as an index of

anaerobic neurometabolism. No significant di¤erences

in CSF glucose, lactate, or glutamate were found in

comparison to vehicle-treated animals (Table 2).

Hemispheric water content was increased in the

left (traumatized) hemisphere, but una¤ected by either

dose of G-CSF (Fig. 1). Contusion volumes varied

within treatment groups, but distributions were not

altered when compared to control animals (29G 21,

24G 23, and 33G 31 mm3, respectively) (Fig. 2).

Discussion

Lack of e‰cacy in our study is in contradiction with

multiple experimental studies of ischemia models [6,

14, 16]. Only in one other experimental TBI study was G-CSF tested with similar results, despite continued

treatment for 7 days following trauma [15].

Ischemia and TBI have many pathophysiological

features in common. Still they are di¤erent disease en-

tities, and mechanisms involved in ischemia can have a

lesser importance in TBI [2]. One can only speculate

that transient vessel occlusion and reperfusion per se

provides a better ground for cytokine growth factor

treatment. Likewise, the primary injury caused by

mechanical disruption of the cortex in our model

might have been too advanced for salvage by G-CSF

treatment.

At present, neither dose-response curves, nor opti-

mal dosing regimens have been established for neuro-

Table 2. Concentrations of metabolites glucose, lactate, and gluta-

mate determined in cisternal cerebrospinal fluid at 24 hours following

trauma (N ¼ 6 per treatment group)*

Granulocyte

Colony-Stimulating Factor

Vehicle 10 mg/kg 100 mg/kg p

Glucose (mmol) 3.1G 0.1 3.2G 0.3 3.5G 0.6 NS

Lactate (mmol) 6.5G 0.8 6.7G 0.9 6.4G 1.0 NS

Glucose/lactate ratio 2.1G 0.3 2.0G 0.2 1.8G 0.5 NS

Glutamate (mmol) 13.7G 12.3 12.4G 5.8 12.7G 6.9 NS

* Values are meanG SD. Lactate/glucose ratios calculated individ-

ually. NS Not significant.

Fig. 1. Hemispheric water content derived from wet/dry weights

and according to treatment 24 hours following focal contusion of

the left parietal cortex. Error-bars indicate meanG SD. N ¼ 6 per

treatment group

Fig. 2. Contusion volumes determined by computerized volumetric

analysis of 2,3,5-triphenyltetrazolium chloride-stained brain slices 24

hours following injury. Error-bars indicate meanGSD. N ¼ 6 per

treatment group
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protective G-CSF treatment. Recombinant G-CSF is

FDA-approved for treatment of the neutropenic host.

The standard dose is 10 mg/kg/day. In mice, rats, ham-

sters, dogs, and monkeys, doses of>1 mg/kg/day of G-

CSF stimulate neutrophil production in bone marrow.

Untoward e¤ects are rare, with the only irreversible

e¤ects seen in monkeys at doses exceeding 1 mg/kg/

day when hyperleukocytosis and cerebral leukostasis

caused intracerebral hemorrhage and infarction [9].

Clinical studies in patients with TBI have indicated its

safety, though no clear benefit in prevention of nosoco-

mial infections were demonstrated [7].

The dosages used in our study can be regarded as

safe. The neuroprotective e¤ects found by others were

observed with intravenous or subcutaneous applica-

tion of similar doses. Single doses as well as repeated

injections have been shown to convey neuroprotection

[13, 14, 16].

Although intrathecal synthesis of G-CSF and its re-

ceptor is known to occur, blood-brain barrier (BBB)

penetration of extracerebral G-CSF has not been

proven. However, cytokine growth factors with similar

protein characteristics (e.g., granulocyte-macrophage

colony-stimulating factor, erythropoietin), do pene-

trate [3, 12]. In a pretreatment study of experimen-

tal brain injury in rats, G-CSF increased BBB damage,

but development of cerebral edema and leukocyte-

infiltration remained unchanged. Treatment-related

BBB disruption is less likely to occur as a direct e¤ect

of G-CSF compared to the secondary e¤ects of sys-

temic leukocytosis [19]. With a single application of

G-CSF leukocytosis is mild, however, as shown in

this study.

In summary, a potential neuroprotective e¤ect of

G-CSF in TBI cannot be ruled out. Further studies

are needed, where optimal physiological, histopa-

thological, and functional outcome parameters are

followed for times exceeding our time-window of ob-

servation. Additionally, details of drug delivery and

dose-response curves need to be established.

Conclusion

In a rodent model of focal cortical contusion, a sin-

gle injection of G-CSF at 10 mg/kg or 100 mg/kg did

not influence cortical contusion volume, brain edema,

or glutamate concentrations in CSF determined 24

hours following CCII. Overall, G-CSF administered

30 minutes following experimental TBI failed to exert

neuroprotective e¤ects.
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Summary

The purpose of this study was to investigate cognitive/memory

dysfunctions and the pathological process contributing to such dys-

function following moderate lateral fluid percussion injury (LFPI) in

Mongolian gerbils.

Mongolian gerbils were subjected to moderate LFPI (1.3–

1.6 atm). During 7 days post-trauma, spatial cognitive and memory

dysfunctions were evaluated by T-maze test (TMT). At 6 hours, 24

hours, and 7 days post-injury, animals were sacrificed and the brains

were prepared for Kluver-Barrera staining and immunostaining of

b-amyloid precursor protein (APP).

In LFPI animals, the spontaneous alternation rate in the TMT re-

mained below the random alternation rate (<50%) on all post-injury

test days. These animals also showed a transient tendency to choose

only the right arm (ipsilateral to the injury) in the TMT at 6 hours

and 24 hours after injury. Significant accumulation of APP was

found widespread in the ipsilateral hemisphere including directly in-

jured cortex, subcortical white matter, and hippocampal formation

at 6 hours and 24 hours post-injury, while on day 7, the increased im-

munoreactivity of APP subsided.

These results suggest that the widespread axonal degeneration of

the white matter might contribute to the unilateral spatial neglect

and memory deficit in the acute stage after LFPI.

Keywords: Di¤use axonal injury; fluid percussion injury; gerbil;

spatial neglect.

Introduction

Cognitive dysfunctions including memory impair-

ment are common neurological sequelae of traumatic

brain injury (TBI), and their underlying mechanisms

are poorly understood [9]. Smith et al. [11] concluded

that posttraumatic spatial learning and memory dys-

functions primarily result from the selective vulnera-

bility of the hippocampus. However, it is becoming

evident that hippocampal neuronal death may not ac-

count for the entire spectrum of cognitive deficiency [4,

10]. Evidence has shown that white matter injury may

also be a major determinant of clinical outcome. The

studies of TBI in both human and in a non-human pri-

mate model of experimental injury suggest a direct link

between the extent of di¤use axonal injury and the en-

suing patient morbidity [1, 2].

Lateral fluid percussion injury (LFPI) replicates

several clinically relevant features of human TBI and

has been widely used in investigations of the biome-

chanical responses, neurological syndromes, and pa-

thology observed in human closed-head injury [7].

In the present study, we induced LFPI in Mongolian

gerbils, an excellent animal model for assessing behav-

ior after experimental cerebral ischemia. During 7 days

post-trauma, cognitive/working memory deficit was

evaluated by T-maze test (TMT). Immunohistochem-

istry of b-amyloid precursor protein (APP) was per-

formed to detect axonal injury, and the correlation

between behavioral dysfunction and the abnormal ac-

cumulation of APP was examined.

Materials and methods

The animal experiments were approved by the Animal Care and

Use Committee of Tokyo Medical and Dental University. Thirty

male Mongolian gerbils ranging in age from 6 to 8 months and in

weight from 65 to 80 g were used for this experiment. The animals

were housed in groups of 3 and maintained on a 12-hour light/dark

cycle with unlimited access to food and water.



Surgery and fluid percussion injury

Thirty animals were randomly divided into 2 groups of 15: a sham-

operated group (SHAM) and an LFPI group (LFPI). LFPI was in-

duced as previously described [8]. Briefly, each animal was anesthe-

tized with ketamine hydrochloride (50 mg/kg, i.m.), supplemented

as necessary. All wounds were infiltrated with 2.0% lidocaine hydro-

chloride during surgical preparation and throughout the experiment.

The animals were allowed to breathe spontaneously throughout all

surgical procedures. Each animal was placed in a stereotaxic frame

and a round craniotomy (3.5 mm in diameter) was made on the right

parietal cortex with center coordinates midway between the bregma

and lambda and 2.5 mm lateral to the midline. LFPI of moderate se-

verity (1.3–1.6 atm) was induced. SHAM animals received anesthe-

sia and underwent all of the surgical procedures except delivery of

the LFPI.

T-maze test

Animals performed the TMT at pre-injury, 6 hours, 24 hours, and

3, 5, and 7 days post-injury, respectively. Each animal was allowed

to alternate between the left and right goal arms of a T-shaped maze

(60 (stem)� 25 (arm)� 10 (width) cm) throughout a 15-trial contin-

uous alternation session. The animal’s behavior was traced with a

video-tracking system (Bio Research Center, Nagoya, Japan). The

spontaneous alternation rate (SAR) was calculated as the ratio of al-

ternating choices to total number of choices (50%, random choice;

100%, alternation at every trial; 0%, no alternation). We also calcu-

lated the percentage of choices of the goal arm ipsilateral to the in-

jured hemisphere (right-biased rate).

Histology and APP immunohistochemistry

Animals were anesthetized and perfused with 4% paraformalde-

hyde at 6 hours (LFPI-6 h, n ¼ 3; SHAM-6 h, n ¼ 3), 24 hours

(LFPI-24 h, n ¼ 3; SHAM-24 h, n ¼ 3), and 7 days (LFPI-7 days,

n ¼ 9; SHAM-7 days, n ¼ 9). The brain was cut into 6 serial coronal

sections every 2.0 mm from the level of the anterior pole of the cau-

date nucleus to the posterior pole. The sections were embedded

in para‰n. Each coronal section was sliced to a thickness of 4 mm.

Kluver-Barrera staining and immunostaining of APP were per-

formed. For APP immunostaining, primary antibody (clone 22C11;

dilution 1 :500; Boehringer Mannheim, Mannheim, Germany) was

applied and slides were placed in the refrigerator overnight. Further

rinsing was done with phosphate-bu¤ered saline and secondary

antibody applied. Avidin-Biotin (Vector Laboratories, Burlingame,

CA) complex was used for antibody detection along with 3,3 0-
diaminobenzidine tetrahydrochloride to increase staining intensity.

Counterstaining was done with hematoxylin and tissue was then de-

hydrated and cover-slipped.

Results

The animals tended to choose the left and right arms

with equal frequency in the TMT before LFPI. In the

LFPI group, the SAR remained below the random

alternation rate (<50%) on all post-injury test days

(Fig. 1B).

Fig. 1. TMT was employed to detect spatial cognitive dysfunction (arrows) and memory deficit after LFPI (A). In the LFPI group, the SAR

remained below the random alternation rate (<50%) on all post-injury test days (B). A transient tendency to choose only the right arm (ipsi-

lateral to the injury) was also found in TMT at 6 hours and 24 hours after the injury (C). Data are presented as meanG SD, n ¼ 18. *p < 0.05
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The LFPI animals also showed a transient tendency

to choose only the right arm (ipsilateral to the injury)

in the TMT after the injury (Fig. 1A, C). From day 3,

no significant biased alternation was found in this

group. Animals in the SHAM group showed no biases

in the TMTs at any point during the testing period.

On day 7 after injury, Kluver-Barrera staining re-

vealed cortical necrosis at the impact site, widespread

subcortical white matter rarefaction, and neuronal

loss in the ipsilateral CA3 region and dentate gyrus.

Significant widespread accumulation of APP was

found in the ipsilateral hemisphere including the di-

rectly injured cortex, subcortical white matter, and

hippocampal formation at 6 hours and 24 hours post-

injury. On day 7, the increased immunoreactivity of

APP subsided but could still be found in these regions

(Fig. 2).

Discussion

In the present study, gerbils were used to evaluate

posttraumatic spatial cognitive and memory deficits

using a T-maze, a reliable and easily-operated tool

for cognitive evaluation after brain injury [3]. The

T-maze spontaneous alternation task has been re-

ported as being e¤ective for testing exploratory behav-

ior and working memory. In animals with disturbed

cognition/memory caused by hippocampal injury, the

SAR is known to decrease to approximately 50%,

the level of random choice [3]. In the present study,

Fig. 2. Abnormal APP accumulation (arrows) was significantly increased at 6 hours after injury in the ipsilateral subcortical white matter,

cortex, and hippocampus (A–C). At day 7, the APP accumulation in these regions subsided but could still be found (D–F) when compared

with the sham group (G–I).
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the SAR was significantly lowered at 6 hours and 24

hours in the LFPI animals (below 25% on average).

On following test days it returned to the level of ap-

proximately the random alternation rate (50%), indic-

ative of a significant and prolonged memory impair-

ment caused by LFPI. However, the very low SAR at

6 hours and 24 hours cannot be explained by posttrau-

matic memory deficit alone, but also involves unilat-

eral spatial neglect. Analysis of right-biased alterna-

tion in the TMT also indicated an acute visual neglect

of the side contralateral to the injury (Fig. 1C). Inter-

estingly, we found the temporal profile of the immu-

noreactivity of APP to be very similar to that of unilat-

eral neglect. APP has been found to be a useful marker

for axonal damage. The interruption of axonal trans-

port due to traumatic or ischemic insults has been

shown to result in the accumulation of APP, indicative

of dysfunction and perhaps eventual discontinuity of

the axon [14].

Taken together, findings from the present study

strongly suggest the involvement of white matter dam-

age in the patho-mechanisms of acute unilateral spa-

tial neglect following LFPI. In clinical cases, unilateral

spatial neglect is usually associated with lesions in the

parieto-occipital lobes of the non-dominant hemi-

sphere, and its mechanism is still unclear [5]. Vallar

[13] suggested that unilateral spatial neglect is a multi-

farious disorder, frequently associated with extensive

subcortical lesions involving the thalamus, the basal

ganglia, and the subcortical white matter. A recent

clinical study of lesion anatomy indicated that patients

with unilateral neglect and a spatial working memory

deficit were most likely to have damage to parietal

white matter [6]. Therefore, we concluded the acute

unilateral spatial neglect found at 6 hours and 24 hours

was associated with the acute axonal injury reflected in

the extensively and significantly increased APP immu-

noreactivity at the same time points.

The abnormal APP accumulation found in our pres-

ent study showed a di¤use pattern in the acute phase

after the LFPI, indicating that LFPI in gerbils is a use-

ful animal model for investigation of di¤use axonal in-

jury. Some studies have indicated that di¤use axonal

injury may mediate significant memory and learning

deficits [12]. Theoretically, the interruption of a su‰-

cient number of axons could disrupt the flow of infor-

mation in the brain and produce neurological deficits.

Further study should be performed to clarify the e¤ect

of axonal damage in di¤erent brain regions on func-

tional deficits following TBI of various severities.

A combination of TMT and immunohistochemical

markers should be useful in such a study.
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Summary

Gap junctions are intercellular channels that mediate the cytoplas-

mic exchange of small hydrophilic molecules and are formed by a

family of integral membrane proteins called connexins (Cxs). Cx43

is expressed predominantly in astrocytes, while Cx36 is expressed in

neurons. In this study, we show alteration of Cx43 and Cx36 in the

hippocampus after traumatic brain injury in rats.

Adult male Sprague-Dawley rats were subjected to lateral fluid

percussion injury of moderate severity. Brain coronal sections were

used for immunohistochemistry with Cx43 and Cx36 antibodies.

Cx43 immunoreactivity was increased in reactive astrocytes in the

damaged hippocampus 24 hours after injury, and persisted for 72

hours. On the other hand, Cx36 immunoreactivity increased in CA3

neurons 1 hour after injury, and decreased later. These results indi-

cate that gap junctions might participate in the pathophysiological

process after traumatic brain injury.

Keywords: Connexin; traumatic brain injury; gap junction.

Introduction

Gap junctions are intercellular channels that medi-

ate the direct cytoplasmic exchange of small hydro-

philic molecules and ions [1] and are considered to be

critical for tissue homeostasis [4]. Gap junction pro-

teins, connexins (Cx), are expressed by various cells in

the central nervous system [2]. Cx43 is expressed pre-

dominantly in astrocytes, while Cx36 is expressed in

neurons. Gap junctions may be neuroprotective [9] or

harmful [8] under ischemic conditions. Our study fo-

cuses on the expression and distribution of Cx after

traumatic brain injury (TBI) in vivo.

Experimental studies suggest that selective vulnera-

bility is observed in CA3 pyramidal neurons, den-

tate hilar neurons, and cortical neurons [3, 10] after

fluid percussion brain injury (FPI) in rats. In addition,

TBI causes the early loss of astrocytes [12], and induces

reactive astrocytes [5] in the hippocampus after FPI.

Reactive astrocytes are the most prominent response

forms after injury. A recent study suggested that

the existence of GFAP-positive astrocytes was more

extensive in Cx43þ=þ than in Cx43þ=� mice and

reactive astrocytes may reduce neuronal apoptosis

under ischemia by regulating extracellular conditions

through their gap junctions [9]. In the present study,

we show the alteration of Cx43 and Cx36 immunor-

eactivity in the rat brain after TBI.

Materials and methods

Animal experimental procedures

Eighty-eight adult male Sprague-Dawley rats weighing 300

to 400 g were used. The rats were anesthetized with sodium pento-

barbital (50 mg/kg i.p.) and fixed in a stereotaxic flame. A 4.8 mm

craniectomy was made over the right parietal bone (centered at

4.0 mm posterior and 3.0 mm lateral to the bregma). A plastic

Luer-loc was fixed over the craniectomy site with dental cement.

The next day the rats were anesthetized with isoflurane in a 2 :1 mix-

ture of nitrous oxide and oxygen, and intubated. The rats were then

subjected to moderate severity FPI (2.6–2.8 atm, 12 ms) using a

Dragonfly device (Dragonfly Research and Development, Inc.,

Ridgeley, WV). Rectal temperatures and blood pressures were moni-

tored continuously. Arterial blood samples were analyzed inter-

mittently. Sham control animals were subjected to the same proce-

dures except for percussion injury. The Animal Care and Use

Committee of the National Defense Medical College approved all

animal procedures.

Tissue preparation

For immunohistochemical analysis, rats were sacrificed at 5, 30,

60 minutes and 6, 24, 72 hours after FPI (n ¼ 5 per each time point).

They were perfused transcardially with 4% bu¤ered paraformalde-

hyde. The brains were removed and embedded in para‰n, and then

serial coronal sections (5 mm thick) were prepared.



Immunohistochemistry

To examine the distribution of the immunoreactive cells, we

performed immunohistochemistry using anti-Cx43 and -Cx36 anti-

bodies. Histofine MAX-PO (MULTI) (Nichirei Biosciences Inc.,

Tokyo, Japan) was used for immunostaining by monoclonal anti-

Cx43 antibody (C8093; Sigma-Aldrich Co., St. Louis, MO) and

polyclonal anti-Cx36 antibody (H-130; Santa Cruz Biotechnology,

Inc., Santa Cruz, CA). For evaluation of morphologic change, adja-

cent sections were counterstained with hematoxylin and eosin.

Results

The alterations of Cx43 immunoreactivity in the

ipsilateral CA3 subfield are shown in Fig. 1. Immu-

noreactivity for Cx43 was reduced in astrocytes up to

6 hours after injury, recovered by 24 hours, and in-

creased at 72 hours. The immunoreactivity for Cx43

in the contralateral region was similar to sham con-

trols (data not shown). Cx43 immunoreactivity in the

ipsilateral cortex was induced 72 hours after injury

compared to sham controls.

Immunoreactivity for Cx36 in the ipsilateral CA3

region was observed in pyramidal neuronal layers

(Fig. 2). Cx36 immunoreactivity was induced in neu-

rons 1 hour after injury, then gradually decreased to

control levels. Immunoreactivity for Cx36 in the CA1

subfield was not detected after injury.

Fig. 1. Time course of Cx43 immunoreactivity in the ipsilateral hippocampal CA3 subfield (A, B, C) and cortex (D, E, F) (A and D, sham; B

and E, 24 hours after injury; C and F, 72 hours after injury). The immunoreactivity for Cx43 was enhanced in astrocytes 72 hours after injury.

In cortex, Cx43 immunoreactivity was also induced 72 hours after injury. SO, stratum oriens; SR, stratum radiatum. Scale bars, 100 mm

Fig. 2. Time course of immunoreactivity for Cx36 in the ipsilateral CA3 region (A, sham; B, 1 hour after injury; C, 72 hours after injury). Cx36

immunoreactivity increased in pyramidal neurons at 1 hour after injury (B), then gradually decreased to control levels (C). Scale bars, 50 mm
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Discussion

Selective vulnerability of neurons was recognized af-

ter TBI in the hippocampal CA3 subfield and dentate

hilus [9]. The mechanisms of posttraumatic selective

vulnerability are not fully understood. On the other

hand, astrocytes have a particularly important role in

the uptake of glutamate by the injured brain demon-

strated by large influxes of extracellular glutamate [7].

In addition, reactive astrocytes induce the expression

of neurotrophins and nerve growth factors. We specu-

late that the reactive astrocytes play an important role

in the development of astrogliosis after injury.

Astrocytic gap junctions propagate intercellular sig-

nal transduction, which exacerbates cell injury induced

by calcium overload, oxidative stress, metabolic inhi-

bition [8]. In contrast, gap junctions could also be rea-

soned to be neuroprotective because astroglial cells

remove potassium or glutamate e‰ciently. As a result,

neurons are not subjected to large depolarizations with

the consequent excitotoxicity [6]. Conversely, global

ischemia induces selective up-regulation of Cx32 and

Cx36 in the vulnerable CA1 before the onset of neuro-

nal death [11].

The mechanisms of posttraumatic selective vulner-

ability are also not fully understood. The role of gap

junction communication after injury in vivo has not

been investigated. The present study shows that immu-

noreactivity for Cx43 was reduced up to 6 hours after

injury; however, immunoreactivity for Cx43 was in-

duced in astrocytes 72 hours after injury. The induc-

tion of Cx36 immunoreactivity was also observed in

CA3 pyramidal neurons early after injury, whereas

the alteration of Cx36 immunoreactivity was not rec-

ognized in the hippocampal CA1 subfield. These find-

ings suggest that astrocytic injury occurred early after

TBI, then reactive astrocytes appeared later. The neu-

ronal gap junctions were activated before neuronal

damage developed.

In conclusion, Cx43 might contribute to neuronal

regeneration at a late stage after TBI, and Cx36 might

play a role in the pathophysiological process early

after injury. Therefore, gap junction communication

may be important molecular targets for clarifying the

mechanisms of cell injury in the central nervous system

after TBI.
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Summary

The role of heme oxygenase (HO) in closed head injury (CHI) was

examined using a potent HO and guanylyl cyclase inhibitor, zinc

protoporphyrin (Zn-PP) in the rat. Blood-brain barrier (BBB) per-

meability to Evans blue and radioiodine, edema formation, and

plasma and brain levels of serotonin were measured in control,

CHI, and Zn-PP-treated CHI rats. CHI was produced by an impact

of 0.224 N on the right parietal bone by dropping 114.6 g weight

from a height of 20 cm in anesthetized rats. This concussive injury

resulted in edema formation and brain swelling 5 hours after insult

that was most pronounced in the contralateral hemisphere. The

whole brain was edematous and remained in a semi-fluid state. Mi-

crovascular permeability disturbances to protein tracers were prom-

inent in both cerebral hemispheres and the underlying cerebral struc-

tures. Plasma and brain serotonin showed pronounced increases and

correlated with edema formation. Pretreatment with Zn-PP (10 mg/

kg, i.p) 30 minutes before or after CHI attenuated edema formation,

brain swelling, plasma and brain serotonin levels, and microvascular

permeability at 5 hours. Brain edema, BBB permeability, and seroto-

nin levels were not attenuated when the compound was administered

60 minutes post-CHI suggesting that HO is involved in cellular and

molecular mechanisms of edema formation and BBB breakdown

early after CHI.

Keywords: Closed head injury; edema; heme oxygenase; zinc pro-

toporphyrin; blood-brain barrier; serotonin.

Introduction

Closed head injury (CHI) results in instant death in

many victims [6, 15, 16, 19]. In the United States, CHI

accounts for at least 2000 admissions to hospital per

million population [2, 15, 16]. About 400,000 new

cases are added each year, and many patients have

long-term disabilities [6, 15]. Swelling of the brain in a

closed cranial compartment is largely responsible for

instant deaths [10]. Clinical cases may show di¤use in-

jury with brain shift, mass lesions, or brain stem injury

that are responsible for high mortality rates [18, 19].

Di¤use injuries with brain swelling may leave patients

in a persistent vegetative state [2, 7, 9]. Unfortunately,

there are few proven therapies available now. E¤orts

are needed to understand the molecular mechanisms

of early pathophysiological events and to explore the

therapeutic potentials of neuroprotective agents in

order to minimize edema formation and cell death.

It is likely that CHI-induced micro-hemorrhage,

oxidative stress, and generation of free radicals con-

tribute to blood-brain barrier (BBB) breakdown and

vasogenic brain edema formation [4, 5, 40]. Extravasa-

tion of blood and blood degradation products in the

brain parenchyma are potential sources of free radical

generation and may have key roles in the induction of

brain swelling [36]. Hemoglobin is metabolized by the

enzyme heme oxygenase (HO) after lysis of red blood

cells, releasing iron, carbon monoxide (CO), and bili-

verdin [14]. CO is a free radical gas, similar to nitric

oxide (NO), which can induce profound cell and tissue

injury [37]. Since CO, like NO, is a molecule with very

short half-life (<5 seconds) [12, 37, 38], its involvement

in cell and tissue injury is largely based on studies using

its synthesizing enzyme, HO.

The role of HO in CHI is not well understood. We

examined HO using zinc protoporphyrin IX (Zn-PP),

a potent HO and guanylyl cyclase inhibitor compound

[3, 17, 20, 39] in a rat model [5]. Since blockade of se-

rotonin synthesis appears to be neuroprotective in this

CHI model [5], plasma and brain levels of the amine

were also measured in animals treated with Zn-PP.



Materials and methods

Animals

Experiments were carried out on 48 young male rats (250–300 g)

housed at 21G 1 �C room temperature, on a 12-hour light, 12-hour

dark schedule. Food and tap water were supplied ad libitum before

the experiments.

Anesthesia

All experiments were carried out under urethane anesthesia (1.5 g/

kg, i.p.). This dose was su‰cient to induce a grade IV anesthesia for

more than 12 hours [5]. Urethane is a long-lasting irreversible anes-

thetic that acts mainly at the cerebral cortical level [24]. Thus, arte-

rial blood pressure, heart rate, and respiration were stable through-

out the experimental period [22].

A new model of CHI

We developed a new animal model of CHI that is easily repro-

duced and induces severe brain edema in the rat [5]. The model in-

volves an impact of 0.224 N on the right parietal skull bone during

anesthesia (Fig. 1), achieved by dropping a 114.6 g weight from a

height of 20 cm through a guide-tube [5]. The animals were allowed

to survive 1 hour, 2 hours, and 5 hours after injury. The biomechan-

ical forces generated by this impact di¤usely penetrate to the under-

lying brain tissues to induce a powerful concussive brain injury. A

few animals (<5%) had minor skull fracture and were not included

in this study. Untraumatized urethane-anesthetized rats were used

as controls. These experiments were approved by the Ethics Com-

mittee of Uppsala University, and Banaras Hindu University.

Treatment with HO inhibitor, Zn-PP

Zn-PP (Tocris Bioscience, Avonmouth, UK) was administered

(10 mg/kg, i.p) in a group of rats 30 minutes before CHI [11, 17, 21,

26, 28, 39]. In other groups of animals, Zn-PP was given either 30 or

60 min after brain trauma. The animals were allowed to survive 5

hours after CHI [5].

BBB permeability

BBB permeability in the cerebral cortex of both hemispheres

was measured using Evans blue albumin (2%, 3 mL/kg, i.v.) and
½131�Iodine [1, 25, 33, 34]. These tracers were allowed to circulate for

5 minutes, and the intravascular tracer was washed out by transcar-

diac perfusion with 0.9% saline [22]. About 1 mL of arterial blood

was withdrawn via heart puncture for whole blood radioactivity be-

fore perfusion [26, 35]. BBB permeability was expressed by percent-

age increase in the radioactivity in brain over the whole blood con-

centration [29, 31].

Brain water content

Brain water content in the right and left cerebral cortices was de-

termined using the di¤erence in sample wet and dry weights [30, 32].

The right cerebral cortex and the left cerebral cortex were dissected

out, weighed immediately, and placed in an oven maintained at

90 �C for 72 hours or until the dry weight of the samples became con-

stant [33]. The percentage of volume swelling was calculated from

changes in the brain water content [24, 33].

Measurement of serotonin in plasma and brain

Plasma and brain serotonin were measured using a fluorometric

assay [5, 22, 25]. About 1 mL of whole blood was collected after

cardiac puncture. Plasma was obtained by centrifugation. Plasma

(0.5 mL) and brain samples were diluted to 4 mL in 0.4 N ice-cooled

perchloric acid and were centrifuged at 4 �C to separate out proteins

[22]. The extraction of serotonin from 1 mL of aliquots from plasma

or brain was performed using butanol in a salt-saturated and alkaline

medium (pH 10) and purified using n-heptane (Extra Pure, Merck).

The fluoropores were developed by incubating the samples with nin-

hydrin at 75 �C for 30 minutes and measured in duplicate samples

at room temperature using a spectrophotofluorometer at excita-

tion 385 nm and emission 490 nm wave lengths (Aminco-Bowman,

USA) [5, 28].

Statistical analysis

ANOVA following Dunnet’s test for multiple group comparisons

with one control group was applied to evaluate the statistical signifi-

cance of the data obtained. A p-value less than 0.05 was considered

significant.

Results

E¤ect of Zn-PP on brain edema in CHI

Five hours after CHI, the whole brain was consider-

ably edematous, softened, and remained in a semi-fluid

state. A marked increase in brain water content and

brain swelling was observed that was more pro-

nounced in the contralateral than the ipsilateral cere-

bral hemisphere (Table 1). Pretreatment with Zn-PP

markedly attenuated brain swelling 5 hours after CHI

compared to the untreated traumatized group (Table

Fig. 1. Closed head injury model in rat. Under anesthesia, a 114.6 g

weight (non-piercing) was dropped from a height of 20 cm through a

guide-tube on a predetermined location on the right parietal bone.

The skull was firmly held to avoid displacement during impact. This

procedure generated an impact of 0.224 N on the surface of skull. A

few animals (<5%) showed minor skull fracture and were not in-

cluded in this study [5]
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1). This e¤ect on edema was also evident when the HO

inhibitorwas administered 30minutes afterCHI (Table

1). However, no significant reduction in brain water

content or volume swelling was noted when Zn-PP

was given 1 hour after trauma (results not shown).

E¤ect of Zn-PP on BBB permeability in CHI

Microvascular permeability disturbances to Evans

blue and radioiodine tracers were prominent at 5 hours

in both cerebral hemispheres as well as in underlying

cerebral structures (Table 1). However, the extravasa-

tion of protein tracers was higher in the contralateral

hemisphere compared to the side ipsilateral to injury.

Pretreatment with Zn-PP (10 mg/kg, i.p) 30 minutes

before or 30 minutes after CHI significantly attenuated

the enhanced BBB permeability to protein tracers seen

at 5 hours (Table 1). However, Zn-PP was ine¤ective

when administered 60 minutes after CHI (results not

shown).

E¤ect of Zn-PP on plasma and brain serotonin levels

in CHI

There were pronounced increases in serotonin in

both traumatized and contralateral hemispheres 5

hours after CHI. This increase in the contralateral

hemisphere was higher than the injured cortex (Table

1). The plasma serotonin also increased significantly

from the control group.

Pretreatment with Zn-PP markedly attenuated in-

creased plasma and brain serotonin levels 5 hours after

CHI. The increase in serotonin levels was diminished

by the HO-inhibitor when given 30 minutes after CHI

(Table 1). No changes in plasma or brain serotonin

were seen when Zn-PP was administered 60 minutes

after CHI (results not shown).

Discussion

Treatment with an HO and guanylyl cyclase in-

hibitor compound, Zn-PP, within 30 minutes of CHI

markedly attenuates BBB disruption and brain edema

formation. This new observation suggests that CO par-

ticipates in the early phase of the pathophysiology

after CHI, a concept consistent with the fact that ad-

ministration of Zn-PP 1 hour after CHI did not reduce

brain edema formation and/or BBB breakdown.

The increase in brain edema in the contralateral

hemisphere suggests that the model can be used to

study contre coup mechanisms in the brain. Physical

forces following impact on the intact skull will be

transmitted to the opposite hemisphere causing mas-

sive damage compared to the injured side [5]. Our ob-

servations further show a close parallelism between

serotonin levels, BBB dysfunction, and brain edema

formation in CHI.

Increased levels of serotonin in plasma and brain

closely correspond to BBB breakdown. Furthermore,

Zn-PP administered either 30 minutes before or after

CHI was able to reduce plasma and brain serotonin

levels e¤ectively, together with brain edema formation

and BBB breakdown. On the other hand, serotonin

levels, BBB disruption, and brain edema formation

did not fall when Zn-PP was administered 1 hour after

CHI, indicating an interaction between HO and sero-

tonin in CHI.

Up-regulation of HO-1 and HO-2 occurs following

various types of centra nervous system insult [1, 8, 22,

23, 25–27, 30–34]. Previous reports from our labora-

tory showed up-regulation of HO-2 5 hours after focal

spinal cord injury (SCI) in the rat, which closely corre-

sponds to cell and tissue injury [25, 26, 30–32]. Inhibi-

tion of HO-2 expression in the cord caused by either

topical application of neurotrophins [31, 32] or by pre-

treatment with the serotonin synthesis inhibitor, p-

Table 1. E¤ects of HO inhibitor Zn-PP on BBB permeability, brain edema formation, and plasma and brain serotonin levels following CHI in

rats.

Groups n Brain water content % BBB permeability ½131�Iodine % Brain serotonin (mg/g) Plasma serotonin

(mg/mL)

Right injured Left intact Right injured Left intact Right injured Left intact

Control 6 78.34G 0.23 78.03G 0.27 0.38G 0.06 0.40G 0.08 0.68G 0.24 0.70G 0.32 0.34G 0.08

5 h after CHI 8 81.34G 0.89** 82.47G 0.67**a 1.78G 0.56** 2.14G 0.32**a 1.89G 0.45** 2.23G 0.18**a 0.68G 0.11**

Zn-PP#þ CHI 6 79.32G 0.22*b 80.16G 0.21*b 0.67G 0.23*b 0.76G 0.44*b 0.93G 0.28*b 1.16G 0.21*b 0.48G 0.11*b

BBB Blood-brain barrier; CHI closed head injury; HO heme oxygenase; Zn-PP zinc protoporphyrin.

# ¼ 10 mg/kg, i.p. 30 min after CHI; a ¼ p < 0.05 from injured half; b ¼ p < 0.05 from CHI; ** ¼ p < 0.01 from control.
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chlorophenylalanine [25], markedly attenuated edema

formation, microvascular permeability disturbances,

and cell injury [26]. Up-regulation of HO is associated

with increased production of CO that may contribute

to cell and tissue injury similar to NO [24, 26, 28,

29, 33, 38]. These observations suggest that an up-

regulation of HO and subsequent generation of CO

appears to be an instrumental factor causing cell and

tissue injury in CHI. To confirm this hypothesis fur-

ther, studies on HO expression in CHI are needed,

and are currently being investigated in our laboratory.

Brain injury is a complex event that includes physi-

cal destruction of microvessels, alterations in local

and global microcirculation, as well as permeability

changes in vessel walls leading to leakage of plasma

constituents into the brain microenvironment [19, 24].

Early events following focal brain trauma are influ-

enced by a number of compounds which are released

or become activated in and around the primary lesion

[24, 26]. These chemical mediators of the inflamma-

tory response include biogenic amines, arachidonic

acid derivatives, free radicals, histamine, and bradyki-

nin [21–24, 26, 28, 35].

Various neurochemicals interact in vivo influencing

cell and molecular functions in synergy, and play im-

portant roles in BBB disturbances, edema formation,

and cell injury [1, 22, 26, 28]. And, inhibitors of se-

rotonin, prostaglandin, histamine, and NO synthesis

before injury attenuate microvascular permeability

disturbances and edema formation [24, 28]. Further-

more, blockade of serotonin synthesis prior to SCI

attenuates trauma-induced HO-2 up-regulation in the

spinal cord [33], indicating an interaction between se-

rotonin and HO in SCI, and suggesting that serotonin

somehow influences trauma-induced HO expression.

In the present study, HO inhibition attenuated CHI-

induced increases in brain and plasma serotonin

levels, supporting the concept that there are interac-

tions among various endogenous substances that are

released or a¤ected during secondary injury cascades.

Serotonin is a powerful neurochemical involved in

BBB disruption and edema formation [22, 25]. A focal

incision into the brain or spinal cord induces profound

increases in plasma and tissue serotonin levels [5]. Ele-

vated levels of tissue and blood serotonin therefore in-

fluence microvascular permeability disturbances and

edema formation following CHI. However, the proba-

ble mechanism(s) by which serotonin influences HO

production or vice versa is still unclear from this study.

Micro-hemorrhages are a known inducer of HO-1 ex-

pression [13, 14]. Since platelets are also very rich in

serotonin content, the possibility exists that extravasa-

tion of blood components into the cerebral compart-

ment somehow contributes to HO expression and vice

versa [38]. An increased level of brain serotonin fol-

lowing CHI may also result from breakdown of the

BBB and from direct release of amines from central

monoaminergic neurons following trauma [22, 24].

That Zn-PP attenuates edema formation and BBB

breakdown supports the involvement of HO in CHI

pathophysiology. Other studies on the e¤ects of HO

inhibitors on cell injury and edema formation follow-

ing injury in vivo and in vitro are in line with this hy-

pothesis [3, 11–14, 17, 20, 39]. The mechanisms by

which HO inhibitors confer neuroprotection are not

yet clear. It appears that HO inhibitors exert anti-

inflammatory e¤ects, since Zn-PP reduces infarct size

and edema following cerebral ischemia [11, 13]. The

use of Zn-PP in the present study does not indicate

that HO-1 or HO-2 expression is related to cell injury

in CHI. Previous reports from our laboratory and

others suggest that HO-2 expression is injurious to the

cell and that HO-1 up-regulation has some beneficial

e¤ects [26]. It would be important to examine HO-1

and HO-2 expression in CHI in Zn-PP treated rats to

clarify this point.

Conclusion

Our observations indicate that CHI induces pro-

found brain swelling within a short period (5 hours).

This swelling appears to be caused by leakage of

plasma proteins through a disrupted BBB. Early in-

tervention with HO-inhibitor Zn-PP significantly

attenuated brain edema formation, BBB leakage, and

elevated circulation and brain serotonin levels, sug-

gesting that HO and serotonin are working in synergy

during the early phase of CHI pathophysiology.
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Summary

Brain ischemia leads to severe damage in the form of delayed neu-

ronal cell death. In our study, we show that the marked neuroprotec-

tion of the new immunosuppressant FR901495 in forebrain ischemia

is due not only to inhibition of calcineurin, but also to protection

against mitochondrial damage caused by mitochondrial permeabil-

ity transition pore formation through cyclophilin D, one of the prolyl

cis/trans isomerase family members. These findings shed light on the

clinical application and development of new drugs for the treatment

of ischemic damage in the brain as well as in the heart and liver.

Keywords: Ischemic brain damage; calcineurin; cyclophilin D;

FR901495; mitochondrial permeability transition.

Introduction

Brain stroke caused by global or focal ischemia

presents major medical, social, and economic prob-

lems in every country. Transient ischemia, which oc-

curs in patients su¤ering from transient cardiac arrest,

leads to severe brain damage selectively a¤ecting

vulnerable regions such as the CA1 sector of the hip-

pocampus, medium-sized neurons in the caudate-

putamen, and neocortical neurons in layers 3–5 [15].

A neuroprotective e¤ect of immunosuppressants on is-

chemic brain damage was first reported for tacrolimus

(FK506) in rats with focal ischemia [20]. Pretreatment

with cyclosporin A (CsA) in rats was also found to re-

duce forebrain ischemic damage, provided that mea-

sures were taken to allow penetration of the drug

through the blood-brain barrier [23, 24]. Although no

direct comparison has been made, the e¤ect of FK506

in this model of ischemia seems less pronounced [8].

Brain ischemia is one of the principal causes of acute

organ failure that may involve regulatory events acting

at the level of mitochondrial permeability transition

(MPT) [3]. The MPT pore has been reported to be

formed from a complex of the voltage-dependent an-

ion channel (VDAC), adenine nucleotide translocase

(ANT), and cyclophilin D (CyPD), a prolyl cis/trans

isomerase, at contact sites between the mitochondrial

outer and inner membranes [6]. In vitro, under pseudo-

pathological conditions of oxidative stress, relatively

high Ca2þ, and low ATP, the VDAC-ANT-CyPD

complex can recruit a number of other proteins, in-

cluding Bax and Bad, and the complex is involved in

cell death [7, 9, 12]. The apoptotic pathway is ampli-

fied by the release of apoptogenic proteins from the

mitochondrial inner membrane space, including cyto-

chrome c, apoptosis-inducing factor, and some pro-

teases [12]. The release of these proteins, particularly

cytochrome c, triggers the assembly of a complex acti-

vating caspase 9 and caspase 3 [4, 29]. Studies of cul-

tured cells have shown that transient deprivation of ox-

ygen and/or nutrients can lead to delayed assembly of

MPT and cell death [14].

CsA and FK506 are specific inhibitors of immuno-

philines, i.e., prolyl cis/trans isomerases, and of calci-

neurin, a serine/threonine phosphatase 2B that is

abundant in the central nervous system [16]. Recently,

calcineurin was reported to induce cell death in an

activity-dependent manner [21] partly through dephos-

phorylation of a proapoptotic protein, Bad, one of the

Bcl-2 family members [26]. Bad can be phosphorylated



on serine 136 by AKT/PKB/RAC or on serine 112

by a mitochondria-anchored cAMP-dependent pro-

tein kinase A [5]. The sub-cellular localization of the

apoptosis-inducing protein Bad is regulated by these

kinases and phosphatases. Only non-phosphorylated

Bad is capable of interacting with and antagonizing

anti-apoptotic Bcl-2 or Bcl-XL on the outer membrane

of mitochondria [27]. Bad phosphorylation results in

the redistribution of this protein to the cytosol, where

it may interact with 14-3-3 protein [28]. In contrast,

the calcium/calmodulin-dependent phosphatase, calci-

neurin, dephosphorylates Bad, restoring its ability to

bind antiapoptotic Bcl-2 family members and trigger

a mitochondrial permeability transition. On the basis

of the neuroprotective mechanism of this drug, we

found a novel natural compound, FR901459, with 4

substitutions of amino acids in comparison with CsA.

FR901459, a novel immunosuppressant, has been iso-

lated from the fermentation broth of Stachybotrys

chartarum No. 19392.

Given this background, we suspected that FR901459

acts as a neuroprotectant by inhibiting calcineurin

and/or cyclophilins such as CypD, which in turn regu-

late MPT pore formation.

Materials and methods

Rat model of transient forebrain ischemia

Animal experiments were performed in accordance with our insti-

tutional guidelines for animal research. Briefly, prior to ischemia,

Wistar rats (aged 8 to 10 weeks) with a body weight of 300 to 350 g

were fasted overnight but allowed water ad libitum. Under anesthe-

sia with 3.5% isoflurane in 70%N2O and 30% O2 through an intuba-

tion tube and respirator, venous and arterial catheters were inserted,

and ligatures were loosely placed around each common carotid ar-

tery. After the surgical procedures had been completed, 50 IU hepa-

rin was given intravenously and ischemia was induced by bilateral

common carotid artery occlusion and exsanguination to a blood

pressure of 50 mmHg. After 10 minutes of ischemia, cerebral circu-

lation was restored by removal of the carotid ligatures and reinfusion

of the shed blood. Blood pressure and temperature were continu-

ously recorded, and arterial PO2, PCO2, and pH were controlled be-

fore and after ischemia. Stereotactic insertion of a needle (Hamilton

syringe, outer diameter 450 mm) into the hippocampus on one side

was performed under anesthesia 1 week before ischemia in animals

designed for CsA and FR901459 treatment, but not FK506 treat-

ment. CsA, FR901459, and FK506 were administrated intrave-

nously at doses of 5, 10 mg/mL or 10, 20, 30 mg/kg or 0.5, 1, 2 mg/

mL respectively, 3 days before ischemia, followed by intraperitoneal

administration of the same dose once a day.

Assay of swelling of isolated mitochondria

We isolated non-synaptic brain mitochondria from 300 g male

Wistar rats (Kyudo Laboratories Inc., Japan) as described previ-

ously [19]. Mitochondrial swelling was estimated from changes of

light scattering (at 90� to the incident light beam) at 540 nm (for

both excitation and emission wavelengths) measured in mitochon-

drial suspensions (0.5 mg protein in 2 mL). Di¤erent concentrations

of each drug (CsA 50 to 1000 nmol, FK506 1000 nmol, FR901495

10 to 500 nmol) were added before CaCl2 administration. Experi-

ments were performed in a water-jacketed cuvette holder at 37 �C us-

ing a PerkinElmer LS-50B fluorescence spectrometer (Wellesley,

MA). Each experiment was terminated by the addition of alamethi-

cin (40 mg/mg protein) to induce maximal swelling of the whole mi-

tochondrial population.

Histological analysis

For hematoxylin and eosin staining, the brains were perfused with

cold 0.1 mol phosphate bu¤er (pH 7.4) and fixed with 4% parafor-

maldehyde in 0.1 mol phosphate bu¤er. The brains were removed,

post-fixed overnight in the same fixative solution, and embedded in

para‰n. Sections (8 mm thick) of the brain were prepared and

stained with hematoxylin and eosin. Histopathological outcome in

the CA1 sector of the hippocampus was examined after 7 days of re-

covery following 10 minutes of ischemia in vehicle-injected animals

and those post-treated with CsA or FR901459 or FK506. Quantifi-

cation of brain damage after 1 week of recovery was performed using

light microscopy at a magnification of �400 by direct visual count-

ing of acidophilic (necrotic) neurons. All necrotic and surviving

hippocampal CA1 neurons were counted in 1 coronal section at the

level of bregma �3.8 mm, and the percentage of necrotic neurons

was calculated. All sections were evaluated in a blinded manner.

Results

Comparison of neuroprotective e¤ects of FR901459,

CsA, and FK506 in rat forebrain ischemia

The structure of FR901459 is almost the same as

that of CsA, with only a di¤erence in 4 amino acid res-

idues (Fig. 1a). Previous reports have shown potent

neuroprotection of CsA and FK506 with or without

needle penetration (NP). We have already confirmed

no e¤ect of NP, and examined the brain damage 7

days after initiation of reperfusion in animals treated

with FR901459, CsA, and FK506. In vehicle-treated

animals with NP, mean damage to the CA1 sector was

93.7G 4.8% (Fig. 1b, column 1). Pretreatment with

5 mg/kg CsA with NP showed weak suppression of

CA1 neuronal damage (58.5G 7.5%, p < 0.01 vs. ve-

hicle, Fig. 1b, column 2). Nearly total suppression of

cell damage (3.7G 3.8%, p < 0.001 vs. vehicle, Fig.

1b, column 3) was observed in animals pretreated

with NPþ 10 mg/kg CsA.

In contrast, pretreatment with 0.5 mg/kg FK506

without NP showed no protective e¤ect (Fig. 1b, col-

umn 4). Pretreatment with 1 and 2 mg/kg FK506 with-

out NP showed similar suppression of cell damage

(63.5G 5.8%, p < 0.01 vs. vehicle, Fig. 1b, column 5
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and 60.4G 9.8%, p < 0.01 vs. vehicle, Fig. 1b, column

6). Mean damage in 10 mg/kg FR901459-treated

animals with NP was 92.3G 2.5%, showing no pro-

tective e¤ect (Fig. 1b, column 7). FR901459 20 mg/

kg showed a strong protective e¤ect (29.5G 5.6%,

p < 0.01 vs. vehicle, Fig. 1b, column 8). Almost the

same e¤ect was exerted with 30 mg/kg FR901459

(4.8G 2.7%, p < 0.001 vs. vehicle, Fig. 1b, column

9). These results suggest that suppression of both calci-

neurin and CyPD is essential for an immunosuppres-

sant to have a neuroprotective e¤ect.

Comparison of stabilizing e¤ects of FR901495, CsA,

and FK506 on mitochondria

We examined the e¤ects of FR901459, CsA, and

FK506 on mitochondrial function, focusing especially

on MPT pore regulation. We analyzed the e¤ects

on Ca2þ (40 nmol/mg)-induced swelling in isolated

brain mitochondria. Figure 2a shows that CsA dose-

dependently reduced the rate of Ca2þ-induced mito-

chondrial swelling, whereas FK506 had no e¤ect

(Fig. 2b). FR901459 also showed a dose-dependent re-

duction in the rate of Ca2þ-induced mitochondrial

swelling; this inhibitory e¤ect was 10 times as strong

as that of CsA (Fig. 2c).

Discussion

The present results have an important bearing

on the molecular e¤ects of immunosuppressants CsA,

FK506, and FR901459. FR901459, a novel immuno-

suppressant, has been isolated from the fermentation

broth of Stachybotrys chartarum No. 19392 [19]. The

molecular formula of FR901459 was determined as

C62H111N11O13. FR901459 was found to be a mem-

ber of the cyclosporin family. However, it is structur-

ally distinct from any other cyclosporins discovered

thus far, in that Leu is present at position 5 instead of

Val. FR901459 was capable of prolonging the survival

time of skin allografts in rats with one-third the po-

tency of CsA.

Based on data published in the literature [1, 21, 22],

we assumed that the common e¤ects of the 3 drugs

Fig. 1. Characteristics of FR901459 and histopathological analysis of each immunosuppressant. (a) Structures of FR901459 and CsA:

FR901459 was isolated from fermentation broth of Stachybotrys chartarum No. 19392, and found to be a member of the cyclosporin family.

It is structurally distinct from any other cyclosporins discovered thus far, in that Leu is present at position 5 instead of Val. (b) Comparison of

e¤ect of FR901495 with each immunosuppressant: Histopathological outcome in CA1 region of hippocampus after 10 minutes of forebrain

ischemia followed by 7 days of recovery. Data are from vehicle-treated animals (column 1: n ¼ 8), and animals pre-treated with 5 or 10 mg/

kg CsA (columns 2, 3: n ¼ 8, respectively), 0.5, 1, or 2 mg/kg FK506 (columns 4, 5, 6: n ¼ 8, respectively), or 10, 20, or 30 mg/kg FR901495

(columns 7, 8, 9: n ¼ 8, respectively). (** p < 0.001, * p < 0.01; one way ANOVA with post-hoc Sche¤é test)
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are related to their inhibition of calcineurin, a serine/

threonine phosphatase, while the additional e¤ects of

CsA and FR901459, suggested by previous reports,

are due to blocking of the MPT pore. It has already

been suggested that the death pathway activated by

calcineurin involves dephosphorylation of Bad, a

proapoptotic member of the Bcl-2 family of proteins,

similar to the in vitro and in vivo results reported pre-

viously [26]. FK506 0.5 mg/kg and FR901459 10 mg/

kg did not show neuroprotective e¤ects. There are sev-

eral speculations about this result. One is that calci-

neurin inhibition alone is not enough to rescue neuro-

nal cells. The other is that an additional e¤ect of CsA

and FR901459 is related to other mechanisms than

activation of calcineurin. We need to investigate the

importance of the inhibition of cyclophilins, especially

CyPD that has the capacity to open the MPT pore.

Apart from preventing calcineurin activation, CsA

and FR901459 act by blocking the assembly of an

MPT pore by combining with CyPD [10]. This would

explain the additional protection o¤ered by CsA and

FR901459, and the di¤erential e¤ects of the 3 im-

munosuppressants in terms of mitochondrial swelling.

A tentative suggestion, which requires verification, is

that CsA and FR901459 must remain bound to CyPD

to prevent mitochondrial failure at a time when other

factors, such as mitochondrial calcium accumulation

[17] and down-regulation of anti-apoptotic members

or up-regulation of proapoptotic members of the

Bcl-2 family [9], tend to promote mitochondrial mem-

brane depolarization. However, a low dose of CsA and

FR901459 did not act to protect neuronal cells, even

though FR901459 inhibited CyPD 10 times as strongly

as did CsA. This means that CyPD inhibition alone is

not enough to prevent ischemic neuronal cell death.

From our results, it is suggested that both calci-

neurin and immunophilin (CyPD) inhibition are neces-

sary to induce neuroprotection.

Obviously, the clinical usefulness of CsA and

FR901459 for neuroprotection is limited by the re-

Fig. 2. Comparison of drugs to prevent mitochondrial swelling. (a) E¤ect of CsA on Ca2þ-induced swelling of isolated brain mitochondria:

Mitochondrial swelling was induced by addition of 40 nmol Ca2þ/mg protein, and estimated from the changes of light scattering (at 90� to the

incident light beam) at 540 nm (for both excitation and emission wavelengths) measured at 37 �C in mitochondrial suspensions (0.5 mg protein

in 2 mL) using the same bu¤er as for the mitochondrial Ca2þ experiments previously described [25]. The curves show Ca2þ-induced swelling

with 0 (control), 50, 100, 500, and 1000 nmol CsA. The rate of swelling represents the initial slope of the recorded curves, which is normalized to

the curve without CsA (control). (b) E¤ect of FK506 on Ca2þ-induced swelling: The inhibitory e¤ect on mitochondrial swelling was studied in

animals given 0 (control) and 1000 nmol FK506. Neither 100 nmol nor 10,000 nmol FK506 had any inhibitory e¤ect (data not shown). (c)

Ca2þ-induced swelling with 0 (control), 10, 25, 50, and 500 nmol FR901495: The rate of swelling represents the initial slope of the recorded

curves, which is normalized to the curve without FR901495 (control). Control represents 100% and the other values are expressed as percent of

the control rate

160 H. Uchino et al.



quirement to enhance blood-brain barrier penetration

by producing a brain lesion, by intracarotid adminis-

tration, by an increase in the plasma concentration to

levels that may cause toxic side e¤ects, or by some car-

rier that is able to deliver the drugs into the brain.

After ischemic reperfusion, calcineurin and CyPD

play an important role to induce cell death [2, 18]. Fur-

ther investigation is needed to analyze the relationship

between calcineurin and immunophilin, which may

regulate apoptosis and necrosis.

In summary, we postulate that the mechanisms for

the marked neuroprotective e¤ects of FR901459 are

due to the inhibition of a calcium-dependent phospha-

tase, calcineurin, as well as blockade of the MPT pore,

most likely through inhibition of CyPD. Elucidation

of these mechanisms will greatly contribute to the de-

velopment of new treatments for ischemic injury not

only in the brain, but also other organs such as the

heart [11] and liver [13].
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Summary

Neuronal and glial cell death caused by axonal injury sometimes

contributes to whole brain pathology after traumatic brain injury

(TBI). We show that neuroprotection by 2 types of immunosuppres-

sants, cyclosporin A (CsA) and tacrolimus (FK506), in a cryogenic

brain injury model results from inhibition of calcineurin and protec-

tion from mitochondrial damage caused by formation of a mito-

chondrial permeability transition pore induced by cyclophilin D

(CyPD), one of the prolyl cis/trans isomerase family members. We

evaluated why CsA is neuroprotective by microarray analysis of

gene expression in the cryogenic brain injury rat model. Analyses of

expression patterns demonstrated that expression of over 14,000

genes changed between the groups with and without CsA treatment,

and about 350 genes among them were extracted showing a signifi-

cant di¤erence. We learned that the di¤erential expression of several

gene targets showed specific patterns in a time-dependent manner.

These results may help elucidate the mechanisms of neuronal cell

death after TBI and the neuroprotective e¤ects of CsA after TBI.

Keywords: Traumatic brain injury; gene expression; cold injury;

immunosuppression.

Introduction

The characteristics of neuronal degeneration after

traumatic brain injury (TBI) are biphasic, consisting

of the primary mechanical insult and progressive sec-

ondary injury [5]. Mitochondrial dysfunction is one of

the important consequences of TBI. However, the

pathogenesis of TBI, particularly the di¤erential ex-

pression of gene targets, remains unclear.

Recent reports have shown that cyclosporin A (CsA)

protects against TBI by prevention of mitochondrial

permeability transition during exposure to high levels

of calcium or oxidative stress [6], suggesting that in

vivo pharmacological preservation of mitochondrial

function may provide an avenue for treatment of acute

injury and edema.

We previously reported that treatment of TBI

with CsA dramatically reduced forebrain ischemic

damage in rats, and suggested an inhibitory role for

both serine/threonine phosphatase 2B calcineurin and

prolyl cis/trans isomerase cyclophilin D in CsA neuro-

protection [3]. However, real targets for TBI are still

unknown.

Severe head injury is commonly encountered in Ja-

pan, and contributes to the high rate of morbidity and

mortality as well as social and economic problems.

E¤ective neuroprotective agents are needed for brain-

injured humans. CsA has shown promise as a neuro-

protectant and is now in a clinical trial for the treat-

ment of head injury in the United States.

Our study evaluates the mechanism of CsA using

microarray analysis of gene expression in a cryogenic

brain injury rat model.

Materials and methods

Surgical procedures

Fifty male Wistar rats, weighing 250 to 300 g each, were anesthe-

tized with pentobarbital (50 mg/kg i.p.). A midline scalp incision

and a craniectomy were performed in the right parietal region. A cor-

tical cryogenic injury was produced by placing a metal probe cooled

with dry ice on the intact dura of the right parietal region at the level

of bregma�3.8 mm. The skin was closed with sutures. The rats were

sacrificed at 1 hour (n ¼ 5), 6 hours (n ¼ 5), 12 hours (n ¼ 5), and 24

hours (n ¼ 5) after lesion production.



Histpathology of brain damage by cryogenic injury

The brains were perfused with cold 0.1 mol phosphate bu¤er (pH

7.4) and fixed with 4% paraformaldehyde in 0.1 mol phosphate

bu¤er. The brains were removed, post-fixed overnight in the same

fixative solution, and embedded in para‰n. Sections (8 mm thick) of

the brain were prepared and stained with hematoxylin and eosin.

Histopathological outcome in the CA1 sector of hippocampus was

assessed 7 days after recovery. Vehicle-injected animals and those

treated with CsA or FK506 following 10 minutes of ischemia were

compared. Quantification of brain damage after 1 week of recovery

was performed using light microscopy at a magnification of 40� by

direct visual assessment of the damaged area (2 mm) in the neocor-

tex and the damaged area (2 mm) at the level of bregma �3.8 mm.

All sections were evaluated in a blinded manner (Fig. 1).

Measurement of brain water content

Brain water content was determined by the wet-dry weight

method. Animals were killed by decapitation. The brain was re-

moved immediately and each hemisphere was weighed to obtain the

wet weight. The tissue was then dried in a 100 �C oven for 24 hours

and re-weighed to obtain the dry weight. Brain water content,

expressed as a percentage of the wet weight, was calculated (wet

weight� dry weight/wet weight� 100).

RNA isolation, cRNA synthesis, and labeling

At the indicated time point of recirculation, each animal was

decapitated under anesthesia. The brain was quickly removed and

kept in cold phosphate-bu¤ered saline. Using curved forceps inserted

along the hippocampal fissure, the dentate gyrus was unfolded from

the hippocampus, exposing the CA1 region. Total RNAwas isolated

and purified by RNeasyMini Kit (Qiagen Inc., Valencia, CA). Qual-

ity and quantity of the preparations were assessed by A260/280 ab-

sorbance. Purified RNA was precipitated with ethanol and stored at

�80 �C for later use.

Synthesized cRNA and cyanine-3 CTP or cyanine-5 CTP labeling

was used for amplification and labeling of total RNA using a Low

RNA Input Linear Amp Kit (Agilent Technologies, Tokyo, Japan)

according to the manufacturer’s instructions. Labeled cRNA was

purified by RNeasy Mini Kit (Qiagen), and stored at �80 �C after

ethanol was precipitated for later use.

Array hybridization, washing, and scanning

Fluorescent linear amplified cRNA was hybridized to Rat Oligo

Microarray (Agilent Technologies), according to the manufacturer’s

instructions. This microarray slide contained about 20,000 features

including controls of 60-mer oligo probes. Labeled cRNA was

blended with each appropriate TBI-treated sample or control sample

from non-TBI-treated CA1, and optimized by reduced-input label-

ing protocols. After hybridization at 60 �C for 17 to 18 hours, micro-

arrays were washed and the signals were scanned on a GenePix

4000B scanner (Amersham Biosciences, Tokyo, Japan).

Data processing and statistical analysis

Expression data were extracted from scanned microarray images

using GenePix Pro 4.0 software (Amersham Pharmacia Biotech, Pis-

cataway, NJ). Dye-normalized and background-subtracted intensity

and ratio data in Excel (Microsoft Corp., Redmond,WA) were com-

pared between control and test group to extract distinctive data, or

analyzed by Gene Spring 6.2 software (Agilent Technologies) to

make a gene tree cluster and analysis of variance (ANOVA). Princi-

pal components analysis (PCA) is a decomposition technique with

set expression patterns known as principal components. To elucidate

groups of changed genes, we employed k-means clustering. All data

were assembled in 6 clusters. We collated the expression pattern of

the selected gene and clustered patterns by the Statistical Group

Comparison algorithm (within Gene Spring) to find similarly ex-

pressed genes. ANOVA was performed to find the di¤erence in

each gene expression (as the t-test p value). We tested 1-way

ANOVA for a statistical group comparison by parametric test and

selected the gene p value as <0.05.

Results and discussion

In this study, we examined TBI in the cryogenic

brain injury rat model for protective e¤ects of CsA.

CsA is known to protect against delayed neuronal cell

death by its ability to prevent mitochondrial perme-

ability transition during exposure to high levels of cal-

cium or oxidative stress.

The results of histopathological comparisons of TBI

injured regions, with or without the immunosuppres-

sants CsA or FK506, indicate a dramatic reduction of

the TBI damaged area (Fig. 1a–d). Both immuno-

suppressants caused a significant change in wet weight

of the whole brain (Fig. 1e; p < 0.05).

The area of damaged brain after TBI was about half

that of control when CsA or FK508 was given. The

potent neuroprotective e¤ect of CsA resulted from

inhibition of serine/threonine phosphatase 2B calci-

neurin and prolyl cis/trans isomerase cyclophilin D,

which were expressed specifically in the mitochondrial

matrix and regulated the mitochondria permeability

transition (MPT) pore. The mechanism of neuronal

cell death that accompanies TBI resembles ischemic

neuronal cell death.

Analysis of the gene expressional pattern demon-

strated that over 14,000 genes changed between the

groups with or without CsA treatment (Fig. 2a). Fur-

ther analysis disclosed that the di¤erential expression

of several gene targets showed specific patterns in a

time-dependent manner. These results may help eluci-

date the mechanisms of neuronal cell death after TBI

and the CsA e¤ect on TBI.

Expressional data were extracted from scanned

microarray images. For clear visualization of up-

and down-regulated or time-dependent expression of

genes, we performed clustering analysis and classified

them by expression patterns (Fig. 2b). All genes were

analyzed by the PCA method. These linear pattern

combinations show the 8 most significant patterns

seen in all expressed genes (Fig. 2c). We used these
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Fig. 1. E¤ect of FK506 and CsA in TBI. (a–c) Histopathological comparison of TBI region with or without immunosuppressants (40�). (d)

Result of measurement of damaged area. Immunosuppressants reduce damaged area significantly. (e) Moisture weight of whole brain with TBI

and immunosuppressants. Significant di¤erences observed between were using one-way ANOVA with post hoc Sche¤e’s test (*p < 0.01;

**p < 0.001)
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Fig. 2. Results of microarray analysis. (a) mRNA ex-

pression pattern (left: CsA[þ], right: CsA[�]). X-axis

indicates time series and Y-axis is expression ratio.

(b) Cluster analysis of expression pattern of mRNA. (c)

Result of PCA analysis. These linear combinations show

the 8 most significant patterns in all expressed genes. (d)

Gene expression pattern of cluster 3 genes. This was an

isolated cluster of up-regulated genes without CsA.

Green line was a significant expressional pattern derived

from PCA analysis. (e) Significant expressional genes
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results as a reference, divided according to similarity of

the expression patterns (Fig. 2d). We listed up to

363 distinctive genes (Fig. 2e). These genes fall into

many groups; for example, receptor and some anion

homeostasis-related genes, transcriptional factors, ri-

bosomal proteins, cyclophilin D, etc. Our results are

similar to a previous study in which the listed genes

are often identified when cells are damaged by ische-

mia. The changes of expression of the listed genes with

CsA treatment suggest that the e¤ect of this drug is

anti-ischemic.

About half of the extracted genes are unknown. The

role of an individual gene is not clear yet; however, the

function of these unknown genes might be expected by

the expression pattern similar to CsA sensitivity.

Based on published data [1, 3, 4], we assumed that

the common e¤ects of the 2 drugs are related to inhi-

bition of calcineurin, a serine/threonine phosphatase,

while the additional e¤ect of CsA, as suggested by pre-

vious reports, is due to its e¤ect in blocking the MPT

pore. It has already been suggested that the death

pathway activated by calcineurin involves dephos-

phorylation of Bad, a proapoptotic member of the

Bcl-2 family of proteins, similar to in vitro and in vivo

results reported previously [7].

Conclusion

CsA is more e¤ective than FK506 in TBI according

to histopathological analysis. Inhibition of the increase

in brain water content is particularly interesting and

could contribute to a reduction in brain damage [2].

There are 2 speculations about these results. One is

that calcineurin inhibition alone is not enough to res-

cue neuronal cells. The other is that the additional ef-

fect of CsA is related to mechanisms other than activa-

tion of calcineurin. We considered the possibility that

this partly represents inhibition of cyclophilins, espe-

cially a CyPD that has the capacity to block the MPT

pore.

We plan to identify other genes to clarify our statis-

tical analysis and to find new targets that will allow us

to understand the mechanisms of ischemia and the

neuroprotective e¤ect of CsA.

Reference

1. Asai A, Qiu J, Narita Y, Chi S, Saito N, Shinoura N, Hamada H,

Kuchino Y, Kirino T (1999) High level calcineurin activity pre-

disposes neuronal cells to apoptosis. J Biol Chem 274: 34450–

34458

2. Sharkey J, Butcher SP (1994) Immunophilins mediate the neuro-

protective e¤ects of FK506 in focal cerebral ischemia. Nature

371: 336–339

3. Shibasaki F, Hallin U, Uchino H (2002) Calcineurin as a multi-

functional regulator. J Biochem (Tokyo) 131: 1–15

4. Sugano N, Ito K, Murai S (1999) Cyclosporin A inhibits H2O2-

induced apoptosis of human fibroblasts. FEBS Lett 447: 274–

276

5. Sullivan PG, Rabchevsky AG,Waldmeier PC, Springer JE (2005)

Mitochondrial permeability transition in CNS trauma: cause or

e¤ect of neuronal cell death? J Neurosci Res 79: 231–239

6. Uchino H, Ishii N, Shibasaki F (2003) Calcineurin and cyclophi-

lin D are di¤erential targets of neuroprotection by immuno-

suppressants CsA and FK506 in ischemic brain damage. Acta

Neurochir Suppl 86: 105–111

7. Wang HG, Pathan N, Ethell IM, Krajewski S, Yamaguchi Y,

Shibasaki F, McKeon F, Bobo T, Franke TF, Reed JC (1999)

Ca2þ-induced apoptosis through calcineurin dephosphorylation

of BAD. Science 284: 339–343

Correspondence: Hiroyuki Uchino, Dept of Anesthesiology, Ha-

chioji Medical Center, Tokyo Medical University, 1163 Tate-machi,

Hachioji, Tokyo 193-0998, Japan. e-mail: h-uchi@tokyo-med.ac.jp

Search for novel gene markers of traumatic brain injury by time di¤erential microarray analysis 167



Acta Neurochir (2006) [Suppl] 96: 168–170

6 Springer-Verlag 2006

Printed in Austria

Di¤usion tensor feature in vasogenic brain edema in cats

F. Y. Zhao1, T. Kuroiwa2, N. Miyasakai3, F. Tanabe3, T. Nagaoka4, H. Akimoto4, K. Ohno4, and A. Tamura5

1Bio-Organic and Natural Products Research Laboratory, McLean Hospital, Harvard Medical School, Boston, MA, USA

2Department of Neuropathology, Tokyo Medical and Dental University, Tokyo, Japan

3Department of Gynecology and Obstetrics, Tokyo Medical and Dental University, Tokyo, Japan

4Department of Neurosurgery, Tokyo Medical and Dental University, Tokyo, Japan

5Department of Neurosurgery, Teikyo University, Japan

Summary

We investigated the correlation between the changes in di¤usion

tensor magnetic resonance imaging, regional water content, and tis-

sue ultrastructure after vasogenic brain edema induced by cortical

cold lesioning. In this cat model, E3 in the white matter was domi-

nantly increased while fractional anisotropy (FA) was significantly

decreased 8 hours after cortical cold lesioning. This finding indicates

that water di¤usion in the cortical white matter mainly increased per-

pendicularly rather than parallel to the direction of the nerve fibers.

Additionally, in the area where edema is mild or moderate (tissues

with water content of 65% to 75%), FA in the chronic phase was sig-

nificantly lower than that in the acute phase. Histological examina-

tion demonstrated disordered arrangement of nerve fibers, highly

dissociated neuronal fibers due to extracellular accumulation of pro-

tein rich-fluid, and enlarged interfiber spaces in the acute phase.

Keywords: Di¤usion tensor MR imaging; vasogenic brain edema;

cortical cold lesioning; ultrastructure.

Introduction

Many disease processes in white matter show re-

gional vulnerability such as multiple sclerosis, leu-

koaraiosis, etc. Di¤usion weighted imaging possesses

unique sensitivity at the imaging voxel scale to map

microscopic tissue structure characteristics. Its clinical

use has been expanding rapidly. The di¤usion tensor

and its eigen values may be used to express the degree

of di¤usion anisotropy present in the tissue. Therefore,

it has been widely used to evaluate white matter dis-

eases such as stroke, multiple sclerosis, schizophrenia,

vascular dementia, leukoaraiosis, trauma, and hyper-

tension [1–3, 8]. However, little is known about dif-

fusion tensor changes in vasogenic brain edema. The

purpose of this study was to examine the correlation

between changes in di¤usion tensor imaging and re-

gional tissue water content and tissue ultrastructure

changes in vasogenic edema.

Materials and methods

The experiments were performed according to a protocol ap-

proved by the Committee on Animal Research of the TokyoMedical

and Dental University. Six adult cats weighing 4G 0.5 kg were used

in the experiments. Vasogenic edema was induced in the white mat-

ter of cats by cortical cold lesioning as previously described [4, 5].

Briefly, after initial anesthesia with ketamine (30 mg/kg), a 15-mm

left parietal craniotomy (12 mm anterior to the auditory meatus)

was made with a dental drill. The cortical cold lesion was made by

applying a�40 �C cooled metal plate to the dura covering the supra-

sylvian gyrus for 90 seconds. A 2% solution of Evans blue dye was

injected intravenously soon after the operation. The cat was then in-

tubated and artificially ventilated under anesthesia (1.5% isoflurane).

Catheters were placed in the right femoral artery to allowmonitoring

of blood pressure and blood gas levels and in the right femoral vein

to allow injection of drugs and contrast agent. Body temperature was

maintained at 37 �C by a feedback-controlled water jacket.

The MR images were acquired using a 4.7-T experimental system,

which has a 330-mm horizontal bore magnet and a 65 mT/m maxi-

mum gradient capability (Unity INOVA, Varian, Inc., Palo Alto,

CA). Di¤usion tensor magnetic resonance (MR) imaging was per-

formed using a multisection, spin-echo sequence, and the di¤usion

gradients were applied in turn along the 6 non-colinear directions.

All analyses were performed with the aid of a workstation-based im-

age analysis system (Sparc 10; Sun Microsystems, Mountain View,

CA). Trace (D) maps were generated as described previously [6, 7].

Voxel by voxel, fractional anisotropy (FA) were calculated by using

the following algorithms:

FA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl1 � l2Þ2 þ ðl2 � l3Þ2 þ ðl1 � l3Þ2

q
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2
1 þ l2

2 þ l2
3

q

where ln ¼ the eigen values describing a di¤usion tensor. For each

section, these values were composed into FA maps. After MR imag-

ing, the cats were sacrificed. Regions of interest (ROI) in the subcort-

ical white matter of the left suprasylvian gyrus and the deep white

matter (left semioval center under the suprasylvian gyrus) were



drawn from T2-weighted images obtained before lesioning, and

Trace (D) and FA values corresponding to each of these ROI were

determined. After the final MR image was obtained, 4 cats were sac-

rificed under pentobarbital anesthesia (50 mg/kg) and the brains

were sliced coronally corresponding to the MR imaging. For mea-

surement of water content, tissue samples were taken from the sites

corresponding to the ROI in the white matter and were determined

as previously described [6]. The mirror-image coronal block was

then immersion fixed with bu¤ered formalin and stained with hema-

toxylin and eosin, Klüver-Barrera Luxol fast blue, and Bodian silver

immunoglobulin stain for light microscopic examination. For elec-

tron microscopic examination, the remaining 2 cats were perfused

transcardially with a 3% paraformaldehyde bu¤ered solution and

1% glutaraldehyde after induction of anesthesia. Their brains were

cut into coronal sections, and a block corresponding to the ROI of

the FA map was chosen and sampled.

Results are expressed as the meanGSD. Changes in systemic pa-

rameters, ADC values, and water content were analyzed using a one-

way analysis of variance and Sche¤é F test. The relationships be-

tween the FA or Trace (D) and water content were assessed using

linear regression analysis and unpaired Student t test. Di¤erences at

probability values of less than 0.05 were considered to be statistically

significant.

Results

Eight hours after cold lesioning, Trace, E1, E2, and

E3 in the cortical white matter were increased 190%,

180%, 180%, and 280% from baseline values ( just after

the cold lesioning), respectively (Fig. 1). Correspond-

ingly, FA was significantly decreased (46%). A linear

correlation (Y ¼ 5.251e�5 �X� 0.003; R ¼ 0.82)

was observed between Trace and regional tissue water

content in both acute and chronic phases after cold le-

sioning. The relationship between FA and regional

water content during the acute phase showed an all-

or-nothing response, while that during the chronic

phase showed a linear correlation. Histological exami-

nation demonstrated microvacuolation, disordered ar-

rangement of nerve fibers, highly dissociated neuronal

fibers due to extracellular accumulation of protein-rich

fluid, and enlarged interfiber spaces (Fig. 2).

Discussion

As the di¤usion of water molecules move within

tissues, they encounter various restrictions and ob-

struction (for example, myelin in nerve fibers). There-

fore, instead of observing ‘‘free’’ di¤usion of water,

we more often observe restricted di¤usion. The motion

of free di¤usion (such as in cerebrospinal fluid,

l1Al2Al3) can be visualized as a sphere, while the

motion of restricted di¤usion (such as in white matter,

l1 > ½l2Al3�) can be visualized as an ellipsoid. In the

latter, it is defined as the l1 (E1) dominant di¤usion

direction. We originally assumed that water di¤usion

would mainly be along the direction parallel to the

nerve fiber in vasogenic brain edema. However, E3

had a greater increase (280% increase from baseline

value) than E1 (180% increase) in cortical white matter

8 hours after cold lesioning. This indicates that water

di¤usion in the cortical white matter mainly increases

perpendicularly rather than in a direction parallel to

Fig. 1. Time course of di¤usion tensor in acute phases. Trace, E1,

E2, and E3 in the cortical white matter 8 hours after cold lesioning

were increased 190%, 180%, 180%, and 280% from baseline values

( just after the cold lesioning), respectively

Fig. 2. Electron micrograph of deep white matter on the lesion side,

demonstrating highly dissociated neuronal fibers with enlarged in-

terfiber and extracellular spaces. The coronal section of dendrites

appeared pale and nonhomogeneous. Intermicrotuble and inter-

neurofilament spaces of the dendrites were enlarged compared to

contralateral side
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the nerve fibers in the acute phase of vasogenic brain

edema. In areas where edema is mild or moderate (tis-

sues with water content of 65% to 75%), FA in the

chronic phase is significantly lower than that in the

acute phase. This finding indicates that even after

the resolution of brain edema, FA still remains rela-

tively low and is probably associated with the per-

sistence of histological changes in the cortical white

matter after cold lesioning. Further investigation is re-

quired, however.
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Summary

Introduction. Previous studies have shown that edema formation

after di¤use traumatic brain injury (TBI) with secondary insult is cy-

totoxic and not vasogenic. This assumption is based on observations

of reduced apparent di¤usion coe‰cient (ADC) and lack of signifi-

cant accumulation of intravascular tracer in brain tissue. However,

ADC reduction does not exclude vasogenic edema, and intravascu-

lar tracer can only accumulate when it reaches the tissue and is not

perfusion limited. This study aims to confirm tissue delivery of intra-

vascular tracer and lack of BBB opening during a phase of rapid

brain swelling after di¤use TBI.

Methods. Rats were exposed to either TBI using the impact accel-

eration model combined with 30 minutes of hypoxia and hypoten-

sion, or sham injury. At 2 or 4 hours after injury, ADC and tissue

water content were assessed using MRI. Gd-DTPA was given fol-

lowed by a combination of rapid T2 imaging (60 seconds) and T1

imaging (30 minutes). Signal intensity changes were analyzed to de-

termine a bolus e¤ect (dynamic susceptibility contrast) and longer

term tissue accumulation of Gd-DTPA.

Results. Mean increase in cortical water content on the left was

0.8% at 2 hours, 2.1% at 4 hours; on the right it was 0.5% at 2 hours

and 1.7% at 4 hours (p < 0.05). Mean ADC reduction over 4 hours

was 0.04� 10�3 mm2/s on the left and 0.06� 10�3 mm2/s on the

right. Kinetic analysis of signal intensity changes after Gd-DTPA

showed no significant di¤erence in inward transfer coe‰cient (BBB

permeability) between sham injury and 2 or 4 hours post-injury. T2

imaging showed consistent tissue delivery of a bolus of Gd-DTPA to

the tissue at 2 and 4 hours post-injury, comparable to sham animals.

Conclusions. Progressive cerebral edema formation after di¤use

TBI occurred during ADC reduction and without continued BBB

permeability. Tissue delivery of Gd-DTPA was confirmed, verifying

that lack of tracer accumulation is due to an intact BBB and not to

limited perfusion.

Keywords: Magnetic resonance imaging; brain edema; blood-

brain barrier; traumatic brain injury.

Introduction

The role of blood-brain barrier (BBB) damage in

posttraumatic brain swelling is not well understood.

Recent studies have highlighted the importance of a

cellular swelling process in edema formation after in-

jury, as assessed by measurement of the apparent di¤u-

sion coe‰cient (ADC) of water [1, 2]. Other studies

have suggested a permissive role for BBB damage [3].

Experimental studies of di¤use traumatic brain injury

(TBI), in comparison to focal injury, have not demon-

strated more than transient opening of the BBB. There

are several methodological limitations in studies of the

BBB. Of special relevance to TBI is the problem of

flow-limited di¤usion; if intravascular tracer cannot

reach the tissue because of low blood flow, then BBB

damage may be underestimated or undetected.

Magnetic resonance imaging (MRI) techniques are

useful for assessing BBB damage after injury because

it also provides other information such as ADC and

degree of tissue water content concurrently over multi-

ple time-points. However, visual assessment of signal

intensity changes with intravascular administration

of gadolinium-diethylenetriamine pentaacetic acid

(Gd-DTPA) may underestimate tissue accumulation.

Therefore, numerical assessment of signal intensity

changes is recommended. In addition, bolus delivery

of Gd-DTPA to tissue has been shown to generate a

rapid and transient drop in signal intensity on T2-

weighted images [7], the so-called dynamic susceptibil-

ity contrast phenomenon.

The aim of this study was to evaluate BBB damage

in experimental di¤use TBI using MRI with Gd-

DTPA, and to demonstrate tracer delivery to the tissue

definitively in order to rule out underestimation of

BBB damage due to flow-limited di¤usion. A second

goal of the study was to demonstrate progressive brain



swelling in the absence of prolonged BBB opening,

thereby confirming that posttraumatic brain swelling

is cellular and not vasogenic in origin.

Materials and methods

In this study, experimental di¤use TBI was combined with a sec-

ondary insult of hypoxia and hypotension. BBB damage was as-

sessed by serial measures of tissue T1-weighted contrast change after

intravascular administration of Gd-DTPA. Tissue delivery of tracer

was demonstrated using T2 imaging immediately after bolus admin-

istration. Tissue water content was assessed from the calculation of

absolute values of T1 for the tissue. The ADC was measured at the

same time as tissue water content.

All animals received humane care in compliance with the Guide

for the Care & Use of Laboratory Animals (National Research

Council, National Academy Press, Washington D.C., 1996). Adult-

male Sprague-Dawley rats (350 to 380 g; n ¼ 16) were exposed to

the impact acceleration model of di¤use brain injury [5] using a

weight of 450 g over 2 m. Injury was combined with hypoxia and hy-

potension. Sham-injured animals (n ¼ 6) underwent all procedures

except for the impact of the weight or the imposition of secondary

insult. Secondary insults of hypoxia and hypotension were applied

by reduction of FiO2 to 12%, resulting in arterial PO2 levels of 30 to

40 mmHg, and arterial blood pressures of 30 to 40 mmHg. Second-

ary insults were initiated immediately after injury and maintained for

30 minutes.

At either 2 hours (n ¼ 9) or 4 hours (n ¼ 7) after injury, animals

were placed in a 2.35 T, 40 cm bore magnet (Biospec, Bruker Instru-

ments, Billerica, MA). Initial measures of tissue ADC and water

content were made, followed by baseline T1 and T2 images accord-

ing to methods described below. All images were obtained from a

3 mm thick slice, positioned 7.5 mm caudal to the anterior pole of

the cerebrum. Following baseline imaging, each animal was infused

with an intravenous bolus of 0.2 mmol/kg Gd-DTPA (Omniscan,

Nycomed, Wayne, PA). Sixty seconds of rapid T2 imaging were per-

formed for description of the signal intensity change due to dynamic

susceptibility, followed by 30 minutes of T1 imaging to assess longer-

term Gd-DTPA accumulation assessed by changes in T1 signal in-

tensity.

Changes in T1 or T2 signal intensity were used to calculate Gd-

DTPA concentration in the bolus and in the tissue, respectively, for

regions of interest. Conversions to concentrations were based on pre-

viously defined calibration curves derived from known standards.

The time course of Gd-DTPA accumulation acquired from the T1

images was then subjected to kinetic analysis using a previously de-

scribed kinetic model [6] in order to derive features of BBB perme-

ability. Concentration profiles were fitted to a derived equation using

a non-linear least squares algorithm (Levenberg-Marquardt).

Mean arterial blood pressure was assessed continuously from the

time of injury. BBB permeability parameters were compared with

measured changes in tissue water and ADC values. Statistical signif-

icance was assessed using ANOVA, with appropriate post hoc tests

(Fisher least significant di¤erence, Newmann-Keuls) and p-values

less than 0.05 were considered significant.

MRI measurements

At the time of assessment, animals were placed in a 2.35 T, 40 cm

bore magnet (Bruker Instruments) equipped with a 12 cm inner di-

ameter actively shielded gradient insert. RF excitation and reception

were performed using a 4.5 cm helmet coil. In order to minimize any

macroscopic motion artifacts, the rat’s head was rigidly supported

with a specially designed stereotactic device, including both ear and

mouth supports mounted inside a Plexiglas cylinder. For evaluation

of Gd-DTPA accumulation secondary to BBB damage, serial T1

images were obtained from a 3 mm thick slice, 7.5 mm caudal to

the frontal pole. Imaging parameters used were TR ¼ 700 ms,

TE ¼ 22 ms, FOV 4 cm2, with a 64� 64 matrix.

To demonstrate tissue delivery of Gd-DTPA, T2 imaging was

used as described above. An example of a T2 MRI sequence with

su‰cient TR is the gradient echo method, acquired with TR/TE

values of 27/20 ms, respectively, using a matrix size of 32� 32 pixels

and a 4 cm2 FOV. These parameters generated an image acquisition

time of 1000 msec. Images were repeated sequentially at maximum

speed in order to provide TR of 1 second.

ADC measurements were performed using a 2-dimensional spin

echo imaging technique (di¤usion weighted imaging) appropriately

modified to include di¤usion-sensitizing gradients along the readout

(horizontal) direction with a duration of 4 ms and a gradient separa-

tion of 20 ms. Each dataset consisted of a single coronal slice (3 mm

thick) positioned 7.5 mm caudal to the frontal pole imaged with a

64� 64 matrix using a TR/TE of 1500/33 ms and FOV 4 cm2. Dif-

fusion weighing factors, or b values, of 10, 340, 670, and 1000 s/mm2

were used (maximum gradient strength of 23 G/cm). Pure ADC

maps were calculated for each slice from the di¤usion-weighted im-

ages using a pixel-by-pixel 3-parameter least squares fit to the magni-

tude image data. The e¤ect of the frequency encoding gradients was

included in the ADC calculations.

The concept of utilizing MRI for measuring brain water is based

on laboratory and clinical studies directed toward noninvasive mon-

itoring of brain edema formation and resolution [4]. Briefly, pure T1

maps are generated and then converted to water maps by means of

the following equation:

1

W
¼ 0:907þ 0:407

T1

T1 is the measured T1 value of the tissue expressed in seconds andW

is the tissue water content measured in gm H2O/gm tissue.

Results

Figures 1a–c show profiles of tissue tracer concen-

tration over time for 1 minute after tracer injection in

sham animals, 2 and 4 hours after injury. There are no

appreciable di¤erences between the profiles; therefore,

comparable quantities of tracer are delivered to the

tissue in the injured animals compared with sham

animals. Figures 1d–f show the profile of tracer con-

centration change in the tissue over 30 minutes after in-

jection, based on T1W imaging. Figure 1f is taken

from muscle, and represents the accumulation of Gd-

DTPA in a tissue without a blood-brain barrier. Gd-

DTPA follows a characteristic wash-in and wash-out

profile. In contrast, there is minimal Gd-DTPA accu-

mulation over 30 minutes in either the left (Fig. 1d) or

right (Fig. 1e) cortex of 2-hour and 4-hour injured ani-

mals, consistent with either an impermeable BBB or

severe flow-limited di¤usion.

Application of the concentration-time data to a pre-
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viously published kinetic model [6] was performed.

The derived parameter D1, according to this model, is

the product of the extracellular volume (Ve), peak

plasma tracer concentration (A0), and K1, the inward

transfer coe‰cient. Because Ve and A0 are considered

to be relatively constant, changes in D1 are thought to

reflect changes in K1 closely. Table 1 shows the mean

calculated D1 values (uM/min) for each group in the

left and right cortex. They are not di¤erent and do

not appear to be influenced by trauma with secondary

insult or time after trauma. Table 1 also shows the tis-

sue water content and ADC values obtained in sham

animals and at 2 and 4 hours after injury. At 2 hours

after injury, tissue water content rose from 79.5% to

80.3% in the left hemisphere, and from 79.3% to

79.8% in the right hemisphere. Tissue water content

continued to rise by 4 hours after injury to 81.6% and

81.0% in the left and right hemispheres, respectively.

The rise in tissue water content was accompanied by a

steady decline in ADC from 0.66 (�10�3 mm2/sec) to

0.62 in the left hemisphere and from 0.70 to 0.64 in the

right hemisphere.

Fig. 1. Concentration time curves for initial bolus delivery of Gd-DTPA to the tissue (a–c) derived from signal intensity change due to dynamic

susceptibility. Concentration time curves for Gd-DTPA accumulation over 30 minutes after infusion (d–f ) showing longer term accumulation

of tracer derived from T1W signal intensity changes under sham conditions, 2 and 4 hours after injury, (d) left cortex, (e) right cortex, (f ) para-

spinal muscle
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Conclusions

The contribution of cytotoxic and vasogenic edema

to posttraumatic cerebral swelling is not entirely clear.

Recent studies have highlighted the importance of cy-

totoxic swelling [1, 2], and possibly a permissive role of

BBB damage [3]. Although BBB damage has been well

documented experimentally in models of focal contu-

sion, nothing more than a transient opening has been

demonstrated in experimental models of di¤use injury.

In order to be sure that measures of BBB damage are

not flawed, it is necessary to demonstrate delivery of

tracer to the tissue.

Using rapid T2 imaging, this study confirms that an

intravascular bolus of Gd-DTPA reaches the brain in

rodents with di¤use TBI. The study also demonstrates

that there is minimal accumulation of Gd-DTPA over

30 minutes of circulation time, consistent with an in-

tact BBB. This was confirmed by application of a ki-

netic model that demonstrated no di¤erence in BBB

permeability between sham animals and animals 2

hours and 4 hours after injury. Despite the lack of

BBB permeability, the injured brains showed progres-

sive accumulation of water associated with ADC re-

duction up to 4 hours after injury.

For the first time, this study demonstrates progres-

sive edema formation associated with ADC reduction

and without BBB permeability in the context of con-

firmed tracer delivery, with all measures obtained at

the same time in the same experimental subject. Our

data confirms the dominant role of cellular swelling

after TBI. However, further studies will be needed to

characterize better the nature of edema associated

with di¤use TBI.
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Table 1. Comparison between mean values (GSD) for D1 (uM/min), tissue water content (%) and ADC (�10�3 mm2/sec) values in each

experimental group.

Left Right

Sham 2 hours 4 hours Sham 2 hours 4 hours

D1 1.6G 1.0 2.0G 1.0 1.0G 0.2 2.0G 2.0 2.0G 2.0 1.0G 0.3

Tissue Water 79.5G 0.7 80.3G 1.4 81.6G 1.9 79.3G 0.9 79.9G 1.2 81.0G 2.5

ADC 0.66G 0.03 0.64G 0.09 0.62G 0.17 0.70G 0.06 0.65G 0.09 0.64G 0.16

D1 is the derived parameter from kinetic analysis of the gadolinium-diethylenetriamine pentaacetic acid concentration time-curves and is

closely related to the inward transfer coe‰cient; D1 represents blood-brain barrier permeability. Tissue water is derived from tissue T1 data

and is expressed as a percentage. ADC is the apparent di¤usion coe‰cient of water. Reduction of apparent di¤usion coe‰cient is associated

with intracellular water accumulation.
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Summary

White matter (lobar) intracerebral hemorrhage (ICH) can cause

edema-related deaths and life-long morbidity. In our porcine model,

ICH induces oxidative stress, acute interstitial and delayed vasogenic

edema, and up-regulates interleukin-1b (IL-1b), a proinflammatory

cytokine-linked to blood-brain barrier (BBB) opening. In brain in-

jury models, hypothermia reduces inflammatory cytokine produc-

tion and protects the BBB. Clinically, however, hypothermia for

stroke treatment using surface and systemic approaches can be chal-

lenging. We tested the hypothesis that an alternative approach, i.e.,

local brain cooling using the ChillerPad System, would reduce IL-1b

gene expression and vasogenic edema development even if initiated

several hours after ICH.

We infused autologous whole blood (3.0 mL) into the frontal

hemispheric white matter of 20 kg pentobarbital-anesthetized pigs.

At 3 hours post-ICH, we performed a craniotomy for epidural place-

ment of the ChillerPad. Chilled saline was then circulated through

the pad for 12 hours to induce profound local hypothermia (14 �C
brain surface temperature). We froze brains in situ at 16 hours after

ICH induction, sampled perihematomal white matter, extracted

RNA, and performed real-time RT-PCR.

Local brain cooling markedly reduced both IL-1bRNA levels and

vasogenic edema. These robust results support the potential for local

brain cooling to protect the BBB and reduce injury after ICH.

Keywords: Intracerebral hemorrhage; white matter; hypothermia;

cytokines.

Introduction

Intracerebral hemorrhage (ICH) is the stroke sub-

type with the highest mortality and morbidity [10, 30].

Almost half of ICH patients will die, often within the

first 48 hours, while at most 20% of ICH survivors

will return to normal lives [6, 21]. Intracerebral bleeds

not only occur spontaneously, but can also follow

thrombolytic treatment for ischemic stroke and myo-

cardial infarction [13, 29]. Lobar ICH (white matter

hemorrhage) causes edema-related deaths at twice the

rate versus other locations [23]. White matter ICH can

also damage fiber tracts resulting in permanent neuro-

logical deficits [12, 19].

We have developed a large animal (porcine) lobar

ICH model to study the pathophysiology, pathochem-

istry, and treatment of this disease, including surgical

clot removal [2, 39]. In this animal model as in human

ICH, both early perihematomal edema and delayed

vasogenic edema following blood-brain barrier (BBB)

opening are prominent [9, 39]. White matter is more

vulnerable to vasogenic edema development than is

gray [20]. Thus, our model is useful for studying

edema-induced injury following ICH. Neuropatholog-

ically, astrogliosis, demyelination, and cystic necrosis

in perihematomal white matter, all features of human

ICH-induced brain damage, develop in this model [37].

This model has been used to examine ICH-induced

pathophysiologic and pathochemical events in white

matter [2, 38–40, 44, 49].

We have observed that oxidative stress (protein

carbonyl formation) and up-regulation of heme

oxygenase-1 gene expression develops rapidly in peri-

hematomal white matter following ICH [42]. Protein

carbonyl formation also develops after plasma infu-



sions into the frontal white matter, indicating that

plasma components alone can induce oxidative stress

[46]. This may relate to an interaction between holo-

transferrin and thrombin leading to intracellular iron

deposition [27]. Early oxidative stress occurs in a gray

matter ICH model [48] and damages DNA [26]. We

demonstrated that the transcription factor, nuclear

factor kappaB (NF-kB), which is responsive to oxida-

tive stress [15, 17], is activated in perihematomal white

matter after ICH [43, 45]. This transcription factor is a

primary mediator for the rapid and coordinated induc-

tion of central nervous system genes which respond to

injury and other pathological stimuli in brain, includ-

ing the proinflammatory cytokine, interleukin (IL)-1b

[1, 3, 5, 32, 47].

A renewed interest has emerged in the last several

years in treating stroke by surface or systemic hypo-

thermia techniques [16, 38]. Mild to moderate hypo-

thermia protects the BBB and reduces brain injury in

animal stroke models [7, 8]. However, clinically, sys-

temic hypothermia for stroke treatment is challenging

with prolonged times to target temperatures, di‰-

cult sedation protocols, and adverse events including

shivering and pneumonia.

We describe an alterative approach, i.e., local

profound brain cooling using a new device and

technology, the ChillerPad system (Seacoast Technol-

ogies, Inc., Portsmouth, NH) in a porcine ICH model.

Previously we demonstrated the e¤ectiveness of the

epidurally-placed device to reduce vasogenic edema

development following ICH in this model [38]. We

tested the hypothesis that local profound brain cooling

using the ChillerPad system could reduce IL-1b gene

expression even if initiated several hours after inducing

ICH.

Materials and methods

Animal surgical preparations and intracerebral blood infusions

The animal protocol for this study was approved by the Institu-

tional Animal Care and Use Committee of The Cincinnati Veterans

A¤airs Medical Center. Pigs were Yorkshire mixed breed and were

obtained from a local farm (Yeazal Farms, Eaton, OH). They re-

ceived food and water ad libitum. We previously described our sur-

gical and intracerebral blood infusion methodologies in detail [39–

41]. Pigs (@15 kg) were initially anesthetized with ketamine, 25 to

30 mg/kg, i.m., followed by intravenous pentobarbital (35 mg/kg).

Anesthesia was maintained by continuous pentobarbital infusions

(10 mg/kg/hr). We intubated pigs by mouth, mechanically ventilated

them (air plus 0.5 liters/min oxygen), and catheterized femoral ves-

sels (arteries to record blood pressure, measure arterial respiratory

gases and pH; veins to infuse saline, pentobarbital). We monitored

and controlled core temperatures (38.5G 0.5 �C). We infused arte-

rial blood (3.0 mL) through a 20-gauge Teflon catheter implanted

into the frontal hemispheric white matter. We infused Evans blue

(i.v., 1 mL/kg of 2% wt/vol solution) at 1.5 hours following ICH to

test BBB permeability.

Local brain hypothermia using the ChillerPad system

The ChillerPad (Seacoast Technology, Inc.) is a 2-cm device com-

prised of coiled polyester tubing encased in a polyurethane skin con-

taining integral thermocouples. Chilled saline is circulated through

the pad to produce a temperature of 14 �CG 1 �C on its contact sur-

face. Beginning at 3 hours post-ICH to enable epidural placement of

the ChillerPad, a circular craniotomy (@2 cm diameter) was made

with a trephine centered approximately 2 cm laterally from the sag-

ittal ridge and 1 cm anterior to the coronal suture. The cooling pad

was placed on the dura and held in place with either the bone flap or

a gauze pad sutured in place. Hypothermia was conducted for 12

hours by circulating chilled saline through the device. The brain

was then allowed to rewarm for 30 minutes prior to removing the

pad and initiating in situ brain freezing. The brains of control nor-

mothermic ICH animals were not cooled and were frozen in situ at

16 hours post-ICH.

Brain freezing, coronal sections, photography, hematoma and edema

volume quantitation

Brains were frozen in situ using liquid nitrogen 12 hours follow-

ing onset of local brain cooling (16 hours following hematoma in-

duction) as previously described [39–41, 49]. Following decapita-

tion, heads were stored at �70 �C until sectioned. Coronal sections

(5 mm) were cut through the frozen heads using a band saw. Both

sides of coronal sections containing the hematoma and/or edema

were photographed with a digital camera. The hematoma and the

visible perihematomal edema volumes were determined by import-

ing the color images into Image Tool, a freeware image analysis sys-

tem (University of Texas) for computer-assisted morphometry [41].

Areas obtained by the Image Tool software were identical to those

obtained with NIH Image. Areas from both sides of the slices were

then averaged, volumes calculated from the slice thickness, and

then summed for total hematoma and edema volumes.

RNA isolation, reverse transcription and real-time polymerase chain

reaction (PCR)

White matter tissue (10 mg) adjacent to the hematomas was

sampled from the frozen coronal sections in a glove box at �15 �C.
White matter from the same gyrus or location in the corresponding

contralateral hemisphere served as the control. Total RNA was iso-

lated from white matter samples using Trizol reagent (GibcoBRL/

Life Technologies, Carlsbad, CA) and cDNAs were synthesized

from RNA using reverse transcriptase and random hexamer primers

(Promega,Madison,WI) [42, 45]. Real-time PCRwas conducted us-

ing BioRad’s iCycler instrument, and cDNA templates plus sense

and antisense LUX fluorogenic primers (Invitrogen, Carlsbad, CA)

designed for porcine IL-1b and GAPDH (housekeeping gene). Rela-

tive quantitation for IL-1b was obtained by threshold cycle analyses

normalized against GAPDH.

Statistical analysis

Hematoma and edema volumes and IL-1 di¤erences were com-

pared between the 2 groups by t test (Statgraphics, Manugistics,

Inc., Rockville, MD). Di¤erences were considered significant at

p < 0:05.
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Results

Coronal brain sections from normothermic lobar

ICH pigs frozen in situ at 16 hours demonstrated the

typical location of the induced hematoma with clearly

visible perihematomal edematous white matter re-

gions. This white matter tissue had a marked increase

in water content (>10%) and was blue-stained after

opening of the BBB to Evans blue containing albumin,

leading to development of vasogenic edema [39–41].

In contrast, brains from animals with local hypother-

mia frozen in situ 16 hours after ICH and 12 hours

after initiation of local brain cooling had markedly

reduced (51%) perihematomal Evans blue staining,

indicating reduced vasogenic edema development

(p < 0:03 edema volume in hypothermic versus nor-

mothermic animals) (Fig. 1).

Following normothermic ICH, there was a 4.2-fold

up-regulation in expression of the proinflammatory

IL-1b cytokine gene measured by real-time reverse

transcriptase PCR in edematous white matter adjacent

to the hematoma at 16 hours (Fig. 2). In contrast, 12

hours of local brain cooling significantly reduced up-

regulated IL-1b gene expression essentially to control

levels.

Discussion

In this report, we describe our studies on local (fo-

cal) brain cooling using the ChillerPad system (Sea-

coast Technologies, Inc.) and expression of the pro-

inflammatory cytokine gene, IL-1b, in perihematomal

white matter in porcine lobar ICH. Specifically, our

findings show that local hypothermia significantly re-

duced the level of this gene expression, even if delayed

until 3 to 4 hours following ICH. We previously ob-

served that local (focal) brain cooling reduced vaso-

genic edema [38]. Based on results from the literature

[1, 18], the reduction in IL-1b expression produced by

local hypothermia may be responsible for reduced

BBB injury.

Whole-body hypothermia has long been studied

both experimentally and clinically for treating brain

injuries, including stroke and trauma [16]. However,

because of its related systemic problems, including

increased risk of infection and various systemic com-

plications, its use has never been widely instituted.

Interest in hypothermia was recently renewed when re-

ports demonstrated its e¤ectiveness in treating out-of-

hospital cardiac arrest [4, 36]. Studies of surface cool-

ing blankets and endovascular cooling catheters to in-

duce hypothermia in stroke patients have been recently

reported [16, 24]. However, whole-body hypothermia

continues to be challenging because of the amount of

cooling time necessary to achieve target temperatures

(up to several hours), shivering, and adverse events.

Since stroke patients are often elderly and may have

additional medical problems, the general use of whole-

body hypothermia for stroke treatment appears un-

likely. In contrast, local or focal brain cooling is a po-

tential approach that may be useful for treating ICH

patients, especially to extend the window for surgical

treatment. This may also be a useful approach to pre-

vent ischemic injury in aneurysm surgery [11, 38].

