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       Preface   

 I am delighted to be able to hold and scrutinize this book, the 15th volume in the series of 
proceedings which covers the of fi cial symposia of the International Brain Edema Society. The 
 fi rst symposium was held in Vienna in 1965 under the auspices of Drs. Igor Klazo and Franz 
Seitelberger. The 15th symposium (Brain Edema 2011, The XVth International Symposium of 
Brain Edema and Cellular Injury), on which this volume is based, took place in Tokyo, on 
22–24 October 2011. During this 46-year period the various proceedings have continued to 
offer up-to-date information in the  fi eld of brain edema research. Since the eighth symposium, 
which was held in Bern by Dr. Hans-J Reulen, the proceedings of each symposium have been 
published as a supplement to  Acta Neurochirurgica . The present advisory board decided to 
continue this tradition. 

 On 11 March 2011, the northwestern part of Japan’s main island was struck by a massive 
earthquake and tsunami, which subsequently led to serious problems in the region’s nuclear 
power plants. As a result, Japan and the Japanese people suffered great emotional as well as 
economic depression. This was not an atmosphere in which we felt able to welcome our 
expected guests from outside Japan. It thus became very dif fi cult for us, the local organizing 
committee, to decide whether or not the 15th symposium should be held as planned. However, 
warm encouragement was given to us by participants from many countries outside Japan, such 
as Dr. Alexander Baethmann who was our guest of honor for the symposium, and we thank 
them all for the support. Their unchanged intentions to participate in the symposium led us to 
decide proceed as planned. The 15th symposium thus took place because of their un fl inching 
determination to be there with us. 

 Dr. Anthony Marmarou passed away after the last symposium, which was held in Warsaw 
by Dr. Zbigniew Czernicki. On the occasion of the 15th symposium, in order to commemorate 
the works of Dr. Marmarou, Dr. Katsuji Shima was honored to present a lecture named after 
him, and Dr. Hari Shanker Sharma was elected as recipient of the Anthony Marmarou Award. 

 It is clearly evident that our  fi eld of endeavor has undergone rapid development through 
close cooperation and association between neurosurgeons and basic scientists. The 15th sym-
posium placed an emphasis on identifying and de fi ning the roles of neurosurgeons within the 
broad multi-disciplinary spectrum of brain edema research, and on reviewing recent advances 
across a wide range of surgical and non-surgical techniques that can contribute to improvement 
of the patient’s outcome. To facilitate communication and cooperation among neurosurgeons 
and scientists within the  fi eld of brain edema research, the 15th symposium was supported and 
co-sponsored by the Japan Neurosurgical Society (JNSS) and organized in conjunction with 
the 17th annual meeting of the Japan Neuromonitoring Society. We are very grateful for the 
cooperation provided by these societies. 

 As expected, the 15th symposium provided an excellent opportunity to share knowledge 
among neurosurgeons and basic scientists. The symposium drew strong attention and interest 
among neurosurgeons regarding recent progress in the relevant  fi elds of basic sciences, and 
helped basic scientists to discuss their achievements in the context of a clearer understanding 
of recent developments in surgical techniques. We would like to express our gratitude to all 
participants at the 15th symposium and contributors to this volume for providing an excellent 
opportunity for everyone to interact with each other. 
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 We greatly acknowledge Dr. Czernicki, who contributed to the International Society of 
Brain Edema as President during the period 2008–2011, for his unfailing support so gener-
ously given to us in holding the 15th symposium. We also express our acknowledgement to 
Nihon University and its medical alumni association who granted funds and provided indis-
pensable support for this symposium.   

 Tokyo, January 2013 Yoichi Katayama 
 Tokyo, January 2013 Takeshi Maeda   
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        Anthony Marmarou, PhD, 1934–2010 

 Dr. Anthony Marmarou was born on 15 March 1934 in Philadelphia, Pennsylvania, USA. He 
attended Drexel University, receiving a Bachelor of Science in Electrical Engineering. He 
continued his education at the University of Pennsylvania, where he received his Master’s in 
Control Engineering, and  fi nally, Temple University School of Medicine, where he completed 
an NIH Special Research Fellowship and a PhD. in Biomedical Engineering. His scienti fi c 
exploration of intracranial pressure (ICP) dynamics in traumatic brain injury (TBI) began at 
Albert Einstein Medical in the Bronx, New York, and was continued during his 27 years with 
the Virginia Commonwealth University (VCU) Department of Neurosurgery in Richmond, 
Virginia. Well known for his commitment to research on TBI and normal pressure hydrocepha-
lus (NPH), Dr. Marmarou was considered a world authority on  fl uid dynamics within the brain 
and spinal cord. His tireless efforts to communicate the results of his scienti fi c studies on a 
global stage earned him an international reputation as an outstanding scholar and scientist. Dr. 
Marmarou, in collaboration with his long-standing research partner, Dr. Harold Young, 
Chairman of the Department of Neurosurgery at VCU, led an international team in developing 
the  fi rst clinical guidelines for the diagnosis and treatment of idiopathic NPH. Their tireless 
efforts have resulted in our current standard of care for patients with NPH. Dr. Marmarou’s 
statement that “Patients should explore all their options because there is always hope” has 
earned him the unerring devotion of these patients and his staff. Dr. Marmarou was one of 
those unique researchers who could bring basic laboratory research directly to the bedside to 
improve patient care and treatment. Also noteworthy were his collaborative basic research 
studies targeting mechanisms of cellular injury following TBI and stroke in collaboration with 
Dr. John Povlishock, Professor and Chairman of Anatomy and Neurobiology at VCU, and Dr. 
Ross Bullock, Professor of Neurosurgery at the University of Miami. Their efforts on the 
experimental front have led the way to novel therapies currently being evaluated to attenuate 
the devastating effects of human head injury. Dr. Marmarou was a leader in the scienti fi c com-
munity and was honored for his work by the Brazilian, English, French, German, Greek, 

Dr. Anthony Marmarou in his 
laboratory.
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Dr. Marmarou in discussion 
with Dr. Povlishock.

Japanese, and Turkish Neurosurgical Societies. In particular, his collaborative efforts with Dr. 
Katsuji Shima, Professor and Chairman of Neurosurgery at the National Defense Institute in 
Japan, established global standards for the care and management of ICP following TBI. His 
scienti fi c legacy remains assured, since it will live on through the dedication of over 200 neu-
rosurgical fellows he has trained throughout his scienti fi c career. We will miss his wisdom and 
humanity as well as his tireless devotion to scienti fi c advancement for patients.           
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  Abstract   This    is a brief review of previous international 
brain edema symposia. The symposia that took place from 
1965 to 1999 were summarized by Igor Klatzo and 
A. Marmarou in the proceedings Brain Edema XI  [  1  ] . In this 
article the author summarized the symposia, including latest 
 fi ve. Images from previous symposia such as the cover pages 
of the proceedings and snapshots of organizers were included. 
The outline and key words of the symposia were summarized 
in tables. The name of the prize winner and the title of the 
memorial lectures in recent symposia were also summarized 
in a table   .  

  Keywords   Brain edema  •  International brain edema sympo-
sia  •  Proceedings  •  Symposia organizers  •  Prize winner  
•  Memorial lecture     

  This is a brief review of previous international brain edema 
symposia. The symposia that took place from 1965 to 1999 
were summarized by Igor Klatzo and A. Marmarou in the 
proceedings Brain Edema XI  [  1  ] . In this article the author 
summarized the symposia, including latest  fi ve. Images from 
previous symposia such as the cover pages of the proceed-
ings and snapshots of organizers were included (Figs.  1 ,  2 ). 
The outline and key words of the symposia were summarized 
in tables (Tables  1 ,  2 ). The name of the prize winner and the 
title of the memorial lectures in recent symposia were also 
summarized in a table (Table  3 ). 

 The  fi rst brain edema symposium was organized by Franz 
Seitelberger and Igor Klatzo in 11–13 September 1965 in 
Vienna. The symposium was planned by the Österreichische 

Arbeitsgemeinschaft für Neuropathologie and by the Problem 
Commission for Neuropathology of the World Federation of 
Neurology. Fifty-eight participants, including Milton W. 
Brightman, Konstantin Alexander Hossmann, Asao Hirano, 
and Kraus Joachim Zülch are listed in the proceedings  [  2  ] . 
The importance of a multidisciplinary approach and studies 
on ultrastructural/molecular levels were emphasized in the 
symposium. Kraus Joachim Zülch described the differences 
between brain swelling (an intracellular increase in  fl uid or 
protein) and brain edema (an intercellular accumulation of 
 fl uid). Asao Hirano presented extracellular accumulation of 
edema  fl uid in the white matter after polysaccharide implan-
tation and experimental allergic encephalomyelitis. The 
importance of active endothelial transport in edema develop-
ment was presented. A round table discussion chaired by 
R.D. Adams summarized the symposium. The proceedings 
were published by Springer, Vienna/New York in 1967. 

 The second brain edema symposium was organized by 
Hans Jürgen Reulen and Kurt Schürmann. The symposium 
was held in Mainz, 19–21 June 1972. The main topic was 
the effect of steroids on brain edema, i.e., 22 out of 29 
papers in the proceedings dealt with steroids. Other topics 
included the role of free radicals in the development of 
brain edema and the therapeutic effect of antioxidants. 
Hypertonic blood-brain barrier opening was presented. 
Classi fi cation of brain edema into the cytotoxic type and the 
vasogenic type by Igor Klatzo  [  3  ]  was widely accepted. A 
round table discussion summarized the symposium. The 
proceedings were published by Springer, Berlin/Heidelberg/
New York in 1972  [  4  ] . 

 The third brain edema symposium was organized by 
Hanna M. Pappius and William Feindel, 25–29 June 1976, 
in Montreal. One of the main topics was the function and 
dysfunction of the blood–brain barrier. About half of the 
papers were included in the chapters on the blood brain–
barrier and vasogenic edema. Increased pinocytosis was 
observed after seizures and post-irradiation edema. Bulk 
 fl ow and colloid osmotic pressure, the pathophysiology of 
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early ischemic edema, and various animal models of isch-
emia were the other main topics of the symposium. 
Computed tomography  fi ndings of brain edema were pre-

sented in the brain symposium for the  fi rst time. The pro-
ceedings were published by Springer, Berlin/Heidelberg/
New York in 1976  [  5  ] . 
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  Fig. 1    Images from past brain edema symposia. ( a ) Inside cover of the 
proceedings of brain edema I. ( b – h ) Covers of the proceedings of brain 
edema II, III, IV, V, VI, VII, and VIII. ( i ) Poster of brain edema IX. ( j ) 
Yacht harbor in San Diego, brain edema X. ( k ) Poster of brain edema 

XI. ( l ) Cover of the abstracts book for brain edema XII. ( m ) Poster of 
brain edema XIII, ( n ) Statue of Copernicus in front of a building of the 
Polish Academy of Science, brain edema XIV. ( o ) Cover of the abstracts 
book, brain edema XV       
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 The fourth symposium was organized by Jordi Cervós-
Navarro and R. Ferszt in Berlin in 1980. Ultrastructural 
tracer study on change in the blood–brain barrier in various 
pathological situations showed increased vesicular transport. 
Brain edema factors, such as serotonin, fatty acids, and 
 glutamate, were discussed. Biomechanics of edema and the 
mechanism of the resolution of edema were other topics on 
offer. Several papers dealt with computed tomography 
 fi ndings on various types of brain edema. Positron emission 
tomography was emerging as a potentially powerful tool for 
brain edema research. The proceedings were published by 
Raven Press, New York in 1980  [  6  ] . 

 The  fi fth symposium was organized by K.G. Go and Jan 
Beks in the Martinihal Center in Groningen, 10–12 June 
1982. Several new areas of investigation that had been intro-
duced into brain edema research were reported, which 

included nuclear magnetic resonance imaging and  14 C deoxy-
glucose autoradiography. Several clinical studies on brain 
edema using positron emission tomography were also pre-
sented. Cerebral endothelial cell culture, calcium antago-
nists, anti-in fl ammatory drugs, and prostaglandin synthesis 
were some of the other topics. The proceedings were pub-
lished by Plenum Press, New York/London in 1982  [  7  ] . 

 The sixth symposium was organized by Yutaka Inaba in 
7–10 November 1984 in Tokyo. The symposium was for the 
 fi rst time held in Asia. A series of invited lectures were given 
by Igor Klatzo, Asao Hirano, Stanley I. Rapoport, Bo K. 
Siesjö, Hanna M. Pappius, Konstantin Alexander Hossmann, 
and Donlin M. Long. B.K. Siesjö presented the mechanism of 
cytotoxic edema and intracellular pH. K.A. Hossmann 
reported the mechanism of post-ischemic edema and S.I. 
Rapoport the mechanism of vasogenic brain edema. A  fi nite 
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  Fig. 2    Organizers of brain edema symposia. ( a ) Igor Klatzo, Brain 
edema I. ( b ) Hanna M. Pappius, brain edema II. ( c ) K.G.G., brain 
edema V. ( d ) Yutaka Inaba, brain edema VI. ( e ) Julian T. Hoff, 
brain  edema XIII. ( f ) Hector James, brain edema X. ( g ) Umeo Ito, 

brain edema IX. ( h ) A. David Mendelow, brain edema XI. ( i ) Zbigniew 
Czernicki brain edema XIV. ( j ) Yoichi Katayama, brain edema XV. ( k ) 
Alexander Baethmann, editor of brain edema proceedings. ( l ) Hans J. 
Reulen, brain edema VIII. ( m ) Toshihiko Kuroiwa, brain edema XII       
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element method was introduced for computer simulation of 
the propagation of vasogenic brain edema. The symposium 
had many participants from Asia, i.e., 51 papers from Japan 
and two from China. The logo of the brain edema symposium 
was designed by Dr. Inaba. It was decided that the symposium 
would be held in order of United States, Europe, and Japan, 
by advisor Committee. The proceedings were published by 
Springer, Berlin/Heidelberg/New York/Tokyo in 1985  [  8  ] . 

 The seventh symposium was organized by Donlin M. 
Long in Baltimore in 1987. Molecular mechanism of glial 

swelling, the effect of superoxide dismutase and free radical 
scavengers were some of the topics discussed in the sympo-
sium. A keynote address entitled “Peritumoral brain edema” 
was given by H.J. Reulen, i.e., a clinical study visualizing the 
spread and resolution of edema by repeated dynamic CT. 
Sixty-eight papers and 22 abstracts were included in the pro-
ceedings, published by Raven Press, New York in 1990  [  9  ] . 

 The eighth symposium was organized by Hans Jürgen 
Reulen in Bern, 17–20 June 1990. Klaus Joachim Zülch died 
in 1988 and Igor Klatzo started the symposium with a lecture 

   Table 1    Date, venue, and organizers, title, publisher, year of publication, the number of papers in the proceedings/presentations in the symposium   

 Date  Venue  Organizer(s)  Book title/publisher/year  No. of papers 

  1  Sept 11–13, 1965  Vienna  Igor Klatzo, Franz 
Seitelberger 

 Brain edema  proceedings of the 
symposium 11–13 September 1965, 
Vienna /Springer/Vienna, New 
York/1967 

 48/– 

  2  June 19–21, 1972  Mainz  Hans-J. Reulen, 
K. Schürmann 

 Steroids and brain edema/Springer/
Berlin, Heidelberg, New York 

 29/ 

  3  June 25–29, 1976  Montreal  Hanna M. Pappius, 
William Feindel 

 Dynamics of brain edema/Springer/
Berlin, Heidelberg, New York/1976 

 53/– 

  4  Sept 12–15, 1979  Berlin  J. Cervós-Navarro, 
R. Ferszt 

 Brain edema pathology diagnosis and 
therapy,   Advances in Neurology, vol. 
28/Raven Press/New York/1980 

 38/– 

  5  June 10–12, 1982  Groningen, 
The Netherlands 

 K.G. Go, Jan Beks  Recent progress in the study and 
therapy of brain edema/Plenum Press/
New York, London/1982 

 69/– 

  6  Nov 7–10, 1984  Tokyo  Yutaka Inaba  Brain edema/Springer/Berlin, 
Heidelberg, New York, Tokyo/1985 

 101/112 

  7  1987  Baltimore, MD  Donlin M. Long  Brain edema pathogenesis, imaging, 
and therapy, Advances in Neurology, 
vol 52/Raven Press/
New York/1987 

 68/90 a  

  8  June 17–20, 1990  Bern  Hans-J. Reulen  Brain edema VIII, Acta 
Neurochirurgica supplement 50/
Springer/Vienna, New York/1990 

 139/158 

  9  May 16–19, 1993  Yokohama  Umeo Ito  Brain edema IX, Acta 
Neurochirurgica supplement 60/
Springer/Vienna, New York/1994 

 149/190 

 10  October 20–23, 1996  San Diego  Hector E. James  Brain edema X, Acta Neurochirurgica 
supplement 70/Springer/Vienna, 
New York/1997 

 92/108 

 11  June 6–10, 1999  Newcastle  A. David Mendelow  Brain edema XI, Acta 
Neurochirurgica supplement 80/
Springer/Vienna, New York/2000 

 117/151 

 12  Nov 10–13, 2002  Hakone, Japan  Toshihiko Kuroiwa  Brain edema XII, Acta 
Neurochirurgica supplement 86/
Springer/Vienna, New York/2003 

 119/155 

 13  June 1–3, 2005  Ann Arbor Michigan  Julian T. Hoff  Brain edema XIII, Acta 
Neurochirurgica supplement 96 
Springer/Vienna, New York/2006 

 95/109 

 14  June 11–14, 2008  Warsaw  Zbigniew Czernicki  Brain edema XIV, Acta 
Neurochirurgica supplement 106/
Springer/Vienna, New York/2009 

 65/104 

 15  Oct 22–24, 2011  Tokyo  Yoichi Katayama  Brain edema XV, Acta 
Neurochirurgica supplement/Springer/
Vienna, New York/2011 

 –/119 

   a The number of papers in the proceedings/presentations in the abstract book  
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to commemorate Zülch. Results of experimental or clinical 
study using magnetic resonance imaging on brain edema 
were reported from many institutions. Papers on atrial natri-

uretic peptide were presented by several laboratories. The 
 proceedings were published in 1990 within 6 months of the 
symposium by Springer  [  10  ] , much faster than for previous 

   Table 2    Keywords and phrases of the symposia   

 Year  Venue  Keywords/phrases 

  1  1965  Vienna  The  fi rst brain edema symposium, brain swelling and 
brain edema, electron microscopy, active transendothelial 
transport, round table discussion, Springer, Vienna 

  2  1972  Mainz  Steroids, free radicals, antioxidants, classi fi cation of 
brain edema, hypertonic blood–brain barrier opening 

  3  1976  Montreal  BBB function and dysfunction, increased pinocytosis, 
bulk  fl ow and colloid osmotic pressure, early ischemic 
edema, computed tomography 

  4  1979  Berlin  Ultrastrucutural tracer study on blood–brain barrier 
change, development and resolution of edema, brain 
edema factors, serotinin, glutamate, biomechanics of 
edema, positron emission tomography 

  5  1982  Groningen  Magnetic resonance imaging,  14 C deoxyglucose 
antoradiography, cerebral endothelial cell culture, 
anti-in fl ammatory drugs and prostaglandin synthesis, 
calcium antagonists 

  6  1984  Tokyo  The  fi rst meeting in Asia, invited lecture series by Klatzo 
Siesjö, Hossmann, etc., cytotoxic edema and intracellular 
pH, mechanism of postischemic edema,  fi nite element 
method, logo of the symposium 

  7  1987  Baltimore  Molecular mechanism of glial swelling, superoxide 
dismutase, free radical scavenger, keynote address, 
peritumoral brain edema 

  8  1990  Bern  K.J. Zülch Memorial lecture, experimental and clinical 
application of magnetic resonance imaging, ischemic 
brain edema, atrial natriuretic peptide, publication of 
proceedings within 6 months, Springer, Vienna 

  9  1993  Yokohama  Glutamate and glial swelling, NMR diffusion imaging, 
vascular endothelial growth factor, anisotropic swelling, 
the largest symposium in the history of brain edema 
symposia, International Society for Brain Edema 
Research 

 10  1996  San Diego  J. Douglas Miller memorial lecture, hypothermia, 
hyperthermia, ischemia and traumatic edema, NMDA 
antagonists, magnetic transfer contrast imaging 

 11  1999  Newcastle  Magnetic resonance spectroscopy, spreading depression, 
human brain microvascular endothelial cell culture, 
hypothermia, aquaporin 4, clinical monitoring of 
traumatic edema, cannabinoids 

 12  2002  Hakone  Aquaporins in the formation and resolution of edema, 
high-throughput gene pro fi ling, surgical decompression 
for the treatment of ICH, Hakone best presentation 
award, sponsored sessions, round-table discussion 

 13  2005  Ann Arbor  Satellite intracranial hemorrhage conference, neurovas-
cular unit after hemorrhage, multimodal approaches to 
brain injury, surgical management of cerebral contusion, 
convection-enhanced drug distribution, STICH trial 

 14  2008  Warsaw  The  fi rst edema symposium in the former Eastern 
European countries, Igor Klatzo lecture, clinical papers 
on the diagnosis and treatment of edema, decompressive 
craniectomy, nanoparticles, 

 15  2011  Tokyo  Symposium held 7 months after great earthquake in 
eastern Japan, A. Marmarou award, student’s award, 
neurovascular mechanisms after stroke, neuromonitoring, 
pathomechanisms and treatment of traumatic brain 
edema 
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proceedings. The proceedings were divided into chapters 
such as pathophysiology, tumor, ischemia, trauma, hyperten-
sion, and hydrocephalus. The process and the style of the 
publication were inherited by subsequent symposia. 

 The ninth symposium was organized by Umeo Ito in 
Yokohama, 16–19 May 1993. There were four guidelines, 
namely (1) blood-parenchymal cell border injury, (2) neuro-
glial interactions and injury, (3) formation, propagation, and 
resolution of edema, and (4) treatment. Sessions of these 
themes started with the keynote lecture, e.g., “Neuron-Glial 
Interactions During Injury and Edema of the CNS” by Oliver 
Kempski in the session “Neuron-Glial Cell Injury and 
Edema.” Some of the topics of the symposium were gluta-
mate and glial swelling, NMR diffusion imaging, vascular 
endothelial growth factor, anisotropic swelling, and NMDA 
antagonists. There were 190 presentations, which was the 
largest number in the history of international brain symposia. 
The establishment of the International Society for Brain 
Edema Research was proposed by Dr. Ito. The proceedings 
were published by Springer in 1994  [  11  ] . 

 The tenth symposium was organized by Hector E. James 
near the beautiful yacht harbor in the city of San Diego, 
20–23 October 1996. The J. Douglas Miller memorial lec-
ture on traumatic brain injury was given by A. Marmarou at 
the beginning of the symposium. About half of the papers 
were on ischemic edema or traumatic edema. Edema associ-
ated with hypothermia or hyperthermia was another main 
topic of the symposium. New imaging methods such as mag-
netic transfer contrast imaging were reported. Several new 
therapeutic substances were also reported. The proceedings 
were published in 1997 by Springer  [  12  ] . 

 The 11th symposium was organized by A. David 
Mendelow in Newcastle-upon-Tyne, 6–10 June 1999. Some 
of the topics were magnetic resonance spectroscopy, spread 
of depression, human brain microvascular endothelial cell 
culture, and hypothermia. Aquaporin 4 mRNA expression 
following cerebral ischemia was reported. The session on 
traumatic edema was the largest in the symposium, where 
mechanisms of secondary damage after trauma and clinical 
monitoring were the foci of discussion. New neuroprotective 
agents such as growth factors and cannabinoids were 
described. There was a summary at the beginning of each 
chapter of the proceedings, which allowed the reader a quick 
overview of each topic. The proceedings were published by 
Springer in 2000  [  13  ] . 

 The 12th symposium was organized by Toshihiko 
Kuroiwa, 10–13 November 2002. The symposium was held 
on the shores of Lake Ashi in the Fuji-Hakone-Izu National 
Park. Some of the topics included the role of aquaporins in 
the formation and resolution of edema, high-throughput gene 
pro fi ling, and surgical decompression for the treatment of 
intracerebral hemorrhage. Two short sessions were  sponsored 

by pharmaceutical and medical equipment companies. Six 
papers were selected by an international board chaired by A. 
David Mendelow for the Hakone Best Presentation award at 
the end of the symposium    (Fig.  3 ; Table  3 ). A round table 
discussion summarized the symposium. The proceedings 
were published by Springer in 2003  [  14  ] .   