Fig. 1. Brains from animals with local hypothermia frozen in situ 16

hours following ICH and 12 hours after initiation of local brain cool-

ing have markedly reduced (51%) perihematomal Evans blue stain-

ing, indicating reduced vasogenic edema development. Hematoma

volumes were similar in both groups. Volume measurements (mL)

are meanG SEM, N ¼ 3 in each group. *p ¼ 0:027 versus edema

volume in normothermic animals

Fig. 2. IL-1b cytokine gene expression measured by real-time PCR

was up-regulated in edematous white matter adjacent to the hema-

toma at 4 and 16 hours following normothermic ICH. In contrast,

12 hours of local brain cooling significantly reduced up-regulated

IL-1b gene expression to contralateral control levels. Values are

meanG SEM, N ¼ 3 in each group. *p < 0:025
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We have reported that oxidative stress and NF-

kB activation rapidly occur (within the first hours) in

white matter adjacent to the hematoma following

ICH [42, 45]. Since NF-kB is a redox-sensitive tran-

scription factor activated in gray matter after ICH

[17], this ultra-early oxidative stress may participate

in activating the IL-1 gene expression that we observed

in the present study. In this regard, LY341122, an anti-

oxidant that is neuroprotective, prevented activation

of NF-kB following cerebral ischemia [34]. NF-kB is

a well-described transcription factor for target genes

including the proinflammatory cytokines [15]. Our

previous findings demonstrated rapidly-activated NF-

kB in perihematomal white matter as previously de-

scribed in gray matter.

Microglia may be the cells responsible for the rapid

generation of reactive oxygen species following ICH

since they are known to secrete potentially toxic mole-

cules including oxygen and nitrogen free radicals [14].

Microglial activation is a hallmark of various brain

disorders [14]. Interestingly, a recent report using 2-

photon microscopy demonstrates that these cells are

highly active, even in their resting state, continually

surveying their microenvironment with extremely mo-

tile processes and protrusions that can rapidly undergo

responses [28]. Indeed, upon BBB disruption, immedi-

ate and focal activation occur, with these cells switch-

ing their behavior from patrolling to shielding the

injured site.

Relevant to our findings following ICH, the plasma

proteins that enter the brain parenchyma following

ICH activate microglia [14, 25, 31]. In vitro, serum ad-

dition stimulates superoxide production by microglial

cultures [33]. Up-regulation of HO-1 expression has

been demonstrated immunocytochemically in mor-

phologically appearing microglia following intracere-

bral infusion of lysed blood [31]. We previously re-

ported early induction of HO-1 in perihematomal

white matter following ICH [42].

Our previous findings demonstrated early (1 to 2

hour) up-regulation of IL-1b mRNA in perihemato-

mal white matter [43, 45]. These findings are confirmed

by the real-time PCR data presented in this report. The

proinflammatory role of IL-1b has been well-described

in brain tissue and is considered to be an important

mediator of diverse forms of acute neurodegeneration

and chronic neurological conditions [1, 32], as well

as inducing BBB opening and edema [18]. The sig-

nificance of IL-1b expression is supported by recent

findings that overexpression of the IL-1 receptor

antagonist, IL-1ra, reduces thrombin-induced edema

[22]. This early up-regulation of IL-1b gene expression

appears to be continued and expanded after ICH,

based on our recent DNA microarray findings in a rat

ICH model [35]. Elevated expression of IL-1b and re-

lated genes including IL-1b converting enzyme (ICE,

caspase-1) and a proinflammatory cytokine, IL-18,

that is activated by ICE, were present at 24 hours. In

this regard, we have also demonstrated immunostain-

ing with a porcine monoclonal antibody for IL-1b pro-

tein in white matter glial cells adjacent to the hema-

toma at 24 hours post-ICH. Some of these cells appear

to have microglial morphology while others appear to

be astrocytes. Additional double-labeling studies are

required to identify the specific cell types. Temporal

studies in progress using recently available porcine

gene arrays from A¤ymetrix (Santa Clara, CA) will

identify both the acute and subacute changes in these

cytokine pathways in perihematomal white and gray

matter after ICH.

In summary, these results from several di¤erent

brain injury models point toward a component(s) in

the plasma itself that induces white matter edema and

oxidative stress leading to activation of downstream

NF-kB-dependent target gene expression including

proinflammatory cytokines [44]. Although proinflam-

matory cytokines also appear to participate in tissue

recovery and repair, in the acute setting these mole-

cules are generally associated with central nervous

system tissue injury [5]. Because these important medi-

ators of increased BBB permeability, leukocyte infil-

tration, and secondary lesion expansion and cell death

are rapidly up-regulated after ICH, ultra-early treat-

ment aimed at these processes may provide protection

until surgical intervention with clot removal can be

initiated.
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Summary

Background. Iron contributes to brain edema and cellular toxicity

after intracerebral hemorrhage (ICH). Knowledge regarding ICH in

the context of iron deficiency anemia (IDA), a common nutritional

disorder, is limited.

Objective. To determine the e¤ect of IDA on brain and behavioral

outcome after ICH in rats.

Methods. Six-week-old male rats (n ¼ 75) were randomized to

non-IDA or IDA groups. After 1 month of iron su‰cient or deficient

diets, 100 ml autologous blood was infused into the right basal gan-

glia (BG). Brains were assessed for iron concentration, regional

water content, BG transferrin, and transferrin receptor concentra-

tions after ICH. Recovery of upper extremity sensorimotor function

was assessed. Brain and behavioral variables were compared by

diet group. Significance was set at p < 0:05.

Results. Whole brain iron was decreased and water content was

increased for IDA rats in injured cortex and BG at day 3 (p < 0:05)

compared with non-IDA rats. Transferrin and transferrin receptor

content were increased in injured BG for IDA compared to non-

IDA in the first week after ICH (p < 0:05). IDA rats had greater

left vibrissae-stimulated forelimb-placing deficits and forelimb-use

asymmetry than non-IDA after ICH (p < 0:05).

Conclusions. Brain iron status may be an important determinant

of injury severity and recovery after ICH.

Keywords: Intracerebral hemorrhage; iron deficiency anemia;

edema; transferrin; behavior.

Introduction

Intracerebral hemorrhage (ICH), a common stroke

subtype, is often associated with neurologic deficits

in surviving patients. Development of a hematoma

within the brain parenchyma triggers a series of events

including edema formation and consequent space-

occupying e¤ects, and tissue destruction [11]. The role

of hemoglobin degradation products such as iron,

have been investigated in non-anemic ICH models.

Recent studies suggest that iron and oxidative stress

contribute to edema formation after ICH [10, 15, 20].

In addition, the iron-tra‰cking proteins transfer-

rin (Tf ), transferrin receptor (TfR), and ferritin, are

thought to play a role by modulating iron-induced cel-

lular toxicity, lipid peroxidation, and free radical for-

mation [4, 12].

Iron deficiency anemia (IDA) is a common nutri-

tional disorder that a¤ects approximately 25% of

young children worldwide [19]. This problem occurs

when dietary iron intake is insu‰cient for growth and

maintenance needs or excessive iron losses occur, such

as with chronic illness conditions, injury, or repeated

medical procedures. In addition to hemoglobin pro-

duction, iron is important for numerous processes in-

cluding neurotransmitter synthesis, oxidative metabo-

lism, and myelination [1]. IDA reduces whole brain

iron concentration in animal models. However, the

brain does not respond in a homogeneous fashion;

iron content varies by brain region in response to

IDA [2, 5, 6]. Similarly, while whole brain Tf content

is increased with IDA, there is a heterogeneous re-

sponse by brain region [5, 8]. The iron-tra‰cking pro-

teins Tf and TfR are thought to regulate regional brain

iron content in response to local needs.

One might hypothesize that brain edema formation

and behavioral outcome after ICH would be less se-

vere in the context of IDA due to less available iron

secondary to less hemoglobin, number of red cells, and

serum iron. However, in a first study of ICH in the

context of IDA, we found that brain edema and iron-

tra‰cking proteins were increased and functional out-



come was worse [18]. In this paper we review these

findings and extend brain and behavioral outcome

measures after ICH in rats with or without anemia.

Materials and methods

Animals and experimental groups

Six-week-old male Sprague-Dawley rats (Harlan Sprague Daw-

ley, Indianapolis, IN) were randomly assigned to receive 1 of 2 diets

(Harlan Teklad, Madison, WI) that varied in iron content but were

su‰cient for protein and other micronutrients. The iron su‰cient

diet contained 40 mg/kg iron (non-IDA group, n ¼ 32). The iron de-

ficient diet contained 3 to 6 mg/kg iron (IDA group, n ¼ 43). Rats

were fed ad-lib on their respective diets until brain assessment. ICH

surgery occurred after 1 month on the diets. All animals were pair-

housed in a temperature-controlled (25 �C) room with a 12 :12

light :dark cycle. Approval for this protocol was provided by the

University of Michigan Committee on Use and Care of Animals.

ICH surgery

After weighing, rats were anesthetized with pentobarbital (40 mg/

kg, i.p.) then placed on a feedback-controlled warming pad. Rectal

temperatures were maintained at 36.5G 0.5 �C. Blood for arterial

gases (PO2, PCO2), pH, hematocrit, serum iron, and glucose were

obtained by femoral artery catheterization. Blood pressure was

monitored. A right basal ganglia (BG) hematoma was created by

slowly infusing 100 ml autologous whole blood (from a rat within

the same diet group) through a 26-gauge needle using a micro-

infusion pump (10 mL/min; Harvard Apparatus, Holliston, MA)

after creating a 1 mm burr hole on the right coronal suture, 3.5 mm

lateral to midline. Sham-operated IDA rats received needle insertion

into the right BG only (n ¼ 6). Serum iron was determined by stan-

dard methods [3].

Brain assessments

At day 3 after ICH surgery, injured and non-injured BG and

cortex and the non-injured cerebellum (control) were measured

for water content in 5 to 6 animals in each diet group, as previously

described [18]. Regional samples were weighed to 0.0001 g before

and after drying for 24-hours at 100 �C (gravity oven, Blue M Elec-

tric, Watertown, WI). Brain water content was expressed as (wet

weight� dry weight)/wet weight.

At days 1, 3, 7, and 28 after ICH surgery, Tf and TfRWestern blot

analyses were performed for injured and non-injured BG and cortex

of 3 to 4 animals per group per day, as previously described [18].

Briefly, brain regions were sonicated in 0.5 mL of Western sample

bu¤er. Protein/samples (50 mg; Bio-Rad [Hercules, CA] protein

assay kits for protein measurement) were run on 7.5% sodium do-

decyl sulfate-polyacrylamide gel electrophoresis then transferred to

a Hybond-C pure nitrocellulose membrane (Amersham Biosciences,

Piscataway, NJ). Membranes were probed with 1 :2500 polyclonal

rabbit anti-human Tf (DakoCytomation, Carpenteria, CA) or

1 :500 monoclonal mouse anti-human TfR (Zymed Laboratories,

San Francisco, CA), then second antibody (1 :2500 dilution, Bio-

Rad) was applied. Antigen-antibody complexes were visualized

with a chemiluminescence system (Amersham) and exposed to pho-

tosensitive film. Relative complex densities were analyzed using NIH

image software (NIH Image, Version 1.61).

Total non-heme brain iron concentration was determined for IDA

and non-IDA rats (n ¼ 6) using spectrophotometric methods [6].

Behavioral assessments

Upper extremity function was assessed at days 3, 7–14, and 21–28

after ICH [7, 9, 17]. Vibrissae-stimulated forelimb placement was

measured by 10 trials at each forelimb and expressed as percent

(right [injured BG side] or left [non-injured BG side]/total trials).

Forelimb use was videotaped after placing rats, singly, in a

20 cm� 30 cm plastic cylinder until 20 forelimb placements were

observed. Forelimb-use asymmetry was calculated as (right upper

extremityþ 1
2
both)/Total (rightþ leftþ both)� 100. The corner

test consisted of counting the observed direction (right or left) of

turns with rearing to exit a 30� corner at 8 trials per day. For the final
assessment, the sticker test, adhesive patches were placed at the ra-

dial aspect of each upper extremity and the number of first touches

and sticker removals were counted and averaged for three, 3-minute

trials each day.

Statistical analysis

Hematology, behavior, and brain variables were compared by diet

group or day after ICH by Student t-test and Mann-Whitney U test.

A heterogenous variance model was used to control for the e¤ect of

gel for Tf and TfR measurements on comparisons by diet group.

Diet group, day after ICH, and their interaction were assessed using

Proc Mix. Significance was set at p < 0:05.

Results

Physiological measures, hematology, brain iron, and

regional water content are reported in Table 1. Body

weight, hematocrit, serum iron, brain iron, and blood

pressure were significantly reduced for IDA as com-

pared to non-IDA rats. Brain water content was signif-

icantly increased in injured BG and cortex for rats in

the IDA group as compared to non-IDA animals.

Table 1. Physiologic measures by diet group.

IDA

(n ¼ 43)

non-IDA

(n ¼ 32)

Body weight (g) 242.8G 53.2* 275.2G 60.7

Hematocrit (%) 19.8G 4.6** 42.9G 3.3

Serum iron (mg/L) 4.83G 2.3** 30.32G 9.6

Total brain iron 7.19G 0.65** 12.19G 1.90

ICH surgery

– pH 7.41G 0.03* 7.42G 0.03

– PaO2 (mmHg) 91.7G 12.6 86.7G 9.7

– PaCO2 (mmHg) 43.7G 8.5 42.4G 4.7

– Base excess 2.1G 2.8 3.2G 2.4

– Glucose (mg/dL) 111.1G 17.8 110.7G 18.8

– Mean arterial blood pressure 104.3G 24.4* 117.2G 27.6

Water content day 3 (%)

– Right (injured) basal ganglia 81.82G 0.41* 80.61G 1.03

– Left (non-injured) basal ganglia 77.93G 0.42 77.72G 0.21

– Right (injured) cortex 80.58G 0.47* 79.76G 0.49

Student t-test: * p < 0:05; ** p < 0:001.

Values are meanG SD.
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There were no significant di¤erences by diet group

for non-injured BG, cortex, or cerebellum (control)

(Table 1).

As previously reported, there were no significant

di¤erences in Tf or TfR content in non-injured BG

for IDA versus non-IDA rats [18]. In the injured BG,

Tf content was significantly greater for IDA than

non-IDA rats at day 1 (IDA: 6819G 336; non-IDA:

5100G 180) and at day 7 (IDA: 6431G 436; non-

IDA: 4297G 702) (both p < 0:05). There was a signif-

icant e¤ect in diet group and day after ICH, and a sig-

nificant diet group by day interaction for Tf content

in the injured BG (F ¼ 3:70, p < 0:03). TfR content

was also significantly increased in IDA compared

to non-IDA rats in the injured BG at day 1 (IDA:

7639G 824; non-IDA: 4001G 210) and at day 3

(IDA: 6810G 750; non-IDA: 4741G 294) (both

p < 0:05). Over time, there was significant e¤ect for

diet and day, but no diet group by day interaction for

TfR content in the injured BG.

IDA sham rats did not show impairments in the 2

upper extremity assessments performed for this group:

vibrissae-stimulated forelimb-placing and the forelimb

asymmetry test [18]. The IDA-ICH rats had signifi-

cantly fewer left vibrissae-stimulated forelimb place-

ments in the first 2 weeks after ICH and a trend for

impaired placing after 1 month of recovery [18]. The

IDA-ICH rats had greater forelimb asymmetry com-

pared to non-IDA ICH rats during the first week and

continuing for 1 month after ICH [18]. Rats from each

diet group did not di¤er significantly for performance

on the corner test on any day. Sticker test performance

was also relatively preserved for IDA rats. However,

IDA rats had a trend for fewer left upper extremity

touches during the second week after ICH (Fig. 1).

Discussion

This study demonstrates that IDA worsens aspects

of brain injury and behavioral recovery after ICH

as compared to the non-IDA condition in the rat.

Rats with IDA had greater brain edema at day 3 and

significantly greater Tf and TfR protein expression in

the injured BG after ICH as compared to those with-

out anemia. In addition, the IDA rats had greater and

longer-lasting forelimb function deficits after ICH.

The mechanisms that underlie the findings of worse

brain and behavioral outcome in the context of IDA

are not yet clear. However, the observed di¤erences in

edema formation and brain iron handling suggest po-

tential pathways for the poorer functional outcome in

IDA rats after ICH.

A previous investigation demonstrated that the de-

gree of brain edema and its resolution correlates di-

rectly with behavioral outcome after ICH [9]. In the

non-anemic rat, brain edema resolved and behavioral

recovery stabilized within 2 weeks after ICH. How-

ever, in the present study, IDA rats showed greater

deficits and more asymmetry of upper extremity func-

tion on 3 of 4 sensorimotor behavioral tests than non-

IDA rats after ICH. On one, the forelimb asymmetry

test, IDA rats continued to show impairments as com-

pared to the non-IDA group for at least 1 month after

surgery. These behavioral findings may suggest that

IDA rats have greater initial and/or longer-lasting

edema after ICH and/or altered brain iron tra‰cking

leading to a greater risk for damage related to cellular

toxicity e¤ects.

Brain edema due to ICH exacerbates brain injury

due to space-occupying e¤ects and direct tissue de-

struction. The mechanisms of edema formation have

been investigated and several key factors have been

identified [13, 22, 23]. Thrombin contributes to the

early phase of brain edema development within the

first several hours after ICH [13, 22]. Hua and col-

leagues [9] demonstrated that thrombin worsens brain

edema and behavioral outcome and that hirudin, a

thrombin inhibitor, improves these measures after

Fig. 1. Sticker test by diet group and day after ICH. Average sticker

touch and removal at left or both upper extremities (UE ) is com-

pared by IDA and non-IDA diet groups after ICH. *F ¼ 4.878,

p < 0.06. —— non-IDA; – – – IDA
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ICH in non-anemic rats. Since the IDA rats in the

present study had increased serum volume (about

33%), the absolute amount of thrombin delivered in

the IDA infusate could have been greater. If true, one

might expect that rats with IDA would have greater

early edema formation. To clarify this potential mech-

anism, it would be useful to assess brain edema earlier

in the course after ICH, as well as to measure the con-

centration of prothrombin in IDA sera and investigate

whether thrombin inhibitors reduce edema formation

in the IDA rats.

Since delayed edema formation, which occurs about

3 days after ICH, involves erythrocyte lysis and cellu-

lar toxicity due to hemoglobin and its degradation

products, one might expect that delayed edema forma-

tion would play less of a role in ICH brain injury with

IDA [21]. The IDA rats in the present study had lower

hematocrit, serum iron, and brain iron, suggesting less

available iron to support this mechanism. However, it

may not be the amount of iron, but rather the manage-

ment of iron after ICH that is key to the risk of delayed

edema formation as well as cellular toxicity. Brain

non-heme iron has been demonstrated to increase 3-

fold in the peri-hematomal zone after ICH in non-

IDA rats [21]. Local iron overload may lead to lipid

peroxidation and the formation of free radicals. In ad-

dition, oxidative brain injury after ICH has been dem-

onstrated and antioxidants block toxicity to neurons

related to excess hemoglobin and iron [20]. The study

by Wu and colleagues [21] suggests that after ICH,

iron concentrations are greater in the injured versus

the non-injured hemisphere. It would be interesting to

explore this after ICH with IDA.

We hypothesize that the greater expression of Tf and

TfR in the perihematomal area observed in the IDA

rats in the present study may be a maladaptive or, an

adaptive but insu‰cient response to ICH in the con-

text of IDA. Since baseline Tf and TfR protein levels

in the non-injured BG did not di¤er as a consequence

of IDA in this study, the increased levels after ICH

may suggest that it is the response of these proteins to

injury that is di¤erent in the iron deficient brain. Tf

and TfR are important to iron transport and in the

non-anemic rat are increased in the injury area after

ICH [21]. It has been hypothesized that the increase

of iron-tra‰cking proteins is related to clearance of lo-

cally high iron concentrations in the injured areas of

the brain. In the context of IDA, whole brain Tf con-

centration is increased but there is considerable re-

gional variability for Tf and TfR expression [5, 8]. Tf

has also been demonstrated in oligodendrocytes, and

TfR appears to be localized to neuron-like cells in the

peri-hematomal area after ICH [14, 21]. Future studies

might explore whether greater oxidative injury occurs

as a consequence of local iron overload, and the re-

sponse of iron tra‰cking proteins after ICH in the

context of IDA.

In conclusion, IDA rats have greater brain edema at

day 3, increased iron-regulatory protein response dur-

ing at least the first week, and greater impairment of

sensorimotor function and recovery after ICH than

non-IDA rats. Our results suggest that iron status may

be an important determinant of the severity of brain

injury with ICH and subsequent recovery of function.

Poorer outcome in the context of IDA has been dem-

onstrated in another brain injury model, that of hypo-

xia ischemia in the developing rat [16]. The appropri-

ate management of brain injury may depend on the

iron status of the individual patient. Given the com-

mon occurrence of IDA worldwide, further studies

are needed to understand the mechanisms unique to

ICH with IDA.
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Summary

Acute brain ischemia after subarachnoid hemorrhage (SAH)

induces oxidative stress in brain tissues. Up-regulated NADPH oxi-

dase (NOX), a major enzymatic source of superoxide anion in the

brain, may contribute to early brain injury after SAH. We evaluated

the e¤ects of hyperbaric oxygen (HBO) on protein expression of

gp91phox catalytic subunit of NOX, lipid peroxidation as a marker

of oxidative stress, and on neurological and neuropathological out-

comes after SAH.

Twenty-nine male Sprague-Dawley rats (300 to 350 g) were ran-

domly allocated to control (sham operation), SAH (endovascular

perforation), and SAH treated with HBO groups (2.8 ATA for 2

hours, at 1 hour after SAH). Cerebral blood flow was measured us-

ing laser Doppler flowmetry. Rats were sacrificed after 24 hours and

brain tissues collected for histology (Nissl staining and gp91phox im-

munohistochemistry) and biochemistry. Mortality and neurological

scores were evaluated.

Neuronal injury associated with enhanced gp91phox immunostain-

ing was observed in the cerebral cortex after SAH. The lipid peroxi-

dation product, malondialdehyde, accumulated in the ipsilateral

cerebral cortex. HBO treatment reduced expression of NOX, dimin-

ished lipid peroxidation, and reduced neuronal damage. HBO

caused a drop in mortality and ameliorated functional deficits.

HBO-induced neuroprotection after SAH may involve down-

regulation of NOX and a subsequent reduction in oxidative stress.

Keywords: Subarachnoid hemorrhage; lipid peroxidation;

NADPH oxidase; hyperbaric oxygen.

Introduction

Oxidative stress is a major cause of brain damage

after subarachnoid hemorrhage (SAH). Free radicals

triggered by SAH induce lipid peroxidation with sub-

sequent apoptosis and vasospasm [28, 30]. Nicotina-

mide adenine dinucleotide phosphate (NADPH) oxi-

dase (NOX) that generates superoxide is a major

enzymatic producer of free radicals in the brain. Neu-

ronal expression of phagocytic-type NOX was shown

in the rodent brain [37, 45]. The active form of NOX is

a multi-component system including cytoplasmic sub-

units: regulatory p40phox, p47phox, activator p67phox,

and membrane-bound flavocytochrome b558 consisting

of catalytic gp91phox and p22phox subunits [42].

Up-regulation of cerebral vascular NOX shows its

peak between 12 and 24 hours after SAH in a single-

injection rat model, contributing to the impairment of

autoregulatory vasodilation [38]. No data on NOX ex-

pression in cerebral tissues after SAH are currently

available. Until recently it was believed that oxidative

stress after SAH rests with increase in mitochondrial

leak of superoxide or with auto-oxidation of hemoglo-

bin, both of which initiate free radical cascades under-

lying development of vasospasm [1, 24, 26, 27]. In ad-

dition, oxidative stress has been studied predominately

in blood injection models that are suitable for investi-

gating vasospasm rather than the acute sequelae of

SAH [35].

The phagocytic phenotype of NOX is expressed in

neurons [37, 45] of the brain and, by producing excess

free radicals, may contribute to oxidative brain dam-

age and apoptosis in cerebral tissues after experimental

stroke [21]. We found that hyperbaric oxygen (HBO)

in a perforation model of SAH reduced apoptosis and

necrosis-like cell death, and blood-brain barrier rup-

ture through inhibition of hypoxia-inducible factor 1a

(HIF-1a) and its target genes [33]. Since it has been

postulated that free radicals stabilize HIF-1a upon hy-

poxia [4], HIF-1a inhibition by HBO may suggest that

suppression of NOX mediates HBO-induced e¤ect

[11]. Consistently, an inhibition of NOX by diphenyle-

neiodonium is capable of abolishing HIF-1a accumu-

lation and the hypoxic induction of its target genes

[10]. HBO can suppress other potentially detrimental



enzymes such as COX-2, the activation of which may

theoretically lead through the NOX pathway [34, 43].

Even though HBO itself may induce oxidative stress,

we postulate that it may have a prolonged inhibitory

e¤ect on pro-oxidant mechanisms triggered by SAH

as opposed to transient increase in free radicals upon

hyperbaric oxygenation [19]. The aim was to study

e¤ects of HBO treatment on 1) NOX expression in ip-

silateral cerebral cortex, 2) lipid peroxidation, 3) mor-

phology of neuronal injury, and 4) mortality and neu-

rological score in a rat model of SAH.

Materials and methods

SAH animal model

Twenty nine male Sprague-Dawley rats (300 to 350 g) were ran-

domly assigned to the following groups: control (sham operation),

SAH without treatment, and SAH treated with HBO. Rats were

transorally intubated and mechanically ventilated throughout the

operation. Rectal temperature was maintained at 37 �C. SAH was

induced according to the method described by Bederson et al. in

Schwartz’s modification [2, 36] under ketamine (100 mg/kg, i.p.)

and xylazine (10 mg/kg, i.p.) anesthesia. The left femoral artery was

cannulated for blood pressure recording and withdrawal of blood

samples. Blood glucose, hematocrit, and blood gas were periodically

measured (1610 pH/blood gas analyzer). Neurological status was

evaluated using the modifiedGarcia scoring system, in which normal

animals score 18 points and lower scores indicate brain injury [9, 20].

Animals were sacrificed after 24 hours to study lipid peroxidation,

morphology of brain injury (Nissl staining), and cortical expression

of gp91phox by immunohistochemistry. All experimental procedures

complied with the Guide for the Care and Use of Laboratory Ani-

mals (National Institutes of Health publication no. 85-23) and were

approved by the Animal Care and Use Committee at Loma Linda

University.

Cerebral blood flow measurements

Cerebral blood flow (CBF) in the contralateral cerebral cortex

was measured by laser Doppler flowmeter (Periflux System 5000,

Perimed, Jarfalla, Sweden) through skull bones that were thinned to

translucency with a microdrill. A small, straight laser probe was at-

tached to the skull with acrylic glue at the site localized 5 mm lateral

and 1 mm posterior to bregma. Recording was started at the begin-

ning of surgery and continued during and 1 hour after SAH induc-

tion. At this time point, rats were either transferred to the HBO

chamber or returned to their cages.

HBO treatment

HBO (100% oxygen at 2.8 ATA and 2 hours duration) was applied

1 hour after SAH. Animals were placed in a small research hyper-

baric chamber (Sechrist Industries, Anaheim, CA) equipped with

carbonate crystals to prevent CO2 accumulation.

Histology and immunohistochemistry

Anesthetized rats were perfused transcardially with 200 mL of ice-

cold 0.1 mol phosphate-bu¤ered saline (PBS) followed by 400 mL of

10% bu¤ered formalin (n ¼ 3). Brains were collected, post-fixed in

the same fixative overnight and kept in 30% sucrose until they

sank. Coronal tissue sections 10 mm thick were cut on a cryostat

(CM3050S, Leica Microsystems AG, Wetzlar, Germany). For Nissl

staining, sections were embedded in 0.1% cresyl violet for 5 minutes,

dehydrated in Flex tissue specimen system (Richard-Allan Scientific,

Kalamazoo, MI), cleared in xylenes, coverslipped with Permount,

and observed under a light microscope (Olympus BX51, Melville,

NY).

For immunohistochemical analysis of tissue gp91phox expression,

sections were hydrated with 0.01 mol PBS and treated briefly with

3% hydrogen peroxide. Sections were incubated overnight at 4 �C
with goat polyclonal anti-gp91phox antibody (Santa Cruz Biotech-

nology, Santa Cruz, CA) diluted 1 :100, followed by a secondary an-

tibody and 3,3 0-diaminobenzidine tetrahydrochloride (DAB) stain-

ing using an ABC kit (Santa Cruz Biotechnology). Immunostaining

with the omission of the primary antibody served as a negative

control.

Lipid peroxidation assay

Twenty-four hours after SAH under deep anesthesia (n ¼ 5), rat

brains were perfused with cold 0.1 mol PBS to remove blood. The

level of malondialdehyde (MDA) was measured using a LPO-586

kit (Oxis Research, Portland, OR). Left cerebral cortices were homo-

genized in phosphate bu¤er (pH 7.4), with 0.5 mol butylated hy-

droxytoluene in acetonitrile. The homogenates were centrifuged at

3000 g for 10 minutes at 4 �C. Protein concentration was measured

by means of a detergent-compatible protein assay (BioRad Labora-

tories, Hercules, CA). Equal amounts of proteins in each sample

reacted with a chromogenic reagent at 45 �C for 60 minutes. The

samples were centrifuged at 15000 g for 10 minutes at 4 �C, and
supernatants measured spectrophotometrically at 586 nm. The level

of MDA was calculated in pmol/mg protein based on the standard

curve [37].

Statistical analysis

Data are expressed as meanG SEM. One-way ANOVA and post

hoc Holm-Sidak tests were applied to verify statistical significance

of di¤erences between means. A p-value of <0.05 was considered

significant.

Results

Mortality and neurological score

Mortality was 30.33% after SAH and 11.11% in

rats treated with HBO after SAH. No animal died in

the control group. Animals in the SAH without treat-

ment group presented low neurological scores associ-

ated with severe functional impairment (6.13G 0.61;

n ¼ 8). HBO treatment reduced SAH-induced neuro-

logical deficits, resulting in greater scores (13.13G
0.90; n ¼ 8) that were still significantly decreased com-

pared to values in sham operated rats (17.63G 0.18;

n ¼ 8).
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Cerebral blood flow

The lowest level of CBF, 20.3G 2.9% (no treatment

group; n ¼ 8) and 17.7G 2.2% (with HBO treatment

group; n ¼ 8) of baseline, contralaterally to the perfo-

rated artery, was found 1 minute after induction of

SAH (Fig. 1). This immediate ischemic flow was fol-

lowed by a trend toward recovery of CBF, which at 1

hour reached 65.9G 6.7% and 62.0G 9.5% of baseline

in rats without treatment and in rats assigned to HBO

groups, respectively. No significant di¤erences in CBF

were found between untreated rats and rats assigned

to HBO treatment within 1 hour from initial bleeding.

Similarly, physiological variables did not show any

di¤erences between groups.

Nissl staining

Extensive damage of cortical neurons was observed

24 hours after SAH without treatment. Darkened and

shrunken perikarya and condensed nuclei were domi-

nant features of injured neurons (Fig. 2B). However,

well-preserved neurons, with only slightly darkened

Fig. 1. Representative trace of cortical microflow (laser Doppler flowmetry; in arbitrary units) shows acute impairment of cortical CBF after

SAH followed by a tendency toward recovery and a secondary hypoperfusion that is maintained 60 minutes after bleeding. Inset shows the

corresponding extent of hemorrhage that clearly involves the circle of Willis

Fig. 2. HBO reduces neuronal injury and gp91phox expression in cerebral tissues. The left panels show samples from control rats that had nor-

mal appearance of neurons and low gp91phox expression in the cerebral cortex. The middle panel is a sample of ipsilateral cerebral cortex 24

hours after SAH. Features of cell injury and strong gp91phox expression in the cortical neurons are shown. The right panel is from rats treated

with HBO and shows that among well-preserved neurons, only a few gp91phox-positive cells are present. Scale bars in low magnification photo-

graphs represent 200 mm, and 30 mm in insets
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cytoplasm, were noted in animals treated with HBO

(Fig. 2C).

NOX immunohistochemistry

Noticeable but weak gp91phox immunolabeling was

present in control cortex (Fig. 2D). SAH caused a tre-

mendous increase in gp91phox immunoreactivity in the

cerebral cortex that was ipsilateral to the perforated

artery (Fig. 2E). Deposits of DAB stain were most

dense in cells overlying the cortex. Immunostained

cells showed distinct neuronal morphology. HBO

treatment resulted in diminution of gp91phox immu-

noreactivity within neurons with a residual staining at

the cell periphery (Fig. 2F).

Lipid peroxidation in three experimental groups

Twenty-four hours after SAH, brain content of

MDA was 8.02G 1.25 pmol/mg protein in the control

group, 48.27G 4.40 pmol/mg protein in the SAH

without treatment group (p < 0:05 vs. control), but

was reduced more than 3-fold in SAH rats treated

with HBO (13.99G 2.06 pmol/mg protein, p < 0:05

vs. SAH) (n ¼ 4).

Discussion

Acute ischemia after SAH usually has a severe

global impact, but is more profound ipsilateral to the

perforated artery [13, 16]. The reduction in CBF to

@20% of pre-SAH levels, observed by us contralater-

ally, indicates severe SAH. Indeed, large amounts of

blood and macroscopic features of brain edema were

observed upon collection of brain samples (Fig. 1).

The level of CBF impairment after SAH was similar

in rats assigned to no treatment and HBO treatment

groups. This confirms that HBO-induced di¤erences

in studied parameters were not related to an uneven

impact of the initial bleeding.

The main finding of this study is that HBO-induced

neuroprotection involves down-regulation of neuronal

NOX and diminution of lipid peroxidation after SAH.

SAH increases free radicals, presumably through a

mitochondrial leak and their excess formation by

enzymatic sources with a dominant role of gp91phox-

containing NOX in brain tissues. Free radicals may

contribute to cell necrosis through damaging e¤ects

on lipid bilayers within the cell [23]. It has also been re-

ported that a NOX-dependent burst of reactive oxygen

species may trigger neuronal apoptosis [39]. Addition-

ally, the increasing trend of enzymatic lipid peroxida-

tion after SAH is associated with a reduction in anti-

oxidant enzymatic activities [7].

Oxidative stress has been reported clinically and in

animals after SAH [8, 40]. However, negative results

of lipid peroxide assay have been reported in a single-

injection SAH model [25]. In our perforation model

that closely depicts acute intracranial phenomena after

SAH, a remarkable increase in lipid peroxidation and

gp91phox expression, a catalytic subunit of NOX that is

responsible for a formation of superoxide anion [42].

This also occurred in the cerebral cortex, which has

been reported by Noda et al. [32] to be the most oxida-

tive stress-prone structure of the brain regions studied.

The fact that hyperbaric oxygen can reduce oxi-

dative stress in the hemorrhagic brain has not been

recognized previously. However, the induction of en-

dogenous antioxidants has been reported after global

ischemia treated with HBO. This was assumed to be

the mechanism underlying improved morphology of

neurons [31]. Here we tested a somewhat provocative

hypothesis proposing inhibition of a pro-oxidant com-

ponent of oxidative stress after SAH. Oxygenation

at high baricity is a broadly studied model of oxida-

tive stress [12, 15]. There have been inconsistent

results from di¤erent research teams regarding HBO

treatment-induced free radical production. Mink and

Dutka [29] showed enhanced free radical formation

but no increase in lipid peroxidation products (2.8

atm, 75 minutes) and Elayan et al. [6] reported nega-

tive results of hydroxyl radical detection (3 ATA, 2

hours). In contrast, others published results showing

enhancement of both free radical generation and lipid

breakdown after HBO [5, 32, 44]. If this is the case, the

delayed decrease in lipid peroxidation found after

HBO in our study would constitute a rebound phe-

nomenon that could involve primarily a transient in-

crease in free radicals observed with hyperbaric oxy-

genation [32]. Down-regulated NOX expression could

underlie HBO e¤ect in these settings.Most studies have

shown good correlation between free radical produc-

tion and expression of NOX subunits [17, 22]. It is not

clear, however, when the pro-oxidant cellular status

triggered by HBO may undergo transition into sup-

pression of oxidative stress. To address this issue,

markers of oxidative stress should be investigated at

time points that are closer to the HBO treatment. Ad-

ditionally, more remote outcomes should be investi-

gated to find out whether repeated HBO is beneficial
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for the brain. It has been reported that multiple HBO

treatments may enhance lipid peroxidation in human

blood [3].

It would be interesting to study whether HBO treat-

ment also down-regulates other types of NOX with

respect to their role in free radical production. This

would include NOX4 in neurons, as well as NOX1

and NOX4 in cerebral vessels [22, 41]. Recent observa-

tions have shown that both NOX inhibition, with re-

sultant decrease in superoxide anion production and

hyperbaric oxygenation, attenuate vasospasm after

SAH. This may further suggest an inhibitory e¤ect of

HBO on NOX signaling [18, 46].

In the present study, the lowering e¤ect of HBO

on NOX expression was robust in the ipsilateral cere-

bral cortex where it may be coupled with inhibition of

HIF-1a and its target genes including vascular endo-

thelial growth factor and proapoptotic BNIP3 [33]. It

is known that negative HIF-1a mutants are protected

against hypoxic injuries in vivo through inhibition of

its target genes mediating apoptotic pathways [14]. In

a previous study, we found that HBO suppressed HIF-

1a in the same experimental setting. Therefore, it can-

not be excluded that HBO reduces HIF-1a accumula-

tion through suppression of NOX. Further studies are

needed to evaluate the role of NOX isoforms in SAH-

induced hypoxic signaling, subsequent brain injury,

and mechanisms of hyperbaric oxygen treatment.
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Summary

We investigated the occurrence of DNA damage in brain after in-

tracerebral hemorrhage (ICH) and the role of iron in such injury.

Male Sprague-Dawley rats received an infusion of 100 mL auto-

logous whole blood or 30 mL FeCl2 into the right basal ganglia and

were sacrificed 1, 3, or 7 days later. 8-hydroxyl-2 0-deoxyguanosine
(8-OHdG) was analyzed by immunohistochemistry, while the num-

ber of apurinic/apyrimidinic abasic sites (AP sites) was also quanti-

fied. 8-OHdG and AP sites are two hallmarks of DNA oxidation.

DNA damage was also examined using PANT and TUNEL label-

ing. Dinitrophenyl (DNP) was measured by Western blot to com-

pare the time course of protein oxidative damage to that of DNA.

DNA repair APE/Ref-1 and Ku-proteins were also measured by

Western blot. Bipyridine, a ferrous iron chelator, was used to exam-

ine the role of iron in ICH-induced oxidative brain injury.

An increase in 8-OHdG, AP sites, and DNP levels, and a de-

crease in APE/Ref-1 and Ku levels were observed. Abundant

PANT-positive cells were also observed in the perihematomal area

3 days after ICH. Bipyridine attenuated ICH-induced changes in

PANT and DNP. These results suggest that iron-induced oxidation

causes DNA damage in brain after ICH and that iron is a therapeu-

tic target for ICH.

Keywords: Intracerebral hemorrhage; iron; oxidative DNA injury;

8-OHdG; AP sites; DNP; PANT; APE/Ref-1; Ku-proteins; brain

edema.

Introduction

Intracerebral hemorrhage (ICH) is a common and

often fatal subtype of stroke. Iron is one of the hemo-

globin degradation products and iron overload in the

brain can cause free radical formation and oxidative

damage such as lipid peroxidation after ICH [12].

There are several potential targets for oxidative dam-

age following ICH.

We hypothesized that iron-induced oxidative DNA

damage occurs after ICH and that it contributes

to ICH-induced brain injury. Formation of the

DNA modification 8-hydroxyl-2 0-deoxyguanosine (8-

OHdG) and apurinic/apyrimidinic (AP) sites are 2 ox-

idative DNA injury markers [5, 7]. This study exam-

ines the e¤ect of ICH and intracerebral infusion of

iron on these 2 parameters. Whether DNA damage

might result in single and double strand breaks was

examined using PANT and TUNEL staining, re-

spectively [12]. The time course of DNA oxidative

damage was compared to that in proteins using an

anti-dinitrophenyl (DNP) antibody which can be

used to detect protein oxidation [8]. AP endonuclease

(APE)/Ref-1 and Ku-proteins are multifunctional pro-

teins associated with DNA repair but which are de-

creased following cerebral ischemia [6, 7]. In addition,

we examined the e¤ect of bipyridine, a ferrous iron

chelator, on ICH-induced oxidative brain injury.

Materials and methods

Animal preparation and experimental groups

Animal protocols were approved by the University of Michigan

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

rats, each weighing 300 to 400 g, were used for all experiments. The

animals were anesthetized with pentobarbital (40 mg/kg i.p.) and the

right femoral artery was catheterized to sample blood for intracere-

bral infusion. The rats were positioned in a stereotaxic frame and a

26-gauge needle was inserted stereotaxically into the right basal gan-

glia (coordinates: 0.2 mm anterior, 5.5 mm ventral, and 3.5 mm lat-

eral to the bregma). Autologous whole blood (100 mL) or FeCl2
(10 mM, 30 mL) was infused at a rate of 10 mL/min with the use of

a microinfusion pump.

This study was performed in 3 parts. Part 1 evaluated the time

course of iron accumulation, oxidation, and DNA injury after ICH.

Iron accumulation around hematoma was measured by Perl’s iron

staining. 8-OHdG were investigated by immunohistochemistry

(n ¼ 3 each time point). The number of AP sites was measured

quantitatively (n ¼ 3–6 each time point). DNP, APE/Ref-1, and

Ku-proteins were investigated by Western blot analysis (n ¼ 3 each

time point). TUNEL and PANT staining investigated the time

course of DNA damage (n ¼ 3 each time point).

Part 2 examined the e¤ect of iron on oxidation and DNA damage.

In this part, rats received an intracaudate injection of FeCl2 or a nee-



dle insertion (n ¼ 3 each time point). The rats were sacrificed 24

hours later.

Part 3 investigated the e¤ect of bipyridine (2,2 0-dipyridyl) on DNP

and PANT staining. Animals were immediately treated with either

bipyridine (25 mg/kg in 1 mL saline i.p. per 12 hours) or vehicle

(1 mL saline i.p. each time) after ICH.

Iron staining (Perl’s) and immunohistochemistry (8-OHdG)

For detection of ferric iron, a modified Perl’s staining was per-

formed [9]. In immunostaining, the avidin-biotin complex technique

was used. The primary antibody was mouse anti-8-OHdG monoclo-

nal antibody (10 mg/mL) purchased from Oxis International Inc.

(Portland, OR). The second antibody was anti-mouse IgG antibody

(1 :150) (Vector Laboratories, Burlingame, CA).

Detection of AP sites in DNA

DNA extraction was performed using a DNA isolation kit pro-

duced by Dojindo Molecular Technologies Inc. (Gaithersburg,

MD). The aldehyde reactive probe (ARP) labeling and quantifica-

tion of AP sites were performed by the AP sites assay kit (Dojindo).

The ARP-labeled DNA was quantified using a 96-well microplate,

similar to an enzyme-linked immunoabsorbent assay study. The

wells were subjected to optical density measurement at 630 nm.

ARP assays were performed in triplicate and the means were calcu-

lated. The data, expressed as the number of AP sites per 100,000

nucleotides, were calculated based on the linear calibration curve

generated for each experiment using ARP-DNA standard solutions.

Western blot analysis (DNP, APE/Ref-1, and Ku-proteins)

Briefly, 50 mg proteins for each were separated by sodium dodecyl

sulfate polyacrylamide gel electrophoresis and transferred to a

Hybond-C pure nitrocellulose membrane (Amersham, Piscataway,

NJ). Membranes were probed with a 1 :1000 dilution of the primary

antibody and a 1 :1500 dilution of the second antibody (BIO-RAD

Laboratories, Hercules, CA). The antigen-antibody complexes were

visualized with a chemiluminescence system (Amersham) and ex-

posed to film. The relative densities of bands were analyzed with

NIH Image (Version 1.61, National Institutes of Health, USA).

Detection of DNA single- and double-strand breaks by PANT and

TUNEL staining

PANT and TUNEL staining were performed on adjacent brain

sections to detect DNA single- and double-strand breaks according

to the method described by Wu et al. [12].

Statistical analysis

All data in this study are presented as meanGSD. Data were an-

alyzed using analysis of variance, followed by Sche¤e’s post hoc test.

Significance levels were measured at p < 0:05.

Results

Time course of iron accumulation, oxidation DNA

injury after ICH

Table 1 shows the summary of changes in some pa-

rameters associated with iron accumulation, oxidation

DNA injury following ICH. An increase in 8-OHdG,

AP sites, and DNP levels, and a decrease of APE/

Ref-1 and Ku levels were observed in the ipsilateral

basal ganglia, especially 3 days after ICH. Abundant

PANT-positive cells were also observed in the perihe-

matomal area 3 days after ICH.

Influence of iron on oxidation and DNA damage

DNP protein levels in the ipsilateral basal ganglia

after ferrous iron injection were increased compared

with the sham ipsilateral and the Feþþ injection-

contralateral basal ganglia 24 hours after Feþþ injec-

tion (p < 0:01, Fig. 1A). PANT-positive cells were

also detected in the ipsilateral basal ganglia 24 hours

after Feþþ injection. There were no PANT-positive

cells in the contralateral basal ganglia or in the sham-

ipsilateral basal ganglia (Fig. 1B).

E¤ect of bipyridine, a ferrous iron chelator, on ICH

Bipyridine treatment given immediately after ICH

reduced DNP protein levels in the ipsilateral basal

ganglia compared to vehicle-treated animals (3 days

post-ICH, p < 0:01; Fig. 2A). Similarly, while

PANT-positive cells were detected in the perihemato-

mal area in vehicle-treated rats at 3 days after ICH

(Fig. 2B-b), with bipyridine treatment given immedi-

ately after ICH, there were no PANT-positive cells de-

tected in the ipsilateral basal ganglia (Fig. 2B-c).

Table 1. Summary of changes in iron accumulation, oxidation, and

DNA injury after ICH.

1 day 3 days 7 days

Iron þ þþþ þþ
8-OHdG þ þþ þ
AP sites þþ þþþ þ
DNP þþ þþþ þþ
APE/Ref-1 � ��� �
Ku-proteins � ��� (G)

TUNEL staining (G) (G) (G)

PANT staining (G) þþþ (G)

þ Weak positive; þþ moderate positive; þþþ strong positive;

� slight decrease; �� moderate decrease; ��� extreme decrease;

(G) neutral.

ICH Intracerebral hemorrhage; 8-OHdG 8-hydroxyl-2 0-deoxy-
guanosine; AP apurinic/apyrimidinic; DNP dinitrophenyl; APE

apurinic/apyrimidinic endonuclease.
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Fig. 1. (A) Western blot analysis showing the DNP concentration in the sham-ipsilateral (lanes 1–3), the Feþþ injection-ipsilateral (lanes 4–6),

and the Feþþ injection-contralateral (lanes 7–9) basal ganglia 24 hours. Equal amounts of protein (50 mg) were used. (B) PANT staining in the

sham-ipsilateral (a), Feþþ injection-ipsilateral (b), and Feþþ injection-contralateral (c) basal ganglia 24 hours after ICH. Bar ¼ 20 mm

Fig. 2. The e¤ect of bipyridine treatment (25 mg/kg i.p. given immediately after ICH) on DNP expression following ICH. (A) Western blot

analysis showing DNP concentration in the vehicle contralateral (lanes 1–3), vehicle ipsilateral (lanes 4–6), and bipyridine treatment-ipsilateral

(lanes 7–9) basal ganglia 3 days after ICH. Equal amounts of protein (50 mg) were used. (B) PANT staining in the vehicle-contralateral (a),

vehicle-ipsilateral (b), and bipyridine treatment-ipsilateral (c) 3 days after ICH. Bar ¼ 20 mm
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Discussion

Iron accumulation and oxidative DNA damage after

ICH

Although iron is essential for normal brain function,

iron overload can cause brain injury [2]. After ICH,

iron concentrations in the brain can reach very high

levels. In the present study, iron-positive cells were

found in the perihematomal area as early as the first

day, detected by Perl’s staining. DNA is vulnerable to

oxidative stress, and 8-OHdG and AP sites are sensi-

tive markers of such DNA injury [5]. Normally, APE,

a DNA repair enzyme, repairs AP sites in DNA [7].

Ku-proteins are also DNA repair proteins [6]. APE

and Ku is constitutively expressed in the non-injured

brain, but can decrease due to oxidative DNA damage

[6, 7]. DNA damage can result from at least 2 path-

ways: endonuclease-mediated DNA fragmentation or

oxidative injury [3]. In the present study, we could not

find obvious double-strand breaks by the TUNEL

method, but did detect single-strand breaks by PANT

staining. We also found abundant positive cells around

the hematoma 3 days after ICH. As with the 8-OHdG

immunoreactivity and AP sites results, this may reflect

oxidative damage. The oxidative proteins are analyzed

for carbonyl content by immunoblot with anti-DNP

antibody and a specific band could be detected at

50 kDa [10]. The DNP protein levels and the number

of AP sites and 8-OHdG immunoreactivity all peaked

at 3 days after ICH in this study. These results suggest

that brain oxidative damage peaks about 3 days after

ICH.

Influence of iron on brain oxidation and DNA damage

It is known that iron can react with lipid hydroper-

oxides to produce free radicals, which contribute to

neuronal damage during ischemia/reperfusion [11]. In

vitro, exposure to FeSO4 results in lipid peroxidation

in neurons and an increase in apoptotic cell death

[13]. The present study shows that infusion of FeCl2
into the caudate induces DNP expression and PANT-

positive cells 24 hours later, suggesting the Fe2þ might

contribute to ICH-induced oxidative stress and DNA

damage, a hypothesis supported by our findings on

the e¤ects of bipyridine.

E¤ect of iron chelation on ICH

Bipyridine is a small molecular weight (MW 220)

ferrous iron chelator. It is hydrophobic, so that at

physiological pH it partitions into cell membranes

and binds iron as it passes through this lipid environ-

ment [1]. In a previous study, we found that deferox-

amine, a ferric iron chelator, attenuates brain edema

and neurological deficits in a rat ICH model [9]. These

results suggest that both ferrous and ferric iron chela-

tors such as bipyridine and deferoxamine could be use-

ful for the treatment of brain edema following ICH.

Because of their permeability, both bipyridine and de-

feroxamine are capable of chelating intracellular iron,

although deferoxamine also chelates extracellular iron

[4].

Conclusion

The present study suggests that iron-induced oxida-

tion causes DNA damage in the brain following ICH.

Oxidative stress and iron chelation are potential thera-

peutic targets for ICH.
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Summary

Iron overload occurs in brain after intracerebral hemorrhage

(ICH). Deferoxamine, an iron chelator, attenuates perihematomal

edema and oxidative stress in brain after ICH. We investigated the

e¤ects of deferoxamine on cerebrospinal fluid (CSF) free iron and

brain total iron following ICH.

Rats received an infusion of 100-mL autologous whole blood into

the right basal ganglia, then were treated with either deferoxamine

(100 mg/kg, i.p., administered 2 hours after ICH and then at 12-

hour intervals for up to 7 days) or vehicle. The rats were killed at

di¤erent time points from 1 to 28 days for measurement of free and

total iron. Behavioral tests were also performed. Free iron levels in

normal rat CSF were very low (1.1G 0.4 mmol). After ICH, CSF

free iron levels were increased at all time points. Levels of brain total

iron were also increased after ICH (p < 0:05). Deferoxamine given 2

hours after ICH reduced free iron in CSF at all time points. Deferox-

amine also reduced ICH-induced neurological deficits (p < 0:05),

but did not reduce total brain iron.

In conclusion, CSF free iron levels increase after ICH and do not

clear for at least 28 days. Deferoxamine reduces free iron levels and

improves functional outcome in the rat, indicating that it may be a

potential therapeutic agent for ICH patients.

Keywords: Cerebral hemorrhage; iron; behavior; deferoxamine.

Introduction

Experimental studies have demonstrated that

iron overload occurs after intracerebral hemorrhage

(ICH) and contributes to ICH-induced brain injury

[25]. Our previous study showed that non-heme iron

increases about 3-fold after ICH in a rat model [22].

The major source of iron accumulation in the brain is

hemoglobin after erythrocyte lysis [22, 23]. However, a

recent study found that iron bound to transferrin in the

plasma also results in brain injury after ICH [13]. De-

feroxamine, an iron chelator, attenuates acute peri-

hematomal brain edema and oxidative stress [11].

Free iron can cause free radical formation and oxi-

dative brain damage. The natural history of free iron

accumulation following ICH is still not clear. We in-

vestigated the time course of free and total iron in the

brain after ICH. The e¤ects of deferoxamine on free

iron in cerebrospinal fluid (CSF), total iron in the

brain, and behavioral outcomes following ICH were

also examined.

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 studies. Male Sprague-

Dawley rats each weighing 300 to 400 g (Charles River Laborato-

ries, Wilmington, MA) were used. Aseptic techniques were utilized

in all surgical procedures. Animals were anesthetized with pentobar-

bital (50 mg/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 pH, PaO2, PaCO2,

hematocrit, and glucose, and as the source for the intracerebral

blood infusion. Body temperature was maintained at 37.5 �C using

a feedback-controlled heating pad. Animals were positioned in a

stereotactic frame (David Kopf Instruments, Tujunga, CA) and a

cranial burr hole (1 mm) was drilled on the right coronal suture

4.0 mm lateral to the midline. Autologous blood was withdrawn

from the right femoral artery and infused (100 mL) immediately

into the right caudate nucleus through a 26-gauge needle at a rate of

10 mL per minute using a microinfusion pump (Harvard Apparatus

Inc., Holliston, MA). Coordinates were 0.2 mm anterior and

3.5 mm lateral to the bregma with a depth of 5.5 mm. After intra-

cerebral infusion, the needle was removed and the skin incision

closed with suture.

Experimental groups

Rats were divided to 2 groups. All rats had an ICH. In the first

group, rats received deferoxamine treatment (100 mg/kg, i.p., 2

hours after ICH and at 12-hour intervals thereafter). The second

group received the same amount of vehicle. The rats (6 to 9 rats/

group/time point) were then killed at 1, 3, 7, 14, or 28 days later for

total brain tissue iron and CSF free iron determination. All animals

underwent behavioral testing until sacrificed.



Free iron determination

The rats were anesthetized with pentobarbital. CSF was obtained

by puncture of the cisterna magna 1, 3, 7, 14, and 28 days after ICH

and stored at�80 �C before determination. Free iron in CSF was de-

termined according to the method described by Nilsson et al. [14].

Total brain tissue iron determination

Rats were killed at 1, 3, 7, 14, and 28 days after ICH. Brains were

perfused with saline before decapitation and then removed. A coro-

nal slice@ 4 mm thick around the injection needle tract was cut, di-

vided into ipsilateral and contralateral sides, and weighed. The brain

was then homogenized with 2 mL 0.1 mol phosphate-bu¤ered saline

and stored at �80 �C before determination. Total brain tissue iron

(mg/g tissue weight) was determined according to the method de-

scribed by Fish [1].

Behavioral tests

All animals were tested before and after surgery and scored by

investigators who were blinded to both neurological and treat-

ment conditions. Three behavioral assessments were used: forelimb-

placing, forelimb-use asymmetry, and corner-turn tests [4].

(A) Forelimb-placing test

Forelimb placing was scored using a vibrissae-elicited forelimb-

placing test. Independent testing of each forelimb was induced by

brushing the vibrissae ipsilateral to that forelimb on the edge of a

tabletop once per trial for 10 trials. Intact animals placed the fore-

limb quickly onto the countertop. Percent of successful placing re-

sponses were determined. A previous study showed a reduction in

successful responses in the forelimb contralateral to the site of in-

jection after ICH [4].

(B) Forelimb-use asymmetry test

Forelimb use during explorative activity was analyzed by video-

taping rats in a transparent cylinder for 3 to 10 minutes depending

on the degree of activity during the trial. Behavior was quantified

first by determining the occasions when the non-impaired ipsilateral

(I) forelimb was used as a percentage of total number of limb-use

observations on the cylinder wall. Second, the occasions when the

impaired forelimb contralateral (C) to the blood-injection site were

used as a percentage of total number of limb-use observations on

the wall. Third, the occasions when both (B) forelimbs were used

simultaneously as a percentage of total number of limb-use obser-

vations on the wall. A single overall limb-use asymmetry score

was calculated as: Limb use asymmetry score ¼ [I/(Iþ Cþ B)] �
[C/(Iþ Cþ B)].

(C) Corner-turn test

Each rat was allowed to proceed into a 30� corner. To exit the cor-

ner, the rat could turn either left or right. The direction was recorded.

The test was repeated 10 to 15 times, with at least 30 seconds between

each trial, and the percentage of right turns calculated. Only turns

involving full rearing along either wall were included. The rats were

not picked up immediately after each turn so they did not develop an

aversion for turning around.

Statistical analysis

Student t test and Mann-Whitney U test were used to compare

brain iron and behavioral data. Values are meanG SD. Statistical

significance was set at p < 0:05.

Results

All physiological variables were measured imme-

diately before intracerebral infusion. Mean arterial

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

and blood glucose level were controlled within nor-

mal ranges (mean arterial blood pressure, 70 to

100 mmHg; blood pH, 7.40 to 7.50; PaO2, 80 to

120 mmHg; PaCO2, 35 to 45 mmHg; hematocrit, 38

to 43%; blood glucose level, 80 to 130 mg/dL).

Deferoxamine reduces free iron levels in CSF following

ICH

Free iron levels in the normal CSF were very low in

the rat (1.1G 0.4 mmol). After ICH, free iron levels in

CSF were increased at the first day (8.5G 1.3 mmol)

and peaked at the third day (14.2G 5.0 mmol). CSF

free iron remained at high levels for at least 28

days (6.2G 1.1 mmol). Deferoxamine treatment initi-

ated 2 hours after ICH reduced free iron in CSF at

all time points (e.g., day 3: 6.7G 2.0 mmol versus

14.2G 5.0 mmol in the vehicle-treated group, p <

0:05).

Deferoxamine fails to reduce total brain tissue iron

levels in the ipsilateral hemisphere following ICH

The levels of total brain tissue iron also increased

in the ipsilateral hemisphere after ICH (e.g., day 1:

264G 55 mg/g versus 87G 13 mg/g in the contrala-

teral side, p < 0:01), and remained elevated for at least

4 weeks (255G 61 mg/g versus 85G 17 mg/g in the

contralateral side, p < 0:01). Deferoxamine treatment

initiated 2 hours after ICH did not reduce total brain

tissue iron in the ipslateral hemisphere following ICH

at all time points (e.g., day 1: 257G 41 mg/g versus

264G 55 mg/g in the vehicle-treated group, p > 0:05;

day 3: 227G 41 mg/g versus 243G 46 mg/g in the

vehicle-treated group, p > 0:05).

Deferoxamine treatment ameliorates neurological

deficits after ICH

Deferoxamine treatment reduced ICH-induced

neurological deficits in rats. Corner-turn scores were

improved at all time points in the deferoxamine-

treated group compared with the vehicle group (e.g.,

day 1: 88.4G 3.0% versus 97.7G 1.2%, p < 0:05;

day 7: 69.6G 20.0% versus 83.9G 16.8%, p < 0:05).
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Forelimb-placing scores were also improved in the

deferoxamine-treated group compared with the vehicle

group (e.g., day 3: 73.3G 6.5% versus 46.7G 7.8%,

p < 0:01; day 7: 87.1G 3.1% versus 52.4G 6.7%,

p < 0:05). There was also an improvement in ICH-

induced forelimb-use asymmetry associated with de-

feroxamine therapy (e.g., day 1: 26.8G 3.2% versus

47.2G 3.4%, p < 0:05; day 7: 10.0G 3.6% compared

with 31.0G 4.3%, p < 0:05).

Discussion

The present study shows that free iron levels in CSF

increase on the first day, peak on the third day, and re-

main high for at least 28 days after ICH. Systemic de-

feroxamine administration reduces free iron contents

in CSF and improves functional outcomes after ICH

in rats. However, deferoxamine has little e¤ect on

brain total iron after ICH.

Free iron levels in CSF increase as early as the first

day after ICH. The sources of free iron are either the

hematoma itself or circulating blood in the presence

of a disrupted blood-brain barrier. Before erythrocyte

lysis and hemoglobin breakdown, iron may come from

serum of the clot and/or through a leaky blood-brain

barrier. Our recent studies have shown that iron-

positive cells (Perls’ staining) that appear to be neu-

rons are located around the hematoma 24 hours after

ICH and that deferoxamine reduces acute brain edema

when given 6 hours after ICH [11, 22]. After erythro-

cyte lysis, hemoglobin releases iron; free iron concen-

trations in the brain reach even higher levels. Neither

CSF free iron nor brain total iron returns to normal

levels within 28 days. Thus, there is the potential for

long-term iron-mediated damage following ICH.

Iron-induced brain damage may result from oxida-

tive stress. Oxidative brain injury plays an important

role in ICH [12]. Iron can stimulate the formation of

free radicals leading to neuronal damage. It is known

that ferrous (Fe2þ) and ferric (Fe3þ) iron react with

lipid hydroperoxides to produce free radicals [19]. In-

tracerebral injection of iron causes lipid peroxidation,

brain edema, neuronal damage, and focal epileptiform

paroxysmal discharges [3, 5, 6, 11, 20, 21].

Systemic administration of deferoxamine reduces

free iron levels in CSF and improves functional

outcomes after ICH. Our previous studies demon-

strated that deferoxamine attenuates hematoma- and

hemoglobin-induced brain edema [6, 11]. These results

suggest that deferoxamine may be a therapeutic agent

for ICH patients. Deferoxamine, an iron chelator, is

an FDA-approved drug for the treatment of acute

iron intoxication and for chronic iron overload due

to transfusion-dependent anemias. Deferoxamine can

rapidly penetrate the blood-brain barrier and accumu-

late in the brain tissue at a significant concentration

after systemic administration [8, 15]. Deferoxamine

chelates iron by forming a stable complex that pre-

vents iron from entering into further chemical reac-

tions. It readily chelates iron from ferritin and hemosi-

derin but not readily from transferrin. Deferoxamine

binds ferric iron and prevents the formation of hy-

droxyl radical via the Fenton/Haber-Weiss reaction.

Furthermore, deferoxamine reduces hemoglobin-

induced brain Naþ/Kþ ATPase inhibition and neu-

ronal toxicity [2, 17, 18]. Favorable e¤ects of iron

chelator therapy have been reported in various cere-

bral ischemia models [7, 10].

Although deferoxamine is an iron chelator, it can

have other e¤ects. Thus, it can act as a direct free

radical scavenger [7, 10] and it can induce ischemic

tolerance in the brain [16]. The latter has been demon-

strated in vivo and in vitro and may be related to a

deferoxamine induction of hypoxia-inducible tran-

scription factor 1 binding to DNA [16].

It is well-known that thrombin formation and iron

are 2 major factors causing brain injury after ICH

[9, 24, 25]. Indeed, iron and thrombin can interact

to cause brain damage [13]. Nakamura et al. [13]

found that intracerebral co-administration of holo-

transferrin (holo-Tf; iron-loaded transferrin) with

thrombin causes brain edema, oxidative damage, and

DNA fragmentation. These e¤ects were not found in

rats treated with holo-Tf alone or apo-transferrin, a

non-iron-loaded transferrin, with thrombin. Thus, the

presence of holo-Tf and thrombin during the forma-

tion of an intracerebral hematoma may participate in

ICH-induced brain injury. Reducing brain free iron

levels by deferoxamine may result in less thrombin-

related brain injury after ICH.

To determine whether or not deferoxamine en-

hances the clearance of iron from the brain after ICH,

brain total iron levels in the ipsilateral and contra-

lateral hemisphere with or without deferoxamine were

also determined. Brain total iron levels were increased

after ICH, but deferoxamine did not reduce total iron

levels in the ipsilateral hemisphere, suggesting that de-

feroxamine cannot enhance iron export after ICH, at

least in this model.

In summary, CSF free iron levels are increased at
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the first day after ICH and remain high for at least 4

weeks. Deferoxamine reduces free iron levels, oxida-

tive brain injury, edema, and neurological deficits, sug-

gesting that it may be a potential therapeutic agent for

ICH patients.
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Summary

Pretreatment with low-dose thrombin attenuates brain edema in-

duced by iron or intracerebral hemorrhage (ICH). Ceruloplasmin is

involved in iron metabolism by oxidizing ferrous iron to ferric iron.

The present study examines whether thrombin modulates brain cer-

uloplasmin levels and whether exogenous ceruloplasmin reduces

brain edema induced by ferrous iron in vivo.

In the first set of experiments, rats received intracerebral infusion

of saline or 1 U thrombin into the right basal ganglia. Rats were

killed 1, 3, or 7 days later for Western blot analysis and RT-PCR

analysis. In the second set of experiments, rats received either ferric

iron, ferrous iron, or ferrous iron plus ceruloplasmin, then were

killed 24 hours later for brain edema measurement. We found that

ceruloplasmin protein levels in the ipsilateral basal ganglia increased

on the first day after thrombin stimulation and peaked at day 3.

Brain ceruloplasmin levels were higher after thrombin infusion

than after saline injection. RT-PCR showed that brain ceruloplas-

min mRNA levels were also up-regulated after thrombin injection

(p < 0:05). We also found ipsilateral brain edema after intracerebral

infusion of ferrous iron but not ferric iron at 24 hours. Co-injection

of ferrous iron with ceruloplasmin reduced ferrous iron-induced

brain edema (p < 0:05). Our results demonstrate that thrombin

increases brain ceruloplasmin levels and exogenous ceruloplasmin

reduces ferrous iron-induced brain edema, suggesting that cerulo-

plasmin up-regulation may contribute to thrombin-induced brain

tolerance to ICH by limiting the injury caused by ferrous iron re-

leased from the hematoma.

Keywords: Brain edema; ceruloplasmin; iron; preconditioning;

thrombin.

Introduction

High concentrations of thrombin cause brain edema

and cell death, but thrombin in low concentrations is

neuroprotective [6, 13, 16]. Thus, we found that prior

treatment with a low dose of thrombin attenuates the

brain edema induced by intracerebral hemorrhage

(ICH) or iron [3, 17], and significantly reduces infarct

size in a rat model of middle cerebral artery occlusion

[8]. We termed this phenomena thrombin precondi-

tioning (TPC), or thrombin-induced brain tolerance.

Iron overload occurs in the brain after ICH and

contributes to ICH-induced brain injury [9, 14, 18]. Al-

though TPC can reduce iron-induced brain edema, the

mechanisms of thrombin-induced tolerance to iron

are not clear. Thrombin may induce brain protection

through up-regulating brain iron-handling proteins.

Ceruloplasmin, which can be synthesized in the brain,

is involved in iron metabolism by oxidizing ferrous

iron to ferric iron [11].

The present study examines whether thrombin can

modulate brain ceruloplasmin levels and whether ex-

ogenous ceruloplasmin can reduce brain edema in-

duced by ferrous iron in vivo.

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. Male

Sprague-Dawley rats each weighing 300 to 400 g (Charles River

Laboratories, Wilmington,MA) were used in our study. Aseptic pre-

cautions were utilized in all surgical procedures. Animals were anes-

thetized with pentobarbital (50 mg/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 pH, PaO2, PaCO2, hematocrit and glucose. Body temperature

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

The animals were positioned in a stereotactic frame (David Kopf In-

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

on the right coronal suture 4.0 mm lateral to the midline. Thrombin,

iron, or saline was infused into the right caudate nucleus through a

26-gauge needle at a rate of 10 mL per minute using a microinfusion

pump (Harvard Apparatus Inc., Holliston, MA). After intracerebral

infusion, the needle was removed and the skin incision closed with

suture.



Experimental groups

There were 2 sets of experiments in this study. In the first set, pen-

tobarbital anesthetized rats received an intracerebral infusion of sa-

line or 1 U thrombin into the right basal ganglia. Rats were killed 1,

3, or 7 days later for Western blot analysis and reverse transcription

polymerase chain reaction (RT-PCR) analysis. In the second set, rats

received 50 mL of either 0.2 mmol ferric iron, 0.2 mmol ferrous iron,

or 0.2 mmol ferrous iron plus 10 mmol ceruloplasmin, then were

killed 24 hours later for brain edema measurement.

Brain water and ion content measurement

Rats were killed by decapitation under deep pentobarbital anes-

thesia (60 mg/kg i.p.). The brains were removed immediately and a

coronal brain slice (approximately 4 mm thick) 3 mm from the fron-

tal pole was cut with a blade. The brain samples were then divided

into cortex or basal ganglia (ipsilateral or contralateral). A total of

5 samples from each brain were obtained: the ipsilateral cortex and

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

bellum. Brain water content was measured by the wet/dry weight

method and sodium ion content was measured by flame photometry

[15].

Western blot analysis

Western blot analysis was performed on days 1, 3, and 7 after

thrombin infusion using previously described methods [16]. In brief,

protein concentration was determined by Bio-Rad protein assay

kit. Samples (50 mg protein) were run on a polyacrylamide gel and

then transferred to pure nitrocellulose membrane (Amersham

Biosciences, Piscataway, NJ). For ceruloplasmin measurements,

membranes were probed with 1 :2500 dilution of rabbit anti-human

ceruloplasmin antibody (Dako Cytomation, Carpinteria, CA), fol-

lowed by a 1 :2500 dilution of the secondary antibody (peroxidase-

conjugated goat anti-rabbit antibody, Vector Laboratories, Burlin-

game, CA). The antigen-antibody complexes were visualized with a

chemiluminescence system (Amersham) and exposed to photosensi-

tive film. The relative densities were analyzed using NIH Image soft-

ware, version 1.62 (National Institutes of Health, Bethesda, MD).

Reverse transcription (RT) and polymerase chain reaction (PCR)

Rats were re-anesthetized with pentobarbital (60 mg/kg, i.p.) and

killed by decapitation. The brains were removed and a 3-mm thick

coronal brain slice was cut with a blade approximately 4 mm from

the frontal pole. The ipsilateral and the contralateral basal ganglia

were sampled for RT-PCR [2].

PCR was performed with 15 mL of the reverse transcriptase reac-

tion mixture (PerkinElmer, Wellesley, MA) containing 25 mmol

MgCl2, dNTP, 10� PCR bu¤er II and AmpliTaq DNA polymer-

ase in a final volume of 50 mL. The rat GPI-anchored cerulo-

plasmin primers (NIH GenBank database) corresponded to nucleo-

tides 2928 to 2951 (sense primer, 5 0-GTA TGT GAT GGC TAT

GGG CAA TGA-3 0) and 3355 to 3376 (antisense primer, 5 0-CCT
GGA TGG AAC TGG TGA TGG A-3 0). Rat GAPDH primers

(5 0-CTCAGTGTAGCCCAGGATGC-3 0, 5 0-ACCACCATGGA-

GAAGGCTGG-3 0) were used to amplify GAPDH mRNA, a

housekeeping gene used as a control. Amplification was performed

in a DNA thermal cycler (MJ Research, Waltham, MA). Samples

were subjected to 30 cycles (94 �C, 1 minute; 58 �C, 1.5 minutes; and

72 �C, 2 minutes). PCR production was analyzed by the use of elec-

trophoresis on a 1% agarose gel. Gels were visualized with ethidium

bromide staining and ultraviolet transillumination. Photographs

were taken with black and white film (Polaroid Corp., Waltham,

MA) and analyzed using NIH image 1.62.

Statistical analysis

All data are presented as meanG SD. Data were analyzed with

ANOVA using the Sche¤e post hoc test or Student t test. Signifi-

cance levels were measured at p < 0:05.

Results

Mean arterial blood pressure, blood pH, PaO2,

PaCO2, hematocrit, and blood glucose were controlled

within normal ranges.

To test whether thrombin can up-regulate brain

ceruloplasmin, mRNA and protein levels were de-

termined by RT-PCR and Western blot. RT-PCR

analysis followed by scanning densitometry of bands

revealed that brain ceruloplasmin mRNA levels in the

ipsilateral basal ganglia were markedly up-regulated

on the first day after thrombin injection (from un-

detectable to 1847G 740 pixels, p < 0:05). Cerulo-

plasmin protein levels in the ipsilateral basal ganglia

increased on day 1, peaked at day 3, and were still

higher than normal at day 7 after thrombin infusion.

Compared with saline control, brain ceruloplasmin

levels in the ipsilateral basal ganglia were higher after

thrombin infusion (day 3: 8833G 1250 vs. 3863G 961

pixels in the saline control group, p < 0:01) (Fig. 1).

Brain edema developed in the ipsilateral basal gan-

glia 24 hours after intracerebral infusion of 50 mL

0.2 mmol ferrous iron (80.6G 0.9% vs. 78.2G 0.6%

in the contralateral side; n ¼ 7) but not 50 mL

0.2 mmol ferric iron (78.4G 0.4% vs. 78.1G 0.6% in

the contralateral side, n ¼ 7). Co-injection of ferrous

iron with ceruloplasmin reduced ferrous iron-induced

brain edema (79.0G 1.2 vs. 80.9G p < 0:05), so-

dium ion accumulation (213G 22 vs. 294G 80 mEq/g

dry wt, p < 0:05) and potassium loss (393G 22 vs.

354G 22 mEq/g dry wt, p < 0:05) in the ipsilateral

basal ganglia.

Discussion

Our results demonstrate that TPC increases brain

ceruloplasmin levels and that exogenous ceruloplas-

min reduces ferrous iron-induced brain edema, sug-

gesting that up-regulation of ceruloplasmin may con-

tribute to thrombin-induced brain tolerance to ICH

by limiting the injury caused by ferrous iron released

from the hematoma.

204 S. Yang et al.



Iron accumulates in the brain after ICH and

an iron chelator, deferoxamine, reduces ICH-and

hemoglobin-induced brain edema, suggesting that

iron plays an important role in perihematomal brain

edema formation [4, 9, 14]. We demonstrated that

TPC reduces brain edema induced by intracerebral in-

fusion of iron or lysed erythrocytes [3]. It is important

to understand the mechanisms behind the thrombin-

induced brain tolerance against iron-induced brain in-

jury because they may represent naturally-occurring

pathways that can be manipulated pharmacologically

to limit brain injury associated with iron overload. It

should be noted that iron overload in the brain is asso-

ciated with many neurodegenerative disorders [12].

Although the mechanisms of thrombin-induced

brain tolerance against iron are still not well under-

stood, our present study indicates that ceruloplasmin

may be involved. The brain can produce ceruloplas-

min [7] and we found that thrombin up-regulates ceru-

loplasmin in the rat brain at both mRNA and protein

levels. Ceruloplasmin is an a2-glycoprotein that oxi-

dizes toxic ferrous iron to less-toxic ferric iron. Our

study demonstrates that ceruloplasmin can reduce

ferrous iron-induced brain edema. In addition, cerulo-

plasmin is involved in iron e¿ux from cultured astro-

cytes [5]. An important question is whether thrombin-

induced ceruloplasmin up-regulation enhances iron

e¿ux from brain after ICH. Ceruloplasmin also pos-

sesses antioxidant functions and prevents free radical

injury [10, 11]. Mice lacking ceruloplasmin have iron

deposition in areas of the brain and have increased

lipid peroxidation [10], while mice lacking both cerulo-

plasmin and its homolog hephaestin have increased

retinal iron and retinal neurodegeneration [1].

In addition to ceruloplasmin, other iron handling

proteins including transferrin and transferrin receptor

may contribute to thrombin-induced brain tolerance

to iron. We have shown that brain transferrin and

Fig. 1. Brain ceruloplasmin protein levels (Western blot) in the

ipsilateral basal ganglia (ipsi-BG) and contralateral basal ganglia

(cont-BG) 3 days after saline and thrombin infusion. Values are

meanG SD. #p < 0:01 vs. other groups

Fig. 2. Brain water content in the basal ganglia 24

hours after intracerebral injection of 50 mL of

0.2 mmol ferric iron, 0.2 mmol ferrous iron, or

0.2 mmol ferrous iron plus 10 mmol ceruloplasmin

(Cp). Values are meanG SD. *p < 0:05 vs. other

groups
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transferrin receptor levels are increased after intracere-

bral thrombin infusion [3]. Many studies implicate

transferrin and transferrin receptor in the transport of

iron from blood to brain across the blood-brain bar-

rier, but a recent investigation indicates that there

also is rapid e¿ux of transferrin from brain to blood,

suggesting that transferrin may help iron clearance

[19].

In summary, thrombin increases brain ceruloplas-

min levels and induces brain tolerance to iron. Manip-

ulating brain ceruloplasmin content may limit iron-

mediated brain injury.
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Summary

The aims of the current study were 1) to establish an adult rat

model of intraventricular hemorrhage (IVH) and post-hemorrhagic

ventricular dilatation, and 2) to examine the role of alterations in

cerebrospinal fluid (CSF) drainage and parenchymal injury in that

dilatation.

Rats underwent infusion of 200 ml of autologous blood over 15

minutes. The rats were used to measure hematoma mass, ventricular

dilatation, and cortical mantle volume (with T2 imaging), resistance

to CSF absorption, and brain edema (as a marker of brain injury).

IVH resulted in ventricular dilatation peaking at day 2 but persisting

for at least 8 weeks. Although there was an increased resistance to

CSF absorption at 3 days, it returned to normal at day 7. Long-

term ventricular dilatation was not associated with an alteration in

cortical mantle volume, although there was evidence of cortical dam-

age (edema). It is possible that initial ventricular distension (due to

the hematoma and the impaired CSF drainage) in combination

with periventricular white matter damage results in structural

changes that prevent total recoil once the hematoma has resolved

and CSF drainage is normalized, leading to long-term hydrocepha-

lus.

Keywords: Intraventricular hemorrhage; hydrocephalus; CSF

absorption.

Introduction

In adults, parenchymal cerebral hematomas close to

the ventricular system often extend into the ventricles.

Indeed, it has been estimated that about 40% of in-

tracerebral hemorrhage cases have an intraventricu-

lar component [1]. Such intraventricular hemorrhage

(IVH) is a predictor of poor outcome following intra-

cerebral hemorrhage [2]. IVH can also result from in-

traventricular vascular malformations, aneurysms, or

tumors, as well the insertion or removal of ventricular

catheters [3]. In some cases of IVH there is long-term

post-hemorrhagic ventricular dilatation. Such dilata-

tion is also a predictor of poor outcome [6, 9]. How-

ever, the underlying cause of the dilatation is still

uncertain.

The aims of the current study were, therefore, to

establish an adult rat model of IVH with post-

hemorrhagic ventricular dilatation. This was then

used to examine the e¤ects of IVH on cerebrospinal

fluid (CSF) drainage and parenchymal injury in order

to examine the potential role of altered CSF dynamics

and hydrocephalus ex vacuo in post-hemorrhagic ven-

tricular dilatation.

Methods

In all the experiments in this report, adult male Sprague Dawley

rats (300 to 400 g) were anesthetized with pentobarbital (50 mg/kg;

i.p.) and a femoral artery cannula was inserted. The rats were then

placed in a stereotactic frame and 200 ml of arterial blood or CSF

was infused over 15 minutes into the right lateral ventricle, 1.7 mm

lateral to the sagittal suture, 0.6 mm posterior to the coronal suture

and at a depth of 4.5 mm. The animals were then allowed to recover

from anesthesia.

In preliminary experiments, other potential IVH models were

tested. Blood was infused at a faster rate (200 ml/4 min) with or with-

out prior infusion of thrombin (1 unit) or activated Factor VII (2

units). These experiments did not produce a well-defined intraven-

tricular hematoma and blood gathered in the cisterna magna and

on the base of the brain. These models were, therefore, not em-

ployed.

Utilizing the 200 ml/15 min infusion regimen, the following mea-

surements were made:

1) Hematoma size was assessed 1 hour, 3 days, and 1 week after

IVH. Animals were re-anesthetized and sacrificed at each time point.

The intraventricular clot was dissected out and weighed.

2) Ventricular dilatation was assessed by T2 imaging using a 7T

small animal MRI scanner with serial thin cut slices (Fig. 1). Six

rats with IVH and 6 rats with CSF infusion were followed up to 8

weeks by performing serial brain MRI scans to assess ventricular

volume.

Cortical mantle volume was measured in 3 normal (no operation),

3 IVH, and 3 CSF-infused rats. All volume measurements were cal-

culated from serial coronal T2 images using MRI volumetric analy-



sis software. Measurements were taken rostral-to-caudal from the

anterior commissure to the splenium of the corpus callosum, and

superior-to-inferior by measuring from 1.5 mm lateral to the mid-

sagittal plane around the periphery to the mid-equatorial line in the

coronal plane. Full thickness of the mantle was measured all the way

to the periventricular surfaces in all sections.

3) Resistance to CSF absorption was measured at day 3 and day 7

in IVH and CSF-infused controls (n ¼ 4 per group). Resistance was

measured by the method of Jones and Gratton [4]. CSF was infused

into the right lateral ventricle at 0, 2, 5, 10, 15, and 20 ml/min while

CSF pressure was monitored. CSF plateau pressures were plotted

against CSF infusion rate and the resistance to absorption calculated

as the slope of this relationship using linear regression analysis.

4) Brain edema was measured at 3 days after IVH (n ¼ 5) or CSF

(n ¼ 4) infusion. The ipsi- and contralateral anterior and posterior

cortices were dissected and weighed before and after drying at

100 �C. The water content per g dry weight was then calculated.

Values presented in the text are given as meansG SE. Compari-

sons were made by t-test or analysis of variance with a Newman-

Keuls post-hoc test for multiple comparisons.

Fig. 1. Serial magnetic resonance imaging of a control rat (A), and a rat 2 days after IVH (B). Note the marked ventricular dilatation in (B).

The degree of dilatation was greater ipsilateral (right) to the site of blood injection
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Results

Infusing 200 ml of autologous blood over 15 minutes

produced a sizeable hematoma within the ventricular

system. One hour after infusion, the extractable hema-

toma volume was 58G 4 mg. By 3 days, hematoma

volume was 15G 2 mg and by 1 week, there was al-

most complete hematoma resolution (1G 1 mg).

By MRI, the lateral ventricular volume after IVH

peaked on day 2 (62.9G 9.6 mm3 vs. 7.7G 0.2 mm3

in controls; n ¼ 6 per group, p < 0:01). This post-

hemorrhagic ventricular dilatation (Fig. 1) was usually

bilateral, and there was still dilatation after 8 weeks

although to a reduced degree (28.6G 10.4 mm3 vs.

6.7G 0.2 mm3 in controls; p < 0:05). Cortical man-

tle volume at 8 weeks was similar in normal, IVH-

and CSF-infused sham rats (126G 1, 124G 4, and

127G 3 mm3, respectively).

Fig. 1 (continued )
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The IVH caused an increase in the resistance to CSF

absorption at 3 days (16.0G 4.7 vs. 5.3G 0.5 mm

H2O/min/mL in controls; n ¼ 4 per group; p < 0:05).

By 7 days, however, the resistance in the IVH group

had dropped (p < 0:05 vs. day 3) to a level not unlike

that of controls (6.3G 0.7 vs. 5.3G 0.4 H2O/min/mL;

n ¼ 4).

IVH also induced brain edema at day 3 in the poste-

rior cortex ipsilateral (4.09G 0.04 vs. 3.76G 0.03 g

water/g dry weight in controls; n ¼ 5 and 4 per

group, p < 0:001) and contralateral (4.00G 0.05

vs. 3.68G 0.04 g water/g dry weight in controls;

p < 0:01) to the site of injection. There was also ipsi-

and contralateral anterior cortex edema after IVH, al-

though this was less than found in the posterior cortex.

Discussion

The slow infusion of blood employed in this model

produced a reliable intraventricular hematoma that re-

solved over the first week. This rate of resolution is

faster than is found in human IVH [10] or in porcine

models of IVH [5], where clot resolution occurs over

weeks. This is probably the result of di¤erences in

absolute hematoma volumes in the di¤erent species.

The IVH model used in this study resulted in ven-

tricular dilatation, peaking at day 2. There was some

resolution of the hydrocephalus by 8 weeks, but this

was still incomplete. In a porcine model, Pang et al.

[8] also reported long-term hydrocephalus after intra-

ventricular blood infusion. However, Mayfrank et al.

[5], in another pig model, found that the ventricular di-

latation resolved within 6 weeks. The reason for this

di¤erence is uncertain.

In rat, early dilatation appears to be due to the pres-

ence of the hematoma and impairment in the CSF flow

pathways (a 3-fold increase in the resistance to absorp-

tion). However, dilatation remained even when CSF

outflow dynamics returned to normal and the intra-

ventricular hematoma was resolved. Mayfrank et al.

[5], in a porcine IVH model, also found that the resis-

tance to CSF absorption was elevated early after IVH

but returned to normal by day 7, even though the pigs

continued to have ventricular dilatation at that time

point.

Given that the long-term post-hemorrhagic hydro-

cephalus in the rat model does not appear to be caused

by altered CSF absorption, it might represent ex vacuo

changes secondary to brain parenchymal atrophy.

IVH did induce damage to the cortex as evinced by

brain edema and periventricular white matter damage

(data not shown). However, our cortical mantle vol-

ume measurements failed to support the hypothesis

that the post-hemorrhagic dilatation represented ex

vacuo hydrocephalus. No brain atrophy was found in

the IVH group at 8 weeks. It is possible that the initial

ventricular distension (due to the hematoma and the

impaired CSF drainage) in combination with peri-

ventricular white matter damage results in structural

changes that prevent total brain recoil once the hema-

toma has been resolved and CSF drainage is normal-

ized, leading to long-term hydrocephalus.

There are ongoing trials of fibrinolytics to assess

their potential for removing intraventricular blood

and, thus, diminishing mass and neurotoxic e¤ects of

the IVH and improving CSF drainage [7]. There are

concerns, however, that fibrinolytics, such as tissue

plasminogen activator (tPA), may have adverse paren-

chymal e¤ects. The current rat model should provide a

setting in which to study the e¤ects of tPA treatment or

other therapeutic interventions.
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Early hemostatic therapy using recombinant factor VIIa in a collagenase-induced
intracerebral hemorrhage model in rats
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Summary

Neurological deterioration during the first day after intracerebral

hemorrhage (ICH) is associated with early hematoma growth in

18 to 38% of patients. While clinical studies continue to evaluate

e‰cacy of activated recombinant factor VII (rFVIIa) for reducing

frequency of early hematoma growth, there have been no studies in-

vestigating the e¤ect of rFVIIa on early hematoma growth. We used

a collagenase-induced ICH model in the rat to evaluate the e¤ects of

rFVIIa on early hematoma growth.

Two hours after injection of 0.14 U of type IV bacterial collage-

nase in 10 mL of saline into the basal ganglia, a small amount of

blood collected in the striatum. The ICH gradually increased

in size, extending posteriorly to the thalamus by 24 hours after

injection. Intravenous administration of rFVIIa immediately after

collagenase injection decreased average hematoma volume at 24

hours compared with vehicle-treated group (168.1G 13.4 mm3 vs.

118.3G 23.0 mm3, p < 0:01). There was also a decrease in total he-

moglobin content in rats treated with rFVIIa compared with vehicle-

treated rats (optical density at 550 nm: 0.87G 0.08 vs. 0.71G 0.09,

p < 0:05). There was no di¤erence in cortical brain water content

overlying the hematoma between the rFVIIa- and vehicle-treated

groups (81.4G 0.7% vs. 81.7G 0.4%). Our study indicates that treat-

ment with rFVIIa may be useful in reducing the frequency of early

hematoma growth in ICH patients.

Keywords: Factor VII; brain edema; hematoma; intracerebral

hemorrhage.

Introduction

Intracerebral hemorrhage (ICH) represents approx-

imately 15% of stroke cases in the United States and

20% to 30% in Asian populations [30]. The 30-day

mortality rate is 35% to 50%, and most survivors are

neurologically disabled, with only 20% of patients be-

coming fully independent at 6 months [3]. In contrast

to the successful therapeutic advances for ischemic

stroke and subarachnoid hemorrhage, there remains a

lack of e¤ective treatment for ICH. Neurological dete-

rioration frequently begins during the first day and is

attributed to the development of brain edema and

mass e¤ect surrounding the hematoma [16]. Deteriora-

tion during the first day after bleeding is also strongly

associated with early hematoma growth, and hema-

toma volume is an important predictor of 30-day mor-

tality [2, 4, 10, 11, 17]. Studies involving patients

scanned within 3 hours of the onset of ICH have

shown that early hematoma growth, documented by

subsequent CT scans, occurs in 18% to 38% of patients

[4, 9, 12, 17].

The mechanism by which hematomas enlarge is

unclear. Bleeding has been thought to be completed

within minutes of onset and hematoma growth has

been assumed to be the result of rebleeding from the

initial site of arterial or arteriolar rupture [14]. Al-

though this may be true in many cases, several lines of

recent evidence have suggested that hematoma growth

is due to bleeding into the congested and damaged tis-

sue in the regions around the hematoma [24, 25]. As

hematoma growth is a dynamic process in acute ICH,

intervention with ultra-early hemostatic therapy could

minimize, and possibly even prevent, early hematoma

growth. The rapid action of recombinant activated

factor VII (rFVIIa) at the local bleeding site, coupled

with its low risk of systemic adverse e¤ects, makes

this agent a potentially valuable hemostatic treatment

during the high-risk stage of ICH [8].

One of the key prerequisites for identifying an e¤ec-

tive therapy for ICH is the development of an animal

model that accurately mimics the dynamic processes

involved in human ICH. Infusion of bacterial collage-

nase into the striatum disrupts vasculature and causes

bleeding in the surrounding brain tissue [29]. Magnetic



resonance imaging and histopathological examination

have shown that hematoma enlargement occurs for up

to 4 hours after the collagenase injection in this model

of ICH [6]. We slightly modified the procedure re-

ported by Rosenberg et al. [29] by increasing the

amount of solution and decreasing the concentration

of collagenase in the solution. This allowed slower

hematoma development in animals, and enabled eval-

uation of the e¤ects of rFVIIa on early hematoma

enlargement. Although no experimental studies inves-

tigating the e¤ect of rFVIIa on ICH have been pub-

lished, a clinical study is currently underway to evalu-

ate its e‰cacy in reducing the frequency of early

hematoma growth in patients with acute ICH [8, 23,

24].

Materials and methods

The Ethics Committees for Animal Experiments at Kagawa

University approved the experimental protocols used in this study.

Animals were allowed free access to food and water before the exper-

iment.

Experimental model

A total of 66 male Sprague-Dawley rats were used in this study.

The rats were anesthetized with intraperitoneal sodium pentobarbi-

tal (60 mg/kg). A polyethylene (PE-50) catheter was introduced into

the femoral artery to obtain blood samples for analysis of blood

gases, blood pH, hematocrit, and blood glucose concentration. Rec-

tal temperature was maintained at 37.5 �C during the surgery using a

feedback-controlled heating system.

The rat was positioned in a stereotactic frame and the scalp was

incised along the midline. Using sterile technique, a 1-mm burr hole

was opened in the skull near the left coronal suture 3-mm lateral to

the midline. A blunt 26-gauge needle was inserted into the left cau-

date putamen (striatum) under stereotactic guidance (coordinates:

0.2 mm anterior, 5.5 mm ventral, and 3 mm lateral to the bregma).

Solutions containing 0.14 U of bacterial collagenase (Type IV,

Sigma-Aldrich, St. Louis, MO) in 10 mL of saline were infused into

the brain over a period of 10 minutes using a microinfusion pump

(Eicom EPS-26, Kyoto, Japan). The stereotactic needle was re-

moved 5 minutes after completion of infusion. The burr hole was

sealed with cyanoacrylate glue and the incision was closed with

sutures. The rats were placed in a warm box and allowed to recover

from the anesthesia and given free access to food and water.

Experimental protocols

This study was divided into 3 parts. The first part examined hem-

atoma growth after the collagenase infusion. Animals received an in-

fusion of 10 mL of collagenase solution (0.14 U) into the left basal

ganglia. Hematoma volume was evaluated at 2, 4, 6, 12, and 24

hours after collagenase infusion (n ¼ 5 for each time point). Control

animals received 10 mL of saline into the basal ganglia and were sac-

rificed at 24 hours (n ¼ 5).

The second part of the study investigated whether general

administration of rFVIIa reduces hematoma enlargement. Treated-

animals received an intravenous injection of 120 mg/kg of rFVIIa

(NovoSeven, Novo Nordisk, Denmark) in 200 mL water immedi-

ately after collagenase infusion. Control animals received vehicle

(200 mL of water) immediately after collagenase infusion. Recombi-

nant human VIIa was reported to inhibit the bleeding tendency in-

duced by warfarin treatment in rats [7]. The dose of rFVIIa used in

this study (120 mg/kg) was chosen based on a previously determined

range used in an experimental study (50 and 250 mg/kg) [7] and in a

randomized clinical trial for patients with ICH (10- to 120-mg/kg

bolus dose) [8]. At 24 hours after collagenase infusion, animals were

sacrificed for measurements of hematoma volume (n ¼ 6 in each

group) or brain hemoglobin content (n ¼ 6 in each group).

The third part of the study evaluated the e¤ect of general ad-

ministration of rFVIIa on brain edema formation 24 hours after

collagenase infusion. Treated-animals (n ¼ 6) received an intrave-

nous injection of 120 mg/kg of rFVIIa in 200 mL water immediately

after collagenase infusion. Control animals (n ¼ 6) received vehicle

(200 mL of water) immediately after collagenase infusion.

Analytical methods

Morphometric measurement of hematoma volume

Animals were sacrificed by decapitation under deep sodium pento-

barbital anesthesia (100 mg/kg), and the brains were rapidly re-

moved and sectioned coronally at 2-mm intervals. After taking

photographs using a digital camera, the hemorrhage area for each

slice was measured with the use of a computerized image analysis

system (ImageJ, version 1.32, National Institutes of Health, Be-

thesda, MD). Total hematoma volume was calculated by summing

the clot area in each section and multiplying the distance (2 mm) be-

tween sections.

Spectrophotometric hemoglobin assay

Amodified spectrophotometric assay was used to determine blood

volume (hemoglobin) in the brain after ICH [5]. The ipsilateral cere-

bral hemisphere was collected from each animal. Distilled water

(3 mL) was added to each hemisphere, followed by homogenization

for 30 seconds, sonication on ice with an ultrasonicator for 1 minute,

and centrifugation at 13 000 rpm for 30 minutes. The hemoglobin

containing supernatant was collected, and 400 mL of Drabkin’s solu-

tion was added to a 100-mL aliquot. Fifteen minutes later, the optical

density of the solution at 550-nm wavelength was measured to assess

hemoglobin content.

Measurement of brain water content

After sacrificing the rats by decapitation, the brains were rapidly

removed and 2 coronal slices of 4-mm thickness were cut 4 mm

from the frontal pole. The brain slices were divided along the

midline and the cortex was separated from the basal ganglia bilater-

ally. Tissue samples were immediately weighed on an electronic

analytical balance to the nearest 0.1 mg to obtain the wet weight

(WW). Tissue samples were then dried in an oven at 110 �C for 24

hours and weighed again to obtain the dry weight (DW). The

formula (WW�DW)/WW� 100 was used to calculate the brain

water content and expressed as a percentage of WW.

Data analysis

All data in this study are presented as meanGSD. Data were an-

alyzed using Student t test or analysis of variance (ANOVA) with

Fisher PLSD test using StatView version 5.0 (SAS Institute, Chi-

cago, IL). A 2-tailed probability value of less than 0.05 was used to

indicate a significant di¤erence.
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Results

There were no significant di¤erences in the values of

arterial blood pressure, blood gas tension, blood pH,

hematocrit level, body temperature, or blood glucose

concentration between the 2 groups.

Hematoma enlargement

Two hours after collagenase injection, a small

amount of blood had already collected in the striatum

extending along with the external capsule, and the av-

erage hematoma volume was 90.5G 21.3 mm3 (Fig.

1A). At 4 hours after collagenase injection, the amount

of blood that had collected in the striatum had become

larger and roughly spherical in shape; the average

hematoma volume was 103.3G 12.9 mm3 (Fig. 1A).

The clot occupied almost the entire area of the stria-

tum, extending to the ventricular wall medially and

corpus callosum superiorly. The amount of blood

gradually increased in size and extended to the thala-

mus posteriorly by 24 hours after collagenase injec-

tion (Fig. 1B); the average hematoma volume was

112.7G 23.5 mm3 at 6 hours, 149.8G 17.0 mm3 at

12 hours, and 168.4G 14.9 mm3 at 24 hours (Fig.

1A). When comparison was made with the value at 2

hours after collagenase injection, the average hema-

toma volume was larger at 12 hours (p < 0:001) and

24 hours (p < 0:001). When comparison was made

with the value at 4 hours, the average hematoma vol-

ume was also larger at 12 hours (p < 0:01) and at 24

hours (p < 0:001). When comparison was made with

the value at 6 hours, the average hematoma volume

was larger only at 24 hours (p < 0:001).

E¤ects of rFVIIa on hematoma enlargement

Blood collection in the basal ganglia was assessed

morphometrically 24 hours after collagenase injection

in rats receiving either rFVIIa or vehicle. Intravenous

administration of rFVIIa immediately after collage-

nase injection significantly decreased the average

hematoma volume compared with vehicle-treated rats

(168.1G 13.4 mm3 vs. 118.3G 23.0 mm3, p < 0:01)

(Fig. 2A). Brain hemoglobin content was also used to

assess hematoma mass. Again, there was a decrease in

hemispheric total hemoglobin content in rats treated

with rFVIIa compared with vehicle-treated rats (OD

at 550 nm: 0.87G 0.08 vs. 0.71G 0.09, p < 0:05)

(Fig. 2B). Since the hemoglobin concentration in the

blood was the same in the rFVIIa and vehicle groups,

this indicates that the clot mass was significantly

smaller in the rFVIIa-treated rats.

Fig. 1. Time course of hematoma growth after intracerebral infusion of type IV bacterial collagenase solution into the striatum. The average

hematoma volume at 24 hours after collagenase injection was significantly larger compared with the values at 2, 4, and 6 hours after the colla-

genase injection (A) (#p < 0:001). The hematoma mainly increased in size in slices posterior to the collagenase injection site (arrow) (B)

214 N. Kawai et al.



E¤ects of rFVIIa on brain water content

Brain water content in the cortex overlying the hem-

atoma was determined 24 hours after collagenase in-

jection using the drying/weighing method in rats re-

ceiving either rFVIIa or vehicle. In spite of reduced

hematoma volume by administration of rFVIIa, there

were no di¤erences in ipsilateral cortical water content

between rFVIIa-treated and vehicle-treated groups

(anterior: 81.4G 0.7% vs. 81.7G 0.4%, posterior:

81.7G 0.6% vs. 81.7G 0.5%).

Discussion

Early hematoma growth after ICH

Neurological deterioration during the first day after

ICH is strongly associated with early hematoma

growth, and the volume of the hematoma is an impor-

tant predictor of 30-day mortality [2, 4, 10, 11, 17]. The

time course for progression of ICH in humans is con-

troversial. Herbstein and Schaumburg [14] injected
51Cr-labeled erythrocytes into 11 patients with hyper-

tensive ICH between 1 to 2 and 4 to 5 hours after on-

set. Postmortem examination revealed no significant

radioactivity in the primary hematoma, suggesting

that bleeding had ceased within at least 2 to 5 hours af-

ter onset [14]. On the other hand, cerebral angiography

performed 1.5 to 7 hours after onset showed extravasa-

tion of the contrast medium from perforating arteries

in 7 patients with ICH [27]. An association between

early hematoma growth and irregular clot morphol-

ogy, which is presumably the result of multifocal

bleeding, has also been reported [18]. Initial bleeding

has been thought to be completed quickly in many

cases as a result of clotting and tamponade by sur-

rounding brain tissue. Hematoma growth has been as-

sumed to result from rebleeding from the initial site of

arterial or arteriolar rupture. Although this may be

true in many cases, there have been several case reports

in which active bleeding seemed to last more than 6

hours after onset of ICH. Recent studies suggest that

early hematoma growth may also result from second-

ary bleeding into perilesional tissue in the periphery of

the initial clot [24, 25]. Simultaneous CT and single-

photon emission CT studies have demonstrated in-

stances in which ICH growth results from the addi-

tion of discrete hemorrhages within the no-flow zone

around the existing clot [24, 25]. These clinical data

suggest that early hematoma growth is a dynamic pro-

cess in acute ICH and in some cases may result from

bleeding into a ‘‘penumbra’’ of damaged and con-

gested brain tissue immediately surrounding a hema-

toma.

Fig. 2. Hematoma volume (A) and brain hemoglobin (optical density) (B) 24 hours after intracerebral infusion of collagenase solution. Imme-

diately after collagenase injection, rats received an intravenous infusion of rFVIIa (120 mg/kg) or vehicle (water). Values are meanG SD.

**p < 0:01 and *p < 0:05 compared with vehicle
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Collagenase-induced ICH model in rats

In the collagenase-induced ICH model, histopatho-

logical studies have shown that erythrocytes appear

around blood vessels at the needle puncture site within

the first hour and there is an extensive hematoma 4

hours after collagenase infusion with tissue disruption

by extravasated erythrocytes [29]. Enlargement of the

hematoma was observed for up to 4 hours after colla-

genase injection in this model of ICH using magnetic

resonance imaging and examining comparable histo-

logical sections [6]. We have slightly modified the pro-

cedure reported by Rosenberg et al. [29] by increasing

the amount of solution and decreasing the concentra-

tion of collagenase in the solution. In our model, there

was already a small amount of hemorrhage in the stria-

tum spreading along the external capsule 2 hours after

collagenase injection. The relatively large amount of

injection solution used in this study readily spread

through the white matter. By 4 hours, the extravasated

blood in the striatum was almost contiguous with the

external capsule and became roughly spherical, occu-

pying almost the entire area of the striatum, extending

to the ventricular wall medially and corpus callosum

superiorly. ICH gradually increased in size and ex-

tended to the thalamus posteriorly by 24 hours after

collagenase injection. Our modification has the benefit

of producing a slow-growing ICH of uniform shape

and reproducible size in the basal ganglia. In this

model, the e¤ects might be caused by tissue compres-

sion and ‘‘infusion edema’’ because of the relatively

large amount of solution injection. However, rats that

received 10 mL of vehicle (saline) injection did not ex-

hibit an increase in brain water content in the basal

ganglia and overlying cortex (data not shown).

E¤ects of rFVIIa on hematoma enlargement

Because hematoma growth is a dynamic process

during an acute ICH, intervention with ultra-early he-

mostatic therapy could minimize and possibly even

prevent early hematoma growth. FVIIa is an impor-

tant natural initiator of hemostasis exerting its primary

e¤ects locally in regions of endothelial disruption and

vascular injury [13]. Factor VII forms a complex with

exposed tissue factor at local bleeding sites, activating

the hemostatic cascade locally to form a hemostatic

plug. A pharmacological dose of rFVIIa amplifies this

process. Long-term clinical use for the treatment of

hemophilic patients with inhibitors, rFVIIa has been

associated with low risk of systemic coagulation and

thromboembolic complications and has shown good

clinical results for treating intracranial hemorrhage [1,

22, 31]. Clinical trials also indicate that rFVIIa pro-

motes hemostasis in neurosurgical patients with nor-

mal coagulation activity [15, 28]. Clinical studies are

currently ongoing to evaluate its e‰cacy for reducing

the frequency of early hematoma growth in patients

with acute ICH [8, 23, 24]. Arrest of early hematoma

growth might reduce the frequency of neurological de-

terioration by preventing early worsening related to

hematoma growth, as well as late deterioration from

perihematomal edema and mass e¤ect.