 The 13th symposium was organized by Julian T. Hoff in Ann 
Arbor, 31 May—to 3 June 2005, succeeded by a 1-day satellite 
conference on intracerebral hemorrhage (ICH) on 4 June. Some 
of the topics of keynote lectures were neurovascular unit after 
hemorrhage, multimodal approaches to brain injury, surgical 
management of cerebral contusion and convection-enhanced 
drug distribution. Some results from the STICH trial were 
 presented by the Newcastle group in the satellite  conference. 
The proceedings were published in 2006 by Springer  [  15  ] . 
Papers from the satellite conference were included in the pro-
ceedings. The second ICH symposium was organized by 
Liang-Fu Zhou, 10–11 November 2007, in Shanghai. 

 The 14th symposium was organized by Zbigniew 
Czernicki in Warsaw, 11–14 June, 2008. This was the  fi rst 
brain edema symposium organized in one of the former 
Eastern European countries. The meeting was held in a build-
ing of the Polish Academy of Science near the very beautiful 
old town of Starówka, Warsaw. Dr. Igor Klatzo died in 2007 
and a lecture named after him was presented by Hans-Jürgen 
Reulen. The title was “Bulk Flow and Diffusion Revisited, 
and Clinical Application.” A few more papers were dedi-
cated to the memory of Igor Klatzo. Many clinical papers on 
the diagnosis and treatment of brain edema, including papers 
on decompressive craniectomy for the treatment of post-
traumatic intracranial hypertension were presented. 
Nanoparticles was a new topic at the brain symposia. The 
proceedings were published by Springer in 2010  [  16  ] . 

 The 15th symposium was organized by Yoichi Katayama 
in Tokyo, 22–24 October 2011. After the great earthquake 
disaster in east Japan, and the subsequent accident at the 
Fukushima nuclear power plant, many international confer-
ences were cancelled. However, Dr. Katayama and his col-
league succeeded in going ahead with the brain edema 
symposium. The symposium was scienti fi cally very fruitful, 
and the symposium was larger than the previous one. There 
were 119 presentations including 11 keynote lectures. Some 
of the topics of the lectures were neurovascular mechanisms 
after stroke, neuromonitoring, pathomechanisms, and treat-
ment of traumatic brain edema. The Anthony Marmarou 
award and the student’s award (Travel Award) were given to 
eight recipients    (Fig.  3 ; Table  3 ). The proceedings will be 
published by Springer in 2013.   

 The 16th symposium will be held in Loma Linda, 
California, USA, in 2014. The symposium will be organized 
by Dr. John Zhang, Professor and Director of Neurosurgical 
Research at Loma Linda University. 
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  Fig. 3    ( a ) Dr. M.C. Papadopoulos ( right ) received the Hakone Best 
Presentation Award from Dr. A.D. Mendelow ( left ). ( b ) Certi fi cate 
of the Hakone Best Presentation Award in brain edema XII. 

( c ) Dr. H. Kawai ( right ) received the student’s award from 
Dr. Y. Katayama ( left ) ( d ). Trophy of the student’s award (Travel 
Award) in brain edema XV       

 Brain edema has been a major focus of therapeutic 
research in neurology and neurosurgery for dozens of 
years. There have been many important discoveries and 
technical improvements in the diagnosis and treatment. 
However, brain edema is still a fatal disorder for many 
neurological patients, and therefore we need to continue 
research into brain edema. Both clinical studies and fun-
damental research have been reported in  balanced manner 
in the past international brain edema  symposia. 
Translational research was the main constituent of funda-
mental research. These points constitute the charm of the 
international brain edema meeting, and I think that this is 
a reason why it has continued until now. It is important 

that the international brain edema symposium remains 
attractive to clinicians and basic scientists. Efforts to pub-
lish the proceedings as soon as possible should be contin-
ued in future. In addition, the round-table discussion 
summarizing the results of the symposium is very effec-
tive and should be continued. In recent brain edema sym-
posia, several awards were given to young investigators to 
promote their research activities in brain edema (Fig.  3 ; 
Table  3 ). The author believes that these efforts are also 
important for the future of brain edema research and inter-
national brain edema symposia.       

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Abstract   We have examined the time course of brain edema 
and the blood–brain barrier opening in rat after basal ganglia 
ischemia induced by photothrombotic occlusion of the small 
vessels within the caudate–putamen. Male SD rats were 
anesthetized, and Rose Bengal dye was intravenously 
injected. The left caudo-putamen was exposed to cold white 
light for 5–10 min via a stereotaxically implanted optic  fi ber. 
Ischemic brain edema and the blood–brain barrier, as well as 
the histological changes, were assessed at various times dur-
ing the following 6 weeks. Local cerebral blood  fl ow was 
measured 90 min after photothrombosis by quantitative auto-
radiography. A round infarct with thrombosed parenchymal 
vessels surrounded by a layer of selective neuronal death was 
formed within the caudo-putamen. The ischemic lesion 
turned into a lacune over a period of 6 weeks. A central zone 
of markedly reduced blood  fl ow and a surrounding oligemic 
zone were observed 90 min after light exposure. Early blood–
brain barrier opening with edema was observed as early as 
4 h after photothrombosis, peaked at day 1, and disappeared 
at 7 days after photothrombosis. In a model of lacunar infarc-
tion, we observed an early and transient brain edema and 
blood–brain opening after onset of ischemia.  

  Keywords   Photothrombosis  •  Caudo-putamen  •  Histology  
 Cerebral blood  fl ow  •  Blood–brain barrier and brain edema      

   Introduction 

 Small infarctions in deep brain structures are typically 
caused by occlusion of small parenchymal arteries and are 
referred to as lacunes. Stroke-prone spontaneous hyperten-
sive (SHRSP) rat has been shown to develop small infarcts in 
the basal ganglia, but the unpredictable onset, size, and 
 location of the ischemic lesions in this model make it dif fi cult 
to use in mechanistic and therapeutic studies  [  3 ,  13  ] . 
Photothrombosis has been widely used to induce ischemia 
in the cortex, but not deep brain structures  [  1,   11  ] . We have 
developed an animal model of photothrombotic ischemia 
within the caudo-putamen in rat, and examined the time 
course of brain edema and blood–brain barrier opening 
after basal ganglia photothrombosis  [  5  ] .  

   Materials and Methods 

 Male SD rats were anesthetized, and Rose Bengal dye 
(20 mg/kg) was intravenously injected. The left caudo-
putamen was exposed to cold white light for 5–10 min 
via a stereotaxically implanted optic  fi ber (0.5 mm diam-
eter, Eska CK-20; Mitsubishi Rayon, Tokyo, Japan; 
Fig.  1a, b )  [  5,   9  ] . For histopathology, rats were re- 
anesthetized with 4 % iso fl urane and transcardially per-
fused with 4 % paraformaldehyde in 0.1 mol/l 
phosphate- buffered saline at various times from 4 h to 
6 weeks following photothrombosis. The  fi xed brains 
were removed and kept in 4 % paraformaldehyde for 6 h. 
A coronal slab of brain tissue containing the center of the 
lesion was cut, embedded in paraf fi n, sectioned, and pre-
pared for hematoxylin and eosin staining. Electron micros-
copy was also performed on tissue from the 4 h group. The 
rats underwent transcardiac perfusion with 4 % glutaralde-
hyde. Specimens containing the photothrombosis-induced 
lesion were excised, embedded in epon, and prepared for 
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a

c

b

  Fig. 1    ( a ) A stereotaxic device with a polymethylmethacrylate optic 
 fi ber coated with polyethylene measuring 0.5 mm in diameter (Eska 
CK-20, Mitsubishi Rayon, Tokyo, Japan) ( b ) Optic  fi ber with sharp 
beveled edge connected to a light source (bar = 0.5 mm) ( c ) Typical 
TTC-stained coronal section of brain at the level of the optic  fi ber 1 day 
after photothrombosis (bar = 1.0 mm). A clearly demarcated ( white ) 

lesion indicative of infarction is seen in the center of the caudo-putamen 
around the end of the needle track. In this animal, Evans Blue was 
injected i.v. before sacri fi ce and an area of  blue  staining is seen (indicat-
ing blood–brain barrier leakage to Evans Blue-tagged albumin) within 
the 2,3,5-triphenyl tetrazolium chloride (TTC)-demarcated lesion       
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ultrastructural examination. For the assessment of brain 
edema and blood–brain barrier permeability, animals 
were anesthetized and injected with Evans Blue solution. 
After 1 h, brains were removed and cut coronally on a 
brain-slicing matrix at the level of optic  fi ber implanta-
tion. Tissue samples of the photothrombotic lesion and 
corresponding site in the contralateral caudate were 
excised and dropped into a kerosene/monobromobenzene 
gradient column for speci fi c gravity measurement, and 
the water content was calculated  [  2,   7  ] . An adjacent sec-
tion was stained with 2,3,5-triphenyl tetrazolium chloride 
(TTC) to visualize the area of infarction and Evans Blue 
leakage (Fig.  1c )  [  6  ] . Local cerebral blood  fl ow was mea-
sured 90 min after photothrombosis by quantitative auto-
radiography  [  8  ] . Ultrastructural assessment of blood–brain 
barrier change was performed in the 4 h group. One mil-
liliter of saline with 25 mg horseradish peroxide (HRP; 
Sigma Type II) was injected i.v. into the animals 30 min 
before the animals were perfused with the  fi xative. 
Fixed brains were processed for enzyme histochemical 
reactions  [  10  ] .   

   Results 

 A round infarct with thrombosed parenchymal vessels sur-
rounded by a layer of selective neuronal death was formed 
within the caudo-putamen around the tip of the optic  fi ber 
(Fig.  2a ). The ischemic lesion turned into a cystic cavity 
(lacune) over a period of 6 weeks. Four hours after photo-
thrombosis, the histology of the periphery of the lesion was 
abnormal with pyknotic and eosinophilic neurons and numer-
ous microvacuoles. The latter structures are swollen astro-
cytic and neuronal processes within the neuropil. Platelet 
thrombus formation within parenchymal small vessels, dark 
neurons, and hydropic swelling of astrocytes and oligoden-
drocytes were evident at this time (Fig.  2b, c ). Multiple HRP 
vesicles were present in the endothelia of small vessels in 
the lesion in the 4 h group (Fig.  2d, e ). By day 1, neuronal 
destruction and neuropilar microvacuolation became more 
evident in the center of the lesion. At the lesion periphery, 
marked neutrophil in fi ltration was seen 3 days after pho-
tothrombosis, whereas macrophage in fi ltration peaked at 

  Fig. 2    ( a ) Typical lesion 1 day after photothrombosis (10 min expo-
sure; Luxol Fast Blue and Eosin staining; scale bar = 1.0 mm). There is 
a round lesion in the center of the caudo-putamen. The area of central 
infarction was surrounded by a thin layer of selective neuronal death. 
( b ) Typical electron micrograph of a small microvessel within the 
periphery at 4 h after light exposure. The vessel is  fi lled with platelets 
and is surrounded by swollen perivascular cells, mostly astrocytic 

 end-feet (bar = 10  m m). ( c ) An example of a triangulated ischemic neu-
ron within the ischemic periphery (bar = 10  m m). The neuron is sur-
rounded by several swollen perineuronal astrocytic processes. ( d ) 
Horseradish peroxide (HRP) vesicles detected in the endothelium of 
microvessels in the ischemic region, indicating increased blood–brain 
barrier permeability (bar = 1  m m). ( e ) Higher magni fi cation of the capil-
lary endothelium with HRP vesicles (bar = 0.1  m m)       

a b 
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2 weeks after photothrombosis. Reactive astrocytosis and 
new capillary formation were also evident in the lesion 
periphery at 2 weeks. A small cyst with a thin layer of gliosis 
was observed 6 weeks after light exposure. The color-coded 
maps of lCBF at 1.5 h after photothrombosis indicated a 
large portion of the ipsilateral caudo-putamen with very low 
 fl ow (approximately 10–15 ml/100 g/min) compared with 
contralateral (approximately 80 ml/100 g/min). Evans Blue 
leakage was observed at 1.5 h in 3 out of 6 animals, 4 h in 6 
out of 6 animals, 1 day in 6 out of 6 animals, 4 days in 4 out 
of 6, 7 days in 1 out of 6 animals after photothrombosis, but 
not at all at 6 weeks. Brain edema was detectable by 1.5 h, 
peaked at 1 day, and was resolved by 6 weeks (Fig.  3 ).    

   Conclusion 

 Watson et al. developed a method of inducing photothrom-
botic infarction in the cerebral cortex that has the advan-
tage of precise control of the size and location of the 
infarct  [  11  ] . Current study aimed to establish a reproduc-
ible model of a deep small infarction in the caudo- putamen 
using a stereotaxically implanted optic  fi ber. Poly-
methylmethacrylate optic  fi bers are suitable for cold light-
ing because they transmit very little infrared light. 
Histological examination early after light exposure after 
Rose Bengal dye infusion showed an almost spherical 
infarct around the tip of the  fi ber optic surrounded by a 
peripheral area of selective neuronal death and ischemic 
edema. Thrombotic occlusion of small parenchymal ves-
sels was found in the center and periphery of the lesion, 
and lCBF was decreased by about 85 % in the lesion 

 center. This is, thus, a model of deep, localized brain isch-
emia that induces subsequent infarction. Blood–brain 
barrier opening takes place shortly after lesioning in this 
model. Early BBB opening was found in an air embolus 
model of ischemia  [  12  ] . In both models, occlusion of 
small parenchymal vessels is probably an important factor 
in early BBB opening, which is different from the delayed 
BBB opening that often occurs after large artery occlu-
sion  [  4  ] . In summary, an animal model of photothrombotic 
caudo-putamen infarction with histological changes simi-
lar to those found in lacunar infarcts has been developed. 
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  Fig. 3    Time course of tissue water content and blood–brain barrier 
permeability change after photothrombosis. Water content (%, vertical 
axis) was measured in the left and right caudate. * P  < 0.05 versus con-
tralateral. Evans Blue leakage was observed at 1.5 h, 4 h, 1 day, 4 days, 
and 7 days after photothrombosis, but not at 6 weeks. Brain edema was 
detectable by 1.5 h, peaked at 1 day, and was resolved by 6 weeks       
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Opening of the BBB and ischemic edema were found at 
an early stage after onset. This model can be employed to 
test differences in the effects of potential therapeutic 
agents between large and small vessels (lacunar) ischemia 
or among sites of ischemic injury.      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Abstract   We permanently occluded unilaterally and/or 
bilaterally the carotid arteries of anesthetized Mongolian 
gerbils (60–80 g) and compared the two models. In the for-
mer, stroke-positive animals were selected by calculating the 
stroke index score of the conscious animals. Selection was 
not made in the latter. We measured the rCBF of the cerebral 
cortex, hippocampus, and diencephalon using the  3 H-nicotine 
scintillation method; analyzed the EEG using the wave-form 
recognition method (Fujimori); measured ATP, PCr (phos-
phocreatine), lactate, and glucose content in the cerebral 
hemisphere using the Lowry method; and measured infarct 
size on HE-stained coronal sections. All parameter values 
were uniform in the gerbils of the unilateral model, whereas 
great variation was observed in the right and left cerebral 
cortex, hippocampus, and diencephalon in the bilateral 
occlusion model. Therefore, we have discarded the bilateral 
model and used the stroke-positive unilateral model only. 

 By changing the length of time of the unilateral carotid 
occlusions and intervals, we found that two 10-min unilateral 

carotid occlusions with a 5-h interval between them 
achieved a threshold ischemic insult in gerbils, which pro-
duced uniform cortical focal infarctions that evolved in the 
maturing DSNN on the coronal surface sectioned at the 
chiasmatic level (Face A). This model showed a marked 
reduction in the occurrence of ischemic epilepsy and 
death.  

  Keywords   Unilateral and bilateral carotid occlusion  •  Stroke 
index score  •  Stroke-positive Mongolian gerbil      

   Introduction 

 Studies on human pathological anatomy have not been able 
to elucidate the pathological changes that occur in the cere-
brum in the acute phase after stroke onset. Until the early 
1970s, although there was a different vulnerability depend-
ing on the neuron, neurons had been thought to die soon, 
even after a short period of ischemia. Except in the case of 
the Levine preparation using ischemia and hypoxia on ger-
bils  [  9  ] , investigations into the acute phase of neuronal 
changes and/or evolution of an infarction after ischemic 
stroke have mainly used large animals such as cats and rhe-
sus monkeys for focal ischemia, and rabbits for total isch-
emia. Owing to the dif fi culty in operative manipulation to 
produce ischemic lesions, the precise temporal pro fi le of dif-
ferent grades of pure ischemic insult was not investigated 
until the appearance of the ischemic model using rodents. In 
1972, Kahn  [  7  ]  reported the selection of stroke-positive ger-
bils by using the stroke index score, which measures the vari-
ous behaviors shown by animals after unilateral carotid 
occlusion. Therefore, we switched from using rhesus mon-
keys to using Mongolian gerbils at the NIH to investigate the 
precise histo-pathological temporal pro fi le of various parts 
of the cerebral hemisphere after various durations of tempo-
rary ischemia. After investigating thousands of gerbils, we 
discovered that the rapid death of neurons did not occur soon 
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after the ischemic insult. Rather, the animals suffered various 
post-ischemic neuronal changes ranging from degeneration 
and recovery to death, and further to focal infarction beyond 
the threshold of the ischemic insult. Also, the intensities of 
ischemic injuries and the speed of their appearance were 
directly related to the duration of ischemia. We referred to 
this phenomenon as the “maturation phenomenon of isch-
emic injuries”  [  3  ] . Later, using a bilateral carotid occlusion 
model of gerbils, Kirino reported the same kinds of changes 
con fi ned to CA1 pyramidal cells of the hippocampus and 
described this process as “delayed neuronal death”  [  8  ] . This 
phenomenon provided a therapeutic window and boosted 
research in this  fi eld to rescue dying neurons and to reduce 
the size of the infarction. In this present study, we compared 
gerbils in which the unilateral carotid artery was permanently 
occluded and stroke-positive animals were selected by calcu-
lating the stroke index score  [  12  ] , and gerbils in which bilat-
eral carotid arteries were permanently occluded but the 
selection was not made.  

   Materials and Methods, Results, 
and Discussion 

   Unilaterally Carotid-Occluded, Stroke-Positive 
Model 

 As the cerebral arterial system lacks various anterior and 
posterior communicating arteries at the Willis circle (Fig.  1c ), 

 permanent occlusion of the unilateral occlusion of the carotid 
artery induced infarction uniformly involving the caudal two 
thirds of the cerebral hemisphere in only about 40 % of 
animals (Fig.  1e ).  

 During various surgical procedures, light anesthesia with 
ether and air or 2 % halothane or 3 % iso fl urane in a mixed 
gas of 70 % nitrous oxide and 30 % oxygen was applied. The 
unilateral cerebral ischemia induced various abnormal 
behaviors of the conscious animals. Each behavior could be 
scored as points, and the total score of each animal was cal-
culated (maximal total score: 25 points; Table  1 ). We 
classi fi ed the gerbils according to the total score: 0 as stroke-
negative, 1–9 as pseudo-positive, and more than 10 as stroke-
positive animals. Of the 282 animals evaluated, 42–43 % 
were positive for stroke, 47–53 % were negative, and the 

b
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  Fig. 1    Coronal sections at ( a ) the chiasmatic ( Face A ) and ( b ) the 
infundibular ( Face B ) levels, 72 h post-ischemia; PAS staining. ( c ) 
Carbon-black perfused Willis’s circle of a stroke-positive, unilaterally 
carotid-occluded gerbil, and the cutting line of  Face A  and  B . Right 
anterior and bilateral posterior communications are lacking. ( d ) Light 
microscopy of post-ischemic cerebral cortex ( Face B ), 8 weeks; PAS 
staining: Bar = 12.5  m m. The PAS-positive dead neurons (ghost cells) 

are seen in disseminated fashion among the surviving, normal-appear-
ing neurons. ( e ) Homogeneous infarction in the left cerebral hemi-
sphere. Unilateral left carotid occlusion for 5 h. H&E staining. ( f ) 
Heterogeneous focal infarctions in the bilateral cerebral hemisphere. 
Five hours after temporary bilateral carotid occlusion for 20 min. HE 
staining       

   Table 1    Modi fi ed stroke index   

 Signs  Stroke index 

 Hair roughed up or tremor  1 
 Obtundent or paucity of movement  1 
 Hypesthesia of ear  1 
 Head cocked  3 
 Eye  fi xed open  3 
 Ptosis  1 
 A splayed out hind limb  3 
 Circulation movement  3 
 Seizures or abrupt explosive 
movement 

 3 

 Extreme weakness  6 
 Total  25 

  After C.P. McGraw  
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remainder were inde fi nite. We permanently occluded the left 
common carotid arteries of male Mongolian gerbils of 
60–80 g and various ages. After recovery of the animals from 
anesthesia and determination of McGraw’s modi fi ed stroke 
index score  [  12  ] , we compared the percentage of stroke- 
positive and -negative animals between the 6-week age group 
and the 25- to 32-week age group. There was no statistical 
difference in the occurrence of stroke-positive and -negative 
animals between these different age groups. At 1 h after per-
manent unilateral cerebral occlusion of  fi ve stroke-positive 
animals, 1.0 ml of carbon-black suspension (Pelican, 
carbon-black ink) was perfused from a femoral vein for 30 s 
prior to decapitation, and then their brains were immediately 
immersion- fi xed in 10 % phosphate-buffered formaldehyde. 
All  fi ve animals showed a non-perfused area involving the 
caudal two thirds of their left cerebral hemisphere. Animals 
that survived more than 5 h after left carotid occlusion were 
investigated. We examined 109 animals microscopically by 
observing HE-stained coronal sections of brains from ani-
mals perfusion- fi xed via the heart with 10 % phosphate- 
buffered formaldehyde. All 35 stroke-positive animals 
showed a homogeneous cerebral infarction involving the 
caudal two thirds of the left cerebral hemisphere (Fig.  1e ). In 
the 50 gerbils in the stroke-negative group, 48 of them 
showed no infarction, with the other 2 animals having small 
foci of infarcts. Of the 24 animals in the inde fi nite group, 2 
of them showed large infarctions, 7 showed small infarctions 
in their left cerebral hemisphere, and 15 had no infarction. 
    1.    We measured the rCBF of the cerebral cortex,  hippocampus, 

and diencephalon of conscious animals by using the 
 3 H-nicotine scintillation method  [  12  ]  at 1 h after the start of 
permanent ischemia due to left carotid occlusion. In the 
control group (six animals), the rCBF was 1.099 ± 0.189 ml/g/
min in the cerebral cortex, 0.575 ± 0.056 ml/g/min in the 
hippocampus, and 0.686 ± 0.035 ml/g/min in the dience-
phalon. In the stroke-positive group ( fi ve animals), the 
 corresponding values were 0.091± 0.016, 0.035 ± 0.22, and 
0.149 ± 0.014 ml/g/min, respectively. All values of the stroke-
positive group were less than 10 % of those of the control 
group, and they showed minimal variation. In the stroke- 
negative group ( fi ve animals), all values of these three portions 
of the cerebral hemisphere showed only a slight decrease. In 
the inde fi nite group (three animals), there was a large variety 
among animals. In the right non- ischemic hemisphere of the 
stroke-positive animals, there was a slight decrease in rCBF 
in all portions. All data were presented as the average ± SEM.  

    2.    We analyzed the EEG using the computerized wave-form 
recognition method  [  4,   11  ]  in  fi ve stroke-positive animals 
in the awake state at 1 h after the start of permanent isch-
emia induced by the left carotid occlusion. After the injec-
tion of a muscle relaxant and with controlled respiration, 
mono polar electrodes were placed on the bilateral pari-
etal dura mater; and the EEG was recorded bilaterally for 

1 min. We analyzed by computer the average number of 
waves multiplied by the average amplitude in the lower 
frequency (0.5–8.5 Hz) and higher frequency (9.0–30Hz) 
groups. For the left hemisphere of the control group, the 
above value for the entire frequency range (0.5–30 Hz) 
was 1,029 ± 180, whereas in the stroke-positive group, it 
had decreased to 370 ± 124 with minimal variation. The 
stroke-negative group showed a very slight decrease, 
whereas the inde fi nite group showed marked variation. In 
the right non-ischemic hemisphere of the stroke-positive 
animals, the above value for the control group was 
1,052 ± 152, whereas in the stroke-negative group, there 
was a moderate decrease to 739.4 ± 153.  