The ideal animal model has not been established

for early hematoma growth and prevention of hema-

toma enlargement using pharmacological interven-

tion. While our model does not faithfully mimic the

complex and dynamic nature of human ICH, it does

resemble human ICH dynamics and enables evalua-

tion of the e¤ect of rFVIIa on early hematoma growth.

As a clotted hematoma forms, plasma rich in thrombin

quickly seeps into surrounding tissue [32]. Thrombin

causes blood-brain barrier disruption and enhances

brain edema formation in rats [20, 21]. In spite of re-

duced hematoma volume by rFVIIa administration,

there was no reduction in the brain water content in

the overlying cortex between the rFVIIa-treated and

vehicle-treated groups in our experiment. A pharma-

cological dose of rFVIIa amplifies thrombin formation

at the clot-brain interface and may exacerbate brain

edema formation in rFVIIa-treated animals. However,

results from phase II trials have shown that there was

no dose-related e¤ect of rFVIIa on edema-to-ICH vol-

ume ratio and even a high dose of rFVIIa (160 mg/kg)

did not exacerbate brain edema formation around

ICH [26]. A recent study has shown that the thrombin

inhibitor argatroban can reduce ICH-induced edema

formation in rats [19]. Further studies are necessary

to evaluate the e¤ect of combined treatment using

rFVIIa and argatroban on ICH growth and perihema-

tomal brain edema formation in rats. While we ad-

ministered the rFVIIa immediately after collagenase

injection into the brain, studies of delayed treatments

of rFVIIa on hematoma growth should also be per-

formed before endorsing the clinical use of rFVIIa in

patients with acute ICH.

In conclusion, the present experimental study indi-

cates that treatment with rFVIIa may be useful in

reducing the frequency of early hematoma growth in

patients with ICH. Our experimental results further
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justify the ongoing clinical trial of rFVIIa on human

ICH.
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Summary

The present study examined di¤erences in intracerebral hemor-

rhage (ICH)-induced brain injury in male and female rats, whether

delayed administration of 17b-estradiol can reduce ICH-induced

brain damage, and whether these e¤ects are estrogen receptor (ER)-

dependent.

Male and female Sprague-Dawley rats received an infusion of

100-mL autologous whole blood into the right basal ganglia. The

e¤ects of 17b-estradiol (5 mg/kg, i.p.) on ICH-induced brain injury

were examined by measuring brain edema and neurological deficits

24 hours later. Heme oxygenase-1 (HO-1) was investigated by

immuno-analysis. Brain edema was significantly less in female com-

pared to male rats. The ER antagonist ICI182,780 exacerbated ICH-

induced brain edema in female but not in male rats, suggesting that

ER activation during ICH is protective in female rats. Administra-

tion of 17b-estradiol to male (but not female) rats significantly re-

duced brain edema, neurological deficits, and ICH-induced increases

in brain HO-1 levels when given 2 hours after ICH. This study

showed that female rats have less ICH-induced injury than male

rats. ER is involved in limiting ICH-induced injury in female rats.

ICH-injury in male rats can be reduced by 17b-estradiol. Since 17b-

estradiol treatment was e¤ective in male rats, it could be a potential

therapeutic agent for ICH.

Keywords: Cerebral hemorrhage; brain edema; estrogen receptor.

Introduction

Evidence suggests that estrogen is both a natural

neuroprotectant and a potential therapeutic agent

for cerebrovascular disease. Several mechanisms may

contribute to the e¤ect of estrogen on brain injury.

Estrogen is known to be vasoactive in the cerebral cir-

culation under normal and ischemic conditions [5].

Harder and Coulson [3] showed that estrogen recep-

tors (ERs) are present in vascular smooth muscle cells.

There are, however, direct e¤ects of estrogen on neu-

rons, as evidenced by the fact that estrogen protects

neuronal cultures from a variety of stresses including

oxidative stress and excitotoxicity [2]. Estrogen exerts

protective e¤ects in ischemic stroke through ER acti-

vation [10]. There is also evidence that estrogens can

protect via ER-independent mechanisms [4].

Many patients with an intracerebral hemorrhage

(ICH) deteriorate progressively because of secondary

edema formation [6]. We have shown that pretreat-

ment with 17b-estradiol attenuates brain edema after

ICH in male mice [8]. Whether delayed treatment

would be beneficial after ICH is unknown, however,

there is a paucity of data on the underlying neuropro-

tective mechanisms of estrogen in ICH and, in particu-

lar, whether those mechanisms involve ER activation.

The present study examined whether there are dif-

ferences in ICH-induced brain injury in male and

female rats, whether delayed administration of 17b-

estradiol can reduce ICH-induced brain damage, and

whether these e¤ects are ER-dependent.

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 and female

Sprague-Dawley rats (Charles River Laboratories, Portage, MI),

each weighing 300 to 400 g, were used in the experiments. Rats

were allowed free access to food and water. The animals were anes-

thetized with pentobarbital (40 mg/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 stereotaxic frame (David Kopf Instru-

ments, Tujunga, CA) and a cranial burr hole (1 mm) was drilled near



the right coronal suture 3.5 mm lateral to the midline. A 26-gauge

needle was inserted stereotaxically into the right basal ganglia (coor-

dinates: 0.2 mm anterior, 5.5 mm ventral, and 3.5 mm lateral to the

bregma). Autologous whole blood (100 mL) was infused at a rate of

10 mL/min with the use of a microinfusion pump (Harvard Appara-

tus, South Natick, MA). The needle was removed, the burr hole was

filled with bone wax, and the skin incision closed with suture.

Experimental groups

This study was performed in four parts. With the exception of 1

experiment in part 2, all rats received an intracaudate injection of

100 mL autologous whole blood and were sacrificed 24 hours later.

Part 1 evaluated ICH-induced changes in brain water content in

male and female rats (n ¼ 5 each group).

Part 2 investigated the e¤ect of ER inhibitor ICI182,780 (Tocris

Cookson Inc., Ellisville, MO) on ICH-induced brain edema (n ¼ 5

each group) in male and female rats. ICI182,780 (10 mg dissolved in

10 mL saline plus 2.5% ethanol and 1% gelatin) was mixed with

100 mL autologous whole blood. Twenty rats had an intracaudate in-

jection of 100 mL autologous blood with either 10 mg ICI182,780 or

vehicle (2.5% ethanol and 1% gelatin in saline). The animals were

divided into the following 4 groups: (1) ICI182,780 or (2) vehicle

treatment in ICH male rats. (3) ICI182,780 or (4) vehicle treatment

in ICH female rats. Animals were anesthetized and sacrificed 24

hours after ICH for brain edema measurement (n ¼ 5 each group).

To examine whether the di¤erential e¤ect of ICI182,780 might re-

flect di¤erences in the level of ERa expression between sexes, normal

male and female rats were sacrificed for Western blot analysis and

immunohistochemistry (n ¼ 3 per gender).

Part 3 examined the e¤ect of exogenous 17b-estradiol (Sigma-

Aldrich, St. Louis, MO) as a therapeutic agent for ICH-induced

brain damage in male rats. Thirty rats had an intracaudate injection

of 100 mL autologous whole blood and were treated with either 17b-

estradiol (5.0 mg/kg dissolved in saline plus 1% gelatin) or vehicle

(1% gelatin in saline) subcutaneously.

The animals were divided into the following 6 groups according to

sex and time of treatment after ICH: (1) 17b-estradiol or (2) vehicle

administered 2 hours after ICH in male rats. (3) 17b-estradiol or (4)

vehicle administered 6 hours after ICH in male rats. (5) 17b-estradiol

or (6) vehicle administered 2 hours after ICH in female rats. Animals

underwent behavioral testing before ICH, and 24 hours after ICH

(n ¼ 5 each group). Animals were then anesthetized and sacrificed

for brain edema measurement (n ¼ 5 each group).

Involvement of ER
˙
in the protective e¤ects of exogenous 17b-

estradiol given after 2 hours in male rats was examined using

ICI182,780. Ten rats had an intracaudate injection of 100 mL auto-

logous whole blood mixed with ICI182,780 (10 mg). Animals were

treated with either 17b-estradiol (5.0 mg/kg dissolved in saline plus

1% gelatin; n ¼ 5) or vehicle (1% gelatin in saline; n ¼ 5) 2 hours

later. Animals were re-anesthetized and sacrificed 24 hours after

ICH for brain edema examination (n ¼ 5 each group).

Part 4 examined the e¤ect of 17b-estradiol (given 2 hours after

ICH) on heme oxygenase-1 (HO-1) levels 24 hours following ICH

in male rats. HO-1 levels were investigated by Western blot analysis

and immunohistochemistry (n ¼ 3 each group).

Brain water content

Animals were re-anesthetized (pentobarbital 60 mg/kg, i.p.) and

decapitated 24 hours after ICH for brain water measurements. The

brains were removed, and a coronal brain slice (approximately

3 mm thick) 4 mm from the frontal pole was cut with a blade. The

brain slice was divided into 2 hemispheres along the midline, and

each hemisphere was dissected into cortex and basal ganglia. The

cerebellum served as a control. Five samples from each brain were

obtained: ipsilateral and contralateral cortices, ipsilateral and con-

tralateral basal ganglia, and the cerebellum. Brain samples were im-

mediately weighed on an electric analytical balance (Model AE 100,

Mettler Instrument, Highstown, NJ) to obtain the wet weight. Brain

samples were then dried at 100 �C for 24 hours to obtain the dry

weight. The formula for calculation was as follows: (Wet Weight�
Dry Weight)/Wet Weight.

Western blot analysis

Animals were anesthetized before undergoing transcardial perfu-

sion with saline. The brains were then removed and a 3 mm thick co-

ronal brain slice was cut approximately 4 mm from the frontal pole.

The slice was separated into ipsilateral and contralateral basal gan-

glia. Western blot analysis was performed as previously described.

Briefly, 50 mg proteins for each were separated by sodium dodecyl

sulfate polyacrymide gel electrophoresis and transferred to a

Hybond-C pure nitrocellulose membrane (Amersham, Piscataway,

NJ). The membranes were blocked in Carnation nonfat milk.

Membranes were probed with a 1 :2000 dilution of the primary anti-

body (rabbit anti-ERa antibody or rabbit anti-hemeoxygenase-1 an-

tibody) and a 1 :3000 dilution of the second antibody (peroxidase-

conjugated horse anti-rabbit antibody, BIO-RAD Laboratories,

Hercules, CA). The antigen-antibody complexes were visualized

with a chemiluminescence system (Amersham) and exposed to film

(Kodak X-OMAT, Rochester, NY). The relative densities of bands

were analyzed with NIH Image (Version 1.61, National Institutes of

Health, Bethesda, MD).

Behavioral tests

ICH-induced neurological deficits were assessed using forelimb-

placing and corner-turn tests [11]. In the vibrissae-elicited forelimb-

placing test, animals were held by their bodies to allow their fore-

limbs 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 the vibrissae

stimulation. Percent successful placing responses were determined

for impaired forelimb and non-impaired forelimb.

For the corner-turn test, each rat was allowed to proceed into a

30� corner. To exit the corner, the animal could turn either to

the left or right, and this was recorded. This was repeated 10 to

15 times, and the percentage of right turns was calculated. Both

forelimb-placing and corner-turn tests were performed and scored

by an investigator blinded to treatment conditions.

Statistical analysis

All data are presented as meanG SD. Data from water and ion

contents, Western blot analysis, and behavioral tests were analyzed

using Student t test or analysis of variance (ANOVA), followed by

Sche¤e post hoc test for multiple comparisons. Significance levels

were measured at p < 0:05.

Results

Female rats had less brain edema in the ipsilateral

basal ganglia 24 hours after ICH compared to male

rats (80.1G 0.3% vs. 81.7G 0.4%, p < 0:05). Co-

injection of the ER inhibitor ICI 182,780 along with
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the blood had no significant e¤ect on ICH-induced

brain edema formation in male rats (ipsilateral basal

ganglia water content 81.3G 1.0% vs. 81.7G 0.4%

in vehicle-treated rats). In contrast, ICI 182,780 co-

infusion in female rats resulted in an increase in

brain water content in the ipsilateral basal ganglia

(81.4G 0.5% vs. 80.1G 0.3% in vehicle-treated rats,

p < 0.05). Interestingly, in the presence of ICI

182,780, ICH-induced brain edema was similar in

male and female rats.

Whether the sex-dependent e¤ects of ICI 182,780

were associated with di¤erences in basal ganglia ER-a

levels was examined by immunohistochemistry and

Western blot. By Western blot analysis, ER-a levels

in the ipsilateral basal ganglia were higher in fe-

male compared to male rats (2198G 228 pixels and

1487G 327 pixels, p < 0:05).

In male rats, subcutaneous administration of 17b-

estradiol 2 hours after ICH reduced water content in

the ipsilateral basal ganglia at 24 hours compared to

vehicle-treated controls (79.1G 0.6% vs. 81.8G 0.9%,

p < 0:05). 17b-estradiol treatment 2 hours after ICH

also reduced ICH-induced neurological deficits. The

forelimb-placing score was improved 24 hours after

ICH compared with the vehicle group (32G 13% vs.

0G 0%, p < 0:05). There was also an improvement in

ICH-induced corner-turn test scores compared with

vehicle-treatment (82G 13% vs. 98G 4%, p < 0:05).

Unlike males, 17b-estradiol treatment in female rats

did not reduce brain edema in the ipsilateral basal

ganglia when given 2 hours after ICH (brain water

content 79.5G 0.3 vs. 80.1G 0.1% in vehicle-treated

controls). Similarly, delaying 17b-estradiol treatment

in male rats until 6 hours after ICH did not reduce

ICH-induced edema in the ipsilateral basal ganglia

(81.2G 0.7% vs. 81.7G 0.6%).

As described above, 17b-estradiol treatment 2 hours

after ICH markedly reduced brain edema formation in

male rats. This was still the case when the ER inhibi-

tor, ICI 182,780, was co-injected with blood. Thus,

even in the presence of this inhibitor, 17b-estradiol

treatment reduced brain water content in ipsilateral

basal ganglia (79.0G 0.3%) compared with vehicle-

treated animals (81.4G 0.5%, p < 0:05). Indeed the

degree of 17b-estradiol-induced protection was similar

in ICI 182,780 and vehicle-treated male rats.

HO-1 protein levels were increased in the ipsilateral

basal ganglia compared with the contralateral basal

ganglia 24 hours after ICH in male rats (6738G 1231

pixels vs. 1538G 345, p < 0:05). Two-hour delayed

17b-estradiol treatment reduced HO-1 protein levels

(2068G 457 vs. 6738G 1231 in the vehicle group,

p < 0:05).

Discussion

The greater neuroprotection a¤orded to females in

cerebral ischemia and trauma is likely due to the e¤ects

of circulating estrogens and progestins [9]. In the pres-

ent study we found that brain injury in female, but not

male, rats was exacerbated in the presence of the ER

inhibitor, ICI182,780. Indeed, in the presence of this

inhibitor there was no di¤erence in brain edema be-

tween females and males, suggesting that reduced in-

jury in female rats after ICH is due to ER activation.

Interestingly, a recent report found that ICI182,780

only exacerbates ischemic injury in female but not

male mice [10]. Western blot analysis and immuno-

histochemistry both indicated that ERa expression

was greater in the basal ganglia of female compared

to male rats. However, in accord with other studies,

the receptor was present in the brain in males [12].

Thus, the absence of the e¤ect of ICI 182,780 on brain

edema in male rats may reflect di¤erences in estrogen

rather than receptor levels.

The current study showed that 17b-estradiol treat-

ment 2 hours after ICH in male rats attenuated peri-

hematomal edema. There was, however, no protection

if treatment was delayed for 6 hours. These results in-

dicate that 17b-estradiol could be a therapeutic agent

for ICH during the acute phase after hemorrhage. In

clinical cases, many patients with intracerebral hema-

toma deteriorate progressively because of brain edema

formation [6]. In addition, we also found that 17b-

estradiol reduced neurological deficits when given 2

hours after ICH in male rats. We used several sen-

sorimotor behavioral tests to examine ICH-induced

neurological deficits [7]. 17b-estradiol improved both

forelimb-placing and corner-turn scores in the present

study.

Heme oxygenase is a key enzyme in hemoglobin

degradation, converting heme to iron, carbon monox-

ide, and biliverdin. HO-1 is markedly up-regulated in

the brain after ICH [14] and heme oxygenase inhibi-

tion reduces brain injury after ICH [13]. The current

study demonstrates that 17b-estradiol reduces peri-

hematomal HO-1 levels. Although the reduced HO-1

levels with 17b-estradiol could reflect reduced brain

injury, these results suggest that 17b-estradiol may, in

part, reduce brain injury by limiting the rate of iron
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release from the hematoma, thereby limiting iron-

induced toxicity. Recently, an iron chelator, defer-

oxamine, has been shown to limit ICH-induced brain

injury in the rat [7].

The e¤ects of exogenous 17b-estradiol on ICH-

induced edema in male rats were not inhibited by ICI

182,780; i.e., it does not appear to be mediated by an

ER-dependent mechanism. Evidence suggests that

estrogens can induce neuroprotection by non-ER as

well as ER-mediated mechanisms [4]. Estrogens pos-

sess anti-oxidative properties [1], and neuroprotection

against oxidative damage by estrogens is most likely

caused by the antioxidant properties of these steroids

rather than through ER activation [2]. In contrast to

the protective e¤ect of 17b-estradiol in male rats,

administration of this agent had no protective e¤ect

in female rats after ICH. Because of the high level of

estrogens circulating in female rats, it may be that ex-

ogenous 17b-estradiol can add no further protection

against ICH. The degree of brain edema in male rats

treated with 17b-estradiol was similar to that of nor-

mal female rats.

This study showed that female rats have less ICH-

induced injury than male rats via an ER-dependent

mechanism. ICH-induced injury in male rats can,

however, be reduced by administration of exogenous

17b-estradiol through an ER-independent mechanism.

Since delayed 17b-estradiol treatment was e¤ective in

male rats, it could be a potential therapeutic agent for

ICH.
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Summary

Recent case reports suggest that dopamine (DA) replacement may

reduce behavioral deficits resulting from hemorrhages along the

nigrostriatal tract. In the rat model of intracerebral hemorrhage

(ICH), behavioral deficits are first evident on day 1, with return to

near control levels by day 28. The current study was conducted to

determine if striatal dopamine alterations are correlated with behav-

ioral deficits. Gamma-aminobutyric acid (GABA) levels were mea-

sured to determine selectivity. Striatal DA, DA metabolites, and

GABA were determined at days 1, 3, 7, and 28 after ICH by high-

pressure liquid chromatography with electrochemical detection.

ICH resulted in significant increases above control in DA contrala-

teral to the lesion (177 to 361% above control, days 1 to 28). There

were also significant, but much less marked changes in GABA. In the

ipsilateral striatum, significant DA increases also occurred (@200%

at day 3 and@275% day 28), while GABA alterations were not sig-

nificant. These results indicate that the striatal DA system is selec-

tively altered after ICH. Further studies will be needed to determine

if regional dopamine alterations occur relative to the location of the

hematoma.

Keywords: Intracerebral hemorrhage; dopamine; g-aminobutyric

acid.

Introduction

Intracerebral hemorrhage (ICH) accounts for

roughly 37,000 cases per year in the United States and

10% of all strokes [3, 11]. Those that survive often ex-

perience severe neurological deficits. Measurable be-

havioral deficits also occur in a prominent rat model

of ICH [8]. While the pathophysiology following ICH

is becoming better understood, e¤ective novel thera-

peutics have yet to be developed to treat persistent neu-

rological deficits [22].

Certain neurodegenerative diseases are character-

ized by damage to specific neurotransmitter systems.

The most prominent is Parkinson’s disease (PD),

where degeneration of dopaminergic nigrostriatal neu-

rons and subsequent striatal dopamine depletion re-

sults. The primary therapy for PD-associated behav-

ioral deficits is dopamine replacement in the form of

L-dopa [15]. Specific neurotransmitter alterations after

ICH in animals or humans have yet to be characterized

and the identification of such alterations could repre-

sent a novel therapeutic approach to ICH.

Iron overload and oxidative stress are pathogenic

features present in both PD and ICH [16, 20, 21]. Mul-

tiple groups have shown that thrombin, a key mediator

of ICH secondary injury, injected into the substantia

nigra results in degeneration of dopaminergic neurons

[4, 5]. Therefore, it is possible that a hematoma along

the nigrostriatal tract could selectively damage dopa-

minergic neurons. Indeed, there are multiple case re-

ports of parkinsonism associated with midbrain hem-

orrhage [7, 9]. Additionally, at least 2 case reports

exist where behavioral deficits after hemorrhage im-

proved with L-dopa. First, after a large right tem-

poral lobe hemorrhage, a patient developed many of

the classic behavioral signs of parkinsonism, which im-

proved significantly with L-dopa [10]. Second, a brief

clinical report described a traumatic subarachnoid

hemorrhage in left dorsolateral midbrain and the right

cerebral peduncle, which the clinician believed to be

a¤ecting the nigrostriatal dopamine system. The pa-

tient remained in a vegetative state during several

months of conservative management, but showed

marked neurological improvement with the adminis-

tration of L-dopa [12]. These findings prompt further

studies regarding the ability of ICH to selectively dam-

age dopaminergic neurons. Because a significant por-

tion of ICHs occur in the basal ganglia, determination

of dopamine levels in that area is warranted. The aims

of the current study were to determine alterations in

striatal dopamine after ICH in the rat, and determine



if these alterations were specific to the dopamine sys-

tem by evaluation of g-aminobutyric acid (GABA).

Materials and methods

Materials

Adult male Sprague-Dawley rats (300 to 375 g; Charles River

Laboratories, Portage, MI) were used for all experiments. All experi-

ments were approved by the University of Michigan Committee on

Use and Care of Animals. All chemicals were obtained from Sigma-

Aldrich (St. Louis, MO) unless otherwise noted.

Surgery

Animals were anesthetized with pentobarbital (50 mg/kg, i.p.; Ab-

bott Laboratories, Abbott Park, IL) and received striatal injection of

100 mL autologous blood as previously described [8].

Dopamine determination

Animals were deeply anesthetized and decapitated on days 1

(n ¼ 5), 3 (n ¼ 5), 7 (n ¼ 5), or 28 (n ¼ 4). Normal animals (n ¼ 5)

were also sampled as absolute controls. Both the ipsilateral and con-

tralateral striata were dissected out on ice (0.0 to 0.2 mm, A/P to

bregma). The striata were weighed and stored at�80 �C until sonica-

tion in ice-cold 0.1 N perchloric acid. Samples were then centrifuged

at 16,000 g for 30 minutes followed by the collection of the superna-

tant and storage at �80 �C. The protein pellet underwent a standard

Bradford protein assay (Bio-Rad, Hercules, CA). The supernatant

was then injected into a high-pressure liquid chromatography

(HPLC) pump (Waters, Milford, MA, Model 1525). The mobile

phase consisted of the following: 0.06 mol sodium phosphate,

0.03 mol citric acid, 1.3 mmol 1-octanesulfonic acid, 0.1 mmol

EDTA, 8% methanol in HPLC water, pH 3.5 with a flow rate

of 1.0 mL/min. DA, 3,4-dihydroxyphenylacetic acid (DOPAC),

and homovanillic acid (HVA) were separated on a Symmetry

4:6� 150 mm C18 column with a 3.5 mmol particle size (Waters).

Catecholamines were measured using an electrochemical detector

with a glassy carbon working electrode set at 750 mV referenced to

an AG/AgCl salt-bridge electrode (Waters, Model 2465) and quan-

tified by comparison of the area under peak to a standard curve.

GABA determination

Following DA analysis, the supernatant was stored at �80 �C
until GABA analysis. A portion of the samples were neutralized

with NaOH (final concentration@0.1 mol) and underwent derivati-

zation with o-phthaldialdehyde as previously described [18]. The

derivatized supernatant was injected into the HPLC unit. The flow

rate was 1.0 mL/min and the mobile phase contained the following:

0.1 mol sodium phosphate, 0.5 mmol EDTA, 25%methanol, pH 4.5

[17]. Amino acids were separated on a SunFire C18 4:6� 100 mm

column with a 3.5 mmol particle size (Waters). GABAwas measured

using electrochemical detection with a glassy carbon working elec-

trode set at 850 mV.

Statistics

ANOVA was used to determine the presence of significant di¤er-

ences between groups and the Tukey/Kramer post hoc test was used

to determine specific significant di¤erences. P < 0:05 was deemed

significant for all tests.

Results

Control DA and GABA

Striatal DA and GABA levels in control ani-

mals were 53.9G 4.2 (ng/mg proteinG SEM) and

727.0G 58.6, respectively. DOPAC and HVA levels

were 13.5G 1.1 and 5.5G 0.6, respectively.

Contralateral DA and GABA

Striatal ICH resulted in a significant (p < 0:05) up-

regulation of contralateral DA (Fig. 1A) on days 1

(177G 24% of controlG SEM), 3 (313G 15%), 7

(220G 9%), and 28 (361G 18%). Significant but less-

marked increases were also observed in contralateral

GABA (Fig. 1C) on days 1 (154G 5%) and 28

(166G 10%).

Ipsilateral DA and GABA

Significant DA increases also occurred ipsilateral to

ICH (Fig. 1B) on days 3 (212G 25% of control) and

28 (276G 12%). Di¤erences in ipsilateral GABA were

not significant (Fig. 1D).

DA metabolites

Significant di¤erences in DOPAC were observed

in the contralateral striatum (Fig. 1E) on day 1

(57G 4% of control) and in the ipsilateral striatum

(Fig. 1F) on day 7 (29G 10%). Additionally, signifi-

cant di¤erences in contralateral HVA (Fig. 1G) were

noted on day 7 (268G 31%) and in ipsilateral HVA

(Fig. 1H) on day 1 (180G 12%) and 7 (175G 17%).

Discussion

The case report byMatsuda et al. [12] raised the pos-

sibility that a hematoma along the nigrostriatal tract

could induce behavioral deficits that improve with

dopamine replacement therapy. Further, the report

by Ling et al. [10] suggested that behavioral deficits in-

dicative of parkinsonism associated with intracerebral

hemorrhage improve with dopamine replacement. To

the best of our knowledge, this is the first report exam-

ining alterations in striatal dopamine levels after ICH.

It may have been expected that dopamine levels

would decrease after ICH because of iron release,

oxidative stress, and subsequent damage to termi-
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Fig. 1. Contralateral and ipsilateral alterations in striatal DA and GABA 1 to 28 days after ICH. (A) Contralateral dopamine; (B) Ipsilateral

dopamine; (C) Contralateral GABA; (D) Ipsilateral GABA; (E) Contralateral DOPAC; (F) Ipsilateral DOPAC; (G) Contralateral HVA;

(H) Ipsilateral HVA. Results expressed as % of control (normal animals). Error bars indicate SEM. *p < 0:05 vs. control



nals. However, dopamine levels significantly increased

greater than 2-fold above control ipsilateral to ICH

until at least 28 days. Ipsilateral GABA alterations

were not significant, indicating that the DA system is

preferentially a¤ected after ICH. The changes in ipsi-

lateral DA may reflect an attempt to compensate for

damage to cell bodies, axons, or synaptic connections

a¤ecting dopaminergic transmission. Additionally, the

presence of contralateral DA increases may represent

compensation for damage to the ipsilateral striatum.

Interpreting these alterations in DAwill clearly require

additional research, as the methods utilized here mea-

sured gross striatal neurotransmitter levels. It may be

that there are regional di¤erences in DA after ICH.

Particularly, di¤erences may exist between the necrotic

core, penumbra, and the non-a¤ected region.

In order to identify both regional and temporal

changes to the DA system after ICH, positron emis-

sion tomography could be employed. The use of a

scanner designed for rodents would provide su‰-

cient resolution (@1–2 mm) to discern the hematoma.

Overlay with MRI images would provide additional

anatomical resolution. Specific tracers could be uti-

lized to quantify damage to DA terminals and changes

in DA receptor expression [6, 14]. Results from these

studies would help determine if the DA system is a pos-

sible target for therapeutic modulation after ICH.

In animal models of PD, levels of both of the

DA metabolites, DOPAC and HVA, are altered.

Within the first few hours after 6-hydroxydopamine

lesioning, both DOPAC and HVA increase in a

similar fashion to DA [2]. However, in both the rat

6-hydroxydopamine and 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine models of PD, long-term decreases

in striatal DOPAC and HVA occur, but are less

marked than DA depletion [1, 13]. Additionally, these

metabolites are also reduced in the human parkinso-

nian brain [19]. The ratio of DOPAC/DA increases af-

ter lesioning, where it is thought that surviving DA

neurons increase DA production and resulting turn-

over as a compensatory mechanism [23]. Here we re-

port significant decreases in contralateral DOPAC on

day 1 and ipsilateral DOPAC on day 7. Additionally,

significant increases in HVA occurred on day 1 (ipsi-

lateral) and day 7 (ipsilateral and contralateral). While

the neurochemical profile di¤ers significantly from

that in a 6-hydroxydopamine model, it is clear that

long-term alterations in DA metabolism are evident.

Since HVA is generally considered the final metabolite

in DA catabolism, an increase on day 7 associated with

DA and DOPAC decrease may indicate cell damage

or altered metabolism. By day 28, DA metabolites re-

turn to control levels, with only DA remaining ele-

vated. Here, the nigrostriatal DA system may be able

to maintain long-term viability through increased pro-

duction of DA, which is not the case in PD.

Because those who survive ICH often su¤er severe

neurological deficits, the identification of novel thera-

peutics remains a high priority. The current research

has shown that the dopamine system is a¤ected to a

greater degree than the GABA system after striatal

ICH. Further research is needed to determine if these

changes in the DA system are specific and responsible

for observed behavioral deficits.
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Summary

The complement cascade is activated and contributes to brain

damage after intracerebral hemorrhage (ICH). The present study in-

vestigated ICH-induced brain damage in complement C3-deficient

mice.

This study was divided into 2 parts. Male C3-deficient and C3-

su‰cient mice received an infusion of 30-ml autologous whole blood

into the right basal ganglia. In the first part of our study, mice were

killed 3 days later for brain water content measurement. Behavioral

assessments including forelimb use asymmetry and corner turn tests

were also preformed before and after ICH. In the second part of the

study, brain heme oxygenase-1 (HO-1) was measured by Western

blot analysis and immunohistochemistry 3 days after the infu-

sion. We found that brain water content in the ipsilateral basal

ganglia 3 days after ICH was less in C3-deficient mice compared

to C3-su‰cient mice (p < 0:05). The C3-deficient mice had re-

duced ICH-induced forelimb use asymmetry deficits compared

with C3-su‰cient mice (p < 0:05), although there was no significant

di¤erence in the corner turn test score. Western blot analysis showed

that HO-1 contents were significantly lower in C3-deficient mice (day

3: 2024G 560 vs. 5140G 1151 pixels in the C3-su‰cient mice,

p < 0:05). We conclude that ICH causes less brain edema and behav-

ioral deficits in complement C3-deficient mice. These results suggest

that complement C3 is a key factor contributing to brain injury fol-

lowing ICH.

Keywords: Cerebral hemorrhage; complement C3; brain edema;

hemeoxygenase-1; mice.

Introduction

Complement cascade activation occurs in the brain

following intracerebral hemorrhage (ICH) and con-

tributes to perihematomal edema formation. Comple-

ment activation and complement-mediated brain in-

jury are also found in a variety of central nervous

system diseases, including brain trauma, cerebral is-

chemia, and subarachnoid hemorrhage [6, 15]. Pre-

vious studies have demonstrated that complement

depletion with cobra venom factor or complement in-

hibition with N-acetylheparin reduces brain edema

and inflammatory responses after ICH [4, 23]. Re-

cently, we developed behavioral tests for ICH in rats

and mice to quantify the e¤ects of ICH on neurologi-

cal function [5, 16]. It remains unclear whether or not

functional outcomes after ICH can be improved by

manipulation of the complement system.

Heme oxygenase-1 (HO-1), also known as heat

shock protein 32, can be induced in the brain by ox-

idative stress, heme, and hemoglobin, by both tran-

scriptional and translational mechanisms [13, 20].

HO-1 expression is up-regulated after intracerebral

hemorrhage and is primarily located in glial cells

[7, 14, 21]. The biological significance of HO-1 up-

regulation is still uncertain, but ICH-induced brain

damage is attenuated by heme oxygenase inhibitors

[7, 9, 19].

The aim of the present study was to examine ICH-

induced brain damage in complement C3-deficient

mice. Brain edema and functional outcomes were

measured. Brain HO-1 levels around the clot were

also examined.

Materials and methods

Animal preparation and ICH model

The University of Michigan Committee on the Use and Care of

Animals approved the animal protocols. The experiments used 24

male C57BL/6 C3-deficient mice (from Dr. John Younger’s labora-

tory, University of Michigan) and 24 male C57BL/6J C3-su‰cient

mice (from Jackson Laboratory, Bar Harbor, ME, USA), all ap-

proximately 2 to 3 months of age. Mice were allowed free access

to food and water. The animals were anesthetized with ketamine

(90 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.), and the right femoral



artery was catheterized using a PE10 tube 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 mice were positioned in a stereotaxic

frame (Model 500, Kopf Instruments, Tujunga, CA, USA) and a

cranial burr hole (1 mm) was drilled near the right coronal suture

2.5 mm lateral to midline. A 26-gauge needle was inserted stereotaxi-

cally into the right basal ganglia (coordinates: 0.2 mm anterior,

3.5 mm ventral, and 2.5 mm lateral to the bregma). Autologous

whole blood (30 mL) was infused at a rate of 2 mL/min using a micro-

infusion pump (Harvard Apparatus Inc, South Natick, MA, USA).

The needle was removed, the burr hole was filled with bone wax, and

the skin incision was closed with suture.

Experimental group

There were 2 parts to this study. In the first part, mice were killed

after 3 days for brain water and ion content measurement (n ¼ 6).

Behavioral assessment including forelimb use asymmetry and corner

turn tests were performed before ICH and 1 and 3 days after ICH

(n ¼ 6). In the second part, animals were killed 1 and 3 days after

ICH. The brains were prepared for Western blot analysis (n ¼ 3 per

time point) and immunohistochemistry (n ¼ 3 per time point).

Brain water and ion content

Animals were anesthetized (ketamine 120 mg/kg and xylazine

5 mg/kg, i.p.) and decapitated 3 days after intracerebral blood injec-

tion to determine brain water and ion contents. The brains were re-

moved and a blade was used to cut a coronal brain slice (about 2 mm

thick) that was located 2 mm from the frontal pole. The brain slice

was divided into 2 hemispheres along the midline. Each hemisphere

was dissected into the cortex and the basal ganglia. The cerebellum

served as a control. Five samples from each brain were obtained: ip-

silateral and contralateral cortex, ipsilateral and contralateral basal

ganglia, and cerebellum. Brain samples were weighed immediately

on an electronic analytical balance (Model AE 100, Mettler Instru-

ment Co, Highstown, NJ, USA) to obtain the wet weight. The brain

samples were then dried at 100 �C for 24 hours to obtain the dry

weight. The formula for our calculation was the following: (wet

weight� dry weight)/wet weight. The dehydrated samples were

digested in 1 mL of 1 mol/L nitric acid for 1 week, after which

the Naþ and Kþ contents of this solution were measured using a

flame photometer (Model IL 943, Instrumentation Laboratory,

Inc., Lexington, MA, USA). The ion content was expressed in

micro-equivalents per gram of dehydrated brain tissue (mEq/g dry

weight).

Behavioral tests

Two behavioral tests were used: a forelimb use asymmetry test and

a corner turn test [5, 16, 25]. Forelimb use during exploratory activ-

ity was analyzed in a standing transparent cylinder. Behavior was

scored according to the following criteria: independent use of the

left or right forelimb for contacting the wall during a full rear to ini-

tiate a weight-shifting movement and simultaneous use of both the

left and right forelimbs to contact the wall. Behavior was quantified

by determining the number of times the normal ipsilateral (I)

forelimb, the impaired contralateral (C) forelimb, and both (B) fore-

limbs were used as a percentage of total number of limb usage. A sin-

gle, overall limb-use asymmetry score was calculated as follows:

forelimb-use asymmetry score ¼ [I/(Iþ Cþ B)]� [C/(Iþ Cþ B)].

The second behavioral analysis involved a corner turn test. The

mouse was allowed to proceed into a corner with an angle of 30�.
To exit the corner, the animal could turn either left or right. When

the mouse turned, its choice of direction was recorded. This was

repeated 10 to 15 times, and the percentage of right turns was calcu-

lated.

Western blot analysis

Animals were anesthetized before undergoing intracardiac perfu-

sion with 0.1 mol phosphate-bu¤ered saline. The brains were then re-

moved and a 2-mm thick coronal brain slice was cut approximately

2 mm from the frontal pole. The slice was separated into ipsilateral

and contralateral basal ganglia. Western blot analysis was per-

formed as previously described [22]. Briefly, 50 mg proteins for each

were separated by sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis and transferred to a Hybond-C pure nitrocellulose mem-

brane (Amersham Biosciences, Piscataway, NJ, USA). The mem-

branes were blocked in Carnation nonfat milk. Membranes were

probed with a 1 :2000 dilution of the primary antibody, rabbit anti-

heme-oxygenase-1 polyclonal antibody (Stressgen Biotechnologies,

San Diego, CA) and a 1 :2500 dilution of the second antibody,

peroxidase-conjugated goat anti-rabbit antibody (Vector Laborato-

ries, Inc., Burlingame, CA, USA). The antigen-antibody complexes

were visualized with a chemiluminescence system (Amersham) and

exposed to Kodak X-OMAT film (Rochester, NY, USA). The rela-

tive densities of bands were analyzed with the NIH Image (version

1.61, National Institutes of Health, Bethesda, MD).

Immunohistochemical staining

Mice were anesthetized and underwent intracardiac perfusion

with 4% paraformaldehyde in 0.1 mol/L (pH 7.4) phosphate-

bu¤ered saline. The brains were removed and kept in 4% parafor-

maldehyde for 24 hours, then immersed in 30% sucrose for 3 to 4

days at 4 �C. Brains were then placed in embedding OCT compound

(Sakura Finetek USA, Inc., Torrance, CA) and sectioned on a cryo-

stat (18 mm thick). Using the avidin-biotin complex technique [22],

sections were incubated overnight with the primary antibody. The

primary antibodies were rabbit anti-heme-oxygenase-1 polyclonal

antibody (Stressgen). Normal rabbit IgG was used as negative con-

trol.

Statistical analysis

All data in this study are presented as meanG SD. Data were

analyzed with Student t test and analysis of variance (ANOVA), fol-

lowed by Sche¤e post hoc test. Significance levels were measured at

p < 0:05.

Results

Brain water contents in the ipsilateral basal gan-

glia and in the ipsilateral cortex were less in comple-

ment C3-deficient mice compared to complement

C3-su‰cient mice 3 days after ICH (basal gan-

glia: 79.5G 0.4 vs. 80.6G 1.0%, p < 0:05; cortex:

78.6G 0.6 vs. 79.6G 0.6%, p < 0:05; Fig. 1). Reduced

brain edema in complement C3-deficient mice was as-

sociated with less accumulation of sodium ion (basal

ganglia: 178G 17 vs. 238G 11 mEq/g dry weight,
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p < 0:05; cortex: 160G 15 vs. 202G 15 mEq/g dry

weight, p < 0:05) and loss of potassium ion (basal

ganglia: 370G 21 vs. 338G 28 mEq/g dry weight,

p < 0:05; cortex: 408G 15 vs. 376G 18 mEq/g dry

weight, p < 0:05) than in complement C3-su‰cient

mice. There was no di¤erence in water or ion content

in the contralateral basal ganglia, the contralateral

cortex, and the cerebellum between complement C3-

deficient and complement C3-su‰cient mice.

Behavioral tests were performed before, as well as 1

day and 3 days after ICH. Complement C3-deficient

mice had reduced ICH-induced forelimb use asymme-

try deficits compared with complement C3-su‰cient

mice (day 1: 35.0G 5.0 vs. 58.1G 12.3% in the C3-

su‰cient mice, p < 0:05; day 3: 29.0G 8.2 vs.

47.9G 14.3% in the C3-su‰cient mice, p < 0:05),

although there was no di¤erence in the corner turn

test score (day 1: 90.0G 10.0 vs. 97.5G 14.0% in the

C3-su‰cient mice, p > 0:05; day 3: 82.0G 11.0 vs.

80.0G 10.7% in the C3-su‰cient mice, p > 0:05).

HO-1 is an inducible enzyme for heme degradation.

Brain HO-1 levels were examined by Western blot

analysis and immunohistochemistry. Western blots

showed that HO-1 contents in the ipsilateral basal gan-

glia 3 days after ICH were lower in the complement

C3-deficient mice (2024G 560 vs. 5140G 1151 pixels

in the complement C3-su‰cient mice, p < 0:05). HO-

1-positive cells in the perihematomal zone were also

fewer in complement C3-deficient mice than those in

complement-su‰cient mice.

Discussion

We found less ICH-induced brain edema and fewer

forelimb use asymmetry deficits in complement C3-

deficient mice compared with C3-su‰cient mice. Brain

HO-1 levels after ICH were also lower in C3-deficient

mice. These results indicate that complement C3 is

an important factor causing brain damage following

ICH.

Complement is normally excluded from the brain

parenchyma by the blood-brain barrier (BBB), but en-

try can occur after ICH as part of the extravasated

blood or later because of BBB disruption. Earlier we

found that the complement cascade is activated in

brain parenchyma after ICH [4]. Although the precise

mechanisms are not clear, complement-related brain

injury may be due to the classic inflammatory response

and membrane attack complex (MAC) formation.

Inflammation in brain parenchyma adjacent to the

hematoma has been found following experimental

ICH and is probably complement-mediated [3]. After

activation of the complement cascade, anaphylatoxins

C3a and C5a are generated and may can cause BBB

leakage by degranulating mast cells and leukocytes.

We have demonstrated that systemic complement de-

pletion by cobra venom factor, a non-toxic protein

found in cobra venom, reduces tumor necrosis factor-

alpha (TNF-a) levels and myeloperoxidase positive

cells [23].

MAC is assembled following complement activa-

tion [2]. MAC formation can cause the formation of a

pore in the cell membrane leading to early lysis of red

blood cells (RBC). Our current study found that brain

HO-1 levels around the clot are lower in complement

C3-deficient mice. Hemoglobin and heme are im-

portant HO-1 inducers. A delay in RBC lysis in

C3-deficient mice could result in lower brain HO-1

levels. However, whether RBC lysis is delayed in

C3-deficient mice should be studied further.

We found that less perihematomal brain edema and

reduced forelimb use asymmetry deficits were associ-

ated with lower brain HO-1 levels after ICH in the

C3-deficient mice. Heme from hemoglobin, which is

released after RBC lysis, is degraded by heme oxygen-

ase in the brain into iron, carbon monoxide, and bili-

verdin. Biliverdin is then converted to bilirubin by bili-

verdin reductase [10]. Investigations have shown that

hemoglobin causes brain injury through its degrada-

tion products and heme oxygenase is a key enzyme in

ICH-induced injury [7, 9, 19].

Fig. 1. Brain water contents in complement C3-deficient and

C3-su‰cient mice 3 days after intracerebral hemorrhage. Values are

meanG SD, n ¼ 6. *p < 0:05 vs. C3-su‰cient group
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The coagulation cascade, particularly thrombin

activation, is another important factor causing early

edema formation after ICH [11, 24]. Intraparenchymal

infusion of thrombin causes BBB disruption [12] and

inflammation [17]. However, it is not clear whether

thrombin-induced brain injury is partly complement-

mediated. Studies suggest that there is a close relation-

ship between thrombin and the complement cascade.

For example, thrombin can cleave and activate com-

plement C3, and thrombin-cleaved C3a-like fragments

are chemotactic for leukocytes and induce enzyme re-

lease from neutrophils [1, 8].

We found less ICH-mediated brain damage in com-

plement C3 mice, but an earlier study found that brain

edema induced by ICH was greater and neurological

deficits were worse in complement C5-deficient mice

[16]. These results indicate di¤erent complement fac-

tors have either beneficial or harmful e¤ects after

ICH. For instance, Pasinetti et al. [18] reported in-

creased kainic acid-induced hippocampal damage in

C5-deficient mice. It should be noted that C5-deficient

mice prevent the formation of C5a fragments and

MAC complex formation, but do not prevent forma-

tion of C3a and C3b. In contrast, the C3-deficient

mice prevent the formation of C3a, C3b, C5a, and

MAC.

In conclusion, ICH results in less HO-1 up-

regulation and less brain damage in complement C3-

deficient mice, suggesting that C3 is a key detrimental

factor during complement activation.
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Summary

Hemoglobin degradation products result in brain injury after in-

tracerebral hemorrhage (ICH). Recent studies found that intracere-

bral infusion of heme oxygenase inhibitors reduces hemoglobin- and

ICH-induced brain edema in rats and pigs. The present study exam-

ined whether systemic use of zinc protoporphyrin (ZnPP), a heme

oxygenase inhibitor, can attenuate brain edema, behavioral deficits,

and brain atrophy following ICH.

All rats had intracerebral infusion of 100-mL autologous blood.

ZnPP (1 nmol/hour/rat) or vehicle was given immediately or 6 hours

following ICH. ZnPP was delivered intraperitoneally up to 14 days

through an osmotic mini-pump. Rats were killed at day 3 and day

28 after ICH for brain edema and brain atrophy measurements,

respectively. Behavioral tests were performed. We found that ZnPP

attenuated brain edema in animals sacrificed 3 days after ICH

(p < 0:05). ZnPP also reduced ICH-induced caudate atrophy

(p < 0:05) and ventricular enlargement (p < 0:05). In addition,

ZnPP given immediately or 6 hours after ICH improved neurological

deficits (p < 0:05). In conclusion, systemic zinc protoporphyrin

treatment started at 0 or 6 hours after ICH reduced brain edema,

neurological deficits, and brain atrophy after ICH. These results in-

dicate that heme oxygenase may be a new target for ICH therapeu-

tics.

Keywords: Intracerebral hemorrhage; heme oxygenase inhibitor;

zinc protoporphyrin.

Introduction

Hemoglobin and its degradation product, iron, con-

tribute to brain damage after intracerebral hemor-

rhage (ICH). Iron overload in the brain has been

found in a rat ICH model, with a 3-fold increase in

non-heme iron [13]. We also demonstrated that intra-

cerebral infusion of iron causes brain edema and an

iron chelator reduces hematoma- and hemoglobin-

induced edema, suggesting that iron plays an impor-

tant role in edema formation after ICH [4, 7]. Heme

oxygenase is the key enzyme of hemoglobin degrada-

tion, which metabolizes heme to iron, carbon monox-

ide, and biliverdin in brain. Biliverdin is then con-

verted to bilirubin by biliverdin reductase [6]. Recent

studies found that heme oxygenase-1 is up-regulated

in the brain after ICH [12] and intracerebral infusion

of heme oxygenase inhibitors reduces hemoglobin-

and ICH-induced brain edema in rats and pigs. The

present study examined whether systemic use of zinc

protoporphyrin (ZnPP), a heme oxygenase inhibitor,

can attenuate brain edema, behavioral deficits, and

brain atrophy following ICH.

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. A total of

56 male Sprague-Dawley rats (weighing 300 to 400 g, Charles River

Laboratories, Wilmington, MA) were used in the present study.

Aseptic precautions were utilized in all surgical procedures. Animals

were anesthetized with pentobarbital (50 mg/kg, i.p.). The right fem-

oral artery was catheterized for continuous blood pressure monitor-

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

analysis of pH, PaO2, PaCO2, hematocrit and glucose and as the

source for the intracerebral blood infusion. Body temperature was

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

animals were positioned in a stereotactic frame (David Kopf Instru-

ments, Tujunga, CA) and a cranial burr hole (1 mm) was drilled on

the right coronal suture 4.0 mm lateral to the midline. Autologous

blood was withdrawn from the right femoral artery and infused

(100 mL) immediately into the right caudate nucleus through a 26-

gauge needle at a rate of 10 mL per minute using a microinfusion

pump (Harvard Apparatus Inc., Holliston, MA). The coordinates

were 0.2 mm anterior, 5.5 mm ventral, and 4.0 mm lateral to the

bregma. After intracerebral infusion, the needle was removed and

the skin incision closed with suture.

Experimental groups

All rats had intracerebral infusion of 100 mL autologous blood.

An intraperitoneal osmotic mini-pump was implanted immediately



or 6 hours after ICH to deliver vehicle or the heme oxygenase inhib-

itor, ZnPP (1 nmol/h), for up to 14 days. Rats were killed at days 3

(n ¼ 6 for each group) for brain water content measurement and day

28 (n ¼ 8 for each group) for brain atrophy examination. Behavioral

tests were performed at days 1, 3, 5, 7, 14, 21, and 28.

Brain water content measurement

Rats were killed by decapitation under deep pentobarbital anes-

thesia (60 mg/kg, i.p.). The brains were removed immediately and a

coronal brain slice (approximately 4 mm thick) 3 mm from the fron-

tal pole was cut with a blade. The brain samples were then divided

into cortex or basal ganglia (ipsilateral or contralateral). A total of

5 samples from each brain were obtained: the ipsilateral cortex and

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

bellum. Brain water content was measured by the wet/dry weight

method and sodium ion content was measured by flame photometry

[14].

Histology

Rats were anesthetized with pentobarbital (60 mg/kg, i.p.) and

perfused with 4% paraformaldehyde in 0.1 mol, pH 7.4 phosphate-

bu¤ered saline. The brains were removed and kept in 4% parafor-

maldehyde for 4 to 6 hours, then immersed in 25% sucrose for 3 to

4 days at 4 �C. The brains were embedded in O.C.T compound (Sa-

kura Finetek U.S.A. Inc., Torrance, CA) and sectioned on a cryostat

(18 mm thick).

We estimated brain atrophy morphometrically [1]. Coronal sec-

tions from 1 mm posterior to the blood injection site were stained

with hematoxylin and eosin. The brain sections were scanned. The

caudate, cortex, and lateral ventricle were outlined on a computer

and the outlined areas were measured using an NIH Image program

(version 1.62, National Institutes of Health, Bethesda, MD). All

measurements were repeated 3 times and the average was used. To

minimize the influence of tissue shrinkage, brain atrophy was ex-

pressed as a percentage of the contralateral area.

Behavioral tests

All animals were tested before and after surgery and scored by in-

vestigators who were blind to both neurological and treatment con-

ditions. Three behavioral tests were used: the forelimb-placing test,

the forelimb-use asymmetry (cylinder) test, and the corner-turn test

[3].

Forelimb-placing test

Forelimb placing was scored using a vibrissae-elicited forelimb-

placing test [9]. Independent testing of each forelimb was induced

by brushing the vibrissae ipsilateral to that forelimb on the edge

of a tabletop once per trial for 10 trials. Intact animals placed the

forelimb quickly onto the countertop. Percent successful placing

responses were determined. There was a reduction in successful re-

sponses in the forelimb contralateral to the site of injection after

ICH [3].

Forelimb-use asymmetry test

Forelimb use during explorative activity was analyzed by video-

taping rats in a transparent cylinder for 3 to 10 minutes, depending

on the degree of activity during the trial [9]. Behavior was quantified

first by determining the occasions when the non-impaired ipsilateral

(I) forelimb was used as a percentage of total number of limb-use ob-

servations on the wall; second, the occasions when the impaired fore-

limb contralateral (C) to the blood-injection site was used as a per-

centage of total number of limb-use observations on the wall; and

third, the occasions when both (B) forelimbs were used simultane-

ously as a percentage of total number of limb-use observations on

the wall. A single overall limb-use asymmetry score was calculated

as: Limb-use asymmetry score ¼ [I/(Iþ Cþ B)]� [C/(Iþ Cþ B)].

Corner-turn test

The rat was allowed to proceed into a corner, which was a 30� an-
gle. To exit the corner, the rat could turn either to the left or the right

and the direction was recorded [8]. The test was repeated 10 to 15

times, with at least 30 seconds between each trial, and the percentage

of right turns was calculated. Only turns involving full rearing along

either wall were included. The rats were not picked up immediately

following each turn so that they did not develop an aversion for turn-

ing around.

Statistical analysis

Student t test and Mann-Whitney U test were used to compare

brain edema, behavioral, and brain atrophy data. Values are

meanG SD. Statistical significance was set at p < 0:05.

Results

Physiological variables including mean arterial

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

and blood glucose were measured and controlled

within normal ranges (PaO2, 70 to 120 mmHg;

PaCO2, 35 to 45 mmHg; pH, 7.40 to 7.50; mean arte-

rial blood pressure, 70 to 110 mmHg; hematocrit, 35%

to 45%; blood glucose 6 to 9 mmol/L).

Perihematomal brain edema peaked at 3 days af-

ter ICH. ZnPP attenuated brain edema in the ipsi-

lateral basal ganglia 3 days after ICH (0-hour delay:

81.2G 0.6% vs. 82.1G 0.5% in the vehicle, p < 0:05

(Fig. 1); 6-hour delay: 81.1G 0.6% vs. 82.1G 0.8% in

the vehicle, p < 0:05). ZnPP also reduced sodium ac-

cumulation in the ipsilateral basal ganglia (0-hour de-

lay: 236.3G 64.2 vs. 427.0G 72.7 mEq/kg dry weight

in the vehicle, p < 0:05; 6-hour delay: 345.6G 36.9 vs.

439.1G 107.6 mEq/kg dry weight in the vehicle,

p < 0:05).

Brain atrophy developed in the ipsilateral basal gan-

glia several weeks after ICH. Caudate size and ventri-

cle enlargement were measured 28 days after ICH.

ZnPP reduced ICH-induced caudate atrophy (per-

centage of the contralateral caudate; 0-hour delay:

97.9G 4.0% vs. 88.0G 7.1% in the vehicle, p < 0:05;

6-hour delay: 95.1G 5.0% vs. 82.0G 7.9% in the vehi-

cle, p < 0:05) and ventricular enlargement (percentage

of the contralateral lateral ventricle; 0-hour delay:

198G 144% vs. 468G 281% in the vehicle, p < 0:05;
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6-hour delay: 199G 121% vs. 651G 488% in the vehi-

cle, p < 0:05).

ICH caused marked neurological deficits. ZnPP

given immediately after ICH improved the forelimb-

use asymmetry score (day 7: 9.9G 5.5% vs. 33.8G
9.2% in the vehicle group, p < 0:05) and forelimb-

placing score (day 7: 95.0G 7.6% vs. 61.3G 36.8% in

the vehicle group, p < 0:05). ZnPP did not improve

ICH-induced corner-turn deficits. ZnPP given 6 hours

after ICH also improved neurological deficits (Fig. 2).

Discussion

The present study demonstrated that systemic use of

ZnPP, a heme oxygenase inhibitor, attenuates peri-

hematomal edema, reduces ICH-induced brain atro-

phy, and improves functional outcomes following

ICH. The results suggest that hemoglobin degradation

products contribute to brain damage after ICH and

heme oxygenase is a potential therapeutic target.

Hemoglobin and its degradation products are im-

portant factors causing perihematomal brain edema

and behavioral deficits. Infusion of packed erythro-

Fig. 1. Brain water (a) and sodium (b) contents in the basal ganglia

3 days after ICH. Values are meanG SD. *p < 0:05; #p < 0:01 vs.

vehicle

Fig. 2. (a–c) Forelimb-use asymmetry, forelimb-placing, and

corner-turn score after ICH with or without ZnPP treatment.

*p < :05; #p < 0:01 vs. vehicle
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cytes causes edema and neurological deficits several

days later, suggesting that erythrocyte lysis and hemo-

globin toxicity are associated with delayed brain injury

[3, 14]. A clinical study of edema and ICH indicates

that delayed brain edema is related to significant mid-

line shift after ICH in man [16]. This delayed brain

edema (in the second or third weeks after ictus in hu-

mans) is probably due to hemoglobin and its degrada-

tion products.

Intracerebral injection of heme oxygenase inhibitors

reduces ICH-induced brain edema in rats and pigs.

Our previous studies also demonstrate that an intra-

cerebral infusion of hemoglobin and its degradation

products, hemin, iron and bilirubin, cause brain

edema formation within 24 hours. Hemoglobin itself

induces heme oxygenase-1 (HO-1) up-regulation in

the brain and heme oxygenase inhibition by the intra-

cerebral infusion of tin-protoporphyrin (SnPP) reduces

hemoglobin-induced brain edema [4]. Wagner et al.

[11] found that an intracerebral injection of tin-

mesoporphyrin (SnMP) reduced brain edema 24 hours

after ICH in a pig model. The present study showed

that ZnPP has similar e¤ects when administered sys-

temically. Our finding is supported by a very recent re-

port in which systemic use of SnMP is neuroprotective

in a rabbit ICH model [5]. It should be noted that met-

alloporphyrins may inhibit enzymes other than heme

oxygenase [2]. However, a range of inhibitors in-

cluding SnPP, SnMP, and ZnPP all can reduce ICH-

induced brain damage, indicating that heme oxygen-

ase inhibition is neuroprotective.

It has been di‰cult to obtain quantifiable markers

of brain injury after ICH except perihematomal brain

edema because neuronal injury appears to be di¤use

(i.e., there is no defined infarct) and only a small cavity

is found after the clot is absorbed. There have, how-

ever, been several recent approaches to improve quan-

tification of therapeutic results after ICH. Behavioral

tests can be used to assess brain injury after intra-

caudate injection of whole blood or blood components

[3]. It has also been have demonstrated that brain atro-

phy occurs after ICH in rats and in humans [1, 10, 15].

Felberg et al. [1] reported that the volume of the ipsi-

lateral striatum is reduced by 20% with an increase in

ipsilateral ventricular size 100 days after experimental

ICH. The present study showed that systemic use of

ZnPP reduces brain atrophy and neurological deficits.

In conclusion, systemic zinc protoporphyrin treat-

ment started at 0 or 6 hours after ICH reduced brain

edema, neurological deficits, and brain atrophy after

ICH. These results indicate that heme oxygenase may

be a new target for ICH therapeutics.
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Summary

We investigated, at both light and ultrastructural levels, the fate of

swollen astrocytes and remodeling of neurites connected to dissemi-

nated, dying neurons in the ischemic neocortical penumbra. Speci-

mens from left cerebral cortex were cut coronally at the infundibu-

lum and observed by light and electron microscopy. We measured

synapses and spines, and the thickness of neuritic trunks in the neu-

ropil on electron microscopy photos. We also determined percent

volume of axon terminals and spines by Weibel’s point-counting

method. Astrocytic swelling gradually subsided from day 4 after the

ischemic insult, with increases in cytoplasmic glial fibrils and GFAP-

positive astrocytes. Disseminated dying electron-dense neurons were

fragmented by invading astrocytic cell processes and accumulated as

granular pieces. The number of synapses and spines and total percent

volume of axon terminals and spines decreased with an increasing

sparsity of synaptic vesicles until day 4. One to 12 weeks after the is-

chemic insult, these values increased to or exceeded control values,

and sprouting and increased synaptic vesicles were seen. Axons that

had been attached to the dying neurons appeared to have shifted

their connections to the spines and the neurites of the surviving neu-

rons, increasing their thickness. Astrocytic restitution and neuronal

remodeling processes started at 4 days continuing until 12 weeks

after ischemic insult.

Keywords: Maturation phenomenon; cerebral ischemia; neuronal

remodeling.

Introduction

Cerebral infarction develops rapidly after a major

ischemic insult. Earlier, we developed a model to in-

duce an ischemic penumbra around a small focal in-

farction in the cerebral cortex of Mongolian gerbils

[5, 8] by giving a threshold amount of ischemic insult

to induce cerebral infarction. The histopathology of

this model revealed disseminated eosinophilic ischemic

neurons by light microscopic observation, and dissem-

inated electron-dense neurons seen ultrastructurally

(disseminated selective neuronal necrosis) increased in

number in the penumbra of the cerebral cortex after

restoration of blood flow. A focal infarction developed

later in a part of this area of disseminated selective

neuronal necrosis within 12 to 24 hours after ischemic

insult, due to massive astrocytic death. This area ex-

panded gradually, involving dead and still-living eosi-

nophilic neurons, and normal-looking neurons pro-

gressing to death 4 days after the ischemic insult [8, 9,

11]. No additional new infarction (pan necrosis) was

found later than 4 days after the ischemic insult in our

coronal as well as para-sagittal sections of the fore-

brain [3, 19].

In previous studies of the cortical penumbra [7, 9,

11], we found that the cytoplasm and cell processes of

living astrocytes in the penumbra were actively swollen

and that brain edema, determined by tissue gravime-

try, was maximum around 3 days after ischemic insult,

subsiding gradually by 7 days [4, 11]. Isolated dark

neurons with di¤erent grades of high-electron density

increased in number among the normal-looking neu-

rons from 5 to 24 hours. These dark neurons were sur-

rounded by severely swollen astrocytic cell processes.

As a general pathological sign of irreversible cellular

damage, granular chromatin condensation was appar-

ent in the nuclear matrix and along the nuclear mem-

brane of some of these dark neurons [12]. The dark

neurons increased in number rapidly until day 4, and

new ones continued to appear 12 weeks after the ische-

mic insult. These observations correspond to the mat-

uration phenomenon of ischemic injuries [3, 6, 19],

which is the same as the delayed neuronal death de-

scribed for CA1 neurons [3, 15, 19].



In the present study, we investigated the fate of

swollen edematous astrocytes and dead neurons at the

ultrastructural level, as well as remodeling of axons

connected to the dead neurons in the ischemic penum-

bra.

Materials and methods

Stroke-positive Mongolian gerbils were selected according to their

stroke index score [18] during left carotid clipping for 10minutes, fol-

lowed by another 10 minutes of clipping with a 5-hour interval be-

tween the 2 occlusions. The gerbils were sacrificed at 5, 12, and 24

hours, at 4 days, and at 3, 5, 8, 12, and 24 weeks following the last

ischemic insult by intracardiac perfusion with cacodylate-bu¤ered

glutaraldehyde fixative (3 animals in each group) for electronmicros-

copy and with 10% phosphate-bu¤ered formaldehyde fixative for

light microscopy (5 animals in each group).

Ultrathin sections including the second through fifth cortical

layers were obtained from the neocortex at the mid-point between

the interhemispheric and rhinal fissures on the left coronal face sec-

tioned at the infundibular level, in which only the penumbra ap-

peared. The sections were double-stained with uranyl acetate and

lead solution, and observed with a Hitachi electron microscope

(H9000). Separate para‰n sections were stained with hematoxylin-

eosin, periodic acid fuchsin Schi¤, or by Bodian silver impregnation

or immuno-histochemistry for glial fibrillary acidic protein (GFAP).

Placing 1 cm� 1 cm lattices on the 5,000� 2.67 enlarged EM

photographs, we measured the number of synapses and spines in

the neuropil in a 100-square cm (56 sq.m, by real size), and deter-

mined the percent volume of the axon terminals and spines using

the point-counting method [22] by counting intersections of the lat-

tice dropped on the axon terminals and/or spines. We also measured

neuritic thickness as the maximal diameter perpendicular to their

neurofilaments and/or microtubules on the same EM pictures.

Results

Astrocytic swelling gradually subsided starting on

day 4 after ischemic insult, then an increase was ob-

served in the number of cytoplasmic glial fibrils in as-

trocytes seen ultrastructurally and in GFAP-positive

cells seen by light microscopy. Astrocytes in mitosis

or with 2 nuclei were occasionally seen.

The disseminated dying electron-dense neurons had

been fragmented into granular pieces by invading as-

trocytic cell processes (Fig. 1A). These accumulations

of fragmented dark neurons were observed as eosino-

philic ghost cells by light microscopy. The electron-

dense granular pieces were dispersed around the

extracellular spaces and phagocytized by microglia,

astrocytes, and neurons. There was no evidence of

macrophages in the penumbra.

The number of synapses and spines, and the percent

volume of the axon terminals and spines (Table 1)

decreased with an increase in a sparsity of synaptic

vesicles until day 4 (Fig. 2A). From 1 to 12 weeks

after ischemic insult, however, they recovered to or ex-

ceeded the control values and were found surrounding

the thickened neurites of the surviving neurons (Fig.

2B).

From 4 days to 8 weeks after the ischemic insult,

most axon terminals that had been attached to dy-

ing neurons were found around the fragmented

dead dark neurons. Some of them were separated

from the dead neurons, being attached by a crust

of granular electron-dense fragments (Fig. 1A). From

24 hours to 8 weeks after ischemic insult, some axons

attached to dying neurons showed globular or

spindle-shaped distension of their terminals, as seen

by Bodian silver impregnation (Fig. 1B). Electron

microscopic observation of these distensions showed

amplified axon terminals containing degenerated

mitochondria, lamellated dense bodies, and irregularly

located neurofilaments and microtubules. They were

frequently observed around accumulations of frag-

mented electron-dense granular pieces of dead neu-

rons.

From 1 to 12 weeks, some axon terminals associated

with crusts of electron-dense granular pieces became

newly connected to the spines and neurites of the sur-

viving neurons.

Neuronal death continued in the penumbra during

these periods (maturation phenomenon). From 8 to

24 weeks after the ischemic insult, these structures

and the accumulation of eosinophilic ghost cells re-

mained confined to the third cortical layer, especially

in some portions of the lateral part of the left coronal

face sectioned at the infundibular level. Cortical thick-

ness and cortical neuronal density were reduced evenly

in the face during these periods.

Discussion

Astrocytes swell in the acute phase after an ischemic

insult, showing increases in the number of glycogen

granules and mitochondrial size and number, indicat-

ing an active reaction of astrocytes to prevent ischemic

neuronal injury [7, 11]. Four days after ischemic insult,

astrocytic swelling subsides and glial fibrils, stained by

GFAP antibodies, increase in number. These GFAP-

positive reactive astrocytes are increased in number

by mitotic division, especially those surrounding the

focal infarction (pan necrosis), which evolves and de-

velops from 12 hours to 4 days after the insult. Ne-

crotic tissue is then scavenged by macrophages and
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becomes liquefied [3, 8, 19]. The infarcted focus is sur-

rounded by gliosis induced by reactive astrocytes.

GFAP-positive reactive astrocytes increase moder-

ately in number, but do not induce gliosis in the pen-

umbra. These are the restitutional processes of astro-

cytes in the ischemic tissue [8].

It has been thought that dead neurons and ischemi-

cally injured tissue are scavenged by macrophage inva-

Fig. 1. (A) Electron microscopy of cerebral cortex 4-days after restoration of blood flow. The disseminated dying electron-dense neuron has

been fragmented into granular pieces by invading astrocytic cell processes. Some axon terminals that were attached to the dying neurons are

found around the fragmented dead dark neurons (arrowheads). Bottom bar 0.1 micron. (B) Light microscopy of cerebral cortex 24 hours after

restoration of blood flow. Some thick axons attached to dying neurons showed globular or spindle-shaped distension of their terminals sur-

rounding the dead neurons (arrows). Bodian silver impregnation. Bottom bar 2 micron

Table 1. Data showing astrocytic restitution and neuronal remodeling processes up to 12 weeks after ischemic injury.

Average value Time after last ischemic insult

Control 5 hours 4 days 1 week 5 weeks 8 weeks 12 weeks

% vol. of axon terminal 17.75G 1.32 14.69G 5.79y 5.48G 1.71* 14.89G 1.69y 19.55G 2.62y 21.62G 2.24y 28.90G 3.55*y
% vol. of spine 4.80G 1.12 3.09G 0.89*y 1.19G 0.20* 1.70G 0.25* 2.25G 0.45* 2.91G 0.42*y 4.16G 1.04y
No. of synapses/56 sq m 17.21G 1.09 23.24G 4.52*y 12.65G 1.67* 13.80G 1.92y 14.71G 3.26 16.68G 1.55y 19.48G 3.10y
No. of spines/56 sq m 11.89G 2.50 11.20G 2.33y 4.26G 0.40* 7.14G 0.78* 6.69G 0.63* 7.10G 0.68* 10.93G 3.04y
Thickness of neuritis (m) 0.61G 0.02 – 0.59G 0.02 0.60G 0.02 – 0.67G 0.02*y 0.93G 0.03*y

AverageG standard error, p < 0:05: * compared with control; y compared with 4 days.

Restitution of ischemic injuries in penumbra of cerebral cortex after temporary ischemia 241



sion into the injured tissue from the blood stream.

However, in the present study, dead neurons were

found disseminated among surviving neurons in the

cortical penumbra. The axons and dendritic processes

of the dying neurons were still connected to axon

terminals and neurites of surviving neurons. Solitary

dying neurons, which were connected by neuritic net-

works, were not phagocytized by a single macrophage.

In contrast to infarction, i.e., massive necrosis, macro-

phages did not enter the neuropil of the penumbra

where the network of the neuropil was still tight. In

this situation, it is reasonable to assume that shrunken

dead neurons become fragmented into granular debris

(eosinophilic ghost cells seen by the light microscopy)

and are removed by astrocytes, neurons, and perivas-

cularly located microglia [10, 14, 16]. However, the

tattered central cytosol of shrunken neurons remained

for more than 5 weeks. No inflammatory cells or mac-

rophages appeared in the ischemic penumbra wander-

ing in the neuropils [10, 16].

We found a marked decrease in the number of syn-

apses and volume of the axon terminals in the entire

neuropil of the ischemic penumbra from 5 hours to 4

days after start of recirculation, along with marked

shrinkage of axon terminals, which contained a de-

creased number of synaptic vesicles. These changes

seemed to be due to calcium-dependent neuronal hy-

perexcitation [21] and were reduced by N-methyl-

D-aspartate receptor antagonists in a morphologi-

cal study recording excitatory postsynaptic potential

Fig. 2. (A) Electron microscopy of cerebral cortex 4 days after restoration of blood flow. The number of synapses and spines, and the volume

of axon terminals and spines decreased with increase in sparsity of synaptic vesicles (arrows). Neurites (N ) are degenerative. Electron-dense

granular pieces are dispersed in the extracellular spaces of the neuropil (arrowheads). Bottom bar 0.1 micron. (B) Electron microscopy of cere-

bral cortex 12 weeks after restoration of blood flow. The number of synapses and spines, and volume of axon terminals and spines recovered,

with increase in number of synaptic vesicles (arrows). Neurites (N ) are thickened, surrounded and/or synapsed by axon terminals. Bottom bar

0.1 micron
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from hippocampal slice cultures subjected to brief

anoxia-hypoglycemia [13].

The number of synapses increased gradually from 1

to 12 weeks after the ischemic insult, associated with

an increase in the volume of axon terminals showing

sprouting [20] and paralleling a marked increase in

the number of synaptic vesicles. The number and vol-

ume of spines also increased in parallel. Axons that

had been attached to the dying neurons were consid-

ered to have shifted their connections to the spines

and the neurites of the surviving neurons, increasing

their thickness associated with synaptogenesis in the

neuropil [1, 2, 17]. The neuronal remodeling process

progressed in the ischemic penumbra from its early

stage to 12 weeks after the start of recirculation.
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Summary

Naþ/Hþ exchanger isoform 1 (NHE1) is a major acid extrusion

mechanism following intracellular acidosis. We hypothesized that

stimulation of NHE1 after cerebral ischemia contributes to disrup-

tion of Naþ homeostasis and neuronal death. In the present study,

expression of NHE1 was detected in cultured mouse cortical neu-

rons. Oxygen and glucose deprivation (OGD) for 3 hours followed

by 21 hours of reoxygenation (REOX) led to 68G 10% cell death.

Inhibition of NHE1 with the potent inhibitor HOE 642 or genetic

ablation of NHE1 reduced OGD-induced cell death by @40% to

50% ðp < 0:05Þ. In NHE1þ=þ neurons, OGD/REOX triggered sig-

nificant increases in Naþi and Ca2þi . Genetic ablation of NHE1 and

HOE 642 treatment reduced the rise of Naþi by@40% to 50% and

abolished the OGD/REOX-mediated Ca2þ accumulation. More-

over, mitochondrial cytochrome C release was significantly attenu-

ated by inhibition of NHE1 activity. These results imply that

NHE1 activity disrupts Naþ and Ca2þ homeostasis and contributes

to ischemic neuronal damage.

Keywords: Oxygen and glucose deprivation; HOE 642; sodium;

calcium; Naþ/Ca2þ exchange; edema.

Introduction

Naþ/Hþ exchangers (NHEs) catalyze the electro-

neutral exchange of protons and sodium ions across

cellular membranes and down their concentration gra-

dients [19], thereby regulating the pH of the cytoplasm

or organelle lumen [5]. To date, 9 NHE family mem-

bers have been identified in mammals. NHE1-5 are ex-

pressed on the plasma membrane in various cell types

[9]. NHE6-9 reside on intracellular organelle mem-

branes of the endosomal/trans-Golgi network [18], al-

though there is evidence that NHE8 is also located on

brush border membranes of the renal proximal tubule

[11].

NHE1 is a ubiquitously expressed plasma mem-

brane protein and the most abundant NHE isoform

in the rat central nervous system [16]. NHE1 serves

the crucial function of protecting cells from internal

acidification. In addition to an established role in in-

tracellular pH and cell volume homeostasis, NHE1

can serve as a structural anchor for actin filaments

[10] and as a plasma membrane sca¤old in the assem-

bly of signal complexes that are independent of its

function as an ion exchanger [2].

In cardiac myocytes, NHE1 activity has been shown

to contribute to the ionic imbalances occurring during

ischemia-reperfusion injury. However, the functions of

NHE1 in ion homeostasis in the central nervous sys-

tem are not well understood. NHE1 is essential for

the maintenance and regulation of pHi in cortical as-

trocytes [13, 17, 21]. Our recent study of mouse cortical

astrocytes demonstrated that NHE1 activity is signifi-

cantly elevated following in vitro ischemia and leads to

overloading of intracellular Naþ and Ca2þ [13, 14].

Thus, we hypothesized that activation of NHE1 fol-

lowing ischemia may subsequently cause ischemic

cerebral damage via Naþ- and Ca2þ-mediated toxic

e¤ects [6, 8].

In the current study, we used a pharmacological

approach, utilizing the potent NHE1 inhibitor, HOE

642, and genetic ablation of NHE1 to elucidate the

function of NHE1 in ischemic neuronal cell damage.

We found that inhibition of NHE1 activity reduced

neuronal cell death in an in vitro ischemic model,

thereby showing that NHE1 activity contributes to mi-

tochondrial dysfunction in cortical neurons.



Materials and methods

Cortical neuron cultures

NHE1 null mutant (NHE1�=�) mice were established previously

[4]. Timed-pregnant NHE1þ=� mice were created by pairing male

and female heterozygous mutant (NHE1þ=�) mice for 48 hours.

The mice were then separated. As described in our recent study [7],

E14-16 pregnant mice were anesthetized with 5% halothane and eu-

thanized. Fetuses were removed and rinsed in cold Hanks balanced

salt solution. Each mouse fetus was genotyped. The tails were re-

moved from the fetus and polymerase chain reaction was performed

as described previously [13].

Cortices were removed and minced as described previously [3].

Tissues were treated with 0.2 mg/mL trypsin at 37 �C for 25 minutes.

Cells were centrifuged at 350 g for 4 minutes. The cell suspension

was diluted in Eagle’s minimal essential media (EMEM) containing

5% fetal bovine and 5% horse sera. The cells from individual fetal

cortices were seeded separately in 24-well plates or on glass cover-

slips coated with poly-D-lysine and incubated at 37 �C in an incuba-

tor with 5% CO2 and atmospheric air. After 96 hours in culture,

1 mL of fresh media containing 8 mmol cytosine 1-b-D arabinofura-

noside was added. The media were replaced as described before [7].

Cultures from 10 to 15 days in vitro were used in the study.

Oxygen and glucose deprivation (OGD) treatment

Neuronal cultures (10 to 15 days in vitro) grown in 24-well plates

were rinsed with an isotonic OGD solution (pH 7.4) containing (in

mmol): 0 glucose, 20 NaHCO3, 120 NaCl, 5.36 KCl, 0.33 Na2HPO4,

0.44 KH2PO4, 1.27 CaCl2, 0.81 MgSO4. Cells were incubated in

0.5 mL of the OGD solution in a hypoxic incubator (model 3130,

Thermo Forma, Marietta, OH) containing 94% N2, 1% O2, and 5%

CO2. The oxygen level in the medium of cultured cells in 24-well

plates was monitored with an oxygen probe (Model M1-730, Micro-

electrodes, Bedford, NH) and decreased to@2% to 3% after 60 min-

utes in the hypoxic incubator. The OGD incubation was 3 hours.

For reoxygenation (REOX), the cells were incubated for 21 hours

in 0.5 mL of EMEM containing 5.5 mmol glucose at 37 �C in the in-

cubator with 5% CO2 and atmospheric air. Normoxic control cells

were incubated in 5% CO2 and atmospheric air in a bu¤er identical

to the OGD solution except for the addition of 5.5 mmol glucose. In

the drug treatment studies, cells were pretreated with 1 mmol HOE

642 and remained present in all subsequent washes and incubations.

Ionic changes were measured in neurons following 2 hours OGD and

1 hour REOX.

Measurement of cell death

Cell viability was assessed by propidium iodide (PI) uptake and

retention of calcein using a Nikon TE 300 inverted epifluorescence

microscope. Cultured neurons were rinsed with the isotonic control

bu¤er and incubated with 1 mg/mL calcein-AM and 10 mg/mL PI

in the same bu¤er at 37 �C for 30 minutes. For cell counting, cells

were rinsed with the isotonic control bu¤er and visualized using a Ni-

kon 20X objective lens. Calcein and PI fluorescences were visualized

using FITC filters and Texas Red filters as described previously [3].

Images were collected using a Princeton Instruments MicroMax

CCD camera. In a blind manner, a total of 1000 cells/condition

were counted usingMetaMorph image-processing software (Univer-

sal Imaging Corp., Downingtown, PA). Cell mortality was expressed

as the ratio of PI-positive cells to the sum of calcein-positive and PI-

positive cells.

Cytochrome C immunofluorescence

Colocalization of cytochrome C (CytC) release and neuronal

death were determined by double-staining with PI in conjunction

with a specific antibody against CytC [20]. Briefly, cells on coverslips

were first stained with 5 mmol PI for 5 minutes and washed with

phosphate-bu¤ered saline (PBS) 3 times. They were fixed in 4% par-

aformaldehyde in PBS for 10 minutes. After rinsing, cells were incu-

bated with a blocking solution for 20 minutes followed by applica-

tion of anti-CytC antibody (1 :100 diluted in blocking bu¤er) for

1 hour at room temperature. After rinsing in PBS, slices were in-

cubated with goat anti-mouse fluorescein isothiocyanate-conjugated

IgG (1 :100) for 1 hour at 37 �C. Fluorescence images were obtained

using a Leica DMIRE2 inverted confocal laser-scanning microscope

(63X) and Leica confocal software (LeicaMicrosystems Inc., Mann-

heim, Germany).

Neurons were excited sequentially at 488 nm (argon/krypton) and

543 nm (Gre/Ne) and the emission fluorescence was recorded at 500

to 535 nm for CytC staining, and at 550 to 620 nm for PI staining.

Materials

EMEM and Hanks balanced salt solution were from Mediatech

Cellgro (Herndon, VA). Fetal bovine serum was obtained from Hy-

clone Laboratories (Logan, UT). HOE 642 was a kind gift from

Aventis Pharma (Frankfurt, Germany). Anti-cytochrome C anti-

body (clone 6H2.B4) was from Pharmingen (San Jose, CA).

Results

Inhibition of NHE1 activity significantly reduces

OGD-induced cell death

A low level of cell death occurred in control

NHE1þ=þ neurons (<15%). After 3 hours of OGD

and 21 hours REOX, NHE1þ=þ neurons exhibited a

significant increase in cell death (68G 10%, p < 0.05),

compared to basal levels of cell death under normoxic

conditions. In contrast, inhibition of NHE1 activity

with 1 mmol HOE 642 significantly attenuated OGD-

mediated cell death in NHE1þ=þ neurons (33G 14%,

p < 0.05). This finding suggests that NHE1 plays a

role in ischemic neuronal damage.

Inhibition of NHE1 activity reduces OGD/REOX-

mediated CytC release

We investigated whether mitochondrial CytC

release, a hallmark of mitochondrial damage, is al-

tered following OGD/REOX. In normoxic control

NHE1þ=þ neurons, CytC staining showed abundant

and punctated perinuclear expression patterns (Fig.

1A). Some punctated CytC staining suggesting mito-

chondrial CytC expression was also observed in neu-

rites. No PI-positive staining was found in these corre-
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sponding normoxic NHE1þ=þ neurons (Fig. 1B). In

contrast, after 2 hours OGD/22 hours REOX, many

cells stained positively with PI (Fig. 1E, arrow). Im-

munoreactivity for CytC was lost in these dying neu-

rons (Fig. 1D, 1F, arrow). The loss of CytC immuno-

reactive signals suggests that CytC was released from

mitochondria and subsequently degraded following

OGD/REOX. Neurons containing CytC did not take

up PI (Fig. 1F). This demonstrates a positive correla-

tion between CytC release and cell death. However,

Fig. 1. Inhibition of NHE1 activity reduces OGD/REOX-mediated CytC release. The localization pattern of CytC in NHE1þ=þ neurons was

visualized by labeling with an anti-CytC antibody (1 :100 dilution). Cell death was determined by PI staining. For HOE 642 treatment,

NHE1þ=þ neurons were incubated in EMEM in the presence of 1 mmol HOE 642 at 37 �C during 2 hours of OGD and 22 hours REOX. Sister

NHE1þ=þ cultures were incubated for 24 hours in normoxic control bu¤ers (CON). (A–C): CON; (D–F): 2 hours OGD/22 hours REOX;

(G–I): 2 hours OGD/22 hours REOX plus 1 mmol HOE 642. (A, D, G) CytC staining; (B, E, H) PI staining. (C, F, and I) merged images.

Arrow: PI-positive cells without CytC staining. Arrowhead: Di¤used CytC staining in dead cells. This is a representative of 4 experiments.

Scale bar ¼ 20 mm
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when NHE1 activity was inhibited with 1 mmol HOE

642, cell mortality was substantially reduced (Fig.

1H) and the intensity of CytC staining remained high

(Fig. 1G). The merged image shows that the NHE1þ=þ

neurons containing abundant CytC did not take up PI

(Fig. 1I). However, some dying cells stained positive

for PI, containing a di¤used, reduced staining for

CytC (Fig. 1G, arrowhead). Taken together, these

findings further suggest that NHE1 activity plays a

role in ischemic mitochondrial damage in neurons.

Discussion

Inhibition of NHE1 activity is neuroprotective

following both in vitro and in vivo ischemia

Stimulation of NHE1 activity is detrimental to the

ischemic myocardium [1], and we recently reported

that both pharmacological inhibition and genetic abla-

tion of NHE1 reduced the impairment of Naþ and

Ca2þ homeostasis in cortical astrocytes following

OGD [13, 14]. However, little is known about the role

of NHE1 in neuronal ischemic damage. In our study,

we found that the selective NHE1 inhibitor HOE

642 significantly reduced OGD-mediated neuronal

cell death by@50% in NHE1þ=þ mice. Genetic abla-

tion of NHE1 attenuated neuronal cell death by

@37%. Moreover, a significant reduction in infarction

in cerebral focal ischemia occurred when NHE1 activ-

ity was inhibited with HOE 642 in NHE1þ=þ mice or

in NHE1 knockdown (NHE1þ=�) mice [15].

The role of NHE1 activity in ischemic mitochondrial

damage

Mitochondrial Ca2þ overload is a major trigger of

the mitochondrial death pathway, which features the

loss of mitochondrial membrane potential, opening of

the mitochondrial permeability transition pore, release

of CytC, and enhanced generation of reactive oxygen

species [6, 12]. Inhibition of NHE1 activity remarkably

suppressed cytosolic Naþ and Ca2þ accumulation and

mitochondrial Ca2þ overload in cardiomyocytes fol-

lowing H2O2-induced oxidative stress [22]. HOE 642

also reduced caspase-3 activity and annexin V fluores-

cence in cardiomyocytes stimulated by H2O2 [22]. This

suggests that NHE1 function not only a¤ects cytosolic

Naþ and Ca2þ homeostasis, but also alters mitochon-

drial Ca2þ homeostasis and functions. In our recent

study, we found that OGD/REOX caused a significant

increase in mitochondrial Ca2þ accumulation [15].

However, this increase in mitochondrial Ca2þ over-

load was attenuated in NHE1�=� neurons. We found

that inhibition of NHE1 activity with HOE 642 pre-

vented the OGD/REOX-mediated CytC release and

death of NHE1þ=þ neurons. Taken together, our find-

ings support the view that NHE1 activity plays a

role in mitochondrial dysfunction in oxidative cell

damage. Therefore, preserving mitochondrial integrity

by NHE1 inhibition may, in part, contribute to the

neuroprotection we found in both in vitro and in vivo

ischemia models.

In summary, we found that NHE1 activity contrib-

uted to ischemic neuronal death following in vitro is-

chemia. Genetic ablation or pharmacological inhibi-

tion of NHE1 activity was neuroprotective following

OGD. The underlying mechanisms included activa-

tion of NHE1 activity in conjunction with the Naþ/
Ca2þ exchanger leading to disruption of intracellular

Naþ and Ca2þ homeostasis. In addition to cytosolic

Ca2þ overload, NHE1 also played a detrimental role

in mitochondrial Ca2þ overload and mitochondrial

dysfunction.
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Summary

A stable model of neuronal damage after ischemia is needed in

mice to enable progression of transgenic strategies. We performed

transient global ischemia induced by common carotid artery occlu-

sions with and without maintaining normal rectal temperature

(Trec) in order to determine the importance of body temperature

control during ischemia. We measured brain temperature (Tb) dur-

ing ischemia/reperfusion. Mice with normothermia (Trec within

G1 �C) had increased mortality and neuronal cell death in the CA1

region of hippocampus, which did not occur in hypothermic animals.

If the Trec was kept withinG1 �C, the Tb decreased during ischemia.

After reperfusion, Tb in the normothermia group developed hyper-

thermia, which reached >40 �C and was >2 �C higher than Trec.

We suggest that tightly controlled normothermia and prevention of

hypothermia (Trec) during ischemia are important factors in the

development of a stable neuronal damage model in mice.

Keywords: Global ischemia; mouse; hypothermia; neuronal cell

death.

Introduction

Controlled hypothermia is known to reduce neuro-

nal cell death after ischemic [4, 12, 19, 32, 34, 38], hy-

poxic [35], traumatic [14], and hemorrhagic [18] brain

damage. Several reports show that depression of body

temperature decreases activation of caspase-3 [2, 27,

34, 38], phosphorylation of stress-activated protein

kinase/c-jun N-terminal kinase [15, 34], release of glu-

tamate [5, 13], generation of toxic reactive oxygen spe-

cies [8, 9, 33], and prevents suppression of bcl-2 [12]

and anti-oxidants [6]. Hypothermia also suppresses

the decrease of regional cerebral blood flow, which fol-

lows vascular occlusion [17]. The e¤ect of hypothermia

is considered to decrease apoptotic and necrotic neuro-

nal cell death.

Management of body temperature is a means to sta-

bilize neuronal damage after ischemia and hypoxia in

animal models [31, 36]. Transgenic/knockout mice

variants allow the roles of specific proteins to be stud-

ied in cerebral ischemia, using stable ischemia models

in mice developed over the last decade. The develop-

ment of mouse global ischemia models still needs im-

provement. We performed transient global ischemia

with and without maintaining rectal temperature

(Trec) to reveal the importance of the management of

body temperature during ischemia in order to develop

the stable ischemia model further. We measured the

changes of brain temperature (Tb) and brain pO2 dur-

ing early ischemia/reperfusion periods.

Materials and methods

Animals

All experimental procedures involving animals were approved by

the Institutional Animal Care and Use Committee of Showa Univer-

sity (#03018). Male C57BL/6 mice aged 8 weeks were purchased

from Charles River Japan (Kanagawa, Japan). All mice were main-

tained on a 12-hour light/12-hour dark cycle at 24G 2 �C with con-

stant humidity (50G 15%) for 1 week, then were used in the studies

described below.

Production of transient forebrain ischemia

The following procedures, including transient forebrain ischemia,

were performed at room temperature (27.0 to 28.0 �C). Trec was

monitored in all animals. Normothermia (38.0 �C) was maintained

with a heating blanket in 1 group of animals. A second group ini-

tially at Trec 38.0 �C constituted the hypothermia group (Fig. 1).

Using 2.5% sevoflurane in 70% N2O/30% O2 with facemask inha-

lation, anesthetized mice were subjected to transient occlusion of the

common carotid artery (tCCAO) to create forebrain ischemia [22,

24]. In brief, bilateral common carotid arteries were carefully ex-

posed and isolated, then occluded with clips (Zen temporary clip,



Oowa-tusho, Tokyo, Japan). Then the animals were left o¤ inhala-

tion anesthesia and kept on a heat mat for 10, 15, 20, or 25 minutes.

After ischemia, the animals were re-anesthetized and reperfused by

removal of the clips. After recovering from anesthesia on the heat

mat, animals were kept for a night in a chamber at 35 �C in order to

maintain body temperature. Animals were excluded from analysis

on the basis of technical error if an occlusion clip became dislodged

from an artery during ischemia or if an animal had excessive blood

loss.

Histological examination

Four days after tCCAO, animals were anesthetized with sodium

pentobarbital (50 mg/kg, i.p.), and fixed by perfusion with 10% buf-

fered formalin. Brains were then para‰n embedded. The hippocam-

pal regions were cut into 4-mm-thick coronal sections for histological

examination. The para‰n-embedded sections were evaluated mor-

phologically after toluidine blue staining.

The number of dead cells in the CA1 region (2 areas each per

hemisphere) were compared with the number of morphologically-

intact cells in accordance with previous studies [22]. The numbers

of cells were averaged.

Measurement of brain pO2, Tb, and Trec

Animals were anesthetized with inhaled sevoflurane (2.5%) in

N2O/O2 (70%/30%). The mice were fixed in a stereotaxic frame and

a burr hole of 0.5 mm in diameter was drilled in the skull over the

right hemisphere 2 mm posterior to the bregma and 3 mm lateral to

the midline with the aid of a surgical microscope. After removal from

the frame, animals were placed prone. A pO2 and Tb sensor (digital

pO2 monitor model POG-203, Unique Medical, Tokyo, Japan) was

placed 3 mm into brain tissue through the burr hole. Trec was moni-

tored as well. Ten minutes after equilibration, pre-ischemia baseline

values were measured 4 times for 4 minutes. Animals were then sub-

jected to CCAO and monitored for Tb, Trec, and brain pO2 for 60

minutes (25 minutes of ischemia and 35 minutes of reperfusion).

Statistical analysis

Data are expressed as meanGSEM. Student t test was used to an-

alyze the control and hypothermia groups. Values of p < 0.05 were

considered significant.

Results

Change of Trec and mortality during ischemia

There was no di¤erence in Trec between the

normothermia (37.7G 0.2 �C) and hypothermia

(37.4G 0.3 �C) groups immediately after anesthesia.

As shown in Fig. 1A, Trec in the hypothermia group

decreased approximately 1.5 �C (36.0G 0.3 �C) 30

minutes after anesthesia compared with Trec immedi-

ately post-anesthesia. Animals were then subjected to

global ischemia and inhalation anesthesia was discon-

tinued. Sham-operated control animals in the hypo-

thermia group recovered Trec to post-anesthesia val-

ues within 10 minutes of anesthesia cessation. Trec in

hypothermia animals subjected to ischemia decreased

approximately 4 �C (33.1G 0.8 �C) during the 25-

minute ischemia period in which no anesthesia was

administered. Hypothermia gradually resolved to

�2 �C (34.3G 1.1 �C) by 30 minutes after reperfusion.

Animals that were maintained at near-normal Trec by

heating mat (normothermia) were kept within G1 �C
during the experimental period. Animals in the normo-

Fig. 1. Change of rectal temperature (Trec; A), mortality (B), induction of neuronal cell death (C) after global ischemia in the mouse with

normothermia (normo) or hypothermia (hypo) maintaining Trec with a heating mat. (A) Trec was monitored with or without a heating mat

to control Trec during anesthesia, ischemia and reperfusion. Hypothermia decreased Trec by inhalation anesthesia and recovered by stopping

anesthesia. After ischemia, hypothermia was not returned to baseline. In contrast, the Trec in normothermia was keptG1 �C during the exper-

imental periods. (B) Mortality at 5-minute intervals during the ischemic periods (black bar) and the accumulated mortality (white bar) for 25

minutes of ischemia in the normothermia group. (C) Number of intact cells after ischemia in normothermia (normo) and hypothermia (hypo)

groups. Data are expressed as meanG SE. *p < 0.05, **p < 0.01, ***p < 0.001 compared with hypothermia group using Student t test
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thermia group that were subjected to ischemia deterio-

rated 5 minutes after ischemic induction and died after

25 minutes of ischemia (Fig. 1B). The accumulated

mortality reached about 60% 20 minutes after ische-

mia.

Neuronal cell death in CA1 region of the hippocampus

4 days after ischemia

To evaluate the relationship of Trec during ischemia

and the induction of neuronal cell death, morphologi-

cally intact cells in the CA1 region of the hippocampus

were counted after toluidine blue staining 4 days after

ischemia [22]. In order to determine the relationship of

the ischemic interval and neuronal damage in the nor-

mothermia group, the same evaluation was performed

4 days after tCCAO at intervals of 10, 15, 20, and 25

minutes (Fig. 1C). The cell number in the hippocam-

pal CA1 region post-ischemia was 63.6G 4.5 (n ¼ 10,

data not shown). Most animals in the hypothermia

group had few dead neurons. Some animals did show

severe neuronal cell death; in them the number of cells

was 50.4G 3.1 ðn ¼ 29Þ. In contrast, the number of in-

tact cells in the normothermia group was 21.1G 6.8

ðn ¼ 7Þ, 22.1G 6.5 ðn ¼ 4Þ, 12.6G 7.3 ðn ¼ 4Þ, and
37.6G 11.8 ðn ¼ 3Þ after 25, 20, 15, and 10 minutes

after tCCAO, respectively.

Changes in Trec, Tb, and brain pO2 after tCCAO

The results described above suggest that maintain-

ing Trec at normothermia and preventing hypother-

mia during ischemia is important for the induction of

neuronal cell death after ischemia. However, Trec

does not coincide with Tb during ischemia [21]. Hence,

we studied Trec, Tb, and brain pO2 during ischemia

and after reperfusion (Fig. 2). During the experimental

periods, Trec in the hypothermia group gradually de-

creased and Trec in the normothermia group was kept

at G1 �C as in Fig. 1. Baseline brain pO2 was about

35 mmHg. Brain pO2 decreased dramatically (50% to

60% of baseline) by 6 minutes after ischemia, then re-

covered to 70% to 80% of pre-ischemia values by 5

minutes after reperfusion. There were no di¤erences

in brain pO2 during the experimental periods in the

2 groups. On the other hand, the baseline Tb was

39.1G 0.5 �C and 37.5G 0.8 �C 10 minutes after in-

duction of anesthesia in the normothermia and hy-

pothermia animals, respectively, and was 1 to 1.5 �C
higher than Trec (Fig. 2B). Tb in normothermia and

hypothermia animals was lower (�1.2 [37.1G 0.5] �C
and �1.1 [33.8G 0.9] �C, respectively) than Trec 10

to 12 minutes after ischemic induction. After reperfu-

sion, Tb in the hypothermia group returned to the

baseline, which was 1 to 1.5 �C higher than Trec. How-

ever, Tb in the normothermia group reached >40 �C
and was 2 �C higher than Trec.

Discussion

We determined that maintaining Trec during acute

periods of ischemia is important in order to induce

neuronal cell death. We also determined that Trec,

Tb, and brain pO2 change during and after global is-

chemia induced by CCAO in mice.

Several studies report that spontaneous hyperther-

mia during ischemia in brain exaggerates brain dam-

age after focal and forebrain ischemia in the rat model

[1, 9, 28]. In the present study, we did not observe

Fig. 2. Change in Trec, Tb, and brain pO2 after global ischemia (A)

and the di¤erences of Trec and Tb in acute periods of ischemic reper-

fusion (B) during normothermia (normo) or hypothermia (hypo).

Data are expressed as meanG SE. *p < 0.05, **p < 0.01,

***p < 0.001 normothermia compared with hypothermia using

Student t test
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spontaneous hyperthermia in the brain in our normo-

thermia group during ischemia.

Tb is controlled by a balance of heat production and

heat consumption or loss. The mechanisms of heat

loss involve heat transfer from the brain core through

blood flow, evaporation by breathing and sweating,

non-evaporating heat loss through breathing, and is

determined by the blood flow in brain, species dif-

ferences, area of body surface including body mass,

respiration rate, venous plexuses in the nasal mucosa,

etc. [3, 10, 20]. Some mammals, including humans [10,

11, 21] and rats [1, 28], have increased Tb during ische-

mia due to heat transfer from the core of brain through

blood flow. Thus, prevention of hyperthermia in brain

by regional cooling and the suppression of pyrogenic

cytokines and cyclo-oxygenases (COX) are measures

to reduce neuronal damage after ischemia [11]. The

mechanism of heat loss di¤ers according to animal

species and is not understood in mice. Because the

Trec in our hypothermia group kept decreasing, the

Tb in mice may be lost by evaporation of breathing

and sweating due to their small body mass which is

easily influenced by air temperature and humidity.

Tb after reperfusion in controlled normothermia

increased, reaching >40 �C, which was 2 �C or more

than Trec. Inducible factors for hyperthermia after is-

chemia are pyrogenic cytokines such as interleukin-1

(IL-1) b [1, 7, 29], and tumor necrosis factor (TNF) a

[29], COX-2 [11, 16], and prostaglandin E2 [30]. We

did not measure these in our study. However, we have

reported that the IL-1b gene and protein are induced

after transient focal and global ischemia, and brain

damage in IL-1a/b gene-deficient mice is lower than

in wild-type mice [23, 25]. Moreover, the gene and pro-

tein of TNFa and its receptor is induced 30 to 60

minutes after focal ischemia in the mouse [26, 37]. We

also determined clinically that indomethacin, a COX-2

inhibitor, decreases Tb and the expression of IL-1b in

patients with brain injury [11].

Our study indicates that controlling Trec during is-

chemia is necessary to develop a stable neuronal dam-

age model in the mouse because the mouse easily loses

Tb during ischemia, perhaps due to its small body

mass.
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Summary

Knowledge of the biomechanical properties of postischemic

brain tissue is important for understanding the mechanisms of posti-

schemic secondary brain tissue injury. We describe the method and

results of biomechanical property measurement in ex vivo postische-

mic brain tissue by applying an indentation method.

Mongolian gerbils were subjected to a transient unilateral hemi-

spheric ischemia. At day 1 after ischemia, multi-parametric MRI

was performed, the brain was removed under anesthesia, sliced, and

kept in a container with silicone oil for the measurement. A compres-

sion probe attached to a pressure transducer was inserted to a pre-

determined depth at the regions of interest and maintained at a

constant speed. A pressure relaxation curve was recorded for the

calculation of elasticity modulus (E) and viscosity modulus ðhÞ ac-
cording to Maxwell-Voigt’s 3-element model. One day after ische-

mia, E and h decreased to 78.7% and 73.1% of the control level,

respectively. This decrease corresponded to a mild decrease in appar-

ent di¤usion coe‰cient (ADC) andmagnetization transfer ratio, and

an increase in T2 value. Tissue water content increased to 105.1% of

control. Microvacuolation with demyelination and axonal disrup-

tion was evident in the postischemic brain tissue.

Keywords: Cerebral infarction; elasticity; viscosity; Mongolian

gerbils; indentation method; multi-parametric MRI.

Introduction

Brain tissue injury secondary to ischemic brain

edema and swelling is an important factor in determin-

ing the prognosis of stroke patients. It is well known

that postischemic brain edema and swelling potentially

induces fatal brain herniation at the acute phase. Brain

herniation signifies brain mass expansion and protru-

sion into the free residual spaces through a notch or

opening in rigid structures such as the cerebellar tento-

rium and the foramen magnum. The biomechanical

properties of the brain tissue are obviously important

in this process. Biomechanical data on brain tissue,

both in the normal and pathological state, are also in-

dispensable for the computer simulation of intracra-

nial disease processes.

In previous studies we have quantified the biome-

chanical properties of brain with vasogenic edema [3–

5]. Here, we describe a method for the measurement

of biomechanical properties of ex vivo brain tissue

by using an indentation method. This technique was

used to examine brains subjected to unilateral hemi-

spheric ischemia and the results compared to morpho-

logical and magnetic resonance imaging (MRI) tissue

changes. Maxwell-Voigt’s 3-element model [1, 2] (Fig.

1b) was applied for the calculation of elasticity modu-

lus (E) and the viscosity modulus ðhÞ of the postische-
mic tissue.

Materials and methods

Adult Mongolian gerbils of both sexes were used in the experi-

ment. For induction of unilateral hemispheric ischemia, the left com-

mon carotid artery was occluded for 10 minutes by using a miniature

vascular clip under 2% isoflurane anesthesia. After vascular occlu-

sion, the animal was allowed to recover from anesthesia; the stroke

index [7] was measured during the initial occlusion. Animals ðn ¼ 4Þ
with stroke index equal to or more than 10 were selected as

symptom-positive animals, and subjected to the second ischemia for

10 minutes after a 5-hour interval. At day 1 after ischemia, multi-

parametric MRI (mapping of apparent di¤usion coe‰cient [ADC],

T2 value, and magnetization transfer ratio [MTR]) was performed

using an experimental MRI (4.7 T, Unity-INOVA, Varian, Inc.,

Palo Alto, CA), and the animal was then sacrificed with an overdose

of anesthesia. The brain was removed, cut coronally with 3 mm

thickness at the chiasma level, and kept in a container with silicone

oil heated to 37 �C for the viscoelasticity and tissue water content

measurement.

Ex vivo viscoelastic response of the brain tissue was measured by

applying an indentation method (Fig. 1). For the measurement, a

compression probe attached to a pressure transducer was inserted



to a predetermined depth (400 mm) at the regions of interest at a con-

stant speed (25 mm/s). The time course of pressure response was

schematically drawn as shown in Fig. 1a.