    3.    We measured various parameters of energy metabolism 
by using the Lowry method at 1 h after permanent isch-
emia had been established in conscious animals. Each 
animal brain was  fi xed instantaneously by using micro-
wave irradiation, and the posterior two thirds of the left 
ischemic and right non-ischemic hemisphere were homog-
enized. We measured ATP, PCr (phosphocreatine), lac-
tate, and glucose content in the cerebral cortex, 
hippocampus and diencephalon of each cerebral hemi-
sphere  [  10  ] . We measured these values in  fi ve animals in 
each group. In the control group, the ATP content was 
9.25 ± 0.14  m mol/g protein; PCr, 17.76 ± 0.56  m mol/g pro-
tein; lactate, 6.04 ± 0.57  m mol/g protein; and glucose, 
6.26 ± 0.76  m mol/g protein. In the stroke-positive group, 
the ATP value decreased to 1.72 ± 0.20  m mol/g protein; 
PCr, to 3.08 ± 0.48  m mol/g protein; and glucose, to 
2.23 ± 0.10  m mol/g protein. In contrast, the lactate 
increased to 25.22 ± 3.58  m mol/g protein. Thus, we found 
a marked decrease in the values of ATP and PCr and a 
marked increase in lactate. In the right non-ischemic 
hemisphere, a slight decrease in ATP to 6.74 ± 0.61  m mol/g 
protein and a slight decrease in PCr to 12.17 ± 1.57 m  mol/g 
protein occurred. In the stroke-negative group, all values 
for the ischemic hemisphere were almost the same as 
those of the control group.      

   Bilaterally Carotid-Occluded Model (Without 
Selection of Stroke-Positive Gerbils) 

 Under light anesthesia (the same as for unilateral occlusion), 
bilateral carotid arteries were permanently occluded. 
Immediately after occlusion, all 66 ischemic animals showed 
abnormal respiration and cyanosis owing to paralysis of their 
respiratory muscles, which are innervated bilaterally from 
the cerebral cortex, and 32 % of them died within 20 min. 
The surviving animals showed abnormal hyper-respiration. 

 At 15 min after bilateral carotid occlusion of 10 animals, 
we perfused each of them with 1.0 ml of carbon-black 
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 suspension (Pelican, carbon-black ink) via a femoral vein for 
30 s prior to decapitation, and then immediately immersion-
 fi xed the brains in 10 % phosphate-buffered formaldehyde. 
Carbon-black was perfused in various parts of the cerebral 
cortex and the diencephalon irregularly, depending on the 
animal and the hemisphere, right or left. 

 As the percentage of animal deaths was very high in the 
bilateral occlusion group, we temporarily occluded the bilat-
eral carotid arteries for 20 min and then selected 43 animals 
that survived for more than 5 h. We investigated all 43 brains 
by microscopically observing HE-stained sections cut coro-
nally at three different levels, i.e., pre-chiasma, infundibulum, 
and caudal to the mammillary body (Fig.  1c ). We measured 
the size of the infarct foci in each cerebral hemisphere 
(Fig.  1f ), and classi fi ed them into one of two categories: (1) 
large infarction involving the cortex, hippocampus, dienceph-
alon, and basal ganglia; and (2) small infarction covering less 
than two of the above three cerebral portions. A large infarc-
tion evolved in the bilateral hemispheres of 7 animals; and a 
small infarction, in those of 25 animals. A small infarction 
also evolved in the right or left hemisphere of 4 animals. In 
the remaining 7 animals, a small infarction evolved in either 
the right or left hemisphere, and a large infarction in the oppo-
site hemisphere. Thus, we were unable to obtain a homoge-
neous distribution of infarctions in the bilateral carotid 
occlusion model.
    1.    In the same way as in the left unilateral carotid occlusion 

model, we measured the rCBF of the cerebral cortex, 
 hippocampus, and diencephalon after 10 min of perma-
nent ischemia of the bilateral carotid occlusion in four 
gerbils. In one of them, the rCBF of the left cerebral cor-
tex was 0.56 ml/g/min, whereas that of the right cerebral 
cortex was 0.15 ml/g/min. In another gerbil, the rCBF of 
the left cerebral cortex was 0.01, while that of the right 
cerebral cortex was 0.01 ml/g/min. The decrease in the 
rCBF of the cerebral cortex thus showed quite a  difference 
with respect to the animal and to the right or left side 
(Table  2 ).   

    2.    In the same way as in the left unilateral carotid occlusion 
model, we obtained the EEG of  fi ve conscious, bilaterally 

occluded animals at 30 min after permanent ischemia. In 
one gerbil, the number of waves over the entire frequency 
(0.5–30 Hz) was 446 in the left hemisphere, but 965 in the 
right. In another gerbil, these numbers were 148 and 44 
respectively. The decrease in the number of waves of the 
entire frequency from the control value were quite differ-
ent according to the animal and to the right or left side. 
The values of the number of waves multiplied by the 
amplitudes showed the same tendencies as the number of 
waves, but were exaggerated.  

    3.    In the same way as in the left unilateral carotid occlusion 
model, after 20 min of permanent ischemia due to bilateral 
carotid occlusion, we measured various parameters of energy 
metabolism of six stroke-positive conscious animals by using 
the Lowry method. In one animal, the ATP content was 
7.18  m mol/g protein in the left hemisphere, and 2.37  m mol/g 
protein in the right. The respective PCr contents were 12.52 
and 2.38  m mol/g protein. In another animal, ATP was 
0.79  m mol/g protein in the left hemisphere and 1.93  m mol/g 
protein in the right; and PCr was 0.81 in the left, and 3.92 in 
the right. These values were quite different according to the 
animal as well as to the hemisphere involved (Table  3 ).        

   Conclusion 

     1.     Infarction size, decrease in rCBF, in the number of waves 
in the EEG, and in the various parameters of the energy 
state showed great variation in each animal and in each 
portion and side of the cerebral hemisphere in the bilat-
eral carotid occlusion model. However, all parameters 
were uniform among the gerbils of the unilateral carotid 
occlusion model using stroke-positive gerbils, and the 
operative manipulation of this model does not injure the 
cerebral cortex.  

    2.     The death rate of animals due to impaired respiration was 
very high in the bilateral carotid occlusion model. For 
these reasons, we have discontinued the use of the  bilateral 
model.     

   Table 2    rCBF measurement with  3 H-nicotine at 1 h of ischemia (bilateral carotid occlusion)   

 Side of cerebral hemisphere  Gerbil number 
 Part of cerebral hemisphere 

 Cortex  Hippocampus  Diencephalon 

 Control  1.099 ± 0.189  0.575 ± 0.056  0.686 ± 0.035 
 Left  Cbb 1  0.21  0.18  0.28 

 Cbb 2  0.01  0.02  0.28 
 Cbb 3  0.06  0.02  0.14 
 Cbb 4  0.56  0.34  0.50 

 Right  Cbb 1  0.41  0.32  0.44 
 Cbb 2  0.01  0.01  0.40 
 Cbb 3  0.50  0.32  0.44 
 Cbb 4  0.15  0.12  0.12 
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   Modi fi ed Unilateral Carotid-Occlusion Model 

 We have had to answer a question regarding the maturation 
phenomenon of ischemic injury after temporary ischemia, 
i.e., whether the transition from maturing disseminated 
 selective neuronal necrosis (DSNN) (Fig.  1d ) to the abrupt 
onset of focal infarction (Fig.  1a ) is continuous or not after 
temporary ischemia  [  1  ] . As the mechanism of the transition 
is an enigma, we devised a gerbil model suitable for study-
ing the transition after the threshold level of ischemic injury 
in inducing focal infarction had been reached. By changing 
the duration of the unilateral carotid occlusions and inter-
vals, we found that two 10-min unilateral carotid occlu-
sions with a 5-h interval between them achieved a threshold 
ischemic insult for producing uniform cortical focal infarc-
tions at the coronal surface sectioned at the chiasmatic level 
(Fig.  1a ) that evolved in the maturing DSNN (Fig.  1d )  [  2  ] . 
This model showed a marked reduction in the occurrence of 
ischemic epilepsy and death, which had long been consid-
ered as a problem with the use of the unilateral carotid 
occlusion model of gerbils. With this model we found that 
a focal cerebral–cortical infarction developed in the matur-
ing DSNN after temporary ischemia. This infarction was 
induced by the delayed occurrence of the temporary micro-
vascular obstruction due to compression of micro-vessels 
by swollen astrocytic end-feet at 3 ~ to 8 h after the restora-
tion of blood  fl ow, and it later resulted in tissue pan- necrosis 
at 12 ~ to 24 h post-ischemia  [  5,   6  ] . By changing time length 
of each of the two occlusions and the interval between 
them, we could obtain a different intensity of maturing 
ischemic injuries  [  1,   2  ] .       
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  Abstract   Astrocytes support neuronal functions by regulat-
ing the extracellular ion homeostasis and levels of neu-
rotransmitters, and by providing fuel such as lactate to the 
neurons via their processes (APs). After two 10-min unilat-
eral carotid occlusions with a 5-h interval in gerbils, we 
investigated maturing disseminated selective neuronal necro-
sis (DSNN) on the coronal surface sectioned at the infundib-
ular level. We chronologically counted the normal appearing, 
degenerated, and dead neurons and astrocytes in the cerebral 
cortex; observed the ultrastructure of APs, and counted the 
number of their cut-ends and mitochondria in the neuropil; 
determined the percentage volume of APs according to 
Weibel’s point-counting method; compared the number of 
cut-ends and mitochondria and percentage volume of APs 

around the astrocytes and around the normal-appearing, 
degenerated, and dead  neurons. Heterogeneous degeneration 
of APs was concluded to be closely associated with the mat-
uration of DSNN. 

 Using the same model, at the coronally sectioned surface 
on the chiasmatic level, we investigated the mechanism of 
development of focal infarction in the maturing DSNN. 
Same as in the above study, we chronologically counted vari-
ous neurons and astrocytes; observed and measured the area 
of the ultrastructure of astrocytic end-feet; counted the num-
ber of carbon-black-suspension-perfused microvessels. We 
concluded that after temporary cerebral ischemia, secondary 
focal ischemia was induced by microvascular obstruction 
compressed by swollen astrocytic end-feet, resulting in 
delayed focal infarction.  

  Keywords   Maturation phenomenon  •  Delayed neuronal 
death  •  Selective neuronal necrosis  •  Development of infarc-
tion   Temporally cerebral ischemia  •  Astrocyte  •  Astrocytic 
 process  •  End-feet  •  tPA  •  Vascular stenting      

   Introduction 

 Until the early 1970s, although a difference in their vulner-
ability was known, neurons had been thought to die soon 
even after a short period of ischemia. After the unilateral 
occlusion model of Mongolian gerbils was reported in 1972 
by Kahn  [  10  ] , who selected stroke-positive animals accord-
ing to the stroke index score counted by behaviors of unilat-
erally carotid-occluded gerbils, different intensities (time 
length) of ischemic insult became easier to test in these ani-
mals than in larger animals, such as monkeys and cats. Using 
this model, we compared ischemic injuries after various 
recirculation times such as 5 s, 1, 5, 20 h or 1 or 2 weeks 
following temporary occlusion of 5, 15 or 30 min or 1, 3 or 
6 h duration, and found that neurons are not killed outright 
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after an ischemic insult, but suffer various post-ischemic 
neuronal changes ranging from degeneration to death and to 
the recovery of injured  neurons, and further to focal infarc-
tions beyond a threshold of the insult. The intensity of isch-
emic injuries and the speed of their appearance are directly 
related to the duration of ischemia, and we referred to these 
changes as the “maturation phenomenon”  [  3  ] . Delayed neu-
ronal death  [  11  ]  of CA1 pyramidal cells of the hippocampus 
is a classic example of this phenomenon (see Figs. 6 and 7 
in Ito et al.  [  3  ] ). This phenomenon has provided a therapeu-
tic window, and has encouraged research in this  fi eld toward 
the goal of rescuing dying neurons and development of 
infarction. 

 Astrocytes support neuronal functions by regulating the 
extra cellular ion homeostasis and levels of neurotransmit-
ters, and by providing fuel such as lactate to the neurons via 
astrocytic processes (APs). Recently, purinergic signaling in 
neuron–glial interactions has been investigated  [  12  ] . 

 After two 10-min unilateral carotid occlusions of gerbils 
with a 5-h interval between them, we were able to obtain a 
uniform distribution of disseminated selective neuronal 
necrosis (DSNN) and to determine the threshold amount of 
ischemic insult to produce a focal infarction in the cerebral 
cortex with almost no epileptic death of the animals  [  1 ,  2  ] . 
Using this model, we earlier investigated (1) the involve-
ment of APs in maturing disseminated selective neuronal 
necrosis (DSNN) at the coronal surface sectioned at the 
infundibular level (Face B)  [  7  ] , and (2) the involvement of 
astrocytic end-feet in the development of focal infarctions 
at the coronal surface sectioned at the chiasmatic level (Face 
A) (Fig.  1a )  [  8  ] .   

   Materials and Methods 

 Ischemia-positive animals were selected based on having a 
modi fi ed stroke index score of over 10 points  [  13  ] . These ani-
mals were killed at 0, 0.5, 3, 5, 12, 24, 48 or 72 h after the sec-
ond ischemic insult, by transcardiac perfusion. The animals 
were perfused with diluted  fi xative (1 % paraformaldehyde and 
1.25 % glutaraldehyde in a 0.1 mol/L cacodylate buffer) for 
5 min, followed by perfusion with concentrated  fi xative (4 % 
paraformaldehyde and 5 % glutaraldehyde in the same buffer) 
for 20 min for EM (three animals for each time group) or with 
10 % phosphate-buffered formaldehyde  fi xative for 30 min for 
LMS (four animals for each time group). 

 For the LMS and EM studies we performed the following 
morphometric investigations on all cortical layers along a 
1-mm-wide path at the point one-third of the distance from 
the rhinal  fi ssure in Face B, as well at the point midway 
between the rhinal and interhemispheric  fi ssures of the left 
cerebral cortex in Face A (Fig.  1a ). 

   Number of Normal-Appearing Neurons, Dead 
Neurons, and Astrocytes (Light Microscopy) 

 Using an eye-piece micrometer (U-OCMSQ10/10) under 
400-power magni fi cation, we counted the number of 
 astrocytes (PAS staining) and normal-appearing, degenerated, 
and dead neurons (HE staining) in all six cortical layers in 
four adjacent columns by vertically and horizontally moving 
the specimen along a 0.25-mm-wide × 4    path of the cortex.  

   Area and Number of Mitochondria 
in the Astrocytic Cytoplasm and End-Feet 
(Electron Microscopy) 

 Using a computer-assisted digitizer (Measure-5; System 
Supply, Nagano, Japan), we measured the area ( m m 2 ) and 
number of mitochondria in the astrocytic cytoplasm and in 
the end-feet in three animals from each time group on 4,050- 
to 10,800-fold magni fi ed EM photographs.  

   Percentage Volume of One Cut-End and 
Numbers of Cut-Ends of Astrocytic Processes 
and Mitochondria in Them in the Various Parts 
of the Neuropil (Electron Microscopy) 

 Placing a 1.0 × 1.0 or 0.5 × 0.5 cm 2  quadratic lattice on each 
variously enlarged EM photograph of a neuropil from three 
animals for each time group, we determined the percentage 
volume of the APs in the neuropil by using the point-count-
ing method  [  14  ]  to evaluate the swelling. We also measured 
the numbers of cut-ends of APs and their mitochondria in the 
same area of the EM pictures. The counted number was con-
verted to the number per 100- or 25-cm 2  area of each EM 
picture (21.53, 28.20 or 38.33  m m 2 , after correcting for 
magni fi cation by real size) and expressed them as the aver-
age per time point. We calculated the percentage volume and 
the number of mitochondria per cut-end of APs, whose val-
ues were obtained by dividing the measured value of each 
parameter by the number of the cut-ends of the APs.  

   Number of Carbon-Black-Suspension-Perfused 
Micro-vessels (Light Microscopy)  

 Under anesthesia, gerbils were perfused for 30 s with 1.0 mL 
of carbon black suspension (Platina, Tokyo, Japan) through a 
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femoral vein. Thereafter, each animal was decapitaded 
immediately; the brain was then removed and immersion-
 fi xed in 10 % phosphate-buffered formaldehyde for 3 days. 
Using an eye-piece micrometer (U-OCMSQ10/10) under 
400-power magni fi cation, we counted the number of carbon-
black-suspension-perfused micro-vessels (CBSPm) in the 
four columns of the left ischemic and symmetrically located 
right non-ischemic cerebral hemisphere of Face A.  

   Statistical Analysis 

 We analyzed the statistical difference between each time 
group by using analysis of variance, followed by the 
Bonferroni–Dunn test. All data in the text and in the  fi gures 
were presented as the average    ± SD, and statistical signi fi cance 
was accepted as being  P  < 0. 05.   

   1. Results and Conclusion 

 After a threshold ischemic insult to produce a focal infarc-
tion, in the present ischemic model, focal infarction evolved 
in the area of the maturing disseminated selective neuronal 
necrosis (DSNN) in the rostral cerebral cortex of the left 
cerebral hemisphere, where infarctions were observed on the 
coronally cut surface at the chiasmatic level (Face A; Fig.  1a ), 
whereas DSNN without infarction matured in the cerebral 

cortex on the coronally cut surface at the infundibular level 
(Face B; Fig.  1a ). 

   I. Maturation of DSNN in Face B 

 Degradation of neurons with a halo of swollen APs and a few 
dead neurons appeared in disseminated fashion (DSNN) 
among the normal-appearing neurons at 5 h post-ischemia 
(Fig. 1b ). Thereafter, dead neurons increased in number 
among the normal-appearing neurons, which decreased in 
number, 5–48 h after ischemia (Fig.  2 I-a ). Instead of the 
homogeneous degradation of all the insulted neurons, each 
neuron became degraded heterogeneously in a disseminated 
fashion (Fig.  1c ). To explain this phenomenon, a possible 
secondary damage of DNA, such as occurs in apoptosis, has 
been considered. However, we had earlier observed no ultra-
structural changes in the neuronal nucleus speci fi c to apopto-
sis in previous studies, which were conducted until 24 weeks 
after temporary ischemia  [  5,   6  ] . Therefore, we investigated 
ultrastructurally the involvement of the APs in the neurons 
that became degraded in a disseminated fashion. In spite of 
the degradation of neurons, the astrocytic number remained 
constant from 5 to 48 h post-ischemia (Fig.  2 I-a ).  

 On EM pictures, the astrocytic cytoplasm (Fig.  3a ) and 
end-feet (Fig.  3b ) were swollen and showed an increased 
number of glycogen granules at 5 h post-ischemia. 
Mitochondrial number and size also increased by elonga-
tion, branching, and budding. The spaces between cristae 
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  Fig. 1    Light microscopic  fi ndings in the cerebral cortex. ( a ) Coronal sec-
tions at the chiasmatic ( Face A ) and infundibular levels ( Face B ), 72 h 
post-ischemia, PAS staining. The four cortical columns counted, each 
0.25  m m in width, are indicated at the midpoint 1/2 in Face A, and 1/3 
points from  RF  in Face B between the rhinal (RF) and the inter-hemi-
spheric  fi ssure ( IF ). ( b ) 5-h; HE staining of Face A: Bar = 30.4  m m. Dead 
neurons are seen among the normal-appearing neurons ( arrowhead ), along 

with microvascular stasis ( blue arrows ). ( c ) 8 weeks post-ischemia; PAS 
staining of Face B: Bar = 12.5  m m. The PAS-positive dead neurons (ghost 
cells) are seen among the surviving normal-looking neurons. ( d ) 48 h; HE 
staining    of Face A: Bar = 12.5  m m. The cortical tissue is necrotic and many 
macrophages ( arrowheads ) are extravasated around the proliferating 
microvessels ( arrows ). ( e ) 1 week;  PAS  staining of Face A: Bar = 15.2  m m. 
Multiple foamy cells are evident in the lique fi ed infarction       
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were dilated with an electron-dense matrix. Five to 12 h 
post-ischemia, the area of the astrocytic cytoplasm and the 
number of mitochondria in it did not change; but then both 
values increased at 48 h (Fig.  3f ), whereas the end-feet 
gradually thinned out, showing a decreased number of 
mitochondria and being surrounded by degenerated APs 
(Fig.  2 I-b, c ). At 48 h post-ischemia, the APs around the 
astrocytes degenerated and became swollen, and the num-
ber of mitochondria, glycogen granules, and glial  fi brils 
increased in the enlarged swollen cytoplasm of the astro-
cytes (Fig.  3f ).  

 On EM pictures, we measured and compared the number 
and percentage volume of the cut-ends of APs, and the num-
ber of mitochondria in the cut-ends in the neuropil in various 
areas and at various times after ischemia.
    1.    When we compared APs in the inter-cellular neuropil at 

0, 5, 12, and 48 h post-ischemia, the number of cut-ends 

of APs decreased; whereas the percentage volume of APs 
increased from 5 to 48 h (Figs.  2 I-d, e  and  3c ). However, 
the number of normal-appearing mitochondria decreased 
at 5 h and did not change prominently until 48 h, when 
they increased (Fig.  2 I-f ).  

    2.    We compared APs in the neuropil around the normal-
appearing, degenerated, and dead neurons at 12 h 
post-ischemia. The number of cut-ends of normal-
appearing APs decreased from 4.36 ± 0.52, 2.86 ± 0.52 
to 1.56 ± 0.17 in order around normal-appearing, 
degenerated, and dead neurons respectively. For the 
percentage volume of one cut-end of the normal-
appearing APs, the value increased from 1.99 ± 0.23, 
2.78 ± 0.23 to 3.18 ± 0.34 respectively. The number of 
mitochondria in one cut-end of APs increased from 
0.25 ± 0.03, 0.45 ± 0.06 to 0.65 ± 0.09 respectively 
(Fig.  3d, e ).  
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  Fig. 2    ( I - a ) Number of neurons and astrocytes per column: Normal-
appearing neuron, * P  < 0.05 vs 0, 12, 48 h. Dead neuron, # P  < 0.05 vs 0, 
5, 48 h. ( I - b ) Area of astrocytes and end-feet: Astrocytes, * P  < 0.05 vs 
0, 48 h; ** P  < 0.05 vs 0, 5, 12 hr. End-feet,  P  < 0.05 vs 0, 12, 48 h. ( I - c ) 
Number of mitochondria in astrocytic cytoplasm and end-feet: 
Astrocytic cytoplasm, * P  < 0.05 vs 0 h; ** P  < 0.05 vs 0 to 12 h. End-
feet, † P  < 0.05 vs 0, 12, 48 h. ( I - d ) Number of cut-ends of APs in neuro-
pil (in 28.20  m m 2 ): Normal-appearing APs,* P  < 0.05 vs 0, 12, 48 h: 
Total APs, # P  < 0.05 vs 0, 12, 48 hr. ( I - e ) Percentage volume of one cut-
end of APs: Normal-appearing APs, * P  < 0.05 vs 5, 12, 48 h; ** P  < 0.05 
vs 12, 24 h. Total APs, # P  < 0.05 vs 0, 5, 12, 24 h. ( I - f ) Number of mito-
chondria in one cut-end of APs: Normal-appearing mitochondria, 
* P  < 0.05 vs 0, 5, 12 h. Total mitochondria, # P  < 0.05 vs * P  < 0.05 vs 0, 

5, 12 h. ( II - a ) Number of normal-appearing and dead neurons, as well 
astrocytes per cortical column of 0.25 width: Normal-appearing neu-
rons, * P  < 0.05 vs 0, 3,12 h. Dead neuron # P  < 0.05 vs 0, 0.5, 12, 24 h. 
( II - b ) Number of cut-ends of normal appearing APs in a neuropil area 
of 21.53  m m 2  and percentage volume of one cut-end of APs: Average 
number of cut-ends of APs, ** P  < 0.05 vs 0.5, 3, 5, 12 h. Percentage 
volume of one cut-end of APs, # P  < 0.05 vs 0.5, 3, 5, 12 h; * P  < 0.05 vs 
5, 12 h; † P  < 0.05 vs 5, 12 h. ( II - c ) Area of end-feet ( m m 2 ) and percen-
tage of carbon black suspension-perfused microvessels: Percentage 
ratio of carbon black suspension-perfused microvessels (CBSPm), 
* P  < 0.05 vs 3, 5, 8, 12 h; ## P  < 0.05 vs 0, 0.5, 3, 5, 12, 24 h; # P  < 0.05 vs 
0, 12, 24 h. Area of end-feet, ** P  < 0.05 vs 0.5, 3, 5, 12 h; † P  < 0.05 vs 
0, 0.5, 3, 12, 24 h       
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    3.    We compared APs in the neuropil around the astrocytes at 
5 and 48 h post-ischemia. The number of cut-ends of nor-
mal-appearing and total APs decreased from12.30 ± 4.36 
to 1.70 ± 0.23 and from 14.23 ± 0.86 to 5.14 ± 0.36 in 
38.33  m m 2  of the neuropil area respectively, around the 
astrocytes from 5 to 48 h post-ischemia. The percentage 
volume of one cut-end of normal-appearing and total APs 
increased from 0.85 ± 0.09 to 3.16 ± 1.00 and from 
0.82 ± 0.07 to 3.19 ± 0.26 respectively, from 5 to 48 h post-
ischemia (Fig.  3a, f ).     
 The above chronological and comparative ultrastructural 

observations on APs suggested that the degenerated  swollen 
APs  fi rst appeared around the degenerated/dead neurons, 
spread in the neuropil with a decrease in number and an 
increase in swelling. Finally, swollen APs surrounded still 
viable astrocytes that did not decrease in number, but increased 
in size owing to swelling at 48-h post-ischemia. After tempo-
rary ischemia, all neurons were normal-appearing, but in a 

necro-biotic state induced by neuronal hyper-excitation. The 
heterogeneous degeneration of the APs around the neurons of 
various degrees of viability induced further neuronal injuries 
and death by the secondary decrease in the energy supply to 
the necro-biotic neurons and by derangement of the gluta-
mate–glutamine cycle and ion homeostasis, and the possible 
derangement of purinergic signaling in neuron–glial interac-
tions. This heterogeneous degeneration of APs is closely 
associated with disseminated selective neuronal necrosis 
(DSNN) and its maturation  [  7  ] .  

   II. Evolution of Focal Infarction 
in Maturing DSNN in Face A 

 After temporary ischemia, brief moderate ischemia induces 
DSNN, whereas longer and more severe ischemia produces 

a

e f g h

b c d

  Fig. 3    Electron-microscopic  fi ndings in the cerebral cortex: ( a – f ) Face 
B; ( g ,  h ) Face A. ( a ) 5 h. Swollen astrocytic cytoplasm with increased 
number of mitochondria: Bar = 1.22  m m. ( b ) 5 h. Swollen end-feet: 
Bar = 1.85  m m. ( c ) 5 h. Swollen, normal-appearing APs with a decreased 
number of mitochondria ( arrows ): Bar = 0.64  m m. ( d ) 12 h. Not changed 
   APs around the normal-appearing neuron; Bar = 1.73  m m. ( e ) 12 h. 
Swollen degenerated APs around the degenerated and dead neurons: 

Bar = 2.06  m m. ( f ) 48 h. Enlarged  astrocytic cytoplasm rich in mitochon-
dria is surrounded by swollen degenerated APs ( d ), Bar = 1.67  m m. ( g ) 
5 h. Remarkably swollen end-feet ( AE ) compressed the microvessels: 
Bar = 0.64  m m. ( h ) 5 h. Microvascular stasis. Stagnated plasma, erythro-
cytes, and platelets are seen: Bar = 4.22  m m.  Inset : Obstructed microvas-
cular lumen compressed by swollen end-feet. Bar = 3.0  m m       
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an infarction. Excitatory amino acids are thought to lead to 
DSNN by neuronal hyper-excitation and by metabolic tissue 
acidosis, to an infarction. The question to be answered regard-
ing the maturation phenomenon of ischemic injury after tem-
porary ischemia is whether or not the transition from maturing 
DSNN to abrupt onset of focal infarction is a continuous met-
abolic process  [  1  ] . For vascular reopening therapy by tPA or 
stenting in the case of acute stroke, prevention of the evolu-
tion of a focal infarction after restoration of blood  fl ow is of 
paramount importance for a better recovery. 

 By LMS observations, DSNN was found to have matured 
in the cerebral cortex of Face A (Fig.  1a ), where degenerat-
ing neurons with a halo of swollen APs and dead neurons 
appeared and increased in number in disseminated fashion 
(DSNN) among the normal-appearing neurons at 0.5 and 5 h 
post-ischemia (Fig.  1b ), as was observed in Face B ( I. ), while 
there was a decrease in the number of normal-appearing neu-
rons (Fig.  2 II-a ). Astrocytes slightly decreased in number 
over 24 h, but there were no statistical differences among 
0-, 0.5-, and 3-h values (Fig.  2 II-a ). 

 The cut-ends of APs in the intercellular neuropil decreased 
in number over 12 h. However, there were no statistical dif-
ferences among 0.5-, 3-, and 5-h values. Their number 
decreased remarkably at 12 h, and the cut-ends had disap-
peared by 24 h owing to the development of the infarction. 
However, the percentage volume of one cut-end of APs 
increased from 0 to 12 h because of the swelling (Fig.  2 II-b ). 

 At 3 h post-ischemia, we compared astrocytic processes 
(APs) in the neuropil of the EM pictures taken around the 
normal-appearing, degenerated and dead neurons. In these 
areas, where DSNN was maturing in the cerebral cortex of 
Face A, the swelling and degeneration of the APs in the neu-
ropil were observed in the same way as in Face B (Fig.  3d, e ),  
but appeared much earlier stage, i.e., at 3 h post-ischemia 
compared with 12 h in Face B ( I .-2, page 26). 

 The end-feet also showed increased swelling at 0.5, 3 and 
5 h (Fig.  3g ) and then decreased from 12 to 24 h (Fig.  2 II-b ). 
Conversely, the percentage of CBSPm in Face A decreased in 
over 5 h, further decreasing 8 h post-ischemia, and then 
increased up to 12 h and further up to 24 h (Fig.  2 II-c ). This 
later increase in CBSPm was due to the decrease in the number 
of vessel-compressing astrocytic end-feet, resulting from the 
decrease in the number of astrocytes during the developement 
of the infarction. Necrotic end-feet were also observed at 12 h. 
During the decrease in percentage of CBSPm, we observed 
obstructed micro-vessels of various shapes that had been com-
pressed by swollen end-feet and had developed micro-vascular 
stasis (Figs.  1b  and  3h ). Evolution of focal infarction devel-
oped later than 12 h post-ischemia (Fig.  1d, e ). 

 Immediately after temporary 30-min unilateral carotid-
occlusion of gerbils, we previously investigated the no-re fl ow 

phenomenon by perfusion with carbon black suspension and 
by performing C 14 -antipyrine autoradiography. We found 
that the phenomenon was very transient, as it continued for 
less than 0.5 min after re-canalization; and the regional cere-
bral blood  fl ow (rCBF) then returned to normal  [  4  ] . 

 The ratio of the normal blood  fl ow to the blood  fl ow at the 
threshold necessary to induce infarction remains roughly 
constant across species at 3:1. In the present study, the car-
bon black suspension perfused microvessels (CBSPm) were 
reduced to 32 and 24 % of normal at 5 and 8 h post-ischemia 
respectively. An infarction evolves, occurring with a delay of 
3–4 h along a rising sigmoid function between rCBF and the 
duration of the delay  [  9  ] . 

 In the present study, we found that the focal cerebral–
cortical infarction evolved in the maturing DSNN. It was 
induced by delayed occurrence of temporary microvascular 
obstruction due to compression of microvessels by swollen 
end-feet at 3 ~ to 8 h after restoration of blood  fl ow, and it 
later resulted in tissue pan-necrosis at 12 ~ to 24 h post- 
ischemia  [  8  ] . 

 Therefore, before evolution of an infarction, strategies to 
prevent the swelling of end-feet should commence immedi-
ately after the reopening of the obstructed major vessels, but 
before infarction evolution.       
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  Abstract   Stroke induces a highly complex web of 
pathophysiology that usually leads to serious long-term 
 disability. Molecules from the damage-associated molecular 
pattern (DAMP) family immediately increase after stroke. 
DAMPs are known to cause massive in fl ammation and brain 
damage. Thus, they may be targets for neuroprotection. 
However, emerging data now suggest that DAMPs may not 
always be detrimental. The high-mobility group box1 
(HMGB1) protein is discussed as an example of this idea. 
During the acute phase after stroke, HMGB1 ampli fi es 
neuroin fl ammation. But during the brain remodeling phase 
of stroke recovery, HMGB1 can mediate bene fi cial plasticity 
and enhance stem and progenitor cell recruitment, prolifera-
tion, and differentiation within damaged brain. These emerg-
ing  fi ndings support the hypothesis that HMGB1 might be an 
important molecule for regulating stem and progenitor cell 
therapies in stroke patients.  

  Keywords   Stroke  •  HMGB1  •  In fl ammation  •  Stem cells  
•  Brain remodeling      

   Introduction 

 Stroke is the second leading cause of death worldwide and is 
a very challenging clinical and scienti fi c problem. Therapeutic 
options for stroke patients are still limited. For example, in 
ischemic stroke, acute treatments are limited to reperfusion 
with tissue plasminogen activator or mechanical catheter 
devices  [  56  ] . Many targets and drugs seem exciting at the 
level of molecular, cellular and animal models. But it has 

been exceedingly dif fi cult to translate these pre-clinical ideas 
into clinical ef fi cacy  [  47,   57  ] . 

 The biological processes after cerebral ischemia are com-
plicated. Energy deprivation and excitotoxicity are the main 
causes of the initial tissue damage. In response to initial 
injury, damage-associated molecular patterns (DAMPs) 
released into the extracellular micro-environment amplify 
the secondary processes of blood–brain barrier (BBB) dis-
ruption and post-ischemic in fl ammation  [  50  ] . Nevertheless, 
damaged brain can be surprisingly plastic, and neurogenesis, 
angiogenesis, and dendritic and axonal remodeling may all 
provide substrates for compensation and repair. A paradigm 
shift from symptomatic control for secondary prevention 
against stroke to amplifying brain regenerative mechanisms 
may provide a therapeutic opportunity to improve long-term 
disability after stroke  [  57  ] . 

 As a potential concept in brain regenerative medicine, 
cell-based therapies may become an exciting new frontier for 
promoting endogenous brain plasticity after stroke  [  10,   44  ] . 
Accumulating evidence suggests that the recruitment of 
endogenous stem and progenitor cells or exogenously trans-
planted cells may support brain remodeling following stroke. 
Intriguingly, high-mobility group box 1 (HMGB1, a member 
of the DAMP family) can act as a key regulator of stem cell 
migration, proliferation and differentiation. In this mini- 

review, we discuss multi-potential actions of HMGB1 (also 
known as amphoterin or HMG1) as a “case study” for how 
endogenous mediators might regulate and in fl uence cell-
based stroke therapies.  

   HMGB1 in the Acute Phase After Stroke 

 HMGB1, a highly conserved non-histone nuclear DNA-
binding protein, is widely expressed in most eukaryotic cells, 
including neural cells in several animal species including 
humans  [  87  ] . Nuclear HMGB1 is able to bind to DNA to 
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stabilize nucleosome formation and maintains nuclear 
homeostasis. HMGB1 enables bending of DNA and facili-
tates transcription to regulate gene expression  [  66,   69,   89  ] . 
Genetic knockout of HMGB1 causes severe energy de fi cits, 
and mice die shortly after birth owing to hypoglycemia 
caused by impaired glucocorticoid receptor  [  87  ] . Overall, 
intracellular HMGB1 plays an essential role in regulating 
activation of basal transcriptional machinery  [  20,   83  ]  and 
energy homeostasis. Although the function of HMGB1 in 
the nucleus is not quite understood, the role of extracellular 
HMGB1 has been extensively studied. 

 Traditionally, HMGB1 has acted as a nuclear and cellular 
danger signal  [  50  ] . HMGB1 exerts different functions 
depending on its cellular localization. It can be passively 
released from damaged cells or actively secreted from stimu-
lated cells. Release of HMGB1 is observed after traumatic 
brain injury and ischemic stroke. In rodent middle cerebral 
artery occlusion models, levels of HMGB1 in the ischemic 
core are immediately decreased, and in turn, serum HMGB1 
is rapidly increased  [  24,   36,   70  ] . In clinical stroke patients, 
HMGB1 is upregulated in serum up to day 7 after stroke 
onset  [  59  ] . HMGB1 is also increased in cerebrospinal  fl uid 
of subarachnoid hemorrhage patients on days 3, 7, and 14 
after onset  [  59  ] . In addition, plasma HMGB1 in patients is 
acutely elevated 30 min after severe trauma in comparison to 
healthy subjects  [  17  ] . These  fi ndings suggest that HMGB1 
might be highly relevant to human stroke. 

 Extracellular HMGB1 binds to its receptors and acti-
vates a downstream pathway that leads to upregulation of 
cytokines and other pro-in fl ammatory molecules. HMGB1 
acts as and acts in an autocrine/paracrine fashion. It is 
secreted by activated macrophage  [  11  ] , natural killer cells 
 [  73  ] , and myeloid dendritic cells  [  19  ]  in response to endo-
toxin and other in fl ammatory stimuli. Besides active secre-
tion, HMGB1 can be released into the extracellular space 
from damaged cells or necrotic cells  [  36,   70  ] . In this case, 
the membranes of necrotic or damaged cells become “leaky” 
and HMGB1, which is normally bound loosely to chromatin, 
diffuses from nucleus to cytoplasm, then into the extracel-
lular matrix. Interestingly, most cytokines start to increase a 
few hours after stroke  [  51  ] , while HMGB1 release occurs in 
the ischemic core of striatum as early as 30 min after artery 
occlusion  [  36  ] . Furthermore, blockade of HMGB1 reduces 
in fl ammation and BBB disruption  [  36,   45,   90  ] . These results 
suggest that HMGB1 might be an early mediator that trig-
gers in fl ammatory cascades. 

 HMGB1 may signal via its putative receptors, such as 
receptor for advanced glycation end products (RAGE), toll-
like receptor-2 (TLR2), and TLR4. These receptors are 
expressed in brain cells  [  13,   27,   79  ] . RAGE expression is 
usually low under normal conditions, but enhanced expres-
sion of RAGE was observed in diabetic vasculature and 
other in fl ammatory diseases  [  8  ] . TLR2 and TLR4 have been 
shown to play a critical role in infectious diseases  [  79  ] . 

Higher constitutive expression levels of TLR4 have been 
found in brain regions that lack a tight BBB, such as the 
circumventricular organs and choroid plexus  [  40,   54  ] . 
Activation of HMGB1 receptors leads to activation of NF- k B 
and MAP kinase  [  29  ] . Blockade of either RAGE or TLR4 
results in a reduction of cytokine and nitric oxide production 
and a decrease in in fl ammation  [  36,   58,   79  ] , suggesting that 
HMGB1 might potently contribute to the induction of 
in fl ammation.  

   HMGB1 in Recovery and Remodeling 

 Most stroke patients show some degree of recovery over 
time. Damaged brain can be surprisingly plastic, and cross-
talk between various types of remodeling brain cells takes 
place after brain injury  [  15,   16  ] . In the late phase after cere-
bral ischemia, the generation of new blood vessels underlies 
a highly coupled neurorestorative process that links neuro-
genesis, synaptogenesis, and angiogenesis  [  77,   92  ] . These 
phenomena are clinically relevant – markers of neurogenesis 
and angiogenesis have been observed in the adult human 
brain  [  39,   53  ] . 

 In recent years, emerging data suggest that neurovascu-
lar repair might be induced by dynamic interactions among 
cerebral endothelial cells, glia, neurons, and extracellular 
matrix from days to weeks after stroke  [  3  ] . Of these neuro-
vascular cells, astrocytes are the most numerous non- 
neuronal cell type in the mammalian brain  [  81  ] . Traditionally, 
it was assumed that reactive astrocytes after stroke or brain 
injury contribute to glial scarring, which impedes neuronal 
remodeling and recovery  [  75  ] . However, it is now recog-
nized that reactive astrocytes may also release many trophic 
factors, such as nerve growth factor, basic  fi broblast growth 
factor, platelet-derived growth factor, brain-derived neu-
rotrophic factor, ciliary neurotrophic factor, neuropilin-1, 
vascular endothelial growth factor, and others  [  55,   76,   80  ] . 
Many of these trophic factors may in fact be bene fi cial in 
that they promote neuronal survival and synaptogenesis, 
neurogenesis, and angiogenesis after stroke or brain injury 
 [  26,   65  ] . 

 In contrast to its negative effects, as described in the ear-
lier sections, HMGB1 may also possess bene fi cial actions. 
HMGB1 signaling can promote endothelial activation  [  82  ]  
and sprouting  [  72  ] , and it has also been reported that HMGB1 
may increase neurite outgrowth and cell survival in neurons 
 [  30,   31,   67  ] . Intriguingly, stimulated astrocytes have been 
shown to induce and release HMGB1 protein into the extra-
cellular medium  [  23,   67  ] . In a recent study, we showed that 
low levels of IL-1 b  potently upregulate HMGB1 in astro-
cytes. The prototypical MAP kinase ERK provided the 
upstream signal. The nuclear export protein chromosome 
region maintenance 1 (CRM1) enabled nuclear HMGB1 to 
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translocate from nucleus to cytoplasm before release  [  23  ] . In 
vivo study, HMGB1 immunoreactivity was also observed in 
reactive astrocytes, which are concentrated in the ischemic 
penumbra in an in vivo ischemic model  [  35  ] . Importantly, 
metabolic inhibition of reactive astrocytes suppressed 
HMGB1-positive astrocytes in peri-infarct cortex, and that 
disrupted various neurovascular markers, such as CD31, 
synaptophysin, and PSD95, which correlated with functional 
recovery after cerebral ischemia in a mouse focal ischemia 
model  [  25  ] . These  fi ndings suggest that reactive astrocytes 
produce HMGB1, which may promote neurovascular repair 
in brain after stroke.  

   Stem and Progenitor Cells Research in Stroke 

 Over the past two decades, cell-based therapy has been 
widely proposed as a way of repairing damaged brain after 
stroke. A variety of cell types, such as hematopoietic stem 
cells (HSCs)  [  12,   78  ] , mesenchymal stem cells (MSCs)  [  6, 
  85,   86  ] , endothelial progenitor cells (EPCs)  [  21,   88  ] , very 
small embryonic-like cells (VSELs)  [  71  ] , and neuronal stem 
cells (NSCs)  [  2,   7,   74  ]  have all been demonstrated to show 

therapeutic potential in stroke. More recently, human umbili-
cal tissue-derived stem cells (hUTCs)  [  43,   91  ]  and induced 
pluripotent stem cells (iPSCs)  [  33,   34  ]  have been considered 
to be a candidate source of cells for restorative therapy in 
stroke. The strategies for stem cell therapy show that differ-
ent stem cells and their derivatives of rodent and human ori-
gin can survive, differentiate into neurons, astrocytes and 
oligodendrocytes, and induce brain remodeling after stroke 
(Fig.  1 )  [  44  ] .  

 Emerging data suggest that stem cells might repair the 
damaged brain by increasing blood supply by the creation of 
new vessels, reducing in fl ammation and ongoing brain cell 
death, enhancing endogenous repair mechanisms. For exam-
ple, intravenous injection of human NSCs has been shown to 
induce improvements after hemorrhagic stroke in rats through 
anti-in fl ammatory actions  [  41  ] . Intravenously administered 
human MSCs have been found to reduce stroke-induced 
de fi cits in rats by inducing angiogenesis and improving cere-
bral blood  fl ow  [  61  ] . Human ES cell-derived MSCs injected 
intravenously in rats have been shown to migrate to the 
infarct region, express neuronal and endothelial cell markers, 
provide neuroprotection, and improve recovery  [  46  ] . 
Importantly, mouse NSCs delivered intravenously 3 days 
after stroke in mice have been shown to suppress in fl ammation 

(b) (c)(a)

Stem cells transplant Endogenous repair Systemic regulation

Circulation

(a). Neuron precursors or neuroblasts generated from stem cells 

(b). Compounds to enhance endogenous neurogenesis and angiogenesis

(c). Stem cells for neuroprotection and modulation of inflammation

Stem cell therapy

  Fig. 1    Overall strategy of cell-based therapies for stroke. Stroke induces 
multiple cell death in neurons, astrocytes, oligodendrocytes, and endothe-
lial cells in the cortex and subcortical regions. ( a ) Stem cell-based therapy 
could be used to repair damaged tissue by transplanting neuronal stem 
cells/multipotent stem cells. ( b ) Exogenous molecules could be infused 

to promote neurogenesis, axonal regeneration, and angiogenesis. ( c ) 
Stem and progenitor cells could be injected systemically for neuroprotec-
tion and modulation of in fl ammation. HMGB1 provides an example of 
how molecular regulation of these cell therapies may be critically impor-
tant in optimizing these approaches for clinical utility       
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and glial scar formation and give rise to delayed neuropro-
tection and improved functional recovery, starting 18 days 
after the insult  [  4  ] . Clinical reports of MSC transplantation 
in stroke patients reveal that MSCs may improve the func-
tional recovery of patients without adverse side effects  [  5  ] . 
Accumulating evidence now suggests that stem and progeni-
tor cell-based therapy might hold promise for regenerative 
medicine, even beyond stroke per se. 

 A few initial clinical trials delivering stem cells in stroke 
have been completed  [  48  ] . For example, an immortalized 
human teratocarcinoma cell line implanted into ischemic/
hemorrhagic infarcts affecting the basal ganglia and in some 
cases also the cerebral cortex  [  37,   38,   60  ]  – these effects may 
be related to slight improvements in some patients. No sub-
stantial clinical improvements were detected after intrave-
nous injection of autologous MSCs in patients with an 
ischemic lesion in the territory supplied by the middle cere-
bral artery  [  5  ] . Several clinical studies using intravenous or 
intra-arterial (into damaged territory) infusion of autologous 
bone marrow-derived stem cells in stroke patients are ongo-
ing or planned (  www.clinicaltrials.gov    ). The company 
ReNeuron, based in the United Kingdom, is planning a clini-
cal trial in stroke patients involving transplantation of clonal, 
conditionally immortalized NSCs isolated from human fetal 
cortex.  

   Role of HMGB1 on Various Stem 
and Progenitor Cells Activation 

 HMGB1 has also had a bene fi cial effect under a number of 
pathological conditions in terms of its ability to recruit stem 
cells and promote their proliferation  [  62  ] . HMGB1 was 
found to enable endothelial progenitor cells to home to isch-
emic muscle in animal models of hind limb ischemia  [  14  ] . If 
HMGB1 was injected into the infarct area of the heart, it 
promoted tissue regeneration, and a signi fi cant recovery of 
cardiac performance was indeed mediated by RAGE signal-
ing  [  22,   42  ] . More recently, it was reported that endogenous 
HMGB1 was crucial for ischemia-induced angiogenesis and 
that HMGB1 protein administration enhanced collateral 
blood  fl ow in the ischemic hind limbs of diabetic mice 
through a VEGF-dependent mechanism  [  9  ] . It is now recog-
nized that HMGB1 may have bene fi cial effects on tissue 
regeneration and remodeling through the recruitment of stem 
and progenitor cells. 

 Recent  fi ndings suggest that HMGB1 might be a key reg-
ulator for MSC activity  [  68  ] . It has been demonstrated that 
HMGB1 not only attract MSCs, but also enhances the prolif-
eration of MSCs and inhibits the ability of MSCs to produce 
the IFN- g -induced immunosuppressive molecule indoleam-
ine-2,3-dioxygenase (IDO). These phenomena mediated by 
HMGB1 were neutralized by speci fi c polyclonal antibodies 

to HMGB1 or by the soluble receptor for advanced glycation 
end products (sRAGE)  [  49  ] . On the other hand, others 
reported that HMGB1 inhibited the proliferation of MSCs, 
but promoted migration and differentiation into osteoblasts. 
Moreover, HMGB1-treated MSCs displayed unchanged sup-
pressive activity on in vitro lymphocyte cell proliferation 
elicited by ConA  [  52  ] . Hence, there may also be involvement 
of TLR2 and/or TLR4 receptors in the stimulation of MSC 
migration mediated by HMGB1  [  52  ] . Indeed, MSCs may be 
a target of HMGB1 signaling, but many more studies are 
needed to properly de fi ne the mechanisms involved. 

 In terms of connections between brain and blood, HMGB1 
is also an essential factor of non-cell-autonomous enhance-
ment in hematopoietic stem cell (HSC) activity  [  18  ] . HMGB1 
released by MSCs after treatment with 12 Gy gamma-ray 
irradiation induced the proliferation and differentiation 
capacities of cord blood hematopoietic stem cells. This effect 
was partially inhibited by TLR2 and TLR4 antibodies  [  84  ] . 
In addition, HMGB1 promoted endothelial progenitor cells 
(EPCs) to home to ischemic muscle in animal models of hind 
limb ischemia  [  14  ] . HMGB1 increased EPC adhesion to the 
immobilized integrin ligands intercellular adhesion mole-
cule-1 and  fi bronectin in a RAGE-dependent manner, sug-
gesting that HMGB1-RAGE signaling in EPCs might be a 
novel target for improving vascular remodeling after stroke. 