Assuming that biomechanical property of the brain tissue is well

simulated by the Maxwell-Voigt 3-element model (Fig. 1b), tissue

elasticity modulus (E) and viscosity modulus ðhÞ were calculated

according the following equations [1].

E ¼ P

u
� pð1� m2Þb2

2af1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðb=aÞ2

q
g

ð1Þ

h ¼ E � t1 � t2

loge
P1 � Py

P2 � Py

� 1þ Py=Pp

1� Py=Pp

� �
ð2Þ

E: elasticity modulus h: viscosity modulus

m: Poisson’s ratio u: insertion depth

Pp: Estimated peak pressure at t0
P1: pressure at t1 P2: pressure at t2
Py: pressure after tissue relaxation

a: radius of compression probe b: radius of pressure transducer

After the indentation method, tissue from the region of interest

was cut out for specific gravity measurement [6]. The coronal section

with a mirror surface of the above measurement was immersion-

fixed in 4% bu¤ered formalin and prepared for light microscopy

examination. The results were compared to those obtained from

sham operated animals ðn ¼ 4Þ.

Results

Histological examination revealed postischemic

brain edema with neuropil microvacuolation in the

postischemic cerebral hemisphere at day 1 postische-

mia. Demyelination and axonal disruption were also

evident. Specific gravity measurement revealed tissue

water content increased to 105.1% of the control level.

E and h decreased to 78.7% and 73.1% of the control

level, respectively. These decreases corresponded to

a decrease in ADC and magnetization transfer ratio

(70.6% and 85.5% of the control level, respectively),

and to an increase in T2 value to 151.9% of the control

(Fig. 2).

Fig. 1. (a) Schematic drawing of the indentation method using pressure-time relationship; (b) Maxwell-Voigt 3-element model; and (c) a

pressure-displacement transducer system
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Discussion

Biomechanical properties of brain tissue have been

examined both in physiological and pathological con-

ditions. Walsh et al. [8] measured in vivo brain tissue

elastic response under physiological conditions. The

measurement was done using a pressure-displacement

transducer system attached to the skull of dogs. They

observed that the elastic response of the brain was sen-

sitive to systemic factors such as ventilation.

The elastic property of the brain under pathological

conditions has also been measured. Aoyagi et al. [1, 2]

measured brain tissue compliance in dogs subjected to

traumatic brain edema, hydration, and dehydration.

They found a significant decrease in tissue elasticity in

the brain with traumatic brain edema. Thus, in vivo

measurement is useful for understanding the overall

pressure response of the brain tissue located inside the

skull; however, it is not possible to discriminate the in-

fluence of systemic factors such as blood pressure and

cerebrospinal fluid pressure using this procedure. Me-

ningeal membranes also influence the compressibility

of the brain tissue in the in vivo measurement. How-

ever, for understanding the mechanism of secondary

brain tissue injury, the biomechanical property of the

brain tissue per se as a material composing brain struc-

ture is important. The influences of cerebrospinal fluid

pressure or blood pressure should be excluded in the

measurement. This is also true in the biomechanical

data for the computer simulation of intracranial dis-

ease processes, where biomechanical data of tissue

elasticity and viscosity independent from the systemic

factors in the pathological as well as normal conditions

are essential for simulation procedures such as the fi-

nite element method.

We applied an indentation method to ex vivo brain

tissue slices. It is well known that a shift of tissue water

from the extracellular compartment to the intracel-

lular compartment takes place immediately after en-

ergy failure. To minimize this influence and also to

prevent tissue from drying, we kept the ex vivo brain

in silicone oil during the measurement. By using the

indentation method, the size for measurement was ap-

proximately 1 mm2, which was small enough for re-

gional comparison to tissue water content and histo-

logical changes.

Fig. 2. (a) Change of tissue water content (% water), elasticity modulus (E: mg/mm2) and viscosity modulus (h: 102 mgs/mm2) of the cortex

day 1 after a transient cerebral ischemia (* ¼ p < 0.05). (b) Light microscopy of the cortex in sham operated animal (upper), and at day 1 after

transient ischemia (lower) (Bodian staining)
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Maxwell-Voigt’s 3-element model has been used to

simulate the biomechanical properties of various mate-

rials to a combination of 3 elements, i.e., 1 dash-pot

(viscosity) connected in parallel to 1 spring (elasticity),

and in series with another spring (elasticity). We

calculated the elasticity modulus and the viscosity

modulus of the brain tissue under the assumption that

the 3-element model simulates biomechanical aspects

of brain tissue. We observed that both elasticity and

viscosity had significantly decreased already by 1 day

postischemia.

Histological examination revealed significant neuro-

pil microvacuolation with ischemic neuronal changes.

Bodian staining revealed disruption of neuronal pro-

cesses in the ischemic tissue. Tissue-specific gravity

measurement revealed significant edema. Several fac-

tors including sparsely-fibered neuropil, expansion of

the extracellular space, loss of cellular integrity, and

neural fiber connections in the postischemic brain tis-

sue appear to be responsible for the decrease in tissue

viscoelasticity.

Multi-parametric MRI revealed a mild decrease in

ADC and MTR and an increase in T2 value. The

increase of net tissue water content reflected by T2

increase, and the decrease of tissue water integrated in

the macromolecular structure reflected by MTR de-

crease, appear to coordinate with the decrease in tissue

viscoelasticity [9].
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Summary

Dimethyl sulfoxide (DMSO) is widely used as a solvent for other

drugs, i.e., for the protein kinase C activator phorbol 12-myristate

13-acetate (PMA) and the V1a receptor-antagonist SR49059, to re-

duce brain edema. We studied the e¤ect of DMSO on blood-brain

barrier (BBB) integrity following middle cerebral artery occlusion

(MCAO) and the consequences on brain edema development.

Male Sprague-Dawley rats were randomly assigned to sham pro-

cedure or infusion of 1% DMSO, PMA (230 mg/kg in 1% DMSO),

or SR49059 (1 mg/kg in 1% DMSO) followed by MCAO (each

group n ¼ 10). After a 2-hour period of ischemia and 2 hours

reperfusion, the animals were sacrificed for assessment of brain water

content, sodium, and potassium concentration. BBB integrity was

assessed by Evans blue extravasation. Statistical analysis was per-

formed by ANOVA followed by a Tukey post hoc test.

Low-dose DMSO treatment following MCAO significantly

opened the BBB on the ischemic side ðp < 0:037Þ. PMA and

SR49059 did not have any additional e¤ect on BBB compromise

compared to DMSO (p ¼ 1.000, p < 0.957, respectively).

We conclude that DMSO as a vehicle for drug administration may

increase the drug concentration into the extracellular space, but since

BBB permeability is increased, it may also provide an avenue for de-

velopment of vasogenic edema.

Keywords: Dimethyl sulfoxide; blood-brain barrier; Evans blue

extravasation; middle cerebral artery occlusion; brain edema.

Introduction

Dimethyl sulfoxide (DMSO, [(CH3)2SO]), a by-

product of the wood industry, has been used as a com-

mercial solvent since 1953. DMSO is an amphipathic

molecule with a highly polar domain and 2 apolar

groups, making it soluble in both aqueous and organic

media. Penetration of most tissue membranes occurs

within minutes due to a reversible change in the pro-

tein configuration when DMSO substitutes for water

[12, 17]. Accordingly, DMSO passes the blood-brain

barrier (BBB) [4], and is supposed to increase BBB

permeability for other drugs, although controversial

results have been obtained [3, 10]. DMSO has been

found to lower intracranial pressure following injury

and to be an e¤ective treatment in di¤erent types of

brain insults [5, 6]. Di¤erent mechanisms of protection

against ischemic injury by DMSO have been pro-

posed. DMSO has been suggested to be involved in

the prostaglandin/thromboxane system restoring cere-

bral blood flow (CBF) [11], to protect cell membranes

[8], to serve as a hydroxyl radical scavenger in mito-

chondria [16], or to stabilize the intracellular Ca2þ

concentration [18].

Because of its chemical properties, DMSO is widely

used as a solvent for other drugs in concentrations

of 0.5% to 90%, i.e., for the protein kinase C (PKC)-

activator phorbol 12-myristate 13-acetate (PMA) and

the V1a receptor antagonist SR49059. The purpose of

this study was to examine the e¤ect of DMSO used as a

solvent in a concentration of 1% on BBB integrity fol-

lowing middle cerebral artery occlusion (MCAO) and

the consequences on brain edema development. Since

we found that both PMA and SR49059 reduce brain

edema and subsequent electrolyte imbalances follow-

ing cortical contusion injury and MCAO, the present

study investigated whether DMSO as the vehicle solu-

tion altered the drug e¤ects. Specifically, we assessed

the brain water, sodium, and potassium content as

well as BBB integrity by Evans blue extravasation fol-

lowing an intravenous saline, vehicle (DMSO), PMA,

or SR49059 infusion after MCAO.



Materials and methods

Animals and surgical procedure

The studies were conducted with the approval of the Institutional

Animal Care andUse Committee using National Institutes of Health

guidelines. Experiments were carried out on 350 to 400 g adult, male

Sprague-Dawley rats (Harlan, Indianapolis, IN). Rats were housed

at 22G 1 �C at 60% humidity, with a 12-hour light/12-hour dark

cycle, and pellet food and water ad libitum. Surgery was performed

after intubation under halothane anesthesia and controlled ventila-

tion (1.3% halothane in 70% nitrous oxide and 30% oxygen). Rectal

temperature was maintained at 36.5G 0.5 �C using a heating lamp.

The left femoral artery and vein were cannulated with polyethylene

tubing (P.E. 50, Becton Dickinson, Sparks, MD) for continuous

monitoring of mean arterial blood pressure (MABP), blood sam-

pling, or for drug infusion. Adequate ventilation was verified by an

arterial blood gas measurement after 1 hour of anesthesia.

CBF over the supply territory of the right middle cerebral artery

was continuously monitored by laser Doppler flowmetry (LaserFlo,

Vasamedics, St Paul, MN) through a burr hole located 1 mm poste-

rior and 5 mm lateral to bregma, leaving the dura mater intact. Ani-

mals were placed in a supine position over the laser Doppler probe,

and CBF as well as MABP were recorded continuously using a data

acquisition system (ADInstruments, Colorado Springs, CO).

MCAO was induced using the intraluminal suture method de-

scribed elsewhere [2], slightly modified. Through a midline neck inci-

sion, bifurcation of the right common carotid artery was exposed

and branches of the external carotid artery (ECA) and internal ca-

rotid artery (ICA) including the occipital, lingual, and maxillary

arteries were microsurgically separated and coagulated. The ECA

was ligated with a 4-0 silk suture, and after temporary occlusion of

the ICA and common carotid artery with vascular mini-clips, a 4-0

monofilament nylon suture (4-0 SN-644 MONOSOF nylon Polya-

mide) with a silicon tip of 0.3 mm diameter was inserted through

the ECA stump and secured by a suture. The clips were removed

and the filament was advanced through the ICA into the circle of

Willis while occluding the pterygopalatine artery with a forceps. A

reduction in CBF between 70 and 80% of baseline was observed

when the suture was advanced a distance of 22 to 24 mm from the

carotid bifurcation, thereby verifying proper MCAO. Two hours

after occlusion, a 2-hour period of reperfusion in the middle cerebral

artery territory was performed by withdrawing the suture into the

ECA stump. Reperfusion was confirmed by an increase in CBF.

Study protocol and drug preparation

The objective of these experiments was to assess the e¤ect of

DMSO as a solvent for drugs known to a¤ect brain swelling and

BBB integrity following MCAO. Animals were randomly assigned

to sham procedure or an infusion of 1% DMSO (Sigma-Aldrich, St

Louis, MO), PMA (Sigma-Aldrich, St Louis, MO; 230 mg/kg in 1%

DMSO), or SR49059 (SanofiRecherche,Montpellier, France; 1 mg/

kg in 1%DMSO) followed byMCAO. The drugs were intravenously

administered using a continuous infusion pump (sp210w syringe

pump, KD Scientific, New Hope, PA). After the experiments were

completed, animals were either sacrificed by an overdose of halo-

thane, decapitated and the brains removed for assessment of brain

water, sodium, and potassium contents, or rats were transcardially

perfused for assessment of BBB integrity.

Tissue processing

Cerebral tissue was immediately cut into 4 consecutive 4 mm

coronal sections excluding the most rostral and caudal sections

from further analysis. After division into the right and left hemi-

spheres along the anatomic midline, the 4 regional samples obtained

were processed for water content, measured by the wet/dry weight

method. The wet weight of each sample was measured using an elec-

tronic analytical balance before drying the sample at 95 �C for 5 days

and reweighing to obtain the dry weight. The water content of each

sample is given as percentage of total tissue weight. For measure-

ment of brain sodium and potassium concentrations, the dried sam-

ples were placed in a furnace for 24 hours at 400 �C and reduced to

ashes. The ash was then extracted with distilled water, and the con-

centrations of sodium and potassium were determined using a flame

photometer (943 nm; Instrument Laboratory, Anaheim, CA) with

caesium as an internal standard.

Evaluation of BBB integrity

Integrity of the BBB was evaluated by assessing the extravasation

of Evans blue dye as described previously [1]. Before the end of the

respective experiments, a 2% solution of Evans blue dye (E515;

Fisher Scientific, Fairlawn, NJ) in 0.9% NaCl was administered in-

travenously for 1 minute at a dose of 7 mL/kg body weight, and

then allowed to circulate for 10 minutes prior to sacrifice. A thora-

cotomy was performed after an overdose of halothane. Brains were

perfused with approximately 700 mL of saline via catheter inserted

into the left ventricle of the heart and rapidly removed. The cere-

brum of the brain was cut with a blade into right and left hemi-

spheres along the anatomic midline. Each hemispheric section was

placed separately in a precisely-measured volume (2 mL) of forma-

mide and allowed to soak for 48 hours at room temperature. The

supernatant solution was transferred to a microcuvette, and the ab-

sorbance of each solution was measured against a pure formamide

standard at 625 nm using a Shimadzu UV 1600 Spectrophotometer

(Shimadzu Instruments, Columbia, MD). The tissue was then dried

in the oven at 95 �C for 5 days. Data were expressed as the relative

absorbance (unit/g dry weight).

Statistical analysis

SPSS software (SigmaStat, Chicago, IL) was used for statistical

analysis. Data were analyzed by a randomized one-way analysis of

variance (ANOVA) for group variations followed by a Tukey post

hoc analysis. Statistical significance was accepted at p < 0.05.

Results

The injury-induced mortality was 14% following

MCAO. MABP and arterial blood gases were kept

within physiological limits throughout the experimen-

tal procedure, requiring few adjustments in the halo-

thane concentration and ventilation parameters.

The ANOVA of brain water content produced a sig-

nificant group e¤ect (F7;88 ¼ 15:12, p < 0.001) and

the Tukey post hoc analysis indicated that a DMSO in-

fusion increased the brain water content on the ische-

mic side significantly compared to sham procedure or

either PMA or SR49059 treatment following MCAO

(p < 0.001, p < 0.001, and pa 0.001, respectively).

Data are presented in Table 1. The ANOVA of brain

sodium content produced a significant group e¤ect
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(F7;88 ¼ 14:11, p < 0.001) and the Tukey post hoc

analysis indicated that a DMSO infusion increased

the brain sodium concentration on the ischemic side

significantly compared to sham procedure or either

PMA or SR49059 treatment following MCAO

(p < 0.001, p < 0.001, and p < 0.001, respectively).

The ANOVA of brain potassium content produced a

significant group e¤ect (F7;88 ¼ 5:90, p < 0.001) and

the Tukey post hoc analysis indicated that a DMSO in-

fusion decreased the brain potassium concentration on

the ischemic side compared to sham procedure or ei-

ther PMA or SR49059 treatment following MCAO

(p < 0.001, p < 0.001, and p < 0.001, respectively).

ANOVA assessment of BBB integrity in the ische-

mic and non-ischemic sides produced a significant

group e¤ect (F7;32 ¼ 4:70, pa 0.002). Data are pre-

sented in Table 2. The Tukey post hoc analysis

indicated that low-dose DMSO treatment following

MCAO significantly opened the BBB in the ischemic

hemisphere compared to the non-ischemic hemisphere

ðpa 0:037Þ. PMA and SR49059 did not have any

additional e¤ects on BBB compromise compared to

DMSO (p ¼ 1.000 and pa 0.957, respectively).

Discussion

In an experimental model of ischemic injury follow-

ing MCAO, we found DMSO used as a solvent to

increase BBB permeability thereby augmented drug

access to the extracellular space of the brain, but also

possibly enhanced vasogenic brain edema develop-

ment (Fig. 1). We demonstrated that the predomi-

nately cellular cerebral edema resulting from MCAO

is reduced by treatment with the PKC-activator,

PMA, or the selective V1a antagonist, SR49059,

when compared with DMSO (Fig. 2). The drugs were

administered intravenously for 5 hours starting 1 hour

before occlusion. Parallel results were obtained regard-

ing brain sodium and potassium shift after ischemic

injury. PMA and SR49059 treatment were able to re-

duce sodium uptake and increase potassium levels

in the ischemic area, findings which are consistent

with the generally-accepted opinion that water and so-

dium tend to coexist and transfer together through the

plasma membrane under physiological and pathologi-

cal conditions [9, 15, 19].

DMSO has been found to pass the BBB [4] and

is supposed to increase BBB permeability for other

drugs, although controversial results have been ob-

tained [3, 10]. Both PMA and SR49059 were dissolved

in a 1% DMSO solution. Following MCAO in the rat,

Table 1. E¤ect of drug infusion on brain water, sodium, and potas-

sium content following middle cerebral artery occlusion

Di¤erences in brain water content between ischemic and contralateral

area

Groups

n ¼ 6 per group

Tissue

water

Tissue

sodium

Tissue

potassium

Sham �0:02G 0:06 �5:81G 6:0 �3:17G 8:0

DMSO 2.16G 0.06 109.01G 12.0 �42:87G 7:5

PMA 0.78G 0.22 42.61G 11.5 �12:27G 7:5

SR49059 0.87G 0.20 34.25G 11.0 1.89*G 10.0

Values shown are averageGSEM; *p < 0.05 as compared with

Sham.

Table 2. E¤ect of drug infusion on blood-brain barrier integrity as-

sessed by Evans blue extravasation following middle cerebral artery

occlusion

Absorbance/dry weight in ischemic area

n ¼ 4 each group Average SEM Significance (p value)

Sham 0.41 0.05 –

DMSO 1.64 0.37 0.037 compared with

contralateral

PMA 1.51 0.31 1.000 compared to DMSO

SR49059 1.30 0.29 0.957 compared to DMSO

DMSO dimethyl sulfoxide, PMA phorbol 12-myristate 13-acetate.

Fig. 1. Drug e¤ect on BBB integrity following MCAO. Following

MCAO, a significant opening of the BBB occurs in animals infused

with 1% DMSO but not in saline-infused animals. Treatment with

either the PKC-activator PMA or the V1a-antagonist SR49059,

both dissolved in 1%DMSO, did not have any additional e¤ect com-

pared with 1% DMSO alone. Thus, DMSO may contribute to a

vasogenic component of ischemia-induced brain edema
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others demonstrated that DMSO does not a¤ect neu-

rological outcome or infarct volume when compared

with saline [7]. Similarly, in a baboon model of tempo-

rary MCAO or a cat model of right MCAO, DMSO

had no e¤ect when compared with untreated controls

[13, 14]. Thus, DMSO was considered to be an appro-

priate vehicle for our experiments of ischemic injury.

We demonstrated that low-dose DMSO treatment

following MCAO opened the BBB in the infarct area,

while PMA and SR49059 did not cause any additional

e¤ects on BBB compromise. Thus, DMSO may have

increased penetration of PMA and SR49059 into the

extracellular space following MCAO. However, we

cannot exclude the possibility that by increasing BBB

permeability, DMSO may have also provided an ave-

nue for development of a vasogenic edema component

in the infarct area.
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Summary

Previous results from our laboratory have shown that neurogenic

inflammation is associated with edema formation after traumatic

brain injury (TBI). This neurogenic inflammation was characterized

by increased substance P (SP) immunoreactivity and could be attenu-

ated with administration of SP antagonists with a resultant decrease

in edema formation. Few studies have examined whether neurogenic

inflammation, as identified by increased SP immunoreactivity, oc-

curs after stroke and its potential role in edema formation. The

present study examines SP immunoreactivity and edema formation

following stroke.

Experimental stroke was induced in halothane anaesthetized male

Sprague-Dawley rats using a reversible thread model of middle cere-

bral artery occlusion. Increased SP immunoreactivity at 24 hours rel-

ative to the non-infarcted hemisphere was observed in perivascular,

neuronal, and glial tissue, and within the penumbra of the infarcted

hemisphere. It was not as apparent in the infarct core. This increased

SP immunoreactivity was associated with edema formation. We

conclude that neurogenic inflammation, as reflected by increased SP

immunoreactivity, occurs following experimental stroke, and that

this may be associated with edema formation. As such, inhibition of

neurogenic inflammation may represent a novel therapeutic target

for the treatment of edema following reversible, ischemic stroke.

Keywords: Ischemia; edema; neuropeptides; inflammation.

Introduction

Stroke is a major cause of morbidity and the third

leading cause of death worldwide [19, 20]. Currently

there are no e¤ective treatments, with the exception of

thrombolytic recanalization with tissue plasminogen

activator; however, use of tissue plasminogen activator

is limited to administration within 3 hours of stroke

onset and is therefore only available to a subset of

stroke patients [1].

Many deleterious injury cascades are initiated fol-

lowing ischemia, one of which is edema formation [8].

Cerebral edema may lead to increased intracranial

pressure and decreased cerebral blood flow that may

further aggravate edema formation [4]. Edema is a

leading cause of death within the first week of stroke

and is therefore a life-threatening issue that needs to

be addressed with timely therapy [8]. In particular,

vasogenic edema predominates within penumbral tis-

sue [15], the potentially viable tissue that surrounds

the infarct core and the target of neuroprotective strat-

egies. This vasogenic edema occurs in the setting of

blood-brain barrier disruption, where fluid escapes

from the vasculature into the intercellular space [13].

The exact mechanism by which ischemia disrupts the

blood-brain barrier and leads to edema formation is

unclear. However, vasogenic edema appears to be the

most important contributor to ischemic brain swelling

[4]. Hence, identification of the factors associated with

vasogenic edema formation may provide insight into

the mechanisms of neuronal cell death within the pen-

umbra.

Neuropeptides, and in particular, substance P (SP),

have long been known to contribute to the genesis of

edema in the periphery [6, 16]. When released from C-

fibers, SP causes neurogenic inflammation, a local

inflammatory response to certain types of injury or in-

fection that is characterized by vasodilation and in-

creased vascular permeability [16]. These changes in

blood vessel size and permeability lead to edema for-

mation [11, 12]. Hence, SP is implicated in the control

of plasma extravasation and edema formation in the

periphery [2]. Recent studies in our laboratory have

demonstrated a central role for SP in the formation of

edema following traumatic brain injury (TBI) [18].



Given the incomplete investigation of SP in cerebral

ischemia, and in particular, edema, our present study

examines the relationship between neurogenic inflam-

mation, as indicated by increased SP, and edema for-

mation following reversible ischemic stroke.

Materials and methods

Reversible middle cerebral artery occlusion

Adult male Sprague-Dawley rats (n ¼ 29; 265–295 g) were fed

and watered ad libitum then fasted overnight before surgery. Anes-

thesia was induced with halothane (3%, 1.5 L/min O2) and animals

were intubated and mechanically ventilated with 1.5–2% halothane

(1 L/min O2). Middle cerebral artery occlusion was performed as de-

scribed in detail elsewhere [3, 5]. Briefly, a 4-0 monofilament nylon

suture with a tip rounded by heating near a flame and coated with

0.1% Poly-L-lysine (Sigma-Aldrich Co., St. Louis, MO) was intro-

duced into the lumen of the external carotid artery through a punc-

ture and subsequently advanced into the internal carotid artery. The

suture was then advanced 17 mm past the external carotid/internal

carotid artery bifurcation to occlude the origin of the middle cerebral

artery. Lignocaine was applied to the surgical area and the wound

closed with wound clips (9 mm Autoclip wound clips, Becton Dick-

inson, Franklin Lakes, NJ). Anesthesia was discontinued. When

animals were able to breathe spontaneously they were extubated

and allowed to recover. Reperfusion of the ischemic territory was

achieved via withdrawal of the suture into the external carotid artery

under halothane anesthesia. Body temperature was measured with

a rectal probe and temperature maintained at 37 �C with a thermo-

statically controlled heating pad throughout all procedures. Any

animals that did not show circling toward the side of the middle cere-

bral artery occlusion at 2 hours after thread insertion, indicative of

successful stroke, were excluded from further study.

Brain water content

The amount of brain water was calculated using the wet weight/

dry weight method as previously described [18]. Briefly, at 24 hours

post-reperfusion, animals (n ¼ 14) were killed by decapitation under

halothane anesthesia and their brains rapidly removed. The left and

right hemispheres were dissected and weighed to obtain wet weight.

Hemispheres were then dried at 100 �C for 72 hours and reweighed to

obtain dry weight. The percentage of brain water was subsequently

calculated using the wet/dry method formula: % water ¼ (wet

weight� dry weight/wet weight)� 100.

Immunohistochemistry for SP

At 24 hours following reperfusion or sham surgery, animals

(n ¼ 15) were transcardially perfused with 10% formalin. Brains

were then removed, processed and embedded in para‰n wax. Sec-

tions 5 mm thick were cut and processed for SP immunoreactivity

(polyclonal N-18, Santa Cruz Biotechnology, Inc., Santa Cruz, CA).

Statistical analysis

All data are expressed as meanGSEM. Statistical di¤erences

were determined using a two-tailed t test. A p value of 0.05 was con-

sidered significant.

Results

SP immunoreactivity

Increased SP immunoreactivity was observed within

the penumbral tissue of the infarcted hemisphere at 24

hours post-stroke (Fig. 1). This increase was relative

to the contralateral (non-infarcted) hemisphere and to

sham animals and was evident within neuronal, glial,

and perivascular tissue.

Brain water content

Hemispheric water content in sham animals was

80.27G 0.70% (Fig. 2). Following stroke, there was a

Fig. 1. (A) SP immunoreactivity in sham animals. (B) Infarcted animals at 24 hours post-stroke. Note the increased perivascular SP immuno-

reactivity (arrows) in the penumbral tissue surrounding the infarct
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significant (p < 0:001) increase in water content of the

ipsilateral (infarcted) hemisphere of vehicle animals

to 83.87G 1.79%. A non-significant increase in brain

water content of the contralateral hemisphere was ob-

served in vehicle animals.

Discussion

The present study has demonstrated that neurogenic

inflammation, as indicated by increased SP immuno-

reactivity, occurs following reversible ischemic stroke

in rats. Such increased SP immunoreactivity was asso-

ciated with significant edema formation within the in-

farcted hemisphere. While recent investigations have

focused on the role of neurogenic inflammation in the

genesis of edema following TBI, this is the first study to

examine the relationship between neurogenic inflam-

mation and edema formation following stroke.

In the periphery, neurogenic inflammation is a

known contributor to edema formation with SP identi-

fied as the most potent initiator [10, 14]. However, it

has recently been shown that neurogenic inflamma-

tion, as indicated by increased SP immunoreactivity,

is also involved in the formation of cerebral edema fol-

lowing TBI, in particular, vasogenic edema [18]. Our

findings of increased SP immunoreactivity and edema

formation following stroke are consistent with these

results and reveal a key role for neuropeptides such

as SP in the pathophysiology of edema formation fol-

lowing stroke. Specifically, they indicate that post-

ischemic increased SP immunoreactivity influences

the formation of edema.

Activation of neuropeptide receptors within the

brain has been shown to contribute to cerebral edema

formation; however, work focused on the role of neu-

ropeptides in stroke has been rare [17]. SP can cause

the formation of focal reversible endothelial gaps be-

tween endothelial cells of vasculature that is responsi-

ble for an increase in vascular permeability, one pro-

cess in the formation of edema [9]. This may be one

mechanism by which increased SP immunoreactivity

and neurogenic inflammation lead to the formation of

edema. It has been proposed that edema formation

and plasma extravasation observed in response to SP

is due to direct/indirect mechanisms such as the release

of calcitonin-gene related peptide, histamine, seroto-

nin, prostanoids, and nitric oxide [7]. It is of particular

note that the penumbra has been identified as showing

an edema profile consistent with vasogenic edema [15].

Our findings of increased SP immunoreactivity within

the penumbra of the infarcted hemisphere suggest the

edema observed may be of the vasogenic type.

In conclusion, we have shown that increased SP im-

munoreactivity after induction of ischemia is associ-

ated with edema formation. Further studies will exam-

ine whether inhibition of neurogenic inflammation

with SP antagonists will provide a novel therapeutic

intervention for the treatment of edema following is-

chemic stroke.
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Summary

Our study demonstrates that ischemia-reperfusion brain injury in-

duces an increase in blood-brain barrier (BBB) permeability in the

periventricular white matter. This chronic insu‰ciency of BBB may

allow entry of neurotoxic fragments of amyloid precursor protein

(APP) and other blood components such as platelets into the peri-

neurovascular white matter tissue. These components may have sec-

ondary and chronic harmful e¤ects on the ischemic myelin and axons

and can intensify the phagocytic activity of microglial cells. Patho-

logical accumulation of toxic fragments of APP in myelinated axons

and oligodendrocytes appears after ischemic BBB injury and seem to

be concomitant with, but independent of neuronal injury. It seems

that ischemia-reperfusion disturbances may play important roles,

both directly and indirectly, in the pathogenesis of white matter le-

sions. This pathology appears to have distribution similar to that

of sporadic Alzheimer’s disease. We noted micro-BBB openings in

ischemic white matter lesions that probably would act as seeds of

future Alzheimer’s-type pathology.

Keywords: Blood-brain barrier; brain ischemia; horseradish

peroxidase; white matter lesions; b-amyloid peptide; leukoaraiosis;

Alzheimer’s disease.

Introduction

Brain ischemia-reperfusion injury is a neurodege-

nerative disease that a¤ects cognition, behavior, and

function. In these types of functional changes, white

matter lesions have been implicated in the neuropatho-

genesis seen in the subcortical and periventricular

areas [4, 5, 12, 15]. These white matter lesions are

referred to as leukoaraiosis [15]. Leukoaraioses have

been found in the brains of patients with ischemic

stroke and Alzheimer’s disease [14]. The study of brain

white matter changes in experimental ischemia has

long been neglected because white matter was con-

sidered less vulnerable [3]. It is now known that the in-

cidence of ischemic stroke involving white matter is

relatively high [3] and an e¤ect of this incidence is irre-

versible dysfunction [15].

Recent findings propose an early, silent, cumulative,

and significant role for ischemia-reperfusion factors

contributing to the development of sporadic Alz-

heimer’s disease [6]. The profile of white matter neuro-

pathology that is observed in brain ischemia probably

shares a commonality with the same changes in Alz-

heimer’s disease brain. In this study, we explored the

role and impact of ischemia-reperfusion on brain white

matter neurodegeneration and its connection with pos-

sible development of Alzheimer’s disease injury. Be-

cause it is not clear whether the blood-brain barrier

(BBB) in ischemic white matter lesions is altered in

long-lived animals, we investigated BBB insu‰ciency

and staining of di¤erent fragments of amyloid precur-

sor protein (APP) in the perineurovascular space. In

view of the potential late e¤ects of various extrava-

sated proteins on the development of white matter

neurodegenerative changes [13], we discuss the possi-

ble influence of chronic ischemic BBB dysfunction on

Alzheimer’s-type cognitive impairment. We also focus

on the question of whether or not the neuropathologi-

cal mechanism(s) observed in ischemic white matter

lesions are the same as those observed in Alzheimer’s

disease.

Materials and methods

Using female Wistar rats (n ¼ 5), BBB dysfunction [10], distribu-

tions of APP around BBB vessels [5, 8], and platelet pathology [5, 9]

were examined in white matter after 10 minutes of brain ischemia [7]

then the rats were allowed to survive for 1 year. As controls (n ¼ 3),

sham operated rats were sacrificed at the appropriate time. Rat

brains were perfusion-fixed for light and electron microscopic analy-



sis [5, 10]. Horseradish peroxidase (HRP) (Type VI, Sigma-Aldrich

Co., St. Louis, MO) served as an indicator of BBB changes [5, 10].

HRP was injected into the femoral vein and allowed to circulate for

30 minutes [10]. One hemisphere was cut at 50–80 mm in the coronal

plane with a Vibratome (Vibratome, St. Louis, MO) [5]. For demon-

stration of HRP, all brain tissue slices were incubated in a solution

of 3,3 0-diaminobenzidine tetra-HCl [10]. After mounting slices on

microscope slides, they were examined using light microscopy.

Some sections from the second hemisphere were selected for ultra-

structural studies [5, 10]. Electron microscopy was performed using

a Hitachi H-7000 transmission electron microscope (Hitachi High-

Technologies, Krefeld, Germany) [5, 10]. For immunocytochemis-

try, we used monoclonal antibody (mAb) 22C11 against the N-

terminal of APP, mAb 6E10 and polyclonal antibodies (pAb) SP28

against di¤erent parts of b-amyloid peptide, and pAb RAS 57

against the C-terminal of APP [4, 5, 8, 12].

Results

Postischemic white matter demonstrated chronic in-

su‰ciency of BBB. These micro-BBB lesions predomi-

nated in periventricular white matter and were random

and spotty (Fig. 1A–D). HRP extravasations involved

veins, venules, capillaries, and arterioles, and were re-

stricted to branches and bifurcations of these vessels

(Fig. 1D). Frequently we observed damaged endothe-

lial cells and pericytes filled with HRP. The outer walls

of the micro-vessels were also labeled with HRP. At

the same time, di¤use deposits of neurotoxic fragments

of C-terminals of APP surrounded the BBB vessels,

forming perivascular cu¤s with rarefaction of neigh-

boring tissue and parallel staining of oligodendrocytes

(Fig. 2A–C). In this investigation, we noted immu-

noreactivity for C-terminals of APP and b-amyloid

peptide inside vessels predominantly in capillaries. C-

terminals of APP and b-amyloid peptide deposits do-

minated in the paramedian part of the corpus callosum

(Fig. 2A). Perivascular deposits of cytotoxic proteins

from APP took the same form as extravasated HRP.

Additionally, our study revealed numerous platelet ag-

gregates of varying sizes inside and outside brain veins,

venules, microcirculation, and arterioles. Aggregating

platelets were in various stages of disintegration. The

platelets inside and outside vessels were irregularly

shaped and had large numbers of pseudopodia. The

endothelial cell surfaces of the leaking microvessels

were consistently abnormal, having attached platelets

and occasional remnants of platelets with or without

contact with endotheium. Examination of vessels dem-

onstrated pseudopodial projections extending from

platelets that were inserted into the luminal endothelial

Fig. 1. Vibratome sections reacted for HRP histochemistry. (A) Extravasated HRP (arrowhead) in subcortical white matter (�40).

(B) Extravasated HRP (arrowhead) in white matter close to lateral ventricle (�40). (C) High magnification of leaking area noted by arrowhead

in Fig. 1B (�200). (D) Evidence of leakage of HRP in vessel branches/bifurcations in area of lateral ventricle (�200)
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cell surface. Endothelial microvillus projections were

also seen extending toward the luminal platelets.

Some vessels were partially or completely plugged by

aggregating platelets and their membranous remnants.

Endothelial cells demonstrated both functional activa-

tion and pathological changes with clear evidence

of perivascular edema. Platelet aggregates, like BBB

changes and C-terminals of APP deposits, were focal,

random, and dispersed. C-terminals of APP deposits

and platelet pathology correlated well with BBB insuf-

ficiency. Control rat brains showed no HRP leakage,

and APP staining and platelet deposition inside and

outside vessels.

Discussion

This study implicated chronic insu‰ciency of BBB

in white matter after a period of ischemia followed by

long reperfusion as a secondary event in the patholog-

ical changes during ischemic neurodegeneration. The

di¤use distribution of neurotoxic fragments of APP

[16] around BBB vessels suggests an uncontrolled pas-

sage of these proteins through the endothelial cell

body. This was confirmed by intravenous injection of

human b-amyloid peptide into ischemic rats [11]. On

other hand, di¤use leakage of HRP and C-terminals

of APP through the endothelial cell cytoplasm may in-

dicate chronic endothelial cell damage. Extravasations

of cytotoxic parts of APP [16], which was most marked

in the paramedian part of the corpus callosum facing

the lateral ventricle, may suggest a vulnerability of the

BBB vessels in this region, or it may indicate the evac-

uation of C-terminals of APP fragments through the

ependymal cells of the lateral ventricle to cerebrospinal

fluid.

Our finding of pseudopodial projections in both pla-

telets and endothelial cells directed toward each other

provides physical evidence for endothelial cell/platelet

adhesion and attachment [9]. This may have an impor-

tant functional role in transendothelial platelet passage

Fig. 2. (A) Perivascular C-terminal of APP-positive material in subcortical white matter and in corpus callosum (arrowheads) (�100). (B) High

magnification of vessel noted with 2 arrowheads in Fig. 2A. Rarefaction of white matter in vicinity of vessel (�400). (C) b-amyloid peptide-

positive material surrounding 2 vessels in border between subcortical white matter and corpus callosum. Rarefaction of white matter in vicinity

of vessels (�400)
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and destruction [5, 9]. Chronic micro-BBB lesions [5]

and platelets in the perivascular space [5, 9] combined

with extravasated neurotoxic fragments of APP [16]

may be involved in the gradual maturation of an inju-

rious process in ischemic white matter, which may lead

to severe and progressive dementia over a lifetime.

Progressive damage of the white matter after ischemia

may be caused not only by degeneration of axons and

neurons destroyed during ischemic injury, but also by

pathological changes in BBB vessels with deposition

of neurotoxic fragments of APP. Accumulation of

the cytotoxic fragments of APP in ischemic axons as

granule-like deposits probably represents inhibition of

axoplasmic flow with eventual axotomy and irrevers-

ible injury. On the other hand, the presence of blood

components outside BBB vessels [2, 5, 9, 11] may

have harmful e¤ects on myelin directly [13] and may

enhance the phagocytic activity of microglial cells [1].

The exact mechanism(s) by which the white matter

injury occurs in ischemic stroke and Alzheimer’s dis-

ease is unknown; the trigger can be brain ischemia

with secondary chronic BBB dysfunction. This idea is

supported by random and di¤use white matter changes

that are related to a BBB injury [14, 15]. We further

examined the role of cerebral ischemia injury with

an alternative hypothesis proposing that repetitive

and silent periods of micro-ischemic-reperfusion may

form the basis for development of chronic neurodege-

nerative disorders such as sporadic Alzheimer’s disease

[6]. This process may occur by increasing the sensitiv-

ity of ischemic neurons and ischemic white matter to b-

amyloid peptide formation and aberrant APP process-

ing and/or extravasations of neurotoxic fragments of

APP [16] through ischemic BBB from blood [2, 5, 11].

The BBB acts as a doorkeeper of the neurons’ internal

milieu. It is recognized that the BBB protects neuronal

cell bodies and axons from injury, not only by stopping

toxic substances but also by regulating the optimal

extracellular environment required for proper func-

tioning of the neuronal network in the brain. The neu-

ropathology in our study appears to have a similar dis-

tribution to that of sporadic Alzheimer’s disease [2, 6,

14]. We found chronic micro-BBB openings in ische-

mic white matter that probably would act as seeds of

future Alzheimer’s-type pathology.

Conclusion

Our data indicates that chronic insu‰ciency of BBB

in white matter following ischemia-reperfusion injury

is a fundamental event in the maturation of neuro-

degenerative processes in the neuronal network.
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Summary

Eosinophilic neurons (ENs) appear in the post-ischemic cortex;

however, whether there are di¤erences in the time profile for di¤erent

cortical layers and the fate of the cortex with ENs is largely un-

known. We examined the time profile of ENs in di¤erent cortical

layers and evolution of cortical atrophy after transient cerebral ische-

mia inMongolian gerbils. Unilateral forebrain ischemia was induced

twice by 10-minute unilateral common carotid artery occlusions.

Brains at 24 hours, 4 days, and 2, 4, and 16 weeks post-ischemia

were prepared for morphometric analysis.

Quantitative analysis of ENs in regions of interest in the rostral

and caudal cortex showed the highest number of ENs at 4 days

post-ischemia in layers 3 and 6. Reduction in ENs after this peak

was slower in layer 6 than in layer 3 in both rostral and caudal cor-

tex, and this di¤erence was significant in layer 6 of the caudal cortex.

Infarcts with significant atrophy appeared in the rostral cortex. In

the caudal cortex, only selective neuronal death with mild but dis-

tinct atrophy was observed.

We observed a significant di¤erence between cortical layers in the

time profile of ENs in the post-ischemic cortex. Selective neuronal

death without infarction was su‰cient to induce cortical atrophy

after transient cerebral ischemia.

Keywords: Eosinophilic neuron; cortical layer 3 and 6; cortical at-

rophy; Mongolian gerbil; global ischemia.

Introduction

Focal brain ischemia induces 2 types of morpholog-

ical injury: selective neuronal death and infarction.

The area of selective neuronal death has been shown

to be located around the ischemic center (infarction)

in both clinical and laboratory investigations [3, 11].

Eosinophilic neurons (ENs) signifying neurons with

homogeneous eosinophilic cytoplasm and pyknotic

nuclei are called alternatively ischemic neurons and

thought to be a form of neurons injured by ischemia.

ENs are often found at the middle and deep layer of

the post-ischemic cortex.

It has been shown that the evolution of both selec-

tive neuronal death and infarction is slow when the

ischemic insult is mild. Both changes appear several

days after transient cerebral ischemia [1, 4–8]. We ex-

amined whether there are di¤erences in the time profile

of ENs in di¤erent layers of the post-ischemic cortex,

and whether post-ischemic cortex with only ENs and

no infarcts evolves atrophy or not.

Materials and methods

We used adult male Mongolian gerbils (n ¼ 36), 16 to 20 weeks of

age. Our study was conducted in accordance with National Institutes

of Health guidelines for the care and use of animals in research [10].

Surgical procedures

For induction of ischemia, the animals were anesthetized with

2% isoflurane, the left common carotid artery was occluded with a

miniature vascular clip, the clip was removed after 10 minutes of oc-

clusion, and the animals were allowed to recover from anesthesia.

During the initial carotid artery occlusion, stroke symptoms were

evaluated according to a stroke index (SI) of 0 to 25 points [12], by

which the animals with SIs greater than 10 points have been shown

to evolve brain infarction. In this study, animals manifesting SI

scores of between 14 and 17 points were selected as ‘‘post-ischemic

animals’’ to minimize the variation of the extent of ischemic tissue

injury. In the post-ischemic animals, a second 10-minute period of

ischemia was induced similarly 5 hours later. Sham-operated ani-

mals (n ¼ 4) were operated upon in the same manner except for the

left carotid artery occlusion.

Histological preparation

At 24 hours, 4 days, 2 weeks, 4 weeks, and 16 weeks after is-

chemia, animals (n ¼ 4, each group) were anesthetized deeply with

diethylether and then fixed by transcardiac perfusion with 10%

phosphate-bu¤ered formalin fixative. The brain was cut into 2 serial

coronal sections at 0.5 mm anterior to the bregma and 3 mm poste-

rior to bregma, which corresponds to chiasmal level (rostral face)

and superior colliculus level (caudal face). These sections were



embedded in para‰n and sliced at a thickness of 4 mm, and stained

with hematoxylin and eosin for light microscopic examination. EN

was identified as a neuron exhibiting pyknosis, karyorrhexis, karyol-

ysis, and loss of a‰nity for hematoxylin, with cytoplasmic eosino-

philia (Fig. 1A, 1B, 1C).

Morphometric analysis

The vertical distribution of ENs in the cortex was examined by

counting the number in each cortical layer at regions of interest

(ROIs) set in the coronal plane, using a drawing tube (Nikon, To-

kyo, Japan) attached to a microscope at a magnification of �40.

The ROIs, cortical columns 0.5 mm in width placed perpendicular

to the cortical surface, were the areas that showed consistently evolv-

ing infarction and only EN change, which correspond to 5.3 mm left

of midline in the rostral face and 3.5 mm left of midline in the caudal

face, respectively (Fig. 2A). Cortical atrophy was calculated as the

ratio of the ipsilateral to contralateral cortical thickness at the sites

that showed consistently evolving infarction.

Statistical analysis

Data were analyzed by repeated-measures analysis of variance

with independent variables of treatment group and day of testing,

followed by the Bonferroni post hoc test for multiple comparisons

between groups. The level of statistical significance was set at

p < 0.05. All values are presented as meanG SD.

Results

On the rostral face, EN areas appeared in dorso-

lateral cortical layers 3, 5, and 6 at 24 hours post-

ischemia in all animals. The EN areas enlarged to

cover the whole layer at 4 days and localized laminar

infarction was found in the centers of the high EN den-

sity areas. By 2 and 4 weeks, infarction had extended

to the whole cortical layer. Atrophy significantly pro-

gressed from 77.4% of the control at 2 weeks to 57.1%

at 16 weeks post-ischemia.

On the caudal face, areas of EN appeared in layers

3, 5, and 6 of the dorsolateral cortex at 24 hours, in-

creased in size by 4 days, and then gradually decreased

in size from 2 weeks to 16 weeks. No infarction was

observed in the cortex of any animals throughout

the post-ischemic period. Mild but distinct atrophy to

80.5% of the control was observed from 2 to 16 weeks

post-ischemia (Fig. 1D, 1E).

Both in cortical layers 3 and 6 in the ROIs of the

rostral and caudal face, ENs appeared by 24 hours,

peaked at 4 days post-ischemia, and decreased over 2

to 16 weeks. However, the decrease was slower in layer

6 than in layer 3 in both rostral and caudal faces, and

this di¤erence was significant in layer 6 of the caudal

face (Fig. 2B, 2C).

Discussion

We used a gerbil model of repeated unilateral ca-

rotid artery occlusion. This model induces widespread

selective neuronal death mainly in the cerebral cortex

in addition to infarction. The distribution of infarction

and selective neuronal death in the present study are

Fig. 1. (A, B, and C): Light microscopy of various types of ENs (arrows) in the post-ischemic cortex. (A) ENs showing pyknosis; (B) ENs

showing karyorrhexis or karyolysis; (C) ENs showing loss of nuclear hematoxylinophilia (HE staining; bars ¼ 20 mm). (D and E): Typical

cortical atrophy without infarction, stained with Klüver-Barrera. On caudal face, the dorsolateral cortex without infarction (E) showed mild

atrophy compared to the contralateral cortex (D). (Arrows: area of layer 3; arrowheads: area of layer 6. Scale: 200 mm)
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similar to those in our previous study [8]. This dis-

tribution in the cerebral cortex is suitable for exam-

ination of the vulnerability of di¤erent cortical layers

and whether cortical atrophy may result from selective

neuronal death.

The pyramidal cells in layers 3 and 6 of the dorsolat-

eral cortex are known to be vulnerable to ischemia,

whereas the neurons in layers 2, 4, and 5 are more re-

sistant. More pyramidal cells are killed in layer 3 than

in layer 6 [9]. Our results are in accordance with these

findings. ENs were detected more frequently in layers

3, 5, and 6 than in layers 2 and 4 at 24 hours and at 4

days post-ischemia (data not shown). Cortical laminar

infarction preferentially evolved in the middle layer.

A recent study of distribution of glutamic acid decar-

boxylase (GAD)-mRNA positive cells showed that

GAD-positive cells, which are known to be resistant

to ischemia, are present in all cortical layers with a

slightly higher prevalence in layers 2 and 4 after photo-

thrombosis [2]. This is a possible mechanism of neuro-

nal selective vulnerability in layers 3, 5, and 6.

The reason why ENs were present longest in layer 6

is unknown. Di¤erences in the axonal projections of

the cortex may influence the vulnerability of neurons

to ischemia by the retrograde or trans-synaptic degen-

eration mechanisms. For example, pyramidal neurons

in layer 3 have either cortico-cortical projections or

callosal projections, but those in layer 6 have thalamic

projections.

In conclusion, we observed a significant di¤erence

in cortical layers in the time profile of ENs in the

post-ischemic cortex. Selective neuronal death without

infarction was su‰cient to induce cortical atrophy af-

ter transient cerebral ischemia.
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Summary

Although the e¤ects of cerebral ischemia on the blood-brain

barrier have been extensively studied, the e¤ects on the blood-

cerebrospinal fluid barrier (BCSFB) at the choroid plexuses have re-

ceived much less attention. This paper reviews evidence on the e¤ects

of cerebral ischemia on the choroid plexus, particularly focusing on

the degree of blood flow reduction required to damage the lateral

ventricle choroid plexuses during transient forebrain ischemia, and

whether disruption of the BCSFB might a¤ect nearby tissues.

Studies have shown that 2 common models of forebrain ischemia

(4-vessel and 2-vessel with hypotension) cause damage to the lateral

ventricle choroid plexus via necrosis and apoptosis. We have found

that bilateral common carotid artery occlusion with hypotension

causes an 87% reduction in lateral ventricle choroid plexus blood

flow during ischemia and an approximate tripling of the permeability

of the BCSFB to inulin after 6 hours of reperfusion. Interestingly,

evidence suggests that this disruption of the BCSFB rather than dis-

ruption to the blood-brain barrier is the major cause of enhanced

inulin entry into the hippocampus. The hippocampus undergoes se-

lective delayed neuronal loss in that model of forebrain ischemia and

the BCSFB disruption may participate in or modulate that delayed

injury.

Keywords: Carotid artery occlusion; hypotension; stroke; choroid

plexus.

Introduction

Two barrier systems serve as an interface between

blood and brain. The blood-brain barrier (BBB),

formed by cerebral endothelial cells and their linking

tight junctions, and the blood-cerebrospinal fluid bar-

rier (BCSFB), formed by the choroid plexus (CP) epi-

thelial cells with their linking tight junctions and the

arachnoid membrane. The e¤ects of cerebral ischemia

(focal or global) on the BBB have been extensively

studied. Thus, ischemia causes BBB disruption with

the extravasation of plasma proteins and vasogenic

edema formation. In addition, ischemia triggers

changes in the endothelium that result in the migration

of leukocytes into the injured brain, contributing to in-

flammation and brain injury. The e¤ects of cerebral is-

chemia on CP and BCSFB function has been much less

studied [6], even though the early studies of Pulsinelli

et al. [9] found that transient forebrain ischemia caused

CP necrosis after 6 hours of reperfusion. This pattern

of injury contrasts to nearby brain parenchyma where

there is delayed cell death. We review the evidence of

the e¤ects of forebrain ischemia on the CP with a par-

ticular focus on what degree of CP ischemia is neces-

sary to cause CP injury, and the e¤ect of CP injury on

tissues bordering the cerebrospinal fluid (CSF) system.

Forebrain ischemia-induced CP injury in rat

Pulsinelli et al. [9] first examined the e¤ects of tran-

sient forebrain ischemia (bilateral carotid and verte-

bral artery occlusion, 4VO, with reperfusion of the

carotid arteries after 10, 20, or 30 minutes) on lateral

ventricle CP morphology in the rat. They found evi-

dence of necrosis after 6 hours. Johanson et al. [5], us-

ing bilateral carotid occlusion (2VO) with hypotension

in the rat, also found early damage to the epithelial

brush border, organelles, and nucleus following reper-

fusion (and restoration of blood pressure) with rapid

necrosis. Although there is evidence of necrosis in

these models, Ferrand-Drake and Wieloch [3] have

also reported evidence supporting CP apoptosis after

18–24 hours of reperfusion in the rat 2VO with hypo-

tension model, and Kitagawa et al. [7] found evidence

of apoptosis as a result of reperfusion after 5 minutes

of 2VO in the gerbil.

We have examined the e¤ects of ischemia on CP ep-

ithelial function by measuring CP glutamine transport,

a sodium-dependent process which indirectly utilizes

adenosine triphosphate. CP glutamine transport was

reduced by 45% and 72% after 10 and 30 minutes of



permanent 2VO with hypotension in the rat [2]. Al-

though CP glutamine transport returned to control

values if the brain was reperfused after 10 minutes of

ischemia, there was a residual deficit following reperfu-

sion after 30 minutes [2]. Dienel [1] also found a long-

term derangement in CP calcium homeostasis after 30

minutes of 4VO with reperfusion in the rat.

CP blood flow during ischemia

The levels of CP blood flow required to induce in-

jury have received little study. Ten minutes of 2VO

with hypotension caused a marked reduction in blood

flow to the lateral ventricle CPs in the rat (@87%; [2]).

By contrast, in the brain parenchyma, there was a 93%

reduction in the anterior cortex and a 79% reduction in

the hippocampus (Table 1; [2]).

BCSFB disruption during reperfusion

The e¤ects of CP injury on BCSFB function merit

further investigation. Ikeda et al. [4] found increased

blood to CSF calcium flux after 5 minutes of 2VO

with reperfusion in the gerbil. In our studies, rats

receiving 6 hours of reperfusion after 30 minutes of

2VO with hypotension showed a marked increase in

the influx rate constant for [3H] inulin entry into CSF

(to@300% of control; [2]). Those animals also showed

a marked increase of entry into hippocampus and a

more modest increase into anterior cortex (Table 1).

Discussion

A number of studies have now shown that the lateral

ventricle CPs are damaged by forebrain ischemia (re-

viewed in greater detail in [6]), and a number of

these papers have also shown a fairly rapid recovery

in CP function following the ischemic event [6].

Although not the subject of this review, an understand-

ing of those mechanisms may be important for under-

standing BBB as well as BCSFB function after a

stroke.

Studies on the CP blood flows necessary to induce

such injury have been few. We have found that 2VO

occlusion with hypotension induces a very marked

87% reduction in lateral CP blood flow [2]. This model

of ischemia has been shown to induce apoptosis and

necrosis in the CP [6]. The percentage reduction in

blood flow that induced CP injury is similar to that

which is known to induce parenchymal damage. It

should be noted, however, that because control CP

blood flows are much higher than in other brain re-

gions like cerebral cortex, the absolute blood flows

(@33 ml/100 g/min) that induced CP injury would

likely not induce injury in the brain parenchyma.

Thus, in terms of absolute blood flows, the CP may

actually be selectively vulnerable to ischemia. This is

also suggested by the work of Pulsinelli et al. [9], who

found that forebrain ischemia caused early CP injury

but much later damage in the hippocampus.

The lateral ventricle CPs receive blood from both

the anterior and posterior choroidal arteries. This

raises the question of whether blood flows from both

sources would have to be compromised (such as in a

heart attack) to reach the flows necessary to cause CP

injury. Recently, however, Liebeskind and Hurst [8]

have reported infarction of a lateral CP following a

posterior choroidal artery stroke in man.

Ischemic damage to the CP might a¤ect parenchy-

mal injury by a number of di¤erent mechanisms [6].

Table 1. Changes in blood flow during ischemia and the influx of [3H] inulin during reperfusion in di¤erent regions of the brain [2]

Blood flow (ml/g/min) Inulin Ki (ml/g/min)

Control Ischemia Control Ischemiaþ reperfusion

CSF – – 0.15G 0.01 0.43G 0.10* (287%)

Choroid plexus 2.46G 0.22 0.33G 0.06*** (13%) – –

Anterior cortex 0.94G 0.08 0.07G 0.03*** (7%) 0.041G 0.002 0.077G 0.014* (188%)

Hippocampus 0.92G 0.05 0.19G 0.05*** (21%) 0.048G 0.002 0.16G 0.035** (333%)

Measurements of blood flow were made in control rats and animals subjected to 10 minutes of ischemia. Measurements of the influx rate

constant (Ki) for inulin were made in control rats and animals subjected to 30 minutes of ischemia with 6 hours of reperfusion. Values are

meanG SE, n ¼ 7–8 for the influx rate constants, and n ¼ 4 for blood flows.

*, ** and *** indicate a di¤erence from control at p < 0.05, p < 0.01, and p < 0.001 levels, respectively. Numbers in parentheses are the

ischemia or ischemia with reperfusion values expressed as a % of control. CSF cerebrospinal fluid.
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For example, the CP may produce growth factors that

would normally protect periventricular tissues from is-

chemic damage [5]. Another mechanism by which CP

damage might a¤ect parenchymal damage is by allow-

ing the entry of blood components into the CSF. For

this to be relevant pathophysiologically, however, the

entry of such compounds across the damaged BCSFB

would have to be greater than across the BBB. Recent

evidence from our laboratory suggests that this is the

case for the hippocampus following 2VO with hypo-

tension [2]. In that model, despite the hippocampus

blood flows being less a¤ected than those of the ante-

rior cortex (a 79% reduction in flow vs. a 93% reduc-

tion), there was a greater uptake of inulin into hippo-

campus from blood than into the anterior cortex

(Table 1). The likely cause of this disparity is not dif-

ferences in the degree of BBB disruption within the 2

tissues, but rather di¤erences in proximity to the CSF

system. For the hippocampus, which has close proxim-

ity to the CSF system, tissue inulin entry closely fol-

lowed that into CSF [2]. In contrast, for the anterior

cortex, which is seldom influenced by CSF, there was

no correlation between tissue inulin entry with that

into CSF [2].

In conclusion, the CP may be selectively vulnerable

to ischemia in terms of absolute blood flows required

to induce ischemic damage. In addition, ischemia-

induced disruption of the CP may impact tissues adja-

cent to the ventricular system and may be a major

cause of increased entry of blood-borne solutes into

those tissues.
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Summary

We examined temporal profiles of neurological dysfunctions and

compared them with apparent di¤usion coe‰cient (ADC) and T2

changes in ischemic cortical regions after transient focal cerebral is-

chemia in Mongolian gerbils.

Mongolian gerbils (n ¼ 7) underwent right common carotid artery

occlusion for 20 minutes. Asymmetric motor behavior and unilateral

somatosensory dysfunction were quantified by the elevated body

swing test and the bilateral asymmetry test at 0, 2, 3, and 8 days after

ischemia. The results were compared to the ADC and T2 changes in

the primary motor cortex and the somatosensory cortex.

Transient motor dysfunction was observed at day 2 after ischemia.

MRI revealed transient and mild ADC decrease without T2 increase

at day 2 after ischemia in the primary motor cortex. Persistent soma-

tosensory dysfunction was observed at 2, 3, and 8 days after ische-

mia, which corresponded to a moderate ADC decrease, and a mild

T2 increase in the primary somatosensory cortex at days 2 and 3

after ischemia.

Time profiles of neurological deficits concurred with ADC

changes of the post-ischemic cortex responsible for the deficits. The

post-ischemic lesions responsible for the neurological deficits were

detectable by using ADC mapping in the acute phase after transient

focal cerebral ischemia.

Keywords: Cerebral ischemia; ADC; T2; behavior.

Introduction

Detection of post-ischemia lesions responsible for

neurological deficits is one of the major concerns in

the acute phase of stroke. Persistent neurological dys-

functions generally appear in association with infarc-

tion, which corresponds to significant apparent di¤u-

sion coe‰cient (ADC) decrease with high-intensity

T2. However, recent studies indicate that the areas

with transient or mild decrease in ADC mapping do

not always signify infarction [2, 8]. Magnetic reso-

nance imaging (MRI) detection of mildly injured tis-

sue responsible for neurological deficit is important

for the treatment of injury, because any substantial

amount of tissue that su¤ers from mild ischemia is

known to be reversible with treatment [5]. However,

studies on the coordination between transient neuro-

logical dysfunctions and milder tissue changes detected

by MRI ADC/T2 mappings are scarce.

We used an animal model of cerebral ischemia, a

condition in which widespread areas of selective neu-

ronal death evolves in the cortex. We then examined

temporal changes of the neurological deficits, and cor-

related the changes with ADC and T2 changes.

Materials and methods

Animals

Studies were approved by the animal experiment committee of To-

kyo Medical and Dental University and carried out in accordance

with the National Institutes of Health Guide for the Care and Use

of Laboratory Animals. Adult male Mongolian gerbils (n ¼ 27,

weight 55–76 g) were housed 3 or 4 per cage on a 14:10-hour light/

dark cycle.

Surgical procedures

The gerbils were divided into 2 groups: an ischemic group and a

control group. The ischemic group underwent right common carotid

artery occlusion with a miniature vascular clip under 2% isoflurane

anesthesia, and were allowed to recover from anesthesia immediately

after the occlusion. During occlusion, stroke signs were evaluated

according to the Stroke Index (SI: 0 to 25 points) of Ohno et al. [7].

Animals manifesting 10–16 SI points (n ¼ 20) were selected as mild

post-ischemic animals. Twenty minutes after initiation of the occlu-

sion, the clip was removed to restore blood flow (n ¼ 7).



The control group animals (n ¼ 7) underwent the same operative

procedures except for the right common carotid artery occlusion.

After surgery, all animals were kept in their home cages until the

following behavioral analysis.

Behavioral tests

The mild ischemia animals and the control animals were subjected

to a series of behavioral tests during the 8 days after ischemia. The

elevated body swing test (EBST) and bilateral asymmetry test

(BAT) were conducted at 0, 2, 3, and 8 days post-ischemia.

EBST

The EBST was used to evaluate asymmetrical motor behavior [4].

Animals were held by the base of the tail and elevated approximately

10 cm above a tabletop. The direction of body swing, defined as an

upper body turn of 10 degrees to either side, was recorded for 1 min-

ute during each of 3 trials per day. The numbers of left and right

turns were counted, and the percentage of turns made contralateral

to the ischemic hemisphere side was determined.

BAT

The BAT is a test of unilateral somatosensory dysfunction [4].

Two small adhesive-backed paper dots (each 60 mm2) were used as

tactile stimuli on the distal-radial region of the wrist of each fore-

limb. The time, to a maximum of 3 minutes, that it took each gerbil

to remove each stimulus from the forelimb (removal time) was re-

corded in 3 trials per day. Individual trials were separated by at least

3 minutes.

MRI measurement

Studies were performed using a 4.7 tesla superconducting MRI

with a 33 cm horizontal bore magnet and a 67 mT/mmaximum gra-

dient capability (Unity INOVA, Varian, Palo Alto, CA). Di¤usion

weighted imaging was performed using a multi-section, spin-echo se-

quence with parameters of 1500/80/1 (TR/TE/excitations), a matrix

of 128� 64, a field of view of 30� 30 mm, and a section thickness

of 2 mm without an intersection gap. The di¤usion gradients were

applied along the 3 orthogonal directions (x-, y-, and z-axes). The re-

sulting values for the gradient factor were 0, or 1200 s/mm2. For T2

calculation, multi-section spin-echo imaging without di¤usion gradi-

ent was performed with parameters of 1500/20, 50, and 80 (TR/TE).

Other imaging parameters included a matrix of 128� 64, a field of

view of 30� 30 mm, a section thickness of 2 mm without intersec-

tion gap, and 1 signal acquired.

MRI data analysis

All analysis was performed using a Sun Sparc 10 workstation

(Sun Microsystems Inc., Santa Clara, CA) and image analysis soft-

ware (XDS software; Davis Bioengineering, St. Louis, MO). ADC

maps were calculated on a pixel by pixel basis using the following

equation: ADC ¼ ln(So/S)/(b-bo), and T2 maps were calculated

on a pixel by pixel basis using the following equation: SI ¼
Kexp(�TE=T2).

Regions of interest

The regions of interest were set at the primary motor cortex and

the somatosensory cortex. The ADC % decrease and the T2 %

increase of each region of interest were calculated. ADC and T2 %

decrease/increase was defined as the ADC and T2 decreased/

increased ratio compared to the homologous region of the contrala-

teral hemisphere.

Results

Time course of behavioral dysfunctions

EBST

The percentage of right-biased swings was signifi-

cantly increased in the ischemia group on the day of is-

chemia compared to the control group. This changed

to a significant left-biased swing percentage at 2 days

post-ischemia in the ischemia group, and gradually

normalized through 8 days (Fig. 1A).

BAT

The contralateral removal time was significantly in-

creased in the ischemia group on the day of ischemia

compared to the control group. This significant in-

crease persisted through 8 days (Fig. 1B).

Time course of MRI changes

ADC findings

The ADC of the primary motor cortex and the so-

matosensory cortex of the ipsilateral cerebral cortex

started to decrease on day 2 post-ischemia (Fig. 2B,

2F). The lowest ADC of the primary motor cortex

was observed at day 2 post-ischemia (Fig. 2B, 2I),

and gradually normalized through 8 days (Fig. 2C,

2D, 2I). The lowest ADC of the somatosensory cortex

was observed at day 3 post-ischemia (Fig. 2G, 2I), and

gradually normalized through 8 days (Fig. 2I). ADC

decrease of the primary motor cortex was small com-

pared to ADC decreases of the somatosensory cortex

(Fig. 2I). No ADC decreases were observed in the con-

tralateral cerebral hemisphere.

T2 findings

T2 of the somatosensory cortex of the ipsilateral

cerebral cortex started to increase on day 2 post-

ischemia, and high-intensity T2 was observed on day

3 post-ischemia (Fig. 2H, J). No T2 increase was ob-
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Fig. 1. Time course of behavioral dysfunctions. Contralateral turn was significantly increased at day 2 post-ischemia and gradually decreased

to day 8 (A). Contralateral removal time was significantly increased at day 2 post-ischemia and persisted to day 8 (B). (**p < .01; yp < .10)

Fig. 2. Time course of MRI changes. The ADC and T2 maps of the primary motor cortex (A–D), the somatosensory cortex (E–H), and the

time profile of ADC (I) and T2 (J) signal intensification. The primary motor cortex ADC decrease did not appear on the day of ischemia (A),

started to appear at day 2 (B), gradually normalized from day 3 (C). No T2 increase was observed in the primary motor cortex (D). The soma-

tosensory cortex ADC decrease did not appear on the day of ischemia (E), started to appear at day 2 (F), peaked at day 3 (G). T2 increase was

observed in the somatosensory cortex at day 3 (H). Arrowheads indicate the ADC decrease, and an arrow indicates the T2 increase in the

somatosensory cortex. ADC % decrease was significant in somatosensory cortex at 2 and 3 days after ischemia (I). T2 increase was significant

at 2 days after ischemia in somatosensory cortex (J). (**p < .01; *p < .05; yp < .10)
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served in the ipsilateral primary motor cortex (Fig.

2D, J) or the contralateral cerebral hemisphere.

Discussion

It has been shown that areas of infarction are re-

sponsible for post-ischemia neurological deficits in

both clinical and laboratory investigations; however,

recent evidence indicates that post-ischemia neural tis-

sue not evolving to infarction is also responsible for

post-ischemia neurological deficits [1]. The duration

of neurological symptoms appears to be an indicator

of the severity of tissue injury in the cerebral ischemia.

Our focus in this study was to elucidate the relation-

ships between the time profile of mild neurological

deficits and changes in the ADC and T2 mapping of

the cortical regions involved after transient cerebral

ischemia.

Mild ADC decrease and transient motor dysfunction

A left-biased swing in the EBST, signifying transient

motor dysfunction, was observed on day 2 after ische-

mia. A mild and transient decrease of ADC was also

observed in the ipsilateral primary motor cortex on

day 2 after ischemia, but returned to the baseline level

3 days after ischemia. The time course of motor dys-

function paralleled the ADC decrease as shown in

Figs. 1A and 2I. A T2 change was not observed at the

same region of interest. These findings complement re-

cent reports that an area of transient and mild ADC

decrease does not necessarily evolve to infarction [2,

6, 8]. In a previous report, Desmond et al. [2] stated re-

gions of an ADC less than 75% indicates an infarct

core, but regions of an ADC greater than 90% are un-

likely to be infarcted. Transient neurological deficit

concurring with transient and mild ADC decrease ap-

pears to be post-ischemia tissue without infarction, in-

dicating that post-ischemia mild tissue injury causing

transient neurological deficits is detectable by ADC

mapping.

Moderate ADC decrease and persistent somatosensory

dysfunction

In this study, persistent somatosensory dysfunction

signified by the prolongation of tape removal time in

the BAT was observed at 2, 3, and 8 days after ische-

mia. ADC mapping revealed moderate and prolonged

decrease in the ipsilateral somatosensory cortex at 2

and 3 days after ischemia and normalized at 8 days

post-ischemia. Concurrent changes in the neurological

deficits and ADC abnormality were also found in the

somatosensory cortex su¤ering a more severe ischemic

insult.

We do not know if the normalization at day 8 after

ischemia is ‘‘pseudonormalization’’ indicating evolu-

tion of infarction [6, 8] or not. The T2 increase in the

somatosensory cortex was very mild and transient,

and it returned to normal level 8 days after ischemia.

These findings indicate that the lesion in the somato-

sensory cortex was not an infarction. Histological find-

ings in previous reports using a similar ischemia model

indicated that the areas with ADC recovery corre-

spond to the areas of disseminated selective neuronal

necrosis [3].
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Summary

Cerebrovascular stenosis caused by arteriosclerosis induces failure

of the cerebral circulation. Even if chronic cerebral hypoperfusion

does not induce acute neuronal cell death, cerebral hypoperfusion

may be a risk factor for neurodegenerative diseases. The purpose of

this study was to determine if vasodilation, expression of VEGF, and

neovascularization are homeostatic signs of cerebral circulation fail-

ure after permanent common carotid artery occlusion (CCAO) in the

rat.

Neuronal cell death in neocortex was observed 2 weeks after

CCAO and gradually increased in a time-dependent manner. The

diameter of capillaries and expression of VEGF also increased pro-

gressively after CCAO. Moreover, we observed unusual irregular

angiogenic vasculature at 4 weeks.

In conclusion, chronic hypoperfusion results in mechanisms to

compensate for insu‰ciency in blood flow including vasodilation,

VEGF expression, and neovascularization in the ischemic region.

These results suggest that angiogenesis might be induced in adult

brain through the support of growth factors and transplantation of

vascular progenitor cells, and that neovascularization might be a

therapeutic strategy for children and adults with diseases such as

vascular dementia.

Keywords: Global ischemia; hypoperfusion; vascular endothelial

growth factor; angiogenesis.

Introduction

Cerebrovascular stenosis caused by arteriosclerosis

induces cerebral circulation failure. Even if chronic ce-

rebral hypoperfusion might not induce acute neuronal

cell death, magnetic resonance imaging and positron

emission tomography suggest it participates in the de-

velopment of vascular dementia [4, 10, 12, 20, 24, 31].

Moreover, it has been reported that cerebral hypoper-

fusion occurs in Alzheimer’s disease and Binswanger’s

disease (subcortical arteriosclerotic encephalopathy)

[2, 8, 15, 26, 30]. Therefore, cerebral hypoperfusion is

suggested as a risk factor for neurodegenerative dis-

eases.

Therapeutic angiogenesis is a strategy where blood

vessel formation is induced for the purposes of treating

and/or preventing ischemic disease such as myocar-

dial, hind-limb, and cerebral ischemia [7, 9, 22, 23,

32]. Moyamoya disease, a cerebrovascular disease

that occurs mostly in children, features angiogenesis

in the brain and an increase of growth factors in the

cerebrospinal fluid [19, 21, 28, 29, 34]. Angiogenesis

(neovascularization) is thought to be induced by

chronic cerebral hypoperfusion and, thus, is a homeo-

static sign of failure of the cerebral circulation that is

involved in compensation for the impaired circulation.

Neovascularization through surgery is one therapeutic

strategy to compensate for impaired circulation in

Moyamoya disease [6, 7, 17].

It is still uncertain whether therapeutic neovasculari-

zation is appropriate for adult cerebral hypoperfusion.

The purpose of this study was, therefore, to measure

vasodilation by vessel diameter and the expression of

vascular endothelial growth factor (VEGF) as homeo-

static signs of cerebral circulation failure in young

adult rats during chronic hypoperfusion.

Materials and methods

Production of permanent forebrain ischemia

Male Slc/Wistar rats aged 13 to 15 weeks (SLC, Shizuoka, Japan)

were anesthetized with sodium pentobarbital (50 mg/kg, i.p.). Anes-

thetized rats were laid on their back and a midline neck incision

made. The common carotid arteries (CCAs) were carefully exposed

and isolated. Then, the CCAs were doubly ligated with 3-0 silk

suture and the arteries cut between the sutures (CCA occlusion;

CCAO). After the surgical operation, the rats were maintained under



an infrared heat lamp until awake to avoid a decline in body temper-

ature. All experimental procedures involving animals were approved

by the Institutional Animal Care and Use Committee of Showa Uni-

versity.

Histology and measurement of capillary diameter

At 0, 1, 2, and 4 weeks after ischemia, the animals were re-

anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and the

brains were removed. The brains were immediately immersed in

10% bu¤ered formalin for fixation for 1 week and decalcified with

1% formic acid. After embedding in para‰n, 10 mm sections were

cut. These were depara‰nized and used for either hematoxylin and

eosin staining for morphological evaluation, or for VEGF and factor

VIIIa (FVIIIa, a vascular marker) immunostaining. After boiling in

10 mmol sodium citrate bu¤er (pH 6.0) for 15 minutes, the sections

were preincubated in 0.3% H2O2 to inhibit endogenous peroxidase

activity. After washing, the sections were incubated in normal goat

serum to block the non-specific reaction and were then incubated

with a polyclonal rabbit anti-VEGF (Ab-2) antibody (1 :100; Onco-

gene Research Products, Cambridge, MA) or rabbit anti-human

FVIIIa polyclonal antibody (1 :200; DakoCytomation, Glostrup,

Denmark). They were developed with Histofine SAB-PO (R) kit

(Nichirei, Tokyo, Japan) with diaminobenzidine (DAB) as the

chromogen. Sections were counterstained with hematoxylin after

the DAB reaction for cell identification. After staining, the sections

were examined and images taken with the aid of light microscopy

(Olympus AX-70; Olympus, Tokyo, Japan).

Capillary diameters in hippocampus and neocortex were mea-

sured in a coronal section from the bregma (�1.0 to �5.0 mm) im-

munostained for FVIIIa. Images (440� 320 mm2) were examined

and the diameters of 5 to 7 capillaries within that area were mea-

sured. A total of 64 to 81 (n ¼ 3–4 animals) capillaries were mea-

sured in each region of the hippocampus and neocortex at 0, 1, 2,

and 4 weeks after CCAO. The quantitative determination of capil-

lary diameter was performed using NIH Image, version 1.62 (Na-

tional Institutes of Health, Bethesda, MD).

All data are expressed the meanG standard error. Statistical

comparisons were made using Dunnet’s post hoc test followed by

one-way ANOVA as compared to sham-operated control (0 week).

A p-value of < 0.05 was considered statistically significant.

Results

Progressively increased neuronal cell death in cerebral

cortex (Fig. 1)

In the absence of hypotension, occlusion of CCAs

generally does not cause neuronal cell death. However,

it is reported that CCAO in Slc/Wistar rats induces

neuronal cell death due to the patency of the posterior

communicating arteries [16]. One week after CCAO,

approximately 30% of animals died and 36.4% (4 of

12) of the surviving animals showed neuronal cell

death in the hippocampal CA1 region. The percentage

of animals with neuronal cell death in the hippocam-

pus increased to 57.1% (4 of 7) at 2 weeks and did not

increase further at 4 weeks. In contrast, there was no

marked neuronal cell death observed in the neocortex

1 week after CCAO. Neuronal cell death in the neocor-

tex gradually increased to 28.6% (2 of 7) and 54.5% (6

of 11) at 2 and 4 weeks after CCAO, respectively.

Homeostatic signs of failure of cerebral circulation

Vasodilation is thought to compensate for insu‰-

cient blood flow in brain [13]. Thus, we determined

the diameter of capillaries in the hippocampus and

neocortex following CCAO (Fig. 2A). The average

capillary diameters were 1.7G 0.07 and 1.6G 0.05 mm

in sham-operated controls (0 week) in hippocampal

and neocortical regions, respectively. After ischemia,

capillary diameter clearly increased and the diameter

was significantly greater than pre-ischemia values 1

week after CCAO. Four weeks after CCAO, the diam-

eters of capillaries in the hippocampus and neocortex

were 2.4 (4.1G 0.29 mm) and 2.5 (4.0G 0.19 mm) fold

greater than sham-operated controls, respectively.

VEGF expression was examined using immuno-

histochemistry. Few immunopositive reactions for

VEGF were observed preischemia (Fig. 2B). After is-

chemia, the positive reaction for VEGF was increased

in a time-dependent manner and was obvious adjacent

to the vasculature (Fig. 2C–E). Immunopositive cells

for VEGF were mainly observed around the infarc-

tion, but not within the infarction. VEGF was

expressed in astrocytes, as demonstrated by double-

immunostaining (data not shown).

VEGF is well known to participate in angiogenesis

[5, 22]. Therefore, the angiogenic vasculature was de-

termined by staining for FVIIIa. As shown in Fig. 2F

and G, an unusual irregularly-constructed vasculature

Fig. 1. Morphological changes in hippocampus (HIP) and neocor-

tex (CTX ) after chronic cerebral hypoperfusion induced by 0, 1, 2,

or 6 weeks of permanent CCAO. There was a time-dependent grad-

ual increase in neuronal cell damage in HIP and CTX, as indicated

by gray and/or black. The number of animals examined (n) and per-

centage of animals with HIP and CTX neuronal damage (absolute

number in parentheses) is given. By 4 weeks after CCAO, 50% or

more of surviving animals had neuronal cell death in HIP and CTX
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(e.g., loops and meandering vessels) was often noted in

the peri-infarct region of cerebral cortex 4 weeks after

CCAO. These were angiogenic vasculature. This im-

plies that neovascularization was increased in the brain

parenchyma during forebrain ischemia.

Discussion

The present study indicates that there is sustained

vasodilation and expression of VEGF after chronic

forebrain ischemia in our rat model. Moreover, we

also found evidence of neovascularization by FVIIIa

immunostaining at 4 weeks after CCAO.

Numerous reports on rodents, such as gerbil, rat,

and mouse, have shown that global ischemia induces

neuronal cell death in the hippocampus 2 or 3 days af-

ter induction [11, 14, 18, 33]. Such cell death is known

as delayed neuronal cell death and is considered a tar-

get for therapy of cerebrovascular diseases. However,

in most strains of rats, CCAO alone does not induce

neuronal cell death due to the patency of the posterior

communicating artery and few papers have reported

cortical neuronal cell death in rat global ischemia in

the chronic phase [1, 3, 16, 33]. Slc/Wistar rat is one

strain of rats where cortical neuronal cell death is in-

duced by CCAO alone [16]. In the present study, we

reconfirmed that CCAO induces neuronal cell death

in the hippocampus and neocortex in that strain. In

particular, neocortical neuronal cell death was ob-

served 2 weeks after CCAO and the infarction gradu-

ally extended in a time-dependent manner. At 4 weeks

after CCAO, the neocortex had evident parenchymal

atrophy and proliferation of fibroblast-like cells in the

core of the infarction (data not shown). These results

indicate that the CCAO model in Slc/Wistar rats

might be a good model for studies of chronic hypoper-

fusion, such as vascular dementia.

We found that both the diameter of capillaries and

the expression of VEGF increased in the ischemic re-

gion during the 4 weeks after CCAO. We hypothesize

that this is a compensatory response to insu‰ciency

of blood flow in brain. In addition, at 4 weeks after

CCAO, there was evidence of revascularization in the

ischemic region.

Injection of VEGF induces angiogenesis after car-

diac, hind-limb, or cerebral ischemia [9, 23, 27, 32].

On the other hand, VEGF has also been reported to

increase vascular permeability and inflammatory re-

sponses [5, 22, 25]. Although we need to clarify the re-

lationship between VEGF and angiogenesis further,

we hypothesize that neovascularization occurs in the

adult brain to increase blood flow to ischemic regions

during chronic hypoperfusion.

Fig. 2. Homeostatic sign of failure of cerebral circulation after chronic cerebral hypoperfusion. (A) Semi-quantification of mean capillary di-

ameter in hippocampal (black bar) and neocortical (white bar) regions. There was a time-dependent increase in capillary diameter in both re-

gions. Data are presented as meanG SE. * ¼ p < 0.05, *** ¼ p < 0.001, as compared with sham operated control (0 week) using by Dunnett’s

post hoc test followed by one-way ANOVA. (B–E) VEGF-like immunoreactivity (ir) 0 (B), 1 (C), 2 (D), and 4 (E) weeks after CCAO. VEGF-

ir progressively increased in a time-dependent manner. VEGF-ir was observed adjacent to the capillary as shown in (E). (F) and (G) show the

brain microvasculature 4 weeks after CCAO. Unusual irregular constructed vasculature such as loops (F) and meandering (G) were often

noted at 4 weeks after CCAO. This suggests that neovascularization was occurring in the brain parenchyma during chronic hypoperfusion
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In conclusion, this study provides evidence that

chronic brain hypoperfusion elicits mechanisms to

compensate for the insu‰ciency of blood flow, i.e., it

induces vasodilation, VEGF expression, and neovas-

cularization in the ischemic region. These results sug-

gest that angiogenesis might be induced in the adult

brain by the application of growth factors and trans-

plantation of vascular progenitor cells. Thus, neovas-

cularization might be a therapeutic strategy for chil-

drenandadultswithdiseases suchas vascular dementia.
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Summary

The role of nitric oxide (NO) in traumatic brain injury (TBI)-

induced sensory motor function and brain pathology was examined

using intracerebral administration of neuronal nitric oxide synthase

(nNOS) antiserum in a rat model. TBI was produced by a making a

longitudinal incision into the right parietal cerebral cortex limited

to the dorsal surface of the hippocampus. Focal TBI induces pro-

found edematous swelling, extravasation of Evans blue dye, and

up-regulation of nNOS in the injured cerebral cortex and the under-

lying subcortical areas at 5 hours. The traumatized animals exhibited

pronounced sensory motor deficit, as seen using Rota-Rod and

grid-walking tests. Intracerebral administration of nNOS antiserum

(1 :20) 5 minutes and 1 hour after TBI significantly attenuated brain

edema formation, Evans blue leakage, and nNOS expression in the

injured cortex and the underlying subcortical regions. The nNOS

antiserum-treated rats showed improved sensory motor functions.

However, administration of nNOS antiserum 2 hours after TBI did

not influence these parameters significantly. These novel observa-

tions suggest that NO participates in blood-brain barrier disruption,

edema formation, and sensory motor disturbances in the early phase

of TBI, and that nNOS antiserum has some potential therapeutic

value requiring additional investigation.

Keywords: Traumatic brain injury; nitric oxide; neuronal nitric

oxide synthase; edema; blood-brain barrier; sensory motor func-

tions.

Introduction

The role of nitric oxide (NO) in traumatic brain in-

jury (TBI) is still not well understood. However, recent

studies suggest that NO is involved in various forms

of ischemic, excitotoxic, and hypoxic brain injuries, as

well as in several other neurodegenerative diseases [1–

4, 13]. NO influences neuronal communication by dif-

fusing from one cell to another within a few seconds

[11, 14, 19, 25]. However, NO is a potent free radical

gas, which can induce direct damage to cell mem-

branes if produced in abnormally high quantities

within the central nervous system [3, 8, 33–35].

NO is synthesized by the enzyme nitric oxide syn-

thase (NOS), which occurs in constitutive neuronal

(nNOS) and inducible (iNOS) isoforms [13, 19, 25,

27]. Up-regulation of nNOS or iNOS results in in-

creased NO production [2, 11, 14, 19]. While nNOS

up-regulation results in mild production of NO for a

short period of time, iNOS activation results in mas-

sive NO production for a long duration [11, 14].

Previous studies from our laboratory showed in-

creased nNOS expression following hyperthermic

brain injury in several brain regions associated with

breakdown of blood-brain barrier (BBB) permeability,

edema formation, and cell damage [17, 19, 24–28, 30].

Furthermore, increased expression of nNOS is found

in lesioned cortical neurons and in Purkinje cells 3 to

42 days after injury [2–4]. These observations suggest

that production of NO from nNOS is harmful to

the neurons. However, the e¤ects of pharmacological

blockade of NOS in ischemia or other models of neu-

ronal injuries are still controversial [13, 19]. This is

mainly because selective blockers of di¤erent NOS iso-

forms are still not available. Thus, the role played by

nNOS in the pathophysiology of brain injury is still

speculative and requires further investigation.

An up-regulation of nNOS is seen 5 hours after spi-

nal cord injury, and this correlates well with cell and

tissue damage [22]. Interestingly, topical or systemic



administration of a potent non-specific NOS inhibitor,

L-NAME, did not reduce spinal cord pathology [22,

32]. On the other hand, topical application of nNOS

antiserum over the traumatized spinal cord 5 minutes

after injury markedly attenuated microvascular per-

meability disturbances, edema formation, and cell in-

jury [15, 18, 19, 22, 32]. In antiserum-treated trauma-

tized rats, the expression of nNOS is also blocked [19,

22]. These observations suggest that up-regulation of

nNOS is neurotoxic and contributes to cell and tissue

damage.

Since basic mechanisms of cell and tissue injury in

brain or spinal cord appear to be similar in nature

[20], it appears that NO is somehow involved in TBI-

induced BBB disruption, brain edema formation, and

sensory motor dysfunction. In this investigation, the

role of nNOS in brain pathology and sensory motor

dysfunction following brain injury was examined using

intracerebral administration of nNOS antiserum at

various time intervals in a TBI rat model.

Materials and methods

Animals

Experiments were carried out on male Sprague-Dawley rats (350–

450 g) housed at a controlled ambient temperature (21G 1 �C) with

a 12-hour light, 12-hour dark schedule. Food pellets and tap water

were provided ad libitum before the experiments.

Traumatic brain injury

Under Equithesin anesthesia (0.3 mL/100 g, i.p.), a 4-mm2 burr

hole was made in the right and left parietal bones and the dura care-

fully removed to expose the underlying cerebral cortex [5, 6, 21, 29].

A longitudinal incision on the right parietal cerebral cortex (about

3 mm deep and 3 mm long) was made under stereotaxic guidance

using a sharp sterile scalpel blade [5, 29]. The lesion was limited to

the cerebral cortex and/or the superficial parts of the subcortical

white matter [21]. The exposed brain areas in both hemispheres

were covered with cotton soaked in saline to prevent drying of the

exposed brain tissues [5, 21, 29]. The animals were allowed to survive

5 hours after TBI. Normal animals served as controls. These experi-

ments were approved by the Ethics Committee of Uppsala Univer-

sity and Banaras Hindu University.

Sensory motor deficits

Sensory motor functions were analyzed using Rota-Rod and grid-

walking tests in a blinded fashion. Rats were trained on the Rota-

Rod at a 16 RPM setting for 10 minutes for 4 days prior to the exper-

iment [32]. Rats that did not fall o¤ the Rota-Rod for 2 minutes were

considered normal during a 3-minute session and counted manually

[16]. To determine changes in locomotor behavior, gait, and overall

walking skill, an elevated (30�) stainless steel grid was used with a

mesh size of 30 mm [30]. Rats were trained for 1 minute twice every

day for 4 days prior to the experiments. The animals were placed on

the grid for 1 minute and the total number of paired steps (i.e., place-

ment of both forelimbs) was counted. During this period, the number

of misplaced limb errors (i.e., the forelimbs fell through the grid) was

recorded. The total number of errors for each forelimb was also

counted manually [16, 30, 32].

Intracortical administration of nNOS antiserum

The nNOS antiserum (1 :20) was administered into the injured ce-

rebral cortex 5, 10, and 120 minutes after the lesion using a microliter

syringe [17, 19, 22, 26, 27].

BBB permeability

BBB permeability in the cerebral cortex of both hemispheres was

measured using Evans blue albumin (3 mL/kg of a 2% solution, i.v.)

and ½131�Iodine as described previously [17, 25, 27, 29, 31]. In brief,

both tracers were administered 5 hours after trauma via the right

external branch of the jugular vein through a needle puncture [23,

25, 27]. These tracers were allowed to circulate for 5 minutes. The

animals then underwent transcardiac perfusion with 0.9% saline to

wash out remaining intravascular tracer. Immediately before perfu-

sion, about 1 mL of arterial blood was withdrawn via heart puncture

for later determination of whole blood radioactivity. The BBB

permeability of radiotracer was determined by percentage increase

in the radioactivity in the brain over the whole blood radioactivity

[15].

Brain water content

The water contents of the right and left cerebral cortices were de-

termined using the di¤erence in sample wet and dry weights [5, 6, 29].

In brief, the cortices were dissected out after perfusion and weighed

immediately. The samples were then placed in an oven maintained at

90 �C for 72 hours or until sample dry weight became constant in at

least 2 determinations [29]. Percentage of brain swelling was calcu-

lated from the changes in the brain water content as described previ-

ously [5, 6, 18, 21, 29].

Perfusion and fixation

At the end of the experiment, animals were deeply anesthetized

with Equithesin and the chest rapidly opened. The right auricle was

cut and a 21-gauge butterfly needle was inserted into the left ventri-

cle, which was connected to the perfusion apparatus [15, 16, 19].

About 50 mL of phosphate-bu¤ered saline (0.1 mol, pH 7.0) was

perfused (at 90 torr) to wash out the remaining blood followed by

4% paraformaldehyde in 0.1 mol phosphate-bu¤ered saline [17].

The animals were wrapped in aluminum foil and kept overnight in

a refrigerator at 4 �C. On the next day, brain samples were dissected

out and kept into the same fixative at 4 �C for 1 week [29].

Measurement of NOS immunoreactivity

NOS immunoreactivity was examined using polyclonal antibodies

directed against nNOS [17, 22, 28] in the cortical brain regions on

3 mm thick para‰n sections using standard procedures [29]. The

antibodies of nNOS were diluted 1 :5000 and applied for 48 hours

at room temperature with continuous shaking [17]. The immune

reaction was developed using the peroxidase-antiperoxidase tech-

nique. In a few sections, the primary antibody step was omitted and

the reaction product was developed as usual. The number of nNOS-

positive cells in each group was counted in a blinded fashion in all

animals [17, 22, 24, 28].
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Statistical analysis

Quantitative data obtained were analyzed using ANOVA fol-

lowed by Dunnet’s test for multiple group comparison with 1 control

group. The Chi-square test was used to find statistical significance

between control and experimental groups, where the control value

is zero. A p-value less than 0.05 was considered significant.

Results

Sensory motor dysfunction in TBI

There was a significant decline in Rota-Rod perfor-

mance 3 hours after TBI compared to the control

group. This decline in performance was progressive in

nature. The traumatized rats were also unable to walk

normally during a grid-walking session 4 hours after

TBI. The number of steps taken during a 60-second

grid-walking session was significantly reduced com-

pared to the control group. There were a greater num-

ber of forelimb placement errors 4 hours after TBI,

and this deficit was progressive in nature.

Intracerebral administration of nNOS antiserum

5 minutes and 60 minutes after TBI significantly im-

proved animal performance on the Rota-Rod and

grid-walking tests. However, antiserum administered

2 hours after TBI did not improve these sensory motor

performances (results not shown).

nNOS expression in TBI

Focal TBI resulted in a marked up-regulation of

nNOS expression in the distorted and damaged neu-

rons located in the edematous cortical regions around

the lesion site and in the underlying subcortical region

(Fig. 1). The intensity of nNOS immunostaining was

greater in the ipsilateral injured cortex than in the con-

tralateral hemisphere (Fig. 1). nNOS antiserum treat-

ment given 5 or 60 minutes after TBI markedly attenu-

ated the number of nNOS-positive cells in the cortex

and subcortical areas. This e¤ect was less pronounced

in the contralateral uninjured cerebral cortex com-

pared to the ipsilateral injured side (Fig. 1; Table 1).

Administration of nNOS antiserum 2 hours after TBI

did not influence nNOS expression significantly.

BBB permeability in TBI

Focal TBI induced profound extravasation of Evans

blue dye in the injured cerebral cortex at 5 hours (Fig.

1). Measurement of Evans blue and ½131�Iodine showed

increased tracer permeability in both traumatized and

untraumatized cerebral cortices compared to intact

control animals (Table 1). The magnitude of these

changes was most pronounced in the ipsilateral cortex

(Table 1). Intracerebral administration of nNOS anti-

serum 5 minutes or 1 hour after TBI significantly

attenuated Evans blue leakage, as seen in the injured

cortex (Fig. 1, Table 1). A significant reduction in trac-

er extravasation was also seen in nNOS antiserum

treated injured rats (Table 1). Antiserum administered

2 hours after TBI did not influence BBB permeability

to these tracers (results not shown).

Brain edema formation in TBI

Brain water content increased significantly in both

the traumatized and untraumatized cerebral cortices

at 5 hours. This increase in brain water content was

most pronounced in the ipsilateral hemisphere (Table

1). Intracerebral administration of nNOS antiserum

5 and 60 minutes after TBI significantly reduced the

increase in brain water content at 5 hours (Table 1).

Antiserum treatment given 2 hours after TBI was inef-

fective in attenuating brain edema formation (results

not shown).

Discussion

The new finding of this study is the marked up-

regulation of nNOS following TBI that was largely

seen in areas showing BBB disruption and edema

formation. Furthermore, nNOS up-regulation, BBB

breakdown, and edema formation were significantly

attenuated by intracortical administration of nNOS

antiserum. These observations suggest that nNOS up-

regulation is injurious to cells and tissues, and that lo-

cal administration of nNOS antiserum has remarkable

neuroprotective capabilities in TBI, a novel finding.

Our observations further show that focal TBI influen-

ces sensory motor function of the rat, which is also

markedly reduced by nNOS antiserum. This indicates

that NO is somehow involved in behavioral dysfunc-

tion in TBI.

The most marked neuroprotective e¤ects on behav-

ioral changes and brain pathology were seen when the

antiserum was administered either 5 minutes or 1

hour after TBI. On the other hand, administration of

nNOS antiserum 2 hours after TBI was ine¤ective.

This e¤ect of nNOS antiserum was closely related to

its capacity to attenuate nNOS expression after TBI,
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indicating that blockade of nNOS expression

and consequently the production of NO during the

early phase of TBI is neuroprotective. It appears that

administration of neuroprotective compounds (e.g.,

nNOS antiserum) locally within 1 hour of TBI has

some potential therapeutic value. However, this is a

new subject that requires further investigation.

We observed significant breakdown of the BBB, de-

velopment of edema, and nNOS expression in the con-

tralateral cortex compared to control rats. This obser-

vation suggests that secondary injury-inducing factors

released in the ipsilateral cortex may have migrated

to the contralateral hemisphere through the cerebral

and/or systemic circulation. Previous studies from our

laboratory that showed a significant increase in seroto-

nin concentration in both the injured and uninjured

hemispheres 5 hours after TBI are in line with this con-

cept [5, 6, 21, 29].

Trauma to the cerebral cortex physically damages

microvessels resulting in micro-hemorrhages and leak-

age of serum components into the cerebral compart-

ment [5, 6, 30]. Obviously, leakage of serum proteins

caused by direct damage of microvessels will to some

extent contribute to edema formation [15, 19, 20].

Fig. 1. Extravasation of Evans blue dye, visual swelling, and nNOS expression in the TBI rat model and its modification with intracortical

administration of nNOS antiserum. Diagrammatic representation of the incision into the right parietal cerebral cortex is shown by arrow

(B:a). Five hours after TBI, extravasation of Evans blue on the dorsal superficial cortical surface (A:a) and the underlying subcortical regions

(A:c,e) following incision is clearly visible (arrows). Low power light micrograph showing profound up-regulation of nNOS expression (B:b) in

the ipsilateral cortex below the lesioned area (arrows). Treatment with nNOS antiserum either 5 minutes (A:b,d) or 1 hour (A:f ) after TBI

markedly attenuated extravasation of Evans blue and visual swelling 5 hours after TBI. In rats treated with nNOS 5 minutes after TBI (B:c),

expression of nNOS is largely absent. Bar: A:a,b ¼ 5 mm, c–f ¼ 3 mm; B:a ¼ 5 mm, b ¼ 40 mm. Data (A:a–f, B:b,c) modified after Sharma

and Alm 2004 [19]
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However, spread of such edema fluid to the contrala-

teral side within 5 hours appears unlikely. Thus, the

profound swelling in the contralateral hemisphere is

likely due to the spread of several chemical mediators

that are released within the circulation as well as in

brain following trauma. Since BBB permeability is dis-

rupted, neurochemicals gain access into the microcir-

culation from the brain, Since passage of molecules

through the cerebral endothelium is restricted from

both luminal and abluminal directions, it is quire likely

that TBI may also disrupt the brain-blood barrier,

a subject that is currently being investigated in our

laboratory.

The mechanisms by which severe TBI induces NOS

up-regulation are still unclear [1–4]. Traumatic insults

to the brain cause profound cellular and oxidative

stresses associated with the release of several neuro-

chemicals, lipid peroxidation, and generation of free

radicals [13, 15, 24, 30, 32, 34]. Several neurochemicals

that are released following TBI, such as serotonin,

prostaglandins, histamine, and opioids, are knownme-

diators of BBB disruption and vasogenic edema for-

mation [5, 6, 10, 13, 15, 20, 29, 34]. Generation of free

radicals triggers opening of cation-permeable channels

resulting in an increased accumulation of intracellular

Ca2þ [1, 4, 7, 12, 13, 33, 34]. Intracellular Ca2þ then

binds to calmodulin, a cofactor of NOS, and stimu-

lates nNOS activity [3, 8, 13, 19, 32]. An up-regulation

of nNOS will further stimulate NO production [11].

Overproduction of NO contributes to neurotoxicity

through generation of oxidant compounds [7–9, 13,

33]. NO generated by activated NOS reacts with super-

oxide anion to produce the potent oxidant, peroxyni-

trite [7, 10, 12], which inhibits DNA synthesis, liber-

ates iron from the iron storage protein ferritin, and

influences iron metabolism at the post-transcription

level [33, 34]. Alternatively, NO and peroxynitrite-

induced activation of the nuclear enzyme poly (ADP

ribose) synthetase (PARS) may case DNA damage

[32–35]. Activation of PARS causes cell death by rapid

depletion of cell energy, and PARS inhibition protects

cortical cell cultures from glutamate and NO neuro-

toxicity [19, 25, 32].

There are reasons to believe that NO contributes to

BBB disruption [4, 7–10, 12, 17, 19, 22, 32], probably

through its binding to the heme-iron protein in gua-

Table 1. Sensory motor dysfunction, BBB permeability, edema formation, and nNOS expression in rats before and after treatment for TBI with

nNOS antiserum

Parameters measured n Control 5 h TBI nNOS antiserum treatment in 5 h TBI§

þ5 min þ60 min

Sensory motor dysfunction

Rota-Rod performance, sec 5 120G 0 70G 6** 94G 8aa 85G 8aa

Grid walking, no. steps 5 40G 4 18G 5** 33G 7a 24G 6a

Placement error forelimbs, % 5 100 38G 5# 16G 4bb 26G 3b

BBB Permeability

Evans blue, R, mg % 6 0.24G 0.04 1.78G 0.12** 0.54G 0.08aa 0.78G 0.14aa

Evans blue, L, mg % 0.26G 0.06 0.67G 0.08**c 0.38G 0.06aa,c 0.44G 0.06aa,c
½131�Iodine, R, % 5 0.35G 0.06 1.98G 0.11** 0.62G 0.04aa 0.80G 0.06aa
½131�Iodine, L, % 5 0.33G 0.08 0.86G 0.09** 0.42G 0.04aa,c 0.61G 0.07aa,c

Edema Formation

Water content, R % 5 76.12G 0.18 80.34G 0.21** 76.84G 0.14aa 77.48G 0.22aa

Water content, L % 5 76.16G 0.09 78.64G 0.13** 76.60G 0.08aa,c 77.08G 0.08aa,c

nNOS expression

No. nNOS-positive cells, R 5 12G 6 66G 12** 20G 4aa 38G 12aa

No. nNOS-positive cells, L 5 14G 4 36G 8**c 16G 4aa,c 26G 8aa,c

§ nNOS antiserum (1 :20 in PBS) was administered either 5 min or 60 min after TBI. The cell changes were graded from 1 (minimum) to 4

(maximum) and analyzed in blinded fashion [31].

R Right; L left; BBB blood-brain barrier; nNOS neuronal nitric oxide synthase; TBI traumatic brain injury.

Values are MeanGSD of 5–6 rats in each group.

* ¼ p < 0.05; ** p < 0.01 (compared from control); a ¼ p < 0.05; aa ¼ p < 0.01 (compared from 5 h SCI), ANOVA followed by Dunnett’s

test from one control. # ¼ p < 0.05, Chi-square test from control group; b ¼ p < 0.05; bb ¼ p < 0.01; from 5 h TBI group; c ¼ p < 0.05,

compared from right injured half (from 5 h TBI group).
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nylyl cyclase to elicit cGMP formation. Increased

cGMP contributes to microvascular permeability dis-

ruption [1, 4, 7, 9, 35].

Breakdown of the BBB will allow serum compo-

nents or other vasoactive compounds to enter the brain

[15, 19, 20]. Profound alterations in extracellular fluid

bathing the cellular elements of the brain by ionic,

chemical, immunological, and metabolic reactions

may contribute to vasogenic edema formation and

neuronal, glial, or axonal injury [5, 6, 15–17, 19–22,

25, 28–31]. Reduction in nNOS expression by intra-

cerebral administration of nNOS antiserum both at-

tenuates BBB dysfunction and reduces edema forma-

tion, supporting this hypothesis.

Conclusion

In conclusion, our results suggest that TBI has the

capacity to induce nNOS up-regulation and that this

is instrumental in BBB disruption, edema formation,

and sensory motor disturbances. Intracerebral applica-

tion of nNOS antiserum within 1 hour after TBI is able

to thwart NOS expression and thus reduce BBB leak-

age and edema formation. Taken together, these ob-

servations indicate that nNOS up-regulation is injuri-

ous to the brain and that nNOS antiserum may have

some potential therapeutic value in the clinical setting.

This requires additional investigation.
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Summary

This study examines the e¤ect of 2,4-dinitrophenol (DNP), a mi-

tochondrial uncoupling agent, during focal brain ischemia induced

by middle cerebral artery (MCA) occlusion. Blood-brain barrier

(BBB) disruption was assessed after 2 hours of occlusion with 2

hours of reperfusion or 4 hours of permanent occlusion by measure-

ment of the influx rate constant (Ki) for
3H-inulin in the MCA terri-

tory ipsi- and contralateral to the occlusion. Three experimental

groups were examined: vehicle and 1 and 5 mg/kg DNP treated ani-

mals (given 30 minutes prior to occlusion). Four hours of permanent

MCA occlusion only induced a modest increase in the Ki for inulin

in vehicle-treated animals (0.09G 0.01 vs. 0.07G 0.01 mL/g/min

in contralateral tissue). Although 5 mg/kg DNP significantly in-

creased this disruption (p < 0.01), this e¤ect was relatively minor

(0.14G 0.02 mL/g/min). In contrast, DNP treatment in transient is-

chemia markedly increased barrier disruption. The ipsilateral Ki for
3H-inulin were 0.15G 0.04, 0.37G 0.06, and 0.79G 0.17 mL/g/min

in vehicle, 1 mg/kg DNP and 5 mg/kg DNP groups, respectively.