 Migration of mesoangioblast stem cells may also involve 
HMGB1. Full-length HMGB1 and a fragment that lacks only 
the acidic tail chemoattracts mesoangioblast stem cells in a 
concentration-dependent manner  [  64  ] , whereas the individ-
ual boxes (box A or box B), or both boxes (box A + B) had no 
signi fi cant chemotactic effect, suggesting that the segment 
from the end of box B to the beginning of the acidic tail 
(amino acids 165–185) might be necessary for the chemotac-
tic effect in mesoangioblast stem cells  [  64  ] . Interestingly, 
this segment signi fi cantly corresponded to the surface recog-
nized on HMGB1 by the RAGE  [  28,   32  ] . In transmigration 
assay of mesoangioblast stem cells, HMGB1 in the lower 
compartment induced a higher number of mesoangioblasts 
to migrate across the endothelial monolayer and  fi lter than in 
the presence of VEGF  [  62  ] . In vivo migration assay also 
showed that HMGB1 could chemoattract both mesoangio-
blast stem cells and DiI-labeled lin −  hematopoietic stem cells 
 [  62  ] . The cell signaling of HMGB1-induced mesoangioblast 
migration may be involved in the nuclear factor kappaB 
pathway via extracellular signal-regulated kinase phosphory-
lation     [  63  ] . 

 What makes HMGB1 particularly important is its pleio-
tropic actions in harnessing the power of stem and pro-
genitor cells. Multiple cell sources may be affected. In 
zebra fi sh brain development, HMGB1 may be a critical fac-
tor enabling survival and proliferation of neural progenitors 
in amphoterin-induced gene and orf (AMIGO) dependent  
manner  [  93  ] . Neuronal progenitors have the capacity to 
replace lost neurons and enhance neurogenesis,  angiogenesis, 

http://www.clinicaltrials.gov
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axonal sprouting, and synaptogenesis. HMGB1 multipotency 
may contribute to neuronal regeneration by enhancing the 
potential of neuronal progenitor cells after stroke.  

   Perspective for Stem and Progenitor 
Cells Therapy in Stroke 

 To date, cell-based approaches have been extensively inves-
tigated as potential treatments for neurodegenerative disor-
ders. Indeed, transplantation of stem cells or their derivatives 
in animal models of neurodegenerative diseases can improve 
function by replacing the lost neurons and glial cells and by 
mediating remyelination, trophic actions, and modulation of 
in fl ammation. Endogenous stem and progenitor cells are also 
potential therapeutic targets for producing neurons, glial 
cells, and endothelial cells in response to injury. However, in 
order to translate stem cell therapy into clinical reality, many 
hurdles still remain. For example, it is necessary to deter-
mine the optimal cell types to use. Perhaps even more impor-
tantly, we need to learn how to control/regulate the 
proliferation, survival, migration, differentiation, and func-
tional integration of transplanted and/or endogenous cells or 
factors (i.e., HMGB1) in the damaged brain after stroke. 
Ultimately, however strong the biology, we may also need to 
develop procedures and criteria for cell delivery, scaling up, 
appropriate manufacturing and quality control of target cells, 
optimal functional recovery, and patient selection and assess-
ment  [  1  ] . Clearly, longer-term studies are needed to translate 
cell transplantation therapy to the clinic in a timely but safe 
and effective manner so that the remarkable potential already 
shown for cell transplantation to aid recovery from experi-
mental stroke can become a reality for the patients  [  10  ] .  

   Conclusion 

 Extensive data from molecular, cellular, and animal models 
support the existence of a potent pro-in fl ammatory effect of 
HMGB1 in acute ischemic stroke. In fact, therapeutically 
bene fi cial effects of monoclonal HMGB1 antibody have 
been described in several animal models of cerebral isch-
emia. However, it is now important to realize that HMGB1 
might possess biphasic actions during stroke, brain injury, 
and neurodegeneration. During delayed phases of stroke 
recovery, extracellular HMGB1 may not only enhance the 
crosstalk among neurovascular cells such as neurons, astro-
cytes, and endothelial cells, but may also contribute to stem 
cell migration into the ischemic region and promote stroke 
recovery through neurogenesis, vasculogenesis, and angio-
genesis. Ultimately, a more nuanced approach to modifying 
the HMGB1 response after stroke may be needed in order to 

optimize inhibition during acute stages of injury without 
interfering with the bene fi cial mechanisms of neurovascular 
remodeling driven by stem and progenitor cells.      
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  Abstract    Background    : Heat-shock protein 90 (Hsp90) 
inhibitor geldanamycin was found to be neuroprotective in 
various experimental models of brain disease. The effect was 
attributed to the induction of heat-shock proteins and/or dis-
ruption of cellular signaling.  Methods : In Sprague–Dawley 
rats, the middle cerebral artery was occluded for 90 min 
using the intraluminal suture method. Geldanamycin 
(300 mg/kg) or vehicle was injected intraperitoneally 
15 min before onset of ischemia or reperfusion. Animals 
were sacri fi ced at 2, 4 or 24 h after ischemia onset and brain 
samples were processed for infarct volume measurement, 
Western blot analysis or immuno fl uorescent staining of 
Hsp90, Raf-1, p38, and p44/42 mitogen-activated protein 
kinases (MAPKs).  Results : Geldanamycin treatment during 
ischemia or reperfusion reduced infarct volume by 79 and 
61 % respectively. Geldanamycin decreased Raf-1 and acti-
vated p44/42 MAPK proteins, but did not alter levels of acti-
vated p38 MAPK during early reperfusion. Hsp90 was 
co-localized with Raf-1 and activated p44/42 MAPK in the 
cytoplasm of ischemic neurons.  Conclusion : Geldanamycin-
induced protection against transient focal cerebral ischemia 
may in part be based upon depletion of Raf-1 and blockade 
of p44/42 MAPK activation.  

  Keywords   Cerebral ischemia  •  Geldanamycin  •  Mitogen-
activated protein kinase  •  Raf  •  Hsp90  •  Rat      

   Introduction 

 The ubiquitous heat-shock protein 90 (Hsp90)-based chaper-
one system is an essential component of several signal trans-
duction pathways in eukaryotic cells. Hsp90 is markedly 
expressed throughout neuronal subpopulations of adult rat 
brain, but not in non-neuronal cells  [  7  ] . The Hsp90 inhibitor 
geldanamycin (GA), upon binding Hsp90, releases heat-
shock factor (HSF1) and induces heat-shock proteins (HSPs) 
 [  2,   5  ] . An injection of GA 24 h before focal ischemia in rat 
was neuroprotective, the effect being attributed to the induc-
tion of Hsp70  [  12  ] . However, an earlier study found that GA 
protected a mouse hippocampal cell line against glutamate 
toxicity even when given 4 h after the insult  [  23  ] . In this 
paradigm, GA increased the degradation of Raf-1, the central 
component of a mitogen-activated protein kinase (MAPK) 
cascade, as well as inducing Hsp90. Thus, it is likely that 
various cell-signaling pathways may be altered by pharma-
ceutical inhibition of Hsp90 chaperone function during cere-
bral ischemia and reperfusion. 

 In this study, we tested the ef fi cacy of a GA dose given 
just before ischemia or reperfusion in a rat model of focal 
cerebral ischemia. We also investigated the effects of these 
GA treatments on p38 and p44/42 MAPK signaling 
pathways.  

   Materials and Methods 

   Animal Model and Treatment Groups 

 The protocols for the animal studies were approved by the 
University of Michigan Committee on the Use and Care of 
Animals. A total of 57 male Sprague–Dawley rats (275–
325 g; Charles River Laboratories, Portage, MI, USA) were 
used. The animals were fasted for 4 h before surgery, but had 
free access to water. Anesthesia was induced by inhalation of 
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5 % iso fl urane in a 70 % nitrous oxide/30 % oxygen mixture 
and maintained by 1.5 % iso fl urane administered through a 
face mask. A blood sample was collected from the tail artery 
to measure PaO 

2
 , PaCO 

2
 , pH, hematocrit, and glucose. Rectal 

temperature was maintained at 37.5 °C using a feedback-
controlled heating pad. Transient focal cerebral ischemia 
was induced using the intraluminal suture method  [  13  ] . 
Ninety minutes after ischemia induction the animal was re-
anesthetized and the intraluminal suture was removed. The 
sham operation was identical except that the intraluminal 
suture was not advanced beyond 15 mm. 

 Two GA (Sigma, St. Louis, MO, USA) treatment regimens 
were used: the GA ischemia regimen consisted of an intrap-
eritoneal injection of 300 mg/kg GA 15 min before induction 
of ischemia, and the GA reperfusion regimen consisted of the 
same dose injected 15 min before reperfusion. Vehicle-treated 
animals received an equal volume intraperitoneal injection of 
20 % dimethylsulfoxide 15 min before the induction of isch-
emia. Animals were sacri fi ced 2 or 4 h after ischemia onset 
(0.5 or 2.5 h of reperfusion) for Western blot analysis, or 24 h 
after ischemia onset for determination of tissue damage.  

   Morphometric Measurement 
of Tissue Damage 

 To identify the tissue damage fresh brain tissue was cut into 
2-mm-thick coronal sections and incubated in 2 % 2,3,5-tri-
phenyltetrazolium chloride (TTC). The infarct area was mea-
sured with NIH Image 1.62 software, and the volume was 
calculated by multiplying the distance between sections.  

   Western Blot Analysis 

 Animals were perfused with saline. Ischemic tissue in the 
left hemisphere was sampled using a 6-mm cork borer and 
divided into cortex and caudate. Western blot analysis was 
performed as previously described  [  22  ] . Primary antibodies 
were anti-Raf-1 (1:500; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) and anti-phospho-p44/42 MAPK (1:1,000; 
Cell Signaling Technology, Boston, MA, USA).  

   Immuno fl uorescence Staining 

 Another set of animals that were exposed to 90-min transient 
MCA occlusion without any treatment were sacri fi ced at 2 and 
4 h after ischemia onset and were perfused with saline 

 followed by 4 % paraformaldehyde. The brains were removed 
and immersed in 4 % paraformaldehyde and 25 % sucrose for 
24 h at 4 °C. The tissue was frozen, embedded in OCT com-
pound (Sakura Finetek, Torrance, CA, USA), and sectioned at 
40- m m thickness on a cryostat. Floating sections were micro-
waved in distilled water and single- or double-stained using 
anti-Hsp90 (1:400; StressGen Biotechnologies, San Diego, 
CA, USA), anti-phospho-p44/42 MAPK (1:200), and anti-
Raf-1 (1:100) primary antibodies. Secondary antibodies were 
 fl uorescein-conjugated anti-mouse (1:100; Vector Laboratories, 
Burlingame, CA, USA) and rhodamine-conjugated anti-rabbit 
(1:100; Chemicon, Billerica, MA, USA)  [  22  ] . All solutions 
were buffered using Tris base. Stained sections were mounted 
using Vectashield (Vector Laboratories) and visualized under 
an Olympus FV-500 confocal microscope.  

   Statistical Analysis 

 All quantitative data were presented as mean ± standard 
deviation and compared using analysis of variance (ANOVA) 
with Student’s  t  test. Differences were considered signi fi cant 
at the  P  < 0.05 level.   

   Results 

 Physiological data were measured immediately after induc-
tion of ischemia. Blood pH, PaO 

2
 , PaCO 

2
 , glucose, and 

hematocrit were within the normal range. 
 Both treatment regimens, GA ischemia and GA reperfu-

sion, reduced infarct volume signi fi cantly compared with the 
vehicle group ( n  = 24; 56 ± 37 mm 3  and 105 ± 67 mm 3  vs 
267 ± 97 mm 3 ,  P  < 0.005). The protective effect of GA was 
more pronounced in the cortex (Fig.  1 ).  

 The phosphorylated active forms of p38 (p-p38) and 
p44/42 (p-p44/42) MAPKs detected by Western blotting 
were increased both in the ischemic caudate and cortex at 2 
and 4 h after ischemia onset. The average increase in p-p38 
MAPK was 1.6-fold, whereas p-p44/42 MAPK increased an 
average of 24-fold. Raf-1 was unchanged at 2 h, but 
decreased at 4 h after ischemia onset compared with the pre-
ischemic levels (data not shown). GA ischemia and GA rep-
erfusion signi fi cantly attenuated p-p44/42 MAPK in 
ischemic caudate ( n  = 12: 386 ± 60 and 1,091 ± 187 vs 
2,333 ± 314 %,  P  < 0.005), and even more so in the ischemic 
cortex (103 ± 34 % and 163 ± 31 % vs 2,468 ± 306 %, 
 P  < 0.0005) at 4 h after ischemia compared with the vehicle. 
Both treatment regimens of GA also decreased Raf-1 levels 
in ischemic regions at 2 h after ischemia compared with 
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vehicle. Although GA-treated animals showed slightly 
reduced p38 MAPK activation, the effect was not signi fi cant 
(Fig.  2 ).  

 Hsp90 was predominantly located in the nucleus of neu-
rons in normal rat brain, with little cytoplasmic staining 
detected by immuno fl uorescence. The cytoplasm of these 
neurons also stained positive for Raf-1 in double-labeled 
sections. Normal rat brain parenchyma showed no p-p44/42 

MAPK staining. Two hours after ischemia onset (0.5 h after 
reperfusion), Hsp90 was increased in the cytoplasm of 
 neurons in the ischemic core and co-localized with Raf-1 
and p-p44/42 MAPK. Four hours after ischemia onset (2.5 h 
after reperfusion), Hsp90 co-localized with Raf-1 and 
p-p44/42 MAPK in the cytoplasm of neurons in the penum-
bral regions. In contrast, there was decreased Hsp90 and 
Raf-1 staining in the ischemic core at this time point. 
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  Fig. 1    A dose of geldanamycin (GA) given 15 min 
before the onset of ischemia (GA ischemia) or 
reperfusion (GA reperfusion) reduced infarct volume 
(detected 24 h after ischemia) compared with the 
vehicle-injected group by 79 and 61 % respectively. 
 n  = 8, * P  < 0.05 vs vehicle       
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  Fig. 2    The GA treatment regimens did not signi fi cantly alter p38 
MAPK activation ( a ), but effectively blocked p44/42 MAPK activation 
( b ) in the ischemic cortex 4 h after ischemia onset. Premature depletion 

of Raf-1 by GA treatment in the same region 2 h after ischemia onset 
( c ) may explain the downstream blockage of p44/42 MAPK phosphory-
lation.  n  = 4, * P  < 0.05 vs vehicle       
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However, neurons in the ischemic core were still positive for 
p-p44/42 MAPK.  

   Conclusion 

 The present study shows that inhibition of Hsp90 with GA 
during ischemia or early reperfusion protects adult rat brain 
against focal ischemic damage. This treatment is also associ-
ated with a rapid decrease in Raf-1 protein levels and attenu-
ation of p44/42 MAPK activation, whereas the p38 MAPK 
activation is not altered signi fi cantly. 

 The MAPKs comprise a group of signaling proteins that 
play a prominent role in regulating cell proliferation, differ-
entiation, and adaptation. Both p38 and p44/42 MAPKs have 
been implicated in neuronal injury and disease (reviewed in 
Chu et al.  [  4  ] , Harper and Wilkie  [  8  ] , and Irving and Bamford 
 [  10  ] ). Following ischemia many factors are released, includ-
ing glutamate, free radicals, growth factors, cytokines, and 
thrombin, all of which are known to stimulate MAPK path-
ways. Ischemia rapidly induces p38 and p44/42 MAPK acti-
vation in rodent neurons and inhibition of these kinase 
systems reduces ischemic brain damage  [  1,   3,   6,   9,   11,   14, 
  19–  21  ] . Our Western blot and immuno fl uorescence staining 
data also showed increased levels of activated p38 and p44/42 
MAPKs in affected neurons at 0.5 and 2.5 h following 90 min 
of MCA occlusion. GA treatment during ischemia or reper-
fusion, while reducing brain injury, blocked p44/42 MAPK 
activation, but did not signi fi cantly affect p38 MAPK 
activation. 

 The Raf-MEK-p44/42 MAPK signaling module is the 
best characterized of the three main MAPK cascades and is 
emerging as an important regulator of neuronal responses to 
both functional (learning and memory) and pathological 
(regulated cell death) stimuli. Raf-1 is targeted to the cell 
membrane by Ras and integrates extracellular signals by 
phosphorylating the dual speci fi city kinase MEK (MAPK 
kinase), which in turn phosphorylates p44/42 MAPK. 
Activation of p44/42 MAPK leads to activation of other 
downstream kinases, as well as several transcription factors. 
Raf-1 is primarily cytosolic in location and exists in a native 
heterocomplex with Hsp90  [  18  ] . Treatment by GA disrupts 
Raf-1 complex formation with Hsp90, leading to aberrant 
intracellular traf fi cking and increased degradation of Raf-1 
 [  15,   16  ] . It is also shown that Raf-1 is the only component of 
the p44/42 MAPK signaling pathway that is depleted by GA 
and Raf-1 depletion by GA is suf fi cient to interdict signaling 
through this pathway  [  17  ] . In our experiments, GA treatment 
during ischemia/reperfusion decreased Raf-1 protein levels 
at 2 h after ischemia onset, which, in turn, may account for 

the reduced p44/42 MAPK activation observed at 4 h. Our 
confocal microscopic data demonstrated temporal co-local-
ization of Hsp90, Raf-1, and p-p44/42 in the cytoplasm of 
neurons located in the ischemic core and penumbra. 

 The small lipophilic drug GA readily crosses the blood–
brain barrier and is a promising option for the treatment of 
clinical stroke. GA treatment induces HSPs and blocks the 
activation of p44/42 MAPK in experimental stroke, which 
may in part account for the resulting neuroprotection. 
However, alterations in HSPs and MAPKs may also be the 
result of alterations in ischemic damage, complicating 
de fi nitive conclusions. More detailed investigations of the 
involvement of HSP90 in ischemic neurodegeneration and 
the speci fi c consequences of MAPK activation in this para-
digm are necessary to fully reveal the mechanism of 
GA-induced neuroprotection.      
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  Abstract   Intracerebral hemorrhage (ICH) is a common and 
often fatal subtype of stroke. Estimation of the stage of hem-
orrhage allows clinicians to know when the hemorrhage 
occurred, even in unconscious patients, enabling decisions to 
be made about the optimal management and treatment strat-
egy. After ICH, oxidative denaturation of the hemoglobin 
progresses, and deoxyhemoglobin is gradually converted to 
methemoglobin. MRI has been used to estimate the stage of 
hemorrhage by evaluating the status of hemoglobin. However, 
there is currently no bedside device that can be used for the 
measurement of hemoglobin derivatives in patients with 
hematomas. The aim of the present study was to investigate 
the validity of using optical diffuse re fl ectance spectroscopy 
(ODRS) for bedside evaluation of the stage of hemorrhage. 
An ICH model was generated in adult Sprague–Dawley male 
rats by stereotactically injecting 50  m l of autologous blood 
into the right caudate nucleus. To analyze the hemoglobin 
derivatives in the hematomas, ODRS measurement was per-
formed for the rats in vivo. In all rats, we found increased 
absorption at around 630 nm, which indicated the formation 
of methemoglobin. In conclusion, the results of the present 
study suggest that ODRS allows clinicians to more easily 
evaluate the stage of hemorrhage at the patient’s bedside.  

  Keywords   Intracerebral hemorrhage  •  Optical diffuse 
re fl ectance spectroscopy  •  In vivo  •  Monitoring      

   Introduction 

 Intracerebral hemorrhage (ICH) is a common and often fatal 
subtype of stroke  [  16  ] . Estimation of the stage of hemorrhage 
allows clinicians to determine when the hemorrhage occurred, 
even in unconscious patients, thereby enabling appropriate 
decisions to be made about the optimal management and 
treatment strategy. After ICH, oxidative denaturation of 
hemoglobin progresses, and deoxyhemoglobin is gradually 
converted to methemoglobin  [  13–  15  ] . Magnetic resonance 
imaging (MRI) has been used to estimate the stage of hemor-
rhage by evaluating the state of hemoglobin conversion, i.e., 
the age of the hematoma  [  1,   2,   4,   6,   7,   16  ] . However, MRI is 
often dif fi cult to perform, especially in patients who require 
mechanical ventilation and/or who need to be monitored con-
tinuously, and a bedside device is therefore needed for the 
measurement of hemoglobin derivatives in hematomas. 

 Recently, non-invasive diffuse optical spectroscopy has 
been demonstrated to have the potential to non-invasively 
monitor physiological and biochemical characteristics of tis-
sue  [  8–  12  ] . Methemoglobin has an absorption peak at around 
630 nm  [  3,   11  ] , and recent studies have shown that diffuse 
optical spectroscopy can be an attractive non-invasive tool for 
the in vivo monitoring of methemoglobin formation  [  11  ] . 

 The aim of the present study was to investigate the valid-
ity of using optical diffuse re fl ectance spectroscopy (ODRS) 
for the bedside evaluation of the stage of hemorrhage.  

   Materials and Methods 

   Animal Preparation and Intracerebral Infusion 

 All experimental procedures were approved by the Animal 
Care and Use Committee of the National Defense Medical 
College. Six adult male Sprague–Dawley rats (weighing 
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between 300 and 400 g) were used for the study. The rats 
were housed in individual cages under controlled environ-
mental conditions (12/12 h light/dark cycle; 20–22 °C room 
temperature) with food and water freely available for 1 week 
before the experimental procedure. All of the rats were anes-
thetized with sodium pentobarbital (50 mg/kg, intraperitone-
ally), and the right femoral artery was catheterized to monitor 
arterial blood pressure and to sample the blood for intracere-
bral infusion. The rats were positioned using a stereotaxic 
frame, and a cranial burr hole (1 mm) was drilled into the 
skull (1 mm anterior and 4 mm lateral to the bregma). Next, 
a 27-gauge needle was lowered stereotactically into the right 
caudate nucleus (5 mm ventral from the skull surface). 
Autologous whole blood (50  m l with no anticoagulants) was 
injected at a rate of 10  m l/min using a microinfusion pump. 
The needle remained in place for an additional 10 min after 
injection to prevent back-leakage. After needle removal, the 
burr hole was sealed with bone wax.  

   Optical Diffuse Re fl ectance 
Spectroscopy Measurement 

 To analyze the hemoglobin derivatives in the hematomas, 
ODRS measurements were performed for rats in vivo (Fig.  1 ) 
as follows: 
    1.    A pair of optical  fi bers with a core diameter of 800  m m 

and a center-to-center separation of 4 mm were placed on 
the exposed parietal bone of the right hemisphere above 
the blood injection site (as a control, measurements were 
performed at the contralateral site [1 mm anterior and 
4 mm lateral to the bregma]).  

    2.    A tungsten lamp with a long wavelength-absorbing  fi lter 
was used as a light source at an output power of 45  m W.   

    3.    Diffuse light re fl ectance was measured with a polychro-
mator. Measurements were performed at 30 min, 2, 6, 12, 
24, and 48 h after blood injection.      

   Evaluation of Hematoma Distribution 

 Following the ODRS measurement at 48 h after blood injec-
tion, the rats were euthanized by decapitation under intrap-
eritoneal anesthesia. The brain was removed immediately 
and  fi xed with 4 % phosphate-buffered paraformaldehyde. 
Fixed brains were cut coronally through the needle entry site, 
and then serial slices (1 mm thick) both anterior and poste-
rior to the needle entry site were obtained. Digital photo-
graphs of the serial slices were taken, and the hematoma 
distributions were evaluated.   

   Results 

 At the contralateral site, no time-dependent changes in the 
diffuse re fl ectance spectra were observed. At the site of blood 
infusion, on the other hand, a small dip appeared at around 
630 nm in the spectrum beginning at 6 h after blood infusion 
(Fig.  2 ). This indicated the formation of methemoglobin. 
Hematomas were mainly observed in the basal ganglia, and 
partially extended into the corpus callosum (Fig.  3 ). The dis-
tance from the brain surface to the hematoma was approxi-
mately 2.5 mm in each rat.    

a b

Broadband
tungsten lamp

Fibers position

Polychromator

Optical
fiber

Male SD rats

Blood injection site

  Fig. 1    The positions of the  fi bers on the skull ( a ), and the experimental set-up ( b )       
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   Conclusion 

 Patients with ICH should be closely observed for at least 6 h 
after the onset  [  5  ] , because the risk of hematoma growth in 
this period is high. However, if the patient is unconscious 
and no witnesses to the event are available, then clinicians 
cannot obtain suf fi cient information regarding when the 
hemorrhage occurred. As a result, accurately estimating the 
stage of hemorrhage is extremely important for clinicians to 
appropriately manage patients with ICH. 

 In humans, in the early hours following ICH, oxyhemo-
globin is converted to deoxyhemoglobin as the red cells lose 
their oxygen  [  15,   16  ] . In 2 or 3 days, deoxyhemoglobin is 
spontaneously oxidized to methemoglobin, which is initially 
formed intracellularly, and then becomes extracellular as the 
red blood cells lyse  [  15,   16  ] . Thereafter, macrophages and 
phagocytes begin transforming the methemoglobin to hemo-
siderin and ferritin on around day 7  [  15,   16  ] . In rats, these 
changes occur more rapidly than in humans  [  15  ] . 

 Magnetic resonance imaging can identify the age of 
hematomas based on  fi ve stages: hyperacute (intracellular 
oxyhemoglobin, long T1 and T2), acute (intracellular 
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  Fig. 2    Representative serial results of optical diffuse re fl ectance spec-
troscopy measurements. At the contralateral site, no time-dependent 
change in the diffuse re fl ectance spectra was observed. At the site of 
blood infusion, a small dip appeared at around 630 nm in the spectrum 

beginning 6 h after blood infusion.  Black line , the spectra at the blood 
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  Fig. 3    Representative photographs taken 48 h after blood infusion. 
Hematomas were mainly found in the basal ganglia and partially 
extended into the corpus callosum       

+1.0 mm from
infusion site

infusion site

 

 



48 S. Takeuchi et al.

 deoxyhemoglobin, long T1, short T2), early subacute (intra-
cellular methemoglobin, short T1, short T2), late subacute 
(extracellular methemoglobin, short T1, long T2), and 
chronic (ferritin and hemosiderin, short T2)  [  4  ] . However, 
MRI is dif fi cult to perform in some cases, especially in criti-
cal patients. 

 The present preliminary study showed that the time-
dependent formation of methemoglobin can be detected by 
ODRS measurement in vivo. These results suggest that 
ODRS would allow clinicians to more easily evaluate the 
stage of hemorrhage in the brain at the patient’s bedside. The 
quantitative analysis of hemoglobin derivatives should be 
the  subject of future investigations.      
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  Abstract   Microglial cells account for approximately 
12–15 % of the cells in the central nervous system (CNS). 
Microglial cells are polarized by pathological stimuli such as 
cytokines, chemokines, and growth factors, and play impor-
tant roles in the deterioration and repair of the CNS. Here, 
we established cultures of primary microglial cells isolated 
from the brains of adult C57/BL6 mice using Percoll density 
gradients. The cells were cultured and stained with antibod-
ies against CD11b, glial  fi brillary acidic protein, myelin 
basic protein and NeuN to determine microglial, astroglial, 
oligodendroglial, and neuronal cells respectively. Moreover, 
the cells were exposed to interferon- g  (IFN g ) plus interleu-
kin-1 b  (IL-1 b ) or IL-4 for 24 h to demonstrate the activating 
phenotypes with inducible nitric oxide synthase (iNOS), 
Ym1, and Iba-1 immunoblotting. At least 95 % of the cul-
tured cells were CD11b-positive and -negative for astroglial, 
neuronal, and oligodendrocyte markers. IFN g  plus IL-1 b  
treatment resulted in classical activation, which was repre-
sented by an increase in iNOS. The cells also displayed alter-
native activation, which increased Ym1 when treated with 

IL-4. The present study indicates that the microglial cells 
isolated as described here are a useful tool for elucidating 
adult microglial function.  

  Keywords   Microglial cells  •  Adult primary culture  
•  Classical activation  •  Alternative activation  •  Macrophages      

   Introduction 

 Microglial cells account for approximately 12–15% of cells 
in the central nervous system (CNS)  [  6,   18,   26  ] . Microglial 
cells are the sentries of the brain and continually monitor the 
brain microenvironment  [  22  ]  to protect it from infection by 
pathogens or diverse injury signals. Microglial cells are 
implicated in host defense, wound healing, debris scaveng-
ing, peripheral immune cell recruitment, immune response 
regulation, and neuro-plasticity  [  1  ] . In these roles, the micro-
glial cells are bene fi cial and support neuronal homeostasis 
by communicating with CNS cells through the release of 
growth factors and cytokines  [  8  ] . However, the microglial 
cells can have deleterious effects owing to pro-in fl ammatory 
cytokines, excess glutamate responses, and/or free radicals 
during several pathological conditions, such as stroke trau-
matic injury, cerebral hemorrhage, auto-immune diseases, 
and neurodegeneration  [  5,   14,   19  ] . 

 Microglial cells were considered to be phenotypically 
polarized by the microenvironment and the polarized phe-
notypes of microglial cells were considered to resemble 
macrophages  [  16,   20,   29  ] . However, the polarized micro-
glial cells have not yet been understood in detail. Polarized 
microglia/macrophage phenotype was broadly classi fi ed 
into two main groups: the classical activated type (also 
called M1) whose prototypical activating stimuli are inter-
feron- g  (IFN g ) and lipopolysaccharide (LPS), and the 
alternative activated type (also called M2). The alternative 
activated type is further subdivided into narrowly de fi ned 
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alternative activated type (or M2a), which is activated by 
interleukin-4 (IL-4) or IL-13, and innate/acquired deacti-
vated-type (or M2c), which is activated by IL-10 and trans-
forming growth factor- b  (TGF b ). Classical activated 
microglia/macrophages are tissues that have deteriorated 
because of in fl ammation and apoptosis to increase induc-
ible NO synthase (iNOS), reactive oxygen species (ROS), 
and pro-in fl ammatory cytokines, such as IL-1 b , tumor 
necrosis factor- a  (TNF a ), and IL-6. Alternative activated 
microglia/macrophages produce ariginase I, Ym1, 
FIZZ1/2, and express CD206 (mannose receptor), and 
function in wound-healing and resolution of in fl ammation 
 [  27  ] . Innate/acquired deactivated microglia/macrophages 
produce anti-in fl ammatory cytokines such as IL-10, TGF b , 
and PGE2. 

 At present, the majority of in vitro studies utilize rodent 
newborn or neonatal microglia cultures  [  13,   15,   31  ]  or 
microglial cell lines such as BV-2  [  4  ] , N9  [  30  ] , and EOC 
20  [  33  ] . Although these cells and cell lines have great pro-
liferative potential in vitro, the cells are not always a per-
fect model  [  17  ]  because some of the lines are semi-adherent 
cells and do not show clear morphological features. 
Neonatal microglia are likely functionally different from 
adult microglial cells because newborn/neonatal microglia 
do not exhibit a rami fi ed morphology, but are instead 
amoeboid  [  9,   32  ] . This suggests that neonatal microglial 
cells are not functionally mature  [  11  ] . Moreover, neonatal 
microglia exhibit a partially activated phenotype in vitro, 
as indicated by an intermediate expression level of MHC 
class II and co-stimulatory molecules  [  3,   7  ] . Only a small 
number of studies have utilized ex vivo isolated adult 
microglia  [  2  ] . 

 Recently, several groups have established microglial cell 
cultures from adult CNS using density gradient methods  [  6, 
  21,   28  ] . These microglial cells are adherent and showed mor-
phological changes depending on the stimulant. Moreover, 
the cells were used for  fl ow cytometric analysis, suggesting 
that the isolation methods might be favorable ex vivo. The 
disadvantage of using adult microglial cells that have been 
isolated ex vivo is their tendency to undergo cell death within 
several days upon culture. In support of this a report by 
Fischer and Reichmann showed that mouse adult microglia 
do not proliferate in vitro  [  12  ] . 

 In the present paper, we provide an outline of the isola-
tion of microglial cells from adult mouse CNS and present 
suitable culture methods for maintenance and proliferation 
of the cultures for long periods. Also, we present the immu-
nocytological features demonstrating the purity of the cul-
tures. Finally, we present a paradigm that shows that the 
primary cells are able to polarize to different activating 
phenotypes in response to IFN g  plus IL-1 b  or IL-4 
stimulation.  

   Materials and Methods 

   Animals 

 All animal experimental procedures were approved by the 
Institutional Animal Care and Use Committee of Showa 
University (#00138 and 01156). Young adult male and 
female C57/BL6 mice were used in the present study and the 
animals were bred at our facility.  

   Isolation of Primary Adult Microglial Cells 

 All instruments and reagents should be sterile. Twenty ani-
mals were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.) and perfused transcardially with ice-cold saline 
(Otsuka, Tokyo, Japan) to wash out contaminating blood 
cells from the brain. Brains and/or spinal cords were quickly 
removed and immersed immediately in ice-cold PBS (-) on 
ice. The brain of each of  fi ve animals was transferred to a 
small Petri dish containing 2 mL of digesting solution and 
minced roughly with scissors. The digesting solution  [  6  ]  
contained 0.025 U/mL DNase (Sigma, St. Louis, MO, USA), 
0.5 % Dispase II (Roche, Mannheim, Germany), 0.05 % 
Collagenase D (Roche), and 0.1  m g/mL Nα-Tosyl- l -lysine 
chloromethyl ketone hydrochloride (TLCK; Sigma) in 
Hank’s balanced salt solution (Invitrogen, Carlsbad, CA, 
USA). The minced brains were transferred to a 7-mL 
Dounce-tissue grinder (Weaton, Millville, NJ, USA) and 
homogenized (ten strokes) in 3 mL of digesting solution. 
These procedures were repeated four times to homogenize 
20 brains. The homogenates were further digested by rock-
ing at 100 rpm in a 50-mL conical tube containing 40 mL 
( fi nal volume) of digesting solution for 15 min at room tem-
perature and was then allowed to settle for 10–15 min. After 
 fi ltration with a 100- m m nylon cell strainer (BD Falcon, 
Bedford, MA, USA), the homogenate was centrifuged at 
500 × g for 7 min and the supernatant was aspirated. Each 
pellet was resuspended with HBSS, the suspensions were 
pooled and centrifuged again. After aspirating the superna-
tant, the pellet was suspended in 25 mL of 30 % isotonic 
Percoll (GE, Uppsala, Sweden). Fifteen mL HBSS was gen-
tly overlaid on the suspension and the Percoll gradient solu-
tion was centrifuged at 200 × g for 40 min without breaking. 
The debris and supernatant were aspirated and the cell pellet 
was suspended to wash with HBSS and centrifuged at 400 × g 
for 6 min. The pellet was resuspended with 36 mL of 10 % 
RPMI1640 medium (10 % heat-inactivated fetal calf serum 
[FCS; Nichirei, Tokyo, Japan], 2 mM  l -glutamate, 100 units/
mL penicillin, and 100  m g/mL streptomycin in RPMI1640 
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[all from Invitrogen]). The cell suspension was seeded into 
three six-well plates and incubated with a change of medium 
every 3–4 days for 1 month until reaching con fl uence.  

   Immunocytochemistry 

 The epitope pro fi les of the cells were determined by immu-
nocytostaining. Aliquots of the cell suspension were seeded 
in four- or eight-well Lab-Tek TM  chamber slides (Permanox™; 
Nunc, Roskilde, Denmark) and cultured with a change of 
medium every 3–4 days for 3 weeks. The media were 
removed and the cultures gently washed twice with PBS (-). 
The cells were  fi xed with 2 % paraformaldehyde in PBS for 
15 min followed by two washes with PBS (-). After blocking 
with 2.5 % normal horse serum in PBS containing 0.05 % 
Tween 20 (PBST) for 1 h, the cells were incubated with anti-
bodies against CD11b (1:100; AbD Serotec, Oxford, UK, a 
microglial marker), Neu N (1:500; Millipore, Billerica, MA, 
USA, a neuronal marker), GFAP (1:10; DAKO, Glostrup, 
Denmark, an astroglial marker), and myelin basic protein 
(1:250; MBP; Millipore, an oligodendroglial marker) over-
night at 4 °C. After rinses with PBST, cultures were incu-
bated with Alexa 488-labeled goat anti-rat IgG, Alexa 
546-labeled goat anti-mouse or rabbit IgG (all obtained from 
Invitrogen), for 2 h at room temperature. The cells were 
rinsed with PBST and counterstained with 4,6-Diamidine-2-
phenylindole dihydrochloride (DAPI, 1:10,000; Roche). The 
 fl uorescence and immunolabeling were detected using opti-
cal sectioning microscopy (Axio Imager with ApoTome; 
Zeiss, Oberkochen, Germany).  

   Polarization and Immunoblotting 

 The cells were cultured in six-well plates in 1 % DMEM 
(1 % FCS, 2 mM  l -glutamate, 100 units/mL penicillin, and 
100  m g/mL streptomycin in DMEM [Invitrogen]), contain-
ing 10 ng/mL each of recombinant mouse interferon- g  
(rmIFN g ) and rm interleukin-1 b  (rmIL-1 b ), or 20 ng/mL 
rmIL-4 (all from PeproTech, Rocky Hill, NJ, USA) was 
applied for 24 h to induce classical or alternative polarized 
microglia respectively. The cells were then gently washed 
twice with PBS (-), and were collected using a cell scraper in 
lysis buffer (10 mM Tris-HCl [pH 7.4], 0.15M NaCl and 1 % 
Triton X-100, 1 mM EGTA, 50 mM NaF, 2 mM sodium 
orthovanadate, 10 mM sodium pyruvate, and protease inhibi-
tor cocktail [Sigma]). The suspension was then sonicated for 
10 s twice (Handy Sonic; Tomy Seiko, Tokyo, Japan) and 
incubated for 30 min on ice. The protein concentration of the 

samples was  determined using a BCA protein assay kit 
(Thermo Fisher Scienti fi c, Waltham, MA, USA). All sam-
ples were stored at −30 °C until use. The samples were 
reduced by heating in sampling buffer (4 × sampling buffer: 
0.25M Tris/HCl [pH 6.8], 10 v/v% 2-mercaptoethanol, 
8 w/v% glycerol, 4.5 w/v% sodium dodecyl sulfate), 8  m g 
protein was electrophoresed on a 10 % poly-acrylamide gel 
(Bio-Rad, Hercules, CA, USA) and was transferred to poly-
vinylidinene  fl uoride membranes (Bio-Rad). After blocking 
with 5 % nonfat milk for 1 h, the membrane was probed with 
rabbit anti-Iba-1 (1:1,000; Wako, Tokyo, Japan), rabbit anti-
nitric oxide synthase 2 (NOS2, also known as iNOS, 
1:10,000; Transduction Laboratories, Lexington, KY, USA), 
rabbit anti-Ym1 antibody (1:1,500; StemCell Tech, 
Vancouver, BC, Canada) or mouse anti- b -actin (1:4,000, 
Sigma) overnight at 4 °C. The membrane was rinsed with 
10 mM Tris/HCl (pH 7.4)/0.05 % Tween 20 (TBST) and 
probed with horseradish peroxidase (HRP)-conjugated don-
key anti-rabbit IgG (1:3,000, GE Healthcare Bioscience, 
Little Chalfont, UK) or sheep anti-mouse IgG (1:2,000; GE 
Healthcare Bioscience). The protein bands were detected by 
chemiluminescence (SuperSignal West Dura Extended 
Duration Substrate; Pierce, Rockford, IL, USA) and exposed 
onto X-ray  fi lm (Fuji Film, Tokyo, Japan). For comparison 
with brain homogenates, homogenate samples from ipsilat-
eral hemispheres of focal ischemic brains  [  24  ]  were applied 
to the electrophoresis in the same manner.   

   Results 

   Morphological Alteration of Primary 
Adult Microglial Cells 

 A few hours after seeding, the microglial cells began to 
attach to the plate. The next day, some cells were  fl atly 
adhered and the majority had an amoeboid-like morphology. 
In the interspaces of the amoeboid-like cells, small cells had 
increased gradually in size and had extended foot processes 
within a week (Fig.  1a ). These small cells appeared shiny 
and had long processes 2 weeks later (Fig.  1b ). They appeared 
to be of the rami fi ed type. The small cells survived trypsini-
zation and were able to be passaged.   

   Immunocytochemistry of the Microglial Cells 

 Epitope characteristics of the cells were determined by 
immunostaining with antibodies against microglial, neural, 
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astroglial, and oligodendroglial characteristic proteins 
(Fig.  2 ). Most of the cells were clearly positive for the 
microglia marker CD11b. The staining overlapped com-
pletely with differential interference contrast (DIC) images 
and was not present in the DAPI-stained nuclei. No label-
ing was seen with the astroglial (GFAP) and neuronal 
(NeuN) antibodies. Oligodendroglial (MBP) marker- 
positive cells were rarely observed in the cultures. These 
results suggested that the cultures were at least 95 % pure 
microglial cells.   

   Activating Polarization of the Microglial Cell 
Culture with Cytokine Stimuli 

 Next, we determined whether the cultured microglial cells 
were able to be polarized with cytokine stimuli. Cells were 
incubated in IFN g  plus IL-1 b  or IL-4 for 24 h and were col-
lected for immunoblotting. The blots were probed with anti-
bodies against microglia, Iba-1, iNOS, a marker for classical 
activating phenotype, and Ym1, as the alternative activating 
phenotype marker. We also electrophoresed brain homoge-
nates to assess expression levels in normal and ischemic 
brains. As shown in Fig.  3 , the control microglial cells 
exposed to vehicle alone (1 % DMEM) expressed the micro-
glial marker Iba-1, but did not express iNOS and Ym1. The 
cells exposed to IFN g  plus IL-1 b  clearly increased iNOS 
expression, but were negative forYm1. These cells tended to 
increase the Iba-1 level as well. In contrast, the cells exposed 
to IL-4 displayed increased Ym1 levels, but not iNOS at 
24 h. These cells also had decreased Iba-1 levels. In the brain 
homogenates Iba-1 was not detected, probably because of 
the low population of microglial cells in the brain. Non-
ischemic control brain (0 h) was negative for iNOS, and 
showed weak levels of Ym1. The Ym1 levels increased 24 h 
after ischemia. However, no iNOS could be detected 24 h 
after ischemia. The results were consistent with our previous 
experiment in that iNOS was not detected even if the 30- m g 
ischemic brain sample was loaded for electrophoresis 
(unpublished data) and Ym1 was detected in the hippocam-
pus after ischemia  [  25  ] .    

   Conclusion 

 In this paper we presented a method of isolating primary 
microglial cells from adult mice CNS. The isolation methods 
are relatively simple and can be accomplished within a few 
hours. Moreover, the cells proliferated, although the growth 
was slow, and did not show obvious autolysis for extended 
time periods. In fact, we were able to culture the cells for 
3 months in basic medium without any supplement (data not 
shown). The ability to culture these cells long term may be 
related to the fact that the density of cells at seeding was 
60–70 % con fl uence. Although this is considered high den-
sity, lower density cells rapidly exhibited cell death by autol-
ysis. Moreover, the cultured microglial cells changed their 
morphology from large  fl at amoeboid-type to small shiny 
rami fi ed-type over time in culture. The shiny small cells 
were often able to be lifted and re-plated. The features of the 
cells are consistent with previous reports  [  28  ] . 

 Percoll density gradient methods have been used to isolate 
microglial cells from adult mice  [  6,   21,   28  ] . Cardona et al., 

  Fig. 1    Morphology of cultured adult microglial cells. Microglial cells 
were isolated from the CNS of adult C57/BL6 mice and cultured for 
1 week ( a ) and 1 month ( b ) in six-well plates. The images were photo-
graphed using phase contrast microscopy. ( a ) The microglial cells were 
 fl atly adhered and exhibited large size ( arrows ) for the  fi rst few days. 
The microglial cells exhibited other morphology over time in culture.In 
the interspaces of the large  fl attened cells, the cells ( arrowheads ) which 
are small size and had extended foot processes gradually increased the 
number in the culture plate. ( b ) The small microglial cells proliferated 
and became shiny at 1 month       
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who recommended the use of  fl ow cytometric analysis and 
PCR studies used a 70 %/40 % gradient, and the cells were 
observed at the interphase of 40 and 70 %  [  6  ] . Their method 
obtained a higher purity of cell suspension than ours, but their 
cell yield s was 20 % of ours. With our methods, although the 
purity after Percoll density gradient centrifugation is not 
higher and includes cellular debris and other cells such as red 
blood cells, this contamination does not adhere to the culture 

plates. Our immunocytochemical study revealed that most of 
the adherent cells expressed the microglial marker CD11b, 
did not include neuronal and astroglial cells, and the cultures 
were at least 95 % pure. 

 We then evaluated a function of the microglial cells. The 
microglial cells were polarized to microglia/macrophage-
activated phenotypes by cytokine application according to 
previous studies  [  16,   20  ] . Microglial cells exposed to IFN g  
plus IL-1 b  showed increased expression of iNOS, but not of 
Ym1, suggesting that the microglial cells polarized to a 
classical activating phenotype  [  10,   16  ] . In contrast, the 
microglial cells treated with IL-4 showed increased expres-
sion of Ym1 but not of iNOS, consistent with polarization to 
an alternatively activated phenotype  [  10,   16,   27  ] . Moreover, 
Iba-1 was detected in nonstimulated cells, was increased by 
classical activating polarization and was decreased by alter-
native activation. For comparison with in vivo microglia, the 
same amount of protein derived from pre- and 24 h post-
ischemic brains was immunoblotted. In both brain samples, 
Iba-1 was not detectable, probably because of the low popu-
lation (12–15%) of microglial cells in the brain. Although 
iNOS could not be detected even after ischemia owing to 
less gene expression  [  23  ] , Ym1 signals were detected in the 
pre-ischemic brain and were enhanced after ischemia; con-
sistent with our previous study  [  25  ] . The paradigm indicates 
that the microglial cells are a useful tool for elucidating 
adult microglial function.      

CD11b

DAPI DAPINeUNMBPDAPIGFAP

DAPI DIC

  Fig. 2    Immuno fl uorescence of adult primary microglia performed 
with optical sectioning microscopy. The adult microglial cells were 
stained with anti- CD11b , - GFAP , - MBP , and  NeuN  antibodies. The 
nuclei were counterstained with  DAPI . The microglial cells were 

stained with  CD11b  and overlapped completely with differential inter-
ference contrast ( DIC ) images. However, few positive staining was 
observed in  GFAP ,  MBP , and NeuN antibodies       

Microglial culture

0 h   24 h

iNOS

β-actin

Iba-1

Ym1

IFNγ
+

IL-1β
IL-4Veh

Ischemic brain

  Fig. 3    Immunoblotting analysis of the microglial cells and ischemic 
brain homogenate. The adult microglial cells were incubated in vehicle 
( veh ),  IFN g   plus  IL-1 b   or  IL-4  for 24 h, to induce classical activating or 
alternative activating phenotype, respectively. The microglial cells, pre-
ischemia and 24 h after tMCAO brain homogenates, were electrophore-
sed for immunoblotting. Then, a microglial marker,  Iba-1 , a classical 
activating microglial marker,  iNOS , and an alternative activating marker, 
 Ym1  were blotted.   b -actin  is an internal control       
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  Abstract   Pituitary adenylate cyclase-activating polypeptide 
(PACAP) is a neuropeptide acting as a neuroprotectant. We 
previously showed that PACAP receptor (PAC1R) immuno-
reactivity was elevated in reactive astrocytes after stab wound 
injury. However, the pattern of PAC1R expression in astro-
cytes after brain injury is still unknown. In this study, PAC1R 
expression was evaluated in mouse hippocampal astrocytes 
after bilateral common carotid artery occlusion. PAC1R 
mRNA levels in the hippocampus peaked on day 7, and glial 
 fi brillary acidic protein (GFAP) mRNA levels increased from 
day 3 to day 7 after ischemia. We then observed co-localization 
of PAC1R and GFAP by double immunostaining. GFAP-
immunopositive cells showed signs of hypertrophy 3 days 
after the ischemia, and by day 7 had  fi ne processes, were 

hypertrophied, and are known as reactive astrocytes. A low 
number of PAC1R-immunopositive astrocytes were detect-
able in the hippocampal area until 3 days after ischemia. 
PAC1R-positive astrocytes were widely distributed in the 
hippocampus between day 7 and day 14 after ischemia, and 
they were converging around the damaged CA1 pyramidal 
cell layer by day 28. These results suggest that PAC1R might 
be expressed in the middle to late stage of reactive astrocytes 
and PACAP plays an important role in the reactive astrocytes 
after brain injury.  