DNP did not induce barrier disruption in the contralateral hemi-

sphere. Thus, while there is evidence that DNP can be neuroprotec-

tive, it has adverse e¤ects on the BBB during ischemia, particularly

with reperfusion. Considering the importance of naturally- or

therapeutically-induced reperfusion in limiting brain damage, this

may limit the utility of DNP and mitochondrial uncouplers as thera-

peutic agents.

Keywords: Cerebral ischemia; metabolic uncoupler; DNP; perme-

ability; inulin; blood-brain barrier.

Introduction

A number of recent studies have suggested that

mitochondrial uncoupling agents, such as 2,4-

dinitrophenol (DNP), are neuroprotective during cere-

bral ischemia and other forms of brain injury (re-

viewed in [4]). Maragos and Korde [4] postulated that

DNP-induced mitochondrial uncoupling would lead

to a decrease in the mitochondrial membrane poten-

tial, reduce Ca2þ entry into mitochondria, and de-

crease free radical generation. These studies have not

examined whether such agents might have beneficial

or deleterious e¤ects on blood-brain barrier (BBB) dis-

ruption during cerebral ischemia.

We have previously shown that ischemic precondi-

tioning, which may also act by preserving mitochon-

drial function [7], results in both reduced brain edema

and BBB opening [5]. In the current study, we investi-

gated the e¤ect of DNP, at the previously recom-

mended dose of 5 mg/kg [4], on BBB permeability,

water and ion content, and infarct volume during mid-

dle cerebral artery (MCA) occlusion.

Materials and methods

The University of Michigan Committee on the Use and Care of

Animals approved the protocol for these animal studies. Adult male

Sprague-Dawley rats (Charles River Laboratories, Wilmington,

MA) weighing 275–350 g were used for all experiments. Rats were

allowed free access to food and water before the experiment.

Rats underwent left MCA occlusion, with and without reperfu-

sion, using the intra-luminal thread method [3, 5] under pentobarbi-

tal anesthesia (50 mg/kg). The experiments consisted of 5 parts. In

the first part, rats underwent 2 hours of MCA occlusion with 2 hours

of reperfusion or 4 hours of permanent occlusion. For the last 15

minutes of the experiment, BBB disruption was assessed, as previ-

ously described [5], by measurement of the influx rate constant (Ki)

for [3H]inulin in the MCA territory, ipsi- and contralateral to the

occlusion. The plasma volume was measured during the last 0.5

minute, using [14C]inulin to correct for intravascular content. Three

experimental groups were examined, vehicle (50 mM Tris in 0.9%

saline, 5 mL/kg) and 1 and 5 mg/kg DNP treated animals (given 30

minutes prior to occlusion).

In the second part, brain water, sodium, and potassium contents

were determined in vehicle and DNP-treated animals (5 mg/kg; 30

minutes prior to occlusion) after 2 hours of ischemia with 2 hours of

reperfusion or after 4 hours of permanent occlusion. Water content

was measured by the wet weight/dry weight method. Brain ions were

measured by flame photometry.

In the third and fourth parts, BBB disruption and brain water and

ion contents were assessed in vehicle and DNP groups (5 mg/kg;

30 minutes prior to occlusion) after 2 hours of occlusion followed

by 22 hours of reperfusion.



In the fifth part, infarct volume was measured in vehicle and DNP

groups (5 mg/kg; 30 minutes prior to occlusion) after 2 hours of oc-

clusion followed by 22 hours of reperfusion. Infarct volume was

measured by 2,3,5-triphenyltetrazolium staining.

Statistical analysis

All data in this study are presented as meanGSE. Data were

analyzed using Student t-test except when multiple comparisons

were made to a control using ANOVA, which was followed by

a Newman-Keuls test. Statistical significance was accepted at

p < 0.05.

Results

Figure 1 presents the inulin Ki after 2 hours of ische-

mia with 2 hours of reperfusion. Animals were treated

30 minutes before occlusion of the MCA with vehi-

cle, 1 or 5 mg/kg DNP. Unexpectedly, the treatment

of animals with both 1 and 5 mg/kg DNP in tran-

sient ischemia markedly increased barrier disruption.

The ipsilateral Ki for [3H]inulin was 0.15G 0.04,

0.37G 0.06, and 0.79G 0.17 mL/g/min in vehicle,

1 mg/kg DNP, and 5 mg/kg DNP groups, respec-

tively. DNP did not induce barrier disruption in the

contralateral hemisphere, which is presented as the

combined average of the non-stroked hemisphere

from the 3 groups.

Four hours of permanent MCA occlusion resulted

in a modest but significant increase (pa 0.01) in the

Ki for inulin in vehicle-treated animals (0.09G 0.01

vs. 0.07G 0.01 mL/g/min in contralateral tissue).

DNP (5 mg/kg) significantly increased this disrup-

tion (pa 0.05), but the e¤ect was relatively minor

(0.14G 0.02 mL/g/min).

These unexpected adverse e¤ects of DNP on the

BBB, especially during reperfusion, caused us to exam-

ine the e¤ects of DNP on brain edema. In vehicle-

treated rats, the water content after 2 hours of ischemia

with 2 hours of reperfusion was increased in the ische-

mic core to 3.72G 0.09 mL/g dry weight compared to

3.42G 0.03 mL/g dry weight in the contralateral tis-

sue (pa 0.01). The animals treated with DNP also

had increased (pa 0.001) water content in the ische-

mic core (3.93G 0.10 vs. 3.38G 0.03 mL/g dry weight

in contralateral tissue). Although the increase in water

content in the ischemic core of the DNP-treated ani-

mals was slightly larger, the di¤erence failed to reach

statistical significance (pb 0.13). However, there

was a significantly enhanced sodium content in the

ischemic core of DNP-treated animals (256G 13 vs.

206G 15 mEq/kg/dry weight in controls, n ¼ 8 per

group; pa 0.05). There were no di¤erences in the con-

tralateral hemisphere between the 2 groups (148G 4

and 150G 6 mEq/kg/dry weight in the DNP- and

vehicle-treated animals, respectively). Thus, the net

sodium gain in the ischemic core was approxi-

mately double in the DNP-treated rats (107G 13 vs.

56G 15 mEq/kg dry wt in the vehicle-treated animals,

pa 0.05; Fig. 2). This increased sodium gain may be

due to the enhanced BBB disruption and vasogenic

edema.

The potassium content in vehicle- and DNP-treated

rats were not significantly di¤erent in either ipsilat-

eral (vehicle: 368G 16 DNP: 349G 24 mEq/kg dry

weight) or contralateral (vehicle, 392G 15; DNP,

391G 13 mEq/kg dry weight) tissues. The net potas-

sium losses for vehicle- and DNP-treated animals were

not significantly di¤erent (24G 14 and 43G 14 mEq/

kg dry weight, respectively; pb 0.38; Fig. 2).

After 4 hours, permanent ischemia produced small

increases in water content in both vehicle and DNP

treated animals (pa 0.01). However, the water con-

tents of the vehicle and DNP animals in the ischemic

Fig. 1. The inulin influx rate constant (Ki) in the core of the ischemic

hemisphere after 2 hours of ischemia with 2 hours of reperfusion.

Animals were treated 30 minutes before occlusion of the MCA with

vehicle, 1 or 5 mg/kg DNP. Values are meanGSE. One, two, or

three symbols indicate a significant di¤erence at the p < 0.05,

p < 0.01, or pa 0.001 levels, respectively. * Contralateral vs. all

other groups; # vehicle 1 mL/kg vs. 1 mg/kg DNP or 5 mg/kg

DNP; { 1 mg/kg DNP vs. 5 mg/kg DNP

296 S. R. Ennis and R. F. Keep



core (3.79G 0.10 and 3.87G 0.08 mL/g dry weight,

respectively) were not di¤erent from each other

(pb 0.53).

The duration of the adverse e¤ects of DNP on BBB

disruption was examined by measuring the inulin Ki in

animals after 2 hours of ischemia with 22 hours of re-

perfusion. Rats were treated 30 minutes before MCA

occlusion with either vehicle or 5 mg/kg DNP. Ische-

mia produced approximately 3-fold increases in inulin

permeability in the ischemic core, without any signifi-

cant di¤erence between the vehicle and DNP groups.

Thus, Ki increased from 0.06G 0.01 mL/g/min in the

contralateral core to 0.2G 0.02 mL/g/min in the ische-

mic core in vehicle controls (pa 0.01), and from

0.07G 0.01 mL/g/min in the contralateral core to

0.21G 0.02 mL/g/min in the ischemic core (pa 0.01)

in DNP-treated rats.

Similarly, pretreatment with DNP (5 mg/kg) be-

fore 2 hours of ischemia with 22 hours of reperfu-

sion had no e¤ect on infarct volume (247G 26 vs.

240G 61 mm3 in vehicle controls, n ¼ 6 per group).

DNP also had no significant e¤ect on brain water con-

tent in the contralateral hemisphere (3.54G 0.04 vs.

3.56G 0.04 mL/g dry weight in vehicle controls) or

the ischemic core (4.48G 0.16 vs. 4.93G 0.29 mL/g

dry weight in vehicle controls). Even though the in-

crease in the water content of the ischemic core in the

DNP treated animals tended to be smaller, the di¤er-

ence failed to reach statistical significance (pb 0.21).

Discussion

Recent reports have suggested that mitochondrial

uncouplers such as DNP [2, 4, 6] may be neuroprotec-

tive in stroke and traumatic CNS injury. It has been

postulated that DNP will reduce brain damage by un-

coupling mitochondrial electron transport from ATP

production and decreasing free radical production.

Previous studies have focused on the neuronal e¤ects

of DNP. The current study was undertaken to examine

the e¤ects of DNP on the BBB during ischemia.

Unexpectedly, we found that pretreatment with

DNP produced a small but significant increase in

BBB inulin permeability after 4 hours of permanent

ischemia, and a greater than 5-fold increase after 2

hours of ischemia with 2 hours of reperfusion. This

acute e¤ect of DNP was associated with increased

brain sodium content in the ischemic hemisphere, sug-

gestive of greater vasogenic edema secondary to BBB

disruption. Although there was a tendency for the total

brain edema to be greater in the DNP group, this did

not quite reach significance.

Other recent evidence has suggested that mitochon-

drial uncoupling may have adverse e¤ects during is-

chemia. de Bilbao et al. [1] found that knockout mice

without uncoupling protein 2 (UCP2), an endogenous

uncoupler, had smaller infarct sizes than wild-type

mice. This was attributed to the e¤ects of UCP2 on mi-

tochondrial glutathione levels in microglia.

Although DNP caused an opening in the BBB after

either 4 hours of permanent ischemia or 2 hours of is-

chemia and 2 hours of reperfusion, we found that DNP

pretreatment did not increase either permeability, wa-

ter content, or stroke volume after 2 hours of ischemia

and 22 hours of reperfusion. These data leave open the

possibility that dosing with DNP after ischemia onset

or during reperfusion might prove beneficial.

In conclusion, while there is evidence that DNP

can be neuroprotective [4], it has adverse acute e¤ects

on the BBB during ischemia, particularly in the set-

Fig. 2. The net change in either sodium or potassium in the core of

the ischemic hemisphere after 2 hours of ischemia with 2 hours of re-

perfusion. Animals were treated 30 minutes before occlusion of the

MCAwith either vehicle or DNP. Values are meanGSE; # indicate

significant di¤erences between 1 mL/kg vehicle and 5 mg/kg DNP

at the p < 0.05 level
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ting of reperfusion. Considering the importance of

naturally- or therapeutically-induced reperfusion in

limiting brain damage, this may limit the utility of

DNP and mitochondrial uncouplers as therapeutic

agents. In this occlusive model of stroke, the enhanced

BBB disruption with DNP was associated with greater

sodium accumulation, which may reflect increased

vasogenic edema. Finally, DNP pretreatment pro-

vided no benefit (infarct volume, water content) to the

brain, nor did it harm the BBB (inulin permeability)

during longer periods (22 hours) of reperfusion.
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Summary

The objective of this study was to establish a rodent model of

vascular dementia that showed long-term cognitive and neuropsy-

chological deficits, and to correlate those behavioral deficits with

the patterns of ischemic lesions, thus providing a platform for fu-

ture testing of potential therapeutic agents. In Mongolian gerbils,

either 5-minute single bilateral common carotid artery occlusion

(SBCCAO) or repetitive bilateral common carotid artery occlusion

(two 7-minute occlusions, RBCCAO) was induced, and the behav-

ioral deficits were evaluated using 2 tests: a modified open-field test

with an escape zone to evaluate changes in anxiety and locomotor

activity, and a T-maze test to assess cognitive dysfunction.

SBCCAO did not induce anxiety changes but caused transient lo-

comotor hyperactivity and mild cognitive deficits. Only pyramidal

neuronal death was found in the bilateral CA1 sector of the hippo-

campus following SBCCAO. In contrast, RBCCAO induced persis-

tent locomotor hyperactivity, reduced anxiety, and caused severe

cognitive deficits at 4 weeks post-ischemia. RBCCAO caused signif-

icant atrophy associated with di¤use selective neuronal death in the

bilateral cerebral cortex and caudate nucleus, as well as the CA1

region. The repetitive ischemia model appears to be a potentially

useful platform for the long-term analysis of cognitive and neuropsy-

chological symptoms associated with vascular dementia.

Keywords:Global ischemia; gerbil; behavior.

Introduction

Vascular dementia is one of the major causes of

cognitive decline in the elderly [7]. In addition to cog-

nitive dysfunction, neuropsychological symptoms such

as anxiety, aggression, delusion, and depression are

often observed in vascular dementia patients and cause

additional disability [7]. These symptoms result from

various ischemic lesions such as cortical ischemic

atrophy, subcortical lesion, and multi-infarction [7].

However, this lesion pattern is not well-replicated in

animal models. Current rodent models of global

ischemia often involve a single occlusion of the bilat-

eral common carotid artery [3], leading to selective

hippocampal-related memory deficits and pyramidal

cell death in the CA1 region of the hippocampus. Es-

tablishment of a model that shows di¤use lesions and

additional behavioral deficits would provide a better

platform for evaluation of therapeutic strategies in

vascular dementia.

In Mongolian gerbils, depending on the total length

of the ischemic period, the extent of ischemic lesion af-

ter temporary carotid artery occlusion is not limited to

selective neuronal death in the CA1 sector with neuro-

nal death extending to the cortex [4]. By applying sin-

gle and repetitive occlusion of the bilateral common

carotid artery in gerbils, we aimed to elucidate the

characteristics of the cognitive and neuropsychological

dysfunctions and the relationship to the cerebral distri-

bution of ischemic tissue injury.

Materials and methods

We used 32 male Mongolian gerbils (age, 14 to 18 weeks; weight,

60 to 72 g). The animals first were divided into 2 groups: bilateral

common carotid artery-occluded (BCCAO) and sham-operated ani-

mals. For the induction of ischemia, the animals were anesthetized

with 2% isoflurane, and the bilateral common carotid artery was

occluded with a miniature vascular clip. BCCAO animals were ran-

domly divided into 2 groups, single BCCAO (SBCCAO, n ¼ 10) and

repeated BCCAO (RBCCAO, n ¼ 12), by removal of the clip after

either 5 or 7 minutes of occlusion. The RBCCAO animals underwent

a second, similarly induced 7-minute period of ischemia 8 hours after

the first occlusion. Sham-operated animals (n ¼ 10) underwent the

same procedures except for carotid artery occlusion.

All animals underwent a series of behavioral tests during the 4-

week period after ischemia. Spontaneous locomotion was analyzed

using a video-tracking system (PanLab, Barcelona, Spain).



Amodified open-field test was used to evaluate locomotor activity

and anxiety behavior [8]. The apparatus consisted of a white acrylic

floor, 85� 85 cm in size, with white acrylic walls 20 cm in height. An

escape zone enclosed by black acrylic walls but freely accessible

through 2 entrances was placed at a corner of the open field (Fig.

1). The animals were placed individually in the field, and spontane-

ous locomotion was recorded for 10 minutes. Total distance (cm)

and resting time (sec) in the escape zone were calculated. Resting

time was defined as the time in the escape zone with a velocity less

than 0.5 mm/s.

The T-maze spontaneous alternation task is a method to test ex-

ploratory behavior and working memory [3]. Animals were allowed

to alternate between the left and right goal arms of a T-shaped maze

throughout a 15-trial continuous alternation session. Upon entering

a particular goal arm, a door is lowered to block entry to the oppo-

site arm. The door is re-opened only after animals returned to the

start arm, thus allowing a new alternation trial to be started. The

spontaneous alternation rate was calculated as the ratio between

the alternating choices and the total number of choices.

At the end of the observation period, animals were deeply anesthe-

tized with diethylether, sacrificed, and brains fixed by perfusion with

4% paraformaldehyde. The brains were cut into 6 serial 2.0 mm

thick coronal blocks extending from the level of anterior pole of cau-

date nucleus posteriorly. Each of the 6 coronal sections were em-

bedded in para‰n, cut into 6 mm slices, and stained with Klüver-

Barrera for evaluation of the ischemic lesions.

The results were analyzed using repeated-measures analysis of

variance, with treatment group and days of testing as independent

variables, followed by Bonferroni post hoc test for multiple compar-

isons between groups. The level of statistical significance was set at

p < 0.05. All values are presented as the meanG SD.

Results

All of the sham-operated and SBCCAO animals

survived, but 17% (2/12) of the RBCCAO animals

died during the observation period. The SBCCAO

(n ¼ 10), RBCCAO (n ¼ 10) and sham-operated ani-

mals (n ¼ 10) underwent behavioral and histological

analysis.

Histology

No histological changes were found in sham-

operated animals. In the SBCCAO animals, pyramidal

neuronal death was confined to the bilateral CA1 sec-

tor of the hippocampus. In the RBCCAO animals,

Fig. 1. Trace lines of representative animal movement during a 10-minute modified open-field test, either 24 hours (upper row) or 4 weeks

(lower row) after ischemic surgery. (A) The sham-operated animal was predisposed to enter the escape zone (upper right corner). (B) The

SBCCAO animal showed transiently increased locomotion 24 hours after ischemia, which recovered by 4 weeks. (C) The RBCCAO animal

had no tendency to rest in the escape zone and showed increased locomotion at both 24 hours and 4 weeks after ischemia
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significant atrophy associated with di¤use selective

neuronal death was evident in the bilateral cerebral

cortex and caudate nucleus in addition to CA1 neuro-

nal death. In 2 of the 10 RBCCAO animals, small lam-

inar necrosis was confined in the rostral middle cortical

layer.

Behavioral tests

Modified open-field test

The total distances traversed by both SBCCAO

and RBCCAO animals were significantly increased 24

hours after ischemia compared to sham-operated ani-

mals (Fig. 1). The hyperactivity in SBCCAO animals

was maximal 24 hours after occlusion, with activity re-

turning to levels similar to the sham-operated group

within 1 week. In contrast, the hyperactivity of the

RBCCAO animals persisted for 4 weeks (Fig. 2A).

Sham-operated and SBCCAO animals had a ten-

dency to rest in the escape zone (Fig. 1). Resting time

in the RBCCAO animals was significantly shorter than

sham-operated animals during the 4 weeks (Fig. 2B).

T-maze test

Sham-operated animals tended to chose a goal

arm alternatively in the T-maze. One week after ische-

mia, however, the spontaneous alternation rate in

SBCCAO and RBCCAO animals was significantly

lower than in the sham-operated animals and ap-

proached approximately 50% (random choice). In

SBCCAO animals, this rate was recovered within 1

week after ischemia. In RBCCAO animals, this rate

remained persistently reduced to the level of random

choice (Fig. 2C).

Discussion

Our experiment revealed 2 important di¤erences

in the behavioral changes that follow SBCCAO and

RBCCAO in gerbils: 1) Transient locomotor hyperac-

tivity and mild cognitive dysfunction is transiently

induced by bilateral CA1 injury, and 2) persistent

hyper-locomotion, reduced anxiety, and severe cogni-

tive dysfunction is induced by bilateral cortical atro-

phy combined with basal ganglia lesion.

Hyper-locomotion and anxiety-related behavior in

modified open-field test

We observed 2 di¤erent-types of locomotor hy-

peractivity after global ischemia: transient hyper-

locomotion without anxiety changes and persistent

hyper-locomotion with reduced anxiety. The time

profile of hyper-locomotion observed in SBCCAO an-

imals, which peaked 24 hours after ischemia and de-

creased thereafter, is similar to previous findings in

gerbil models of global ischemia [6]. Results of a previ-

ous study on the histological changes after bilateral

Fig. 2. Time course of behavioral tests from sham-operated, SBCCAO, and RBCCAO animals. (A) The total distance traveled by both the

SBCCAO and RBCCAO animals were significantly increased 24 hours after ischemia compared with that of the sham-operated animals. The

total distance traversed remained persistently elevated in RBCCAO but not SBCCAO animals. (B) The corner resting time of RBCCAO

animals was significantly decreased during observation period. (C) The spontaneous alternation rate in SBCCAO animals was transiently

but significantly decreased to values representing random alternation of choice (50%). RBCCAO animals showed a persistent decrease in spon-

taneous alternation rate. *p < 0.05; **p < 0.01, versus sham-operated animals
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common carotid artery occlusion in gerbils indicated

that CA1 neuronal death is su‰cient to induce loco-

motor hyperactivity [6]. The mechanism might be

related to the excitotoxicity of post-ischemic neural

tissue, because the CA1 sector after transient global is-

chemia has a high extracellular glutamate level [2].

In contrast, the fact that the additional lesions in the

cortex and striatum seen in the RBCCAO animals led

to persistent behavioral changes suggests that ischemic

lesions in these areas may be responsible for anxiety-

related behavior. Changes in anxiety-related behavior

are often observed in both clinical and experimental

strokes, and is evaluated in rodents by the elevated

plus maze [1] and measuring corner resting time in

open-field tests [5, 8]. Anxiety-related behavior is re-

ported to be regulated mainly by the amygdala, cere-

bral cortex, and nucleus accumbens [1, 5, 8]. Thus, the

cortical lesions observed in our RBCCAO model may

be responsible for reduced anxiety.

Spatial cognitive dysfunction in the T-maze test

The spontaneous alternation rate in the T-maze

measures exploratory behavior and spatial memory

[3]. The hippocampus is widely recognized to have an

important role in learning and memory [3]. It is, there-

fore, reasonable to assume that animals with intact

CA1 function have high spontaneous alternation rates

reflecting good recent memory, and that SBCCAO an-

imals with CA1 injury have a transient decrease in al-

ternation rate of approximately 50% because of recent

memory disturbances. In contrast, RBCCAO animals

showed persistent cognitive dysfunction, indicating

that cortical and striatal atrophy may also disrupt

spatial cognitive function. Further experiments will be

needed to elucidate the mechanism and underlying

lesion(s) responsible for this long-term spatial cogni-

tive dysfunction.

In conclusion, bilateral cortical atrophy was in-

duced after repetitive common carotid artery occlusion

in gerbils. Long-term cognitive and neuropsycho-

logical dysfunction was found in the animals after

RBCCAO. Thus, RBCCAO appears to be a suitable

model of vascular dementia, and may provide a signif-

icant contribution to developing therapies for this con-

dition.
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Summary

There exists no pharmacological treatment for fulminating brain

edema. Since evidence indicates that brain aquaporin-4 (AQP4)

water channels are modulated by vasopressin V1a receptors, we

examined the edema-reducing properties of the selective V1a recep-

tor antagonist, SR49059, following middle cerebral artery occlusion

(MCAO).

Male Sprague-Dawley rats were randomly assigned to sham

procedure, vehicle, or SR49059 infusion at di¤erent dosages (each

n ¼ 6, 480 mL/hr, 640 mL/hr, 720 mL/hr) and starting 60 minutes be-

fore or after MCAO. After a 2-hour period of ischemia and 2 hours

of reperfusion, the animals were sacrificed for assessment of brain

water content, sodium, and potassium concentration. Statistics were

performed using an ANOVA followed by a Tukey post hoc analysis.

SR049059 treatment reduced brain water content in the infarcted

area given at 640 mL/hr (p ¼ 0.036), 720 mL/hr 60 minutes before

(p ¼ 0.002) or 60 minutes after (p ¼ 0.005) MCAO. The consecu-

tive sodium shift into the brain was prevented (p ¼ 0.001), while

the potassium loss was inhibited only by pre-treatment (p ¼ 0.003).

These findings imply that in ischemia-induced brain edema, the se-

lective V1a receptor-antagonist SR49059 inhibits brain edema and

the subsequent sodium shift into brain. This substance o¤ers a new

avenue in brain edema treatment and prompts further study into

AQP4 modulation.

Keywords: AQP water channel; vasopressin; middle cerebral ar-

tery occlusion; brain edema.

Introduction

Brain edema following many types of brain insult

causes an increase in intracranial pressure, thereby

contributing to the high rate of secondary complica-

tions and consecutive mortality found in these patients.

Aquaporins (AQP) are a family of water-selective

transporting proteins and the subtype, aquaporin-4

(AQP4), is abundant in astrocytes and ependymal

cells, having a highly polarized distribution in glial

membranes facing capillaries and the pia mater [1,

15]. Many authors have described the important role

of AQP4 in water homeostasis during traumatic and

ischemic brain edema development [13, 14], although

controversial results have been obtained.

Recent evidence suggests that AQP4 may be regu-

lated by arginine vasopressin. In vitro, the AQP4-

mediated water flux is facilitated by vasopressin V1a

receptor agonists [12], and the non-peptide V1 re-

ceptor antagonist OPC-21268 significantly reduces

brain edema after cold injury [3]. Therefore, we as-

sessed the e‰cacy of di¤erent dosages of the selective

vasopressin V1a antagonist SR49059 on brain edema

development when given intravenously before middle

cerebral artery occlusion (MCAO). Specifically, we

measured water content, sodium, and potassium con-

centrations in the ischemic and non-ischemic hemi-

spheres. We determined whether treatment started

after MCAO was as e¤ective as treatment started be-

fore induction of ischemia.

Materials and methods

Animals and surgical procedure

The studies were conducted under approval of the Institutional

Animal Care and Use Committee using National Institutes of Health

guidelines. Experiments were carried out on 330 to 400 g adult male

Sprague-Dawley rats (Harlan, Indianapolis, IN). Rats were housed

at 22G 1 �C with 60% humidity, 12-hour light/12-hour dark cycles,

and pellet food and water ad libitum. Surgery was performed after

intubation under halothane anesthesia and controlled ventilation

(1.3% halothane in 70% nitrous oxide and 30% oxygen). Rectal tem-

perature was maintained at 36.5G 0.5 �C using a heat lamp. The left

femoral artery and vein were cannulated with polyethylene tubing

(P.E. 50, Becton Dickinson and Company, Sparks, MD) for contin-

uous monitoring of mean arterial blood pressure (MABP), blood

sampling, and drug infusion. Adequate ventilation was verified by

arterial blood gas measurement after 1 hour of anesthesia.

Cerebral blood flow (CBF) to the territory of the right middle

cerebral artery was continuously monitored by Laser Doppler Flow-



metry (LaserFlo Vasamedics Inc., St Paul, MN) through a burr hole

located 1 mm posterior and 5 mm lateral to bregma leaving the dura

intact. Animals were placed in a supine position over the laser Dop-

pler probe, and CBF as well as MABP were recorded continuously

using a data acquisition system (ADInstruments, Colorado Springs,

CO).

MCAO was induced using a slightly modified version of the intra-

luminal suture method described elsewhere [2]. Through a midline

neck incision, the bifurcation of the right common carotid artery

was exposed, and branches of the external carotid artery (ECA)

and internal carotid artery (ICA) including the occipital, lingual,

and maxillary arteries were microsurgically separated and coagu-

lated. The ECA was ligated with a 4-0 silk suture, and after

temporary occlusion of the ICA and common carotid artery with

vascular mini-clips, a 4-0 monofilament nylon suture (4-0 SN-644

MONOSOF nylon Polyamide) with a silicon tip of 0.30 to 0.35 mm

diameter was inserted through the ECA stump and secured with a su-

ture. The clips were removed and the filament was advanced through

the ICA into the circle of Willis while occluding the pterygopalatine

artery with a forceps. A CBF reduction between 70 and 80% to the

baseline was observed when the suture was advanced at a distance of

22 to 24 mm from the carotid bifurcation, thereby verifying proper

MCAO. Two hours after occlusion, the middle cerebral artery terri-

tory was perfused by withdrawing the suture into the ECA stump,

confirmed by an increase in CBF.

Study protocol and drug preparation

The objective of these experiments was to assess the e¤ect of

intravenous infusion of SR49059 on brain edema at di¤erent concen-

trations (83 mmol at 720 mL/hr, n ¼ 6; 73 mmol at 640 mL/hr,

n ¼ 6; 56 mmol at 480 mL/hr, n ¼ 6) and started at di¤erent time

points (60 minutes pre-ischemia, n ¼ 6; 60 minutes post-ischemia,

n ¼ 6) following MCAO. The animals were randomly assigned to

sham procedure (n ¼ 4), vehicle infusion (n ¼ 18), or intravenous

SR49059 at di¤erent doses and time points after MCAO. SR49059

(Sanofi Recherche, Montpellier, France) was dissolved in 1% di-

methyl sulfoxide as vehicle solution (Sigma-Aldrich, St Louis, MO).

The drug was intravenously administered using a continuous infu-

sion pump (sp210w syringe pump, KD Scientific, Holliston, MA).

At the end of the experiments, the animals were sacrificed by an over-

dose of halothane, decapitated, and the brains removed.

Tissue processing

Cerebral tissue was immediately cut into 4 consecutive 4 mm co-

ronal sections excluding the most rostral and caudal sections from

further analysis. After division into the right and left hemispheres

along the anatomic midline, the 4 regional samples obtained were

processed for water content measured by the wet/dry weight method.

The wet weight of each sample was measured using an electronic

analytical balance before drying the sample at 95 �C for 5 days and

reweighing to obtain the dry weight. The water content of each sam-

ple is given as percentage of total tissue weight. For measurement of

brain sodium and potassium concentrations, the dried samples were

ashed in a furnace for 24 hours at 400 �C. The ash was then extracted

with distilled water, and the concentrations of sodium and potassium

were determined using a flame photometer (943 nm; Instrument

Laboratory, San Jose, CA) with caesium as an internal standard.

Statistical analysis

SPSS software (SigmaStat, Chicago, IL) was used for statistical

analysis. The data were analyzed by a randomized one-way

ANOVA for group variations followed by a Tukey post hoc analysis.

Statistical significance was accepted at p < 0.05.

Results

The injury-induced mortality was 14% following

MCAO. MABP and arterial blood gases were kept

within physiological limits throughout the experimen-

tal procedure, requiring few adjustments in halothane

concentration and ventilation parameters.

The comparison of di¤erent doses of SR49059 by

ANOVA produced a significant group e¤ect for the

reduction of brain water content in the ischemic area

(F3;66 ¼ 9:34, p < 0.001), the reduction of sodium ac-

cumulation (F3;66 ¼ 10:42, p < 0.001) and the reduc-

tion of potassium loss (F3;66 ¼ 4:40, pa 0.001) (Table

1). Tukey post hoc analysis indicated that the e¤ect of

SR49059 treatment on brain water content, as com-

pared to vehicle infusion, was more e¤ective at an infu-

sion rate of 720 mL/hr (pa 0.002), than at 640 mL/hr

(pa 0.036) or 480 mL/hr (pa 0.870) when started

60 minutes before MCAO. Accordingly, the Tukey

post hoc analysis for the e¤ect of di¤erent doses of

SR49059 on sodium accumulation and potassium loss

confirmed the protective e¤ect of the 720 mL/hr infu-

sion rate.

In order to test a clinically relevant time point for

SR49059 application, we compared the infusion rate

of 720 mL/hr started either 60 minutes before or 60

minutes after MCAO to a vehicle infusion (Table 2).

Comparison by ANOVA of SR49059 infusion started

before or after MCAO produced a significant group

e¤ect for the reduction of brain water content in the

ischemic area (F3;66 ¼ 8:30, p < 0.001), the reduction

of sodium accumulation (F3;66 ¼ 11:53, p < 0.001)

and the reduction of potassium loss (F3;66 ¼ 5:09,

pa 0.001).

Table 1. E¤ects of di¤erent doses of SR49059 on brain water, sodium,

and potassium after middle cerebral artery occlusion*

Groups % Tissue

water

Tissue

sodium

mEq/kg

dry wt

Tissue

potassium

mEq/kg

dry wt

Vehicle 2.3G 0.0 116.1G 8.8 �43.2G 6.0

SR49059 480 mL/hr 1.8G 0.4 69.2G 19.0 �26.0G 12.6**

SR49059 640 mL/hr 1.2G 0.3** 39.9G 13.5** �27.5G 6.3

SR49059 720 mL/hr 0.8G 0.2** 36.7G 6.2** 2.1G 11.3**

* Data shown are averageGSEM, ** p < 0.05 as compared with

vehicle.
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The e¤ects of SR49059 treatment according to the

Tukey post hoc analysis follow. 1) Brain water content

compared to vehicle infusion: treatment was equally

e¤ective when started 60 minutes before (p < 0.001)

or 60 minutes after (p < 0.003) MCAO. 2) Brain

sodium accumulation compared to vehicle infusion:

treatment was equally e¤ective when started 60

minutes before (p < 0.001) or 60 minutes after

(p < 0.001) MCAO. 3) Brain potassium loss com-

pared to vehicle infusion: treatment was only e¤ective

when started 60 minutes before (p < 0.003) but not 60

minutes after (p < 0.385) MCAO.

Discussion

To the best of our knowledge, this study is the first to

demonstrate that brain edema resulting from MCAO

is reduced by treatment with SR49059, the selective

vasopressin V1a receptor antagonist. SR49059 was

administered intravenously for 5 hours starting 1 hour

before occlusion, testing with di¤erent concentrations

of the drug. Afterwards, the most e¤ective concentra-

tion was used starting before or after MCAO. We

demonstrated that SR49059 caused a significant dose-

dependent reduction in brain water content and sub-

sequent electrolyte shift, and was still e¤ective when

given 1 hour after onset of ischemia. The most signifi-

cant e¤ect in the ischemic area was observed using the

highest dose of 83 mmol SR49059, starting either 1

hour before or after MCAO. Similar results were ob-

tained regarding brain sodium and potassium shift

after ischemic injury. SR49059 treatment was able to

reduce sodium uptake and increase potassium levels

in a dose-dependent manner. These findings are consis-

tent with the generally accepted opinion that water and

sodium tend to coexist and transfer together through

the plasma membrane under physiological and patho-

logical conditions [6, 10, 17].

Water can cross cell membranes through di¤erent

pathways: specific water channels (aquaporins), the

lipid bilayer [5], or through ion-water cotransport

proteins [19, 20]. Because of its specific anatomical

and cellular localization in the central nervous system,

AQP4 has been suggested to play a role in cerebral

water balance. According to this hypothesis, AQP4-

deficient mice developed less brain edema after acute

water intoxication and MCAO [11]. Regarding the

function and regulation of AQP4 following injury,

there exist conflicting results. In di¤erent models in-

ducing neuronal degeneration, AQP4 mRNA was up-

regulated following blood-brain barrier disruption

[16]. In a combined head injury model, AQP4 immu-

nostaining was negative and the AQP4 mRNA down-

regulated in areas with impaired blood-brain barrier

[7]. Following cortical impact injury, hemispheric ipsi-

lateral AQP4 was progressively down-regulated within

the first 48 hours [8]. Similar results were found follow-

ing ischemia [13] and hypoxia [18], all known to pro-

duce a predominately cytotoxic edema.

Evidence indicates that AQP4 is regulated by vaso-

pressin, a neuropeptide endogenous to the brain [9]

that includes a vasopressin-containing fiber system

[4]. In vitro experiments on rat neocortical slices sug-

gest that there exists a tonic, vasopressin V1a

receptor-mediated facilitation of water permeability

[12]. V1a receptors are coupled via G-proteins to phos-

pholipase C, resulting in an IP3-dependent Ca2þ re-

lease from internal stores. V1a receptor stimulation

also causes activation of protein kinase C, and evi-

dence suggests that vasopressin exerts part of its facili-

tatory e¤ect through this signaling pathway [12]. One

possible explanation for the protective e¤ects on brain

edema development following ischemic injury found in

this study may be the vasopressin-dependent inhibition

of AQP4 activity or expression through V1a receptors.

However, additional studies are necessary to clarify

the precise biochemical pathway by which the selective

V1a antagonist SR49059 prevents brain edema devel-

opment after MCAO.
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Table 2. E¤ect of SR49059 on brain water, sodium, and potassium at

di¤erent times after middle cerebral artery occlusion*

Groups % Tissue

water

Tissue

sodium

mEq/kg

dry wt

Tissue

potassium

mEq/kg

dry wt

Vehicle (n ¼ 18) 2.2G 0.1 111.3G 6.5 �43.2G 6.0

SR49059 60 min

before (n ¼ 6)

0.9G 0.2** 38.2G 8.0** 3.6G 21.2**

SR49059 60 min

after (n ¼ 6)

1.1G 0.3** 39.9G 8.3** �14.5G 12.6

* Data shown are averageG SEM, ** p < 0.05 as compared with

vehicle.
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Summary

Previous investigations from our laboratory show that up-

regulation of neuronal nitric oxide synthase (NOS) following spinal

cord injury (SCI) is injurious to the cord. Antiserum to dynorphin A

(1-17) induces marked neuroprotection in our model of SCI, indicat-

ing an interaction between dynorphin and NOS regulation. The pres-

ent investigation was undertaken to find out whether topical applica-

tion of dynorphin A (1-17) antiserum has some influence on neuronal

NOS up-regulation in the traumatized spinal cord.

SCI was produced in anesthetized animals by making a unilateral

incision into the right dorsal horn of the T10–11 segments. The anti-

serum to dynorphin A (1-17) was applied (1 :20, 20 mL in 10 seconds)

5 minutes after trauma over the injured spinal cord and the rats were

allowed to survive 5 hours after SCI. Topical application of dynor-

phin A (1-17) antiserum significantly attenuated neuronal NOS up-

regulation in the adjacent T9 and T12 segments. In the antiserum-

treated group, spinal cord edema and cell injury were also less

marked. These observations provide new evidence that the opioid

active peptide dynorphin A may be involved in the mechanisms un-

derlying NOS regulation in the spinal cord after injury, and confirms

our hypothesis that up-regulation of neuronal NOS is injurious to

the cord.

Keywords: Dynorphin A (1-17); spinal cord injury; nitric oxide

synthase; blood-spinal cord barrier.

Introduction

Spinal cord injury (SCI)-induced cell and tissue

damage is a complex process that involves several neu-

rotransmitters, free radicals, vasoactive compounds,

neurochemicals, growth factors, cytokines, and other

proteins/factors in a cascade of events leading to cell

and tissue injury [5, 19–21, 36]. These endogenous

compounds/factors released after trauma may inter-

act with each other to induce their neurodegenera-

tive and/or neuroprotective e¤ects in vivo [19, 20].

Thus, further research is needed to clarify the potential

interaction among di¤erent compounds/factors that

could synergistically potentiate or neutralize the neu-

rodestructive and/or neuroprotective capabilities in

SCI.

Previous reports from our laboratory suggest that

dynorphin is involved in the pathophysiology of SCI

[25, 28, 39]. The peptide is present in the dorsal

horn of the normal spinal cord, particularly in Rexed’s

lamina II and I, and occasionally in lamina V and VI

[2, 4, 8, 16]. Intrathecal administration of dynorphin

A (1-17 or 2-17) induces motor dysfunction in rats

[6, 7, 9, 13–15]. On the other hand, intrathecal admin-

istration of dynorphin antibodies (dynorphin A 1-17

antiserum, 10 mL given 15 minutes before and 4 hours

after injury) improved walking ability without a¤ect-

ing the angle di¤erence on the inclined plane test [5].

However, the molecular mechanisms involved in the

dynorphin-induced pathophysiology of SCI are largely

unknown.

Trauma to the spinal cord induces breakdown of

the blood-spinal cord barrier (BSCB) and is largely re-

sponsible for edema formation and cell injury [17–21].

There are reasons to believe that dynorphin, through

mechanisms that probably involve other neurochemi-

cals such as nitric oxide, influence spinal cord patho-



physiology [10, 11, 22]. Previous studies from our

laboratory demonstrate that the dynorphin A (1-17)

content of the spinal cord is increased in the T9 seg-

ment following an incision into the right dorsal horn

of the T10–11 segments [25]. In these animals, edema

formation and cell injury are quite prominent in the T9

segment [19, 25], indicating that increased dynorphin

levels somehow contribute to cell injury in the spinal

cord [25]. This idea is further supported by the obser-

vation that topical application of dynorphin A (1-17)

antiserum (1 :20 dilution in the phosphate bu¤er) 2

minutes after SCI significantly reduces the edema for-

mation and cell injury in the cord [27, 28, 39], suggest-

ing that dynorphin A antiserum is neuroprotective in

SCI.

There is evidence that 2 major products of dynor-

phin A (dynorphin A 1-13 and dynorphin A 1-17)

cause neuronal injury that can be prevented by N-

methyl-D-aspartate (NMDA) glutaminergic receptor

antagonist MK-801, but not by the opioid antagonists

[3, 5, 9–12, 37], indicating that dynorphin A-induced

neurotoxicity is mediated by non-opioid mechanisms

[3, 37]. In spinal nerve ligation injury models, antise-

rum to dynorphin A has the same profile of actions as

the NMDA receptor antagonists MK-801 in blocking

thermal hyperalgesia and restoring the e‰cacy of mor-

phine against allodynia [15]. Thus, antibodies to dy-

norphin A appear to have potential therapeutic value

in SCI that require additional investigation.

Recent investigations from our laboratory show

that up-regulation of neuronal nitric oxide synthase

(nNOS) following SCI is injurious to the cord [23, 29,

33]. This was demonstrated by topical application of

neuronal NOS antiserum over the traumatized cord,

which clearly attenuated edema formation and cell in-

jury [29]. Since an interaction between dynorphin and

NOS regulation was recently documented [10, 11, 22,

23], it is quite likely that dynorphin may interact with

nitric oxide to induce cell and tissue injury following

trauma. The present investigation was undertaken to

determine whether topical application of dynorphin A

(1-17) antiserum has some influence on neuronal NOS

up-regulation following trauma to the spinal cord in

the rat.

Materials and methods

Animals

Experiments were carried out on 64 male Sprague-Dawley rats

(250 to 300 g) housed at controlled room temperature (21G 1 �C)

with a 12-hour dark/12-hour light schedule. Food and tap water

were supplied ad libitum before the experiments.

Spinal cord injury

Under Equithesin anesthesia (3 mL/kg, i.p.), a 1-segment laminec-

tomy was done at the T10–11 level. SCI was inflicted by making a

longitudinal incision into the right dorsal horn using a sterile scalpel

blade under aseptic conditions [24–26]. Animals were allowed to sur-

vive for 5 hours after injury. This experiment was approved by the

Ethics Committee of Uppsala University, Uppsala, Sweden.

Control group

Normal animals under Equithesin anesthesia were used as con-

trols. Since no di¤erences between normal and sham-operated ani-

mals were observed with regard to edema formation or cell injury

[19–21], all comparisons between untreated injured animals and

antiserum-treated rats were made in reference to intact control rats.

Treatment with dynorphin A (1-17) antiserum

A commercial dynorphin A (1-17) polyclonal antiserum (Calbio-

chem, San Diego, CA) was used in this investigation (dilution 1 :20

in phosphate-bu¤ered saline (PBS), 0.1 mol, pH 7.0 [22, 28]. The dy-

norphin A antiserum was applied (20 mL in 10 seconds) over the ex-

posed spinal cord 2 minutes after injury. Animals were allowed to

survive 5 hours after SCI [27, 28, 39].

Perfusion and fixation

At the end of the experiments, intravascular blood was washed out

with about 50 mL of cold 0.1 mol PBS followed by 4% parafor-

maldehyde solution (150 mL) in PBS containing 2.5% picric acid

[30–32]. The animals were wrapped in aluminum foil and kept over-

night at 4 �C. On the next day, the spinal cord was dissected out and

kept in the same fixative at 4 �C for 1 week.

NOS immunohistochemistry

NOS immunostaining was examined in the T9 and T12 segments

using a monoclonal antiserum to the constitutive isoform of NOS

[29, 30, 33] as described earlier [29]. In brief, free-floating 40 mm

thick Vibratome sections were cut from the T9 segment and pro-

cessed for NOS immunostaining. The immunoreactivity was devel-

oped using a peroxidase-antiperoxidase technique [29].

Quality control

To examine the specificity of immunohistochemical methods, the

primary antiserum was omitted and the rest of the processing was

done as described above. These negative controls did not show

immunostaining of nerve cells or nerve fibers [22].

Image processing

Microphotographs were taken on Kodak Supra 100 ASA negative

film and digital images (size 52 cm� 32 cm, 80 pixels/inch) were

processed by Kodak Colour Laboratories (Stockholm, Sweden).

The digital images (size 8� 13 cm, 300 pixels/inch) were modified

using Adobe Photoshop 3.5 software program on a G-4 Macintosh

computer. Identical color filter or color balance was used on the im-

ages obtained from the control, injured, or drug-treated controls, or

spinal cord-injured animals [22].
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Spinal cord edema

The spinal cord was examined visually for gross swelling, then

edema formation was determined in selected segments (T9 or T12)

by measuring water content according to di¤erences in wet and dry

weights of the samples [18, 34].

Morphology of the spinal cord

Structural changes in the spinal cord tissue pieces obtained from

the T9 and T12 segments were processed for standard light and

transmission electron microscopy. The ultra-thin sections were

contrasted with uranyl acetate and lead citrate and viewed under a

Phillips or Hitachi electron microscope [18–20, 23, 29, 31].

BSCB permeability

BSCB permeability was examined in di¤erent spinal cord seg-

ments using Evans blue and ½131�Iodine as protein tracers [18, 29, 32].

Statistical evaluation

The di¤erences between control, injured, and antiserum-treated

groups were analyzed using ANOVA followed by Dunnett’s test for

multiple group comparison. A p-value less than 0.05 was considered

significant.

Results

E¤ect of dynorphin A antiserum on gross morphology

Topical application of dynorphin A antiserum on

the traumatized spinal cord resulted in a considerable

reduction in visual swelling, micro-hemorrhages, and

edema compared to the untreated injured group seen

5 hours after SCI (Fig. 1). Treatment with dynorphin

A antiserum alone did not influence spinal cord mor-

phology compared to the control group (results not

shown).

E¤ect of dynorphin A antiserum on NOS

immunohistochemistry

Focal trauma to the spinal cord resulted in marked

up-regulation of neuronal NOS in the T9 and T12 seg-

ments (Fig. 1). The up-regulation of NOS was mainly

confined within the edematous region of the spinal

cord gray matter (Fig. 1). Topical application of dy-

norphin A antiserum significantly attenuated NOS

up-regulation in these spinal cord segments after injury

(Fig. 1, Table 1). Application of dynorphin A anti-

serum alone did not influence NOS expression in the

normal spinal cord (Table 1).

Expression of dynorphin A antiserum-induced re-

duction in neuronal NOS was most marked in the con-

tralateral side of the T9 (rostral) and T12 (caudal) seg-

ments of the spinal cord compared to the ipsilateral

cord (Table 1, Fig. 1).

E¤ect of dynorphin A antiserum on BSCB permeability

Topical application of dynorphin A antiserum

markedly reduced extravasation of Evans blue and ra-

diotracer within the spinal cord segments compared

to untreated injured rats (Table 1). Antiserum alone

did not influence BSCB permeability to these tracers

compared to the normal control group (Table 1).

However, pretreatment with dynorphin A antiserum

significantly attenuated the trauma-induced extravasa-

tion of Evans blue and ½131�Iodine tracers in the spinal

cord at 5 hours. The magnitude of reduction in tracer

extravasation was most marked for Evans blue dye

compared to the radioactive iodine.

E¤ect of dynorphin A antiserum on edema formation

Treatment with dynorphin A antiserum significantly

attenuated trauma-induced edema formation in the T9

and T12 segments of the spinal cord at 5 hours (Table

1). However, dynorphin A antiserum treatment alone

did not alter the spinal cord water content compared

to the control group (Table 1).

E¤ect of dynorphin A antiserum on ultrastructure of

the cord

Pretreatment with dynorphin A antiserummarkedly

reduced trauma-induced ultrastructural changes in the

spinal cord. Myelin vesiculation, edema, vacuolation,

and membrane disruption were much less frequent in

the antiserum-treated injured group (Fig. 1). The e¤ect

of dynorphin A antiserum was most marked in the

contralateral T9 and T12 segments of the cord. Treat-

ment of spinal cord with dynorphin A antiserum alone

did not show any morphological alterations in the

uninjured cord (Table 1).

Discussion

Our investigation shows that topical application of

dynorphin A antiserum over the traumatized spinal

cord attenuates SCI-induced expression of neuronal

NOS. This observation suggests that endogenous dy-

norphin is involved in trauma-induced neuronal NOS

expression in the spinal cord.
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Fig. 1. E¤ect of dynorphin A (1-17) antiserum on trauma-induced neuronal NOS expression (arrowheads) (a–d), gross edematous swelling (*)

of the spinal cord (e, f ), and ultrastructural changes in the neuropil (g, h). Post-trauma treatment with dynorphin A (1-17) antiserum markedly

attenuated edema formation, neuronal NOS expression, and membrane damage [e–h, modified after 28, 39]
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Topical application of dynorphin A antiserum on

the traumatized spinal cord binds endogenous dynor-

phin antigens within the spinal cord in vivo, resulting

in neutralization of the neurotoxic e¤ects of the pep-

tide [31]. This is evident from our finding that applica-

tion of dynorphin A antiserum induces marked neuro-

protection in the spinal cord. Increased dynorphin A

expression in the spinal cord occurs 4 hours after injury

and continues until 24 hours after trauma [5–7, 25, 40],

indicating a potential role of the peptide in cell and

tissue injury [19, 25]. Previous observations from our

laboratory, which demonstrated increased dynorphin

A content and cell injury in the T9 segment of the

spinal cord 5 hours after injury [25], are consistent

with this hypothesis. This increase in dynorphin A

content in the cord was prevented by pretreatment

with a potent serotonin synthesis inhibitor drug, p-

chlorophenylalanine (p-CPA) [25], which induces

marked neuroprotection in SCI [19, 20]. These obser-

vations suggest that elevation of dynorphin A in the

cord following SCI is injurious to the cell, and topical

application of dynorphin A antiserum neutralizes the

harmful e¤ects of the peptide in vivo. Further studies

using immunohistochemical expression of dynorphin

A in the cord in untreated injured and the antiserum-

treated traumatized group are needed to confirm this

point.

There is evidence that dynorphin-induced neurotox-

icity is mediated through both opioid and non-opioid

mechanisms [5–7]. The peptide is known to stimulate

glutamate release in the CNS by acting through

NMDA receptors [38]. This hypothesis is supported

by the fact that antiserum to dynorphin antagonizes

NMDA receptors in vivo [9]. Furthermore, e¤ects of

the dynorphin A antiserum are far more superior in at-

tenuating allodynia-induced pain than that of the clas-

sical NMDA receptor antagonist, MK-801 [15].

The mechanisms by which dynorphin stimulates

NOS remains speculative. It is reasonable to believe

that activation of glutamate receptors through dynor-

phin contributes to increased nitric oxide production.

Stimulation of glutamate receptors are known to in-

duce generation of free radicals and formation of nitric

oxide [1]. It appears that dynorphin up-regulation in

SCI can influence nitric oxide formation. Inhibition of

SCI-induced NOS expression and cell injury following

pretreatment with the antioxidant compound H-290/

51 further supports this hypothesis [20, 35]. That inter-

action between dynorphin and nitric oxide exists in

vivo is supported by the fact that pretreatment with

NOS inhibitors significantly attenuates dynorphin im-

munoreactivity in hyperthermia-induced brain injury

[22]. Taken together, it appears that dynorphin and

nitric oxide synergistically play important roles in cell

injury and cell death.

It appears that dynorphin stimulates NOS via

accumulation of intracellular Ca2þ [23, 36]. This up-

regulation of NOS requires activation of intracellular

Ca2þ [9]. Increased intracellular accumulation of Ca2þ

is responsible for cell death [6, 7, 20]. In cell culture

studies, dynorphin A-induced motor neuron death is

accompanied by an increase in intracellular Ca2þ [9,

38]. Thus, it seems that dynorphin and/or nitric oxide

in SCI synergistically induces intracellular accumula-

Table 1. E¤ects of treatment with dynorphin A (1-17) antiserum on BSCB permeability, edema formation, and nNOS expression after SCI in rats

Parameters measured n Control 5 h SCI Dyn A (1-17) antiserumþ SCI§

T9 T12 T9 T12 T9 T12

BSCB permeability

Evans blue mg, % 6 0.24G 0.04 0.28G 0.02 1.54G 0.28** 1.78G 0.24** 0.46G 0.08aa 0.54G 0.10aa
½131�Iodine, % 5 0.35G 0.06 0.38G 0.10 1.89G 0.14** 1.96G 0.16** 0.56G 0.14aa 0.68G 0.16aa

Edema formation

Water content, Right, % 5 66.32G 0.18 66.34G 0.21 69.14G 0.24** 69.48G 0.34** 67.18G 0.22aa 67.43G 0.13aa

nNOS expression

No. of nNOS-positive cells, Right 5 4G 2 4G 2 28G 4## 26G 8## 8G 4aa 7G 3aa

No. of nNOS-positive cells, Left 5 5G 3 3G 2 14G 6##,b 14G 6##,b 6G 3aa 4G 2aa,b

Values are meanGSD of 5–6 rats in each group. * ¼ p < 0.05; ** p < 0.01 (compared from control); a ¼ p < 0.05; aa ¼ p < 0.01 (compared

from 5 h SCI), ANOVA followed by Dunnett’s test from 1 control. ## ¼ p < 0.01, Chi-square test from control group; b ¼ p < 0.05, from 5 h

SCI right side.

BSCB Blood-spinal cord barrier; nNOS neuronal nitric oxide synthase; SCI spinal cord injury, § Dynorphin A (1-17) antiserum (1 :20 in

phosphate-bu¤ered saline) was administered 5 minutes after SCI. Cell changes were analyzed in blinded fashion [28].
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tion of Ca2þ leading to cell death. It would be interest-

ing to examine whether pretreatment with a potent cal-

cium channel blocker, such as nimodipine that induces

neuroprotection in SCI [19–21, 36], influences expres-

sion of neuronal NOS and/or dynorphin A in this

model.

Our results show that dynorphin A antiserum at-

tenuated BSCB disturbances, edema formation, and

cell injury, supporting a role of dynorphin A in spinal

cord pathology. However, dynorphin A (1-17), but not

enkephalins and b-endorphins, accumulate at the le-

sion site following spinal trauma [5–7]. Intrathecal ad-

ministration of dynorphin induces paralysis of hind-

limbs and tail, which correlates well with the severe

reductions in local blood flow, widespread ischemic

cell damage, neuronal loss, necrosis, gliosis, cavitation,

and vascular injury within 72 hours [12–14]. Further-

more, infusion of antiserum to dynorphin A (2-17)

improves neurological function in animals following

SCI [5], mediated through both opioid and non-opioid

mechanisms [5, 6]. Our study has shown that dynor-

phin A induces neurotoxicity by mechanisms involving

up-regulation of nitric oxide. Obviously, up-regulation

of nitric oxide is injurious to cell and tissue [22, 23].

It remains to be seen whether blockade of k-opioid re-

ceptors, to which dynorphin A binds in vivo, also at-

tenuate NOS up-regulation in SCI, a feature currently

being investigated in our laboratory.

Conclusion

Dynorphin antiserum inhibits neuronal NOS activ-

ity in SCI that could be instrumental in the attenuation

of cell and tissue injury. These findings suggest that

dynorphin A influences NOS regulation in the spinal

cord following trauma and supports our hypothesis

that up-regulation of neuronal NOS is injurious to the

cord. Taken together, our observations indicate that

dynorphin-induced neurotoxicity in SCI is mediated

via mechanisms involving nitric oxide.
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Summary

The role of histamine in edema formation, blood-spinal cord bar-

rier (BSCB) permeability, and spinal cord blood flow (SCBF) fol-

lowing spinal cord injury (SCI) was examined using modulation of

histamine H1, H2, and H3 receptors in the rat. Focal trauma to the

spinal cord at the T10–11 level significantly increased spinal cord

edema formation, BSCB permeability to protein tracers and SCBF

reduction in the T9 and T12 segments. Pretreatment with histamine

H1 receptor antagonist mepyramine (1 mg, 5 mg, and 10 mg/kg,

i.p.) did not attenuate spinal pathophysiology following SCI. Block-

ade of histamine H2 receptors with cimetidine or ranitidine (1 mg,

5 mg, or 10 mg/kg 30 minutes before injury) significantly reduced

early pathophysiological events in a dose dependent manner. The ef-

fects of ranitidine were far superior to cimetidine in identical doses.

Pretreatment with a histamine H3 receptor agonist a-methylhist-

amine (1 mg and 2 mg/kg/i.p.), that inhibits histamine synthesis

and release in the CNS, thwarted edema formation, BSCB break-

down, and SCBF disturbances after SCI. The lowest dose of hista-

mine H3 agonist was most e¤ective. Blockade of histamine H3 recep-

tors with thioperamide (1 mg, 5 mg/kg, i.p.) exacerbated spinal cord

pathology. These observations suggest that stimulation of histamine

H3 receptors and blockade of histamine H2 receptors is neuroprotec-

tive in SCI.

Keywords:Histamine; spinal cord injury; edema.

Introduction

The role of histamine in the pathophysiology of spi-

nal cord injury (SCI) is still speculative [15–17, 28].

Trauma to the spinal cord induces widespread altera-

tions in blood-spinal cord barrier (BSCB) permeabil-

ity, vasogenic edema formation, and cell injury [26–

29]. Since histamine is one of the chemical mediators

of blood-brain barrier (BBB) function and edema for-

mation in brain injuries [2, 20, 27, 37, 38], a possibility

exists that the amine participates in the pathophysiol-

ogy of spinal cord injuries as well.

The spinal cord dorsal horn [39, 40] is moderately to

densely innervated by histaminergic fibers mainly in

the cervical region [1, 22–24, 39]. The amine is largely

localized in neurons and in vascular walls of the spinal

cord [22–24]. However, the histamine concentration is

much lower in the spinal cord (20 to 30 ng/g wet tissue)

compared to the whole brain (50 to 60 ng/g) [34].

Release of histamine in the brain causes arterial dila-

tion, increased vascular permeability, and alterations

in behavior and temperature regulation [6, 21, 23, 24].

These e¤ects are blocked with specific histamine recep-

tor antagonists [20, 21, 38, 40]. Three kinds of hista-

mine receptors have been identified in the central ner-

vous system (CNS) [3, 4, 13, 23]. The histamine H1

receptor interacts with the classical antihistamines

such as mepyramine and chlorpheniramine [24]. The

histamine H2 receptor is blocked by agents like buri-

mamide, metiamide, and cimetidine [5, 8, 23, 24, 27].

The histamine H3 receptor, recently identified, largely

functions as an autoreceptor that regulates the release

of amine in the CNS [3, 13, 27]. The details of hista-

mine receptor involvement in CNS injury are still not

well known.

Naftchi et al. [16] was first to report an elevation of

the histamine level in the injured spinal cord segments

following impact trauma in cats [16]. It is believed that

release of histamine from the injured neurons in the



central gray matter and/or an increase in blood hista-

mine content due to secondary injury mechanisms are

responsible for the hemorrhagic lesion in the cord [12].

These authors found that SCI-induced hyperemia is

blocked by chlorpheniramine and metiamide, respec-

tively [12, 27].

Later, a potent histamine H2 receptor antago-

nist, burimamide, was found to significantly reduce

irradiation-induced brain edema and extravasation of

Evans blue [5, 9]. Histamine infusion revealed that the

amine-induced increased BBB permeability and brain

edema formation were significantly attenuated by pre-

treatment with the H2 receptor blocker, metiamide,

but not with the H1 receptor antagonist, mepyramine

[8]. Dux et al. [7] demonstrated that cerebral edema,

induced by experimental pneumothorax in newborn

piglets, can be significantly reduced by pretreatment

with a combination of histamine H1 and H2 receptor

antagonists [7]. Histamine increases the permeability

of pial microvessels in cell culture, probably via in-

creased intracellular calcium ions [4, 14, 19] that are

also mediated through histamine H2 receptors [18, 21,

27, 32, 38]. These observations indicate that histamine

increases the BBB permeability leading to edema de-

velopment mediated by specific histamine receptors.

The role of histamine or histamine receptors in BSCB

function and SCI is still unknown.

In the present investigation, we wanted to know

whether drugs influencing histamine H1, H2 and H3

receptors could modify SCI induced alterations in

local blood flow, microvascular permeability, and

edema formation in the rat.

Materials and methods

Animals

Experiments were carried out on male Wistar rats (250 to 350 g)

under urethane anesthesia (1.5 g/kg, i.p.). The animals were housed

at controlled ambient temperature (21G 1 �C) with a 12-hour light/

12-hour dark schedule. Food and tap water were supplied ad libitum

before the experiments.

These experiments were approved by the Ethics Committee of

Uppsala University and Banaras Hindu University.

Spinal cord injury

One segment laminectomy was done over the T10–11 segments

and a 2 mm deep and 5 mm long incision was made in the right dor-

sal horn using a scalpel blade [26, 29, 31]. The deepest part of the

lesion was limited to Rexed’s laminae VII–VIII [31] (Fig. 1). The

wound was covered with cotton soaked in 0.9% saline to avoid direct

exposure to air. Intact control rats served as controls [26, 28, 33].

Treatment with histamine receptor modulating compounds

Mepyramine (1 mg, 5 mg, and 10 mg/kg) was used as an hista-

mine H1 receptor antagonist, whereas cimetidine or ranitidine

(1 mg, 5 mg, and 10 mg/kg) were employed to block histamine H2

receptors [17, 18, 27, 32, 35]. To influence histamine H3 receptors, a

potent H3 receptor agonist, a-methylhistamine (1 and 2 mg/kg) and

a powerful histamine H3 receptor antagonist, thioperamide (1 and

5 mg/kg) was used [3, 13, 27, 36]. All histamine receptor agonists or

antagonists were administered intraperitoneally 30 minutes before

SCI. Animals were allowed to survive for 5 hours after injury.

BSCB permeability

The BSCB was determined in T9, T10–11, and T12 spinal cord

segments (Fig. 1) using Evans blue and ½131�Iodine tracers [25, 30].

Spinal cord edema

Spinal cord edema formation was examined in di¤erent spinal

cord segments (Fig. 1, Table 1) using water content measured from

the di¤erences in the wet and dry weight of the samples [26, 31, 32].

Spinal cord blood flow

Spinal cord blood flow (SCBF) in various cord segments (Table 1)

was assessed using tracer microspheres radiolabelled with ½125�Iodine
[25]. In brief, about 106 microspheres were injected into the left car-

diac ventricle using a catheter implanted into the common carotid ar-

tery in a retrograde direction toward the heart [25]. Peripheral blood

samples (40 mL every 15 minutes) were withdrawn from the right

femoral artery (at the rate of 0.8 mL/min) starting 30 minutes before

injection of microspheres and continued until 90 minutes after ter-

mination of the injection [25, 32]. After 90 minutes, the rats were

decapitated. The spinal cord was dissected out and placed on a cold

saline-wetted filter paper. Large superficial blood-vessels were

removed. Spinal cord segments were dissected, weighed, and the

Fig. 1. Model of SCI and measurement of parameters in tissue sam-

ples. The spinal cord T9 (rostral), T12 (caudal), and the injured seg-

ment (T10–11) were used to determine BSCB permeability, edema

formation, and SCBF changes
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radioactivity determined in a 3-inch well type Packard gamma

counter at the energy window 25–50 keV [25]. Whole blood radio-

activity obtained from the reference samples was counted at the

end of the experiment. SCBF was calculated as: SCBF (mL/mg/

min) ¼ CPM�1mg spinal cord tissue�RBF/CR, where CPM ¼
counts per minute, CR ¼ total counts in reference blood samples,

RBF ¼ 0.8 mL/min [25, 27, 32].

Statistical analyses of the data obtained

ANOVA followed by Dunnett’s test for multiple group com-

parison from 1 control group was used to evaluate the data. P-

value < 0.05 was considered significant.

Results

Pathophysiology of SCI

After 5 hours, rats subjected to SCI exhibited

marked increase in BSCB permeability to Evans blue

and ½131�Iodine tracers in the T9, T10–11, and T12 seg-

ments compared to controls (Table 1). At this time,

a significant increase in water content was observed

in these segments. A considerable reduction in SCBF

was seen that was most marked in the traumatized

cord compared to the adjacent rostral or caudal seg-

ments (Table 1).

E¤ect of histamine H1 receptor antagonist on SCI

Pretreatment with histamine H1 receptor antagonist

mepyramine (1 mg, 5 mg, and 10 mg/kg, i.p.) did not

attenuate spinal cord edema formation, BSCB, or

SCBF disturbances following SCI (Table 1).

E¤ect of histamine H2 receptor antagonists on SCI

Blockade of histamine H2 receptors with cimetidine

or ranitidine (1 mg, 5 mg, or 10 mg/kg) significantly

reduced BSCB permeability, edema formation, and

SCBF disturbances (Table 1). The most powerful neu-

roprotective e¤ects were found at 10 mg/kg doses of

ranitidine or cimetidine. The e¤ects of ranitidine ap-

peared to be far superior to cimetidine in attenuating

edema formation and microvascular permeability dis-

turbances (Table 1).

E¤ect of histamine H3 receptor agonist/antagonist on

SCI

Pretreatment with histamine H3 receptor agonist a-

methylhistamine (1 mg and 2 mg/kg, i.p.), was able

to thwart edema formation, BSCB permeability, and

SCBF disturbances significantly in the non-injured T9

and T12 segments. The lowest dose of histamine H3

agonist appeared to be the most e¤ective in reducing

edema formation. On the other hand, blockade of his-

tamine H3 receptors with thioperamide (1 mg, 5 mg/

kg, i.p.) exacerbated spinal cord pathology. This e¤ect

was dose-dependent.

Discussion

Histamine plays an important role in the pathophys-

iology of SCI. This is apparent from the findings that

pretreatment with cimetidine and ranitidine (hista-

mine H2 receptor antagonists) and a-methylhistamine

Table 1. E¤ect of histamine receptor modulating agents on changes in BSCB permeability, edema formation, and SCBF induced by SCI at the

T9 segment in rats

Parameters measured n Control 5 h SCI Histamine receptor modulating agents

Mepyramine

1 mg/kg

Cimetidine

10 mg/kg

Ranitidine

10 mg/kg

a-Methylhistamine

1 mg/kg

Thioperamide

1 mg/kg

BSCB permeability

Evans blue mg % 6 0.18G 0.08 1.56G 0.12** 1.72G 0.08aa 0.64G 0.20aa 0.58G 0.21aa 0.66G 0.14aa 1.58G 0.14ns
½131�Iodine % 7 0.38G 0.08 2.06G 0.14** 2.34G 0.10ns 0.84G 0.12aa 0.72G 0.26aa 0.71G 0.12aa 1.97G 0.16ns

Edema formation

Water content % 6 65.34G 0.21 68.76G 0.12** 68.94G 0.23ns 66.13G 0.08aa 65.87G 0.32aa 66.34G 0.23aa 68.58G 0.14ns

Volume Swelling % – þ9% þ9% þ2% þ1% þ2% þ1%

Spinal cord blood flow

SCBF mL/g/min 5 0.72G 0.04 0.64G 0.10** 0.62G 0.11ns 0.68G 0.08aa 0.69G 0.04aa 0.68G 0.04a 0.62G 0.05ns

Values are meanG SD of 5–7 rats in each group. * ¼ p < 0.05; ** p < 0.01 (compared from control); a ¼ p < 0.05; aa ¼ p < 0.01 (compared

from 5 h SCI), ANOVA followed by Dunnett’s test from one control. ns ¼ not significant (from 5 h SCI group).

BSCB Blood-spinal cord barrier; SCBF spinal cord blood flow; SCI spinal cord injury.
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(histamine H3 receptor agonist) significantly attenu-

ated increased BSCB permeability, edema formation,

and reduction in the SCBF induced by SCI. These ob-

servations suggest that stimulation of histamine H3 re-

ceptors and blockade of histamine H2 receptors are

neuroprotective in SCI.

We examined the role of histamine in SCI using

pharmacological manipulation of histamine H1, H2

and H3 receptors. Low doses of histamine H2 re-

ceptor antagonists, cimetidine or ranitidine (1 mg or

5 mg/kg, 30 minutes before SCI) did not reduce

trauma-induced edema formation. On the other hand,

high doses (10 mg/kg, i.p.) of histamine H2 receptor

antagonists attenuated spinal cord edema follow-

ing trauma, indicating that histamine participates in

edema formation via histamine H2 receptors.

The anti-edematous e¤ect of histamine H2 receptor

antagonists appears to be related to their ability to

reduce BSCB permeability. Vasogenic edema forma-

tion following SCI is mediated by leakage of serum

proteins across the microvascular endothelium [11].

A close parallelism between reduction in spinal cord

water content and BSCB leakage to Evans blue and ra-

dioiodine supports this idea. Far superior e¤ects of ra-

nitidine on reduction of spinal cord edema formation

and BSCB disruption in SCI, compared to cimetidine,

suggest that specificity and selectivity of compounds is

important in neuroprotective e¤ects of histaminergic

H2 receptor antagonists. However, we did not use

equimolar concentrations of cimetidine and ranitidine

in this study. Thus, bioavailability, dose responses, or

other actions of these compounds in relation to their

neuroprotective e¤ects on SCI require further investi-

gation.

Histamine H1 receptor antagonists do not have

anti-edematous roles in SCI. An increase in spinal

cord water content was observed following 10 mg/kg

dose of mepyramine, indicating that blockade of his-

tamine H1 receptors exacerbates edema formation.

However, the functional significance of this finding

is still obscure. It would be interesting to see whether

histamine H1 agonist may have a role in reducing

trauma-induced edema formation in the spinal cord

[10], a question currently being investigated in our lab-

oratory.

Our investigation suggests that drugs able to influ-

ence histamine H3 receptors can influence the patho-

physiological outcome of SCI. Thus, pretreatment

with low doses of histamine H3 receptor agonist a-

methylhistamine (1 mg/kg, i.p.) significantly attenu-

ated SCI-induced edema formation. A high dose of

the compound was ine¤ective, however. Histamine

H3 receptor agonists inhibit the release of histamine

in the CNS by activating histamine autoreceptors

[4, 13, 27]. Thus, blockade of histamine release fol-

lowing trauma by histamine H3 agonist might be pri-

marily responsible for the neuroprotective e¤ects of

the compound [13]. On the other hand, overdose of

the compound may desensitize or inhibit autorecep-

tors, resulting in enhanced release of the amine causing

an adverse reaction.

The antiedematous e¤ect of H3 agonist was most

pronounced in the T12 segment below the lesion site,

indicating that release of histamine from the cord is at-

tenuated in the caudal region below the lesion site (re-

sults not shown). To confirm this finding, a study using

histamine immunoreactivity in the cord after SCI is

needed.

Pretreatment with the histamine H3 receptor an-

tagonist thioperamide (1 mg and 5 mg/kg) exacer-

bated trauma-induced spinal cord edema formation in

a dose-related manner. This adverse e¤ect was most

marked in the rostral segment (T9) of the cord (results

not shown). Increased production of histamine follow-

ing blockade of histamine autoreceptor by a histamine

H3 receptor antagonist [13, 24, 33] is likely to enhance

SCI-induced edema formation. Our observations in-

dicate that histamine H3 receptor agonists may have

a potential therapeutic role in SCI.

It appears that histamine influences microvascular

reactions in SCI from our SCBF studies. Pretreatment

with histamine H2 receptor antagonists (cimetidine

and ranitidine) and a histamine H3 receptor agonist

(a-methylhistamine) partially attenuated the trauma-

induced decline in SCBF. These observations support

the idea that histamine H2 and H3 receptors influence

trauma-induced changes in SCBF [32]. SCI-induced

vasodilatation is attenuated by histamine H2 receptor

antagonists [6, 10], further supporting our hypothesis.

However, little is known about stimulation of hista-

mine H3 receptors on blood flow changes in the spinal

cord. Inhibition of histamine release by activation of

autoreceptors somehow influences SCI-induced vaso-

dilatation. Further studies are needed to clarify these

points.

Conclusion

Histamine participates actively in the pathophysiol-

ogy of SCI. Blockade of histamine H2 receptors and
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stimulation of histamine H3 receptors prior to injury

are neuroprotective. Whether these compounds are

e¤ective when administered as post-injury treatment

remains to be seen.
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Summary

The neuroprotective e‰cacy of post-injury treatment with the

antioxidant compound H-290/51 (10, 30, and 60 minutes after

trauma) on immediate early gene expression (c-fos), blood-spinal

cord barrier (BSCB) permeability, edema formation, and motor dys-

function was examined in a rat model of spinal cord injury (SCI).

SCI was produced by a longitudinal incision into the right dorsal

horn of the T10–11 segment under Equithesin anesthesia. Focal SCI

in control rats resulted in profound up-regulation of c-fos expression,

BSCB dysfunction, edema formation, and cell damage in the adja-

cent T9 and T12 segments at 5 hours. Pronounced motor dysfunction

was present at this time as assessed using the Tarlov scale and the

inclined plane test. Treatment with H-290/51 (50 mg/kg, p.o.) 10

and 30 minutes after SCI (but not after 60 minutes) markedly attenu-

ated c-fos expression and motor dysfunction. In these groups, BSCB

permeability, edema formation, and cell injuries were mildly but sig-

nificantly reduced. These observations suggest that (i) antioxidants

are capable of attenuating cellular and molecular events following

trauma, and (ii) have the capacity to induce neuroprotection and im-

prove motor function if administered during the early phase of SCI, a

novel finding.

Keywords: Spinal cord injury; gene expression; c-fos; blood-spinal

cord barrier; edema; oxidative stress; antioxidants; H-290/51.

Introduction

Oxidative stress appears to play an important role

in inflammatory damage to myelin sheaths and axons

following spinal cord injury (SCI), multiple sclerosis,

and in pathogenesis of several other neurodegenerative

diseases, e.g., hypertension, stroke, Alzheimer’s, and

Parkinson’s disease [3, 4, 6–9]. Micro-hemorrhages

and extravasation of blood components into the cen-

tral nervous system compartment is associated with

oxidative stress and generation of free radicals causing

cell injury [11]. In addition, alterations in the balance

between cellular oxidants and antioxidants in chronic

diseases are also responsible for neurodegenerative

changes [6]. Altered expression of several antioxidant

enzymes, such as superoxide dismutase, glutathione

peroxidase, gamma-glutamylcysteine synthase, cata-

lases, glutathione S-transferase, and quinone reductase

in central nervous system injuries and in neurodegener-

ative diseases are in line with this hypothesis [6–10,

13–15].

Oxidative stress induces breakdown of the blood-

spinal cord barrier (BSCB) and up-regulates heat

shock protein (HSP 72) response [16, 25, 26]. Release

of cytokines and immunoglobulins following oxidative

and/or cellular stress contributes to cell injury or cell

death through mechanisms involving apoptosis and/

or necrosis [27, 31, 36]. Furthermore, oxidants are ca-

pable of enhancing expression and/or DNA binding of

several immediate early genes (IEG) and transcription

factors that are involved in inflammation and DNA

damage including fos, jun, myc, erg-1, heat shock fac-

tor, and nuclear factor kappa-B [5–7, 10]. One of the

IEG, cellular-fos (c-fos), is a primary response gene

that can be detected within 20 to 90 minutes after neu-

ronal excitation [3, 4, 6, 16, 23]. Prolonged expression



of c-fos precedes programmed cell death in vitro [23,

27, 34, 36]. Thus, it is likely that c-fos up-regulation

following trauma may represent a neuronal marker

for cell injury [23]. However, the detailed involvement

of oxidative stress-induced IEG expression and cell

death in SCI is unclear.

There are reasons to believe that antioxidants and

lipid peroxidation inhibitors play important roles in

attenuating spinal cord cell and tissue injury follow-

ing SCI [12, 16, 18, 20–22, 24–26]. A significant reduc-

tion in BSCB permeability, edema formation, and cell

damage in SCI in animals pretreated with a potent

chain-breaking new antioxidant compound, H-290/51

(Astra-Zeneca, Mölndal, Sweden), further supports

this hypothesis [24, 26]. However, it is unclear whether

the compound is still e¤ective in reducing trauma-

induced IEG expression, motor dysfunction, and spi-

nal cord pathology, if given at various time intervals

after SCI.

The first few hours following SCI are crucial for out-

come as the early events following the primary insult

set the stage for later development of spinal cord cell

and tissue injury leading to long-term deficit and dis-

ability [16–19, 26]. Suitable therapeutic intervention

initiated within the first 3 hours in spinal cord injury

victims improves functional recovery, whereas delayed

pharmacological treatment beyond 3 hours is largely

ine¤ective [16, 18]. Thus, further studies on the cellular

and molecular mechanisms of early events following

SCI are necessary to explore new therapeutic strategies

to minimize later development of spinal cord cell and

tissue injury.

The present study was undertaken to investigate the

e¤ects of a potent antioxidant compound H-290/51

[28, 30, 33] on c-fos expression, motor dysfunction,

and cord pathology when given 10, 30, and 60 minutes

after SCI in a rat model.

Materials and methods

Animals

Experiments were carried out on 60 male Sprague Dawley rats

(200–250 g) housed at controlled room temperature of 21G 1 �C
with a 12-hour light, 12-hour dark schedule. Food and tap water

were supplied ad libitum before the experiment.

Spinal cord injury

SCI was induced by making a longitudinal incision (about 5 mm)

over the right dorsal horn of the T10–11 segments under Equithesin

anesthesia (0.3 mL/100 g, i.p.). The deepest part of the lesion was

mainly located around the Rexed’s laminae VIII to X [18, 19, 26].

Experiments were approved by the Ethical Committee of Uppsala

University, Uppsala, Sweden, and Banaras Hindu University, Vara-

nasi, India.

H-290/51 treatment

H-290/51 (Astra-Zeneca,Mölndal, Sweden)was dissolved inwater

and administered 50 mg/kg, p.o. by gastric tube [20, 24–26] in sepa-

rate groups of rats (n ¼ 5) at 10, 30, or 60 minutes after SCI.

Functional paralysis

Functional paralysis of the hind limb was determined using a

semiquantitative analysis during open field walking using the modi-

fied Tarlov scale: 0 ¼ total paraplegia; 1 ¼ no spontaneous move-

ment but responds to pinch; 2 ¼ spontaneous movement; 3 ¼ able

to support weight but unable to walk; 4 ¼ walking with gross defi-

cits; 5 ¼ walking with mild deficits; 6 ¼ normal walking [19, 26, 29].

Inclined plane test

Motor disturbances in the rat after SCI were determined using the

inclined plane test. Each rat was trained on a plane using an angle in

such a way that the rats could stay on it for 5 seconds without falling

[19, 26].

Perfusion and fixation

Five hours after SCI, rats were perfused through the heart with

0.1 mol phosphate bu¤er (pH 7.0) followed by 4% bu¤ered parafor-

maldehyde in 0.1 mol phosphate bu¤er. Perfusion pressure was

maintained at 90 torr throughout the process [17–19].

c-fos immunohistochemistry

Immunohistochemistry for c-fos was performed on free-floating

vibratome sections obtained from the T9 segment of the cord using

monoclonal c-fos antiserum (Calbiochem, Boston, MA) according

to the manufacturer’s protocol [23].

BSCB permeability and edema formation

BSCB permeability was measured using Evans blue (0.3 ml/

100 g) and ½131�Iodine (10 mCi/100 g) as described previously [26].

Spinal cord edema formation was examined by measurement of the

spinal cord water content [16, 20, 24, 25].

Spinal cord pathology

Spinal cord pathology was examined by light and electron micros-

copy. Spinal cord tissue pieces were embedded in para‰n or Epon

and examined by light microscopy. Epon-embedded tissue pieces

were processed for transmission electron microscopy [16, 20]. The

cell changes were graded from 1 (minimum) to 4 (maximum) and

analyzed [17].

Statistical evaluation

The quantitative or semiquantitative data obtained were analyzed

using ANOVA followed by Dunnet’s test for multiple group com-

parison from one control group. A p-value less than 0.05 was consid-

ered significant.
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Results

E¤ect of H-290/51 on motor function

Animals subjected to SCI showed profound motor

dysfunction at 5 hours. Administration of H-290/51

to rats either 10 or 30 minutes after SCI significantly

improved hind-limb function using the Tarlov scale or

the capacity angle derived from the inclined plane test

(Table 1). However, when the compound was adminis-

tered 60 minutes after SCI, no significant improvement

in motor function was seen.

E¤ect of H-290/51 on c-fos immunohistochemistry

Untreated SCI rats exhibited marked up-regulation

of c-fos expression in neurons of the injured as well as

adjacent segments in the edematous region of the spi-

nal cord. Administration of H-290/51 10 or 30 minutes

after SCI significantly attenuated c-fos expression in

the cord. This reduction in c-fos expression was most

marked in the ventral gray matter on the contralateral

side. In contrast, no apparent reduction in c-fos expres-

sion was seen in rats treated with H-290/51 60 minutes

after injury (Fig. 1).

E¤ect of H-290/51 on BSCB permeability

SCI rats that received H-290/51 either 10 or 30 mi-

nutes after injury showed a significant reduction in

Evans blue, radioiodine, or lanthanum extravasation

across the BSCB. However, treatment received 60

minutes after SCI did not reduce BSCB breakdown to

these tracers.

E¤ect of H-290/51 on spinal cord edema formation

Rats that received H-290/51 either 10 or 30 minutes

after injury did not exhibit much swelling and/or

increase in spinal cord water content. However, drug

administration 60 minutes after SCI failed to reduce

spinal cord water content or swelling.

E¤ect of H-290/51 on cell injury

Treatment of rats with H-290/51 either 10 or 30 min

following SCI reduced the gross expansion of the cord

Table 1. Post-trauma treatment with H-290/51 on the SCI-induced motor dysfunction, c-fos expression, BSCB permeability, spinal cord edema

formation, and cell injury in T9 segment in rats

Parameters measured n Control 5 h SCI H-290/51 treatment in 5 h SCI§

þ10 min þ30 min þ60 min

Motor dysfunction

Tarlov scale 5 6G 0 2G 1** 5G 1a 4G 1aa 2G 1ns

Capacity angle 5 60G 0 30G 2** 43G 4a 40G 6aa 32G 6aa

BSCB permeability

Evans blue mg % 6 0.24G 0.04 1.65G 0.12** 0.68G 0.12aa 0.79G 0.12aa 1.58G 0.42ns
½131�Iodine % 5 0.35G 0.06 1.96G 0.14** 0.72G 0.08aa 0.91G 0.09aa 1.88G 0.48ns

Edema formation

Cord width mm 6 3G 0.5 5G 0.5** 4G 0.5a 4G 1aa 5G 1ns

Water content % 5 66.12G 0.18 69.34G 0.23** 66.64G 0.18a 67.38G 0.12a 69.73G 0.28ns

Structural changes

c-fos positive cells 6 nil 34G 8 8G 4# 12G 6# 28G 8ns

Neuronal damage 5 nil 4 2G 1# 3G 1# 4G 1ns

Glial cell injury 5 nil 4 1G 1# 3G 1# 3G 1ns

Myelin damage 5 nil 4 2G 1# 2G 1# 4G 1ns

Endothelial injury 6 nil 4 2G 1# 2G 2# 4G 1ns

Cord width was measured in formalin fixed spinal cord specimens before embedding in para‰n [16]. § H-290/51 (50 mg/kg, p.o.) was admin-

istered 10 min, 30 min or 60 min after SCI. The cell changes were graded from 1 (minimum) to 4 (maximum) and analyzed in blinded fashion

[see 16].

Values are MeanGSD of 5–6 rats in each group.

BSCB Blood-spinal cord barrier; SCI spinal cord injury; * ¼ p < 0.05; ** p < 0.01 (compared from control); a ¼ p < 0.05; aa ¼ p < 0.01

(compared with 5-hour SCI), ANOVA followed by Dunnett’s test from one control. # ¼ p < 0.05, Chi-square test from 5-hour SCI group;

ns ¼ not significant (from 5-hour SCI group).
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edema, and micro-hemorrhages and damage to neuro-

pil were considerably attenuated. A clear distinction

between the gray and white matter was visible in these

rats. Several nerve cells with distinct were present and

swelling of neurons, astrocytes, and damage to myelin

were much less evident in the treatment groups than in

controls (Fig. 1, Table 1). At the ultrastructural level,

signs of vacuolation, perivascular edema and myelin

vesiculation were much less evident. On the other

hand, H-290/51 failed to exert any neuroprotective ef-

fects on the spinal cord cell injury seen either at the

light or electron microscopic level 60 minutes after

SCI (results not shown).

Discussion

The salient new findings of the present study are that

the chain-breaking antioxidant compound H-290/51,

if administered within 30 minutes after SCI, attenuates

motor dysfunction and spinal cord pathology at 5

hours. These observations suggest that oxidative stress

during the early hours of SCI plays an important role

in the secondary injury cascade that results in sensory

motor dysfunction and spinal cord cell and tissue in-

jury. However, when the antioxidant compound is ad-

ministered 60 minutes after SCI, no significant neuro-

protection or improvement in motor function was

noted. This suggests that blockade of lipid peroxida-

tion and/or generation of free radicals within the first

hour after trauma is neuroprotective in SCI.

Previous reports from our laboratory indicate that

treatment with H-290/51 requires 30 minutes to inhibit

lipid peroxidation and, thus, block generation of free

radicals [12, 20, 24]. The compound H290/51 in the

present study has a short time to onset, reaching pro-

tective concentrations in the central nervous system

within 30 minutes, with maximal e¤ect lasting more

than 6 hours [12]. Thus, administration of H-290/51

10 and 30 minutes after SCI is likely to inhibit further

production of free radicals around 40 minutes to 1

hour after trauma. On the other hand, administration

of the compound 1 hour after SCI exerts its influence

Fig. 1. c-fos expression (a,b) and cell changes (c,d) in the spinal cord ventral horn of the T9 segment 5 hours after SCI in control (b,d) H-290/

51 treated rats (a,c). H-290/51 was given 30 minutes after SCI. Administration of H-290/51 was neuroprotective. Marked up-regulation of c-fos

expression (arrows) was seen in the edematous area (*) after 5 hours SCI in control rats (b), but this was attenuated by H-290/51 (arrowheads)

(a). H-290/51 also induced neuroprotection (c). Only a few damaged nerve cells can be seen (arrowheads) after drug treatment compared to no

treatment (d)
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on free radical generation around 90 minutes after in-

jury, suggesting that blockade of lipid peroxidation

and/or generation of free radicals within 1 hour after

SCI is beneficial in nature, whereas later blockade of

free radical formation is ine¤ective. The detailed cellu-

lar and molecular mechanisms of such time-related

neuroprotection with the antioxidant in SCI are not

known and require additional investigation.

The antioxidant compound H-290/51 was able to

attenuate IEG expression in the cord as seen using c-

fos immunostaining. Since, the up-regulation of c-fos

was mainly located within the edematous expansion

of the spinal cord [23], a reduction in cell and tissue in-

jury with H-290/51 is probably responsible for the di-

minished IEG expression in drug-treated spinal cord

injured rats. These findings indicate that generation of

free radicals and lipid peroxidation are important fac-

tors in the c-fos up-regulation, a novel finding. The

fact that no reduction in c-fos expression was found

in spinal cord injured animals that received H-290/51

treatment 60 minutes after injury is in line with this

hypothesis.

Trauma to the spinal cord results in the release of

numerous molecules, free radicals, vasoactive com-

pounds, neurochemicals, growth factors, cytokines

and other proteins/factors in a cascade of events lead-

ing to cell and tissue injury [16–19, 25, 26]. It is be-

lieved that several endogenous compounds/factors re-

leased after trauma may have the ability to induce

neuroprotection, whereas numerous other endogenous

factors/elements increased after injury are likely to

have neurodestructive capabilities [16, 18]. Thus, a bal-

ance between endogenous neuroprotective and neuro-

destructive elements is crucial for cell injury and/or

survival. It remains to be seen whether an interaction

among di¤erent compounds/factors will synergisti-

cally potentiate or neutralize the neurodestructive

and/or neuroprotective capabilities of certain elements

in vivo. Thus, pharmacological blockade of release

and/or synthesis of endogenous neurodestructive

elements before the injury are likely to achieve neuro-

protection [1–3, 7]. However, when the same com-

pound is administered after the insult, the neuro-

protective e¤ect is either diminished or neutralized, as

several other endogenous compounds/factors are

likely to influence the outcome [32, 35]. Time-related

neuroprotection induced by H-290/51 treatment after

SCI in our present investigation is consistent with this

hypothesis.

Our results suggest that generation of free radicals

and oxidative stress plays an important role in SCI-

induced cell and tissue injury. Recent evidence has

shown that oxidative stress, generation of free radicals,

and nitric oxide can up-regulate vascular endothelial

growth factor (VEGF) expression in the microvascu-

lar endothelium [1, 2, 13, 14, 27, 32, 34–36]. An up-

regulation of VEGF is associated with breakdown of

microvascular permeability [32]. VEGF is a 45-kD gly-

coprotein secreted in the vascular wall by endothelial

and smooth muscle cells [14, 32]. VEGF is a major reg-

ulator of angiogenesis and increased microvascular

permeability [5, 7, 8]. Thus, VEGF up-regulation by

oxidative stress and generation of free radicals could

be one of the important factors in BSCB disruption in

SCI. The BSCB breakdown following SCI in this in-

vestigation and its amelioration with H-290/51 is in

line with this idea. However, further studies on expres-

sion of VEGF in SCI and its modification with H-290/

51 are needed to confirm this hypothesis.

A reduction in BSCB permeability to macromole-

cules in the spinal cord microenvironment results in ei-

ther quick resolution of edema or prevention of water

accumulation in the spinal cord [21, 24]. Alternatively,

in the absence of direct cell membrane damage, ac-

cumulation of water in the spinal cord extra- or intra-

cellular compartments is less likely [24]. Obviously, a

reduction in the BSCB permeability and edema forma-

tion by H-290/51 will induce neuroprotection [1, 2, 20].

Our observations show a close parallelism between

improvement in motor function and spinal cord cell

and tissue injury, indicating improvements in motor

function are related to spinal cord pathology [19, 26].

Improvement in motor function by antioxidants sug-

gests that cell and membrane damage by free radicals

is likely to contribute to functional paralysis. The

mechanisms by which antioxidants improve sensory

and motor functions are not known. However, it ap-

pears that antioxidant-induced stimulation of neuro-

trophins and/or growth factor receptors might play

some role.

Oxidative stress is known to stimulate VEGF and

other neurotrophins that are involved in necrosis/

apoptosis and to down-regulate neuroprotective neu-

rotrophins, such as brain-derived neurotrophic factor,

glial-derived neurotrophic factor, and nerve growth

factor [3, 5–8, 10]. Exogenous supplement of neuro-

trophins, e.g., brain-derived neurotrophic factor and

glial-derived neurotrophic factor in SCI, improves

motor function and cell injury and is consistent with

this idea [17]. However, further studies on expression
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of neurotrophins and/or their receptors in H-290/51-

treated SCI animals are needed to clarify these points.

Conclusion

The results presented in this investigation show for

the first time marked neuroprotection and improve-

ment of motor functions when the antioxidant com-

pound H-290/51 is administered 10 to 30 minutes after

SCI. These observations suggest that blockade of lipid

peroxidation and/or generation of free radicals within

the first hours after trauma is crucial for spinal cord

function. However, the antioxidant was ine¤ective

when administered 60 minutes after SCI, suggesting

that late blockade of lipid peroxidation and/or genera-

tion of free radicals are incapable of attenuating spinal

cord pathology. Understanding the cellular and mo-

lecular mechanisms of time-related neuroprotection

with the antioxidant requires additional investigation.
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Summary

We examined the potential e‰cacy of brain-derived neurotrophic

factor (BDNF) and glial-derived neurotrophic factor (GDNF) ap-

plied over traumatized spinal cord, alone or in combination, for

attenuating motor dysfunction, blood-spinal cord barrier (BSCB)

breakdown, edema formation, and cell injury in a rat model. Under

Equithesin anesthesia, spinal cord injury (SCI) was performed by

making a unilateral incision into the right dorsal horn of the T10–

11 segment. The rats were allowed to survive 5 hours after trauma.

The BDNF or GDNF was applied (0.1 to 1 mg/10 ml in phosphate

bu¤er saline) 30, 60, or 90 minutes after SCI. Topical application of

BDNF or GDNF 30 minutes after SCI in high concentration (0.5 mg

and 1 mg) significantly improved motor function and reduced BSCB

breakdown, edema formation, and cell injury at 5 hours. These ben-

eficial e¤ects of neurotrophins were markedly absent when adminis-

tered separately either 60 or 90 minutes after injury. However, com-

bined application of BDNF and GDNF at 60 or 90 minutes after

SCI resulted in a significant reduction in motor dysfunction and

spinal cord pathology. These novel observations suggest that neuro-

trophins in combination have potential therapeutic value for the

treatment of SCI in clinical situations.

Keywords: Spinal cord injury; neurotrophins, brain-derived neuro-

trophic factor; glial-derived neurotrophic factor; blood-spinal cord

barrier; spinal cord edema; motor dysfunction; spinal cord pathol-

ogy.

Introduction

Victims of spinal cord injury (SCI) include young

men aged 20 to 30 years that develop quadriplegia fol-

lowed by paraplegia [20, 22, 23, 26]. These patients are

often without any sign of voluntary motor or sensory

perception below the level of the lesion [20, 22, 23].

Thus, e¤orts should be made to improve the quality

of life for these young victims and to reduce the clinical

burden on society. One way to enhance spinal cord

neuroprotection and/or regeneration is to use neuro-

trophins. Neurotrophins are a family of growth factors

consisting of nerve growth factor (NGF), brain-

derived neurotrophic factor (BDNF), insulin-like

growth factor-1, neurotrophin-3, neurotrophin-4/5,

glial-derived neurotrophic factor (GDNF), ciliary

neurotrophic factor, and transforming growth factor-

b [1, 2, 5, 11, 13, 34]. Neurotrophins promote survival

and rescue nerve cells from death in trauma, ischemia,

or hypoxia [13, 19, 21, 22, 24], and promote neurite ex-

tension, neuronal survival, and di¤erentiation [2, 3, 20,

34]. However, their roles in the pathophysiology of

SCI and blood-spinal cord barrier (BSCB) dysfunction

are not well described.

Recently, GDNF was found to induce neuroprotec-

tion in an animal model of ischemic injury when ad-

ministered several hours after the insult [2, 5]. Ap-

plication of other neurotrophins, such as NGF and

neurotrophin-3, in animal models of CNS injury were

not e¤ective [7, 16, 20, 29]. The reasons behind such di-

verse e¤ects of neurotrophins in influencing cell injury

and cell survival in traumatic injury models are not

known and require additional investigation.

Previous works from our laboratory showed that

topical application of BDNF and insulin-like growth

factor-1, when given separately, are able to attenuate

BSCB breakdown, edema formation, and cell injury

in a rat model of SCI [21, 23, 24, 27–30]. However,

these beneficial e¤ects of neurotrophins are limited to

short periods ranging from 5 to 30 minutes after SCI

[21]. Thus, in order to discover the possible clinical sig-

nificance of neurotrophins in the treatment of SCI vic-

tims, further studies are needed. One point of interest is

whether a combination of neurotrophins will enhance



or neutralize the neuroprotective e‰cacy of the growth

factors in trauma models.

The present investigation was, therefore, carried-out

to examine e¤ects of BDNF or GDNF, either alone

or in combination, at various time intervals after SCI-

induced breakdown of BSCB permeability, edema for-

mation, cell injury, and motor function in a rat model.

Materials and methods

Animals

Experiments were carried out on 56 adult male Wistar rats (200–

250 g body weight, aged 20 to 28 weeks) housed at a controlled am-

bient temperature (21G 1 �C) with a 12-hour light, 12-hour dark

schedule. Food and tap water were provided ad libitum before the

experiments.

Spinal cord injury

SCI was produced under Equithesin anesthesia (0.3 ml/100 g

body weight, i.p.) by making an incision into the right dorsal horn

of the T10–11 segments using a scalpel blade [21]. The deepest part

of the lesion was close to the lamina VII–VIII [24]. The animals were

allowed to survive 5 hours after SCI. This method allowed study of

morphological changes in the ipsi- and contralateral sides of the cord

in several segments located rostrally and caudally from the lesion

site. This experiment was approved by the Ethics Committee of Up-

psala University, Uppsala, Sweden.

Treatments with neurotrophins

The BDNF or GDNF (Sigma-Aldrich, St. Louis, MO) was ap-

plied (0.1 to 1 mg/10 ml in phosphate bu¤er saline) over the trauma-

tized cord in separate groups of rats (n ¼ 5) 30, 60, or 90 minutes

after injury [21, 24]. In another group of animals (n ¼ 5), BDNF

and GDNF was applied in combination 60 or 90 minutes after SCI.

Functional paralysis

Functional paralysis of the hind-limb was determined using a

semiquantitative analysis using modified Tarlov scale [24, 25, 31,

32]. These experiments were conducted according to the National In-

stitutes of Health (USA) guidelines on the care and use of animals,

and approved by Animal Care and Experimental Committee of Ba-

naras Hindu University, Varanasi, India. The following score for

hind-limb function was used: 0 ¼ total paraplegia; 1 ¼ no spontane-

ous movement but responds to pinch; 2 ¼ spontaneous movement;

3 ¼ able to support weight but unable to walk; 4 ¼ walking with

gross deficits; 5 ¼ walking with mild deficits; 6 ¼ normal walk [31,

32].

BSCB permeability and edema formation

BSCB permeability was examined using Evans blue and ½131�I-
sodium in the perifocal T9 and T12 segments as described previously

[24, 25]. Spinal cord edema formation in the same segments was

examined using water content. The water content of the cord was

calculated from the di¤erences in the wet and dry weight. The dry

weight was obtained by placing the samples in an oven maintained

at 90 �C for 72 hours [22, 23].

Spinal cord pathology

In a separate group of rats, the animals 5 hours after SCI were per-

fused with Somogyi fixative and the T9 and T12 spinal cord segments

were taken out, photographed for visual swelling, and processed for

para‰n embedding. About 3 mm thick sections were stained with

hematoxylin and eosin, or Nissl for light microscopy, and examined

for sponginess, edema, cell injury, cell loss, and/or cell death in a

blinded fashion. A rough score of 1 (least) to 4 (maximum) was as-

signed for each parameter in individual animals for semiquantitative

analysis [22–24].

Statistical analysis

ANOVA followed by Dunnett’s test for multiple group compari-

son with one control group was used to evaluate statistical signifi-

cance of quantitative data obtained. The Chi-square test was applied

to evaluate semiquantitative data. A p-value < 0.05 was considered

significant.

Results

E¤ect of neurotrophins on functional paralysis

Untreated traumatized rats showed functional pa-

ralysis of the ipsilateral hind-limb at 5 hours after SCI

[24, 32]. Application of BDNF or GDNF alone (in

high concentration, 0.5 and 1 mg) 30 minutes after

SCI markedly improved motor function in a dose-

dependent manner. This e¤ect was not seen when neu-

rotrophins were applied individually 60 or 90 minutes

after trauma. On the other hand, when BDNF and

GDNF were applied in combination (0.5 mg each) 60

or 90 minutes after SCI, the functional outcome was

significantly improved compared to neurotrophins

given alone.

E¤ect of neurotrophins on BSCB permeability and

edema formation

Measurement of BSCB permeability showed pro-

found increase in Evans blue and radioiodine extrava-

sation in the T9 and T12 segments [21]. Topical appli-

cation of BDNF or GDNF significantly attenuated the

leakage of tracers across the BSCB when given 30 min-

utes after SCI, a feature not seen in animals receiving

neurotrophins alone either 60 or 90 min after trauma.

However, a marked reduction in BSCB to these pro-

tein tracers was observed when BDNF and GDNF

were co-administered over the injured spinal cord ei-

ther 60 or 90 min after the lesion.

Edema measurement showed a close parallelism be-

tween increased water content and leakage of tracers.

Thus, a significant reduction in water content was ob-
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served after individual application of BDNF orGDNF

30 minutes after SCI, and co-application of BDNF

and GDNF in high concentrations 60 or 90 min after

trauma (Table 1).

E¤ect of neurotrophins on spinal cord pathology

Marked neuroprotection is seen 5 hours after SCI in

rats that received either BDNF or GDNF in high con-

centration 30 minutes after injury. However, applica-

tion of neurotrophins separately 60 or 90 minutes after

SCI did not attenuate cell injury in the spinal cord.

When BDNF and GDNF were applied in combina-

tion 60 or 90 min after SCI, profound neuroprotection

was observed in the perifocal segments of the trauma-

tized cord (Fig. 1). The neurons, astrocytes, and the

myelin damage were minimal in this group of rats

compared with the untreated injured group (results

not shown).

Discussion

The salient new findings of the present investigation

showed that a combination of growth factors derived

from nerve cells (BDNF) [11, 36] and glial cells

(GDNF) [5, 7], when applied over the traumatized spi-

nal cord after 60 or 90 minutes, was able to attenuate

motor dysfunction and the pathophysiology of spinal

cord cell and tissue injury. However, application of

BDNF or GDNF alone at these time periods was in-

e¤ective. To our knowledge, these observations are

the first to show that BDNF and GDNF in combina-

tion potentiated the beneficial e¤ects of neurotrophins

in SCI, indicating that a suitable combination of neu-

rotrophins works in synergy to enhance neuro-

protection in CNS trauma, a finding that has not been

reported previously. Whether the additive e¤ects of

neurotrophins on neuroprotection are limited to a

select combination of growth factors is still not

known. Additional studies using various combinations

of neurotrophins are needed to clarify this point.