  Keywords   PACAP receptor  •  Brain ischemia  •  Reactive 
astrocyte  •  Hippocampus  •  Mouse  •  Bilateral common carotid 
artery occlusion  •  Real-time PCR  •  Immunohistochemistry      

   Introduction 

 Pituitary adenylate cyclase-activating polypeptide (PACAP) 
was isolated from ovine hypothalamus, based on its ability to 
stimulate the accumulation of cAMP in rat pituitary cell cul-
tures  [  2  ] . PACAP is a member of the vasoactive intestinal 
polypeptide (VIP) secretin glucagon family, and its closest 
analog is VIP. PACAP and VIP share three types of recep-
tors: the PAC1 receptor (PAC1R), and the VPAC1 and 
VPAC2 receptors (VPAC1R, VPAC2R). The af fi nity of 
PAC1R for PACAP is more than 1,000 times higher than its 
af fi nity for VIP, indicating that PAC1R is a relatively selec-
tive receptor for PACAP  [  7,   30  ] . PAC1R is widely distributed 
in the brain, and is expressed in neurons and astrocytes 
 [  1,   21  ] . PACAP has been shown to have pleiotropic func-
tions, such as neurotransmission, neuroprotection, vasodila-
tation, and immunomodulation, and it also regulates neural 
development  [  10,   20,   25,   31  ] . PACAP has a great neuropro-
tective effect on the brain, retina, spinal cord, heart, etc. 
 [  4,   12,   18,   24 ,  28  ] . The neuroprotective effects of PACAP 
after infarction appear at a very low concentration after 
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intracerebroventricular or  intravenous infusion in the case of 
global or focal ischemia  [  21,   29  ] . We previously showed that 
PACAP receptor (PAC1R) immunoreactivity was elevated in 
reactive astrocytes after stab wound injury  [  26  ] . However, 
the expression pattern of PAC1R in ischemic brain has not 
yet been clari fi ed. Moreover, the astrocytic PAC1R distribu-
tion in resting and activated astrocytes after ischemia is 
unknown. In this study, we examined the expression and dis-
tribution of PAC1R in hippocampal regions after global 
ischemia.  

   Materials and Methods 

   Animals 

 All experimental procedures involving animals were 
approved by the Institutional Animal Care and Use Committee 
of the Showa University (51010, 51031). All experiments 
were performed on male C57BL/6 mice. The animals were 
housed at 23 °C on a 12-h light/dark cycle with ad libitum 
access to food and water.  

   Global Cerebral Ischemia Model 

 The bilateral common carotid artery occlusion (BCCAO) 
procedure was carried out as described in our previous report 
 [  13  ] . In brief, mice were anesthetized with 2.0 % sevo fl urane 
in N 

2
 O/O 

2.
  The body temperature was maintained at 

 37.0–38.0 °C by a heat blanket. The common carotid arteries 
on both sides were exposed and occluded with Zen tempo-
rary clips (Oowa-tusho, Tokyo, Japan). After 15 min the clips 
were removed for reperfusion.  

   Real Time PCR 

 Mice were sacri fi ced by decapitation and brains were imme-
diately removed on day 0, 3, 7 or 14 after BCCAO. The hip-
pocampi were then collected and immediately frozen by 
liquid nitrogen, and kept in a deep freezer at −80 °C. Total 
RNA was extracted using Trisol (Invitrogen, Carlsbad, CA, 
USA). The total RNA was reverse-transcribed into cDNA 
and then ampli fi ed using the reagents and the protocol of the 
PrimeScript RT reagent kit (TaKaRa BIO, Kyoto, Japan). RT 
reaction and the PCR ampli fi cation were performed with 
GeneAmp PCR System 2700 (Perkin-Elmer, Boston, MA, 
USA). The primers speci fi c for the mouse GFAP, PAC1R, 
and  b -actin primers were purchased from TaKaRa BIO. For 

quanti fi cation of GFAP and PAC1R mRNA levels, real-time 
PCR was performed in a SYBR Premix Ex Taq II reagent 
(TaKaRa BIO INC) setting with heating to 95 °C for 30 s 
followed by 45 ampli fi cation cycles of 95 °C for 5 s and 
60 °C for 31 s using an ABI PRISM 7900 (Applied 
Biosystems, Lincoln, CA, USA). Standard curves were gen-
erated using a serial dilution of a reference sample and 
included in each real-time run to correct for possible varia-
tions in product ampli fi cation. Relative copy numbers were 
obtained from standard curve values, and were normalized to 
the values obtained for the house keeping gene,  b -actin. The 
levels of GFAP and PAC1R mRNA were normalized as per-
centages of the intact controls.  

   Histology 

 Mice were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.) 0, 1, 3, 7, 14 or 28 days after BCCAO, and brains 
were  fi xed by perfusion with saline followed by 2 % para-
formaldehyde in 50 mM phosphate buffer. Post- fi xation, the 
brain tissues containing bregma −1.6 to −2.2 mm were 
embedded in OCT compound after immersion in 20 % 
sucrose for cytoprotection as a frozen section. The frozen 
sections (thickness 8  m m) were used for immunostaining.  

   Double Immuno fl uorescent Staining 

 The frozen sections were washed by PBS, incubated, and 
blocked with 5 % normal horse serum. The sections were 
then incubated overnight at 4 °C with rabbit anti-PAC1R 
antibody raised by using the N-terminal residue as an antigen 
 [  26  ]  and mouse anti-glial  fi brillary acidic protein (GFAP) 
antibody (1:500; Sigma, St. Louis, MO, USA) as a marker of 
astrocytes. The immunoreactivity of PAC1R was detected 
using Alexa 546-labeled goat anti-rabbit IgG, while that of 
GFAP were detected using Alexa 488-labeled goat anti-
mouse or anti-rat IgG antibodies following 90 min incuba-
tion at room temperature. Double immunolabeling was 
detected using a  fl uorescence microscope.   

   Results 

 Hippocampal GFAP and PAC1R mRNA levels after BCCAO 
were evaluated using real-time PCR. The GFAP mRNA level 
was signi fi cantly elevated and peaked 3 days after ischemia 
(456 ± 84 %; Fig.  1 ). It then decreased gradually by day 7 
(280 ± 73 %), and reached the basal level on day 14 
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(110 ± 18 %; Fig.  1 ). The PAC1R mRNA level did not change 
on day 3 (102 ± 13 %), but increased signi fi cantly on day 7, 
where it peaked (155 ± 21 %; Fig.  1 ).  

 Immunoreactivity of GFAP and PAC1R was observed in 
the ischemic mouse hippocampus. GFAP-positive PAC1R-
negative cells were observed in the hippocampus, and weak 
PAC1R immunoreactivity was observed in CA1 pyramidal 
neurons on 0 (intact) and 1 day after ischemia (Fig.  2a, b ). 
GFAP-immunopositive cells became hypertrophied on day 

3 without PAC1R immunoreactivity (Fig.  2c ). On day 7, 
PAC1R immunoreactivity was well co-localized with GFAP-
positive cells, which had  fi ne processes and were hypertro-
phied, and are known as reactive astrocytes (Fig.  2d ). 
GFAP-positive with PAC1R-positive cells were observed 
around the hippocampal CA1 area, where delayed neuronal 
death was induced by BCCAO. The double-immunopositive 
cells were widely distributed from there on day 14 (Fig.  2e ), 
and were only found in the CA1 region on day 28 (Fig.  2f ). 
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  Fig. 1    Glial  fi brillary acidic protein ( GFAP )  mRNA  ( a ) and pituitary 
adenylate cyclase-activating polypeptide receptor ( PAC1R )  mRNA  ( b ) 
levels in mouse hippocampus after global ischemia. Data on the mRNA 

levels are shown as the mean ± SE ( n  = 6). ** P  < 0.01, * P  < 0.05 vs 0 day 
(one-way ANOVA followed by Dunnett’s test)       
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  Fig. 2    Distribution of GFAP and PAC1R immunoreactivities in the 
mouse hippocampal region after global ischemia. ( a – f ) Typical hip-
pocampal pictures with GFAP ( green ) and PAC1R ( red ) immunoreac-
tivities in intact mice ( a ) or mice at 1 ( b ), 3 ( c ), 7 ( d ), 14 ( e ), and 
28 days ( f ) after bilateral common carotid artery occlusion (BCCAO). 

Double-immunopositive cells were indicated by  arrows  ( d – f ). ( g ) 
Schematic brain maps indicate the distribution of GFAP-positive and 
PAC1R-negative cells ( black circles ) and GFAP-positive and PAC1R-
positive cells ( red squares )       
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Although PAC1R and GFAP double-immunopositive cells 
were observed in the cerebral cortex, in the amygdala, and 
in the  fi mbria hippocampi, the distribution did not change 
after BCCAO (data not shown). The distribution of GFAP 
and PAC1R immunoreactivity after BCCAO was summa-
rized in Fig.  2g .   

   Conclusion 

 Astrocytes can be activated by central nervous system injury. 
The activated astrocytes, called reactive astrocytes, form dense 
scar tissue, known as the glial scar, around the lesion site, 
which serves to compact in fl ammatory cells and re-seal the 
blood–brain barrier after it has been breached by injury  [  5,   11  ] . 
We previously reported that PAC1R-immunopositive astro-
cytes were observed close to the injury site on day 4 after stab 
wounding. However, the behavior of PAC1R-immunopositive 
astrocytes after nervous tissue injury is not well understood. In 
this study, we used the BCCAO model which resulted in 
delayed neuronal death in the hippocampal CA1 region on day 
4 after injury  [  13  ] . As a result, the number of PAC1R and 
GFAP double-immunopositive cells were elevated on day 7, 
diffused at 14 days, and converging on the area around the 
injury site 28 days after BCCAO (Fig.  2 ). To our knowledge, 
this is the  fi rst report to reveal the distribution and transition of 
PAC1R-immunopositive astrocytes after brain injury. 
Interestingly, peaks of the mRNA levels show a time lag: 
GFAP on day 3 and PAC1R on day 7 (Fig.  1 ). GFAP is well 
known as a normal astrocytic marker, but it is also up-regu-
lated when these astrocytes become reactive  [  9  ] . Indeed, 
GFAP-immunopositive cells start hypertrophying on day 3, 
almost at the same time as neuronal death occurs, but the 
astrocytes were PAC1R-immunonegative. Between days 7 and 
14, matured reactive astrocytes were PAC1R-immunopositive. 
These data suggest that PAC1R is expressed at the middle or 
late stage of reactive astrocytosis, but not in the earlier stage. 

 The effect of PACAP on cultured astrocytes has been 
reported. A number of growth factors and cytokines are 
released from reactive astrocytes  [  23  ] , and it has been 
reported that PACAP administration induces the expression 
of neuroprotective proteins, such as ADNF and ADNP 
 [  3,   15,   17  ] , and cytokines  [  6,   14,   27  ] . Recently, We reported 
that PAC1R immunoreactivity was observed in IL-6 reactive 
astrocyte with IL-6 immunoreactivity which is known as an 
neuroprotective factor associated with PACAP [ 19 ]. 
Neuroprotective effects of PACAP may mediate the release 
of such PACAP-inducible factors from astrocytes. Moreover, 
PACAP at a concentration of 10 −11  to 10 −13  M potentiates and 
stimulates the proliferation of resting and reactive astrocytes 
 [  8,   16  ] . 

 We conclude that PAC1R expressed in mature reactive 
astrocytes may play an important role in glial scar formation. 
Further studies are required to fully elucidate the role of 
PACAP in the functional behavior of astrocytes, and to char-
acterize the underlying mechanisms.      
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  Abstract   In recent studies, molecular hydrogen selectively 
reduced the levels of hydroxyl radicals in vitro and exerted a 
therapeutic anti-oxidant activity in a rat middle cerebral 
artery occlusion model. The aim of this study was to investi-
gate the effect of hydrogen gas on a mouse bilateral common 
carotid artery occlusion (BCCAO) model. Male C57BL/6J 
mice were subjected to transient BCCAO with a nontrau-
matic aneurysm clip. The mice were divided into three 
groups: sham, BCCAO, and BCCAO treated with 1.3 % 
hydrogen gas. Cerebral blood  fl ow (CBF) in the cortex was 
measured sequentially for both hemispheres with a non- 
invasive and noncontact laser Doppler blood perfusion 
imager during the procedure. Vital signs were also recorded. 
Oxidative stress evaluated by measuring the level of 
8-hydroxy-2’-deoxyguanosine (8-OHdG), neuronal injury in 
the hippocampal CA1 sector, and brain water content were 
assessed 24 h after ischemia. The hydrogen gas treatment 
had no signi fi cant effect on vital signs or CBF values. 
However, the reduction of the expression of 8-OHdG, the 
decrease in the neuronal injury in the hippocampal CA1 sec-
tor, and the attenuation in brain water content were observed 
in hydrogen-treated mice. In conclusion, hydrogen gas might 
be effective in a mouse BCCAO model.  

  Keywords   Hydrogen  •  Bilateral common carotid artery 
occlusion  •  Mouse  •  Ischemia/reperfusion injury  •  Brain 
edema      

   Introduction 

 Hydrogen (H 
2
 ) gas is one of the antioxidant agents that reduce 

hydroxyl radicals and peroxynitrite in vitro  [  5  ] . Inhalation of 
H 

2
  gas has been reported to reduce infarct size in the rat model 

of myocardial, intestinal, and hepatic I/R injuries  [  3,   4,   7  ] . 
Moreover, H 

2
  gas exerts a therapeutic antioxidant activity in a 

focal brain ischemia model in rats  [  5  ] . The aim of this study 
was to investigate the effect of H 

2
  gas on a mouse bilateral 

common carotid artery occlusion (BCCAO) model.  

   Materials and Methods 

   H 
2
  Gas Treatment 

 For gaseous treatment, a tank with high-pressure pre-mixed 
gases was purchased directly from the manufacturer (Japan 
Fine Products, Kanagawa, Japan). Concentration of hydro-
gen (1.3 %), oxygen (30 %), and nitrogen (balanced) was 
con fi rmed by the manufacturer. We applied a hydrogen con-
centration of 1.3 % because it was safer when a high-pressure 
mixed gas was used with 30 % oxygen. H 

2
  from the pre-

mixed gas tank was delivered to mice via a tight- fi tting reser-
voir face mask. The mice without H 

2
  treatment inhaled 

nitrogen-based high-pressure mixed gas with 30 % oxygen 
(without hydrogen; Japan Fine Products).  

   BCCAO Model 

 Male C57BL/6J mice 9–11 weeks of age and weighing 
23–27 g (CLEA Japan, Tokyo, Japan) were allowed free 
access to food and water before experimental use. Mice were 
divided into three groups: sham surgery (Sham), BCCAO, 
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and BCCAO treated with hydrogen gas (BCCAO + H 
2
 ). 

During surgery and the postoperative period, rectal tempera-
ture was maintained at approximately 37.0 °C by means of a 
heating pad. Mean arterial blood pressure, heart rate, and 
respiratory rate were recorded. Mice were anesthetized with 
20 mg/kg of sodium pentobarbital intraperitoneally. The skull 
was exposed after a midline scalp and periosteum incision 
with lidocaine local anesthesia. A mild dose of sodium pento-
barbital was used to minimize the effects on cerebral blood 
 fl ow (CBF). CBF in the cortex was measured semiquantita-
tively for both hemispheres with a non-invasive and non- 
contact laser Doppler blood perfusion imager (Periscan PIM 
II; PeriMed, Stockholm, Sweden). Both common carotid arter-
ies were exposed and occluded by applying non-traumatic 
small aneurysm clips for 45 min. After 45 min of occlusion, 
the clips were carefully removed to restore blood  fl ow. CBF 
was measured sequentially just before, during 5 and 45 min, 
and at 5, 30, 60, 120, and 180 min after BCCAO. After 180 min 
of reperfusion, the neck incision was closed, and the mice 
were allowed to recover. We previously con fi rmed that mice 
without the posterior communicating artery showed low resid-
ual CBF (less than 30 % of pre-occlusion values) in the same 
hemisphere during BCCAO by performing an anatomical 
study  [  6  ] . Therefore, mice that showed low residual CBF (less 
than 30 % of pre-occlusion values) in the same hemisphere 
were included from further analysis. In the BCCAO + H 

2
  

group, mice inhaled H 
2
  gas during the 225-min process (45 min 

occlusion and 180 min reperfusion). Furthermore, H 
2
  was 

administered for 3 h a day from 1 to 3 days after surgery. In the 
BCCAO group, mice inhaled O 

2
  gas during the entire process, 

instead of inhaling H 
2
  gas. Sham-operated mice were treated 

as described above, but without BCCAO.  

   Tissue Preparation 

 After 24 h of reperfusion, mice were anesthetized and tran-
scardially perfused with 0.9 % saline solution, followed by 
4 % buffered paraformaldehyde. The brains were removed 
and embedded in paraf fi n after  fi xation in the same  fi xative 
for 24 h at 4 °C. Three series of 5- m m-thick coronal sections 
were cut at the coronal levels of 1.94 mm posterior to the 
bregma. Each series of sections was used for hematoxylin 
and eosin staining, Nissl staining, and immunostaining 
against 8-hydroxy-2’-deoxyguanosine.  

   Hematoxylin and Eosin Staining, Nissl Staining 

 Serial coronal sections were stained with hematoxylin and 
eosin. For Nissl staining, the sections were stained with 
0.2 % cresyl violet. The CA1 area of hippocampus from each 
mouse was captured by using a microscope (Axio Imager.

A1; Carl Zeiss, Jena, Germany) equipped with a digital cam-
era system. Histological changes in the sections of the CA1 
of the hippocampus were evaluated by a blind rater. For each 
section, three  fi elds of view (×400) were sequentially selected 
and the numbers of pyramid cells inside were counted.  

   8-Hydroxy-2’-Deoxyguanosine Staining 

 Immunohistochemistry was performed using a Histo fi ne 
MOUSESTAIN Kit (NICHIREI Co, Tokyo, Japan) accord-
ing to the manufacturer’s instruction. Serial coronal sections 
were stained overnight at 4 °C with a mouse monoclonal 
antibody against 8-hydroxy-2’-deoxyguanosine (8-OHdG; 
1:100; Japan Institute For the Control of Aging, Shizuoka, 
Japan) to detect oxidative DNA damage. The immunoreac-
tivity was detected using a diaminobenzidine method. Images 
were observed and captured with a microscope (Axio Imager.
A1; Carl Zeiss). Oxidative DNA damage was quanti fi ed in a 
blinded manner by counting the number of 8-OHdG-positive 
cells in three areas of the cortex (motor, somatosensory, piri-
form) at the coronal section (1.94 mm posterior to the 
bregma). The mean was calculated from the three areas in 
the cortex.  

   Brain Water Content 

 Brain water content was measured using the wet/dry method. 
Brie fl y, mice were decapitated after 24 h of reperfusion, and 
the brain of each mouse was removed. The cerebral cortex of 
both hemispheres was separated and weighed, and then the 
tissues were put in an oven at 110 °C for 48 h and reweighed. 
Brain water content was calculated as follows: (wet 
weight − dry weight)/wet weight × 100 %.  

   Statistical Analysis 

 Comparisons among multiple groups were performed with 
ANOVA followed by Bonferroni/Dunn test and Fisher’s least 
signi fi cant difference test. Comparisons between the two 
groups were made by the unpaired  t  test. A value of  P  < 0.05 
was considered statistically signi fi cant.   

   Results 

 We carefully monitored several physiological parameters 
and found no signi fi cant differences between the BCCAO 
group and the BCCAO + H 

2
  group. In both groups, residual 
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CBF in both hemispheres after BCCAO was less than 30 % 
of the pre-occlusion value; the values were not signi fi cantly 
different between the two groups (unpublished data). 

 No obvious neuronal injury was detected in the sham 
group. A signi fi cant reduction in surviving neurons was 
observed in the BCCAO group and the BCCAO + H 

2
  group 

compared with the sham group (unpublished data). However, 
a signi fi cantly greater increase in the count of surviving neu-
rons was observed in the BCCAO + H 

2
  group than in the 

BCCAO group (unpublished data). 
 We identi fi ed oxidative DNA damage by an 8-OHdG anti-

body. No positive staining was detected in the sham group. 
After 24 h of reperfusion, strong 8-OHdG immunoreactivity 
was evident in the nuclei of neurons in the BCCAO group. 
A signi fi cant reduction in 8-OHdG-positive neurons was 
observed in the BCCAO + H 

2
  group compared with the 

BCCAO group (unpublished data). 
 Twenty-four hours of reperfusion resulted in a signi fi cant 

increase in brain water content in the BCCAO group com-
pared with the sham group (unpublished data). However, 
inhalation of 1.3 % H 

2
  signi fi cantly reduced the brain water 

content of BCCAO mice (unpublished data). There was no 
signi fi cant difference in brain water content between the 
BCCAO + H 

2
  group and the sham group (unpublished data).  

   Conclusion 

 The present study showed that 1.3 % H 
2
  inhalation 

signi fi cantly increased the number of survival neurons in the 
hippocampal CA1 sector in BCCAO mice. This was in good 
agreement with the  fi ndings that inhalation of H 

2
  gas with 

concentrations between 1 and 4 % reduced the infarct size in 
the focal cerebral ischemia rats  [  5  ] , and that H 

2
  saline treat-

ment signi fi cantly increased the number of survival neurons, 
and reduced the infarct size and the caspase activity in the 
neonatal cerebral hypoxia–ischemia rats  [  1  ] . Our study also 
showed that 1.3 % H 

2
  inhalation signi fi cantly attenuates the 

brain edema in BCCAO mice after 24 h of reperfusion. Chen 
et al. reported that H 

2
  gas reduced the hemorrhagic transfor-

mation in focal cerebral ischemia in rats and that the 

 reduction of oxidative agents might contribute to increased 
survivability of the endothelial cells  [  2  ] . To the best of our 
knowledge, this is the  fi rst report showing that H 

2
  gas treat-

ment attenuated the brain edema in BCCAO mice. We believe 
that the attenuation of brain edema may result from the pro-
tection of endothelial cells via reduction of oxidative stress 
by H 

2
  gas. However, more evidence is needed to support the 

precise mechanistic action of hydrogen gas on the brain 
edema. 

 In summary, inhalation of 1.3 % H 
2
  gas attenuated oxida-

tive stress, neuronal injury in the hippocampal CA1 sector, 
and brain edema in BCCAO mice.      
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  Abstract   We developed a conventional imaging method to 
measure Ca 2+  concentration in cytosol (using FuraRed as an 
indicator) and mitochondria (using Rhod-2 as an indicator), 
simultaneously, by alternative excitation with speci fi c wave 
length. After con fi rming the availability of the method in 

Hela cells, we applied it to mouse whole-brain slice 
 preparation, which was exposed to oxygen- and glucose-
deprived arti fi cial cerebrospinal  fl uid (ischemic ACSF) for 
12 min. The  fl uorescence (>570 nm) at the cerebral cortex 
and hippocampus due to FuraRed (excited by 480 ± 10 nm) 
decreased (indicating the increase in cytosolic Ca 2+ -
concentration), while the  fl uorescence due to Rhod-2 (excited 
by 560 ± 10 nm) increased (indicating the increase in mito-
chondrial Ca 2+  concentration) during exposure to ischemic 
conditions. We found the characteristic protective effects of 
cyclosporine A (10 −6  M), a known blocker for mitochondrial 
permeability transition, and SEA0400 (10 −6  M), a blocker for 
Na + /Ca 2+  exchanger, on the abnormal Ca 2+  increase in cyto-
sol. We con fi rmed that the present method will be useful for 
future pathological and pharmacological studies on isch-
emia-induced brain damage.  

  Keywords   Ischemia  •  Cytosol  •  Mitochondria  •  Fluorescence 
Ca 2+  indicator  •  Rhod-2  •  FuraRed  •  Cyclosporine A  
 SEA0400  •  Na + /Ca 2+ exchanger  •  Mitochondrial permeability 
transition      

   Introduction 

 Brain tissue has been known to require a very large amount 
of energy. Embolism or infarction of cerebral blood vessels 
and also accidental hypoxia and hypoglycemia cause enceph-
alopathies, which are sometimes fatal or have severe seque-
lae depending upon the sites attacked. The mechanisms of 
acute neuronal cell death due to the energy de fi cit have been 
demonstrated to be dependent upon the massive increase in 
intracellular Ca 2+  concentration. The increased Ca 2+  subse-
quently triggers the Ca 2+ -dependent process to produce 
superoxides and cascade activation of many kinds of pro-
teases, which cause the severe breakdown of functional mol-
ecules inside the cell, cytoskeleton, and plasma membrane 
 [  1  ] . Abnormal Ca 2+  concentration increase during ischemia 
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seemed to be one of the most important targets for develop-
ing new drugs to protect the brain from the damage due to 
ischemia. Since we know mitochondria is one of the most 
important organelles for controlling the intracellular Ca 2+  
concentration, it seems very important to not only the cyto-
solic Ca 2+  concentration, but also the mitochondrial Ca 2+  
concentration during and after the ischemia. Nowadays, 
many kinds of Ca 2+  indicators are commercially available. 
Almost all indicators are known to distribute inside cytosol, 
but an indicator called Rhod-2, a derivative of rhodamine, 
has been proven to distribute in mitochondria preferentially 
 [  4  ] . In the present study, we tried to develop a conventional 
method for simultaneous measurement of cytosolic and 
mitochondrial Ca 2+  concentration and attempted to apply the 
method for drug evaluation.  