A decrease in endogenous neurotrophins in the spi-

nal cord following trauma deprives neurons and or

glial cells of their trophic support, resulting in atrophy

or cell death [35, 36]. Thus, exogenous supplementa-

tion of BDNF and GDNF in combination will likely

to rescue the nerve cells and glial cells from damage.

These observations suggest that both nerve cell and

Table 1. E¤ects of post-trauma treatment with BNDF or GDNF either alone or in combination on the SCI-induced motor dysfunction, BSCB

permeability, spinal cord edema formation, and cell injury in T9 segment in rats

Parameters measured n Control 5 h SCI Neurotrophins treatment alone (1 mg)§ Neurotrophins combination (1 mg)§

BDNF

þ30 min

GDNF

þ30 min

GDNF

þ60 min

BDNFþ GDNF

þ60 min

BDNFþ GDNF

þ90 min

Motor dysfunction

Tarlov scale 5 6G 0 2G 1** 4G 1a 5G 2aa 2G 2ns 5G 1aa 4G 1aa

Capacity angle 5 60G 0 30G 2** 40G 3a 42G 4aa 32G 3ns 48G 4aa 42G 6aa

BSCB permeability

Evans blue mg % 6 0.24G 0.04 1.65G 0.12** 0.87G 0.32a 0.79G 0.22aa 1.47G 0.43ns 0.72G 0.18aa 0.89G 0.23a
½131�Iodine % 5 0.35G 0.06 1.96G 0.14** 0.94G 0.12aa 0.89G 0.12aa 1.78G 0.56ns 0.81G 0.16aa 1.07G 0.24a

Edema formation

Cord width mm 5 3G 0.5 5G 0.5** 4G 1a 4G 0.5aa 5G 1ns 4G 0.5aa 4G 1a

Water content % 5 66.12G 0.18 69.34G 0.23** 67.67G 0.21a 67.23G 0.18a 68.76G 0.44ns 67.16G 0.12aa 68.21G 0.12a

Cell injury

Neuronal damage 5 nil 4 2G 1# 2G 1# 4G 1ns 2G 2# 2G 2#

Glial cell injury 5 nil 4 2G 2# 2G 1# 3G 1ns 2G 2# 3G 1

Myelin damage 5 nil 4 2G 2# 2G 2# 4G 1ns 2G 1# 4G 1

The SCI was performed by making a longitudinal incision into the right dorsal horn of the T10–11 segments and the animals were allowed to

survive 5 h after trauma. Cord width was measured in formalin-fixed spinal cord specimens before embedding in para‰n [24].

§ BDNF or GDNF (Total amount, 1 mg in 10 ml) was applied topically in separate group of animals after SCI. In combination, BDNF and

GDBF (0.5 mg each, total dose 1 mg) was used in identical manner.

BDNF Brain-derived neurotrophic factor; BSCB blood-spinal cord barrier; GDNF glial-derived neurotrophic factor; SCI spinal cord injury.

Values are MeanG SD of 5–6 rats in each group. * ¼ p < 0.05; ** p < 0.01 (compared from control); a ¼ p < 0.05; aa ¼ p < 0.01 (compared

from 5 h SCI), ANOVA followed by Dunnett’s test from one control); # ¼ p < 0.05, Chi-square test from 5 h SCI group; ns ¼ not significant

(from 5 h SCI group).
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glial cells actively participate in cellular and molecular

mechanisms of spinal cord cell and tissue injury during

the first hours of trauma.

Neurotrophic factors and their receptors are present

in the developing and adult spinal cord. The spinal

cord content of BDNF, GDNF, ciliary neurotrophic

factor, and NGF is very low under normal conditions

[3, 4, 11–13]. Alterations in neurotrophins or their re-

ceptors occur after SCI [20, 23, 29]. Increased expres-

sion of basic fibroblast growth factor mRNA in moto-

neurons and astrocytes is seen 6 hours after contusion

injury in rat that continued up to 2 days [6, 9]. Contu-

sion injury to the cord in cats and rats up-regulates

low-a‰nity NGF receptors in motoneurons, micro-

vessels, and in ventral funiculus [17, 18]. These ob-

servations suggest that neurotrophins participate in

trauma-induced alterations in spinal cord function.

Neurotrophin receptors influence neuronal survival

by modulation of neurotransmitters, neuropeptide

synthesis, and/or their release in the spinal cord [12,

Fig. 1. Structural changes in the contralateral ventral horn of the T9 segment following SCI (a) and its modification with GDNF alone (þ60

minutes, b) or in combination with BDNF 60 minutes (c) or 90 minutes (d) after trauma. SCI was performed on the right dorsal horn of the

T10–11 segments (see text for details). Trauma to the spinal cord resulted in profound nerve cell damage (arrows), edema, and sponginess (*) in

the untreated cord (a). Treatment with GDNF alone 60 minutes after SCI did not reduce trauma-induced cell and tissue injury (b). However,

when GDNF and BDNF was given in combination, the neurotrophins were able to induce the most marked neuroprotective e¤ect in animals

treated 60 minutes after SCI (c). This protective e¤ect of neurotrophins was considerably reduced when GDNF and BDNF were administered

90 minutes after trauma (d). Bar: 80 mm
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14, 15, 20, 33]. There are indications that communica-

tion occurs between neurotrophins, dynorphin, and cy-

tokines with their receptors located on neurons, glial

cells, inflammatory cells, meninges, blood vessels in

scar tissue, or perifocal edematous tissue [10, 20, 33].

Obviously, some signals are beneficial following

an up-regulation of certain kinds of neurotrophins,

whereas, increased expression of other types of neuro-

trophins may have adverse e¤ects [7, 19, 20]. Our study

suggests that BDNF and GDNF work together to en-

hance neuroprotection, probably by influencing bene-

ficial cell signaling pathways. The exact nature of these

pathways requires further investigation.

In animals treated with neurotrophins, trauma-

induced edema formation and cell injuries are consid-

erably attenuated and the distortion of nerve cells, glial

cells, and myelin vesiculation is much less apparent.

In addition, neurotrophins attenuated BSCB distur-

bances in SCI, indicating that neurotrophins influence

cell and membrane functions after injury. Treatment

of spinal cord cell and tissue injury with neurotrophins

followed by improvement in motor function suggests

that survival of nerve cells and myelin play an im-

portant role in motor function [31, 32]. Neurotrophin-

induced reduction in disturbances of the spinal cord

cell and tissue micro-fluid environment and/or mod-

ification of intracellular signal transduction cascades

such as Ca2þ injury signals could be responsible for

neuroprotective e¤ects [14, 16, 22]. Modulation of sen-

sory information processes by neurotrophins further

supports this idea [3, 8, 11, 12].

An inhibitory influence of neurotrophins on nitrous

oxide synthase up-regulation and/or cellular or oxida-

tive stress may also contribute to neuroprotection in

SCI [31, 32]. Improvement of motor function and re-

duction in cell and tissue injury following early block-

ade of oxidative stress and generation of free radicals

with the antioxidant H-290/51 are in line with this as-

sumption [32]. It remains to be seen whether combina-

tions of other growth factors will further potentiate

neuroprotective e¤ects of neurotrophins in attenuating

cellular stress and disturbances in the spinal cord fluid

microenvironment, a feature currently being investi-

gated in our laboratory.

Conclusion

In conclusion, our study demonstrates that a combi-

nation of BDNF andGDNF, when administered 60 or

90 minutes after SCI, attenuates motor dysfunction,

BSCB breakdown, edema formation, and cell injury

in a rat model, a feature not seen when these neurotro-

phins are applied individually at these time periods.

These observations suggest that BDNF and GDNF

in combination act in synergy to potentiate their neu-

roprotective e¤ects in SCI during the early hours after

trauma, indicating a potential therapeutic value for

growth factors in a clinical setting in the future.
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astrocytic reaction, and structural changes in the rat spinal cord
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Summary

The possibility that a chronic nerve ligation impairs the spinal

cord cellular microenvironment was examined using leakage of en-

dogenous albumin, reaction of astrocytes, and structural changes in

a rat model. Rats subjected to 8 weeks of unilateral L4/L5 nerve

ligation (a model of neuropathic pain) showed leakage of albumin,

up-regulation of glial fibrillary acidic protein (GFAP) immunoreac-

tion, and abnormal cell reaction. Distortion and loss of nerve cells as

well as general sponginess of the graymatter was clearly evident. Cell

changes were present in both dorsal and ventral horns and were most

marked on the ipsilateral side compared to the contralateral cord.

Nerve cell and glial cell changes are normally present in the regions

showing intense albumin immunoreactivity, indicating disruption of

the blood-spinal cord barrier (BSCB). Our observations indicate that

a chronic nerve lesion has the capacity to induce selective breakdown

of the BSCB that could be responsible for activation of astrocytes

and abnormal cell reaction. These findings enhance our understand-

ing of the pathophysiology of neuropathic pain and/or other spinal

cord disorders.

Keywords: Spinal nerve lesion; blood-spinal cord barrier;

immunoreactivity; pain.

Introduction

Peripheral neuropathy, nerve lesion, or spinal nerve

ligation induces profound changes in the spinal cord

microenvironment and selective neuronal damage [9,

18, 34]. Alterations in the fluid microenvironment of

the spinal cord participate in the slow degenerative

changes in the cord [22, 24, 36]. The spinal cord is

equipped with a blood-spinal cord barrier (BSCB)

that restricts the passage of proteins and other harmful

molecules within the spinal cord under normal con-

ditions [21, 22, 24]. However, in several spinal cord

disorders including multiple sclerosis, experimental al-

lergic encephalomyelitis, and traumatic or ischemic in-

juries to the cord, a breakdown of the BSCB to protein

is commonly seen [22, 24]. Passage of proteins and

other unwanted molecules that gain access to the brain

or spinal cord microenvironment are likely to result in

a series of events leading to abnormal cell reactions

[21, 23]. Breakdown of the BSCB is associated with

activation of astrocytes, vesiculation of myelin, and

nerve cell reaction in several acute and chronic spinal

cord disorders, e.g., multiple sclerosis, experimental

allergic encephalomyelitis, or spinal cord injury [5, 6,

19, 23]. Alteration in several neurochemical mediators

of microvascular permeability within the cord, includ-

ing opioids, serotonin, prostaglandins, histamine, ni-

tric oxide, carbon monoxide, and cytokines, appear to

play important roles in BSCB disruption and cell in-

jury [6, 19, 22, 23, 25, 32]. Since neuropathic pain is

also known to alter the metabolism of these neuro-

chemicals [9, 11, 13], a possibility exists that break-

down of the SBCB could contribute to neurodegenera-

tive changes in the cord caused by the nerve lesion.

Previous studies suggest that models of chronic neu-

ropathic pain can be achieved in experimental models,

e.g., lesion or ligation of peripheral spinal nerves of

L5 and L6 segments in the rat [7, 8, 15, 16]. Animals

exhibit symptoms of chronic neuropathic pain, such

as hyperalgesia, 4 to 8 weeks after receiving the nerve

lesion [7, 8, 11, 13, 15, 16]. Using animal models, we

found profound up-regulation of the enzymes nitric

oxide synthase (NOS) and heme oxygenase (HO-2),

which are responsible for production of nitric oxide

and carbon monoxide, respectively, in the spinal cord



in areas showing marked cellular changes [11, 13].

Since up-regulation of both NOS and HO-2 in spinal

cord injury is often associated with breakdown of mi-

crovascular permeability and cell changes [20, 22, 23,

27–32], the present investigation was undertaken to

examine the BSCB in the rat with neuropathic pain.

Structural changes and activation of astrocytes in the

spinal cord were also studied.

Materials and methods

Animals

Experiments were carried out on adult male Sprague-Dawley rats

weighing 270–310 g housed in controlled ambient temperature

(21G 1 �C) with a 12-hour light and dark schedule. Food and tap

water were supplied ad libitum.

Neuropathic pain models

Under inhalation anesthesia (a mixture of 2% enflurane and a 1 :1

flow ratio of O2 and N2O), the L4 spinal nerve was exposed [11–13].

In a separate group of rats, the spinal nerve was ligated as described

earlier [7, 9, 11, 13, 15, 16]. A sham group received the same surgical

procedures, except for the nerve injury. Sham and nerve-lesioned rats

were allowed to survive for 8 weeks after surgery [13]. Care was tak-

en according to the National Institutes of Health Guidelines (USA)

so that animals did not su¤er pain during this period. This experi-

mental protocol was approved by the Medical Ethics Committee

for Animal Studies at Uppsala University.

Immunohistochemistry

Using standard immunohistochemical techniques, endogenous

serum proteins (albumin and fibronectin) and glial fibrillary acidic

protein (GFAP) were examined in spinal cord L4/L5 segments ac-

cording to a standard protocol [25, 26]. The integrity of the BSCB

was studied using polyclonal albumin and fibronectin antibodies

(Sigma-Aldrich, St. Louis, MO). The state of astrocyte activation

was examined using polyclonal GFAP antibodies [26].

The reaction was visualized using 3-amino-9-ethycarbazole (Vec-

tor Laboratories, Burlingame, CA) and counterstained with hema-

toxylin. Reagent controls (omitting the primary antibody or substi-

tuting nonimmune serum for the primary antibody in the staining

protocol) on tissue sections revealed no staining, thus confirming

the specificity of the primary antibodies used.

The changes in immunohistochemical staining were assessed using

semiquantitative analysis in the dorsal and ventral horns in both the

ipsilateral (right) and contralateral (left) sides (Table 1).

Morphological study

Tissue pieces from the L5 segment of the cord were embedded in

Epon resin (Resolution Europe BV, The Netherlands) for routine

light and electron microscopy for structural investigation [13, 27,

28, 33]. In brief, for high resolution light microscopy, about 1 mm

thick sections were cut and stained with toluidine blue and examined

with a light microscope for gross pathology. Ultrathin sections from

the dorsal and ventral horns were cut, counterstained with lead ace-

tate and uranyl citrate, and examined under a Phillips Transmission

Electron Microscope [11, 13]. For semiquantitative analysis, the

number of distorted nerve cells was counted in dorsal and ventral

horn in both the ipsilateral and contralateral sides of the L5 spinal

cord segment [11, 13, 28].

Statistical analysis

Quantitative or semiquantitative data were analyzed using AN-

OVA followed by Dunnett’s test for multiple group comparison. P-

value less that 0.05 was considered significant.

Results

Spinal nerve ligation and spinal cord morphology

Marked neurodegenerative changes in the spinal

cord were most pronounced in the ipsilateral dorsal

and ventral horns (Fig. 1). These changes include va-

cuolation of neuronal cytoplasm, degeneration of my-

elin, and distorted neurons. Epon sections (1 mm thick)

of the spinal cord L5 segment stained with toluidine

blue exhibited pronounced structural changes. Thus,

dark and distorted nerve cells, vacuolation in neuronal

cytoplasm, and degeneration of myelin were frequent

in the ipsilateral L5 segment of the cord (Fig. 1e).

These nerve cell changes were most marked in the ipsi-

lateral side compared to the contralateral cord (Fig.

1). Mild degenerative changes around the perivascu-

lar regions were prominent by electron microscopy

(Fig. 1f ). Vesiculation of myelinated nerves and dam-

aged synapses were also present (Fig. 1). The sham-

operated group did not show any abnormal nerve cell

reaction in the cord compared to control group.

Spinal nerve ligation and extravasation of endogenous

serum proteins

Profound extravasation of albumin and fibronec-

tin was observed in the spinal cord gray matter of

the nerve-lesioned animals in the regions associated

with nerve cell damage (Table 1). This increase in

albumin and fibronectin immunoreactivity was most

pronounced in the ipsilateral cord compared to the

contralateral side (Table 1; Fig. 1a,b). The sham-

operated group did not exhibit any increase in endoge-

nous albumin or fibronectin immunostaining.

Spinal nerve ligation and activation of astrocytes

The spinal nerve lesion showed a marked increase in

GFAP 8 weeks after the nerve lesion (Fig. 1c,d, Table
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1). This increase in GFAP-immunoreactive cells was

significantly higher in the ipsilateral cord compared

to the contralateral side (Table 1; Figs. 1c,d). Sham-

operated animals did not show increased GFAP im-

munoreactivity compared to normal rats [25].

Discussion

The salient new finding in the present investigation

is a marked change in the spinal cord environment 8

weeks after a nerve ligation, which correlates well with

Fig. 1. Leakage of albumin (a,b), activation of astrocytes (c,d), and morphological alterations within the spinal cord neuropil at light (e) and

electron (f ) microscopy 8 weeks after nerve lesion (for details, see text). Extravasation of albumin can be seen within the neuropil and a few

damaged and distorted nerve cells are infiltrated with albumin (arrows). The intensity of albumin extravasation and damaged nerve cells is most

prominent in the ipsilateral (right) side compared to the contralateral cord (a,b). Over-expression of GFAP is seen in the ventral horns of ipsi-

lateral and contralateral cord (d). The magnitude and intensity of GFAP immunostaining can be seen around the damaged nerve cells (arrows)

located in the edematous regions (*). Several distorted nerve cells (arrows) are present in the spinal cord in the ventral horn (e). A few normal

nerve cells (arrowhead) are also seen. At the ultrastructural level (f ), perivascular edema (*) and damage to astrocytic end-feet is visible. Vesic-

ulation of myelin (arrows) and degeneration of neuropil is also seen. Bar: a,b ¼ 100 mm; c,d ¼ 60 mm; e ¼ 25 mm; f ¼ 1 mm. Data (e,f ) modi-

fied after [13]
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leakage of endogenous albumin, activation of astro-

cytes, and structural changes in the cord. Our results

show that an experimental model of chronic neuro-

pathic pain produced by a peripheral nerve lesion is as-

sociated with neurodegenerative changes in the spinal

cord.

The structural changes can be seen 2 weeks after

nerve lesion and are progressive up to 8 weeks. Since

our observations are limited to the survival period of

8 weeks, it is unclear whether neurodegenerative

changes in the spinal cord are maximal at this time or

are reversible. To confirm this point, studies beyond 8

weeks (10 to 20 weeks) are needed.

The other important finding of this investigation is

that the contralateral side also shows neurodegenera-

tive changes. However, the magnitude and intensity

of changes in the contralateral cord are less com-

pared to the ipsilateral side. This indicates that a pe-

ripheral nerve lesion or chronic neuropathic pain-

induced widespread alterations in the spinal cord

neurochemical environment could contribute to some

of these structural changes. Previous reports showing

pronounced up-regulation of NOS and HO-2 expres-

sion in both ipsi- and contralateral cord at a similar

time period following nerve lesion is in line with this

idea [11–13].

Increased production of nitric oxide and carbon

monoxide is evident with over-expression of the en-

zymes NOS and HO-2, respectively, in the brain and

spinal cord following hyperthermia or trauma and is

associated with breakdown of BSCB permeability,

activation of astrocytes, and nerve cell injury [20, 21,

27, 28, 31–33]. These observations suggest that a

chronic nerve lesion induces alteration in the neuro-

chemical environment and/or release of secondary in-

jury signals responsible for neurodegenerative changes

in the cord. Reduction in nerve lesion-induced spinal

cord cell damage by pharmacological inhibition of

NOS in this model further supports this hypothesis.

Our observations showing extravasation of endoge-

nous albumin and fibronectin in the regions associated

with cell damage confirm that breakdown of the BSCB

contributes to secondary cell and tissue injury follow-

ing a spinal nerve lesion. Leakage of albumin and fi-

bronectin was most pronounced in the ipsilateral cord

compared to the contralateral side. These observations

indicate that breakdown of the BSCB is one of the im-

portant factors in cell and tissue injury in the chronic

neuropathic pain model. Breakdown of the SBCB ex-

poses the spinal cord microenvironment to restricted

molecules and serum proteins that are normally ex-

cluded by the intact barrier leading to abnormal cell

reactions [21–24].

Disruption of the BSCB will also expose astrocytes

to serum components. Astrocytes are important con-

structional elements of the spinal cord and have many

additional functions under normal and pathological

conditions [1, 2, 6]. These cells play important roles

Table 1. Leakage of albumin, activation of astrocytes, and morphological alterations 8 weeks after nerve ligation in the rat spinal cord

Parameters measured n Control Sham Nerve lesion 8 weeks§

Right Left Right Left Right Left

BSBC permeability

Number of albumin-positive cells 6 nil nil nil nil 68G 8 46G 12a

Astrocytic activation

Number of GFAP-positive cells 5 6G 2 8G 3 10G 4 8G 5 108G 23** 68G 16**a

Structural changes 5

Nerve cell reaction nil nil G? nil þþ þ
Glial cell reaction nil nil G? nil þþþ þ
Endothelial cell reaction nil nil nil nil þþ þ

Albumin extravasation was used to detect blood-spinal cord barrier breakdown. Activation of astrocytes was assessed by immunostaining of

glial fibrillary acidic protein (GFAP) immunoreactivity. Morphological changes were examined using standard light and electron microscopy

[for details see text].

§ Spinal nerve lesion was produced at L5 level and the animals were allowed to survive 8 weeks [11, 13].

BSBC Blood-spinal cord barrier; GFAP glial fibrillary acidic protein; nil absent;G? uncertain; þ mild; þþ moderate; þþþ considerable [see

text].

Values are MeanGSD of 5–6 rats in each group.

** ¼ p < 0.01 (compared from control); a ¼ p < 0.05; (compared from right side), ANOVA followed by Dunnett’s test from one control.
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for normal BSCB functions and for homeostasis of the

extracellular environment of the parenchyma [19]. As-

trocytes are potential targets for chemical signals

released from neurons and possess binding sites for

neuro-active peptides, amino acids, amines, and eico-

sanoids [17]. Pathological processes a¤ecting the spinal

cord are associated with swelling of astrocytes and the

formation of gliosis that involves proliferation and hy-

pertrophy of astrocytes [1–4, 10, 14]. Gliosis involves

activation of metabolic processes with production of

cytoskeletal components including GFAP [3, 4]. It

seems likely that alterations in the microenvironment

of the spinal cord by metabolic, traumatic, or ischemic

insults could play an important role in activating as-

trocytes either directly or by altered neurochemical

metabolism [2, 5, 6, 10, 26, 35]. Our results show that

the chronic neuropathic pain model up-regulates

GFAP, indicating activation of astrocytes and forma-

tion of gliosis. The detailed mechanism of gliosis in

chronic nerve lesion remains unclear, however.

When cells and tissues are exposed to serum com-

ponents, several chemical, ionic, or immunologic re-

actions take place [6]. Since astrocytes participate in

BSCB function and homeostasis of the spinal cord,

leakage of serum proteins and other factors activate

astrocytes resulting in activation of GFAP [5]. The

close correlation of albumin and GFAP immunoreac-

tivity supports this hypothesis.

That leakage of serum proteins is related to nerve

cell damage is evident from our findings, showing pro-

found uptake of albumin by several neurons in the

neuropil [21, 22, 24]. Uptake of serum proteins by neu-

rons indicates that nerve cells are going to die from is-

chemia [19, 21, 23]. It may be that similar mechanisms

are operating in ischemia and chronic nerve lesion-

induced cell damage. To confirm these findings fur-

ther, studies using specific markers of nerve cell death

or DNA damage are needed in the neuropathic pain

model.

Conclusion

Our results demonstrate that a chronic nerve liga-

tion is associated with breakdown of BSCB permeabil-

ity and activation of astrocytes. Glial cell activation is

related to alterations in the brain fluid microenviron-

ment. These observations are in line with our hypothe-

sis that alteration in the brain fluid microenvironment

following a chronic nerve lesion plays a key role in spi-

nal cord neurodegeneration.
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Summary

Two di¤erent technical principles of gravitational valves (G-

valves) have been presented: counterbalancer and switcher G-valves.

The objective of our prospective study was to look for clinically rele-

vant di¤erences between both.

A total of 54 patients with normal-pressure hydrocephalus (NPH)

were treated; 30 patients received an Aesculap-Miethke GA-Valve

(GAV; counterbalancer), and in 24 patients an Aesculap-Miethke

Dualswitch-Valve (DSV; switcher) was implanted. The opening

pressure of the posture-independent valve was 5 cm H2O in both de-

vices. The outcome was clearly better with the usage of the GAV

than with the DSV. The frequency and severity of complications

was pronounced in the DSV group.

We recommend the Aesculap-Miethke-GAV valve with a low

opening pressure in a posture-independent valve for patients with

NPH.

Keywords: Hydrocephalus; normal-pressure hydrocephalus; over-

drainage; shunt.

Introduction

It has recently been shown that low-pressure valves

may result in a better clinical outcome in patients suf-

fering from normal-pressure hydrocephalus (NPH)

than medium-pressure valves [4]. The disadvantage

with low-pressure valves is their more than 70% over-

drainage compared to about 30% with medium-

pressure valves [4, 15]. These findings represent a clini-

cal dilemma when choosing a shunt [16]. With a higher

opening pressure, clinical results are probably worse,

but the overdrainage risk is less. In contrast, better

clinical results may be expected using a low-pressure

valve, but at the cost of higher overdrainage rates.

Accordingly, shunts such as gravitational valves (G-

valves), which allow su‰cient drainage in the prone

position yet also prevent overdrainage in the upright

position, could be a good solution to this problem.

Up until now, 2 di¤erent technical solutions for G-

valves have been introduced: the switcher type and

the counterbalancer type. To date, there have been no

reports in the literature comparing the 2 constructions.

Materials and methods

Patients

The study was performed at 2 neurosurgical centers. Center A

used a counterbalance G-valve (n ¼ 30), and Center B a switcher

G-valve (n ¼ 24). A total of 54 patients (38 men, 16 women) with

NPH (89% idiopathic NPH) were evaluated. The average age was

66G 12 years (range: 29 to 83 years). Each patient was required to

have at least 2 symptoms of Hakim’s Triad and an Evans Index >

0.3. The average follow-up was 12G 4 months.

Indications

We performed a constant-volume infusion test in each patient [9,

10, 13, 14]. If the patients had an outflow resistance > 13 mmHg/

ml�min, they became candidates for shunting.

Treatment

Each patient received a non-adjustable, low-pressure G-valve with

an opening pressure of 5 cm H2O in the prone position. The opening

pressure selected for the upright position depended on the level of hy-

drostatic pressure to be compensated.

G-valves are posture-dependent because they change their total

resistance based on the patient’s posture. In contrast, conventional

di¤erential-pressure valves are posture-independent because their

opening pressure remains the same regardless of the posture and hy-

drostatic pressure.

Outcomes

Preoperatively and at 1 and 12 months postoperatively, each pa-

tient was examined clinically and radiologically by magnetic reso-



nance imaging (MRI). To document the clinical state, we used the

Kiefer Index and Recovery Index and its adaptation to Black’s

Grading [10, 11]. The ventricular size was estimated using the Evans

Index.

Statistics

We used the Mann-Whitney U test and the Wilcoxon matched

pair test at a significance level of a ¼ 0:05.

Technical note (Fig. 1)

Aesculap-Miethke Dualswitch-Valve (DSV) (Christoph Miethke

GMBH & Co. KG, Potsdam, Germany)

The DSV represents the switcher-type of G-valve [10]. It has 2

valves in 1 housing: A low-pressure valve for the lying position and

a high-pressure valve for the upright position. A tantalum ball

switches between both in accordance to posture. Typically at an an-

gle of 60 to 70� the DSV inactivates the low-pressure valve and only

the high-pressure valve may be passed by cerebrospinal fluid (CSF).

However, a person’s posture is not restricted by 2 extremes: lying flat

and sitting or standing upright. If the patient is in an inclined posi-

tion between 0 to 60�, the hydrostatic pressure rises while the DSV

still allows passage of CSF via the low-pressure chamber. At first

view, this may result in overdrainage; however, the tantalum ball

can close the low-pressure chamber at an inclined position < 60� if

the di¤erential pressure is high, the CSF flow rate is high, and the po-

sition approaches 60�. In other words, at an incline angle > 0� and

< 60�, the DSV acts as a flow-regulated valve. Its flow characteristics

are determined by the temporal proportion while the low-pressure

and the high-pressure valve are activated.

At an incline angle > 70� the low-pressure valve is permanently

closed. However, the opening pressure of the high-pressure valve

has to be selected according to the hydrostatic pressure in the com-

pletely upright position, so at an angle > 70� and < 90� the DSV

may cause slight underdrainage.

To summarize, the DSV may have a tendency for overdrainage at

an incline angle < 60� and underdrainage at an incline angle > 70� if
the patient is not in the extreme positions of lying flat or being totally

upright. In daily practice, this is not relevant except in immobilized

persons, because time intervals of slight over- or underdrainage may

compensate for each other resulting in an overall physiological CSF

drainage.

The advantage of this valve is that it is not as sensitive to under-

drainage for wrong implantation (not in exact alignment with the

vertical body axis, which may be di‰cult in some instances) com-

pared to the counterbalancer type.

Aesculap-Miethke Gravity-Assisted-Valve (GAV) (Christoph

Miethke GMBH & Co. KG, Potsdam, Germany)

The GAV is a counterbalancer G-valve [15]. A normal di¤erential

pressure valve acts independently from posture and a second valve in

the same housing changes its characteristics depending on posture.

The opening pressure of the posture sensitive valve depends on the

incline angle and the weight of its tantalum ball. The weight of the

tantalum ball corresponds exactly to the weight of the hanging CSF

column, which has to be compensated for in the upright position. If

the patient lies flat, it is inactive. But even at a minimal incline posi-

tion, the tantalum ball begins to close the posture-sensitive valve.

The closing pressure of the posture-sensitive part of the device can

be calculated as: sin (incline angle)� weight of tantalum ball.

So, the counterbalancer G-valve adjusts its resistance analogous to

the changing hydrostatic pressure. Therefore, it may be assumed that

the GAV compensates hydrostatic pressure more exactly in each po-

sition beyond extremes than the DSV.

One disadvantage is that a correct implantation is critical for cor-

rect function of the valve. If it is not implanted exactly in alignment

with the vertical body axis, the GAV has a tendency toward under-

drainage.

Results

Preoperative state

The average Kiefer Index of the GAV-group was

with 8.0G 4.0 points (range: 1 to 18), not significantly

di¤erent from the DSV group with 9.7G 4.3 points

Fig. 1. Position-dependent relative increase in hydrostatic pressure and alteration of the valve’s total resistance. The increase in hydrostatic

pressure as a patient stands up is equal to the increase and relative compensation of hydrostatic pressure by GAV; therefore, both curves are

represented by one line
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(range: 1 to 19) (p ¼ 0.140). The same is true for the

preoperative ventricular size, which was 0.42G 0.08

(range: 0.3 to 0.66) on average for the GAV group

and 0.39G 0.06 (range: 0.33 t 0.55) for the DSV group

(p ¼ 0.114).

Other clinical parameters such as Body Mass Index

(p ¼ 0.188), resistance to outflow (p ¼ 0.124), and

distribution of idiopathic or secondary NPH did not

di¤er in either group.

However, the DSV group was 9 years older on aver-

age (71G 9 years) than the GAV group (62G 13

years) (p ¼ 0.009). Although the age di¤erence did

not create a di¤erence in patient outcome (p ¼ 0.064),

a trend towards a worse outcome with higher age

should be kept in mind when interpreting the totality

of our results.

Postoperative findings

At the time of the last examination, the average Kie-

fer Index decreased in both groups (DSV, 5.5G 3.8

points; GAV, 2.3G 2.8 points) compared to preopera-

tive condition (DSV, p < 0.000; GAV, p < 0.000). A

striking di¤erence became obvious when comparing

the number of shunt responders (Recovery Index > 2),

which was 94% in the GAV group compared to 62% in

the DSV group (p < 0.000).

After shunt implantation, ventricular size decreased

in both groups (DSV, p ¼ 0.035; GAV, p ¼ 0.012).

However, ventricular shrinking was more pronounced

in the GAV group (11G 12% Evans Index decrease

on average) than in the DSV group (5G 6% Evans

Index decrease on average) (p ¼ 0.016); however, cor-

relation between the extent of ventricular decrease and

clinical benefit was not obvious (DSV, p ¼ 0.339;

GAV, p ¼ 0.328).

Complications

The overall complication rate was 20% (11% re-

quiring operative revision). Nine patients (16%) ex-

perienced some sign (clinical and/or radiological) of

overdrainage. However, only 4 (7%) required further

intervention: 1 due to intractable orthostatic headache;

2 due to chronic subdural hematoma > 1 cm; and 1

due to an acute subdural hematoma, which required

shunt occlusion and burr-hole trephination. In all op-

erative revisions due to overdrainage the hydrostatic

compensation was increased (using G-valves with

higher hydrostatic compensation or by adding an

Aesculap-Miethke Shunt-Assistant into the existing

shunt).

In 3 patients, an asymptomatic chronic subdural

hematoma < 5 mm could be detected at the first post-

operative MRI, which absorbed spontaneously in all 3

patients within 12 weeks without specific treatment.

Two patients presented with asymptomatic slit ven-

tricles, but no proximal shunt occlusions have been

necessary.

Some clear di¤erences between the 2 groups can be

recognized. The relative frequency of overdrainage

was 21% in the DSV group, whereas it was 13% in the

GAV group. Three of 5 patients in the DSV group who

experienced overdrainage required re-operation, while

only 1 of 4 patients in the GAV group required an op-

eration to treat overdrainage.

Shunt-infection and underdrainage did not occur.

The latter was excluded in all non-responders by infu-

sion tests.

In each group, 1 patient required surgical revision as

a result of shunt failure due to distal tube kinking.

Discussion

The optimal opening pressure for NPH is still under

discussion [15]. Recently, a study showed better clinical

results with low-pressure valves compared to medium-

pressure valves [4], but with a higher overdrainage

rate (70% versus 30%). In Boon’s study [4], conven-

tional di¤erential-pressure valves without any feature

to counteract overdrainage were used. The question re-

sulting from this study was whether there are valves

available that provide su‰cient drainage in the prone

position, and also counteract the influence of siphon-

ing in the upright position.

The best technical solution to counteract siphoning

is still a matter of debate. CSF flow restriction by very

thin tubes [1, 2], flow-regulated conventional high-

pressure shunts [7], or on-o¤ valves [2] may reduce

overdrainage, but at the cost of su‰cient drainage in

the lying position [2]. The antisiphon device was the

first technical solution to prevent overdrainage [2],

but its sensitivity to external pressure (e.g. occlusion

due to increased subcutaneous pressure temporarily

while lying on it or permanently from scars) is critical

[2]. Another solution, which does not carry the inher-

ent risk of occlusion by external forces yet also allows

su‰cient drainage in the prone position and prevents

siphoning, is the G-valve [10, 12, 14, 15]. Previous ex-
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periences were confined to medium-pressure G-valves

only.

Based on Boon’s findings [4], it was our hope that G-

valves with low prone opening pressures would still get

good clinical results without high overdrainage rates.

Overall we had a better clinical outcome in 80% of

shunt responders in contrast to earlier studies [3–5, 8,

17, 18]. Accordingly, our study shows that a better out-

come can result from improved shunt technology, a

fact which has not been found with several other shunt

designs [6]. Only the Orbis-Sigma study [7] and studies

with medium-pressure G-valves [10, 12, 14, 15] pro-

vide similarly favorable data.

The overall complication rate of 20%was at the low-

er end of the published outcomes [18]. While long-term

results were not presented, and with the knowledge

that further complications may yet occur, the first

postoperative year appears most susceptible to compli-

cations [6]. Hopefully, these values will not rise dra-

matically.

Overdrainage occurred in 16% (9% asymptomatic

and only radiologically detected) of our patients

with low-pressure G-valves overall. This result is fa-

vorable compared with studies of other low-pressure

shunts (70%) [4]. It is only slightly better than the 20%

value provided for conventional medium- to high-

pressure shunts [18], and it is worse than the results

with medium-pressure G-valves (4%) [10, 12, 14].

Di¤erences between both constructions

The low-pressure DSV results correspond well with

those of medium-pressure G-valves [10, 12, 14], with

both groups being among the best mentioned in the

NPH literature, while the low-pressure GAV provides

an even better outcome.

Frequency and seriousness of overdrainage were dif-

ferent also. Though still better than the values of con-

ventional low-pressure (non-gravity-assisted) valves

[4], the low-pressure DSV had an overdrainage rate

similar to non-gravity-assisted medium- to high-

pressure valves [5, 8, 18]. While not as outstanding

as the overdrainage rates of medium-pressure G-

valves [10, 12, 14], overdrainage frequency of the

low-pressure GAV was significantly lower than those

values typically mentioned for non-gravity-assisted

medium-pressure valves [2, 4, 5, 18]. The superiority of

the low-pressure GAV compared to the low-pressure

DSV also holds true regarding the seriousness of over-

drainage sequels. Despite the overall better avoidance

of overdrainage, ventricular size reduction was more

pronounced with the GAV.

The interpretation of these values is di‰cult. None

of these facts alone can explain the di¤erent outcomes

of both groups. Ventricular shrinking has no correla-

tion between complication rates and outcome, and in-

creasing age provides only a trend toward worse out-

come.

The fact that the DSV leads to a lower diminution of

the ventricular size, but on the other hand has a higher

overdrainage rate, seems contradictory at first view. If

we believe excessive ventricular shrinkage is based on

excessive CSF drainage and underdrainage results in

shunt non-responders, then the GAV tends to drain

more physiologically.

Less physiological drainage can result in 2 more fre-

quently occurring situations. First, overdrainage oc-

curs with a greater reduction in ventricular size. Sec-

ond, shunt non-responders occur at a higher rate (due

to underdrainage) with little to no ventricular reduc-

tion.

Physiological drainage results in fewer patients with

underdrainage and overdrainage complications. With

physiological drainage, the change in ventricular size

is based on the underlying physiology of the specific

patient, and thus it occurs at varying levels. Previous

works with endoscopic third ventriculostomy and

gravitational shunts show that clinical improvement

does not correlate with changes in ventricular size [10].

From a statistical standpoint, because the level of

shunt responders was 32% better with the GAV group

and the di¤erence in overdrainage was significantly

less between the groups, it makes sense to assume that

the GAV group would have a greater size reduction.

This occurs because the di¤erence in the number of

underdraining patients is greater than the number of

overdraining patients. By definition, the shunt re-

sponders’ ventricle reduction is random and does not

impact the equation.

Since underdrainage and physiological drainage

look the same radiologically, the percentage of non-

responders is the best way to tell them apart. If these

hypotheses are correct, then di¤erences between the

GAV and DSV are to be expected, and are not contra-

dictory. Only functional di¤erences between the valve

types can explain this superficial contradiction.

If a patient remains long-term in an intermediate

posture between lying flat and <60� upright, the posi-
tioning is steep enough to evoke a hydrostatic pressure

but not steep enough to close the low-pressure valve of
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the DSV permanently. The angle of 60� is so critical

for the function of the DSV because the low-pressure

valve closes at 60–70� and the high-pressure valve re-

mains open for CSF. Lying nocturnally with an ele-

vated head, which may be more common in elderly

patients, may be a critical posture. The low-pressure

valve of the DSV was selected in accordance with the

requirements of the drainage for lying flat, when no

hydrostatic pressure occurs. For an intermediate pos-

ture, which must evoke hydrostatic pressure, the low

opening pressure of the DSV may be so low that a rel-

evant negative intracranial pressure may result.

This is completely di¤erent than with the GAV. The

counterbalancer technology compensates its opening

pressure analogously to the hydrostatic pressure. Ac-

cordingly, in every conceivable posture with its distinct

hydrostatic pressure, the siphoning is counteracted

completely.

Conclusion

Low-pressure counterbalancer G-valves provide

better outcomes in NPH than conventional low-

pressure valves without gravitational compensation,

which, in turn, have been shown to have far better out-

comes than higher opening pressure conventional

valves. The cost, however, is a slightly higher (but

mostly asymptomatic) overdrainage rate than that of

the outstanding overdrainage prevention of medium-

pressure G-valves. Low-pressure switcher G-valves

provide no better clinical results, while providing in-

creased overdrainage rates, than its medium-pressure

counterparts. As a result, we recommend the low-

pressure GAV as the standard NPH valve.
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Summary

Relatively little is known regarding the water content of brain tis-

sue in idiopathic normal-pressure hydrocephalus (NPH) patients.

The objective of our study was to determine absolute water content

non-invasively in hydrocephalic patients, particularly in the anterior

and posterior ventricular horns and in the periventricular white mat-

ter.

Ten patients who were diagnosed and treated for idiopathic NPH

in our clinic were selected for study. Magnetic resonance imaging

(MRI) techniques were used to obtain anatomical image slices for

quantitative brain water measurements. Apparent di¤usion coe‰-

cient measures were also extracted from regions of interest.

To our knowledge, this is the first study to confirm that periven-

tricular lucency seen on MRI represents increased water content in

the extracellular space that is markedly elevated prior to shunting.

Keywords: Periventricular lucency; NPH; hydrocephalus; vaso-

genic edema.

Introduction

Morphological changes associated with normal-

pressure hydrocephalus (NPH) with attendant ven-

triculomegaly are poorly understood. In idiopathic

NPH, periventricular lucency (PVL) of several degrees

is seen in frontal and posterior horns, and although

many authors have presumed that this hypodensity

on computed tomography (CT) occurs as a result of in-

creased edema, no studies have confirmed that PVL is

caused by increased tissue water. Mori et al. [5] exam-

ined CT images of patients with dilated ventricles in

childhood and adult hydrocephalus of various causes

and concluded that since the periventricular low den-

sity zone disappears shortly after a shunting operation,

the lucent zone must represent an increase in tissue

water content rather than loss of lipids and protein.

Experimental and clinical studies have shown that

PVL is reduced following shunting and represents

acute edema or chronic cerebrospinal fluid (CSF) re-

tention in the periventricular white matter [6]. Other

investigations have shown that there is usually no de-

tectable disturbance of the blood-brain barrier associ-

ated with PVL, suggesting that the CSF flows through

the intact or disrupted ependyma into the periventricu-

lar white matter and gliosis ensues. Moreover, the de-

gree of active tissue disruption is reduced in chronic

stages of hydrocephalus when CSF is often reduced

[9]. In contrast, other investigators used spin-echo

magnetic resonance imaging (MRI) methods in pa-

tients with multiple sclerosis and hydrocephalus. They

found that some degree of PVL is present in most pa-

tients with no other evidence of intracranial pathology

and concluded that mild PVL is a normal finding and

should not be considered indicative of either demyeli-

nating disease or hydrocephalus [10].

In light of this controversy, the objective of this

study was to utilize a specialized MRI technique that

is capable of measuring brain tissue water in absolute

terms, and to determine the brain tissue water level

in areas of PVL in patients with idiopathic NPH. A

second objective was to characterize PVL using appar-

ent di¤usion coe‰cient (ADC) to identify whether hy-

perdense regions are associated with either a vasogenic

or cellular component of edema.

Methods

Obtaining the water map

As part of the management protocol, a standard head MRI was

obtained for diagnosis and possible shunt treatment for all patients

admitted to the NPH program. Ventriculomegaly was evident in all

patients with associated elements of the NPH triad of gait distur-

bance, incontinence, and dementia. During the procedure, a water



map [2] was obtained from the region of brain exhibiting maximum

PVL. Briefly, this method is based on the principle that nuclear mag-

netic resonance relaxation times T1 and T2 in brain tissue are influ-

enced by the dynamic structure and amount of water present. Water

occurring in the so-called ‘‘free’’ phase is associated with a long

relaxation time. Motion-restricted or ‘‘bound’’ water constituting

approximately 20% of the total tissue water has a much shorter re-

laxation time. The measured longitudinal relaxation time T1 is a

weighted average of the ‘‘free’’ and ‘‘bound’’ water. The patient

imaging protocol involves acquisition of 5 phase-sensitive inversion

recovery MRI images of a selected anatomical slice. The standard

imaging head coil of a 1 T MRI unit (Siemens Magnetom, Erlanger,

Germany) was used with TR/TE ¼ 2.5 s/20 ms, TI¼ 150; 400; 800;

1300; 1900 ms, 5 mm slice thickness, and 128� 256 matrix. From

the sequential inversion recovery images, a pure T1 image was calcu-

lated by a fitting procedure as described elsewhere [2]. The accuracy

of this imaging protocol for determining brain tissue T1 values was

checked with calibration standards of known and comparable relax-

ation times. From the T1 map, a water image or ‘‘water map’’ is cal-

culated by means of the following equation: 1/fw ¼ Aþ B/T1 which

is derived from the fast exchange 2-state model where T1 is the local

tissue longitudinal relaxation time and fw is the corresponding total

tissue water fraction defined as fw ¼ (water weight/total brain

weight) [1]. This model assigns the tissue water in either a ‘‘free’’ or

a ‘‘bound’’ state. The constants A and B are dependent on the hy-

dration fraction k – the ratio of bound water fraction to solid tissue

component – as well as the relaxation properties of the free and

bound water fractions. In the resulting water map, the intensity of

each pixel provides the water content at that location expressed in g

water/g tissue.

Measurement of ADC

Di¤usion-weighted imaging

Di¤usion-weighted imaging was performed on a 1.0 T whole body

clinical imager (Siemens Vision MR system, Siemens Medical Solu-

Fig. 1. CT, TI, and T2 MRI, MRI water, di¤usion-weighted imaging (DWI ) MRI, and ADC map of idiopathic normal-pressure hydroce-

phalus patient
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tions, Malvern, PA) equipped with 15 mT/m gradients using spin-

echo sequences with and without di¤usion sensitizing gradients.

These pulse sequences generated an ADC trace image using a single

shot technique with 3 b values: 0, 500 and 1000 s/mm2. Typically, 20

slices were generated, each with 5 mm slice thickness, 1.5 mm gap,

230 mm field of view, 96� 128 matrix, and TE 100 ms. The ADC

trace was generated to obviate issues arising from tissue anisotropy

and head orientation. Regional measurements of ADC were ex-

tracted from the ADC maps.

Brain measurements

After positioning in the magnet, standard T1- and T2-weighted

pulse sequences were used to produce images in the axial, coronal,

and sagittal planes in order to identify the slice with maximum

PVL. Regions of interest (ROIs) were positioned in the regions of

the anterior and posterior horns of the lateral ventricles (Fig. 1). In

addition, ROIs were positioned in the white matter distant from re-

gions of PVL.

Water content in %gmH2O/g of tissue was measured in each ROI

for all patients. Similarly, ADC values for the same ROIs were ex-

tracted.

Results

Patient demographics

The study cohort consisted of 10 patients, 6 female

and 4 male, with a clinical diagnosis of idiopathic

NPH and an average age of 75G 4 years. Seven pa-

tients had all 3 elements of the triad, and 3 patients

had gait and incontinence disturbance only. All pa-

tients were eventually shunted with a programmable

ventriculo-atrial or ventriculo-peritoneal shunt.

The severity of ventricular enlargement was assessed

using the frontal horn index, a radiographic calcula-

tion. The index of our patient group ranged from 0.34

to 0.49 and averaged 0.41G 0.05.

Periventricular water content, anterior and posterior

horns

Regions of PVL were evident on all scans but most

prominent in the anterior and posterior horns of the

lateral ventricles (Fig. 1). Water content of the left an-

terior and posterior horns averaged 79.00G .06 and

77.40G 0.39% g H2O/g tissue respectively. This dif-

ference was not significant. Similarly, on the right an-

terior and posterior horns, the water content averaged

80.90G 0.048 and 76.3G 0.04 respectively. The di¤er-

ence between anterior and posterior was also not sig-

nificant.

White matter tissue distal to the horns was used as

control, and averages were similar in left and right

hemispheres. Distal white matter water content mea-

sured 72.00G 0.3 in the left hemisphere and 72.4G
0.027 in the right hemisphere. The water content of

left anterior and posterior horns (79.0G 0.06, 77.4G
.039) was greater than the distal white matter

(72.00G 0.02) in the same hemisphere, and these dif-

ferences were highly significant (p < 0.005). Water

content of the right anterior and posterior horns

(80.90G 0.048, 76.3G 0.04) was also higher than the

same hemisphere distal white matter (72.4G 0.027)

(p < 0.005).

Periventricular water content, central region of lateral

ventricle

PVL was also evident in the central region of the

lateral ventricles but was not as marked as the ante-

rior and posterior horns. Water content in left and

right central regions of the lateral ventricles averaged

74.50G 0.02 and 75.5G 0.02% g H2O/g tissue, re-

spectively. Although water content was increased in

these central regions, the di¤erence between left and

right central regions versus the left and right distal

white matter tissue (72.0G 0.03, 72.4G 0.02) was not

di¤erent. In summary, the regions of PVL in the ante-

rior and posterior horns of the lateral ventricles were

associated with high water content.

ADC in the regions of high PVL

Control values for ADC in the distal white matter

equaled 0.72G 0.07, which was within the normal tis-

sue range. In contrast, ADC in regions of PVL were

high, averaging 1.45G 0.15 in the left anterior horn

and 1.34G 0.21 in the left posterior horn. The left cen-

tral regions were also high and averaged 1.14G 0.24.

Similarly, right anterior and posterior horns (1.53G
0.18, 1.25G 0.2) and the central periventricular re-

gions (1.16G 0.22) had higher ADC values compared

with distal white matter ADC values (0.79G 0.13).

The di¤erence between regions of PVL and distal

white matter ADC’s was highly significant (p <

0.0005), indicating a predominantly extracellular

edema.

Discussion

Our study shows that tissue water content is in-

creased in regions of PVL by as much as 7% com-

pared to distal white matter and the increase is associ-
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ated with increased ADC signifying predominantly ex-

tracellular edema. Milhorat et al. [4] described edemas

associated with hydrocephalus as follows: osmotic

edema, which results from an unfavorable osmotic

gradient between the plasma and interstitial fluid

across an intact blood-brain barrier; compressive

edema, which results from obstruction of the inter-

stitial fluid bulk-flow pathways; and hydrocephalic

edema, which results from obstruction of CSF bulk-

flow pathways. In the hydrocephalic type of edema,

distension of the collecting channels proximal to the

block leads to retrograde flooding of the extracel-

lular compartment with formation of periventricular

edema. It is not clear which components of edema ac-

count for the PVL because it may consist of both com-

pressive edema and hydrocephalic edema, as charac-

terized by Milhorat. It is clear that edema resides in

the extracellular space based on our ADC values.

In the kaolin model of obstructive hydrocephalus in

newborn rabbits, there was no di¤erence between hy-

drocephalic animals and normal controls in experi-

ments involving penetration of Evans blue into the tis-

sue [7]. Thus, retrograde flow of CSF in the case of

obstructive hydrocephalus could not be confirmed in

that study. On the other hand, James et al. [3] showed

loss of cilia and ependymal cells over the ventricular

surface and abnormal small supra-ependymal cells in

experimental studies of Silastic-induced hydrocepha-

lus in primates. Transmission and scanning electron

microscopy markedly increased communicating path-

ways between the ventricular lumen and the brain

parenchyma. The study suggested that PVL in patients

is caused by increased extracellular space; however,

the lack of recognition of PVL by CT in chronic

NPH may be due to changes in distribution and

limits of resolution. There is no detectable disturbance

of the blood-brain barrier in regions of PVL, accord-

ing to Weller et al. [9]. Experimental histologic and

ventriculo-perfusion studies suggest that CSF flows

through the disrupted ependyma into the periventricu-

lar white matter when the normal pathways of drain-

age are occluded. Weller proposed that absorption of

fluid into the blood probably occurs through the peri-

ventricular blood vessels as an alternative pathway of

CSF drainage. Tissue damage in the edematous peri-

ventricular white matter occurs and gliosis ensues.

There is reasonable consensus that shunting patients

with PVL gradually reduces the PVL, suggesting that

blockage of CSF absorption is responsible for accumu-

lation of periventricular edema. However, Tamaki

et al. [8] studied NPH patients using MRI and found

that there was no change in T1 and T2 in PVL regions

after shunting. He concluded that MRI findings could

not predict outcome of shunt surgery in patients with

NPH. However, clinical improvement after surgery

was associated with reduction in the irregular type of

PVL located around the frontal horns.

In summary, the significance, development, and res-

olution of periventricular edema is still debatable. Fur-

ther studies are necessary to define the mechanisms of

PVL more clearly and why PVL changes occur after

shunting. Nevertheless, our studies confirm that PVL

represents an increase in water and ADC measures

are consistent with extracellular edema.
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Summary

From 1982 until 2000 we examined 200 patients diagnosed with

normal-pressure hydrocephalus (NPH) in a prospective study.

From the patients who were surgically treated by a shunt implanta-

tion we could re-examine 155 (78%) at a mean time interval of 7

months after the operation. NPH di¤ered in severity according to

the results of the intrathecal infusion test in an early state NPH

(without brain atrophy) and late state NPH (with brain atrophy).

In our study, we focused on the possible predictors: patient age;

length of disease; clinical signs including gait ataxia, dementia, and

bladder incontinence; idiopathic vs. secondary origin; implanted

valve type and the resistance of the valve to cerebrospinal fluid out-

flow. In 80 patients without cerebral atrophy and a short course of

disease (<1 year), a slight amount of dementia and an implanted

Miethke Dualswitch-Valve were significant predictors for a positive

postoperative outcome. The outflow resistance measured in the in-

trathecal infusion test showed only minimal relevance for outcome.

Seventy-five patients with cerebral atrophy had a better outcome

when dementia was not present, outflow resistance was above

20 mmHg/mL/min, the CSF tap-test was positive, and a Miethke

Dualswitch-Valve was implanted.

Keywords: Hydrocephalus; outflow resistance; Miethke

Dualswitch-Valve; shunt.

Introduction

This reappraisal of the clinical features of normal-

pressure hydrocephalus (NPH), which was first de-

scribed by Hakim and Adams [1, 17] in 1965, is based

on physiological and pathophysiological findings per-

taining to cerebrospinal fluid dynamics, various diag-

nostic methods for the detection and characterization

of NPH, as well as clinical findings. The classic thera-

peutic approach, which is to implant a shunt that si-

phons excess cerebrospinal fluid, is associated with a

host of complications. Consequently, indications for

surgery need to be reevaluated and reliable predictors

of postoperative improvement need to be defined. A

review of the literature indicates that, despite im-

proved shunt valve technology, treatment outcomes

have not improved to any significant degree, and the

prognosis of NPH is still associated with unsatisfac-

tory treatment outcomes. Nonetheless, an increased

rate of improvement in the clinical course of NPH

can still be achieved through careful preoperative

diagnosis, individualized and appropriate therapies,

and preoperative modeling of valve characteristics

and properties.

Materials and methods

Two hundred patients with proven NPH were treated with shunt

surgery and evaluated prospectively over 12 years (1982–2000) in the

Department of Neurosurgery at the Berlin-Friedrichshain Hospital

and the Neurosurgery Clinic of the Unfallkrankenhaus, Berlin. The

workup consisted of clinical examinations, computed tomography

and/or magnetic resonance imaging studies, intrathecal infusion

tests (measurement of resistance to cerebrospinal fluid outflow

[Rout] and intracranial compliance), and cerebrospinal fluid tap

tests. In the intrathecal infusion test, intracranial pressure (ICP) is

measured continuously, while defined changes are made in cerebro-

spinal fluid volume [13, 41]. Our patients were classified as early

stage or late stage cases of hydrocephalus in accordance with the re-

sults of the intrathecal infusion test [21–28]. While no cerebral atro-

phy was detected in the patient group with early stage NPH (n ¼ 80),

cerebral atrophy was noted in patients with late stage disease

(n ¼ 75), a sign of advanced disease for this group. At the time of

the investigations, the mean age of the 122 men and 78 women was

52 years.

Predictors and statistics

In 155 cases (78%), a follow-up examination as well as an analysis

of predictors of prognosis was performed 7 months postoperatively.

The following potential predictors of prognosis were evaluated dur-



ing the study: age, length of case history, idiopathic vs. secondary

origin, gait di‰culty, dementia, urinary incontinence, level of Rout,

level of compliance, results of the cerebrospinal tap test, type and

pressure level of implanted valve, possible valve infections, and post-

operative changes in ventricular size. The predictors of prognosis

were compared statistically to the course of the disease using Pear-

son’s w2 test.

Clinical grading

The results of the follow-up examinations of 155 patients were

evaluated 7 months postoperatively using the Black Grading Scale

for Shunt Assessment [2] and Kiefer and Steudel’s Clinical Grading

Scale for NPH [19]. The graduated study results were divided into 3

groups as follows: The group with a positive and very good clinical

course (NPH recovery rate ofb5 points); the group with a satisfac-

tory clinical course (NPH recovery rate ofb2 points); the group with

a poor clinical course (NPH recovery rate of <2 points).

Results

Figure 1 summarizes the clinical course, as indicated

by the NPH recovery rate, for the 155 NPH patients

who underwent a follow-up examination. Overall im-

provement rate was 81%. In patients with early stage

NPH (i.e., no cerebral hypertrophy), a case history of

less than 12 months duration was associated with a

more positive clinical course (p ¼ 0.01) than a history

extending over more than 12 months.

The level of Rout was a key predictor in classifying

our patients as early stage or late stage cases of hydro-

cephalus (Fig. 2). In the group as a whole (n ¼ 155),

patients with Rout > 15 mmHg/mL/min showed a

significantly better clinical course (p ¼ 0.01) than did

patients with lower Rout. Although patients in the

early stage NPH group (n ¼ 80) manifested Rout ex-

ceeding 15 mmHg/mL/min and had a better prognosis

following shunt surgery, this di¤erence was not statis-

tically significant (p ¼ 0.1). Patients with late stage

NPH (n ¼ 75) (i.e., patients with cerebral atrophy) in

whom Rout > 20 mmHg/mL/min was recorded on

an intrathecal infusion test, showed a significantly bet-

ter prognosis (p ¼ 0.05) following shunt surgery than

did patients with lower Rout (Fig. 2). In neither pa-

tient group were the results of the cerebrospinal fluid

tap significant predictors of postoperative therapeutic

outcome. This was also true of the working pressure

of the implanted valve (above vs. below 100 mm

H2O), postoperative decrease in ventricular dilatation

(as measured with the Evans index), and adequate

treatment of infections. On the other hand, the pres-

ence (p ¼ 0.01) and severity (p ¼ 0.01) of dementia

constituted significant predictors of prognosis for

both patient groups. The prognosis for patients with

no memory deficit was more favorable than for pa-

tients with short-term memory deficit, whose progno-

sis, in turn, was more positive than for patients with

acute dementia.

Hydrostatic valves constitute an advance in valve

technology. Patients with aMiethke Dualswitch-Valve

(Christoph Miethke GMBH & Co. KG, Berlin, Ger-

many) (M-DSV; n ¼ 61) showed a more favorable

clinical course than did patients with Cordis standard

valves (n ¼ 76) (Cordis Corporation, Miami, FL) or

Cordis Orbis Sigma valves (n ¼ 18) (Cordis Corpora-

tion, Miami, FL). This trend was evident in the group

as a whole (n ¼ 155) and in the patient group with late

stage NPH (n ¼ 75). In both of these groups, the prog-

nosis following placement of an M-DSV was more

favorable (p ¼ 0.01) than was the case with the other

implants (Fig. 3). This same phenomenon was also

noted (p ¼ 0.05) in patients with early stage NPH

(n ¼ 80). Thus, the type of valve implanted (M-DSV)

has predictive value for the postoperative prognosis of

patients with NPH (Fig. 3).Fig. 1. Patient outcome with NPH

Fig. 2. Outcome versus resistance to CSF outflow (Rout in mmHg/

mL/min) (w2 Pearson; **p ¼ 0.01; *p ¼ 0.05; ð�Þp ¼ 0.1). Rout Re-

sistance to cerebrospinal fluid outflow. R(out) 13–15; R(out)

15–20; R(out) higher than 20
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Discussion

Review of the literature revealed that no data on the

incidence and prevalence of NPH has been published

to date. Clarfield [7] evaluated 32 studies with a total

of 2889 patients in whom the clinical features of de-

mentia were observed, but only 1.6% of these patients

had NPH. A number of studies have found NPH to be

more prevalent in males. There is little data available

for age distribution in NPH. An analysis by Dauch

and colleagues [8] revealed that the oldest NPH pa-

tients are in the seventh decade, but that 25% are under

50 years of age. In other words, NPH can occur in

adults at any age. Several authors have published re-

ports on NPH in children and teenagers, although

its existence in these age groups is disputed [14, 20,

31–33].

Outcomes

The overall improvement rate in patients with NPH

ranges from 31% to 96% (mean: 53%) [15, 34, 39]. One

multicenter study of 166 patients with NPH [38] found

that in the long-term, 36% of patients showed perma-

nent clinical improvement while 21% had only moder-

ate remission of symptoms following shunt placement.

The overall improvement in our own patients follow-

ing shunt placement was 81% (Fig. 1). A recent meta-

analysis [18] demonstrated an improvement rate of

24% to 100% (mean ¼ 59%) in idiopathic NPH and

improved outcome in a significant mean of 29% of

cases (range 10% to 100%). These results are consistent

with the positive clinical courses observed in our pa-

tient group as a whole (mean 39%).

Length of case history

The mean age of our patient cohort was 52 years,

making this a relatively young group for NPH. This

may be attributable to the referral criteria used by our

colleagues and to a relatively large proportion of pa-

tients (48%) with secondary hydrocephalus. In con-

trast to the findings of other authors [32], the clinical

picture of the NPH we saw was not primarily that of

a morphological disorder occurring mostly in older

patients, but was instead a functional disorder that

can easily develop as a secondary disorder at any age.

One review of the literature [28] found that NPH is

twice as prevalent in males as in females. No published

data is available pertaining to duration of symptoms

that could be used for comparison with our own pa-

tient groups. Thus, there is no basis for comparing the

more positive postoperative prognosis in early stage

NPH patients whose case histories are less than 1 year

in duration.

Resistance to outflow (Rout)

In our patients, all Rout of <10 mmHg/mL/min

was categorized as physiological, whereas Rout mea-

suring between 10 and 13 mmHg/mL/min was clas-

sified as a limit value, and all Rout measuring >

13 mmHg/mL/min was classified as pathological. The

disproportionately low normal values for Rout ob-

tained by Ekstedt [11], Fuhrmeister [13] and Shapiro

et al. [34] should be reevaluated in the light of recent

studies. Our own assessment criteria were confirmed

by the results obtained in 1993 by Morgan et al. [30],

which were consistent with the findings of Børgesen

and Gjerris [6] as well as Tans and Poortvliet [36].

Boon et al. [5] demonstrated that the positive predic-

tive value of Rout increases as Rout rises, which is con-

sistent with our data (Fig. 2). These authors propose

that Rout of 18 mmHg/mL/min be adopted in order

to avoid reducing measurement sensitivity of the intra-

thecal infusion test. We found that classifying patients

into an early or late stage NPH group allowed more

individualized values for Rout as predictors of progno-

sis.

Dementia

The presence and acuteness of dementia constitutes

a significant predictor of clinical outcome for all

groups of NPH patients with shunts. Dementia has

Fig. 3. Outcome versus valve mechanism outflow (w2 Pearson;

**p ¼ 0.01; *p ¼ 0.05).M-DSVMiethke Dualswitch-valve; C-OSV

Cordis Orbis Sigma valve. standard valve; M-DSV */**; C-

OSV
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been reported in 80% of cases of NPH [3, 8, 12, 15, 35].

Although acute dementia is more prevalent in late

stage NPH and in older published reports is character-

ized as the cardinal symptom of this disorder, demen-

tia is nonetheless of little relevance in reaching a di¤er-

ential diagnosis of NPH. In the literature, gait

di‰culty occurs in 86% of cases of NPH [3, 8, 12, 15,

35]. In our own experience, this symptom has proven

to be the most reliable sign for the diagnosis of NPH

[26]. It is not, however, a valid predictor of therapeutic

outcome following shunt placement.

Valve mechanisms

No overdrainage complications were observed in

our early stage NPH patients in whom Cordis stan-

dard valves were implanted. In addition, prolonged

bench testing [37] has shown the Cordis standard valve

to be stable, although some have reported overdrain-

age problems with this valve. The results of a Dutch

multicenter study [4] revealed a better clinical course

for NPH patients with Cordis standard low-pressure

valves than for patients with Cordis standard medium-

pressure valves; however, this advantage came at the

cost of a high overdrainage rate (71%) for the low-

pressure valves as compared with 34% for their

medium-pressure counterparts. These postoperative

complications had no clinical repercussions for either

of the groups studied, although the rate of complica-

tions was disproportionately high. The Cordis stan-

dard valves are relatively inexpensive, but even a single

complication resulting from overdrainage can result in

burdensome expenditures, thereby negating any po-

tential savings.

In terms of ensuring a positive prognosis for patients

with early stage NPH, the M-DSV is the treatment of

choice (Fig. 3). In our own patients with late stage

NPH, predominantly Orbis Sigma valves, Cordis stan-

dard valves, and the Medos Hakim valve (Codman &

Shurtle¤, Inc., Raynham, MA) were implanted, and

more recently, the M-DSV. Unlike the Cordis stan-

dard valves, the Orbis Sigma valves provide flow-

based drainage utilizing physiological cerebrospinal

hydrodynamics within a range of pressure gradients.

In patients with hydrocephalic atrophy, this is particu-

larly important in preventing overdrainage. In the Or-

bis Sigma valves, overdrainage occurred in 5 patients

(25%), 3 of whom (15%) also presented with subdural

hematoma. These results are consistent with another

study [40] in which subdural hematoma was found to

be a sign of overdrainage following placement of Orbis

Sigma valves in patients with NPH. On the other hand,

Decq et al. [9] observed a lower rate of overdrainage

with Orbis Sigma valves relative to conventional dif-

ferential pressure valves; however, as this study was

not confined to patients with NPH, it is of limited rele-

vance. It remains to be seen whether the Orbis Sigma II

valve will deliver better postoperative results than its

predecessor.

The Cordis Orbis Sigma valve is not suitable for im-

plantation in patients with NPH owing to its associa-

tion with high rates of overdrainage and subdural

hematoma. The disadvantage of the Cordis standard

valves for patients with late stage NPH is that if the

patient stands or sits up abruptly, the valve responds

accordingly, thereby inducing a siphoning e¤ect in the

already atrophic brain. An anti-siphon device would

theoretically alleviate this problem, but the flow resis-

tance of the entire valve system would then increase. In

a randomized pediatric study, Drake et al. [10] noted

no significant change in therapeutic outcome following

implantation of either Delta, Orbis Standard, or Sigma

valves. This study generated considerable controversy,

but it is not relevant to the specific clinical features of

NPH. Overdrainage was seen in 3 of our patients (6%)

in whom the Cordis standard valve was implanted.

Two of these patients (4%) manifested the clinical signs

associated with this complication.

With its 2 di¤erent closure mechanisms that operate

in parallel, the M-DSV [20, 29] constitutes an impor-

tant step forward in solving the problems associated

with the position of the patient’s craniospinal axis. In

our own series, implantation of the M-DSV has thus

far resulted in only 2 cases (5%) of chronic subdural

hematoma. In 1 of these patients, the hematoma was

resorbed within 1 month, and a revision operation

had to be performed on the other patient. The post-

implantation results obtained with the M-DSV dem-

onstrate its high degree of suitability for the man-

agement of NPH in general, and late stage NPH in

particular. For the latter disorder, the valve is highly

reliable and safe due to the fact that problems of over-

drainage are rarely seen (Fig. 3).

Conclusions

– NPH should be the suspected di¤erential diagnosis

in patients who present with dementia (cardinal

symptom: gait ataxia) [16].

– A case history of less than 1-year duration, as well as
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relatively mild dementia or the absence of memory

deficit, should be regarded as predictors of a positive

prognosis following shunt therapy in patients with

NPH.

– The prognosis is positive for early stage NPH pa-

tients in whom the intrathecal infusion test shows

Rout in excess of 15 mmHg/mL/min, or in late

stage NPH patients (with cerebral atrophy) with

Rout greater than 20 mmHg/mL/min on the intra-

thecal infusion test.

– In view of the superior therapeutic outcomes, hydro-

static valves should be implanted in patients with

NPH [20, 28].
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Summary

Does the opening pressure of hydrostatic shunts influence the clin-

ical outcome for patients su¤ering from idiopathic normal-pressure

hydrocephalus (NPH)? Between September 1997 and January 2003,

123 patients with idiopathic NPHwere surgically treated by implant-

ing a hydrostatic shunt at the Departments of Neurosurgery of the

Unfallkrankenhaus Berlin and the University Homburg/Saar. As

part of a prospective randomized study, all patients were examined

preoperatively, postoperatively, and 1 year after the intervention.

Forty-three percent of the patients showed a very good outcome,

25% good outcome, 20% fair outcome, and 12% poor outcome 1

year after the shunt implantation. Patients treated with an opening

pressure rating of 50 mmH2O in the low-pressure stage of the gravi-

tational valve showed a better outcome than those with an opening

pressure of 100 or 130 mmH2O. According to present knowledge,

hydrostatic shunts with an opening pressure of 50 mmH2O for the

low-pressure stage are the best option for patients with idiopathic

NPH. Due to the prompt switching function when the patient

changes posture (lying down, standing, sitting, slanting etc.), the

Miethke gravity-assisted valve (GAV) is more suitable in such cases

than the Miethke Dual-Switch valve (DSV).

Keywords:Hydrocephalus; outcome; shunt operation; valves.

Introduction

Even after an exact diagnosis, surgical therapy re-

mains complication-prone, which has a strong e¤ect

on the outcome and improvement rate for normal-

pressure hydrocephalus (NPH) patients. The ‘‘hydrau-

lic mismanagement’’ [16] of hydrocephalus shunts

involves non-physiological functioning either in the

form of overdrainage in a patient standing upright or

relative underdrainage when the patient is lying

down. These e¤ects are technically unavoidable with

conventional shunts, since they only allow a compro-

mise setting between the requirements for the di¤erent

postures [2]. While most younger patients show a con-

siderable tolerance to non-physiological intracranial

pressure (ICP), this presents a major problem for

more elderly patients, many of whom already su¤er

from vasculopathy [13, 30, 31].

Clinical materials and methods

Between September 1997 and January 2003, 123 patients with idi-

opathic NPH were treated surgically at the neurosurgical clinics of

the Unfallkrankenhaus Berlin-Marzahn and the University Hom-

burg/Saar by implanting hydrostatic shunts (96�Miethke Dual-

Switch valve [DSV] Aesculap, and 26�Miethke gravity-assisted

valve [GAV] Aesculap, Ch. Miethke GmbH & Co. KG, Berlin,

Germany). Over the period 1997 to 1999, mainly Miethke DSVs

with a 130 mmH2O opening pressure stage were implanted at the

Unfallkrankenhaus Berlin-Marzahn. In 2000 and 2001, the same

valves were implanted, but with an opening pressure rating

of 100 mmH2O. In 2002 and 2003, DSVs with a 50 mmH2O low-

pressure stage were implanted at Berlin-Marzahn, while Miethke

GAVs with a 50 mmH2O low-pressure stage were implanted at the

University Clinics Homburg/Saar. Thus, we did not introduce any

selection of the 3 shunt groups according to clinical and/or radiolog-

ical criteria. The mean age of the 67 male (55%) and 55 female pa-

tients (45%) was 67 years (29 to 83 years).

Diagnostics

Following clinical examination with a diagnosis of gait ataxia and

additional symptoms [27] and the detection of extended ventricles by

means of neuroradiological imaging procedures, the intrathecal infu-

sion test was carried out. The computer-aided dynamic infusion test,

which was performed using the constant-flow technique at an infu-

sion rate of 2 mL/min via lumbar puncture with the patient lying

down, was used for calculating the ICP-dependent resistance to out-

flow (Rout) of cerebrospinal fluid (CSF) [28, 29]. A Rout of more than



13 mmHg/min/mL was defined as pathological [24]. Immediately

after the infusion test, a diagnostic drainage of at least 60 mL CSF

was carried out. If clinical symptoms improved within the following

2 to 3 days, shunt implantation was indicated. If symptoms, espe-

cially gait ataxia, did not improve, external lumbar drainage was car-

ried out for 2 to 3 days. If this led to a symptomatic improvement, a

gravitational valve was implanted as a ventriculo-peritoneal shunt

[26, 32].

Clinical grading

Results of the clinical examinations were graded according to the

Black grading scale for shunt assessment and the NPH recovery rate

based on the clinical grading for NPH introduced by Kiefer [19]. All

graded clinical results were classed into 4 groups. The group with

very good outcomes was characterized by an NPH recovery rateb 7

points, good outcomesb 5 points, fair outcomesb 2 points, and

poor outcomes < 2 points.

Statistical analysis

Statistical evaluations were carried out with a Fisher exact test at

an error probability of p ¼ < 0:05.

Results

Preoperatively, the average figure on the Kiefer

scale (Fig. 1) did not show any statistically significant

di¤erence between the 3 valve groups, meaning that

the severity of the symptoms caused by idiopathic

NPH can be considered as roughly uniform.

Outcome

Results of the shunt operation for the 123 patients

showed very good outcome in 43%, good outcome in

25%, fair outcome in 20%, and poor outcome in 12%

one year after shunt implantation. Thus, 83 patients

had good to very good success from therapy, 25 pa-

tients had fairly successful treatment, 15 patients did

not benefit from surgery.

Complications

We found an infection rate of 2%. All patients that

experienced a shunt infection had the implant re-

moved. After remediation of infection, all 3 patients

had a new shunt implanted. Dislocation of a ventricu-

lar catheter necessitated revision in 3 patients, and in

5 patients the drainage tube needed revision because

of dislocation into the abdominal wall (overall dis-

location rate: 7%). The abdominal catheter was torn

o¤ just under or out of the DSV in 3 patients (2%),

which necessitated a shunt revision. Thus, the valve-

independent complication rate was 11% (14 patients).

Four patients (3%) receiving a DSV showed an ap-

parent reduction of ventriclular size by computed to-

mography (CT), as well as narrow subdural hygromas

as a sign of overdrainage. In all these patients, the sub-

dural hygromas were resorbed within 6 to 8 weeks

without clinical symptoms. Another 4 patients (3%)

developed chronic subdural hematomas with clinical

symptoms such as nausea, vomiting, and headache.

The chronic subdural hematomas were surgically

treated through burr hole trepanation before new

shunt systems were implanted. One patient received a

shunt revision involving the implantation of a DSV

with a higher low-pressure rating. Two patients under-

went revision with a CodmanMedos-Hakim program-

mable valve plus a shunt-assistant as a gravitational

unit, and through implantation of a Codman Medos-

Hakim programmable valve without a gravitational

unit in another hospital, which led to a rapid improve-

ment of the above symptoms. Four patients (3%)

showed deterioration despite shunt implantation, and

a slight increase in ventricle size on CT imaging. The

intrathecal infusion test confirmed underdrainage

from the perspective of CSF dynamics. For these 4

patients, a shunt revision was performed using a DSV

of a lower low-pressure rating. After that, 2 patients

showed significant improvement of symptoms. The

other 2 patients did not improve, even after the second

intervention. Thus, the rate of valve-related complica-

tions was 10% (12 patients).

Overall shunt-related morbidity was 21%. Within

the study period, 4 patients died for reasons unrelated

to shunt implantation (coronary thrombosis or tumor

illness unknown at the time of the intervention, 5 to 7

months postoperatively). Another patient died from

pulmonary embolism 6 days after the shunt operation,

despite application of the correct thrombosis prophy-

laxis. Operation-related mortality amounted to 1%,Fig. 1. Clinical symptoms, preoperative
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while shunt-related mortality was 0. Despite the fre-

quency of symptomatic overdrainage with a DSV

with a valve pressure rating of 50 mmH2O (6%

DSVþGAV 50 mmH2O or 12% DSV 50 mmH2O)

and of cases of underdrainage with a DSV with valve

pressure ratings of 100 and 130 mmH2O (5% DSV

100 mmH2O and 6% DSV 130 mmH2O), these clus-

ters are not significant (Table 1). However, it must be

noted that overdrainage only occurred with the DSV

but never with the GAV. The valve-independent com-

plications, too, did not correlate with the valve open-

ing pressure ratings.

Valve opening pressure rating

Outcome after 1 year was evaluated in relationship

to the opening pressure rating of the implanted valves

(Fig. 2). Twenty-seven patients (53%) with a gravita-

tional valve rating of 50 mmH2O for the low-pressure

stage showed a very good outcome, and 7 patients

(14%) showed a good outcome. Twelve patients (23%)

and 5 patients (10%), respectively, showed a fair or

poor outcome. In the patient group with DSVs with a

100 or 130 mmH2O low-pressure stage, 25 patients

(35%) experienced very good outcome, 24 patients

(33%) good outcome, 13 patients (18%) fair outcome,

and 10 patients (14%) showed no improvement 1 year

after operation. Thus, outcome for idiopathic NPH

patients with a 50 mmH2OGAV was significantly bet-

ter than for patients that had a GAV with a opening

pressure rating of 100 or 130 mmH2O (Fig. 2).

Discussion

GAVs are currently the gold standard in the surgical

treatment of chronic hydrocephalus patients [3, 9, 40].

However, which valve opening pressure rating is best

for patients with idiopathic NPH remains debatable.

Outcome

The general improvement rates for patients with

NPH after a shunt operation, as quoted in the litera-

ture [1, 4, 5, 7, 8, 14, 18, 20–37, 42, 46], varies between

31% and 96%, with an average of 53%.

Complications

Grumme et al. [15] reported a mortality of 0% to 6%

and an incidence of overdrainage e¤ects in 6% to 20%

of NPH patients that received a shunt. Hebb et al. [18]

gave a complication rate of 38%, a revision rate of

22%, and a combined figure of 6% for the incidence of

lasting neurological deficits and death. The data from

our study (1% mortality and 7% overdrainage) are be-

low the international findings [10, 36]. Our results con-

cerning the peri- and postsurgical complication rate

(21%), too, are at the lower end of the range of 20%

to 40% given by Vanneste [43]. The low incidence of

overdrainage (7% according to radiological criteria,

3% symptomatic) compared to the results achieved

with conventional shunts should be emphasized. Simi-

lar good results are reported in a European multicenter

study of patients with hydrocephalus internus of vary-

ing causes, who had an Orbis Sigma II flow-controlled

valve implanted [17].

Review of the literature on underdrainage follow-

ing shunts produced inconsistencies and discrepancies

in the definition and classification of postoperative

complications. Some authors calculated the total num-

ber of complications; others took into account only

the mechanical complications, neglecting infections.

Drake et al. [12] clarified underdrainage as complica-

tions involving occlusions and overdrainage as sub-

dural hygromas and slit-ventricle syndrome. In our

Table 1. Valve-related complications versus valve configuration

Valve opening pressure

rating mmH2O

50 100 130

Underdrainage, n 0 2 2

Overdrainage, asymptomatic, n 2 2 0

Overdrainage, symptomatic, n 3 1 0

Fig. 2. Outcome versus valve configuration
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opinion, one should only refer to a functional under-

drainage if the selected valve pressure rating was too

high, the actual opening pressure is higher than the

nominal pressure rating due to manufacturing errors

or changes of the valve functionality in vivo, or if

CSF drainage is reduced due to an increase in intra-

abdominal pressure caused by adiposity or CSF re-

sorption insu‰ciency, e.g., in a pseudocyst. In the Brit-

ish Shunt Registry [38], underdrainage is the dominant

(52%) complication. In the same report, overdrainage

as a cause for postoperative complications is rare (3%).

In contrast, Scandinavian groups assert [7] that 80% of

all shunt complications are caused by overdrainage.

Concerning underdrainage, comparison with other

valves is di‰cult because only a few publications o¤er

a clear statement about this complication, which is not

su‰ciently well-defined or recorded in most studies of

NPH. Clinically, cases of torn-o¤ abdominal catheters

just under or out of the DSV, as found in 3 patients

(2%), can only be discussed as a material and/or tech-

nological problem. Explanations for this problem

should be a matter for the developer or manufacturer.

Valve opening pressure rating

For patients undergoing a second operation because

of overdrainage or suspected underdrainage, the im-

plantation of a Codman Medos-Hakim program-

mable valve with an additional anti-siphon device as a

shunt-assistant for the vertical posture of the patient

could be the alternative. This treatment was chosen

for the majority of our revision operations because of

symptomatic overdrainage. For NPH patients, too,

Codman Medos-Hakim valves have received positive

assessments [35, 39, 41]. A Dutch multicenter study

[6, 11] reported significant improvement in patients

with NPH if low-pressure standard valves had been

implanted compared to implantation of medium-

pressure standard valves. However, the price for this

advantage was a higher overdrainage rate (73% com-

pared to 34%). No statement was made concerning

the clinical relevance of this postoperative complica-

tion, which is described as subdural hygromas in that

study. Such rates of complications are exceptionally

high. In line with the findings of the Dutch multicenter

study [6, 11], the outcome for patients with idio-

pathic NPH who had implantation of a GAV with a

50 mmH2O low-pressure stage turned out better than

for patients provided with a 100 or 130 mmH2O low-

pressure stage GAV. At 10% versus 4%, the advantage

of the GAVs implanted by us compared to the Dutch

study is apparent.

Complications versus valve type

We were surprised that all overdrainage-type com-

plications in patients of the 50 mmH2O valve group

occurred only with the DSV, but never with the GAV.

We believe the di¤erence is related to functional prop-

erties of the gravitational components of the 2 valves.

The gravitational unit of the GAV is already activated

at a posture of 30� to 40� against horizontal, whereas
the DSV only activates at about 60� to 70�. Despite

having informed them otherwise, patients with a DSV

implanted probably used 2 pillows for sleep or took

afternoon naps in an inclined posture. Therefore, the

gravitational component of the DSV was not acti-

vated, resulting in a higher incidence of overdrainage

with this type of valve.

Conclusion

Hydrostatic shunt systems with an opening pressure

of 50 mmH2O in the low-pressure stage are the opti-

mal therapy for patients su¤ering from idiopathic

NPH. Due to the prompt switching function as soon

as the patient changes posture (lying down, standing,

sitting, slanting etc.), the Miethke GAV is more suit-

able in such cases than the Miethke DSV. Can pro-

grammable gravitational valves contribute to even

better outcomes while minimizing valve-related com-

plications?
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Summary

The objective of this prospective study was to find outcome predic-

tors for better selection for treatment of normal-pressure hydroce-

phalus (NPH) patients. A total of 125 patients were evaluated and

provided with a gravitational shunt.

Cerebrospinal fluid hydrodynamics provided better predictive

values if an algorithm to shunt all patients with a pressure/volume

index of <30 mL or resistance to outflow > 13 mmHg/mL�min

was used. In general, outcome became worse with increasing anam-

nesis duration, worse preoperative clinical state, and increasing co-

morbidity. If one of these parameters was lower than a critical value,

the shunt-responder rate was about 90% and the normally negative

influence of older age was not seen. The well-known paradigm of a

worse prognosis with NPH is not the result of the hydrocephalus eti-

ology itself, but the consequence of a typical accumulation of nega-

tive outcome predictors as a consequence of the misinterpretation of

normal aging and delayed adequate treatment.

Keywords: Normal-pressure hydrocephalus; outcome; resistance

to outflow; pressure/volume index; comorbidity; shunts.

Introduction

Responder rates after treatment of normal-pressure

hydrocephalus (NPH) are suboptimal [9, 22]. Up to

70% of patients with NPH su¤er further neurodege-

nerative diseases, which may cause symptoms similar

to those of NPH [1, 20]. On one hand these patients

may benefit from shunting, but on the other, the deci-

sion whether to shunt or not is more demanding.

One objective of this prospective study was to find

outcome predictors which improve with the indication

for shunting. Another objective was to re-evaluate the

paradigm that NPH, and especially idiopathic normal-

pressure hydrocephalus (iNPH), has a worse outcome

than other forms of chronic hydrocephalus [22].

Materials and methods

Patients, clinical management

A total of 125 patients (68 female, 57 male) were included in the

study: 64 iNPH, 19 secondary NPH (sNPH), 42 non-communicating

hydrocephalus (aqueduct stenosis: n ¼ 40; Chiari I malformation:

n ¼ 2). Patients with at least 2 symptoms of Hakim’s triad and an

Evans Index > 0.3 received gravitational valves: 82 Aesculap-

Miethke Dual-Switch valve (Christoph Miethke GMBH & Co.

KG, Potsdam, Germany), 18 Aesculap-Miethke gravity-assisted

valve (Christoph Miethke GMBH & Co. KG, Potsdam, Germany),

and 25 received a combination of an adjustable Codman-Hakim

valve (Codman and Shurtle¤, Inc., Raynham, MA) and Aesculap-

Miethke Shunt-Assistant (Christoph Miethke GMBH & Co. KG,

Potsdam, Germany) [12, 17]. Complications were treated as de-

scribed earlier [12]. Average follow-up was 4:3G 2:4 years.

Indication policy

Shunt indication was based on intracranial pressure monitoring. If

mean intracranial pressure was >20 mmHg or B-wave frequency

> 50%, shunt implantation was indicated. Additionally, a constant-

volume infusion test was performed, but without influence on indica-

tion for surgery [12, 16].

Documentation

Each patient was examined clinically and by magnetic resonance

imaging or cranial computed tomography preoperatively, at 1 and

12 months postoperatively, and yearly thereafter. To document the

clinical state and the ventricular size, we used the Kiefer Index

(KI) [12, 16], the Recovery Index [12, 16] and the Evans Index.

Comorbidity was documented according to a new grading scale

(Table 1).

Statistics

Mann-Whitney U, Spearman, analysis of variance, and Kruskal-

Wallis tests at a significance level of a ¼ 0:05.



Results

Preoperative clinical state

The worse the clinical state was at admission, the

worse the clinical outcome (p ¼ 0.003). A mild clinical

obstruction at admission (0–5 KI points) indicated

an excellent prognosis (89% shunt-responder rate). In

contrast, if severe preoperative obstructions were pres-

ent (>12 KI points), responder rate dropped to 64%.

Comorbidity

From a statistical viewpoint, hypertension

(p ¼ 0.015), cerebrovascular diseases (p < 0.001),

peripheral/coronary vascular occlusion (p < 0.001),

diabetes mellitus (p < 0.001), and Parkinson’s disease

(p < 0.003) had a negative influence on outcome,

while non-coronary heart failure (p ¼ 0.226) and a

history of alcohol abuse (p ¼ 0.738) had none. How-

ever, each disease alone could not be taken as an in-

dependent variable of outcome, but only the combina-

tion of several diseases. To value the influence of

all comorbidities, the usage of the Comorbidity Index

(CMI) has been valuable. Three CMI points seemed

to represent a critical value. Patients with 0–3

CMI points had a shunt-responder rate > 90% (age-

independent), while beyond 3 CMI points the chance

for a clinical benefit from shunting decreased to 65%

(p ¼ 0.002) overall with worse values for older

patients.

Age

In general, outcome was worse with increasing age

(p < 0.001); however, age was not an independent

outcome predictor. A clear correlation between co-

morbidity and age was found (p ¼ 0.002), because

comorbidity normally increased with age. The influ-

ence of age on outcome has been mediated mainly by

comorbidities.

Anamnesis duration

Shunt-responder rate decreased the longer the

period between first hydrocephalus symptoms and

treatment initiation (p ¼ 0.002). Shunt-responder

rates were higher (86%) for a shorter anamnesis (criti-

cal value: 1 year) than with a longer one (p < 0.001).

Comorbidity plays an important role: at 0–3 CMI

points the typical influence of the anamnesis duration

seemed meaningless (responder rate > 90% indepen-

dent from the anamnesis duration). In contrast, pa-

tients with >3 CMI points and a short anamnesis had

responder rates of 80%, while those with an anamnesis

of >1 year had responder rates < 60%.

Cerebrospinal fluid (CSF) hydrodynamics

Using CSF resistance to outflow (ROF) >

13 mmHg/mL�min as an independent outcome

predictor alone, the positive predictive value (PPV)

was 75%, the negative predictive value (NPV) 40%,

Table 1. Comorbidity Index. Each mentioned symptom or disease has to be assigned according to the indicated parameter-values (1–3 points).

The sum represents the individual comorbidity index

1 Point 2 Points 3 Points

Vascular risk factors – Hypertension – Diabetes mellitus

Peripheral vascular occlusions – Aortofemoral bypass

– stent

– ICA stenosis

– Peripheral vascular occlusion

Cerebrovascular disease – Posterior circulation insu‰ciency – Vascular encephalopathy

– TIA

– PRIND

– Cerebral infarct

Heart – Arrhythmia

– Valvular disease

– Heart failure (coronal)

– Stent

– Aortocoronary bypass

– Infarction

Others – Parkinson’s disease

ICA Internal carotid artery; PRIND prolonged reversible ischemic neurologic deficit; TIA transient ischemic attack.
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with a sensitivity of 96% and a specificity of 7%. At a

critical value > 18 mmHg/mL �min, the specificity

increased to 33%, PPV did not increase, while NPV

and sensitivity decreased. Similar predictive values

could be found regarding pressure/volume index

(PVI) alone at varying critical values as an indepen-

dent outcome predictor. However, combining both,

according to an algorithm whereupon all patients

with a PVI < 30 mL or a ROF > 13 mmHg/

mL�min are shunted, provided a specificity and

sensitivity > 90%, PPV@ 80%. Only NPV remained

at a clinically unsatisfying 60%.

Impact of hydrocephalus etiology

NPH patients responded to shunt surgery in 71%

of the cases (iNPH, 66% responders; sNPH, 82%

responders), while 87% of ‘‘non-NPH’’ responded;

however, this narrowed perspective may lead to a

wrong assumption about the meaning of hydrocepha-

lus etiology. Shunt-responder rates of NPH and

non-NPH with similar favorable preconditions such

as mild (KI < 6 points) preoperative obstruction

(p ¼ 0.643), short (<1 year) anamnesis (p ¼ 0.114),

mild (CMI < 3 points) comorbidity state (p ¼ 0.082),

were not significantly di¤erent. NPH patients with

favorable preconditions had a similar or better prog-

nosis than non-NPH patients with worse preconditions

(responder rates, CMI value: iNPH 83%, sNPH 85%,

non-NPH 66%; anamnesis duration: iNPH/sNPH

82%, non-NPH 80%; KI value: iNPH 84%, sNPH

86%, non-NPH 81%). Some influence of the hydroce-

phalus etiology could be seen with worse precondi-

tions only. With a longer anamnesis (p ¼ 0.0109) and

a worse preoperative clinical condition (p ¼ 0.021),

NPH had a 20% lower responder rate than non-

NPH su¤erers with similarly worse preconditions.

However, for a worse CMI (>3 points), NPH and

non-NPH shared the same worse prognosis of

66% and 65% of responders (p ¼ 0.856), respectively.

Considering independent outcome predictors, the

paradigm of a worse NPH prognosis no longer held

true.

We found a worse NPH prognosis compared to

non-NPH simply from an accumulation of negative in-

fluences in the NPH group such as older age

(p < 0.001), longer anamnesis (p < 0.001), worse clin-

ical state at admission (p < 0.001), more comorbidity

(p < 0.001).

Discussion

An important finding of this study is that iNPH does

not mean a worse prognosis, as is often assumed [9,

22]. When taking into account similar favorable pre-

conditions, the post-interventional outcome of NPH

may be as good as with non-communicating hydroce-

phalus or better compared to non-communicating hy-

drocephalus with worse preconditions. From a patho-

physiological viewpoint, the worse prognosis of NPH

remained an enigma. Apparently it is not the hydroce-

phalus type which results in worse clinical outcome in

NPH patients, but the generally worse precondition

they have when first seen. Because the first symptoms

of NPH are often neglected or misinterpreted as a nat-

ural consequence of older age, a drop in rehabilitation

chances occurs.

Whether old age automatically results in a worse

prognosis is controversial [7, 10, 18, 19]. According to

our data, age must not be the determining factor for

outcome; rather, it is a pseudo-correlation between

age and outcome mediated by comorbidity, which nor-

mally becomes worse with older age. Accordingly, el-

derly persons (>80 years) with a low CMI (0–3 points)

could have an excellent prognosis (responder rates

> 90%).

The clinical state at admission is typically not a

discussion point. Mostly, specific symptoms are men-

tioned as good or bad outcome predictors instead of a

global approach to the clinical state. We showed that

grading allows an outcome prediction. A milder pre-

operative obstruction (5 KI points seems to represent

a critical value) due to hydrocephalus allows better

rehabilitation chances. Our grading system contrasts

with earlier assumptions focusing on complete Ha-

kim’s triad and outcomes related to purity of the triad

[2, 14, 20, 22]. However, other findings point in the

same direction as ours in that a worse prognosis occurs

with advanced mental deficits or the presence of uri-

nary incontinence [2, 14, 20].

Additional diseases, especially cerebrovascular dis-

eases, vascular occlusions, and Parkinson’s disease, are

important comorbidities [3, 13, 21], which can be seen

in our data as well. There was previously no method

established to value comorbidities as a prognostic in-

strument such as our Comorbidity Index, which allows

gathering and valuing the influence on outcome of all

additional diseases. Beyond a critical value of 3 CMI

points, prognosis becomes worse even if other outcome

predictors point to a favorable prognosis.
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Our data indicates that both disputed viewpoints,

an existing [3, 19] and a non-existing [2] influence of

anamnesis duration on outcome, can be correct. Gen-

erally, prognosis becomes worse with longer anamne-

sis; however, this no longer holds true under favorable

preoperative preconditions (CMI value < 4 points,

KI < 6 points).

While the value of the ROF or PVI has been studied

extensively with inconsistent results [4–6, 9, 11, 15, 16,

22], the recent trend to elevate the critical ROF value

[3] may not be supported by our data. The infrequent

use of PVI is astonishing, because recent data suggests

that compliance is the initially disturbed parameter at

the beginning of hydrocephalus, while ROF is only an

epiphenomena [8]. Against this background, the men-

tioned algorithm may be found to be a better outcome

predictor than those typically mentioned [9].
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First clinical experiences in patients with idiopathic normal-pressure
hydrocephalus with the adjustable gravity valve manufactured
by Aesculap (proGAVAesculap2)

U. Meier and J. Lemcke

Department of Neurosurgery, Unfallkrankenhaus Berlin, Berlin, Germany

Summary

Objective. Improved clinical outcomes after implantation of a low

pressure valve in patients with idiopathic normal-pressure hydroce-

phalus is usually achieved at the expense of a higher overdrainage

rate. Can an adjustable valve with a gravitational unit provide opti-

mal results?

Method. In a prospective clinical outcome study conducted in

the Unfallkrankenhaus Berlin, 30 patients with idiopathic normal-

pressure hydrocephalus were treated surgically between June 2004

and May 2005 with the valve combination described above, and re-

examination 3 months or 6 months postoperatively.

Results. Clinical outcome correlates with opening pressure level of

the valve. Controlled adjustment of the valve from 100 mmH2O to

70 mmH2O, and then to 50 mmH2O after 3 months, permits opti-

mum adaptation of the brain to the implanted valve without over-

drainage complications.

Conclusions. Advantages of this programmable gravity valve in-

clude: 1) the absence of unintentional readjustment through external

magnets, and 2) the possibility of controlling the valve setting using

an accessory instrument without the need for x-ray monitoring. A

significant disadvantage is adjusting the valve after implantation.

From the clinical point of view, this new ‘‘proGAVAesculap2’’ valve

is a necessary development in the right direction, but at the moment

it is still beset with technical problems.

Keywords: Normal-pressure hydrocephalus; idiopathic; program-

mable valve; gravitational valve; shunt.

Introduction

Despite modern diagnostic methods, the accurate

diagnosis and treatment of idiopathic normal-pressure

hydrocephalus (iNPH) continues to present a chal-

lenge to the clinician [10]. Even after an exact diagno-

sis has been made, surgical treatment is full of poten-

tial complications, which substantially influences the

clinical outcome and the improvement rate of patients

with iNPH. Non-physiological ‘‘hydraulic misman-

agement’’ [10] of hydrocephalus shunts consists of ei-

ther overdrainage when the patient is standing, or rel-

ative underdrainage when the patient is lying down.

This problem is technically unavoidable with conven-

tional valves, since they merely allow a compromise

between the requirements of the di¤erent body posi-

tions [1]. While the majority of younger patients show

considerable tolerance for non-physiological intracra-

nial pressure, it becomes a major problem for older

iNPH patients, who often also have pre-existing vascu-

lar damage [20, 21].

Materials and methods

From June 2004 to May 2005, 30 patients with iNPH were treated

surgically in the Department of Neurosurgery at the Unfallkranken-

haus Berlin-Marzahn by implantation of a ‘‘proGAVAesculap2’’ ad-

justable valve with gravitational unit (Chrisohph Miethke GmbH &

Co. KG, Berlin, Germany). The 18 men and 12 women had an aver-

age age of 68 (27 to 83) years.

Diagnostics

After identification of gait disturbance and additional symptoms

[18] during clinical examination, as well as evidence of ventricular

enlargement from neuroradiological imaging techniques, the intra-

thecal infusion test was performed. A computer-assisted dynamic in-

fusion test using the constant flow technique with an infusion rate of

2 mL/min via lumbar puncture served to calculate the individual pa-

rameters of the cerebrospinal fluid (CSF) dynamics [17, 19]. CSF re-

sistance to outflow greater than 13 mmHg/mL/min was defined as

pathological [15]. The infusion test was directly followed by diagnos-

tic CSF drainage of at least 60 mL. If the clinical symptoms im-

proved in the following 2 to 3 days, shunt operation was indicated.

If there was no improvement in symptoms, particularly in gait distur-

bance, external lumbar drainage for 2 to 3 days was carried out. If

the symptoms improved after this, the valve combination described

above was implanted as a ventriculoperitoneal shunt [22].



Investigation protocol of the prospective study

Controlled adjustment of the valve from 100 mmH2O to

70 mmH2O in the first week postoperatively and to 50 mmH2O after

3 months was carried out in order to compensate for the relative

underdrainage produced iatrogenically by CSF loss during the oper-

ation. For the selection of the gravity valve, however, the height of

the patient is decisive (shorter than 160 cm ¼ 250 mmH2O; 160 to

180 cm ¼ 300 mmH2O; taller than 180 cm ¼ 350 mmH2O).

Clinical grading

Clinical findings were graded according to the Black grading scale

for shunt assessment (Table 1) and the normal-pressure hydrocepha-

lus (NPH) recovery rate [14] based on the Kiefer clinical score for

NPH [13].

NPH recovery rate

¼ NPH gradingpreoperative �NPH gradingpostoperative

Kiefer NPH score ½13�preoperative
� 10

Results

Outcome

Therapeutic results 3 or 6 months after shunt im-

plantation are illustrated in Fig. 1. To summarize, we

were able to record good to excellent results for 19 pa-

tients, fair for 8, and a poor therapeutic outcome in 3

patients. Average Kiefer scores (Fig. 2) corresponding

to severity of the symptoms caused by iNPH were

reduced by half, from 7.8 points preoperatively, to

4.2 points postoperatively, to 4.0 points at 3-month

follow-up. Since the Kiefer clinical score for NPH [13]

is more suited to observing individual outcome than

to group comparison [14], we compared the NPH

recovery rate values postoperatively with those at

follow-up 3 and 6 months after shunt implantation

(Fig. 3). The average score postoperatively was 5.1,

borderline between a fair and a good clinical outcome.

Good therapeutic results were also recorded at 3-

and 6-month follow-ups, with scores of 5.5 and 7.0,

respectively.

Complications

Complications after shunt implantation that were

not related to the valve showed an infection rate of

0%. No revision operations were necessary owing to

incorrect placement of ventricular catheters or disloca-

tion of peritoneal catheters in the abdominal wall (dis-

location: 0%). Thus, in this relatively small patient se-

ries, the rate of complications not related to the valve

was 0%.

In 6 patients, wound swelling and a suture made it

impossible to adjust the valve immediately after sur-

gery or up to day 10 postoperatively. Following suture

removal and with normal wound conditions it was

Table 1. Black grading scale for shunt assessment

Grading Description NPH recovery rate

Excellent same level of activity as before

the illness

b7 points

Good slight impairment b5 points

Fair gradual improvement b3 points

Transient temporary improvement b2 points

Poor unchanged or deterioration <2 points

NPHNormal-pressure hydrocephalus.

Fig. 1. Clinical outcome 3 or 6 months after shunt operation

Fig. 2. Clinical symptoms according to the Kiefer score

First clinical experiences in patients with idiopathic normal-pressure hydrocephalus 369



possible to adjust the valves in these patients without

any di‰culty.

On neuroradiological imaging, one patient showed

chronic subdural hematomas on both sides as direct

evidence of overdrainage (overdrainage rate: 3%). In

this same patient, the valve had locked at an opening

pressure of 20 mmH2O during one month, when we

tried to change the opening pressure due to the hema-

tomas (intermittent valve adjustment problems: 7 pa-

tients, 23%). First, we ligated the valve and evacuated

the chronic subdural hematomas via burr holes.

The shunt-dependent morbidity was 3%. No patient

died in the study period, giving a surgery-related fatal-

ity rate of 0%. No problems arose in handling the mag-

net instrument to read the valve setting. If the reading

pen was correctly positioned following palpatory lo-

cation of the valve and the inflow spout that serves

as a directional guide, the measured pressure level al-

ways matched the radiologically-defined value. The

representation on x-ray under image intensifier was

problem-free; in the cCT-Scout a definite reading is

only possible since the manufacturer improved the

side marking on the valve.

Discussion

Various strategies have been attempted in the past

to solve the basic problem that the pressure gradient

as the body axis becomes vertical is additionally in-

creased by the action of the hydrostatic pressure com-

ponents. It became apparent at an early stage that

overdrainage, which occurs particularly in the upright

position, could be prevented by the use of standard

valves with a high opening pressure. However, this

only succeeded at the price of permanent underdrain-

age in the lying position, when by virtue of the high

valve opening pressure and the fact that the hydro-

static pressure components were no longer operating,

CSF drainage no longer took place [3], making it im-

possible to compensate for the occurrence of nightly

pressure peaks in CSF. The use of standard valves

with low opening pressures led to a better outcome,

but also to a substantially higher overdrainage rate

[4]. Later designs, such as the antisiphon device, suf-

fered malfunctions after becoming completely encased

in scar tissue [12]. The development of adjustable

valves opened up the possibility of programming the

opening pressure so high that no more overdrainage

took place, meaning that it was also no longer possible

to guarantee su‰cient CSF outflow. Bergsneider [3]

pointed out that when using programmable valves

without gravitational components, a partial compen-

sation of the hydrostatic pressure di¤erence that oc-

curs in the vertical position could be observed through

increasing pressure when the body axis was brought

into the upright position; however, this e¤ect is

scarcely calculable and even less able to be regulated.

It was only with the development of gravity-controlled

valves capable of switching between di¤erent pressure

levels for the horizontal and upright positions that a

decisive step toward solving this problem was taken.

Outcome

The general improvement rates stated in the litera-

ture for patients with NPH after a shunt operation

vary between 31% and 96%, with an average value of

53% [2, 6]. Following a meta-analysis, Vanneste [24]

cites improvement rates of 30% to 50% for iNPH. In

another meta-analysis, Hebb et al. [11] cite improve-

Fig. 3. Outcome according to NPH recovery rates
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ment rates of 59% after shunt implantation in iNPH

and 29% long-term. The results of our study reflect an

overall improvement rate of 72%, falling within the

range cited in the literature. In children, Drake et al.

[8] found no di¤erences in clinical outcome after shunt

operation between di¤erent valve groups.

Complications

Grumme et al. [9] cited a fatality rate of 0% to 6%

and a frequency of overdrainage phenomena of 6% to

20% following shunt operations in patients with NPH.

Hebb et al. [11] report a complication rate of 38%, re-

vision rate of 22%, and the combination of remaining

neurological deficits and surgery-related fatality at 6%.

In the English Shunt Registry [23], with its large pa-

tient collective of more than 9000 cases, underdrainage

is the major complication at 52%. As a postoperative

cause of complications, overdrainage is cited in this

paper at 3%. By contrast, Scandinavian working par-

ties [7] claim that 80% of all shunt complications arise

from overdrainage. A Dutch multicenter study [5, 7]

reported a significantly better clinical outcome for pa-

tients with NPH after implantation of low pressure

rather than medium pressure standard valves, but this

advantage was gained at the expense of a higher over-

drainage rate of 73% as opposed to 34%. Our investi-

gation protocol confirms that setting the valve opening

pressure at 50 mmH2O makes for a better clinical out-

come than opening pressures set at 100 mmH2O or

more [16].

Conclusions

The advantages of this programmable valve with

gravitational unit are the absence of unintentional re-

adjustment through external magnets, and the ability

to control the valve setting using an accessory instru-

ment without the need for x-ray. The most significant

disadvantage is valve adjustment problems after im-

plantation. Despite the implanted gravitational unit,

overdrainage complications arose in 3% of patients.
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Decompressive craniectomy for severe head injury in patients
with major extracranial injuries
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Summary

Neurosurgical therapy aims to minimize secondary brain damage

after a severe head injury. This includes the evacuation of intracra-

nial space-occupying hematomas, the reduction of intracranial vol-

umes, external ventricular drainage, and aggressive therapy in order

to influence increased intracranial pressure (ICP) and decreased

P(ti)O2. When conservative treatment fails, a decompressive craniec-

tomy might be successful in lowering ICP.

From September 1997 until December 2004, we operated on 836

patients with severe head injuries, of whom 117 patients (14%) were

treated by means of a decompressive craniectomy. The prognosis

after decompression depends on the clinical signs and symptoms at

admission, patient age, and the existence of major extracranial in-

juries. Our guidelines for decompressive craniectomy after failure of

conservative interventions and evacuation of space-occupying hema-

tomas include: patient age below 50 years without multiple trauma,

patient age below 30 years in the presence of major extracranial inju-

ries, severe brain swelling on CT scan, exclusion of a primary brain-

stem lesion or injury, and intervention before irreversible brainstem

damage.

Keywords: Head injury; edema; craniectomy; intracranial pres-

sure.

Introduction

Bergmann described decompressive craniectomy in

1880 and Cushing published a case report about a sub-

temporal decompressive craniectomy for relief of in-

tracranial pressure in 1908. There is still a controversy

going on about the value of operative decompression

after severe head injuries with traumatic brain edema

[1, 2, 5, 6].

The aim of neurosurgical therapy after severe head

injuries is the minimization of secondary brain dam-

age. General principles of neurosurgical therapy are

the evacuation of space-occupying hematomas, the re-

duction of intracranial volume, the drainage of hema-

tocephalus, and conservative therapy focused on intra-

cranial pressure (ICP), cerebral perfusion pressure,

and brain tissue PO2. In intractable intracranial hyper-

tension that is refractory to conservative interventions,

a decompressive craniectomy is indicated in a few

patients. Indications for decompressive craniectomy,

course of disease, and prognostic criteria are analyzed

and compared with the literature [16–18].

Patients and methods

All patients with a severe head injury at the Unfallkrankenhaus

are treated by the neurosurgical service in the interdisciplinary inten-

sive care unit. Standard management includes an initial computed

tomography scan in the emergency room. Patients were included in

our prospective study when we saw an indication for a neurosurgical

operation.

Patients with severe head injuries (n ¼ 836) were operatively

treated in the Department of Neurosurgery of the Unfallkranken-

haus Berlin between September 1997 to December 2004. The average

age of the 674 male and 162 female patients was 41 years. Decom-

pressive craniectomy was performed in 117 patients (14%). In 74 pa-

tients, craniectomy was performed in addition to removal of a space-

occupying hematoma (subdural or epidural hematoma, contusion

hemorrhage) because generalized brain edema was found intra-

operatively. The second group included 43 patients in whom con-

servative treatment in the intensive care unit was therapy-resistant

when neuro-monitoring with ICP, cerebral perfusion pressure, mean

arterial pressure, and P(ti)O2 measurement revealed intractable

brain edema. The average age of the decompression group of pa-

tients was 35 years and the male/female ratio was 3 :1 (87 male, 30

female). In 105 patients we performed a unilateral craniectomy (right

side 48, left side 57), and in 12 patients a bilateral craniectomy was

necessary.

Results

In accordance with the results of other groups [16],

the majority of head injuries with indication for cra-



niectomy was due to motor vehicle accidents (58%),

followed by falls (28%), attempted suicide (6%), and

violence (8%). Fifty-five percent of patients had a

craniectomy after di¤use brain injury, 27% after an

acute subdural hematoma, 9% after an acute epidural

hematoma, and 9% after an open head injury. In pa-

tients with a di¤use brain injury, the primary operative

intervention was performed for evacuation of a space-

occupying contusion hemorrhage.

Forty-seven patients (40%) died despite decompres-

sion, 16 patients (14%) remained in a vegetative state,

24 patients (20%) had persistent severe neurological

deficits, and 30 patients (26%) reached a Glasgow Out-

come Score (GOS) of 4 to 5. The course of disease in

patients who were decompressed is illustrated in Fig. 1.

A comparison of patient age and postoperative re-

sults is not possible because of the small number of

patients (Fig. 2). Altogether, patients younger than 40

years have a better prognosis than the older ones. In

the fourth and fifth decades, satisfactory results are ob-

tainable in 80%. According to our results, a decom-

pression is less favorable in patients over 60 years of

age, and our patients in this group remained in a vege-

tative state or died.

There is evidence for an important influence on the

outcome when major extracranial injuries are present

in contrast to an isolated head injury (Fig. 3). We

found increased lethality of 53% when there was multi-

ple trauma, in contrast to 34% with an isolated head

injury. Furthermore, the outcome is influenced by the

existence of an extracranial injury, with positive results

in only 10% compared to 34% in isolated head injuries.

In our small series, we could not find a di¤erence in the

time span between accident and surgical decompres-

sion. This is not contradictory for early decompression

when indicated.

Discussion

Prognosis after severe head injury depends on the

clinical status at admission, intracranial lesions, pa-

tient age, and the existence of accompanying injuries.

Patients with epidural hematomas and open head inju-

ries have a better prognosis than those with acute sub-

dural hematomas. A poor prognosis is given in pa-

tients with brain contusions, di¤use brain injuries,

traumatic injuries of the venous sinuses, less than 8

points on the Glasgow Coma Scale, and advanced age

[16–18].

The pathophysiology of posttraumatic, primarily

Fig. 1. Prognosis in severe head injuries with decompressive craniec-

tomy

Fig. 2. Outcome versus patient age

Fig. 3. Comparison between severe head injury (SHI ) patients with

and without major extracranial injuries
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vasogenic and cytotoxic, cerebral edema is mainly a

disturbance of the functional entity consisting of capil-

lary, astroglia, and neuron. The driving force for the

formation of edema is the pressure gradient across the

injured capillary with loss of blood-brain barrier func-

tion and an accumulation of extracellular fluid. Fluid

accumulation is not caused by di¤usion, but by a

hydrostatic pressure gradient in the interstitium of the

white matter. This global, mostly hemispherical blood-

brain barrier disturbance induces generalized brain

edema, which can only be marginally influenced by

conservative treatment. To a degree, an intracranial

volume increase can be compensated for by shifts in

cerebrospinal fluid or blood volume. According to the

intracranial pressure-volume relationship, when the

intracranial reserve areas are exhausted, any further

increase in volume is responsible for a considerable

change in pressure. When the ICP increase decom-

pensates, a decompressive craniectomy must be con-

sidered. Decompression changes the pressure-volume

relationship and causes an increase in the compliance

and, therefore, a shift to the right on the pressure-

volume curve [1, 2, 6, 8, 10, 15].

In animal experiments, it was found by other groups

[1, 2, 4, 11] that after decompression the injured brain

exhibits an ICP decrease, an increase in the pressure-

volume index, and a decrease in interstitial fluid accu-

mulation. There are contradictory statements in the

literature concerning an improvement in the regional

cerebral blood flow and cerebrovascular resistance

[11, 24]. In clinical trials with PET, Xenon-CT, and

MR-spectroscopy, Yamakami et al. [24] and Yoshida

et al. [25] found a hemispheric CBF increase as well

as an increase in the cerebral metabolism after the

craniectomy in comparison to the preoperative

results. This requires early decompression and the

craniotomy must be wide enough and include an open-

ing and prolongation of the dura. Craniectomy should

be performed when conservative treatment fails to in-

fluence an ICP between 25 to 40 mmHg and before the

cerebral perfusion is irreversibly disturbed [2].

There are di¤erent methods described in the litera-

ture. Clark et al. [3] prefer circumferential craniotomy,

and other groups [13, 20, 23] advise bifrontal craniot-

omy. Gerl et al. [6] recommend bilateral craniotomy,

and Gaab et al. [5, 12] recommend wide unilateral

or bilateral frontotemporal-parietal craniectomy with

dura opening and duraplasty. According to the rec-

ommendations of Gaab et al. [5, 9] we have performed

the wide frontotemporal-parietal craniectomy with

duraplasty, for which we used the temporal muscle

and its fascia or a Neuropatch (Braun, Melsungen,

Germany) as a graft. The bone flap is preserved by

subcutaneous implantation by storage under sterile

conditions [19]. In accordance with Yoshida et al.

[25], who found that regional cerebral blood flow and

cerebral metabolism is reduced in the area of craniec-

tomy, we performed the reimplantation after the re-

gression of cerebral edema and when physiological

ICP was present. Other than decompressions in pa-

tients with di¤use brain injuries, we performed a cra-

niectomy more often in patients with acute subdural

hematomas when the development of cerebral edema

appeared during the operation and was resistant to

conservative interventions.

The course of disease after craniectomy depends on

the clinical status at admission, which was also found

by other authors [5, 9, 21, 22]. In the literature, the

postoperative results di¤er. In an analysis of the litera-

ture, there are between 11% and 71% dead despite de-

compression, 8% to 27% were in a vegetative state, 8%

to 27% survived with severe neurological deficits, 0%

to 21% survived with mild neurological deficits, and

0% to 41% had good recovery [5–7, 9, 12, 14, 20]. In

another large analysis, Guerra et al. [9] found 49% of

patients died, 13% survived with severe neurological

deficits corresponding to a GOS of 2 and 3, and 32%

had a favorable outcome with a GOS of 4 or 5. Our

results are in accordance with those reported above,

but we had a slightly larger number of patients in a

vegetative state (Fig. 1). Polin et al. [20] found signifi-

cantly better results after decompression, a finding that

may be due to fewer patients with di¤use brain injuries

who did not have surgery. In our comparable group,

all were operatively treated patients after severe head

injuries.

The influence of patient age on outcome after severe

head injury and craniectomy (Fig. 2) was also found

by other authors [5, 9, 14, 20, 21]. We need to critically

re-evaluate the indication for decompressive craniec-

tomy in patients over 60 years of age. Postoperative re-

sults in patients with a GOS of 3 is one reason for our

higher rate of patients in a vegetative state, and we

postulate that there should be an age restriction. Like

Karlen et al. [12], the prognosis was worse when there

were major extracranial injuries present (Fig. 3).

Under the influence of the results of Gaab et al. [5, 9,

21], we conclude with the following guidelines as an

indication for decompressive craniotomy after severe

head injuries:
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1. Patient age below 50 years without multiple trau-

ma.

2. Patient age below 30 years in the presence of major

extracranial injuries.

3. Severe brain swelling on CT scan.

4. Exclusion of a primary brainstem lesion/injury.

5. Intervention before irreversible brainstem damage.

6. ICP increase up to 40 mmHg and unsuccessful con-

servative therapy.

7. Primarily for space-occupying hematomas with

hemispheric brain edema.

8. Rising ICP and falling tissue oxygenation P(ti)O2

before irreversible brain damage has occurred.
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arachnoidalblutung. [Dissertation A] Humboldt-Universität,

Berlin
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Clinical outcome of patients with idiopathic normal pressure hydrocephalus
three years after shunt implantation

U. Meier and J. Lemcke

Department of Neurosurgery, Unfallkrankenhaus Berlin, Berlin, Germany

Summary

Objective. To investigate the outcomes of surgical treatment of idi-

opathic normal pressure hydrocephalus (iNPH).

Patients and methods. We prospectively investigated 51 patients

treated for iNPH by insertion of a ventriculoperitoneal shunt with

gravitational valve.

Results. The proportion of excellent, good, and satisfactory out-

comes immediately following surgery was 80%; the same clinical out-

come was later verified in 67% of patients on average of 34 months

postoperatively. These results are similar to those reported in the lit-

erature. Ventricle volume decreased minimally during the course of

treatment using Evans’ index, which was concordant with recent lit-

erature and with current understanding of hydrocephalus treatment.

Conclusions. A gravitational valve for treatment of iNPH is the

logical implementation of current knowledge of the pathophysiology

of this illness enabling us to solve the problem of cerebrospinal

fluid drainage with the lowest possible opening pressure while simul-

taneously protecting from overdrainage. The use of programmable

valves, in combination with a gravitational component, is the next

evolutionary stage, potentially making revision operations unneces-

sary.

Keywords: Normal pressure hydrocephalus; idiopathic; outcome;

gravitational valve.

Introduction

The treatment of normal pressure hydrocephalus

(NPH) continues to present a challenge for the clini-

cally active physician. The path to good and excellent

long-term outcomes begins with the correct indication,

leading through to the selection of the individually

appropriate method for controlling internal cerebro-

spinal fluid (CSF) drainage, and ending in careful

postoperative treatment of patients over the course of

many years. Our objective was to prospectively study

the outcomes of the surgical treatment for idiopathic

normal pressure hydrocephalus (iNPH) using hydro-

static valves on average 3 years after implantation.

Materials and methods

This prospective study of clinical outcome included all patients

who, within a 6-year period (1997 to 2003), were diagnosed in the

Neurosurgery Clinic of the Unfallkrankenhaus Berlin, Germany,

and treated surgically for iNPH by insertion of a ventriculoperito-

neal shunt using a hydrostatic gravitational valve (Miethke dual-

switch valve, Christoph Miethke GMBH & Co. KG, Berlin, Ger-

many). The progression of the disease was recorded before and after

surgery, and at follow-up on average 34 months (14 to 82 months)

after surgery. The follow-up investigations took place between July

2003 and January 2005 and included detailed questioning of patients

regarding symptoms as well as the evaluation of neurological status

and assessment using the Homburg scale devised by Kiefer. A com-

puted tomography (CT) examination of the head was performed on

all patients before and after surgery and in the follow-up period to

establish the Evans index. In some cases, recent cerebral CT scans

produced elsewhere were available for the follow-up examination.

Diagnostics

In our clinic, magnetic resonance imaging CSF flow examination,

lumbar infusion test, and spinal tap test were carried out for routine

diagnosis. In our opinion, a high level of diagnostic certainty is pro-

vided through this testing and through calculating the compliance of

the CSF spaces and CSF outflow resistance [8–10]. A ventricular in-

fusion test for continuous CSF drainage over 3 days is only per-

formed in cases where it has not been possible to establish the indica-

tion for shunt therapy with su‰cient certainty using the preceding

diagnostic techniques.

Examination criteria

The Homburg score [6] records the following 5 criteria: amnestic

disorders, gait disturbances, urinary incontinence, giddiness symp-

toms, and intensity of headaches. The NPH recovery rate (NPH-R-

R) was used in an attempt to formulate postoperative development

of clinical symptoms in patients with di¤erent intensities of initial

symptoms so as to allow comparison.

NPH � RR ¼ KieferScorepreoperative � KieferScorepostoperative

KieferScorepreoperative
� 10

Outcome was then evaluated as follows: scores between 7 and 10

points were rated as excellent, scoresb 5 points were rated as good,



scoresb 2 points were rated as satisfactory, and scores under 2

points were defined as poor outcome.

Statistical analysis

Descriptive statistics were performed using SPSS for Windows

(SPSS Inc., Chicago, IL) and Microsoft Excel for Windows (Micro-

soft Corp., Redmond, WA). Explorative statistics were carried out

using SPSS for Windows with the Wilcoxon test for paired samples.

The error probability was p < 0.05.

Results

Preoperative investigations

In a 6-year period (1997 to 2003), 107 patients were

diagnosed with suspected iNPH in the Neurosurgery

Clinic of the Unfallkrankenhaus Berlin. In 66 patients,

the indication was made for surgical treatment with

ventriculoperitoneal shunt implantation of a Miethke

dual-switch valve. These patients satisfied the inclusion

criteria for the study described in this paper. Three pa-

tients did not consent to the planned operation after

the preoperative diagnosis had been performed. These

patients were not treated surgically and were excluded

from the study.

Age and sex distribution

At the time of operation, there was a clear prepon-

derance of males among the 63 patients (35 men, 28

women). The average age of the patients at the time

of surgery was 68 years (32 to 84 years). It is noticeable

within the age distribution that almost three-quarters

of the client group (46 patients, 73%) were recruited

from the 60 to 79 year age group.

Follow-up investigations

From the original 63 patients admitted into the

study, it was only possible to conduct follow-up inves-

tigations on 51, despite intensive e¤orts. A total of 9

patients had already died at the time of follow-up.

One patient died 6 days after the shunt operation from

a pulmonary embolism despite correct thrombosis

prophylaxis. The cause of death for another 5 patients

was established through questioning their relatives or

general practitioners. From this we learned that 2 pa-

tients died of pneumonia, 1 patient of heart failure, 1

patient from kidney failure, and 1 patient from a ma-

lignant disease not identified at the time of shunt im-

plantation. For the remaining 3 deaths no data could

be collected, making it impossible to establish whether

the causes of death were independent of the valve im-

plant. The current place of residence of the 3 patients

was not known and could not be established even

with the help of the Residents’ Registration O‰ce in

Berlin. The authors were also unsuccessful in obtain-

ing further information about these patients using the

addresses of general practitioners and relatives con-

tained in the treatment notes. The average age of the

patients at the time of follow-up was 70 years (34 to

86 years, n ¼ 51).

Course of disease

Figure 1 shows a lower Kiefer score immediately

following surgery compared with preoperative assess-

ment. The measured improvement is statistically sig-

nificant ðp < 0:0005Þ. These values were essentially re-
produced on follow-up an average of 3 years later.

Here, too, there is a statistically significant di¤erence

between the preoperative values and the values an av-

erage of 3 years after implantation ðp < 0:0005Þ. The
minimal increase in arithmetical mean value between

the postoperative values and the values after an aver-

age of 3 years is not significant ðp ¼ 0:691Þ.
The clinical outcomes presented by the NPH-R-R

show that in comparing the preoperative and post-

operative symptoms it was possible to achieve an ex-

cellent outcome in 16% of patients, a good outcome

in 27%, a satisfactory outcome in 37%, and a poor clin-

ical outcome in 20% of patients. The comparison of

preoperative investigation findings with those after 3

years shows the outcome to be excellent in 33% of the

patients, good in 18%, satisfactory in 16%, and un-

satisfactory in 33% of patients (Fig. 2). To summarize,

a positive clinical outcome (excellent, good, or satis-

factory) could be measured in 67% of patients 3 years

after insertion of the ventriculoperitoneal shunt.

Discussion

Epidemiology

The literature on iNPH provides no information

about the frequency of the disease based on the analy-

sis of patient groups of epidemiologically relevant

sizes. The incidences established using smaller collec-

tives di¤er considerably from each other. Vanneste

[13] gives values of 0.13 to 0.22 per 100,000 people
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per year. In a more recent work, Krauss and Halve [7]

assume an annual incidence of 1.8 per 100,000 people.

In a survey of 982 inhabitants of Starnberg over 65

years old, Trenkwalder et al. [12] established a preva-

lence of 0.41% for NPH.

Outcome

The improvement rates cited in the available reviews

of original publications on NPH show a relatively

broad distribution. In 1984, Børgesen [2] established

average improvement rates of 52% (42% to 67%) in

an analysis of 6 original publications written between

1972 and 1980. Hebb and Cusimano [3] analyzed 44

original publications in 2001 and cited an average im-

provement rate of 59% and a long-term improvement

rate of 29%. The following values can be taken from

large single studies: for 147 operated patients with

iNPH, Romner and Zemack [14] cite an improvement

rate of 79% after an average of 27 months (3 months to

9 years); Boon et al. [1] established for 96 patients in

both parts of the study (low pressure vs. medium pres-

sure standard valves) an average improvement rate of

53% and 47%, respectively; Mori et al. [11] established

an average improvement rate after 3 years of 73%

for 120 patients with iNPH; Kiefer et al. [5] observed

an improvement rate of 70% after an average of 26

months in 122 patients with NPH.

In our present study, figures similar to those cited in

the literature could generally be repeated in our own

patient cohort. Whereas in the postoperative investiga-

tion of patients, excellent, good, and satisfactory clini-

cal outcomes were measured in 80% of the cases, 3

years after the operation it was only possible to verify

an excellent, good, or satisfactory outcome in 67% of

the patients. On closer observation, the results disclose

a trend towards the two extremes. The patient groups

with satisfactory or good outcomes decreased mark-

edly (from 37% to 16% and from 27% to 18%, respec-

tively), whereas the groups with excellent or poor

outcomes both increased considerably. However, in

comparing these figures with those of other authors it

Fig. 1. Kiefer score (arithmetical mean and standard deviation)

Fig. 2. Clinical outcome according to NPH-R-R. excellent;

good; satisfactory; poor
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should be noted that, in our working group, an im-

provement of less than 20% (NPH-R-R < 2) is already

classified as a poor clinical outcome.

Overall it can be seen that a proportion of the pa-

tients investigated experienced further improvement

in their symptoms during the 3 years following sur-

gery. This speaks for the reversibility of certain dam-

age processes within a section of the patient collective.

A further explanation may be o¤ered by the clinical

improvement in the postoperative period as part of

the adaptation to unphysiological (over-)drainage.

Kiefer [4] sees this possibility for example in the frame-

work of reactive congestion, but he is referring to the

pre-hydrostatic valve era. On the other hand, some of

the patients we investigated experienced further deteri-

oration of their symptoms after shunt implantation.

This also corresponds to expectations, for various rea-

sons. First, even with accurate diagnosis a proportion

of non-responders did not show any clinical improve-

ment at postoperative examination. The obvious at-

tempts at explanation here would be that these patients

were either wrongly diagnosed or were in the advanced

stage of disease and whose atrophic cranial compo-

nents were no longer reversible by shunt therapy. After

unsatisfactory postoperative results, it is probable that

no improvement can be expected for these non-

responders in the further progression of the illness.

Second, when observing patients with iNPH, a high

comorbidity of cardiovascular and musculoskeletal

systems must be assumed by reason of patient age

alone. Even if the Kiefer score claims a specific orien-

tation toward the symptoms of NPH, it cannot be

completely ruled out that some of the symptoms, for

instance gait disturbances, are the result of other coex-

isting causes. For this reason it must be assumed that

patients with increasing age will tend to have poorer

ratings. Third, iNPH is by its nature a progressive

disease, so that a stagnating or at least slowed down

deterioration of the clinical symptoms represents an

advantage against the hypothetical progression of the

untreated disease.
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Is it possible to optimize treatment of patients with idiopathic normal pressure
hydrocephalus by implanting an adjustable Medos Hakim valve in combination
with a Miethke shunt assistant?

U. Meier and J. Lemcke

Department of Neurosurgery, Unfallkrankenhaus Berlin, Berlin, Germany

Summary

A better course of the disease after implantation of a low-pressure

valve in patients with idiopathic normal pressure hydrocephalus

normally comes at the cost of a distinctly higher rate of overdrain-

age. Can combining an adjustable valve with a gravity unit produce

optimization of treatment results?

In a prospective observation of the course of the disease, 18 pa-

tients with idiopathic normal pressure hydrocephalus were surgically

treated with the aforementioned valve combination during the pe-

riod January to June 2004 at the Unfallkrankenhaus Berlin and ex-

amined after 6 and 12 months.

The course of the disease correlates with the opening pressure level

of the valve. The controlled setting of the valve from 100 mmH2O to

70 mmH2O, then to 50 mmH2O after 3 months permits the brain to

adapt optimally to the implanted valve without complications from

overdrainage.

In our view, combining an adjustable di¤erential pressure valve

with a gravity unit currently represents the optimal treatment variant

for patients with idiopathic normal pressure hydrocephalus. In the

future, the gravity valve should also be adjustable.

Keywords: Normal pressure hydrocephalus; idiopathic; outcome;

programmable valves.

Introduction

Despite modern diagnostic methods, the accurate

diagnosis and treatment of idiopathic normal pressure

hydrocephalus (iNPH) represents a challenge for the

clinician [10]. Even after a precise diagnosis is made,

surgical treatment is rife with complications, which

has a considerable influence on the clinical progress

and rate of improvement in patients with iNPH. The

so-called ‘‘hydraulic mismanagement’’ [10] of hydro-

cephalus shunts includes a non-physiological function

either from overdrainage while standing or from rela-

tive underdrainage while lying down. This situation is

technically unavoidable in the case of conventional

valves, since the latter only permits a compromise be-

tween the requirements of the various body positions

[1]. While the majority of younger patients clinically

show a considerable tolerance for non-physiological

intracranial pressure, this is a great problem for older

patients with iNPH and vascular compromise [20, 21].

Materials and methods

From January to June 2004, 18 patients with iNPH at the neuro-

surgical clinics of the Unfallkrankenhaus Berlin-Marzahn were

treated surgically by the implantation of an adjustable Medos Ha-

kim valve (Codman/Johnson & Johnson, Raynham, MA) combined

with a Miethke shunt assistant, (Christoph Miethke GmbH & Co.

KG, Berlin, Germany). The average age of the 10 men (56%) and 8

women (44%) was 65 years (33 to 82 years).

Diagnostics

After a clinical examination for gait ataxia and additional symp-

toms [18], and the verification of ventricular enlargement using

neuroradiology imaging methods, an intrathecal infusion test was

conducted. A computer-assisted dynamic infusion test using the con-

stant flow technique with an infusion rate of 2 mL/min via lumbar

puncture was used to calculate the individual parameters of cerebro-

spinal fluid dynamics [17, 19]. A resistance to outflow of greater than

13 mmHg �min/mL was defined as pathological [15]. The diagnos-

tic fluid drainage of at least 60 mL fluid took place immediately fol-

lowing the infusion test. With improvement in clinical symptomatol-

ogy in the following 2 to 3 days, the indication for a shunt operation

was present. If symptomatology, particularly gait ataxia, did not im-

prove, external lumbar drainage was performed for 2 to 3 days. If

symptomatology improved after this, the described valve combina-

tion was implanted as a ventriculo-peritoneal shunt [22].

Investigation protocol of the prospective study

The controlled setting of the valve from 100 mmH2O to

70 mmH2O during the first postoperative week, then 50 mmH2O



after 3 months was undertaken with the point of view that relative

underdrainage is iatrogenically generated due to fluid loss during

the operation, for which the aforementioned valve setting is intended

to compensate. On the other hand, the height of the patient is crucial

for selecting the gravity valve (heights less than 160 cm ¼
250 mmH2O; 160 to 180 cm ¼ 300 mmH2O; greater than 180 cm

¼ 350 mmH2O for the shunt assistant). This combination of an ad-

justable Medos Hakim valve and aMiethke shunt assistant regulates

intracranial pressure using the di¤erential pressure valve when lying

down and the gravitation valve when standing up.

Clinical grading

The results of the clinical study were evaluated in accordance with

the Black grading scale for shunt assessment (Table 1) and the

normal pressure hydrocephalus (NPH) recovery rate [14] based on

Kiefer’s [13] clinical grading for NPH.

All graduated study results were collected into 4 groups. In this

case, groups were identified with NPH recovery rates as follows:

very good outcome, b7 points; good outcome, b5 points; satisfac-

tory outcome,b2 points; poor outcome, <2 points.

NPH Recovery Rate

¼ NPH Gradingpreoperative �NPH Gradingpostoperative

NPH Grading as per Kiefer ½13�preoperative
� 10

Statistics

Statistical analyses were conducted using Fisher exact test with a

probability of error of p ¼ 0.05.

Results

Outcome

Treatment results of the 18 patients 1 year after

shunt implantation are depicted in Fig. 1. In summary,

we were able to report good to very good treatment

success with 7 patients, satisfactory treatment success

with 6 patients, and poor treatment success with 5 pa-

tients. The average value on the Kiefer scale (Fig. 2)

corresponding to the severity of the symptomatology

induced by the iNPH dropped from 6 points preopera-

tively to 3 points postoperatively and 3 points during

follow-up examinations; a significant reduction by

one-half. Since clinical grading for NPH per Kiefer

[13] is better suited for observing individual progress

than for comparing groups [14], the values of the

NPH recovery rate were compared postoperatively

with those of the follow-up examination 6 months

and 1 year after shunt implantation (Fig. 3). The aver-

age proportional value postoperatively was 5.2, which

is the transitional area between a satisfactory and good

treatment result, followed by values of 5.0 after 6

months and 4.3 after a year, again, good or satisfac-

tory treatment results. Average improvement in clini-

cal symptomatology was 50% or 43%.

Complications

In regard to the valve-independent complications

after shunt implantation, we found an infection rate

of 0%. In addition, no ventricular catheters had to be

revised due to incorrect placement or peritoneal cathe-

ters due to dislocation in the abdominal wall (disloca-

tion: 0%). Thus, the valve-independent complications

in this relatively small patient group were 0%. Using

neuroradiology imaging methods, no patient showed

a clear reduction in the ventricular size or subdural hy-

gromas or chronic subdural hematomas as a direct

sign of overdrainage (overdrainage rate: 0%).

Table 1. Black grading scale for shunt assessment

Grading Description NPH recovery rate

Excellent activity level same as before

illness

b7 points

Good slight limitations b5 points

Fair gradual improvement b3 points

Transient temporary improvement b2 points

Poor no change or worsening <2 points

NPHNormal pressure hydrocephalus.

Fig. 1. Disease progression 1 year after the shunt operation

Fig. 2. Clinical signs and symptoms in accordance with the Kiefer

scale
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A 78-year-old female patient showed deterioration

of symptomatology 3 months after the shunt opera-

tion. The cause was diagnosed as an inadvertent valve

readjustment to 200 mmH2O, a quasi-closure of the

valve caused by a magnetic bracelet that was acquired

during a sightseeing bus excursion. The fact that this

patient places a hearing aid in her right ear multiple

times each day, and in doing so, moves the magnetic

bracelet on her wrist near the adjustable valve, conclu-

sively explained the inadvertent valve readjustment.

After the valve was readjusted to 50 mmH2O, clinical

symptomatology improved considerably, particularly

the gait ataxia. In another patient, there were di‰cul-

ties adjusting the valve in accordance with the investi-

gation protocol. By using a stronger magnet it was

possible to readjust this valve. All patients were x-

rayed after valve adjustment or readjustment. There

were no problems identifying the current valve pres-

sure level in the process. The valve-dependent compli-

cation rate from unintentional valve adjustment is 6%

(1 patient), and shunt-dependent morbidity was 6%.

No patient died during the study period. As a result,

the operation-related fatality rate was 0%.

Discussion

The fundamental problem of pressure gradient in-

creases when the body’s axis is vertical created by ad-

ditional hydrostatic pressure has been countered in the

past using various strategies. It was shown early on that

overdrainage particularly occurring in an upright posi-

tion could be prevented by using standard valves with

high opening pressure. However, this came at the price

of permanent underdrainage in a horizontal position,

when fluid drainage no longer occurred because the

hydrostatic pressure component had been eliminated

and because of the high valve opening pressure [3].

The occurrence of nocturnal pressure peaks in cere-

brospinal fluid could not be compensated for in this

way. Although using standard valves with low opening

pressures produced a better outcome, this was counter-

acted by a substantially higher overdrainage rate [4].

Malfunctions from surrounding scar tissue occurred

with subsequent designs such as the anti-siphon device

[12]. While the development of adjustable valves

opened up the possibility of programming the opening

pressure so high that overdrainage no longer occurred,

su‰cient fluid drainage was still not guaranteed.

Bergsneider [3] called attention to the fact that when

using programmable valves without a gravitational

component, partial compensation of the drop in hy-

drostatic pressure that occurs in a vertical position

could be observed because of pressure increases when

the body’s axis is brought upright. However, this e¤ect

is hardly calculable and has even less potential for be-

ing regulated. Not until the development of gravity-

controlled valves, which can switch between one

pressure level for a lying position and another for a

standing position, was a decisive step made toward

eradicating this problem.

Outcome

The literature shows that the general rate of im-

provement in patients with NPH after a shunt opera-

tion varies between 31% and 96% with an average

value of 53% [2, 6]. According to a meta-analysis, Van-

neste [24] cites improvement rates of 30 to 50% for

iNPH. In a meta-analysis, Hebb et al. [11] indicate im-

provement rates of 59% after a shunt operation for

Fig. 3. Outcome in accordance with the NPH recovery rate
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iNPH and long-term improvement rates of 29%. The

results of our study, with a general improvement rate

of 72%, lie within the range of the citations in the liter-

ature. Drake et al. [8] found no di¤erence in the course

of the disease between di¤erent valve groups of chil-

dren after shunt operation.

Complications

After shunt operations in patients with NPH,

Grumme et al. [9] reported a fatality rate of 0% to 6%

and overdrainage phenomena in 6% to 20%. Hebb

et al. [11] placed the complication rate at 38%, the re-

vision rate at 22%, and the combination of a lasting

neurological deficit and fatality from the operation at

6%. In England’s [23] shunt registry with a very large

patient number of over 9,000 cases, the most frequent

complication is underdrainage with an incidence of

52%. Overdrainage as a postoperative cause for com-

plications is reported in this study as very low (3%).

This is in contrast with the Scandinavian working

groups [7], which make the statement that 80% of

all shunt complications arise due to overdrainage. A

Dutch multicenter study [5, 7] achieved a significantly

better outcome in patients with NPH if standard valves

were implanted in the low-pressure range as opposed

to implantation of standard valves in the mid-pressure

range, but this advantage came at the cost of a higher

overdrainage rate of 73% versus 34%. Our investiga-

tion protocol takes into account that adjusting the

valve opening pressure to 50 mmH2O makes a better

outcome possible than with valve opening pressures

of 100 mmH2O or greater [16].

Conclusions

In our view, combining an adjustable Medos Hakim

valve with a Miethke shunt assistant currently repre-

sents the optimal treatment variant for patients with

iNPH. Advantages of the programmable Medos Ha-

kim valve are good intraoperative handling, extensive

clinical experience [25] over many years, and simple

valve adjustment (pressure setting). Considered disad-

vantageous are inadvertent readjustments of the valve

and the necessity for radiological checks after every

valve readjustment. In the case of precise vertical

implantation, the Miethke shunt assistant functions

smoothly as a gravity unit. There were no overdrain-

age complications.
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Summary

Aquaporins are intrinsic membrane proteins involved in water

transport in fluid-transporting tissues. In the brain, aquaporin-4

(AQP4) is expressed widely by glial cells, but its function is unclear.

Extensive basic and clinical studies indicate that osmolarity a¤ects

seizure susceptibility, and in our previous studies we found that

AQP4 �/� mice have an elevated seizure threshold in response to

the chemoconvulsant pentylenetetrazol. In this study, we examined

the seizure phenotype of AQP4 �/� mice in greater detail using

in vivo electroencephalographic recording. AQP4 �/� mice were

found to have dramatically longer stimulation-evoked seizures fol-

lowing hippocampal stimulation as well as a higher seizure thresh-

old. These results implicate AQP4 in water and potassium regulation

associated with neuronal activity and seizures.

Keywords: Epilepsy; brain edema; water transport; glial cells;

aquaporin-4.

Introduction

Relative cellular and extracellular space (ECS)

volume has been demonstrated to play an important

role in propensity to seizures in vitro. In particular, de-

creasing ECS volume in hippocampal slice prepara-

tions by hypotonic exposure produces hyperexcit-

ability and enhanced epileptiform activity [8, 16, 20],

whereas hyperosmolar medium attenuates epilepti-

form activity [8, 21]. These experimental data parallel

extensive clinical experience indicating that hypo-

osmolar states, such as hyponatremia, lower seizure

threshold while hyperosmolar states elevate seizure

threshold [4]. However, the role of osmolarity, water

transport, and seizure susceptibility in vivo has not

been well-studied.

The aquaporins are a family of membrane proteins

that function as ‘‘water channels’’ in many cell types

and tissues in which fluid transport is crucial [22].

Aquaporin-4 (AQP4) is abundantly expressed by glial

cells lining the ependymal and pial surfaces that are

in contact with cerebrospinal fluid in the ventricular

system and subarachnoid space [19], and highly polar-

ized AQP4 expression is also found in astrocytic foot

processes near or in direct contact with blood vessels

[19]. Recently, we found that mice deficient in AQP4

(AQP4 �/�) had decreased cerebral edema and im-

proved neurological outcome following water intoxi-

cation and focal cerebral ischemia [14, 15].

In view of the potential role of AQP4 in mediating

water fluxes in response to neuronal activity and per-

haps in seizure-induced edema, we examined seizure

susceptibility in AQP4 �/� mice and found elevated

seizure threshold in response to the chemoconvulsant

pentylenetetrazol (PTZ) [5]. In the current study, we

examined the seizure phenotype of AQP4 �/� mice

in greater detail using in vivo electroencephalographic

(EEG) recording following hippocampal stimulation-

evoked seizures.

Materials and methods

AQP4 �/� mice

AQP4�/�mice, in a CD1 genetic background, were generated as

previously described [13]. These mice lack detectable AQP4 protein

by immunoblot and immunocytochemical analysis, and phenotypi-

cally have normal growth, development, survival, and neuromuscu-

lar function except for a mild defect in maximal urine-concentrating

ability produced by decreased water permeability in the inner medul-

lary collecting duct.

Electrode implantation

Male AQP4 �/� mice (n ¼ 8) and wild-type (WT) littermates

(n ¼ 10) were anesthetized with 2,2,2-tribromoethanol (125 mg/kg,



i.p.) and placed in a standard mouse stereotaxic frame. Bipolar elec-

trodes made from Teflon-coated stainless steel wire were implanted

in the right dorsal hippocampus (bregma as reference: 2.0 mm pos-

terior; 1.5 mm lateral; 1.8 mm below dura) [9]. Electrodes were se-

cured firmly to the skull with dental cement and anchor screws, and

a ground wire was attached to 1 anchor screw. Mice were then al-

lowed to recover for at least 3 days prior to stimulation.

Seizure stimulation procedure

Following postoperative recovery, electrical stimulations were

given to assess electrographic seizure threshold and duration. Each

stimulation consisted of a 60-Hz 1-sec train of 1 msec biphasic rec-

tangular pulses delivered by a digital stimulator (BIOPAC Systems

Inc., Goleta, CA). To determine electrographic seizure threshold

(EST), stimulation intensity was increased by 10 mA increments

starting at 20 mA. Presence or absence of electrographic seizure dis-

charge was recorded for each stimulation by an observer blinded to

genotype. All EEG data were recorded by a digital signal acquisition

system (BIOPAC Systems Inc.) and analyzed by an observer blinded

to genotype. EST was recorded as the threshold at which at least 3

seconds of hippocampal afterdischarge (seizure) was recorded. Elec-

trographic seizure duration was recorded as the total duration of

electrographic seizure at the EST.

Results

Baseline EEG in WT and AQP4 �/� mice was

indistinguishable (not shown). AQP4 �/� mice

had a higher mean electrographic seizure threshold

(167G 17 mA) than WT controls (114G 10 mA) (Fig.

1, top). This is consistent with our previous results us-

ing the PTZ model [5]. Interestingly, AQP4 �/� mice

were found to have dramatically longer stimulation-

evoked seizures (32.6G 2.3 seconds) compared to

WT controls (13.4G 1.9 seconds) (Fig. 1, bottom).

Fig. 1. Electrographic seizure threshold (top) and duration (bottom) in WT vs. AQP4�/�mice. AQP4�/�mice had a higher electrographic

seizure threshold (167G 17 mA) than WT controls (114G 10 mA) (p < 0:01). Interestingly, AQP4 �/� mice were found to have dramatically

longer stimulation-evoked seizures (32.6G 2.3 seconds) compared to WT controls (13.4G 1.9 seconds) (p < 0:001)

390 D. K. Binder et al.



Representative examples of hippocampal stimulation-

evoked seizures for WT vs. AQP4�/�mice are shown

in Fig. 2.

Discussion

These results demonstrate that absence of AQP4

increases EST and also dramatically increases seizure

duration. Together with our previous results in the

PTZ model [5], these results implicate the glial water

channel AQP4 in the modulation of brain excitability

in vivo. Importantly, developmental e¤ects of the

AQP4-null mutation cannot be excluded.

There is increasing evidence that water movement in

the brain involves aquaporin channels [1, 15]. Since

brain tissue excitability is very sensitive to ECS vol-

ume, AQP4 deletion may alter ECS volume or compo-

sition at baseline and/or following neuronal activity. A

larger ECS volume fraction prior to seizure-inducing

stimuli and/or a blunted reduction in ECS volume dur-

ing neuronal activity via abrogation of water influx

through glial AQP4 may limit neuronal excitability

and synchrony. Indeed, using a novel in vivo cortical

photobleaching paradigm, we have recently found evi-

dence for a larger ECS volume fraction at baseline in

AQP4 �/� mice [6].

Impaired sequestration and/or redistribution of

Kþ may underlie the increased seizure duration in

AQP4 �/� mice. Indeed, altered glial/neuronal water

and Kþ recycling in response to neuronal activity has

already been proposed to underlie impaired hearing

in AQP4 �/� mice [12]. In support of this possibility

is the colocalization of AQP4 with the inwardly-

rectifying potassium channel, Kir4.1 [7, 17], which is

thought to mediate spatial Kþ bu¤ering by astrocytes

[10, 11].

A recent model for the role of AQP4 in neural signal

transduction comes from study of mice deficient in

the gene a-syntrophin. Deletion of a-syntrophin, an

adapter protein in the dystrophin-containing protein

complex required for anchoring AQP4 to specialized

membrane domains [1, 18], also leads to attenuated

brain edema in response to transient cerebral ischemia

[2]. In a recent study, Amiry-Moghaddam et al.

[3] studied hippocampal slices from a-syntrophin-

deficient mice and found a deficit in extracellular Kþ

clearance following evoked neuronal activity. In addi-

tion, using a hyperthermia model of seizure induction,

they found more of the a-syntrophin-deficient mice

had more severe seizures than WT mice. These data

are consistent with the idea that AQP4 and its molecu-

lar partners (e.g. Kir4.1, a-syntrophin, dystrophin)

together comprise a multifunctional ‘unit’ responsible

for clearance of Kþ and/or H2O following neural

activity. Thus, further understanding of the glial mod-

ulation of ECS ion and water homeostasis in epileptic

tissue may lead to novel concepts and targets for anti-

convulsant drug development.
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phorbol myristate acetate, decreases ischemia-induced brain edema
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Summary

The protein kinase C activator, phorbol 12-myristate 13-acetate

(PMA), is known to interact with aquaporin-4 (AQP4), a water-

selective transporting protein abundant in astrocytes and ependymal

cells, that has been found to decrease osmotically-induced swelling.

The purpose of this study was to examine whether PMA given at

di¤erent time points following focal ischemia induced by middle

cerebral artery occlusion (MCAO) reduces brain edema by AQP4

modulation.

Male Sprague-Dawley rats were randomly assigned to sham pro-

cedure, vehicle, or PMA infusion (230 mg/kg), starting either 60 mi-

nutes before, or 30 or 60 minutes after MCAO (each group n ¼ 12).

After a 2-hour period of ischemia and 2 hours of reperfusion, the an-

imals were sacrificed for assessment of brain water content, sodium,

and potassium concentrations. AQP4 expression was assessed by

immunoblotting. Statistical analysis was performed by ANOVA fol-

lowed by Tukey’s post hoc test.

PMA treatment significantly reduced brain water content concen-

tration in the infarcted area when started before or 30 minutes post-

occlusion (p < 0:001, p ¼ 0:022) and prevented the subsequent so-

dium shift (p < 0:05). Furthermore, PMA reduced ischemia-induced

AQP4 up-regulation (pa 0:05).

Attenuation of the ischemia-inducedAQP4 up-regulation by PMA

suggests that the reduction in brain edema formation following

PMA treatment was at least in part mediated by AQP4 modulation.

Keywords: Phorbol ester; PMA; middle cerebral artery occlusion;

brain edema; AQP4.

Introduction

Aside from the initial extent of brain damage caused

by any type of brain insult, the resulting brain edema

and consecutive increase in intracranial pressure con-

tributes substantially to mortality in these patients.

The cellular localization of the aquaporin-4 (AQP4)

water channels in the central nervous system suggests

the importance of AQP4 in maintaining cerebral water

balance [22]. Recently, an important role of AQP4 in

water homeostasis during traumatic and ischemic

brain edema development has been described [17, 20],

although controversial results have been obtained.

The exact mechanisms of AQP4 regulation have

not yet been identified. However, direct and indirect

evidence suggests that protein kinase C (PKC) is in-

volved in AQP4 regulation [14, 15, 25]. PKC serves

as a second messenger for G-protein receptors that

are coupled to the phosphoinositide pathway, causing

either a transient rise in intracellular Ca2þ through

inositol-triphosphate or activating PKC through

diacylglycerol. Furthermore, the PKC activator, phor-

bol 12-myristate 13-acetate (PMA), is known to in-

teract with AQP4, and has been shown to decrease

osmotically-induced swelling in AQP4-transfected

Xenopus laevis oocytes [5]. PKC activation has been

found to decrease AQP4 mRNA in cultured astrocytes

[25], but prolonged treatment eliminated the subse-

quent decrease in AQP4 mRNA [14].

Since we found PMA can reduce brain edema and

subsequent electrolyte imbalance following cortical

contusion injury and middle cerebral artery occlusion

(MCAO) when PMA was given before induction of

ischemia, the present study investigated whether

PMA is as e¤ective given after the onset of ischemia.

Specifically, we assessed the brain water, sodium, and

potassium content following an intravenous PMA in-

fusion started at di¤erent time points after MCAO.

The AQP4 expression was assessed by immunoblot-

ting and quantified by densitometry.

Materials and methods

Animals and surgical procedure

The studies were conducted under approval of the Institutional

Animal Care and Use Committee using National Institutes of Health



guidelines. Experiments were carried out on 350 to 400 g adult male

Sprague-Dawley rats (Harlan, Indianapolis, IN). Rats were housed

at 22G 1 �C with 60% humidity, with a 12-hour light/12-hour dark

cycle, and pellet food and water ad libitum. Surgery was performed

after intubation under halothane anesthesia and controlled ventila-

tion (1.3% halothane in 70% nitrous oxide and 30% oxygen). Rectal

temperature was maintained at 36.5G 0.5 �C using a heat lamp. The

left femoral artery and vein were cannulated with polyethylene tub-

ing (P.E. 50, Becton Dickinson, Sparks, MD) for continuous moni-

toring of mean arterial blood pressure (MABP), arterial blood

sampling, or intravenous drug infusion. Adequate ventilation was

verified by an arterial blood gas measurement after 1 hour of

anesthesia.

Cerebral blood flow (CBF) to tissue perfused by the right middle

cerebral artery was continuously monitored by Laser Doppler Flow-

metry (LaserFlo Vasamedics Inc., St Paul, MN) through a burr hole

located 1 mm posterior and 5 mm lateral to bregma leaving the dura

mater intact. Animals were placed in a supine position over the laser

Doppler probe, and CBF as well as MABP were recorded continu-

ously using a data acquisition system (ADInstruments, Colorado

Springs, CO).

MCAO was induced using the intraluminal suture method

described elsewhere [1], slightly modified. Through a midline neck

incision, the bifurcation of the right common carotid artery was ex-

posed, and branches of the external carotid artery (ECA) and inter-

nal carotid artery (ICA) including the occipital, lingual, and maxil-

lary arteries were microsurgically separated and coagulated. The

ECA was ligated with a 4-0 silk suture, and after temporary occlu-

sion of the ICA and common carotid artery with vascular mini-clips,

a 4-0 monofilament nylon suture (4-0 SN-644 MONOSOF nylon

Polyamide) with a silicon tip of 0.3 mm diameter was inserted

through the ECA stump and secured with a suture. The clips were

removed and the filament was advanced through the ICA into the

circle of Willis while occluding the pterygopalatine artery with a for-

ceps. A CBF reduction between 70 and 80% to baseline was observed

when the suture was advanced at a distance of 22 to 24 mm from the

carotid bifurcation, thereby verifying proper MCAO. Two hours af-

ter occlusion, a 2-hour period of reperfusion was performed by with-

drawing the suture into the ECA stump, confirming a consecutive in-

crease in CBF.

Study protocol and drug preparation

Our objective was to assess the e¤ect of intravenous PMA infusion

on brain swelling started at di¤erent intervals after MCAO. The ani-

mals were randomly assigned to vehicle or PMA infusion starting 60

minutes before or either 30 minutes or 60 minutes after induction of

ischemia, with each group consisting of 6 animals. According to the

literature [12], 230 mg/kg PMA (Sigma-Aldrich, St Louis, MO) was

dissolved in 1% dimethyl sulfoxide as vehicle solution (Sigma-

Aldrich). The drug was intravenously administered using a continu-

ous infusion pump (sp210w syringe pump, KD Scientific, Holliston,

MA). To keep the total drug concentration administered constant in

di¤erent treatment groups, the infusion rate was adapted to either

480 mL/hr, 640 mL/hr, or 720 mL/hr. After the experiments were

completed, the animals were sacrificed by an overdose of halothane,

decapitated, and the brains were removed.

Tissue processing

The cerebral tissue was immediately cut into 4 consecutive 4 mm

coronal sections excluding the most rostral and caudal sections from

further analysis. After division into the right and left hemispheres

along the anatomic midline, the 4 regional samples obtained were

processed for water content measured by the wet/dry weight method.

The wet weight of each sample was measured using an electronic an-

alytical balance before drying the sample at 95 �C for 5 days and re-

weighing to obtain the dry weight. The water content of each sample

was given as percentage of total tissue weight. For measurement of

brain sodium and potassium concentrations, the dried samples were

placed in a furnace for 24 hours at 400 �C and reduced to ashes. The

ash was then extracted with distilled water, and the concentrations of

sodium and potassium were determined using a flame photometer

(943 nm; Instrument Laboratory, San Jose, CA) with caesium as an

internal standard.

Immunoblot

After sacrifice, brains were removed and immediately cut on

dry ice into two 2 mm sections excluding 4 mm of the rostral tissue.

Slices were cut into the right and left hemisphere, then the striatum

and the parietal cortex were isolated, minced finely at 4 �C with a

Potter Elvehjem tissue grinder, and each sample was homogenized

in 800 mL of radioimmunoprecipitation bu¤er (50 mmol Tris,

150 mmol NaCl, 1% NP40, 1% deoxycholic acid, 0.5% sodium n-

dodecyl sulfate, pH 7.2). This homogenate was centrifuged in a

Thermo MicroMax RF centrifuge (Thermo Electron Corporation,

Needham Heights, MA) at 14000� g for 30 minutes at 4 �C to re-

move nuclei and mitochondria. From the resultant pellet, gel sam-

ples in 2% sodium n-dodecyl sulfate were made. Supernatant samples

were run on 12% Bis-Tris gels (Invitrogen Nu-Page, Invitrogen,

Carlsbad, CA). After transfer by electroelution to nitrocellulose

membranes, blots were blocked with 5% milk powder in tris bu¤ered

saline plus 0.1% Tween 20 (pH 7.5) for 1 hour and incubated with

primary antibodies (monoclonal mouse anti-AQP4, 1 :1000; Ab-

Cam, Cambridge, MA). The labeling was visualized with horserad-

ish peroxidase-conjugated secondary antibody (goat anti-mouse,

1 :5000; Rockland, Gilbertsville, PA) using an enhanced chemilumi-

nescence system (Amersham, Buckinghamshire, UK). Controls were

made by replacing primary antibody with non-immune IgG (cyclo-

pylin). Quantification was performed by densitometry.

Statistical analysis

SPSS software (SigmaStat, Chicago, IL) was used for statistical

analysis. The data were analyzed by a randomized one-way AN-

OVA for group variations followed by a Tukey post hoc analysis.

Statistical significance was accepted at p < 0:05.

Results

Injury-induced mortality was 14% following

MCAO. MABP and arterial blood gases were kept

within physiological limits throughout the experimen-

tal procedure, requiring few adjustments in the halo-

thane concentration and ventilation parameters.

Drug e¤ect on brain edema

The ANOVA of brain water content comparing ve-

hicle and PMA infusion started at di¤erent time points

following MCAO produced a significant group e¤ect

(F4;79 ¼ 11:25, p < 0:001) (Table 1). Tukey post hoc
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analysis indicated that PMA treatment started either

60 minutes before or 30 minutes after MCAO signifi-

cantly reduced brain edema in the ischemic area com-

pared to vehicle infusion (p < 0:001 and pa 0:022, re-

spectively), while a PMA infusion started 60 minutes

after MCAO failed to suppress edema formation.

The ANOVA of brain sodium content comparing

vehicle and PMA infusion started at di¤erent time

points following MCAO produced a significant group

e¤ect (F4;79 ¼ 10:01, p < 0:001). Tukey post-hoc

analysis indicated that PMA treatment started either

60 minutes before, or 30 or 60 minutes after MCAO

significantly reduced brain sodium accumulation

in the ischemic area compared to vehicle infusion

(pa 0:004, pa 0:008, and pa 0:045, respectively).

The ANOVA of brain potassium content compar-

ing vehicle and PMA infusion started at di¤erent time

points following MCAO produced a significant group

e¤ect (F4;79 ¼ 3:42, pa 0:013). Tukey post-hoc analy-

sis indicated that PMA treatment started either 60 mi-

nutes before, or 30 or 60 minutes after MCAO did not

reduce the brain potassium loss in the ischemic area

compared to vehicle infusion (p ¼ 0:079, p ¼ 0:284,

and p ¼ 0:542, respectively).

Drug e¤ect on AQP4 expression

The ANOVA of AQP4 expression in the ischemic

hemisphere comparing sham treatment, vehicle, and

PMA infusion started 60 minutes before MCAO

produced a significant group e¤ect (F3;64 ¼ 3:59,

pa 0:05) (Table 2). Tukey post hoc analysis indicated

that AQP4 was significantly up-regulated afterMCAO

following vehicle infusion compared to sham animals

(p ¼ 0:050). PMA treatment started 60 minutes before

MCAO reduced the AQP4 up-regulation accompany-

ing the brain edema, as indicated by the lack of a dif-

ference in AQP4 expression as compared to sham

treatment (p ¼ 0:999).

Discussion

This study confirms that brain edema following ce-

rebral ischemia is reduced by treatment with PMA.

We demonstrated that PMA, started either 60 minutes

before or 30 minutes after MCAO, significantly re-

duced the brain water content in the ischemic hemi-

sphere and prevented the shift of electrolytes accompa-

nying brain edema development. These findings are

consistent with the generally accepted opinion that wa-

ter and sodium tend to coexist and transfer together

through the plasma membrane in physiological and

pathological conditions [4, 10, 24].

Phorbol esters are tumor-promoting and inflam-

matory agents [7, 23]. Some toxic e¤ects have been re-

ported when PMA was administered in dogs, rabbits,

and rats [9, 16, 21]. However, PMA has been used

without any irreversible toxic e¤ect [6, 18], and a spe-

cies di¤erence in susceptibility to PMA-induced toxic-

ity has been suggested [12]. The physiological parame-

ters monitored continuously throughout our study

confirmed that blood pressure and pulmonary func-

tion were not a¤ected by PMA treatment. However,

more detailed pathological studies are required to ver-

ify that PMA administration does not induce any rele-

vant toxicity.

In vitro studies demonstrated an inhibition of AQP4

activity [5] as well as a down-regulation of AQP4 ex-

pression [14, 25] by PMA. Changes in AQP4 mRNA

levels in rat brain after permanent focal ischemia or

cortical contusion injury have been described [17, 19,

20]. Furthermore, deletion of the AQP4 gene in knock-

out mice reduced brain edema and perivascular foot

process swelling after acute water intoxication and is-

Table 1. E¤ect of PMA on brain water, sodium, and potassium

content*

Groups % Tissue

water

Tissue sodium

mEq/kg dry wt

Tissue potassium

mEq/kg dry wt

Vehicle (n ¼ 18) 2.2G 0.1 115.1G 11.2 �43.2G 6.0

PMA 60 min

before (n ¼ 6)

0.8G 0.3 48.2G 9.2** �12.6G 5.2**

PMA 30 min

after (n ¼ 6)

1.2G 0.1 51.8G 8.1** �20.7G 14.1**

PMA 60 min

after (n ¼ 6)

1.5G 0.4 59.9G 21.3 �27.5G 16.2**

* Data are presented as averageGSEM, ** p < 0:05 as compared

with vehicle.

PMA Phorbol 12-myristate 13-acetate.

Table 2. E¤ect of PMA on aquaporin-4 expression in the ischemic

area assessed by immunoblot following middle cerebral artery

occlusion

Group Average SEM n Significance (p-value)

Sham 0.68 0.20 3

DMSO 183.59 20.06 4 0.050 compared to sham

PMA 4.76 2.12 4 0.999 compared to sham

DMSODimethyl sulfoxide; PMA phorbol 12-myristate 13-acetate.
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chemic stroke [13]. We utilized a model of focal ische-

mia, where the cytotoxic edema seems to be predomi-

nant [3, 11]. Thus, the reduction in brain edema after

MCAO observed in our experiments may have been

the result of a PMA-dependent regulation of AQP4.

We found that ischemia-induced AQP4 up-

regulation was prevented by PMA. Thus, PMA-

treated animals did not express more AQP4 following

MCAO than animals subjected to sham occlusion. The

down-regulation of AQP4 following ischemia and

PMA treatment occurs simultaneously with the reduc-

tion in brain edema and suggests these e¤ects are re-

lated. Although the exact biochemical pathways of

AQP4 regulation are not yet known, experimental evi-

dence suggests the involvement of PKC and, in view of

our experiments, AQP4 expression seems to be altered

by the PKC-activator, PMA. However, further studies

are necessary to elucidate the precise mechanism of

AQP4 regulation and subsequent brain edema devel-

opment following ischemia.

Conclusion

Di¤erent mechanisms have been proposed to ex-

plain the origin of brain swelling during the early

stages of cerebral ischemia, but this issue remains un-

resolved [2, 8]. We demonstrated that intravenous in-

fusion of PMA decreases brain water content and sub-

sequent shift of electrolytes in a rat model of MCAO.

Since the attenuation of brain edema development by

PMA is accompanied by an attenuation of ischemia-

induced AQP4 up-regulation, this study suggests that

the e¤ect of PMA on brain edema is mediated by

AQP4, possibly utilizing PKC-dependent receptor

signaling.
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Summary

Introduction. Brain edema may be life threatening. The mecha-

nisms underlying the development of traumatic brain edema are still

unclear; however, mixed mechanisms including vasogenic, ischemic,

and neurotoxic types of edema may be contributors.

Recent studies indicate that astrocytes, aquaporins (AQPs; a pro-

tein family of water channels), and vascular endothelial growth fac-

tor (VEGF) may have important roles in the formation and resolu-

tion of brain edema. We studied the expression of AQPs and VEGF

in the edematous brain.

Methods. We investigated the expression of AQP1, AQP4, and

vascular endothelial growth factor (VEGF) in contusional brain tis-

sue surgically obtained from 6 patients. Glial fibrillary acidic protein

(GFAP) was also stained to detect astrocytes and to clarify the loca-

tion of those proteins. The specimens received immunohistological

staining and 3-color immunofluorescent staining, and were observed

using confocal laser scanning microscopy.

Results. AQP1, AQP4, and VEGF were co-expressed in GFAP-

positive astrocytes. AQP1 and AQP4 were expressed strongly in as-

trocytic end-feet. The astrocytes were located in the edematous tis-

sue, and some cells surrounded cerebral capillaries.

Conclusion.Our results suggest that AQP1, AQP4, and VEGF are

induced in astrocytes located in and surrounding edematous tissue.

Those astrocytes may regulate the water in- and out-flow in the in-

jured tissue.

Keywords: Brain edema; astrocyte; aquaporin; VEGF; traumatic

brain edema.

Introduction

Brain edema may be life-threatening. The mecha-

nisms underlying the development of traumatic brain

edema are still unclear; however, mixed mechanisms

including vasogenic, ischemic, and neurotoxic types

of edema may be contributors [4].

Recent studies indicate that astrocytes, aquaporins

(AQPs; a protein family of water channels), and vascu-

lar endothelial growth factor (VEGF) may have im-

portant roles in the formation and resolution of brain

edema [2, 6, 10]. We studied the expression of AQPs

and VEGF in the edematous brain.

Materials and methods

Surgical specimens from 6 patients with brain contusion were ob-

tained. The age of the patients ranged from 18 to 67 years, and the

period from onset to operation varied from 3 hours to 72 hours.

The specimens were formalin-fixed, embedded in para‰n, then

received immunohistological staining and a newly-developed 3-color

immunofluorescent staining. The antibodies included anti-VEGF

rabbit polyclonal antibody (Oncogene Research Products, Cam-

bridge, MA), anti-glial fibrillary acidic protein (GFAP) mouse

monoclonal antibody (clone: 6F-2, DakoCytomation, Copenhagen,

Denmark), anti-AQP1 polyclonal antibody (Chemicon, Temecula,

CA), and anti-AQP4 polyclonal antibody (Chemicon).

For this study, we developed a novel multicolor immunofluores-

cent staining method using heat treatment. The details of the staining

procedures are described elsewhere [8]. The fluorescent dyes used

were fluorescein isothiocyanate (FITC) (DakoCytomation), Cy3

(Chemicon), and Cy5 (Chemicon), which were resistant to heating

at 90 �C for 15 minutes, whereas antigenicity of the primary anti-

bodies was lost completely. The specimens were observed using a

confocal laser scanning microscope (Olympus FV500, Tokyo,

Japan). In the fluorescent images, FITC was seen in yellow-green,

Cy3 in orange-red, and Cy5 in blue.

Results

Histological studies, confirmed by hematoxylin and

eosin staining, showed brain contusion and many va-

cuolated spaces compatible with brain edema. Immu-

nohistological studies revealed that VEGF and AQPs

were expressed in glial cells located in the edematous

tissue and cells located in the white matter where the

edema fluid extends.

Color immunofluorescent staining revealed that

VEGF and AQP1 were co-expressed in the same



GFAP-positive cells. The expression was widely dis-

tributed in the cells, including the fine astrocytic end-

feet. GFAP and VEGF were more widely stained than

AQP1 (Fig. 1). Expression of AQP1 and AQP4 was

similarly distributed in the same GFAP-positive cells.

GFAP is more widely stained than AQP1 or AQP4

(Fig. 2).

Discussion

Brain edema sometimes contributes to poor prog-

nosis in patients with brain contusion. The mecha-

nisms underlying the formation and resolution of brain

edema need to be clarified in order to obtain a better

prognosis in patients with cerebral contusion [4].

Recently, the water channel proteins of the AQP

family that provide the molecular pathway for water

permeability were discovered [11]. Among the AQP

family, AQP1, AQP4, AQP5, and AQP9 were detected

in brain [2], and AQP1, AQP4, and AQP9 were up-

regulated [2, 5, 6] or reduced [3] in various pathologi-

cal conditions including ischemia, trauma, and brain

edema, and are believed to have an important role in

the formation and resolution of brain edema in those

pathological conditions [2]. Saadoun et al. [5] sug-

gested that the signals that induce AQP expression in

pathological conditions might include VEGF, which

has been found in edematous tissue [7]. Many AQP

water channels are found on astrocytes and their end-

feet in contact with brain vessels [2]. Thus, astrocytic

AQPs and VEGF may have an important role in the

formation and resolution of brain edema [1, 2, 7, 9,

10].

In the present study, newly-developed 3-color

immunofluorescent staining methods [8] enabled us to

show that VEGF, AQP1, and AQP4 were expressed in

the same astrocytes and in astrocytic end-feet located

in the edematous tissue. These results confirm that

Fig. 1. Multicolor immunofluorescent staining of Case 4. GFAP was stained by Cy5 (blue), VEGF was stained by Cy3 (orange-red), and

AQP1 is stained by FITC (yellow-green). Double color of VEGF and AQP1 (VEGF/AQP1) appears yellow, and triple color of GFAP,

VEGF, and AQP1 appears white. Staining revealed that VEGF and AQP1 are co-expressed in the same cells that were positive for GFAP.

The proteins were widely distributed within the cells, including the fine astrocytic end-feet. GFAP and VEGF were more widely stained than

AQP1
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astrocytes express AQPs and VEGF to regulate the

water in- and out-flow in the injured tissue, and may

play an important role in the formation and resolution

of brain edema.

Conclusion

VEGF, AQP1, and AQP4 were expressed in the

same astrocytes and in astrocytic end-feet located in

the edematous tissue. Astrocytes express those proteins

to regulate the water in- and out-flow in the injured tis-

sue, and may play an important role in the formation

and resolution of brain edema.
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Summary

Magnesium reduces edema following traumatic brain injury

(TBI), although the associated mechanisms are unknown. Recent

studies suggest that edema formation after TBI may be related to al-

terations in aquaporin-4 (AQP4) channels. In this study, we charac-

terize the e¤ects of magnesium administration on AQP4 immuno-

reactivity following TBI.

Male Sprague-Dawley rats were injured by impact-acceleration

di¤use TBI and a subgroup was administered 30 mg/kg magnesium

sulphate 30 minutes after injury. Animals were fixed by perfusion 5

hours later, which corresponded to the time of maximum edema for-

mation according to previous studies. One half of the brain was cut

using a Vibratome and the other half blocked in para‰n wax. Wax

and Vibratome sections were immunostained for detection of AQP4

by light and electron microscopy, respectively. In untreated animals,

AQP4 immunoreactivity was increased in the subependymal inner

glia limitans and the subpial outer glia limitans, and decreased in

perivascular astrocytic processes in the cerebrum and brain stem. In

contrast, animals treated with magnesium sulphate had AQP4 pro-

files similar to normal and sham control animals. We conclude that

magnesium decreases brain edema formation after TBI, possibly by

restoring the polarized state of astrocytes and by down-regulation of

AQP4 channels in astrocytes.

Keywords: Cerebral edema; astrocytes; aquaporin; magnesium;

TBI.

Introduction

The level of intracellular free magnesium declines in

the brain following traumatic brain injury (TBI) and

the degree of decline correlates with functional out-

come [14, 18]. The reduction in brain free magnesium

is a ubiquitous feature of brain trauma, and adminis-

tration of magnesium salts after TBI leads to a signifi-

cant improvement in neurological outcome [4, 13, 19].

Magnesium administration has also been shown to re-

duce brain swelling and edema after TBI [2, 3], and to

be most e¤ective when administered 30 minutes after

injury. A therapeutic window of up to 24 hours may

exist after TBI [5]. However, the mechanisms by which

magnesium reduces water accumulation in the injured

brain are unknown.

During the last decade, a family of integral mem-

brane proteins known as aquaporins have been de-

scribed, with a specific distribution in various mamma-

lian tissues [15]. Aquaporins act as water channels that

facilitate osmotically-induced water movements in and

out of cells. In the brain, aquaporin-4 (AQP4) is ex-

pressed in astrocytes at the perivascular processes [11].

AQP4 may play an important role in the accumulation

of water and the development of brain edema in a

variety of neurological conditions [8, 16]. Water ho-

meostasis in the brain is of paramount importance for

optimal neuronal function, since alteration in the in-

tracellular and extracellular water content would lead

to disruption of ionic homeostasis and perturbation of

electrical neuronal conduction.

The aim of this study is to investigate the e¤ects of

magnesium administration on AQP4 immunoreactiv-

ity in the brain 5 hours following severe brain trauma

and to compare the results obtained from injured non-

treated animals and control non-injured animals. Pre-

vious studies have shown that 5 hours after TBI corre-

sponds to the period of maximum edema formation

[20, 21].

Materials and methods

Male Sprague-Dawley rats (400 g) were anesthetized with isoflur-

ane, intubated, and then injured using the 2-meter impact-accelera-

tion model of di¤use TBI [9] as previously described [19]. At 30 min-

utes after injury, a subgroup of animals (n ¼ 6) was administered

magnesium sulphate (30 mg/kg) via the femoral vein, while a second



subgroup (n ¼ 7) was untreated. Two more animals served as shams

(anesthetized and prepared for injury, but not injured), while 7 addi-

tional naı̈ve animals were used as normal controls. Five hours after

trauma, animals were killed by cardiac perfusion with 4% parafor-

maldehyde fixative in 0.1 M phosphate bu¤er, pH 7.4, and the brains

collected. One half of the brain was processed in para‰n and sec-

tions were subjected to antigen retrieval in citrate bu¤er. Vibratome

sections (60 mm) were cut from the other half of the brain. Wax and

Vibratome sections were immunolabeled for AQP4 using a rabbit

polyclonal antibody (Alpha Diagnostic International, Inc., San An-

tonio, TX) at 1/1000 or 1/2000 dilutions in normal goat serum over-

night. Immunolabeling was completed using biotinylated secondary

antibody (goat anti-rabbit IgG) and streptavidin-peroxidase com-

plex (1 :1000, Rockland Immunochemicals, Gilbertsville, PA). The

peroxidase reaction product was developed using liquid diaminoben-

zidine and substrate-chromogen system (DakoCytomation, Carpin-

teria, CA) for 10 minutes. Rectangles of tissue were cut from the pa-

rietal lobe and pons from immunolabeled Vibratome sections,

osmicated, and processed in resin. Ultrathin sections were examined

with the electron microscope for the detection of peroxidase reaction

product.

Results

Immunolabeling of wax-embedded brain sections

from normal and sham control animals showed faint

AQP4 immunoreactivity in the neuropil throughout

the cerebrum, cerebellum, and brainstem. Immunolab-

eling showed heterogeneous distribution ofAQP4,with

the brainstem on the whole showing higher labeling in-

tensity than the cerebrum. In the cerebrum (Fig. 1A),

cortical vessels were outlined with immunoreactivity,

but the subpial glia limitans was weakly labeled.

The epithelium covering the choroid plexus was

not labeled. Electron microscopy (Fig. 2A) showed

electron-dense reaction product indicative of immuno-

labeling in astrocytic processes surrounding brain mi-

crovessels at the astrocyte-endothelial cell interface.

In injured animals, AQP4 expression 5 hours post-

injury showed a range of variation amongst animals

and in various parts of the brain. Despite inter-animal

variation, there was a general trend for an increase in

AQP4 immunoreactivity in the cerebrum (Fig. 1B),

cerebellum, and brainstem. Increased immunoreactiv-

ity was seen in the neuropil and at the outer and inner

glia limitans. However, in 3 of the 7 animals examined,

microvessels invariably showed a clear reduction in

perivascular immunoreactivity with loss of the linear

outline of labeling. Electron microscopy showed a re-

f
Fig. 1. Light micrographs of brain sections showing the parietal cor-

tex and the pia mater. The sections were immunolabeled for AQP4

using the immunoperoxidase method. Positive labeling appears as

brown reaction product. 1A is from a control (Cont) animal showing

labeling of brain microvessels. Faint labeling is seen in the region of

the outer glia limitans (asterisks) deep to the pia mater (P). 1B is

from an injured animal and shows increased labeling in the neuropil

and outer glia limitans (asterisks) deep to the pia mater (P). Micro-

vessels near the surface show faint labeling (arrows) but most vessels

deep in the cortex are not labeled (arrowheads). 1C is from an animal

treated with magnesium sulphate (MgS ) 30 minutes after injury,

showing relative reduction of labeling in the neuropil and the outer

glia limitans (asterisks). Blood vessels show increased labeling (ar-

rows). The pia mater in all sections (P) is not labeled. All sections

were lightly counterstained with hematoxylin
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duction or absence of perivascular immunoreactivity

(Fig. 2B).

Magnesium sulphate-treated animals showed an ap-

parent reduction in immunolabeling of the outer (Fig.

1C) and inner glia limitans and a reconstitution of the

linear perivascular labeling in most vessels (Fig. 1C),

thus resembling the pattern of labeling seen in normal

and sham animals. Electron microscopy showed peri-

vascular labeling of astrocytic processes (Fig. 2C).

A semi-quantitative approach using a scale of 0 to 4

was used as an objective assessment of the labeling in-

tensity in various regions of the cerebrum and brain-

stem, which confirmed the qualitative observations

of a general increase in AQP4 immunoreactivity after

injury and a reduction after magnesium sulphate

treatment.

Discussion

In the current study, immunolabeling for AQP4 was

used to characterize the distribution and localization

of the protein. Control animals showed heterogeneous

AQP4 distribution in the brain, with the brainstem

showing higher labeling intensity than the cerebrum.

Within the brainstem a distinct di¤erence in labeling

intensity was noted in the neuropil, where higher inten-

sity was seen in the grey matter nuclei and the trans-

verse pontine fiber, and minimal labeling was seen

among the longitudinally directed fibers. A previous

immunogold electron microscope study has clearly

identified the localization of AQP4 to astrocytic pro-

cesses [11]. The heterogeneity of AQP4 immunoreac-

tivity detected in the current study may indicate that

AQP4 is di¤erentially expressed in certain subsets of

astrocytes.

The relationship between AQP4 expression and

brain injury has not been conclusively established. An

in vitro study reported that hypoxia and reoxygenation

leads to an up-regulation in AQP4 in astrocytes [21].

In human edematous brain tumors there is an up-

regulation of AQP4 expression [12]. AQP4 knockout

mice show less brain edema formation after water in-

toxication and cerebral ischemia [8]. The conclusion

g
Fig. 2. Electron micrographs of brain vessels from a control animal

(Cont, 2A), an injured animal (TBI, 2B), and an animal treated with

magnesium sulphate 30 minutes after injury (TBI MgS, 2C ). The

sections show pre-embedding immunolabeling for AQP1. Positive

labeling appears as electron-dense reaction product at the astrocyte-

endothelial cell interface. In the control animal, labeling appears

around most of the vessel circumference. In the injured animal, label-

ing is lost from the vessel circumference apart from a few spots (ar-

rows). In the treated animals, restoration of labeling is seen around

most of the vessel circumference (arrows). Asterisks in 2B indicate

cellular edema
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from the above studies is that brain edema is associ-

ated with an up-regulation of AQP4. In contrast, a re-

cent study of cultured astrocytes reported a decrease

in AQP4 levels in co-culture with glioma cells [1]. The

authors suggested that a decreased expression of AQP4

induced by glioma cells is amechanism for brain edema

in human glioma. Down-regulation of AQP4 mRNA

expression was suggested as a mechanism for water ho-

meostasis in a model of TBI with hyponatremia [6].

Similarly, a global reduction in brain AQP4 expression

coincides with the development of edema in focal cor-

tical impact injury [7]. We have shown a generalized

increase of AQP4 expression 5 hours post-injury. Fur-

ther studies are needed to establish the relationship be-

tween AQP4 expression and the evolution of brain

edema.

Our study shows an apparent reduction in immu-

noreactivity around blood vessels located near cen-

tral regions of the brainstem and cerebrum associated

with increased immunoreactivity in the outer and

inner glia limitans. This may indicate that at this time

point after TBI, the increase in AQP4 channels occurs

by redistribution of the protein between di¤erent

domains of astrocytes. A recent study reported a re-

duction in AQP4 immunoreactivity at 1 hour after ce-

rebral hypoxia-ischemia, although a significant di¤er-

ence using Western blotting was detected only at 24

hours but not after 1 hour [10]. This finding may sup-

port our hypothesis that in TBI, early changes in the

expression of AQP4 may be achieved by shifting

AQP4 molecules from one domain of astrocytes to

another, while alterations in AQP4 at later time

points after brain injury may be accomplished by up-

regulation of gene expression.

The administration of magnesium 30 minutes after

trauma attenuated the changes in AQP4 immunoreac-

tivity observed in untreated animals. Magnesium is in-

volved in many cellular processes including inhibiting

excitotoxicity and apoptosis, and improving the brain

bioenergy state [17]. The current study suggests an

additional role for magnesium in ameliorating post-

traumatic secondary injury, and provides a possible

mechanism for the reduction of brain water content

by reducing the expression of AQP4 channels in

astrocytes.
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Summary

Brain damage is worsened by hyperthermia and prevented by hy-

pothermia. Conventional hypothermia is a non-selective brain cool-

ing method that employs cooling blankets to achieve surface cooling.

This complicated method sometimes induces unfavorable systemic

complications. We have developed a positive selective brain cooling

(PSBC) method to control brain temperature quickly and safely fol-

lowing brain injury.

Brain temperature was measured in patients with a ventriculos-

tomy CAMINO catheter. A Foley balloon catheter was inserted to

direct chilled air (8 to 12 L/min) into each side of the nasal cavity.

The chilled air was exhaled through the oral cavity. In most patients,

PSBC maintained normal brain temperature. This new technique

provides quick induction of brain temperature control and does not

require special facilities.

Keywords: Brain damage; hypothermia; selective brain cooling.

Introduction

Neurons are more vulnerable to hyperthermia com-

pared to other types of cells [21]. Brain temperature

(Tb) elevates during the early phase of severe brain

damage caused by cerebral vascular accidents or se-

vere head injury [7] for many reasons, including hypo-

thalamic injury, abnormal release of catecholamines,

and production of endogenous pyrogens [7, 8]. Brain

cooling mechanisms become unbalanced and dysfunc-

tional from the heat production and loss that occurs

during hyperthermia caused by brain damage. Hyper-

thermia caused by brain damage induces secondary

brain damage [6]. Induction of mild brain hypother-

mia (33 to 35 �C) or normothermia (35 to 37 �C) by

body surface cooling blankets has been shown to be

neuroprotective in patients [2, 8, 11, 12, 17, 20]. Slight

alterations in temperature have profound e¤ects on is-

chemic cell injury and stroke outcome. Elevated Tb,

even if slight, may exacerbate neuronal injury and

worsen outcome, whereas hypothermia is potentially

neuroprotective. Maintenance of normothermia is the

most commonly recommended treatment for stroke

and neurotrauma [14, 15]. However, conventional hy-

pothermia is a complicated method that sometimes in-

duces systemic complications [12]. A safe and e¤ective

brain cooling method is needed to treat patients with

brain damage.

Mammals, including humans [1, 3, 4, 13, 16, 18, 19],

have selective brain cooling (SBC) systems [9, 10, 19],

one of which is nasopharyngeal cooling. Nasophar-

yngeal cooling was recently used to reduce cortical

and subcortical temperatures rapidly and selectively

without a¤ecting the systemic circulation after resusci-

tation in the rat [10]. In this brief technical note, we

describe a simple and selective nasopharyngeal brain

cooling method that does not employ cooling blankets.

Methods

Method of positive selective brain cooling (PSBC)

Tbwas measured directly in brain-injured patients with a ventricu-

lostomy CAMINO catheter (ICP and Tb sensor; 4HMT, Integra

NeuroCare, Hampshire, UK). The PSBC method was performed to

cool the brain rapidly. A 16F Foley catheter (Temperature-Sensing

Foley Catheter, C.R. Bard, Inc., Murray Hill, NJ) was inserted to

blow chilled air (8 to 12 L/min) directly into the nasopharyngeal pas-

sage. To direct air from there into the oral cavity, one nasal cavity

was occluded by an epistaxis balloon (Eschman Healthcare, Inc.,

Malaysia) at the inlet. Chilled air (24 to 26 �C) was expelled through



the oral cavity (Fig. 1, arrows a and b). Nasal and pharyngeal mu-

cosa were kept clean by irrigation with physiologic saline. We also

cooled the patient’s head with an electric fan.

Contraindications of PSBC

PSBC is contraindicated in cases of sinusitis or skull base fracture.

The procedure should be performed in sedated patients. The proce-

dure may cause an oppressive feeling due to the high volume of cir-

culating air.

Results

Brain temperature

Elevated Tb dropped to within the range of normo-

thermia (37 �C > Tb) in most patients. The initial tem-

peratures of the nasal cavities and exhaust air were

very high despite the flow of chilled air. However,

these temperatures fell within a short time.

Complications of PSBC

In general, PSBC was performed for a short period.

Several patients developed erosion localized to the na-

sal foramen. Sinusitis, tympanic membrane injury, and

dysosmia were not observed.

Case illustrations

Case 1

A 62-year-old woman was admitted to our hospital.

She was comatose (Glasgow Coma Scale; E1V1M2).

Computed tomography of the brain revealed di¤use,

thick, subarachnoid hemorrhage. Nasopharyngeal

brain cooling by PSBC was performed immediately.

Initial Tb was 37.8 �C, and Tb rapidly decreased to

34.0 �C 45 minutes after induction (Fig. 2a).

Case 2

A 26-year-old man admitted to our hospital was

diagnosed with severe neurotrauma. PSBC by naso-

pharyngeal cooling was performed immediately. Ini-

tial Tb was 39.0 �C, which rapidly decreased to 37.0 �C
120 minutes after induction. Exhaust air temperature

Fig. 1. Positive selective brain cooling (PSBC ) performed by

nasopharyngeal cooling. Artificial nasopharyngeal circulation with

chilled air (24 �C, 8 to 12 L/min). Chilled air cooled nasal mucosa

and nasal mucosa veins (A). Chilled air also cooled the brain and

CSF directly (B). Cerebral blood is also chilled by heat exchange be-

tween the internal carotid artery (ICA) and cavernous sinus (CS)

Fig. 2. (a) The change in brain temperature (Tb) after PSBC induc-

tion in a tracheal intubated patient with subarachnoid hemorrhage.

Tb was decreased to 34 �C without employing surface cooling. (b)

The change in brain temperature (Tb) after PSBC induction in a tra-

cheal intubated patient with severe neurotrauma. Tb was elevated to

39 �C and decreased to 37 �C without the use of surface cooling. Ex-

haust temperature (Tex) was also elevated before the induction of

PSBC

410 K. Dohi et al.



(Tex) was also elevated on induction and decreased

rapidly (Fig. 2b).

Discussion

SBC system in humans

Mammals have a natural SBC system [9, 10, 19]. Tb

is controlled by a balance between heat production/

acquisition and heat loss. Heat loss occurs through

heat transference from the core of the brain through

blood flow, evaporative heat loss through breathing

and sweating, and non-evaporative heat loss through

breathing. Moreover, heat exchange between the inter-

nal carotid artery and venous plexus or cavernous si-

nus is simple and e¤ectively functions like a radiator.

The importance of each cooling mechanism di¤ers

among animal species. For example, heat exchange

and evaporative heat loss through breathing is the

main mechanism in dogs, which have a small number

of sweat glands. Mechanisms of SBC in humans are

not well-developed in comparison to other mammals.

The human brain is believed to have 3 cooling mecha-

nisms. One is cooling of venous blood through the en-

tire skin surface, which in turn cools the arterial blood

supply to the brain. A second is cooling by heat loss

through the skin via the venous sinuses and diploic

and emissary veins. The third mechanism of cooling is

heat loss from the upper airways [4, 5, 9, 10, 13, 16, 18,

19].

As stated above, SBC as a treatment for hyperther-

mia in humans has been proposed but is controversial

[1, 3, 5]. Cabanac [5] criticized the use of SBC in hu-

mans for the following reasons: 1) SBCmasks the error

signal which activates defense against hyperthermia; 2)

unlike other animals, humans do not pant and thus do

not possess a powerful heat sink near the brain; 3) hu-

mans do not have a carotid rete, the countercurrent

heat exchanger between the arterial and venous bloods

flowing in and out of the brain; 4) the high and con-

stant arterial blood flow in the brain is su‰cient to

cool the brain under all conditions; and 5) the rela-

tively low tympanic temperature recorded in hyper-

thermic humans is not indicative of SBC but of low

head skin temperature. Alternatively, many reports

support SBC in humans. The internal carotid artery

in humans is surrounded anatomically by a cavernous

sinus. The blood temperature of the cavernous sinus

decreases in response to chilled venous blood. Arterio-

lovenular anastomosis is also e‰cacious in SBC. Emis-

sary and angular veins, the upper respiratory tract,

the tympanic cavity, and cerebrospinal fluid are also

thought to be components of the SBC system in hu-

mans [4, 19]. SBC e‰ciency is increased by evapora-

tion of sweat from the head and by ventilation through

the nose. Moreover, craniofacial features such as thick

lips, broad nasal cavity, and large paranasal sinuses,

which provide greater evaporating surface, may be an-

atomical adaptations for e¤ective SBC in hyperther-

mia [13]. Some of these cooling systems are destroyed

by severe brain damage resulting in elevation of Tb.

Respiratory ataxia and elevation of venous tempera-

ture are the main targets of brain damage, which re-

sults in hyperthermia. In addition, tracheal intubation

blocks the physiological heat loss systems, thus main-

taining the cycle of brain damage and brain hyperther-

mia. Destruction of the physiological and SBC system

worsens thermo-pooling in the brain and secondary

brain damage in patients with acute neuronal diseases.

We have demonstrated that SBC mechanisms are

important in the control of Tb in humans. We also em-

ployed face and head fanning with an electrical fan to-

gether with PSBC. Brinnel et al. [4] reported that face

fanning maintained tympanic temperature 0.57 �C
lower than the esophageal temperature. Face and head

fanning might be a safe and e¤ective method of brain

cooling. This is the first report which demonstrates

SBC in humans by direct measurement of Tb rather

than by measurement of tympanic temperature.

Mechanisms of PSBC

We have developed and introduced PSBC, which is

an artificial physiological SBC system using circulating

chilled air. PSBC promotes heat loss from the nasal

cavity and cools through the venous circulation in the

nasal mucosa. Chilled venous blood flows into the cav-

ernous sinus through the angular vein and selectively

cools the brain by means of a counter-current heat

exchange mechanism with the arterial blood. While

human nasal mucosa veins are not as developed as in

other mammals, the nasal mucosa blood flow increases

3-fold in humans with hyperthermia [22].

Bone in the skull base is only a few millimeters thick.

Many important anatomical structures (the pre-optic

tract, hypothalamus, hypophysis, and brainstem)

control thermoregulation in the basal brain. PSBC

prevents hyperthermia in these sites by directly cool-

ing the nasal cavity. Furthermore, CSF chilled at the
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basal cistern cools the whole brain through the CSF

circulation.

In the present study, we cooled the head and face of

patients by nasopharyngeal cooling. Thermoradiation

through the head and face is an important mechanism

of brain cooling in hyperthermic states. Head and face

cooling is also an important means of heat exchange

between venous and arterial blood. Blood chilled by

head and face cooling flows to deep veins in the cav-

ernous sinus and nasal mucosa. Cerebral blood is e¤ec-

tively cooled by heat exchange. Joint use of both meth-

ods may result in e¤ective and selective brain cooling.

In conclusion, PSBC is a novel, simple, and selective

blood cooling method. PSBC is a safe and e¤ective

method expected to be widely applicable in patients

who require external control of Tb.
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Mechanism of neuroprotective e¤ect induced by QingKaiLing as an adjuvant drug
in rabbits with E. coli bacterial meningitis

S. Yue, Q. Li, S. Liu, Z. Luo, F. Tang, D. Feng, and P. Yu

Department of Pediatrics, Xiangya Hospital, Central South University, Changsha, China

Summary

Objective. To explore the neuroprotective e¤ects and underlying

mechanism of QingKaiLing (QKL) as an adjuvant treatment for

bacterial meningitis.

Method. E. coli bacterial meningitis rabbits were treated with anti-

biotics (ampicillin) alone or in combination with QKL. The number

of leukocytes and the concentration of protein in the cerebrospinal

fluid (CSF) of rabbits were determined at 0, 16, and 26 hours after

treatment. Brain water, sodium, potassium, and calcium contents

were determined at the 26-hour time point. The level of matrix

metalloproteinase-9 in the brain was also determined by Western

blot.

Result. The average number of leukocytes and the concentration

of protein in CSF of the QKL adjuvant treatment group were re-

duced compared with the ampicillin alone group. Brain water, so-

dium, and calcium contents were reduced in the QKL adjuvant treat-

ment group. The level of MMP-9 in brain tissue was also reduced in

the QKL adjuvant treatment group.

Conclusion. QKL adjuvant treatment alleviates the aggravated

inflammatory reaction and partially protects brain tissue from

antibiotic-induced injury. The mechanism of this neuroprotective ef-

fect of QKL may be due to decreased levels of Ca2þ and MMP-9 in

the brain.

Keywords: QingKaiLing; bacterial meningitis; brain damage; ad-

juvant therapy; Escherichia coli.

Introduction

Acute bacterial meningitis is a commonly occurring

and life-threatening disease of the central nervous sys-

tem in children. Despite significant advances in antibi-

otic therapy in the last few decades, bacterial meningi-

tis is still often associated with high mortality and

serious neurological sequelae [2, 4]. It is among the 10

most common causes of infection-related death world-

wide. Recent studies have demonstrated that antibiot-

ics worsen brain damage and intracranial hypertension

in the short-term due to its dissolving e¤ects on bacilli

[2].

QingKaiLing (QKL) is a traditional Chinese medi-

cine with mixed components. Recent studies have re-

ported that QKL protects the brain from injury in-

duced by ischemia and infection [14]. We tested the

neuroprotective e¤ect and mechanisms of QKL as

an adjuvant therapy in E. coli bacterial meningitis

rabbits.

Materials and methods

Drugs and reagents

QKL injection (composed of cow-bezoare, bu¤alo horn, scutel-

laria root, honeysuckle flower, and zhizi) was purchased from Bei-

jing University of Traditional Chinese Medicine, Beijing, China.

Ampicillin was purchased from the Huabei Pharmaceutical Com-

pany, Huabei, China. E. coli was supplied by the Institute for Drug

and Biological Product Control of Chinese Public Health Ministry;

strain number 44607; serotype: O7: K1: H. Rabbit polyclonal anti-

MMP-9 antibody (primary antibody), Caprine anti-rabbit IgG anti-

body (second antibody), and DBA developer were obtained from

Wuhan Boster Biological Technology Co. Ltd., Wuhan, China. Ni-

trocellulose filter was supplied by Shanghai Biological Technology

Co. Ltd., Shanghai, China.

Experimental model preparation and medication

Thirty-seven rabbits, 1.7 to 2.1 kg in weight, were randomly

divided into 5 groups: 1) control group ðn ¼ 7Þ, 2) meningitis group

ðn ¼ 8Þ, 3) ampicillin group ðn ¼ 8Þ, 4) QKL-treated group ðn ¼ 7Þ,
and 5) QKL-pretreated group ðn ¼ 7Þ. An animal model of meningi-

tis was prepared according to an established method [7]. Rabbits

were anesthetized by urethane (1 g/kg), and cisternal puncture was

performed to withdraw 0.5 mL cerebrospinal fluid (CSF). The rab-

bits were then inoculated intracisternally with 0.5 mL 4� 107

colony-forming units of antigen-k1 positive E. coli. The control

group was injected with equal volumes of 0.9% sodium chloride.

The rabbits were closely observed for any symptoms and signs and

0.5 mL of CSF was withdrawn 16 and 26 hours after inoculation, re-

spectively. Ampicillin (100 mg/kg) was intravenously injected in am-

picillin, QKL-treated, and QKL-pretreated groups, 16 and 20 hours

after inoculation (a total dose of 200 mg/kg). In the QKL-treated



group, 15 mL/kg QKL was intravenously injected with the ampicil-

lin and 5 mL/kg was injected 1 hour later. In the QKL-pretreated

group, 15 mL/kg of QKL was intravenously injected 30 minutes be-

fore inoculation with E. coli. Ampicillin treatment was the same in

this group as in the ampicillin and QKL groups. One hour after am-

picillin injection, another 5 mL/kg QKL was injected in the QKL-

pretreated group. The dosage and medications of QKL and ampicil-

lin were chosen according to previous reports [7, 15]. All rabbits

were decapitated 26 hours after inoculation with E. coli. The number

of leukocytes, concentration of protein, lactate, and nitric oxide in

CSF of rabbits were detected at 0, 16, and 26 hours after inoculation,

respectively. Brain water, sodium, potassium, and calcium contents

were detected at 26 hours after inoculation. The level of matrix

metalloproteinase-9 in brain tissue was determined by Western blot

analysis.

Parameter determination

Determination of the leukocyte counts in CSF

The numbers of leukocytes in CSF samples (10 mL) were deter-

mined using a leukocyte counting plate under a light microscope.

The number of leukocytes in 1 liter of CSF was calculated.

Determination of CSF protein concentration

CSF samples were centrifuged at 4000 rpm for 5 minutes, and

0.1 mL of the supernatant fluid was used to determine CSF protein

concentration using an automated biochemical analyzer (Hitachi

7170A, Japan).

Determination of brain water content

One hundred mg of fresh brain tissue was dried at 105 �C for 48

hours, with the weight di¤erence before and after the procedure

reflecting water content. The water content in brain tissue was

calculated by the Elliott equation ½ðwet weight� dry weightÞ=wet
weight� � 100.

Determination of brain sodium, potassium, and calcium content

Dried brain tissue was dissolved in nitric acid and perchloric acid.

Sodium, potassium, and calcium content was determined by atom

absorption spectrometry separately.

Determination of concentration of lactate and nitric oxide

Lactate and nitric oxide content in CSF was measured using com-

mercially available kits (Nanjing Jiancheng Bioengineering Institute,

Nanjing, China) according to the manufacturer’s protocols.

Determination of matrix metalloproteinase-9 (MMP-9) in brain by

Western blot

After electrophoresis of total protein from brain tissue in a 6%

polyacrylamide gel, proteins were electro-transferred to a nitrocellu-

lose filter and primary antibody (1 :400) and second antibody incu-

bations were carried out. After 2 washes, the membranes were ex-

posed to diaminobenzidine and photographed.

Statistical analysis

All data are expressed as meanG SD. Di¤erences between the

groups were analyzed with one-way analysis of variance (ANOVA)

and Student-Newman-Keuls test. Values of p < 0.05 were consid-

ered significant.

Results

E¤ects of QKL on CSF leukocyte count in E. coli

bacterial meningitis

Before antibiotic treatment, the average number of

leukocytes in CSF in the infected 4 groups (2, 3, 4, 5)

was higher than that of the control group (p < 0.01,

Table 1). The average number of leukocytes in the

QKL-pretreated group was significantly lower than

the meningitis, ampicillin, or QKL-treated groups

(p < 0.01, Table 1). After ampicillin treatment, the

average number of leukocytes in the 4 infected groups

was higher than that of the control group (p < 0.01,

Table 1). Furthermore, in the ampicillin group, the av-

erage number of leukocytes became higher than before

treatment and the other groups at 26 hours after inoc-

ulation. The number of leukocytes was, therefore, de-

creased by treatment with QKL, particularly in the

pretreatment group (p < 0.01, Table 1).

E¤ects of QKL on protein content of CSF on E. coli

bacterial meningitis

Before antibiotic treatment, the CSF protein con-

tent in the 4 infected groups (2, 3, 4, 5) was

significantly higher than that of the control group

(p < 0.01, Table 2). The CSF protein content in the

QKL-pretreated group was lower than meningitis, am-

picillin, or QKL-treated groups (p < 0.01, Table 2).

After ampicillin treatment, the CSF protein content in

the infected groups (2, 3, 4, 5) was higher than that of

the control group ðp < 0:01Þ. The CSF protein content

of the QKL-pretreated group was the lowest among

the infected groups after treatment (Table 2). The

CSF protein content in the ampicillin group was the

highest among the infected groups after treatment

(Table 2). These results indicate that pretreatment

with QKL reduces CSF protein levels in E. coli bacte-

rial meningitis.

E¤ects of QKL on the brain water, sodium, potassium,

and calcium contents in E. coli bacterial meningitis

rabbits

Brain water, sodium, and calcium contents from in-

fected groups 26 hours after inoculation with E. coli.

were higher than those in the control group (p < 0.05

and p < 0.01, Table 3). The brain potassium content in

the infected groups was lower than the control group

(p < 0.01, Table 3). Brain water, sodium, and calcium
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contents in the meningitis, QKL-pretreated, and QKL-

treated groups were lower than that of the ampicillin

group (p < 0.01, Table 3), while the contents in QKL-

pretreated group were the lowest among all the in-

fected groups (p < 0.01, Table 3).

E¤ects of QKL on CSF lactate content in E. coli

bacterial meningitis

Before treatment with ampicillin, the CSF lactate

content in the infected groups (2, 3, 4, 5) was higher

than that of the control group (p < 0.01, Table 4). Af-

ter treatment with ampicillin, the CSF lactate content

in the infected groups was higher than that of the con-

trol group ðp < 0:01Þ. The average CSF lactate con-

tent in the QKL-pretreated and QKL-treated groups

was decreased after treatment (p < 0.01, Table 4). In

the ampicillin group, the average CSF lactate content

did not change after treatment, while the value of the

average CSF lactate content was the highest among

all the infected groups 26 hours after inoculation

ðp < 0:01Þ.

Table 1. E¤ects of QKL on CSF leukocyte count in E. coli bacterial meningitis (�106=L, meanGSD)

Group n Before inoculation

(0 h)

Before treatment

(16 h after inoculation)

After treatment

(26 h after inoculation)

Control 7 7.4G 1.9 8.2G 1.5 8.2G 2.2

Meningitis 8 7.3G 1.2 5040.8G 590.3* 4342.5G 143.0�k

Ampicillin 8 9.0G 1.4 5018.3G 585.3* 6517.8G 327.1�uuk

Treated 7 9.2G 1.9 5002.0G 203.2* 4019.0G 220.1�uEk

Pretreated 7 8.6G 1.5 3513.2G 882.3�uuEc 2052.0G 242.8�uuEck

vs. control group: *p < 0.01, vs. meningitis group: up < 0:05, uup < 0:01, vs. ampicillin group: Ep < 0:01, vs. treated group: cp < 0:01,

vs. pretreated group:kp < 0:01.

CSF Cerebrospinal fluid, QKL QingKaiLing.

Table 2. E¤ects of QKL on CSF protein content in E. coli bacterial meningitis (�g=L, meanGSD)

Group n Before inoculation

(0 h)

Before treatment

(16 h after inoculation)

After treatment

(26 h after inoculation)

Control 7 0.17G 0.03 0.17G 0.02 0.19G 0.04

Meningitis 8 0.19G 0.03 2.51G 0.19* 1.39G 0.15�k

Ampicillin 8 0.18G 0.04 2.38G 0.23* 1.74G 0.24�uk

Treated 7 0.18G 0.05 2.53G 0.18* 1.42G 0.11�Ek

Pretreated 7 0.20G 0.03 1.55G 0.16�uEc 0.68G 0.08�uEck

vs. control group: *p < 0.01, vs. meningitis group: up < 0:01, vs. ampicillin group: Ep < 0:01, vs. treated group: cp < 0:01, vs. pretreated

group:kp < 0:01.

CSF Cerebrospinal fluid, QKL QingKaiLing.

Table 3. E¤ects of QKL on brain water, sodium, potassium, and calcium content in E. coli bacterial meningitis (meanGSD)

Group n Water (%) Na (mg/g) K (mg/g) Ca (mg/g)

Control 5 78.49G 0.30 5.46G 0.09 17.23G 0.64 0.29G 0.03

Meningitis 6 81.42G 0.19** 5.73G 0.05** 15.73G 0.69** 0.49G 0.06**

Ampicillin 6 82.10G 0.21��uu 5.87G 0.04��uu 11.74G 0.33��uu 1.62G 0.06��uu

Treated 5 81.13G 0.25��uE 5.69G 0.03��E 15.83G 0.49��E 0.44G 0.05��E

Pretreated 5 80.65G 0.28��uuEcc 5.61G 0.04��uEc 16.67G 0.45�uEc 0.37G 0.05��uEc

vs. control group: *p < 0.05, **p < 0.01, vs. meningitis group: up < 0:05, uup < 0:01, vs. ampicillin group: Ep < 0:01, vs. treated group:

cp < 0:05, ccp < 0:01.

QKL QingKaiLing.
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E¤ects of QKL on CSF nitric oxide content in E. coli

bacterial meningitis

Before treatment with ampicillin, the CSF nitric ox-

ide content in infected groups was higher than that of

the control group (p < 0.01, Table 5). The CSF nitric

oxide content in the QKL-pretreated group was lower

than that in the meningitis, ampicillin, and QKL-

treated groups (p < 0.01, Table 5). After treatment

with ampicillin, CSF nitric oxide content in the in-

fected groups was higher than that in the control group

(p < 0.01, Table 5). After treatment with ampicillin,

the CSF nitric oxide content in QKL-pretreated

and QKL-treated groups was significantly lower

(p < 0.01, Table 5) than that in the other groups. After

treatment with ampicillin, the CSF nitric oxide content

in the ampicillin group was elevated compared with

the other infected groups 26 hours after inoculation

(p < 0.01, Table 5).

E¤ects of QKL on the MMP-9 content on brain tissue

in E. coli bacterial meningitis

Levels of MMP-9 in brain tissue were measured

by Western blot analysis. In the infected groups,

MMP-9 levels were higher than those of the control

group. Levels of MMP-9 in the QKL-pretreated group

were lower than those of the other 3 infected groups.

These results indicate that the level of MMP-9 is gener-

ally low in normal brain tissue and increased in the in-

flamed brain. QKL-pretreatment reduces the level of

MMP-9 induced by inflammation.

Discussion

Acute bacterial meningitis is a common and serious

disease of the central nervous system, and e¤ective

antibiotic therapy is an essential component of clinical

treatment. However, bacterial lysis induced by early

antibiotic therapy facilitates the release of tumor ne-

crosis factor a (TNF-a), interleukins, nitric oxide, and

matrix metalloproteinases. These factors aggravate

local inflammation, cause blood-brain barrier (BBB)

disruption, and disturb the brain microcirculation,

leading to transient aggravation of brain edema and

intracranial hypertension [2, 4]. In this study, we found

an increase in CSF leukocyte count, protein, lactate,

nitric oxide, an increase in brain water, sodium, and

calcium content, and a decrease in brain potassium

Table 4. E¤ects of QKL on CSF lactate content in E. coli bacterial meningitis (mmol/L, meanGSD)

Group n Before inoculation

(0 h)

Before treatment

(16 h after inoculation)

After treatment

(26 h after inoculation)

Control 7 1.42G 0.02 2.08G 0.27 2.33G 0.38

Meningitis 8 1.49G 0.07 11.94G 1.89* 5.03G 0.56�k

Ampicillin 8 1.50G 0.13 11.83G 0.16* 11.88G 1.41�u

Treated 7 1.43G 0.03 11.54G 0.22* 5.46G 0.25�Ek

Pretreated 7 1.46G 0.07 3.77G 0.61uEcc 4.46G 0.23�Eck

vs. control group: *p < 0.01, vs. meningitis group: up < 0:01, vs. ampicillin group: Ep < 0:01, vs. treated group: cp < 0:05, ccp < 0:01,

vs. pretreated group:kp < 0:01.

CSF Cerebrospinal fluid, QKL QingKaiLing.

Table 5. E¤ects of QKL on CSF nitric oxide content in E. coli bacterial meningitis (mmol/L, meanGSD)

Group n Before inoculation

(0 h)

Before treatment

(16 h after inoculation)

After treatment

(26 h after inoculation)

Control 7 43.0G 3.17 49.9G 6.12 45.6G 5.03

Meningitis 8 43.7G 3.43 105.1G 7.54* 74.8G 3.66�k

Ampicillin 8 43.0G 2.79 104.0G 8.87* 85.9G 2.84�uuk

Treated 7 43.4G 2.79 104.0G 6.98* 69.0G 3.23�uEk

Pretreated 7 43.9G 3.17 88.2G 5.32�uuEcc 64.19G 4.56�uuEcc

vs. control group: *p < 0.01, vs. meningitis group: up < 0:05, uup < 0:01, vs. ampicillin group: Ep < 0:01, vs. treated group: cp < 0:05,

ccp < 0:01, vs. pretreated group:kp < 0:01.

CSF Cerebrospinal fluid, QKL QingKaiLing.
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content early during antibiotic treatment of E. coli

meningitis in rabbits. These results are consistent with

aggravation of the inflammation-induced reaction and

brain edema in the short-term after early antibiotic

therapy. Therefore, in order to reduce mortality and

neurological sequelae of bacterial meningitis, therapy

designed to prevent brain injury is under intensive

investigation.

QKL injection is a prepared and mixed pure tradi-

tional Chinese medicine, derived from the Angon Niu-

huang Pill. The e¤ects of QKL have been reported to

clear heat, detoxify, tranquilize and allay excitement,

eliminate phlegm, and remove stasis to induce resusci-

tation. QKL has been widely used in treatment of a

number of diseases such as the common cold since

1975, and is especially used to treat central nervous

system inflammations [14]. In animal experiments,

QKL inhibits the production of inflammatory factors

such as IL-1, IL-8, TNF-a [12], and protects the brain

from ischemic damage [10]. Studies show that QKL af-

fects vascular endothelial cells to maintain normal mi-

crovessel permeability, to improve cerebral blood flow,

to reduce brain edema, and to improve survival after

brain hypoxia-ischemia [14]. In addition, QKL im-

proves the absorption of necrotic tissue during tissue

repair [14]. It is therefore hypothesized that QKL

may prevent antibiotic-induced brain damage in men-

ingitis. The results in this study demonstrated that

QKL reduces CSF leukocyte count and protein con-

tent, and attenuates the antibiotic-induced transient

aggravation of meningitis and brain edema in bacterial

meningitis. It is particularly e¤ective in the QKL-

pretreated group. We provide the first indication that

adjuvant QKL treatment has neuroprotective benefit

in the management of bacterial meningitis.

In bacterial meningitis, hypoxia-ischemia in brain

tissue and excessive release of excitatory amino acids

induces opening of calcium channels leading to a sub-

sequent increase in intracellular calcium, which is toxic

to the a¤ected cells [3]. This study shows that QKL

inhibits the increase in brain calcium content during

early antibiotic therapy for E. coli meningitis. This

suggests the possible involvement of an inhibition of

calcium influx via calcium channels. This finding is

consistent with our previous reports that QKL e¤ec-

tively inhibits the increase of synaptic calcium induced

by glutamate to attenuate cortical and hippocampal

neuronal injury [13, 16].

Nitric oxide (NO) is a free-radical gas produced

by the conversion of L-arginine to L-citrulline cata-

lyzed by a group of isoenzymes called NO synthases

(NOSs). Three di¤erent forms have been identified so

far: endothelial NOS (eNOS, or NOS III), neuronal

NOS (nNOS, or NOS I), and inducible NOS (iNOS,

or NOS II) [11]. eNOS and nNOS are expressed con-

stitutively in the adult brain and believed to regulate

major physiological functions, including vascular he-

mostasis and neurotransmission. iNOS is absent in

strictly resting cells and strongly induced by cytokines

and other immunological stimuli [4]. NO levels in the

CSF are elevated in humans with bacterial meningitis

and in experimental animal models [4]. Moreover, in-

ducible NOS knockout mice exhibit low levels of in-

flammatory mediators such as IL-1b, IL-6, TNF-a,

and MIP-2, and attenuated BBB disruption in pneu-

mococcal meningitis. Thus, NO derived from induci-

ble NOS plays a major role in bacterial meningitis.

This report shows that QKL e¤ectively inhibits the

generation of NO during bacterial meningitis. This

may be part of the mechanism underlying QKL neuro-

protective e¤ects.

Treatment studies of bacterial meningitis suggest

that MMP-9 up-regulation mediates BBB breakdown,

leukocyte invasion into CSF, brain edema, and brain

tissue damage [5]. MMP-9 is not normally present in

CSF, but it is markedly increased in bacterial meningi-

tis. High concentrations of MMP-9 are associated with

neurological complications, suggesting high CSF

concentrations of MMP-9 may significantly increase

the risk of bacterial meningitis in humans [6]. Broad-

spectrumMMP inhibitors dramatically attenuate neu-

ronal injury and reduce mortality of animals in experi-

mental bacterial meningitis [9]. The result of this study

shows that QKL significantly reduces the level of

MMP-9 in brain in bacterial meningitis, which sug-

gests that the neuroprotective e¤ects of QKL are likely

due to the inhibition of MMP-9 expression. According

to the report by Meli et al. [8], in bacterial meningitis,

brain-resident cells and primarily invading polymor-

phonuclear cells act as sources of MMP-9. Investiga-

tions have shown that the MMP-9 promoter is in a 2-

kb 5 0 flanking region that contains AP-1, AP-2, and

SP-1 factor-binding sites [1]. The transcription factor

AP-1 is composed of a mixture of heterodimeric pro-

tein complexes derived from the Fos and Jun families,

including c-Fos, FosB, Fra-1, Fra-2, c-Jun, JunB, and

JunD. QKL not only e¤ectively inhibits the expres-

sion of the c-Fos gene induced by glutamate [16], but

also reduces the leukocyte count of CSF in bacterial

meningitis. Therefore, QKL may reduce the level of

Mechanism of neuroprotective e¤ect induced by QingKaiLing as an adjuvant drug in rabbits 417



MMP-9 in brain by several di¤erent signaling path-

ways.

In conclusion, QKL adjuvant therapy has the poten-

tial to alleviate the aggravated inflammatory reaction

and partially protect brain tissue from antibiotic-

induced injury. The neuroprotective e¤ects of QKL

may be due to decreased levels of Ca2þ, NO, and

MMP-9 in the brain, and is more e‰cacious when

pretreated.
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Summary

Chronic hyperglycemia is an established risk factor for endothelial

damage. It remains unclear, however, whether brief hyperglycemic

episodes after acute stress alter the function of vascular endothelial

cells in response to endotoxin. We hypothesize that brief hyperglyce-

mic episodes enhance the production of interleukin-8 (IL-8) after

lipopolysaccharide (LPS) stimulation.

Methods. Human umbilical vein endothelial cells (HUVECs;

1� 105 cells/mL, cells from subcultures 2–5, n ¼ 6) were cultivated

in various concentrations of glucose (200, 300, 400, and 500 mg/dL)

with or without LPS stimulation (1 mg/mL) for 24 hours. After cul-

ture, IL-8 levels in the supernatant were measured using ELISA.

Results. HUVECs cultured at glucose concentrations of 300

and 400 mg/dL produced more ðp < 0:01Þ IL-8 than control cells

(200 mg/dL). HUVECs cultured at glucose concentrations of 300

and 400 mg/dL also produced more ðp < 0:01Þ IL-8 than those cul-

tured in the absence of LPS.

Conclusions. Hyperglycemic conditions enhance IL-8 production

by vascular endothelial cells, and this response is augmented by

LPS. Infections may foster neutrophil accumulation at injury sites.

These results suggest that it is important to manage even short-term

increases in blood glucose after acute stress.

Keywords:Hyperglycemia; endothelium; LPS; IL-8; brain injury.

Introduction

Severe brain damage [5] is associated with an in-

creased prevalence of endothelial cell dysfunction. The

mechanisms leading to alterations in endothelial cell

function are poorly understood. The strict manage-

ment of blood glucose has recently been shown to im-

prove outcome in a surgical intensive care unit [6].

Chronic hyperglycemia (diabetes mellitus) is an estab-

lished risk factor for endothelial damage. It remains

unclear, however, whether brief hyperglycemic epi-

sodes alter the function of vascular endothelial cells in

response to endotoxin. A high incidence of aspiration

pneumonia has been reported after severe brain dam-

age and this medical complication is a leading cause

of late morbidity and mortality in comatose patients.

We hypothesize that brief hyperglycemic episodes

enhance the production of interleukin (IL)-8 after

lipopolysaccharide (LPS) stimuli. We evaluated the

changes in chemokine IL-8 production from endothe-

lial cells in various hyperglycemic conditions and in-

vestigated whether hyperglycemia is associated with

an acute inflammatory response. Stress reactions to in-

sults such as severe brain damage could enhance IL-8

production from the endothelial cells.

Materials and methods

Incubation of human umbilical vascular endothelial cells (HUVECs)

with glucose

HUVECs were purchased from Sanko Junyaku Co., Ltd. (Tokyo,

Japan). HUVECs (1� 105 cells/mL, cells from subcultures 2–5,

n ¼ 6 for each subculture) were cultivated for 24 hours in the 3 sys-

tems outlined below. The HUVECs were cultured in RPM11640 me-

dium at 37 �C in a 5% CO2 atmosphere.

Glucose concentrations in the culture solution were 200, 300, 400,

and 500 mg/dL. After 24 hours, IL-8 levels in the supernatant were

measured using enzyme-linked immunosorbent assay (ELISA).

HUVEC samples from each glucose environment (200, 300, 400,

500 mg/dL) were stimulated with 1 mg/mL LPS and cultured for 24

hours. Changes in IL-8 production in the supernatant were then

measured. After incubation for 24 hours at 37 �C, the supernatants

were taken from the cultures and stored at �80 �C until cytokine

assay.

Measurement of IL-8

The IL-8 levels in the supernatant samples were quantified using a

commercially available ELISA kit (IL-8; BioSource International,

Inc., Camarillo, CA).



Statistical analysis

Duplicate or triplicate samples were obtained from parallel cul-

tures through the entire experimental protocol. For the bioassays,

each sample was plated in triplicate and the results were averaged.

Data were expressed as mean valuesG SD. Comparisons of cytokine

IL-8 data between the groups were conducted using one-way analy-

sis of variance. Fisher’s protected least-squares di¤erence analyses

were performed to determine di¤erences between each group. Di¤er-

ences were considered significant if the p value was<0.05. Statistical

analyses were performed using Stat-View 5.0 (SAS Institute, Inc.,

Cary, NC).

Results

Among the HUVECs cultured at glucose concentra-

tions of 200, 300, 400, and 500 mg/dL without LPS

treatment, IL-8 production was higher (*p < 0.01) in

the cells cultured at glucose concentrations of 300 and

400 mg/dL than in the cells cultured at a control glu-

cose concentration of 200 mg/dL (Fig. 1). Among the

HUVECs cultured at all glucose concentrations in

the presence of LPS, IL-8 production was higher

(#p < 0.01) in the cells cultured at glucose concentra-

tions of 300 and 400 mg/dL than in the LPS-treated

controls cultured at the glucose concentration of

200 mg/dL (6.6-fold and 6.5-fold, respectively; Fig.

1). The mean IL-8 concentration in the LPS-treated

cells cultured at glucose concentrations of 300 and

400 mg/dL was 3.2- and 4.4-fold higher than that

in the HUVECs cultured at the same concentrations

without LPS treatment, respectively. The mean IL-8

concentration of the LPS-treated cells cultured at a

glucose concentration of 200 mg/dL was 2.1-fold

higher than that in cells cultured at the same glucose

concentration without LPS treatment.

Discussion

Hyperglycemia is commonly observed after severe

brain damage due to insults such as acute stroke [7].

No reports, however, have discussed whether a brief

hyperglycemic episode after a stress reaction can a¤ect

secondary tissue damage. One recent report demon-

strated that strict management of blood glucose im-

proved outcome in a surgical intensive care unit [6].

Other reports suggest that prolonged hyperglycemia

(diabetes mellitus) is a potent risk factor for endo-

thelial damage [2, 3]. It remains unclear, however,

whether short episodes of hyperglycemia have any ef-

fect on endothelial cells. Endothelial cells play an im-

portant role in injury and inflammation through the

production and regulation of cytokines, adhesion mol-

ecules, free radicals, and vasoactive and chemoattrac-

tant mediators [4].

In this study we observed a significant augmentation

of IL-8 production by endothelial cells during a 24-

hour period of hyperglycemia. Moreover, a similar

but significantly stronger augmentation was obtained

through LPS treatment. These findings indicate that

hyperglycemia associated with infection may create

an early window of vulnerability allowing secondary

insults to activate deleterious neutrophil functions.

We previously reported [1] that a hyperglycemic condi-

tion immediately after experimental traumatic brain

injury led to significant increases in neutrophil accu-

mulation at the injured site. In patients who have suf-

fered severe brain damage, the high incidence of aspi-

ration pneumonia can provide a nidus for systemic

inflammation. The development of such a condition

in severely injured patients may leave them at high

risk for secondary brain damage. Further studies are

needed to elucidate the importance of this data and

the consequences of high-glucose conditions over sev-

eral time courses by investigating the temporal profiles

of acute hyperglycemia in patients with severe brain

injury.

Conclusions

This study suggests that hyperglycemia may in-

crease the risk of chemokine IL-8 production by endo-

thelial cells. This phenomenon is accelerated by LPS

stimulation. Strict control of hyperglycemia may be re-

quired after severe brain damage to prevent neutro-

phils from accumulating in the injured brain and con-

tributing to secondary brain damage processes.

Fig. 1. Changes in IL-8 production from HUVECs treated with

or without LPS in various concentrations of glucose (*p < 0.01;

#p < 0.01)

420 K. Kinoshita et al.



References

1. Kinoshita K, Kraydieh S, Alonso O, Hayashi N, Dietrich WD

(2002) E¤ect of posttraumatic hyperglycemia on contusion vol-

ume and neutrophil accumulation after moderate fluid-percussion

brain injury in rats. J Neurotrauma 19: 681–692

2. Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T,

Kaneda Y, Yorek MA, Beebe D, Oates PJ, Hammes HP, Giar-

dino I, Brownlee M (2000) Normalizing mitochondrial superox-

ide production blocks three pathways of hyperglycaemic damage.

Nature 404: 787–790

3. Ruderman NB, Haudenschild C (1984) Diabetes as an athero-

genic factor. Prog Cardiovasc Dis 26: 373–412

4. Shrotri MS, Peyton JC, Cheadle WG (2000) Leukocyte-

endothelial cell interactions: review of adhesion molecules and

their role in organ injury. In: Baue A, Faist E, Fry DE (eds) Mul-

tiple organ failure: pathophysiology, prevention, and therapy.

Springer, New York, pp 224–240

5. Skold MK, von Gertten C, Sandberg-Nordqvist AC, Mathiesen

T, Holmin S (2005) VEGF and VEGF receptor expression after

experimental brain contusion in rat. J Neurotrauma 22: 353–367

6. van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruy-

ninckx F, Schetz M, Vlasselaers D, Ferdinande P, Lauwers P,

Bouillon R (2001) Intensive insulin therapy in critically ill pa-

tients. N Engl J Med 345: 1359–1367

7. Weir CJ, Murray GD, Dyker AG, Lees KR (1997) Is hypergly-

caemia an independent predictor of poor outcome after acute

stroke? Results from a long-term follow up study. BMJ 314:

1303–1306

Correspondence: Kosaku Kinoshita, Department of Emergency

and Critical Care Medicine, Nihon University School of Medicine,

30-1 Oyaguchi Kamimachi, Itabashi ku, Tokyo 173-8610, Japan.

e-mail: kosaku@med.nihon-u.ac.jp

Acceleration of chemokine production from endothelial cells in response to lipopolysaccharide in hyperglycemic condition 421



Acta Neurochir (2006) [Suppl] 96: 422–425

6 Springer-Verlag 2006

Printed in Austria

Photodynamic therapy increases brain edema and intracranial pressure
in a rabbit brain tumor model

F. Li1, G. Zhu1, J. Lin1, H. Meng1, N. Wu1, Y. Du2, and H. Feng1

1Department of Neurosurgery, Southwest Hospital, The Third Military Medical University, Chongqing, China

2The Ultrasonic Research Institute, Chongqing University of Medical Sciences, Chongqing, China

Summary

The objective of this study was to evaluate the e¤ect of a single

photodynamic therapy (PDT) on brain edema and intracranial pres-

sure (ICP) in a rabbit model of brain tumor.

A total of 57 adult New Zealand rabbits were assigned to 3 groups:

the PDT group, the tumor group, and the tumor plus PDT group.

Rabbits in the PDT group ðn ¼ 9Þ received PDT but no tumor im-

plantation; rabbits in the tumor group ðn ¼ 18Þ received VX2 carci-

noma implantation but no PDT; rabbits in the tumor plus PDT

group ðn ¼ 30Þ received tumor implantation with subsequent PDT

16 days later.

Brain edema and ICP levels were then evaluated. We found that

ICP in the PDT group was 7.43G 0.50 mmHg. After tumor implan-

tation, ICP increased rapidly (18.43G 1.10 mmHg, 21 days later).

PDT alone did not increase ICP, but compared with that in the tu-

mor group, ICP increased significantly in the tumor plus PDT group

(9.55G 1.32 vs. 13.31G 1.13 mmHg, p < 0.01) 24 hours after treat-

ment. Brain water content in the tumor group increased rapidly

after tumor implantation. PDT again increased perineoplastic brain

edema 24 hours after treatment (81.09G 0.97% vs. 78.32G 0.49%,

p < 0.01). It should be noted that PDT alone did not induce brain

edema.

In conclusion, PDT causes transient brain edema and increases

ICP in a rabbit brain tumor model.

Keywords: Photodynamic therapy; VX2 carcinoma; brain edema;

intracranial pressure.

Introduction

Photodynamic therapy (PDT) was developed as a

modality for malignant tumor treatment, and Perria

et al. [7] first used PDT to treat patients with brain tu-

mors. PDT is a potential therapy for brain tumors.

Both experimental studies and clinical practice have

confirmed that PDT can cause damage to cells and

blood vessels. It has been reported that PDT causes

brain edema, hypoxic brain injury, cerebral blood ves-

sel injury, and even cerebral herniation [4]. Hence, to

provide experimental data for the clinical application

of PDT, we examined changes in intracranial pressure

(ICP) and brain water content in rabbits following

VX2 carcinoma implantation. A single PDT was used

and hematoporphyrin derivative (HPD) was the

photosensitizer.

Materials and methods

Animals and grouping

A total of 57 adult New Zealand rabbits, weighing 1.5 to 2.0 kg,

were assigned to 3 groups: the PDT group, the tumor group, or the

tumor plus PDT group. Rabbits in the PDT group ðn ¼ 9Þ received
PDT without tumor implantation; rabbits in the tumor group

ðn ¼ 18Þ received VX2 carcinoma implantation without PDT; rab-

bits in the tumor plus PDT group ðn ¼ 30Þ received tumor implanta-

tion first and PDT 16 days later.

Hematoporphyrin derivative

This product was developed by the Institute of Pharmaceutical

Research of the Chinese Academy of Sciences, and was manufac-

tured by Chongqing Huading Modern Biopharmaceutics Co., Ltd.,

Chongqing, China.

Instruments

LumaCare LC-051 non-coherent light source (LumaCare,

Newport Beach, CA) and a Camino ICP monitor (Integra Neuro-

sciences, Plainsboro, NJ).

Implantation of VX2 carcinoma

Subcutaneous carcinoma mass was obtained from rabbits, and the

mass was then sliced into small pieces sized 1.5 mm� 1.5 mm �
1.5 mm. Before tumor implantation, a bone window sized 1.5 cm �
1.5 cm was opened at the site 1 cm lateral of the sagittal suture. A



piece of carcinoma was then implanted and embedded centrally into

brain cortex. Hemostasis with a gelatin sponge and closure of inci-

sion was then performed.

Photodynamic therapy

PDT was carried out 16 days after carcinoma implantation. HPD

(5 mg/kg, 1 mg/ml) was infused intravenously. The rabbit was anes-

thetized 24 hours later, and the original incision was reopened. Mac-

roscopic changes in the tumor were then observed. The light spot

area was determined according to the size of the tumor, and the

time of light exposure was calculated. The output power of the light

source was 500 mW, with a total energy of 240 J/cm2 at a wave-

length of 628 nm.

ICP monitoring

Rabbits in the tumor group underwent ICP monitoring at 13 days,

17 days, and 25 days after tumor implantation 3 times a day, while

those in the tumor plus PDT group underwent ICP monitoring after

tumor implantation 3 times daily.

Pathologic observations

Rabbits in the tumor group were sacrificed without PDT at days

13, 17, 19, 21, 23, and 25 after tumor implantation, while those

in the tumor plus PDT group underwent the treatment 16 days after

tumor implantation. At days 1, 3, 5, 7, and 9 after treatment, rabbits

were sacrificed and pathological observations on brain tissues

performed.

Determination of brain water content

After tumors were isolated from the remaining brain tissues,

brain water content of right hemisphere was determined by wet/dry

method [1].

Experiment with the PDT group

As described above, HPD was intravenously infused into animals

in the PDT group; after 24 hours in the dark, the rabbits were anes-

thetized, the cranial window was opened, and an ICP detector

placed. The mean ICP over 30 minutes was regarded as the normal

ICP control. Then light exposure time was calculated for a light spot

area of 1 cm2, and light exposure was performed. Pathologic obser-

vations, after ICP monitoring, were carried out at days 1, 3, and 5

after light exposure.

Statistical analysis

Data are expressed as meanGSD. Data were analyzed using AN-

OVA. Significance levels were measured at p < 0.05.

Results

Intracranial pressure

ICP in the PDT group increased 1 and 2 days after

HPD infusion and light exposure, and the ICP re-

turned to normal 3 days later. ICP in the tumor group

did not change drastically within the first 17 days after

tumor implantation, ranging from 7 to 8 mmHg, and

was not significantly di¤erent from the normal control.

With further increase in tumor size, however, ICP in-

creased rapidly. By 21 days, ICP increased to 17 to

19 mmHg.

In the tumor plus PDT group, ICP began to increase

after PDT, peaking at 24 hours, and dropping there-

after. ICP was not significantly di¤erent from the nor-

mal control at day 6 (Table 1).

Brain water content

In the PDT group, brain water content increased 1

day after light exposure and decreased 3 days later

(Table 2).

In the tumor group, brain water content was in the

normal range at day 13 after tumor implantation, but

increased rapidly after day 17 (82.0G 0.7% in the day

25 group vs. 78.0G 0.5% in the day 13 group, Table

2).

Table 1. ICP data (MeanGSD, mmHg)

Day (post-implantation) Day (post-PDT) PDT group Tumor group Tumor plus PDT group

13 before treatment 7.43G 0.50 7.23G 0.57 7.23G 0.57

17 1 9.55G 1.32 7.10G 0.55 13.31G 1.13*#

18 2 8.96G 2.42 10.83G 3.91 11.94G 1.35*

19 3 7.87G 1.59 15.17G 1.44 9.84G 1.17*#

20 4 7.38G 0.36 16.90G 0.84 8.63G 0.77*#

21 5 7.45G 0.46 18.43G 1.10 8.35G 0.70**#

22 6 – 18.73G 0.83 7.89G 0.69#

23 7 – 18.77G 0.73 7.82G 0.66#

24 8 – 18.80G 0.81 7.73G 0.53#

25 9 – 19.04G 0.73 7.47G 0.58#

*p < 0.01 vs. the PDT group, **p < 0.05 vs. of the PDT group, #p < 0.01 vs. the tumor group.
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In the tumor plus PDT group, brain water content

was significantly higher than that in the tumor group 1

day after light exposure (81.1G 1.0% vs. 78.4G 0.5%

in the tumor group, p < 0.01). From day 3, brain wa-

ter content started to decrease and was lower than that

of the tumor group.

Histopathology

In the PDT group, interstitial brain edema devel-

oped with mild hyperemia 1 day after light exposure.

These changes disappeared within 3 to 5 days.

Seventeen days after tumor implantation, a perineo-

plastic edema zone developed in the tumor group. A

few tumor cells di¤usely distributed in the edematous

zone, tumor nests were formed, and apparent edema

and hyperemia were observed around these nests. Peri-

vascular exudation was observed in tissues adjacent to

the tumor using electron microscopy (Fig. 1).

In the tumor plus PDT group, obvious edema adja-

cent to the tumor was microscopically observed 1 day

after light exposure. The edema subsided at day 3, and

virtually disappeared 9 days later. The same phenome-

non was observed by electron microscopy.

Discussion

It has been reported that PDT causes brain edema,

hypoxia of brain tissues, cerebral blood vessel injury,

and even cerebral herniation [4]. However, due to rela-

tive low doses of photosensitizer used in clinical prac-

tice (2–5 mg/kg), few morphological changes of brain

can be detected [2, 8]. In glioma patients treated with

PDT, Powers et al. [9] found that PDT with HPD led

to tumor necrosis in the marginal zone of the tumor.

All treated patients had edema in the periphery of the

treated zone and clinical symptoms developed 16 hours

later. Brain edema disappeared within 1 week. Dehy-

dration agents and glucocorticosteroids could reduce

the brain edema.

In our study, rabbits in the PDT group developed

brain edema with an increase in ICP at the exposure

site 1 day following HPD infusion and light exposure.

Brain edema subsided and ICP decreased 3 days later.

In the tumor plus PDT group, ICP peaked 1 day after

PDT, then declined. Severe edema and vascular injury

were found in perineoplastic brain tissues within the

first 3 days, and these changes ameliorated 5 days later.

Perivascular exudation was also found in perineoplas-

tic brain tissues following PDT using electron micros-

copy. Brain edema peaked 1 day after treatment, and

returned to near normal range 7 days later. These data

suggest that PDT results in transient brain edema,

which develops immediately after therapy and lasts

several days. PDT-induced brain edema is mild with a

slight increase in ICP, which may not cause cerebral

herniation.

Localization of photosensitizer may also determine

the sensitivity of tumor or normal brain tissues to

PDT. In normal brain tissues with an intact blood-

Table 2. Brain water content (%, MeanGSD)

Day (post-implantation) Day (post-PDT) PDT group Tumor group Tumor plus PDT group

13 before treatment – 78.0G 0.5 –

17 1 79.7G 0.3 78.4G 0.5* 81.1G 1.0#

19 3 78.3G 0.5 79.2G 0.5* 79.1G 0.7

21 5 77.9G 0.5 79.8G 0.6* 77.8G 0.6#

23 7 – 80.6G 0.6* 77.4G 0.7#

25 9 – 82.0G 0.7* 77.6G 0.8#

*p < 0.01 vs. day 0, #p < 0.01 vs. the tumor group.

Fig. 1. Perivascular exudation and perineoplastic brain edema 21

days after tumor implantation
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brain barrier, more photosensitizer distributes on the

capillary endothelium, resulting in endothelial necrosis

following PDT. In tumor tissue, however, blood-brain

barrier permeability is increased. Photosensitizer may

pass blood-brain barrier easily, resulting in less vascu-

lar injury [3, 5]. Also, PDT produces much necrotic tis-

sue, which results in increased ICP. Although necrotic

tissue can be absorbed, a large amount of such tissue

cannot be absorbed or discharged swiftly. A marked

increase in ICP may cause herniation [10]. Hence,

prior to PDT, tumor should be resected as radically as

possible.

We treated rabbits with implanted VX2 carcinoma

in the brain using the conventional PDT procedure

adopted by the Department of Neurosurgery of the

Royal Melbourne Hospital of Australia [6]. Our find-

ings indicate that PDT could damage blood vessels in

the perineoplastic brain tissues and result in brain

edema, but PDT could be a therapy for gliomas. Con-

trol of the transient brain edema induced by PDT will

be important.

Clinically, PDT for malignant brain tumors should

follow surgical treatment and tumor tissues should be

resected as radically as possible so as to decompress

thoroughly. If necessary, decompression should be at-

tained by removing bone flaps. Within the first few

days after PDT, ICP may increase slightly. ICP moni-

toring and appropriate dehydration treatments imme-

diately after operation are needed.
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Summary

The present investigation was undertaken to find out whether

whole-body hyperthermia (WBH) alters blood-cerebrospinal fluid

barrier (BCSFB) permeability to exogenously-administered tracers

and whether choroid plexus and ependymal cells exhibit morpholog-

ical alterations in hyperthermia. Rats subjected to 4 hours of heat

stress at 38 �C in a biological oxygen demand (BOD) incubator

exhibited a profound increase in the BCSFB to Evans blue and

radioiodine. Blue staining of the dorsal surface of the hippocampus

and caudate nucleus and a significant increase in Evans blue and
½131�Iodine in cisternal cerebrospinal fluid were seen following 4-

hour heat stress compared to control. Degeneration of choroidal ep-

ithelial cells and underlying ependyma, a dilated ventricular space,

and degenerative changes in the underlying neuropil were frequent.

Hippocampus, caudate nucleus, thalamus, and hypothalamus exhib-

ited profound increases in water content after 4 hours of heat stress.

These observations suggest that hyperthermia induced by WBH is

capable of breaking down the BCSFB and contributing to cell and

tissue injury in the central nervous system.

Keywords: Hyperthermia; blood-cerebrospinal fluid barrier;

edema.

Introduction

Hyperthermia and heat-related illnesses cause large

numbers of deaths (about 800 to 2000 cases) during

summer months in the United States and in Europe

[1, 2, 7–9]. Heat-related death far exceeds that of any

other natural calamity such as floods, cyclones, or hur-

ricanes [1, 3, 13, 18, 20, 21, 25, 42, 43]. Recently, the

number of heat stroke-induced deaths have increased

with global warming and with world-wide increase in

the frequency and intensity of heat waves [2, 18, 27,

29, 35, 36].

Heat stress and associated heat stroke are life-

threatening illnesses in which body temperature in-

creases above 40 �C causing severe central nervous sys-

tem (CNS) dysfunction, such as delirium, convulsion,

and coma [1–3]. More than 50% of heat stroke victims

die within a short time, despite lowering of the body

temperature and therapeutic intervention [2, 7–9].

Those who survive heat stroke often show permanent

neurological deficit [2, 4, 21, 25].

Interestingly, whole-body hyperthermia (WBH) is

commonly used as an adjunct to cytotoxic therapy for

cancer [14, 15, 19, 36, 44]. Recently it has been recog-

nized that WBH combined with cytotoxic therapy for

cancer causes inhibition of DNA repair, increased drug

permeation, and decreased resistance to DNA damag-

ing agents [24]. New clinical and experimental results

show that WBH enhances cytotoxic ionizing radiation

and chemotherapy [10, 14, 15, 24, 36]. There are rea-

sons to believe that WBH-induced severe side e¤ects,

including altered brain function, are probably due to

breakdown of BBB function [28, 29, 31].

Previous experiments on WBH in our labora-

tory suggest that alterations in the brain fluid microen-

vironment following heat stress are responsible for

hyperthermia-induced brain damage [26, 32–34, 38].

However, studies on alterations in the blood-cerebro-

spinal fluid barrier (BCSFB) in heat stress are still

lacking. The BCSFB maintains the composition of

the CSF and regulates homeostasis of the CNS within

a strict normal limit [6, 16, 22]. Thus, breakdown of

the BCSFB adversely influences CNS structure and

function.

The present investigation was undertaken to find



out whether WBH alters BCSFB permeability to

exogenously-administered tracers and whether cho-

roid plexus and ependymal cells exhibit morphological

alterations during hyperthermia.

Materials and methods

Animals

Experiments were carried out on male Sprague-Dawley rats (100

to 150 g; aged 12 to 16 weeks) housed at a controlled room tempera-

ture (21G 1 �C) on a 12-hour light, 12-hour dark schedule. Food

and tap water were supplied ad libitum before the experiments.

Whole-body hyperthermia

Rats were exposed to WBH in a biological oxygen demand incu-

bator (relative humidity 45 to 50%; wind velocity 18 to 25 cm/sec)

maintained at 38 �C for 1 to 4 hours [26, 30, 32, 33]. The experiments

were conducted according to National Institutes of Health (USA)

guidelines for use and care of animals [26, 27, 30]. This experiment

was approved by the Ethics Committee of Uppsala University.

BCSFB permeability

The BCSFB was examined in vivo using Evans blue (2%, 0.3 mL/

100 g) and ½131�Iodine (10 mCi/100 g) tracers [30, 31, 37, 39, 40]. The

tracers were administered into the right femoral artery and allowed

to circulate for 5 minutes. At the end of the experiment, a CSF sam-

ple (about 100 ml) was drawn from the cisterna magna without blood

contamination. The animals were then perfused with 0.9% saline

through the heart and the brain was dissected out. Extravasation of

Evans blue dye was visually examined in the ventricular walls of the

lateral, third, and fourth ventricles. Various parts of the brain were

then dissected out, weighed, and the radioactivity counted in a

gamma counter (energy window 500–800 keV) [30]. Before perfu-

sion, a whole blood sample was withdrawn from the left ventricle

by cardiac puncture and the radioactivity determined as above [26,

30, 32]. Extravasation of tracers into the CSF as well as other brain

areas around the ventricular system was expressed as percentage in-

crease over the whole blood radioactivity [30]. Evans blue dye that

entered some areas of the brain was also measured colorimetrically

[26, 30–32].

Brain edema

Brain edema formation was measured using water content calcu-

lated from the di¤erence between wet and dry weights of the samples,

either in the whole brain or in the several identical brain regions used

for radiotracer measurement, as described above [30].

Morphological investigations

At the end of the experiments, rats were perfused transcardially

with 4% paraformaldehyde in 0.1 mol phosphate bu¤er (pH 7.4),

preceded by a brief saline rinse [37, 38]. The animals were wrapped

in aluminum foil and kept at 4 �C overnight. On the next day, the

brain and spinal cord were dissected out and small pieces were em-

bedded in para‰n. About 3 mm thick sections were cut and stained

with hematoxylin and eosin or Nissl and examined under a bright

field microscope (Leica Microsystems, Bannockburn, IL) for neuro-

degenerative changes [27]. For semiquantitative analyses of cell in-

jury, rough scores of 0 (no damage), or 1 (least damage) to 4 (maxi-

mum damage) were assigned in a blinded fashion [41].

Statistical analyses

Quantitative data were analyzed using ANOVA followed by Dun-

net’s test for multiple group comparison. The semiquantitative data

were analyzed with the chi-square test.

Results

BCSFB permeability

Rats subjected to 4 hours of WBH at 38 �C in a bio-

logical oxygen demand incubator exhibited profound

alterations in BCSFB to Evans blue and radioiodine

tracers. Mild to moderate blue staining of the walls in

the lateral, third, and fourth cerebral ventricles was

noted. The dorsal surface of the hippocampus and cau-

date nucleus showed moderate staining. The choroid

plexus had deep blue staining. Measurement of Evans

blue dye in selected brain regions, such as the hippo-

campus, caudate nucleus, mid-thalamus (massa in-

termedia), hypothalamus, dorsal surface of the brain

stem, and ventral surface of the cerebellum showed

a significant increase compared to the control group

(Table 1). A significant increase in Evans blue and
½131�Iodine tracers was observed in the CSF samples ob-

tained from the cisterna magna following 4 hours of

WBH compared to the control group (Table 1).

On the other hand, blue staining of the ventricular

walls and/or surface of the structures within the cere-

bral ventricles was absent in animals subjected to 1 or

2 hours of heat stress. At these earlier times, no signif-

icant increase in Evans blue or radioiodine tracer

was noted in various brain areas and/or CSF samples

(Table 1).

Brain edema

Measurement of water content in identical brain

regions showing leakage of Evans blue or radiotracers,

e.g., hippocampus, caudate nucleus, mid-thalamus

(massa intermedia), hypothalamus, dorsal surface of

the brain stem, and the ventral surface of the cerebel-

lum (sample size 130 to 220 mg wet weight), exhibited

a significant increase in water content after 4 hours

of WBH (Table 1). However, rats subjected to 1 or 2

hours of heat exposure did not show any increase in

the brain water content compared to the control group

(Table 1).
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Morphological alterations

Morphological analysis showed degeneration of

choroidal epithelial cells and underlying ependyma in

rats subjected to 4 hours of WBH (Fig. 1). The ventric-

ular space appeared to be dilated and the underlying

neuropil showed neurodegenerative changes. Neuro-

nal damage, edematous expansion, and edema in hip-

pocampus, cerebral cortex, thalamus, hypothalamus,

and brain stem were very common in 4-hour heat-

stressed rats (Fig. 1). On the other hand, rats subjected

to 1 or 2 hours of WBH did not show structural

changes in the brain or spinal cord (results not shown).

Discussion

The salient new finding of the present investigation

is a marked increase in BCSFB permeability to

Evans blue and radioiodine tracer following 4 hours

of WBH in rats, a feature not observed in animals ex-

posed to 1 or 2 hours of heat exposure. These observa-

tions suggest that WBH, depending on its duration, is

capable of disrupting the BCSFB to large molecule

tracers.

Our observations further show that leakiness of the

BCSFB is associated with marked cellular changes in

several brain regions located within the cerebral ven-

tricles or adjacent regions. Thus, profound cell damage

is seen in the hippocampus, caudate nucleus, thalamus,

hypothalamus, cerebellum, and brain stem. This indi-

cates that alterations in the BCSFB are somehow con-

tributing to neurodegenerative changes in WBH.

The BCSFB resides in the choroidal epithelial cells

that are connected with tight junctions [5, 6, 16, 17,

22]. It is believed that the tightness of the BCSFB is

comparable to that of the blood-brain barrier (BBB)

located within the cerebral capillary endothelium con-

taining tight junctions [6, 22, 28]. Infusion of hyperos-

molar solutions into the internal carotid artery is

known to shrink the endothelial cells of the cerebral

capillaries and widen the tight junctions leading to

breakdown of the BBB [22, 34]. However, it is not

known if, under identical conditions, the BCSFB is

also compromised.

Table 1. Changes in BCSFB, brain edema, and structural changes in rats with heat stress for 4 hours

Parameters measured n Control Heat stress 38 �C in a BOD incubator

1 h 2 h 4 h

BCSFB permeability#
[131]Iodine% 5

Whole brain 0.35G 0.06 0.33G 0.08 0.42G 0.08 1.88G 0.24**

Cisternal CSF 0.18A0.04 0.12G 0.11 0.16G 0.12 0.76G 0.12**

Hippocampus 0.42G 0.12 0.47G 0.11 nd 0.84G 0.23**

Caudate nucleus 0.28G 0.08 0.32G 0.14 nd 0.93G 0.12**

Cerebellum 0.13G 0.08 0.16G 0.08 nd 0.65G 0.10**

Thalamus 0.48G 0.12 0.46G 0.08 nd 0.89G 0.14**

Hypothalamus 0.54G 0.21 nd nd 0.87G 0.23**

Brain Stem 0.18G 0.08 nd nd 0.34G 0.14*

Water content# 5

Whole brain % 76.12G 0.18 76.04G 0.13 76.G 4G 0.14 80.18G 0.24**

Hippocampus 78.43G 0.23 78.11G 0.21 78.21G 0.34 81.56G 0.34**

Caudate nucleus 77.43G 0.24 77.34G 0.32 nd 81.48G 0.54**

Cerebellum 74.43G 0.21 74.33G 0.32 nd 79.34G 0.23**

Thalamus 75.21G 0.22 75.12G 0.33 nd 78.56G 0.23**

Hypothalamus 74.54G 0.12 nd nd 76.45G 0.23**

Brain Stem 68.54G 0.12 nd nd 69.78G 0.12**

Structural changes 5

Neuronal damage nil nil nil þþþþ
Glial cell injury nil nil G? þþþþ
Myelin damage nil nil G? þþþþ

Values are MeanGSD of 5 rats in each group.

BCSFB Blood-cerebrospinal fluid barrier; BOD biological oxygen demand; # tissue sample size (135–180 mg); CSF sample 50 to 80 ml;G?

uncertain; þþþþ Severe cell damage; nil absent; nd not done; * p < 0:05; ** p < 0:01 (compared to control); ANOVA followed by Dunnett’s

test from 1 control.
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Alterations in the composition of CSF and/or

its osmolality are known to occur following

lipopolysaccharide-induced fever or heat stress in rab-

bits [11, 12]. WBH is known to increase plasma viscos-

ity and probably alters the plasma tonicity [2, 4, 44].

Thus, it is possible that hyperosmolality of plasma

and/or CSF following WBH could be an important

factor in disruption of the BCSFB.

The microvessels supplying choroid plexus are leaky

[6, 22]. Thus, choroidal epithelial cells are in direct

contact with the hyperosmolar blood plasma [22]. Fur-

thermore, CSF hyperosmolality can also a¤ect the

tight junction permeability of the choroidal epithelium

from the ependymal side [17]. In addition, the choroid

epithelial membrane is subjected to osmotic stress in

WBH that could result in increased membrane dam-

age. The structural changes seen in the choroid epithe-

lium and underlying ependymal area are in line with

this hypothesis. To confirm these points further, ultra-

structural investigations of choroidal epithelium and

the tight junctions in WBH are needed.

An increase in Evans blue and radioiodine in the

CSF samples obtained from rats subjected to 4 hours

of WBH supports the idea of a breakdown of the

BCSFB. Evans blue or radioiodine, when injected into

the circulation, binds to the endogenous serum pro-

teins [22]. In the present study, administering about 1

molecule of Evans blue binds to 12 molecules of serum

albumin in vivo [22, 30]. Therefore, extravasation of

Evans blue in the CSF indicates leakage of serum pro-

tein complex across the choroid plexus epithelium [30].

Extravasation of serum proteins into the CSF compart-

ment alters the osmotic gradient across the choroid

plexus epithelium and the tight junctions resulting in

transport of water and other solutes from the vascular

compartment leading to edema formation [22, 23, 30].

An increase in the water content of various intra-

cerebral structures following WBH is in line with this

Fig. 1. Structural changes in choroidal epithelium, hippocampus, and cerebral cortex following 4 hours of whole-body hyperthermia at 38 �C.
Degeneration of choroidal epithelium (arrowheads) in the lateral ventricle of a 4-hour heat-stressed rat (b) is clearly seen compared to epithe-

lium from a normal animal (a). Damaged nerve cells (arrows) and edema (*) are evident in the cerebral cortex (d) and hippocampus CA4 (f, h)

regions in heat-stressed rat compared to control (c, e, g). At the ultrastructural level, the irregular shape of one nerve cell nucleus (arrow, i) in a

heat-stressed rat is apparent. Dark and condensed cytoplasm and karyoplasm is clearly visible in the cerebral cortex. Bars: a, b, e, f ¼ 100 mm,

c, d ¼ 30 mm, g, h ¼ 20 mm, i ¼ 500 nm
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hypothesis. Since WBH is known to disrupt BBB in

these areas as well [35, 40], a possibility exists that

breakdown of the BCSFB will further aggravate re-

gional brain edema formation due to percolation of

CSF rich in serum proteins and alterations in CSF to

tissue osmotic gradients. Accumulation of serum pro-

teins in the extracellular fluid is likely to initiates a

series of cellular and molecular events leading to cell

injury and death [28]. The damaged nerve cells, occur-

rence of sponginess, vacuolation, and edema in many

brain areas [28] following 4 hours of WBH are consis-

tent with this idea.

The concept that breakdown of the BCSFB contrib-

utes to edema formation and cell injury inWBH is sup-

ported by the fact that the short duration of heat expo-

sure (1 or 2 hours) is not associated with leakage of

tracers into the CSF or an increase in water content

and cell damage. These observations suggest that the

magnitude and severity of WBH is primarily responsi-

ble for BCSFB damage and brain pathology.

It is unlikely that simple heating of animals follow-

ing 4 hours of WBH is directly associated with BCSFB

leakage [36, 37, 40]. This is evident from the findings

that when anesthetized animals are subjected to 4 hours

of WBH, no disruption of the BCSFB is observed

[Sharma and Johanson, unpublished observation].

Thus, there is reason to believe that WBH-induced al-

terations in the plasma and CSF composition play an

important role in BCSFB disruption. Recent findings

in our laboratory suggest that CSF is a conduit of sev-

eral neurohormones and is capable of transporting

several hormones and growth factors in various dis-

ease processes [16]. Thus, it is possible that CSF is

playing an active role in neurodegeneration and/or

neuroprotection. To further explore potential thera-

peutic strategies involving the CSF microenvironment,

the administration of neurohormones, growth factors,

or growth hormone into the cerebroventricular spaces

should be done in WBH, an approach currently being

examined in our laboratory.

Conclusion

In conclusion, our novel observations suggest

that hyperthermia induced by WBH is capable of

breaking down the BCSFB and contributing to cell

and tissue injury in the CNS. It would be important

to see whether neuroprotective drugs in heat stress are

able to attenuate BCSFB damage in WBH, a subject

requiring additional investigation.
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Summary

Traumatic brain injury and stroke are both characterized by an is-

chemic core surrounded by a penumbra of low to hyperemic flows.

The underperfused ischemic core is the focus of edema development,

but the source of the edema fluid is not known.We hypothesized that

flow of edema fluid into the tissue is derived from cerebral venous cir-

culation pressure, which always exceeds intracranial pressure (ICP).

As a first step toward testing this hypothesis, the aim of the current

study was to determine whether cerebral venous pressure in the nor-

mal brain is always equal to or higher than ICP. In studies on 2 pigs,

cerebral cortical venous, intracranial (subarachnoid), sagittal sinus,

and central venous pressures were monitored with manipulation of

ICP by raising and lowering a reservoir above and below the external

auditory meatus zero point. The results show that cerebral venous

pressure is always higher than or equal to ICP at pressures of up to

60 mmHg. On the basis of these observations, we hypothesize that

increased cerebral venous pressure initiated after traumatic brain

injury and stroke drives edema fluid into the tissue, which thereby

increases ICP and a further increase in cerebral venous pressure in a

vicious cycle of brain edema.

Keywords: Traumatic brain injury; intracranial pressure; venous

pressure.

Introduction

Both traumatic brain injury and stroke are charac-

terized by an ischemic core with cerebral blood flow

values less than 10 ml/100 g/min and a surrounding

penumbra with low (10 to 18 ml/100 g/min) to hypere-

mic (>60 ml/100 g/min) values. The ischemic core

is the site of rapid brain edema development partly

driven by the increase in tissue osmolality of 80 to

100 mOsm. The source of the edema fluid in the under-

perfused ischemic core is unknown.

The cortical venous system is shared by both the is-

chemic core and the ischemic penumbra and could be

the source of edema. Because the cortical veins reside

in the subarachnoid space and under intracranial pres-

sure (ICP), we hypothesize that cortical venous pres-

sure should always be equal to or exceed ICP. Thus,

as ICP rises with the progressive development of brain

edema, cortical venous pressure rises pushing more

edema fluid into the tissue, thereby creating a vi-

cious cycle of edema and increasing ICP. As the first

step in testing this hypothesis, our aim in the present

study was to determine whether cortical venous pres-

sure is always equal to or exceeds ICP in the normal

brain.

Methods

Animals and anesthesia

Studies were done on 2 male pigs weighing 25 kg. The pigs were

anesthetized with ketamine 20 mg/kg, and xylazine 2 mg/kg, i.m.

Anesthesia was maintained with fentanyl by continuous infusion.

Surgical procedures

All animals were intubated with cu¤ed endotracheal tubes and

mechanically ventilated on 30% oxygen, balance nitrogen. In both

pigs, peripheral venous catheters were inserted for fluid and drug ad-

ministration, and femoral artery catheters inserted for continuous

monitoring of arterial blood pressure and arterial blood samples for

blood gases and pH measurements.

The animals were fixed in the prone position and the dorsal calva-

rium exposed by a U-shaped incision with the bottom of the U ante-

rior. Craniotomies were made over the right parietal hemisphere ap-

proximately 2 cm in diameter and over the superior sagittal sinus.

Polyethylene catheters were inserted into the sinus and a bridging

cortical vein with the tip directed away from the sinus. Two subdural

catheters, one to measure ICP and the other for monitoring of ICP,

were also placed. The dura around the catheter was sealed with cya-

noacrylate glue and the calvarium with cotton sponges soaked in cy-

anoacrylate glue. The skin was sutured around the catheters. All

pressure transducers were zeroed at the level of the external auditory

meatus.

Following an equilibration period with arterial blood gas sam-

pling and arterial pressure monitoring to verify physiological vari-

ables within normal limits, a reservoir connected to the subarach-

noid space was zeroed at the level of the external auditory meatus.



Fig. 1. Cerebral venous (CerVP), intracranial (ICP), central venous (CenVP), and sagittal sinus (SSP) pressures measured in a pig. ICP was

manipulated by raising and lowering a reservoir filled with mock cerebrospinal fluid zeroed at the level of the external auditory meatus

Fig. 2. Hypothetical illustration of the role of CerVP and its relationship to ICP in the generation of cerebral edema in a vicious cycle. Tissue

edema initiated by stroke or traumatic brain edema, leads to an increase in CerVP, which drives more fluid into the tissue. The increase in tissue

pressure leads to increased ICP, which causes a further rise in CerVP and increased tissue edema in a vicious cycle of edema
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The ICP reservoir was then raised and lowered in increments of

10 cm H2O. ICP was allowed to equilibrate for 5 minutes before

pressure readings of cortical vein and superior sagittal sinus were

recorded.

Results

In the first pig, a stepwise 10 cmH2O increase in res-

ervoir height from the zero point at the level of the ex-

ternal auditory meatus caused increases in cerebral ve-

nous pressure (CerVP) and always exceeded ICP as the

reservoir was moved up and down (Fig. 1). A slight

hysteresis was observed when the reservoir was lower

and where CerVP remained considerably higher than

ICP and sagittal sinus pressure (SSP). SSP also in-

creased but to a less extent than both CerVP and ICP.

Similar results were obtained in a second study in a pig

where CerVP was always higher than ICP and, again,

SSP increased as well. SSP followed ICP closely.

Discussion

Our results show that CerVP is always equal to or

higher than ICP. Earlier studies also had shown that

CerVP exceeds intracranial or subarachnoid pressure

[1, 2]. However, these authors were content with the

finding that the waterfall e¤ect between cortical vein

pressure and SSP occurred in the lateral lacunae prior

to entrance into the sagittal sinus and the source of the

resistance might be the arachnoid granulations. Naka-

gawa, et al. [1] and Yada, et al. [2] failed to recognize

the potential importance of CerVP in the generation of

brain edema.

The objective of this study was to determine whether

maintenance of CerVP higher than ICP might be the

source of edema fluid following stroke and traumatic

brain injury. As a first step, we determined whether

CerVP is always equal to or higher than ICP, which

we have found is the case. On the basis of our findings,

we hypothesize that the increase in ICP as a result of

brain edema leads to increased CerVP, which drives

the increase in tissue edema and a further increase in

ICP, thereby further increasing CerVP – a vicious cycle

of brain edema (Fig. 2).
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Summary

A better understanding of angiogenic factors and their e¤ects

on angiogenesis in brain is necessary to treat cerebral vascular disor-

ders such as ischemic brain injury. Vascular endothelial growth

factor (VEGF) induces angiogenesis and increases blood-brain

barrier (BBB) permeability in adult mouse brain. The e¤ect of

angiopoietin-1 on BBB leakage during the angiogenesis process is

unclear. We sought to identify the e¤ects of combining VEGF with

angiopoietin-1 on cerebral angiogenesis and BBB.

Adult male CD-1 mice underwent AdFc (adenoviral vector con-

trol), AdAng-1, VEGF protein, VEGF protein plus AdAng-1, or sa-

line (negative control) injection. Brain microvessels were counted us-

ing lectin staining on tissue sections after 2 weeks of adenoviral gene

transfer. The presence of zonula occludens-1 (ZO-1) was determined

by Western blot analysis and immunohistochemistry.

Microvessel count and augmented capillary diameter increased

in mice treated with either VEGF protein or AdAng-1 plus VEGF

protein compared to saline, AdFc, or AdAng-1 alone (p < 0.05).

Double-labeled immunostaining demonstrated that ZO-1-positive

staining was more complete on the microvessel wall in the AdAng-1

and AdAng-1 plus VEGF protein treated group compared to VEGF

protein group. The results of ZO-1 expression from Western blot

analysis paralleled that from immunohistochemistry (p < 0.05).

We conclude that focal VEGF and angiopoietin-1 hyperstimula-

tion in mouse brain increases microvessel density while maintaining

ZO-1 protein expression, suggesting that angiopoietin-1 plays a role

in synergistically inducing angiogenesis and BBB integrity.

Keywords: Adenoviral vectors; angiogenesis; angiopoietin-1;

blood-brain barrier; VEGF; ZO-1.

Introduction

Vascular endothelial growth factor (VEGF) is an

important factor in regulation of the development and

di¤erentiation of the vascular system. VEGF a¤ects

the integrity of the blood-brain barrier (BBB) by func-

tioning as a capillary permeability-enhancing agent

[4]. As primary partners of VEGF, angiopoietins

(Ang) play multiple critical roles in vascular develop-

ment, especially in the maturation of BBB function

in the brain [9]. The angiopoietins Ang-1 and Ang-2

are ligands of the endothelial receptor tyrosine kinase

Tie-2. Ang-1 stimulates phosphorylation of Tie-2 and

stabilizes mature vessels by promoting an interaction

between endothelial cells and surrounding support

cells, while Ang-2 is an antagonist of Tie-2 [11, 16].

Recent study suggested that angiopoietins and VEGF

have been found to have another role in regulating

capillary permeability by modulating the expression

of tight junction (TJ) proteins in the brain [8]. TJs

are essential structural components that maintain the

function of the BBB. Zonula occludens-1 (ZO-1), one

of the submembranous TJ-associated proteins that are

specifically bound to the cytoskeleton, is crucial for the

establishment of endothelial polarity and regulation of

vascular permeability. Because VEGF stimulates new

microvessel growth but promotes vessel leakage, ther-

apy using VEGF alone is not an e¤ective way to accel-

erate neovascularization to reduce ischemic brain in-

jury and restore impaired function. The aim of our

study was to determine whether Ang-1 collaborates

with VEGF to a¤ect angiogenesis and BBB structure

in the brain and assess their e¤ects on ZO-1.

Materials and methods

Experimental groups

Procedures for the use of laboratory animals were approved by the

University of California at San Francisco Committee on Animal Re-



search. Sixty adult male CD-1 mice (Charles River Laboratories,

Wilmington, MA) weighing 30–35 g were divided into 5 experimen-

tal groups with 12 mice in each group. These mice were injected with

AdFc (adenoviral vector control), AdAng-1 (adenoviral vector with

Ang-1), VEGF protein, VEGF protein plus AdAng-1, or saline (neg-

ative control). Mice were anesthetized with intraperitoneal injections

of ketamine/xylazine (Sigma-Aldrich, St. Louis, MO) at 1.5 mL/g

body weight. Following anesthesia, mice were placed on a stereotac-

tic frame with a mouse holder (Kopf Instruments, Tujunga, CA).

For the adenoviral vector groups (AdFc, AdAng-1, VEGF/AdAng-

1, saline), a burr hole was drilled in the frontal skull 2 mm lateral

to the sagittal suture and 0.6 mm anterior to the coronal suture. A

Hamilton syringe was inserted to a depth of 3.0 mm below the corti-

cal surface into the lateral caudate. Two microliters of adenoviral

suspension (AdFc, AdAng-1) containing 2:5� 109 particles/mL was

injected stereotactically into the right caudate/putamen at a rate of

0.2 mL/min. The control animals received the same amount of saline

injection. For the protein infusion groups (VEGF, VEGF/AdAng-

1), an osmotic mini-pump (Alza Corp., Palo Alto, CA) was im-

planted between the neck and shoulder, and continuously infused

protein into the lateral ventricle for 2 weeks. The tip of the infusion

cannula was implanted in the lateral ventricle, 1 mm lateral to

bregma, to a depth of 2.5 mm.

Lectin staining and vessel counting

To visualize the vasculature, mice were first anesthetized and

injected intravenously with 0.05 mg FITC-labeled tomato lectin (ly-

copersicon esculentum; Vector Laboratories, Burlingame, CA) and

then heart-perfused with 4% paraformaldehyde as previously de-

scribed [15]. Brains were sectioned at 20 mm. Two coronal sections

1 mm anterior and 1 mm posterior to the needle track were chosen.

Microvessel counting was carried out at 100� magnification in 3

areas: left, right, and inferior to the needle track.

Double-labeled fluorescent staining

Sections were fixed with acetone at �20 �C for 10 minutes and in-

cubated with 5% normal blocking serum for 1 hour. Vessel staining

with lectin was done as described above followed by ZO-1 staining.

Slides were incubated with rabbit anti-mouse ZO-1 antibody (1:200

dilution, Zymed Laboratories, South San Francisco, CA) overnight

followed by staining with Texas Red anti-rabbit IgG (1 :200, Vector

Laboratories). Fluorescent immunostaining sections were evaluated

using a fluorescence microscope (Nikon Microphoto-SA) with a fil-

ter cube (excitation filter, 450 to 490 nm) for fluorescent isothiocya-

nate labeling, and a filter cube (excitation filter, 515 to 560 nm) for

Texas Red. Photomicrographs for double-labeling illustrations were

obtained by changing the filter cube without altering the position of

the section or focus.

Western blot analysis

Brain tissue was homogenized in lysis bu¤er and equal amounts of

total protein extracts were electrophoresed on 7% Tris-acetate gels

(Invitrogen, Carlsbad, CA), and then transferred to a polyvinylidene

difluoride membrane (BioRad Laboratories, Hercules, CA) using

standard procedures. After blocking with 5% non-fat dry milk, the

membrane was incubated at 4 �C overnight with polyclonal rabbit

anti ZO-1 antibody (1:500 dilution, Zymed) followed by incubation

with peroxidase-conjugated goat anti-rabbit antibody (1:4000, Pierce

Biotechnology, Rockford, IL). Finally, the membrane was plastic

wrapped and incubated in Femo detection reagent (Pierce Biotech-

nology) for 5 minutes. Relative densities of the bands were analyzed

with NIH Image 1.63 software (National Institutes of Health, Be-

thesda, MD).

Statistical analysis

Parametric data in the VEGF protein infusion, AdAng-1, VEGF

protein/AdAng-1, AdFc, and saline treated groups were compared

using analysis of variance (ANOVA) followed by the Sche¤e f -test.

Means and standard deviation of each group are reported, with p

value of less than 5% to indicate statistical significance.

Results

Increase of microvessel counts in VEGF and VEGF/

Ang-1 treated mice

Lectin fluorescent staining is a sensitive method for

visualizing microvessels in the mouse brain. We ana-

lyzed changes in microvessel counts in the 5 groups of

mice following 2 weeks of adenoviral vector transduc-

tion and protein infusion. We found that AdAng-1

alone did not increase the microvessel counts, but did

increase the vessel size. This phenomenon was most

prominent around the needle track. The number of mi-

crovessels in the VEGF protein infusion and AdAng-1

plus VEGF protein transduction groups was greatly

increased compared to the saline treated or AdFc

transduced mice (p < 0.05, Fig. 1). The microvessel

counts were not significantly di¤erent between the

VEGF and AdAng-1 plus VEGF transduction groups

(p > 0.05). In the AdAng-1 plus VEGF group, we also

observed a similar distribution of microvessel diame-

ters as in the AdAng-1 group. No hemorrhages were

detected. These results demonstrate that the combina-

tion of VEGF and Ang-1 increased microvessel count-

ing in the adult mouse brain similar to VEGF alone,

although for vessel diameter, the VEGF plus Ang1

was similar to Ang-1 alone, not to VEGF alone.

Increase of ZO-1 protein in VEGF/Ang-1 mice

To test whether Ang-1 acts synergistically with

VEGF in maintaining BBB structure integrity, we fur-

ther measured ZO-1 expression using Western blot

analysis. We demonstrated that ZO-1 expression de-

creased in the VEGF treated animals compared to the

other 4 groups of mice. Interestingly, the combination

of VEGF and Ang-1 increased ZO-1 expression com-

pared to VEGF alone (p < 0.05) (Fig. 2a). To identify

whether ZO-1 expression was decreased in the vessel
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wall, we performed double-labeled immunostaining.

We found that in the normal condition (con-

trol group), ZO-1 was expressed around microvessels,

suggesting that ZO-1 existed at sites of endothelial

cell-to-cell contact and preserved the integrity of the

microvessel endothelial cells. However, among the

VEGF treated mice, ZO-1 positive staining was much

less than the control group. In contrast, ZO-1 positive

staining was increased in the Ang-1 and VEGF plus

Ang-1 treated mice (Fig. 2b). These data suggest that

Ang-1 protects ZO-1 protein in VEGF-induced brain

angiogenesis.

Discussion

The use of AdAng-1 gene transfer and the com-

bination of AdAng-1 gene transfer and VEGF protein

infusion provides a useful in vivo approach for over-

expressing multiple angiogenic proteins in the brain.

Employing this method, we demonstrated that: 1) the

combination of VEGF and Ang-1 increased microves-

sel counts, although Ang-1 alone did not stimulate

increased microvessel density; 2) the combination of

VEGF and Ang-1 prevents ZO-1 protein reduction

when compared to VEGF treatment alone. These data

Fig. 1. (a) Bar graph showing microvessel counts in 5 groups of mice following VEGF and Ang-2 treatment. NS Saline, AdFc AdFc, Ang-1

AdAng-1, VEGF VEGF infusion, AþV AdAng-1 plus VEGF infusion. Data are meanGSD, n ¼ 5 per group. *p < 0.05, VEGF infusion or

AdAng-1 plus VEGF infusion vs. Saline. (b) Photomicrographs show lectin staining of microvessls in the 5 treated groups. The numbers of

microvessels in the VEGF infusion and AdAng-1 plus VEGF infusion mice are more than that in the other 3 groups. Bar ¼ 100 mm
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suggest that Ang-1 may act synergistically with VEGF

to promote angiogenesis. Because the combination of

VEGF and Ang-1 preserves ZO-1 expression in the mi-

crovasculature, Ang-1 may also play a defensive role

in BBB integrity during brain angiogenesis.

Angiogenesis is a step-wise process. Necessary

steps include an increase in vascular permeability, deg-

radation of surrounding matrix, proliferation and

migration of endothelial cells, and stabilization of

neo-microvessels [3]. Many angiogenic molecules are

involved in this process, including VEGF, Ang-1, and

Ang-2. VEGF is essential for angiogenesis and BBB

Fig. 2. (a) Upper panel represents one experiment of ZO-1 expression in Western blot analysis. ZO-1 expression is detected in the NS saline,

AdFc AdFc, Ang-1 AdAng-1, VEGF VEGF infusion, AþV AdAng-1 plus VEGF infusion. Bar graph shows ZO-1 expression in the mouse

brain after the 5 di¤erent treatments. Data are meanGSD, n ¼ 5 per group. *p < 0.05, VEGF infusion vs. other groups. ZO-1 expression

decreased in VEGF treated mice. (b) Photomicrographs show double-labeled immunostaining in these 5 groups. Green is lectin staining in

brain microvessels, red is ZO-1 positive immunostaining, and yellow is merged staining of lectin and ZO-1. Yellow color is much less in the

VEGF treated mice. There is not much di¤erence between the AdAng-1 plus VEGF infusion and the other 3 groups
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functionality. Our previous work showed that local

VEGF transduction promoted capillary angiogenesis

[10]. Intraventricular infusion of VEGF protein in-

duces microvascular formation in the whole rodent

brain [7]. We used the combination of VEGF and

Ang-1 because both angiogenic factors have greatly in-

creased expression during brain angiogenesis. Ang-1

alone did not increase the number of microvessels,

however, suggesting that Ang-1 may not directly signal

vascular remodeling. The combination of VEGF and

Ang-1 still increased the microvessel density, which

suggests that Ang-1 may synergize with VEGF during

sprouting angiogenesis in vivo [2].

We are particularly interested in the structural fea-

tures of BBB in neovascularized tissue because it is

essential for induction of functional angiogenesis

and maintenance of the angiogenic microenvironment.

ZO-1 is a peripheral TJ protein that is found on the ep-

ithelial and endothelial cell membranes [5]. In the adult

brain, most microvessels express ZO-1 [13]. VEGF has

been shown to mediate a rapid increase in ZO-1 tyro-

sine phosphorylation and induce the loss of ZO-1 from

endothelial TJs in association with enhanced capillary

leakage and BBB permeability, both in vivo and in vi-

tro [1]. However, Ang-1 and VEGF have di¤erent ef-

fects on vascular function and integrity. A recent study

showed that an increase in Ang-1 is likely to account

for the ability of SSeCKS to seal the BBB by inducing

a linear distribution of ZO-1 and claudin-1 [12]. On the

other hand, Ang-1 also up-regulates AHNAK expres-

sion, which is widely distributed in endothelial cells

with BBB functions and co-localizes with ZO-1 [6].

Since Ang-1 plays a key role in promoting vascular

integrity and blocking endothelial cell-to-cell contact

leakage [14], it has an enormous e¤ect on upholding

ZO-1 expression in the brain microvessel wall. VEGF

initially stimulates early angiogenesis, whereas Ang-1

is subsequently required to stabilize the immature

vessels and maintain the structural integrity of the en-

dothelial cell-to-cell TJs. There is no doubt that the

combination of Ang-1 and VEGF resists the disruptive

e¤ects of VEGF on the TJ structure and protects

VEGF-induced brain angiogenesis from vascular

leakiness.

In conclusion, the present study has demonstrated

that focal VEGF and angiopoietin-1 hyperstimulation

in the mouse brain increases microvessel density while

maintaining ZO-1 protein expression, thereby induc-

ing angiogenesis as well as BBB integrity. Understand-

ing the e¤ects of various angiogenic factors on di¤er-

ent aspects of angiogenesis is important for utilizing

these factors in the treatment of ischemic brain injury

and other pathologic processes.
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Summary

Brain edema is associated with a variety of neuropathological con-

ditions such as brain trauma, ischemic and hypoxic brain injury, cen-

tral nervous system infection, acute attacks of multiple sclerosis, and

brain tumors. A common finding is an inflammatory response, which

may have a significant impact on brain edema formation. One criti-

cal event in the development of brain edema is blood-brain barrier

(BBB) breakdown, which may be initiated and regulated by several

proinflammatory mediators (oxidative mediators, adhesion mole-

cules, cytokines, chemokines). These mediators not only regulate the

magnitude of leukocyte extravasation into brain parenchyma, but

also act directly on brain endothelial cells causing the loosening of

junction complexes between endothelial cells, increasing brain endo-

thelial barrier permeability, and causing vasogenic edema. Here we

review junction structure at the BBB, the e¤ects of pro-inflammatory

mediators on that structure, and focus on the e¤ects of chemokines

at the BBB. New evidence indicates that chemokines (chemoattrac-

tant cytokines) do not merely direct leukocytes to areas of injury.

They also have direct and indirect e¤ects on the BBB leading to

BBB disruption, facilitating entry of leukocytes into brain, and in-

ducing vasogenic brain edema formation. Chemokine inhibition

may be a new therapeutic target to reduce vasogenic brain edema.

Keywords: Blood-brain barrier; monocyte chemoattractant pro-

tein; CCL2; tight junctions.

Introduction

Inflammation and proinflammatory mediators play

an essential role in edema development in a variety of

neuropathological conditions such as brain trauma, is-

chemic or hypoxic brain injury, central nervous system

(CNS) infection (HIV infection, tuberculosis, or bacte-

rial meningitis), acute attacks of multiple sclerosis, and

brain tumors [12, 19, 21, 29, 45, 49, 64]. Brain edema in

all of these conditions is mostly classified as vasogenic

with extracellular water accumulation resulting from

blood-brain barrier (BBB) disruption and massive in-

filtration of leukocytes. The critical pathophysiologi-

cal mechanism in vasogenic brain edema formation is

BBB disruption, characterized by activation of brain

endothelial cells followed by loosening of junctional

complexes between those cells and increased barrier

permeability. This is accompanied by leukocyte re-

cruitment into the brain parenchyma and extrava-

sation of plasma proteins [64]. We reviewed current

knowledge on the ability of proinflammatory media-

tors to regulate BBB permeability and how they con-

tribute to brain edema formation.

Unique properties of the BBB and cerebral endothelium

Under basal conditions, the BBB acts as a highly

specialized structural and biochemical barrier that reg-

ulates the entry of blood-borne molecules into brain

and preserves ionic homeostasis within the brain mi-

croenvironment [53, 67]. The BBB is composed of a

specialized tight adherent microvascular endothelium

and glial cell elements (astrocytes and microglia) along

the entire endothelial abluminal surface [48]. Specific

properties of the brain endothelial barrier are the pres-

ence of continuous strands of intercellular junction

complexes that almost completely seal the paracellular

cleft between adjacent endothelial membranes [4, 53].

Two morphologically distinct structural units occur in

these intercellular junctional complexes: tight junc-

tions (TJs) and adherens junctions [25].



TJs at the BBB are composed of an intricate combi-

nation of transmembrane integral proteins and several

cytoplasmic-accessory proteins classified into 2 major

groups: postsynaptic density (PDZ) domain contain-

ing proteins, and non-PDZ proteins [9, 25]. The major

structural proteins of TJs are: (i) claudins (claudin-1,

-5, -11), tissue-specific proteins that form the primary

seal of TJ, (ii) occludin, an integral membrane protein

involved in regulation of electrical resistance across the

BBB and paracellular permeability, and (iii) junctional

adhesion molecules (JAMs; JAM-1, -2, -3), single

membrane-spanning proteins that belong to the immu-

noglobulin superfamily, which are mostly involved

in leukocyte-endothelial cell interaction and leukocyte

transmigration [9, 13, 25, 32, 40]. The TJ accessory

proteins are multi-domain cytoplasmic molecules that

form structural support for the TJ and are involved in

signal transduction. The TJ PDZ-containing proteins

are zonula occludens proteins (ZO-1, ZO-2, ZO-3)

and AF6. The group of non-PDZ TJ proteins contains

cingulin, 7H6, and atypical protein kinase C [9, 13, 25,

40].

Although the proteins of the TJ complex ultimately

determine the barrier properties of endothelial cells,

the adherens junction (AdJ) proteins mediate initial

adhesion between endothelial cells and modulate TJ

permeability [59]. The adherens junction complex is

composed of a cadherin-catenin complex (Ve cadherin

bound to b-catenin, plakoglobin, and a-catenin) and

associated proteins (e.g., p 120 protein) [42, 59]. Both

TJ and AdJ proteins are linked to cytoskeletal pro-

teins. Actin, the primary cytoskeletal protein, has

both structural and dynamic roles within cells [57, 62].

BBB opening: morphological aspects

At the functional level, the junctional complexes

result in a high transendothelial electrical resistance,

typically 1500–2000 W.cm2, making the BBB a unique

selective permeability barrier [25]. Alterations in brain

endothelial junctional complexes can result in in-

creased in BBB permeability. At the cellular level,

BBB ‘‘opening’’ is manifested by intercellular gap for-

mation, changes in cell shape, reorganization of actin

microfilament bundles, and redistribution of endothe-

lial junction proteins. The typical morphological pat-

tern of actin reorganization involves increased stress fi-

ber density and a reduction or loss of the cortical actin

band. This pattern occurs in parallel with and/or could

cause spatial redistribution of both AdJ and TJ struc-

tures. There is decreased association of the cadherin/

catenin complex with a shift to intracellular pools, dis-

organization of occludin on the endothelial surface

with a loss of ZO-1, and increased association of occlu-

din, ZO-1, and ZO-2 with actin filaments, which shifts

these proteins to an insoluble cytosolic pool [15, 20, 63,

66]. The loss of adherence between brain endothelial

cells, accompanied by conformational changes in TJ

proteins and increased intercellular forces, widens the

gap between brain endothelial cells and facilitates ex-

travasation of leukocytes and plasma proteins into

the brain parenchyma. Alterations in brain endothelial

junctions represent a basic substrate for developing

vasogenic brain edema.

Inflammation, proinflammatory mediators, and BBB

opening

In conditions such as multiple sclerosis, AIDS-

associated encephalopathy, and meningitis/menin-

goencephalitis, inflammation is considered a primary

cause of brain damage [26, 39, 46]. On the other

hand, in conditions such as Alzheimer’s disease and

stroke, inflammation can induce secondary brain in-

jury by aggravating the initial insult [16, 22]. In all of

these cases, there are the classic hallmarks of brain in-

flammation: BBB breakdown, edema formation, tissue

infiltration by peripheral blood cells, activation of

immunocompentent cells, and intrathecal release of

numerous immune mediators such as interleukins and

chemotactic factors [33]. Common pathological find-

ings are the presence of many leukocytes (monocytes

or neutrophils) and activated microglial cells in the

brain parenchyma, and a loss of immunostaining for

most TJ proteins (occludin, ZO-1, claudin-5, or ZO-2)

at the BBB [6, 26, 31, 43]. This may be an indicator of

TJ protein redistribution/reorganization at the junc-

tion complex.

Proinflammatory mediators play a crucial role in

regulation of CNS inflammation as well as in modulat-

ing BBB permeability. For example, proinflammatory

cytokines (IL-1a, IL-1b, TNF-a, IL-6, GM-CSF) pro-

duced by invading leukocytes, activated endothelial

cells, or other components associated with the BBB

(astrocytes or perivascular macrophages), regulate the

magnitude and persistence of inflammatory brain reac-

tions [5, 46, 68]. But those factors also directly through

their own receptors, or indirectly via other mediators,

participate in BBB disruption. IL-1b and TNF-a in-

crease BBB permeability under in vitro and in vivo
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conditions, altering endothelial cell junction com-

plexes leading to the development of local inflamma-

tory responses and edema formation [5, 18, 68]. Neu-

tralizing antibodies to these cytokines can diminish

brain edema formation [24, 44].

Oxidative stress and mediators of oxidative injury

(superoxide, hydrogen peroxide, peroxynitrite, nitric

oxide, eicosanoids) are a second group of factors impli-

cated in reducing TJ integrity and causing edema

formation [23, 27]. Oxidative mediators can directly

trigger a signal cascade with one end-point being a re-

distribution of TJ and AdJ proteins and reorganiza-

tion of the endothelial actin cytoskeleton. Oxidative

mediators can also regulate the expression/activity of

other proinflammatory mediators and, in this way,

‘‘open’’ the BBB [18, 27].

Adhesion molecules (ICAM-1, VCAM-1) and

selectins can also alter TJ complexes by regulating

leukocyte/endothelial cell interactions. Those interac-

tions may trigger expression of other proinflammatory

mediators or intracellular signal cascades that regulate

BBB integrity [14]. Leukocytes can also contribute

to the persistence of increased vascular permeability

via interactions with endothelial cells and the release

of proinflammatory mediators, or by production of

proinflammatory mediators in the brain parenchyma

[11, 38, 47]. One particularly interesting group of

proinflammatory mediators that contribute to altera-

tions in BBB permeability are chemokines. In recent

years, the role of these chemoattractant cytokines in

CNS inflammation has emerged.

Chemokine-regulated BBB opening: role in brain

edema formation

Chemokines are proinflammatory mediators in-

volved in the selective driving of leukocytes into brain

parenchyma. Enhanced perivascular chemokine ex-

pression is found in many pathological settings accom-

panied by inflammation, providing a chemoattractant

gradient for leukocyte influx [41, 52].

Chemoattractant cytokines (chemokines) are a novel

superfamily of structurally-related proinflammatory

peptides (@70 to 90 amino acids) of low molecular

weight (8 to 10 kDa). They have been divided into

4 classes on the basis of the positions of the first 2

conserved cysteine residues (C) and the number of

intervening amino acids (X) between them (e.g., C,

Fig. 1. Intracerebroventricular administration of CCL2 increases BBB permeability and brain edema formation. (A) Distribution of FITC-

albumin in brain coronal sections; (B) permeability surface (PS ) area products for FITC albumin; and (C) brain water content in CCL2- and

saline-treated control mice. Measurements were made 6, 12, 24, and 48 hours after a single CCL2 dose (25 mg) or after a 3-day (5 mg/hr) or

7-day (2.5 mg/hr) chronic infusion. PS products were measured in ipsilateral (IH ) and contralateral (CH ) hemispheres. Brain water content

measurements are of the whole brain. Values are meanG SD. * indicates significant di¤erence between CCL2-treated mice and control animals

at the p < 0:001 level. Scale bar ¼ 1000 mm
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CC, CXC, and CXXXC subfamilies) [41, 52, 69].

These subfamilies further exhibit functional di¤er-

ences. For example, CXC chemokines target mainly

neutrophils, while CC chemokines primarily target

monocytes/macrophages, eosinophils, and basophils,

while CXC and CC chemokines invoke responses

in lymphocytes [51, 69]. All chemokines mediate their

e¤ects by binding to 7-transmembrane G protein-

coupled receptors related to rhodopsin. Some of the

functional consequences of chemokine-receptor inter-

actions are alterations in integrin adhesiveness, cell mi-

gration, polarization, and proliferation, as well as in

gene expression [36, 51]. The discovery that parenchy-

mal cells (astrocytes, oligodendroglial cells, and micro-

glia in the CNS) and endothelial cells (including brain

endothelial cells) express chemokine receptors signifi-

cantly extended the possible functions of chemokines

in inflammation and other (patho)physiological condi-

tions [1, 2]. One of these novel functions is that chemo-

kines can regulate BBB permeability.

The chemokine CXCL8 (IL-8) has already been

shown to contribute to brain edema formation during

ischemia/reperfusion injury. Thus, Matusmoto and

colleagues [35] showed that adding an IL-8 neutraliz-

ing antibody significantly reduced edema formation in

rabbit. In addition to IL-8, several studies examining

the e¤ect of IL-1b on BBB permeability have found a

strong correlation between IL-1b-induced expression

of chemokines, such as CINC1 and MIP-2 (CXCL2),

and increased BBB permeability. Neutralizing anti-

bodies to MIP2 and CINC1 can prevent BBB break-

down [3, 7].

A well-studied example of the e¤ect of chemokines

on BBB permeability is the action of monocyte chemo-

attractant protein-1 (MCP-1, CCL2). CCL2 belongs

to the CC subfamily of chemokines and is involved

in recruitment of monocytes/macrophages and acti-

vated lymphocytes into brain during neuropatholog-

ical states [37]. CCL2 is highly expressed in the peri-

vascular space and brain parenchyma during CNS

inflammation, but it is also present in cerebrospinal

fluid in several CNS inflammatory states (stroke, men-

ingitis, multiple sclerosis) [8, 30, 34, 56, 58]. Expression

of CCL2 receptor CCR2 was found on components of

BBB (brain endothelial cells and astrocytes), suggest-

ing that CCL2 might not only act on leukocyte recruit-

ment but could also participate in regulation of the in-

flammatory response at the level of the BBB.

Our laboratory has shown that CCL2 (in mmol con-

centrations) in brain parenchyma or in cerebrospinal

fluid can increase BBB permeability several fold (as

measured by the permeability surface area product for

fluorescein isothiocyanate-labeled albumin) and also

induce brain edema formation (Fig. 1). In areas of

BBB leakage, immunostaining for TJ proteins (occlu-

din, ZO-1, ZO-2, claudin-5) was extensively reduced

and there was intense infiltration of leukocytes [61].

There are 2 possible explanations of how CCL2

changes BBB permeability and causes vasogenic brain

edema formation.

The e¤ects of CCL2 on BBB permeability could be

direct by acting on brain endothelial cells, or indirect

by inducing production of other proinflammatory me-

diators by endothelial cells, astrocytes, or leukocytes.

Evidence indicates that CCL2 acts via both mecha-

nisms. In vitro treatment of brain endothelial cell

monolayers or an in vitro model of BBB (co-culture

of brain endothelial cells and astrocytes) with recombi-

nant CCL2 exerts the same morphological and bio-

chemical changes. Thus, TJ proteins are redistributed

from a TritonX-100 soluble to a TritonX-100 insoluble

fraction (potentially reflecting internalization of TJ

proteins into a cytoplasmic compartment) and there is

a loss or fragmentation of TJ protein staining [60, 61].

These biochemical and morphological alterations are

absent if the CCL2 receptor CCR2 is not present on

the brain endothelial cells [60, 61]. The e¤ects of

CCL2 on BBB permeability in vivo are abolished if

the CCR2 receptor is deleted, pinpointing that CCL2

alters BBB permeability directly via its own CCR2

receptor.

Indirect e¤ects of CCL2 on BBB permeability

may involve regulation of leukocyte recruitment

and/or regulation of the expression of proinflam-

matory mediators. We have found that depletion of

circulating monocytes and activated macrophages by

liposomally-encapsulated clodronate attenuates the ef-

fect of CCL2 on BBB permeability in vivo [61]. This

implies that leukocytes are one of the factors contri-

buting to BBB breakdown. Other factors may include

proinflammatory factors such as VEGF and IL-1,

which are significantly reduced in CCL2 knockout

mice undergoing middle cerebral artery occlusion [28].

These results on CCL2, which may also apply to

other chemokines, indicate a potential key role in me-

diating BBB breakdown during inflammation. CCL2

may not only direct leukocytes to sites of injury, but it

may facilitate leukocyte migration into brain paren-

chyma by enhancing BBB permeability. Such BBB

breakdown may also result in vasogenic edema.
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Molecular mechanisms underlying regulation of

permeability by CCL2

In general, several signal pathways regulate BBB

permeability. For alterations in actin cytoskeleton ar-

chitecture, prominent roles are proposed for: (i) Ca2þ/
calmodulin- and Rho/Rho kinase-dependent path-

ways, primarily acting on the activity of myosin light

chain kinase in order to facilitate actin and myosin

light chain interaction and stress fiber formation. (ii)

Phosphorylation of TJ and AdJ proteins by protein

kinase C isoforms, tyrosine kinase lyn, serine kinase,

and protein tyrosine phosphatase. (iii) Under some

circumstances, proteolytic degradation of junctional

constituents by matrix metalloproteinases (MMP-2,

MMP-9) leading to the loss of TJs and AdJs and in-

creased BBB permeability [10, 17, 18, 20, 50, 54, 65].

Chemokines, like other proinflammatory mediators,

have a prolonged e¤ect on the brain endothelial bar-

rier denoted as thrombin type and characterized by in-

tercellular widening for more than 30 minutes and

specific activation of Rho/Rho kinase pathways. Two

independent studies on 2 di¤erent types of model sys-

tems have shown that chemokines CXCL8 and CCL2

induce activation of Rho/Rho kinase with stress fiber

formation [55, 60]. Further, Stamatovic et al. [60]

found that Rho/Rho kinase not only altered the actin

cytoskeletal organization but also had a significant im-

pact on TJ protein complexes between brain endothe-

lial cells. Diminishing Rho activity by transfection with

dominant negative mutant of Rho stabilized brain en-

dothelial barrier integrity. This led to the conclusion

that Rho is a ‘‘nodal point’’ in brain endothelial inter-

cellular signaling directed to alter junction complex of

brain endothelial cells. Future investigation is needed

to elucidate how Rho induces the phosphorylation

and redistribution of TJ proteins.

Conclusion

Proinflammatory mediators, including chemokines,

have a significant impact on brain edema formation

in a variety of neuropathological conditions. Experi-

ments examining CCL2, studied as a prototype for

chemokine activity, show e¤ects on leukocyte extrava-

sation not only through directing leukocytes into the

brain parenchyma but also by enhancing BBB disrup-

tion. CCL2 a¤ects brain endothelial cells directly (via

CCR2 receptors) and indirectly (via production of

other proinflammatory agents). CCL2-induced BBB

disruption may contribute to plasma protein extra-

vasation and vasogenic brain edema as well as aggra-

vating leukocyte influx. Chemokines are emerging

as powerful factors controlling inflammation-induced

brain edema. Elimination of chemokine activity via

newly developed chemokine receptor antagonists of-

fers a new potential avenue for the treatment of vaso-

genic brain edema.
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Summary

Evidence continues to build for the role of atrial natriuretic peptide

(ANP) in reducing cerebrospinal fluid (CSF) formation rate, and

thus, intracranial pressure. ANP binds to choroid plexus (CP) epithe-

lial cells. This generates cGMP, which leads to altered ion transport

and the slowing of CSF production. Binding sites for ANP in CP are

plentiful and demonstrate plasticity in fluid imbalance disorders;

however, specific ANP receptors in epithelial cells need confirma-

tion. Using antibodies directed against NPR-A and NPR-B, we now

demonstrate immunostaining not only in the choroidal epithelium

(including cytoplasm), but also in the ependyma and some endothe-

lial cells of cerebral microvessels in adult rats (Sprague-Dawley). The

choroidal and ependymal cells stained almost universally, thus sub-

stantiating the initial autoradiographic binding studies with 125I-

ANP. Because ANP titers in human CSF have previously been

shown to increase proportionally to increments in ICP, we propose

a compensatory ANP modulation of CP function to down-regulate

ICP in hydrocephalus. Further evidence for this notion comes from

the current finding of increased frequency of ‘‘dark’’ epithelial cells in

CP of hydrocephalic (HTx) rats, which fits our earlier observation

that the ‘‘dark’’ choroidal cells, associated with states of reduced

CSF formation, are increased by elevated ANP in CSF. Altogether,

ANP neuroendocrine-like regulation at CSF transport interfaces and

blood-brain barrier impacts brain fluid homeostasis.

Keywords: CSF homeostasis; natriuretic peptide receptors; hydro-

cephalus; cGMP; brain natriuretic peptide.

Introduction

Overview of peptidergic e¤ects on fluid balance:

choroid plexus (CP) vs. kidney

Atrial natriuretic peptide (ANP) is well known for

down-regulating or ‘‘unloading’’ excessive plasma vol-

ume in systemic hypertensive states [6]. In response to

fluid overload in the plasma compartment, the ANP

in atrial myocardial cells is up-regulated and secreted.

The resultant elevated titer of ANP in the plasma ex-

erts inhibitory e¤ects on the kidney tubule transport

of ions, causing natriuresis and enhanced urinary out-

flow. This compensatory renal excretion of fluid re-

duces plasma hypervolemia and blood pressure.

We suspect that ANP synthesized centrally, in re-

sponse to cerebrospinal fluid (CSF) retention (ventri-

culomegaly) or elevated intracranial pressure (ICP),

exerts inhibitory e¤ects on CP epithelial cells to down-

regulate CSF production and reduce ICP. Cumulative

evidence supports this kind of a ‘‘feedback’’ compensa-

tory system.

Raichle [20] originally proposed a neuroendocrine

hypothesis for the regulation of ions and volume in the

central nervous system (CNS). The literature is replete

with data that the CP, blood-brain barrier, and various

CSF-bordering tissues (ependyma, circumventricular

organs, and arachnoid membrane) are involved in neu-

rohormonal signaling [18] to adjust volume/pressure

parameters associated with fluid expansion in brain

extracellular compartments [11, 28]. Thus, the aug-

mented ICP or ventriculomegaly ‘‘stretch stimulus’’

reflex should increase the synthesis and release of neu-

ropeptides into CSF. Accordingly, ANP and other

neuropeptides manufactured and secreted by cells

within the CNS should stimulate their respective re-

ceptors at the blood-CSF, blood-brain, and CSF-brain

interfaces. We propose that these peptidergic actions

lead to attenuation of fluid generation and build up

in the ventriculo-subarachnoid spaces and brain inter-

stices, thereby decreasing pathologically-elevated ICP.

The CP manufactures the preponderance of extra-

cellular fluid in the CNS. Depending upon species, as



much as 90% of CSF originating from the plasma is se-

creted at choroidal sites of the blood-CSF interfaces in

the lateral and fourth ventricles. Collectively, CPs act

as ‘‘kidneys’’ for the brain [23]. The plexuses mediate

the transfer of a relatively large volume of CSF to

maintain brain extracellular fluid integrity through a

mechanism similar to proximal renal tubule regulation

of chemical balance in plasma. Just as diuretic agents

(e.g., acetazolamide) inhibit ion and water transport

in the kidney, they also curtail the turnover of fluid

from blood to CSF. Consequently, drugs such as ace-

tazolamide suppress CSF production and can relieve

elevated ICP. Similarly, ANP and arginine vasopres-

sin, which alter the fluxes of ions and water along var-

ious segments of the nephron, also modify the hydro-

dynamics of the CP-CSF system.

We have developed a model of neuroendocrine-like

‘‘dark’’ cells in the plexus, which regulate CSF volume

and hence, ICP [15]. Although several hormones and

peptides regulate fluid turnover at multiple sites in the

CNS, this paper focuses on ANP modulation of the

blood-CSF barrier. The discussion below treats several

aspects of ANP in relation to CP receptors, epithelial

ultrastructure, ion transporters, CSF formation, hy-

drocephalus, and ICP adjustments.

Materials and methods

The rodent model has been widely used to explore ANP-cyclic

guanosine monophosphate (cGMP) relationships in the CP in the

context of CSF dynamics and pressure phenomena [2, 4, 8, 25, 27,

31, 32]. These extensive rodent studies constitute a useful database

with which to expandCSFmodeling. Therefore we used rats to probe

receptors for ANP in the CP, and to analyze the neuroendocrine-like

dark cells, inducible by ANP [19], in the plexus of hydrocephalic

(HTx) animals. HTx rats are of particular interest because their

ICP is reducible by intracerebroventricular injections of ANP [9].

Immunohistochemistry

Fixed-frozen brain specimens from adult Sprague-Dawley rats

were sectioned at 10 microns and incubated with antibodies against

natriuretic peptide receptor A (NPR-A) or natriuretic peptide recep-

tor B (NPR-B) (Santa Cruz Biotechnology, Santa Cruz, CA). Immu-

nohistochemical procedures, utilizing avidin-biotin-peroxidase, were

carried out with Ventana automated equipment with antibody dilu-

tions of 1 :50 (corresponding to@1 :100 by manual methodology).

Control tissues were run with primary antibody omitted.

Electron microscopy

The number of dark epithelial cells in the CP was assessed in peri-

natal HTx rats to test the hypothesis that the predicted reduction in

CSF formation is associated with increasing numbers of dark cells.

Brains were removed from fetal (E20) and postnatal (P3) rats and

prepared for electron microscopy using procedures previously de-

scribed [15]. Light epithelial cells (normal or typical) and dark epi-

thelial cells were counted in choroidal tissues from 10 rats: 5 with

ventriculomegaly and 5 littermate controls without hydrocephalus.

The occurrence of dark cells was expressed as a percent ¼ 100 �
[number of dark cells/specimen]o [total number of epithelial cells

(darkþ light) in that specimen].

Results and discussion

Binding sites vs. receptors for ANP in CP

Choroid epithelial cells are replete with high a‰nity

binding sites for ANP. Numerous earlier autoradio-

graphic studies using 125I-ANP as ligand described the

plasticity of these choroidal natriuretic peptide binding

sites. In hypertension and in spaceflight, for example,

there is down-regulation [32] and up-regulation [10],

respectively, of these binding sites. Antibodies against

specific NPRs are now available. Using an antibody

directed against NPR-A, we demonstrate the presence

of NPR-A in rat CP epithelium (Fig. 1A). NPR-A

immunostaining, as well as that of NPR-B, occurred

in most of the epithelial cells in the plexus. NPR-A

and NPR-B are long forms of NPR which generate

cGMP, a cyclic nucleotide associated with lowering

the rate of CSF formation by CP [7, 12].

Both ANP and brain natriuretic peptide (BNP) bind

to and activate NPR-A [6]. Porcine BNP generates

cGMP in the amphibian CP [27], the epithelial cells of

which contain guanylate cyclase particulate (GCp) at

all surfaces: basal, lateral, and apical [25]. Such wide-

spread GCp distribution on the external limiting mem-

branes of the choroidal epithelium suggests a similarly

extensive presence of NPRs on the cells.

ANP induction of dark epithelial cells in CP

Neuroendocrine-like dark cells are widely extant

in CP at various stages of life. Their number varies

with the physiological state, e.g., dehydration or water

overload. In baseline (non-activated) conditions, dark

cells represent about 3% to 5% of the total epithelial

population. Dark cells are induced by nanomolar (or

less) concentrations of ANP and arginine vasopressin

(AVP) [15, 17, 19]. A 2- to 3-fold increase in the num-

ber of dark cells occurs after choroidal exposure to in-

creasing CSF levels of ANP [19] and AVP [15, 17],

both in vitro and in vivo. Dark cells in CP are

shrunken and have condensed cytoplasm, but they

contain normally-appearing organelles [15]. They are

usually associated with states of decreased CSF forma-

tion [28].
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ANP-induced reduction of Na uptake by CP

CSF formation is intimately coupled to net Na

transport from plasma to CP to ventricular fluid. Na

uptake into the CP-CSF system is reduced by acetazo-

lamide, which slows basolateral Na-H exchange via in-

creased epithelial cell pH. ANP also reduces Na up-

take in the in vitro CP [14]. This inhibition may result

from reduced Na-H exchange secondary to elevated

choroid cells (Na) following ANP stimulation of the

reabsorptive arm of the Na-K-Cl cotransporter [16].

Thus, coordination of basolateral and apical ion trans-

porters involved in CSF formation may be disrupted

by ANP. Elevation of cGMP in the choroidal cyto-

plasm slows down the apically-located Na pump [7].

However, more information is needed on how ANP-

generated cGMP and nitric oxide are linked to other

apical membrane transport phenomena, including

aquaporin-1 channels [1], during the inhibition of CSF

secretion.

ANP and CSF formation rate

Direct measurements of CSF production, as as-

sessed by dilution of non-actively transported markers

administered into the ventricular system, indicate that

ANP can reduce fluid output by the plexus. An inhibi-

tory e¤ect of 35% on CSF formation was found in one

investigation of rabbits [24], but a smaller reduction

was observed in another [21]. The reduction in rabbit

CSF formation by ANP was presumably due to a pep-

tidergic e¤ect at the blood-CSF barrier. On the other

hand, no alteration in CSF formation was observed

during ventriculo-cisternal perfusion of sheep with ex-

ogenous ANP [5]. ANP dosage, anesthesia, species dif-

ferences, physiologic state, and hormonal levels all

need to be factored into an analysis of the responses

of various animal preparations to ANP.

Intracerebroventricular infusion of ANP to lower ICP

Attenuated CSF formation is often associated with

reduced ICP. Because ANP seems to slow down CSF

production by the CP, one would expect that an intra-

ventricular injection of ANP might lower ICP. In fact,

intracerebroventricular administration of 2 mg of a-

hANP decreases ICP by 25 to 30 mmH2O in HTx

rats with ventriculomegaly and elevated CSF pressure

at 3 to 4 weeks postpartum [9]. This raises the possibil-

ity of a compensatory mechanism involving ANP to

adjust ICP increments by ‘‘unloading’’ CSF volume

via inhibition of CSF formation.

Fig. 1. Immunostaining of NPR at choroidal and extrachoroidal sites of fluid regulation in the adult rat CNS. (A) Widespread staining of

NPR-A occurred in CP epithelial cells of lateral ventricle tissue, as indicated by the dark reaction product (peroxidase). NPR-B (not shown)

also extensively stained in the choroidal epithelium. Omission of the primary antibody greatly reduced the staining intensity of the NPRs. Mag-

nification is �400. (B) Immunostaining of NPR-A in ependymal cells (1 cell-layer thick) lining the third ventricle. There was nearly universal

staining of the ependyma. Arrows point to individual ependymal cells. There was negligible staining of NPR-A in the surrounding brain paren-

chyma. CSF ¼ cerebrospinal fluid of the third ventricle. Magnification is �200
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Relationship between ICP and CSF concentration of

ANP in human disorders

A key question is whether increments in ICP are fol-

lowed by proportional elevations in titers of ANP

in CSF. This is evidently the case, at least in humans.

Yamasaki and colleagues [30] examined ANP levels in

CSF of patients with various neurological diseases,

with and without intracranial hypertension. They ob-

served that an increase in CSF (ANP) correlated posi-

tively with ICP augmentation, while CSF (ANP) rose

with ICP, serum (ANP) did not. Similarly in pediatric

patients, Tulassay et al. [26] found that CSF ANP

concentration (which was elevated in hydrocephalus)

increased with ICP but was not a¤ected by serum

levels. Collectively, these findings constitute evidence

for ANP-mediated regulation of CP-CSF hydrody-

namics and consistently point to a central modulation

of CSF (ANP) that is independent of plasma.

Congruence of morphological and functional evidence

from hydrocephalus models: ANP, epithelial shrinkage,

and curtailment of CSF formation

Given that ANP exerts suppressant e¤ects on the

CP-CSF system, and that CSF ANP levels rise with

ICP, it seems worthwhile to cultivate the model for a

compensatory reduction of CSF formation in hydroce-

phalus. In this regard, morphological evidence is con-

sistent with functional and biochemical findings. Mi-

croscopic analyses reveal an expansion of intercellular

spaces between choroid epithelial cells in a variety of

hydrocephalus models [28]. This is significant because

paracellular dilations occur in CP epithelium when

CSF formation decreases [3].

We found that the number of dark cells in CP

increases in the HTx rat model (Fig. 2). Because

dark cells are usually associated with curtailed CSF

formation, this finding raises the possibly of a compen-

satory decrease in CSF production in this genetic

model of hydrocephalus. Under various conditions

of hydrocephalus in cats, dogs, and even humans,

there have been other observations of lower CSF for-

mation rates [22, 29]. Clearly, there are reasons to link

hydrocephalus-induced alterations of CP structure

and function with CSF-mediated neuroendocrine

responses.

The ANP model of CSF regulation: progress and

challenges

Many ‘‘pieces of the puzzle’’ are coming together to

form a larger picture of the system that mediates na-

triuretic peptide e¤ects on brain fluid dynamics. Due

to the complexity of this natriuretic regulatory system,

however, and its interaction with other neurohumoral

control systems, more information needs to be pro-

cured for the paradigm. Titers of ANP, BNP, and C-

Fig. 2. ‘‘Dark’’ neuroendocrine-like epithelial cells in lateral ventricle CPs of perinatal HTx rats (grey bars) and in non-HTx littermate controls

(white bars). Each bar represents counts of at least 300 epithelial cells in the plexus tissue from an HTx animal. The percent calculation (y-axis

plot) is defined in the text. In non-HTx rats, the baseline control value of the frequency of occurrence of dark cells is about 2% to 5% of the total

epithelial population. In HTx animals, the number of dark cells in the plexus increased by 4- to 6-fold over control values. Dark cells typically

increase in number during states of decreased CSF formation, in some cases being induced by ANP [19] or AVP [15]
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type natriuretic peptide (CNP) in the CSF of hydroce-

phalic animals and humans have yet to be established.

Also, the site of synthesis of these neuropeptide ligands

in the CNS awaits clarification. Periventricular re-

gions, circumventricular organs and hypothalamic

nuclei are possible regions that synthesize and secrete

ANP, BNP, and CNP to stimulate distant NPR recep-

tors in CP, ependyma, and endothelial microvessels. It

would also be helpful to gain additional insight on the

e¤ects of natriuretic peptides on CSF formation in ro-

dent models.

The blood-CSF vs. other CNS transport interfaces:

toward an integrated model of neuroendocrine-

mediated fluid balance

Although CP has the major role in CNS fluid ho-

meostasis, there are regulated fluxes of ions and water

at other interfaces which also a¤ect ICP. We found

heavy staining of NPR-A in the ependyma (Fig. 1B)

and on the walls of some cerebral microvessels. A com-

prehensive model of fluid balance among brain com-

partments should integrate the Na and water move-

ments across the ependyma and cerebral microvessels

with the corresponding fluxes across the plexuses. Be-

cause there are receptors for ANP and AVP in ependy-

mal and endothelial cells, it is therefore essential to

appreciate neuroendocrine regulation at these other in-

terfaces that are ‘‘gateways’’ to the CSF [13] and brain

interstitial fluid. This will provide greater understand-

ing of how natriuretic and vasopressinergic inhibition

of CSF and ISF flow alters ICP.
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strengthen affected life. This book reflects important aspects of physiology and
new trans-disciplinary approaches for acute treatment and rehabilitation in neu-
rotraumatology by reviewing evidence based concepts as they were discussed
among bio and gene-technologists, physicians, neuropsychologists and other
therapists at the joint international congress in Brescia 2004.
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In July 2004 specialists in neurosurgery, neuroradiology, neurology and neuroin-
tensive care discussed recent trends at the 2nd Swiss Japanese Joint Conference
on Cerebral Stroke Surgery, held in Zurich, Switzerland. New concepts were
worked out during the conference and are published in this volume. The book
starts with the topic intracranial aneurysms, discussing microsurgical and
endovascular treatment modalities, as well as new surgical approaches. Further
chapters deal with the management of unruptured aneurysms and with sub-
arachnoid hemorrhage. Practical guidelines for vasospasm treatment are given.
Together with contributions about arteriovenous malformations and fistulas,
cerebral revascularization techniques and surgery related to the intracranial
venous system a comprehensive overview about stroke surgery is given with an
interdisciplinary approach.The book will be of interest for all specialists involved
in therapy of cerebrovascular disease.
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88 short papers originating from the 12th International Symposium on Intracranial
Pressure and Brain Monitoring held in August 2004 in Hong Kong present exper-
imental as well as clinical research data on invasive and non-invasive intracranial
pressure and brain biochemistry monitoring.The papers have undergone a peer-
reviewing and are organized in nine sections: ICP management in head injury,
neurochemical monitoring, intracranial hypertension, neuroimaging, hydro-
cephalus, clinical trails, experimental studies, brain compliance and biophysics.
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