   Materials and Methods 

   Experimental Procedures for Simultaneous 
Detection of Cytosolic and Mitochondrial 
Ca 2+  Concentration 

 The peak excitation wave length of Rhod-2, a mitochondrial 
Ca 2+  indicator, is 560 nm, and the peak  fl uorescence due to 
the excitation is observed at around 590 nm. As for an indi-
cator for cytosolic Ca 2+  dynamics, we selected FuraRed/AM, 
which distributes in cytosol  [  2  ] . The peak excitation wave 
length of the dye is around 500 nm, which induces 
 fl uorescence with a peak wave length of around 650 nm. We 
loaded those two types of Ca 2+  indicators onto the cells in 
culture or the mouse brain slices simultaneously. Using a 
conventional epi fl uorescence inverted microscope (Olympus 
IX81) with an automatic excitation  fi lter exchange system, 
we detected the  fl uorescence due to those two different indi-
cators with almost simultaneous timing (within 0.1 s of exci-
tation  fi lter exchange) through a dichroic mirror of 570 nm 
and a long-pass emission  fi lter (>575 nm). The  fl uorescence 
images were detected by a highly sensitive digital CCD cam-
era (ORCA ER, Hamamatsu Photonics) and fed into an 
image analysis system (AQUACOSMOS, Hamamatsu 
Photonics). The  fl uorescence signals obtained from two dif-
ferent indicators were analyzed separately and provided as 
cytosolic and mitochondrial signals respectively.  

   Procedure for Preparing Cultured Hela Cells 
and for Loading Ca 2+  Indicators 

 Hela cells are maintained in Dulbecco’s modi fi ed Eagle’s 
medium (DMEM) supplemented with 10 % fetal bovine 
serum (FBS) at 37 °C under 5 % CO 

2
  on a glass-bottomed 

culture dish (IWAKI, 3931-035). Two days later, the cul-
tured cells on the dish were rinsed with the balanced salt 
solution (BSS), and then exchanged with the BSS contain-
ing FuraRed/AM (5  m M) and Rhod-2/AM (5  m M). After 
45 min of incubation at room temperature (27 ± 1 °C), the 
cells were rinsed with fresh BSS and kept for another 
30 min at room temperature to allow    breakdown of the 
ester form by the intrinsic esterase. The cells on the glass-
bottomed dish were perfused continuously at a rate of 
2 mL/min. The  fl uorescence images of the cells were 
observed × 40 lens and fed into the above-mentioned image 
analysis system.  

   Procedure for Preparing Fresh Mice Brain Slice 
Preparations and for Loading Ca 2+  Indicators 

 An adult mouse (C57 BK, 20–30 g) was decapitated under 
deep ether anesthesia. Whole brain was isolated quickly 
and kept in ice-cold aerobic arti fi cial cerebrospinal  fl uid 
(ACSF; bubbled constantly with 95 % O 

2
  and 5 % CO 

2
 ) for 

10 min. Then the 300  m M horizontal brain slices including 
the hippocampus and cerebral cortex were prepared by a 
tissue slicer (Dohsaka DTK-1000). The brain slices were 
placed in the aerated ACSF containing FuraRed/AM 
(10  m M) and Rhod-2/AM (5  m M) for 60 min, and then in a 
large volume of fresh ACSF at room temperature for 
30 min. The slice preparation was placed on the glass- 
bottomed recording chamber. The slice was perfused with 
aerated ACSF at a rate of 2 mL/min at 32 ± 1 °C. The 
 fl uorescence images of the slice preparation were detected 
by × 4 objective lens and fed into the image analysis 
system.  

   Protocol for Exposing the Slice Preparation 
to Ischemia and the Evaluation of Drug Effects 

 To expose the slice preparation to the ischemic conditions, 
normal aerobic ACSF was replaced for 12 min by the isch-
emic ACSF containing 2-deoxy- d -glucose, bubbled with 
95 % N 

2
  and 5 % CO 

2
 ) at 31 ± 1 °C. Drug effects on the slice 

preparation were evaluated by administration from 10 min 
before exposure to the end of the experiment.  

   Drugs Used 

 SEA0400 was kindly supplied by Taisho Pharmaceutical 
(Saitama, Tokyo, Japan). Cyclosporine A, ionomycin, rote-
none, and histamine were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Rhod-2/AM was purchased from 
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Dojindo Molecular Technologies. (Kumamoto, Japan), and 
FuraRed.AM was purchased from Invitrogen, Molecular 
probes (Eugene, OR, USA).   

   Results 

   Con fi rmation of Differential Distribution 
of FuraRed and Rhod-2 in Hela Cells 

 As shown in Fig.  1a , the cells loaded with FuraRed and 
Rhod-2 showed different  fl uorescence images (>570 nm) 
when excited by 500 and 560 nm, alternately. The 
 fl uorescence intensity of the cells obtained by 500-nm exci-
tation was almost homogeneous, while that excited by 
560 nm was concentrated in speci fi c  fi lamentous structures 
in the cell. The Rhod-2  fl uorescence images seemed to show 
the structure of living mitochondria. We applied histamine 
(10 −5  M) to the cells and examined their  fl uorescence by 
alternate excitation with 500 and 560 nm. As shown in 
Fig.  1b , the  fl uorescence due to 500-nm excitation decreased, 
which indicated an increase in cytosolic Ca 2+  concentration, 
while the  fl uorescence due to 560-nm excitation incre-
ased, which indicated an increase in mitochondrial Ca 2+  
concentration.  

 We applied ionomycin (10 −6  M), a Ca 2+  ionophore, for 
1 min, and observed a large increase in Ca 2+  in both cytosol 
and mitochondria. In the cells treated with rotenone, 
a mitochondrial Ca 2+  uptake blocker, we were able to observe 

an increase in cytosolic Ca 2+  concentration, while the 
increase in mitochondria was largely reduced (data not 
shown). 

 These results indicate that the present method can be used 
to detect the speci fi c Ca 2+  dynamics in both cytosol and mito-
chondria simultaneously.  

   Examination of the Drugs Affecting 
the Ca 2+  Dynamics in Hela Cells 

 We examined the effects of two types of drugs affecting 
Ca 2+  dynamics. Cyclosporine A (CsA) has been proven to 
have a strong protective effect on mitochondrial permea-
bility transition  [  5  ] , which will occur during Ca 2+  over-
loading in mitochondria. Another drug is SEA0400 (SEA), 
which has been demonstrated to inhibit the activity of the 
Na + /Ca 2+  exchanger in plasma and mitochondrial mem-
brane  [  3  ] . 

 The drugs were administered on Hela cells by perfusion 
5 min before the exposure to ionomycin (10 −6  M) for 1 min, 
which caused a massive increase in cytosolic and mitochon-
drial Ca 2+ . We evaluated the effects of the drugs according to 
the percentage recovery from the extensive increase in Ca 2+  
concentration in cytosol and mitochondria 1 min after expo-
sure to ionomycin. As shown in Fig.  2 , CsA (0–10 −5  M) and 
SEA (0–10 −5  M) showed dose-dependent protective effects 
on the ionomycin-induced severe Ca 2+  increase in both cyto-
sol and mitochondria.   

Fura Red Rhod2 Cytosol

Mitochondria

F560 ± 10 nmF500 ± 10 nm
Em> 570 nm

A B

a b c

a b c

  Fig. 1    Fluorescence images and Ca 2+  dynamics in Hela cells loaded 
with both FuraRed/AM and Rhod-2. ( A ) Differential  fl uorescence 
images (>570 nm) of FuraRed and Rhod-2 in the same cells. ( B ) Pseudo-
color images of cytosolic and mitochondrial Ca 2+  concentrations.  a ,  b  

and  c  indicate before, during, and after histamine (10 −5  M) administra-
tion.  Arrows  indicate the direction of color change due to an increase in 
Ca 2+  concentration       
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   Application of the Method to Mouse 
Brain Slices 

 We applied the method to the mouse brain-slice preparations. 
Our preliminary experiments showed that the loading of 
Rhod-2 to the brain-slice preparation was more ef fi cient than 
FuraRed and that the excitation for FuraRed was more effec-
tive at a shorter wave length of 480 nm than in the Hela cell 
experiments. Thus, we decided the loading concentration for 
the brain-slice preparation to be 10  m M for FuraRed/AM and 
5  m M for Rhod-2/AM. The excitation wave length for 
FuraRed was  fi xed at 480 nm. 

 We con fi rmed the availability of the method for the brain-
slice preparation by administering a high potassium ACSF 

(50 K; 50 mM, isotonic like normal ACSF by exchanging 
sodium for potassium   ). During 5-min administration of 50 K 
to the slice preparation, we were able to observe the decrease 
in FuraRed and the increase in Rhod-2  fl uorescence, sug-
gesting that our method successfully detected the increase in 
cytosolic and mitochondrial Ca 2+  respectively.  

   Examination of Ca 2+  Dynamics During 
Ischemia and the Effects of Drugs 

 Under the above-mentioned experimental conditions, we 
examined the Ca 2+  dynamics in cytosol and mitochondria 
during exposure to 12 min of ischemia. We were able to 
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  Fig. 2    Effects of SEA0400 and cyclosporine A on the ionomycin- 
induced Ca 2+  increase in cytosol and mitochondria in Hela cells. ( a ) 
Averaged time courses of the Ca 2+  dynamics and the protective effects 
of SEA0400 (10 −6  M) and cyclosporine A on cytosol ( upper panel ) and 

mitochondria ( lower panel ;  n  = 10, SE indicated). The  fl uorescence sig-
nals in cytosol were reversed to compare them with mitochondria. ( b ) 
The dose response relationships to the effects of SEA0400 and 
cyclosporine A       
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observe a characteristic Ca 2+  increase in the whole brain dur-
ing ischemia. Figure  3  shows the changes that occurred in 
the hippocampal CA1 region. The increase in the cytosolic 
and mitochondrial Ca 2+  concentrations began within 5 min, 
and developed progressively during exposure to the ischemic 
conditions. The increase in cytosolic Ca 2+  was apparently 
irreversible, but mitochondrial Ca 2+  seemed to be partially 
reversible. We administered CsA and SEA by pretreatment 
for 10 min before the onset of ischemia. As shown in Fig.  3 , 
CsA (10 −6  M) and SEA (10 −6  M) signi fi cantly depressed the 
increase in cytosolic Ca 2+  increase during ischemia. CsA 
seemed to reduce the increase in mitochondrial Ca 2+ , but the 
inhibition was not signi fi cant.    

   Conclusion 

 In the present study, we established a conventional method of 
measuring cytosolic and mitochondrial Ca 2+  dynamics in 
culture cells and brain-slice preparation simultaneously. The 
simultaneous measurement of mitochondria and cytosol 
using laser confocal microscopy has been reported in iso-
lated pancreatic acinar cells  [  6  ] . However, we ventured to 
develop an image analysis system equipped with an 
epi fl uorescence microscope with an automatic excitation 
 fi lter exchanger, which is more popular in laboratories and 
easier to handle. We con fi rmed that the present method 
worked effectively on the cells in culture. We were able to 
observe the dramatic rescuing effects of SAE0400 and CsA 
on cells exposed to ionomycin, which induced a massive 
increase in cytosolic and mitochondrial Ca 2+  concentration 

and caused acute cell death. The pharmacological pro fi les of 
the two drugs seemed to be similar from a Ca 2+  dynamics 
point of view. 

 Although the dynamics of Ca 2+  in cytosol and mitochon-
dria may show different pro fi les under abnormal conditions 
in energy production such as ischemia, few studies discuss-
ing the difference between the Ca 2+  dynamics in the two 
compartments during ischemia have been published so far. 
We expected the ef fi ciency of the present method on observ-
ing the ischemia-induced Ca 2+  abnormality and the effects of 
drugs on it. We found that the simultaneous observation of 
Ca 2+  dynamics in both cytosol and mitochondria provides 
important clues in searching for drugs effective for prevent-
ing severe brain damage due to Ca 2+  overloading. However, 
we are not satis fi ed with the present results. The signal 
observed as cytosolic Ca 2+  in the slice preparation was unex-
pectedly low. We should therefore search for the most rele-
vant experimental conditions suitable for brain-slice 
preparations in order to increase reliability.      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Abstract   Using laser speckle imaging (LSI), which can 
visualize quadratic distribution of blood  fl ow, we mea-
sured blood  fl ow changes in transient cerebral ischemic 
mice, and compared these results with data obtained using 
laser Doppler  fl owmetry (LDF). In addition, we examined 
the relationship between ischemic damage and blood  fl ow 
change. ICR mice ( n  = 22) were subjected to transient 
middle cerebral artery occlusion using a 6-0 mono fi lament 
under general anesthesia. LSI was performed before 
 ischemia, during ischemia, and 30 min, 3 h, 24 h, 7 days, 
and 28 days after ischemia. LDF was monitored continu-
ously from pre-ischemia to 10 min after ischemia com-
menced. The level of cerebral blood  fl ow (CBF) measured 
by LSI was less than that using LDF. LSI was able to mea-
sure CBF quantitatively and repeatedly. Blood  fl ow 
 measurements using LSI revealed that recovery of cere-
bral cortical blood  fl ow after ischemia in mice without 
cortical infarction was earlier than that seen in mice with 
cortical infarction. This study indicates that LSI is a  useful 

technique for analyzing the relationship between  tissue 
damage and cerebral blood  fl ow change following cere-
bral ischemia.  

  Keywords   Brain ischemia  •  Cerebral blood  fl ow  •  Mice  •  Laser 
speckle image      

   Introduction 

 Various methods have been used to measure cerebral blood 
 fl ow after cerebral ischemia. Moreover, many studies have 
described cerebral blood  fl ow (CBF) changes following cere-
bral ischemia. We have been using laser Doppler  fl owmetry 
(LDF) to monitor cerebral blood  fl ow during brain ischemia. 
However, this method had several limitations, which included 
single point measurements, poor reproducibility, and dif fi culty 
with  fi xed-quantity analysis. Therefore, we attempted to use 
laser speckle imaging (LSI), which visualizes the quadratic 
distribution of cerebral blood  fl ow in mice, and also allows 
sequential monitoring of blood  fl ow pre-ischemia, during 
ischemia, and post-ischemia in the mouse cerebral hemi-
spheres. In this paper, we reviewed the availability of LSI and 
compared it with LDF. In addition, we also discuss blood 
 fl ow changes after transient cerebral ischemia using this mea-
surement technique.  

   Materials and Methods 

   Animals 

 Experiments were performed using male ICR mice (6 weeks of 
age, Charles River Japan, Atsugi, Japan). The experimental 
 protocol was approved by the Tokyo Medical University 
Institutional Review Committee for the Use of Animal Subjects.  
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   Transient Focal Cerebral Ischemia 

 As previously reported  [  5  ] , a 6-0 siliconized  fi lament (PDS 
II; Ethicon, NJ, USA) was inserted into the external carotid 
artery and the  fi lament was advanced through the origin of 
the anterior cerebral artery so as to occlude the right mid-
dle cerebral artery (MCA). Anesthesia was maintained 
with 1.5–2.0 % (v/v) iso fl urane in 67 % N 

2
 O and 34 % O 

2
  

employing an inhalation mask during the surgical proce-
dure. During ischemia, anesthesia was continued. After a 
30-min occlusion period, reperfusion was  accomplished 
by withdrawing the intraluminal  fi lament from the right 
external carotid artery. After the operation, anesthesia was 
discontinued and all mice were placed in a recovery box 
maintained at 34 °C for 3 h to prevent hypothermia.  

   Measurement of CBF 

 By both of LDF and LSI, we measure the blood  fl ow in the 
brain cortical surface. It is possible to measure the blood 
 fl ows in the whole brain surface simultaneously by LSI. 
Figure 2 shows the measured values by LSI at the same sites 
measured by LDF. 

   CBF Measurements by LSI 

 Cerebrospinal  fl uid was recorded for 10 s using the LSI sys-
tem (Omegazone, Omegawave, Tokyo, Japan) in anesthe-
tized and prone-positioned mice whose skull was exposed 
and covered with plastic wrap. The skull surface was dif-
fusely illuminated using a 780-nm laser light. The scattered 
light was  fi ltered and detected using a CCD camera posi-
tioned above the head. The  fi lter detected only scattered 
light that had a perpendicular polarization to the incident 
light. The current experimental settings allowed CBF mea-
surements on the dorsal surface of the cerebrum, such as the 
motor cortex and parietal cortex including the primary 
somatosensory cortex. Raw speckle images were recorded 
using a video capture card and software. The raw speckle 
images were used to compute speckle contrast, which cor-
responds to the number and velocity of moving red blood 
cells, i.e., CBF. Signal processing was performed using the 
algorithm developed by Forrester et al.  [  2  ] . Color-coded 
blood  fl ow images were obtained using the high-resolution 
mode (638 × 480 pixels: 1 image/s). One blood  fl ow image 
was generated by averaging 20 consecutive raw speckle 
images. CBF data in a region of interest, which corresponds 

to the area of the LDF measurement, was obtained using 
pallet software installed in the Omegazone imaging system. 
CBF measurements by LSI were carried out pre-ischemia, 
during ischemia, and at  fi ve time points post-ischemia 
(30 min, 3 h, 24 h, 1 week, and 4 weeks). In this experiment, 
measurements using LSI were obtained in a 1-mm diameter 
circle, which included the area used for LDF measurements 
in the ischemic hemisphere.  

   CBF Measurements by LDF 

 An LDF probe (EG  fi ne probe, OMEGAWAVE, Tokyo, 
Japan) was  fi xed to the skull (2 mm posterior and 5 mm 
lateral to the bregma) with superglue. The analog laser 
Doppler signals (FLO-C1, OMEGAWAVE, Tokyo, Japan) 
were collected using a computerized data acquisition sys-
tem (Mac Lab chart v3.5/s: AD instruments, using a 
Macintosh computer). CBF measurements by LDF were 
carried out continuously from pre-ischemia to 10 min after 
ischemia commenced.   

   Neurological Assessment 

 Neurological changes after ischemia were evaluated at 3 and 
24 h, and 4 weeks after ischemia by a masked observer. We 
quanti fi ed the severity of the neurological de fi cit using a 
modi fi ed four-point scale as follows: 0, no observable neuro-
logical de fi cits (normal); 1, failure to extend left forepaw 
(mild); 2, circling to the left or right side (moderate); 3, loss 
of walking ability or right re fl ex (severe).  

   Immunostaining and Evaluation 
of Brain Infarction 

 Four weeks after reperfusion, all mice were deeply 
 anesthetized    with 5 % (v/v) iso fl urane with 67 % N 

2
 O and 

33 % O 
2
  in a box. The brain was  fi xed with 4 % (w/v) 

paraformaldehyde through the heart. After  fi xation, 
40- m m coronal sections were cut using a cryostat. These 
sections were stained with a mouse monoclonal antibody 
against mouse neuronal nuclei (NeuN, Chemicon) for 
identi fi cation of the infarct area. Each mouse was assigned 
to two groups, namely the CI group and the non-CI group, 
depending on the presence or absence of cortical infarc-
tion (CI).  



73Repetitive Cerebral Blood Flow Measurements Using Laser Speckle Imaging in a Transient Cerebral Ischemic Mouse Model

   Statistical Analysis 

 Values are expressed as the means ± SD in the text and 
 fi gures. One-way ANOVA followed by Sheffe’s test was 
used to compare CBF and LSI measurement within each 
group. The Mann–Whitney  U  test was used to compare CBF 
and LSI measurements, and neurological scores between 
groups at each time point. The paired Student’s  t  test was 
employed to compare the change in CBF during ischemia 
between the LSI and LDF measurement groups. A value of 
 P  < 0.05 was considered to be statistically signi fi cant.   

   Results 

 We performed experiments on 22 mice. During the 28-day 
experimental period, 6 mice died. They were excluded from 
the data. Eleven animals were assigned to the cortical infarc-
tion group (CI group), and 5 animals were assigned to the 
group without cortical infarction (non-CI group; Fig.  1 ). No 
signi fi cant difference was observed in the neurological score 

between the two groups 3 h after ischemia (CI group: 
1.64 ± 0.51; non-CI group: 1.4 ± 0.55). However, 24 h after 
ischemia, the neurological score in the non-CI group 
(0.6 ± 0.55) was signi fi cantly lower ( P  < 0.05) than that of the 
CI group (1.18 ± 0.41) mice. In contrast, 4 weeks after isch-
emia, the neurological scores of both groups decreased and 
were not signi fi cantly different (non-CI group: 0.20 ± 0.45; 
CI group: 0.72 ± 0.47). During ischemia, CBF measured by 
LDF (21.1 ± 10 % of the pre-ischemic value) was signi fi cantly 
low compared with that measured by LSI (39.5 ± 8.2 % of the 
pre-ischemic value). In the CI group, during ischemia and 
30 min after ischemia, CBF measured by LSI was less than 
20 mL/100 g/min, and was signi fi cantly lower compared 
with the pre-ischemic value (Fig.  2 ). In the non-CI group, 
CBF measured by LSI during ischemia was signi fi cantly 
reduced compared with the pre-ischemic value, and 30 min 
after ischemia, CBF by LSI increased more than 20 mL/100 g/
min (Figs.  2  and  3 ). At other time points, CBF was not 
signi fi cantly different from the pre-ischemic value in the 
non-CI group. Furthermore, CBF 30 min and 4 weeks after 
ischemia was signi fi cantly different in the two groups when 
measured by LSI.     

Cortical infarction(+) Cortical infarction(–)

1,000 µm ,

  Fig. 1    Representative coronal sections stained with NeuN 4 weeks after ischemia in mice. We quanti fi ed the extent of cortical infarction and 
assigned each mouse to one of two groups       
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   Conclusion 

 We measured changes in CBF during local cerebral isch-
emia over a long period using LSI. We found that LSI can be 
used as a stable repeated-measures technique. During isch-
emia, the rate of decline in CBF by LSI was lower than that 
by LDF. However, in other reports, changes in CBF using 
LSI in the MCA occlusion model were similar  [  3  ] . Blood 
 fl ow  measurements by LDF are less informative owing to 
 measurement being recorded at only one point, and are 
therefore not suitable for long-term repeated measurements. 
In addition, LDF is not suitable for quantitative measure-
ment. These limitations can be resolved by LSI. In this 
study, we divided mice into two groups depending on the 
absence or presence of a cortical infarct, and investigated 

changes in CBF following transient focal cerebral ischemia. 
In the group without cortical infarction, CBF could be 
recovered earlier after ischemia than in the group with corti-
cal infarction. This information is useful in predicting the 
damage caused by ischemia. In previous studies, it has been 
documented that CBF below 10–15 mL/100 g/min for 2–3 h 
leads to irreversible damage to neuronal tissue  [  1,   4  ] . In this 
experiment, CBF was below 20 mL/100 g/min for 1–3 h, 
resulting in cortical infarction. Our results are slightly dif-
ferent from those of previous studies, which may be due to 
the difference in measurement sites and measurement meth-
ods. However, further studies need to be performed in order 
to understand the potential advantages of LSI.      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Fig. 2    Graph showing changes in cerebrospinal  fl uid (CBF) using 
laser speckle imaging (LSI) during the experimental period. The mea-
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  Abstract   Post-traumatic hypothermia has been effective 
for traumatic brain injury in the laboratory setting. However, 
hypothermia has not shown ef fi cacy in clinical trials. With 
the results of a recent clinical trial, we hypothesized that 
hypothermia might reduce neuronal damage in acute sub-
dural hematoma (ASDH) by blunting the effects of reperfu-
sion injury. Twenty rats were induced with ASDH and 
placed into one of four groups. The normothermia group 
was maintained at 37 °C throughout. In the early hypo-
thermia group, brain temperature was reduced to 33 °C 
30 min prior to craniotomy. In the late hypothermia group, 
brain temperature was lowered to 33 °C 30 min after decom-
pression. The sham group had no ASDH and underwent 
only craniotomy with normothermia. For estimation of glial 
and neuronal cell damage, we analyzed serum and microdi-
alysate (using a 100kD probe) concentrations of: glial 
 fi brillary acidic protein (GFAP) and ubiquitin carboxyl- 
terminal hydrolase -L1 (UCH-L1). Hypothermia induced 
early signi fi cantly reduced the concentration of MD UCH-
L1. In conclusion, hypothermia induced early may reduce 
neuronal cell damage in the reperfusion injury, which was 
induced after ASDH removal. MD UCH-L1 seems like a 
good  candidate for a sensitive microdialysate biomarker for 
 neuronal injury and outcome.  

  Keywords   Hypothermia  •  Traumatic brain injury  
 Microdialysis  •  Biomarkers      

   Introduction 

 One therapeutic method, post-traumatic hypothermia, has 
been shown in previous studies to improve histopathological 
and behavioral consequences of traumatic brain injury (TBI) 
using various experimental models  [  6  ] . Unfortunately, thera-
peutic hypothermia has not shown ef fi cacy in multi-center 
trials owing to the heterogeneous nature of TBI patients 
 [  4,   21  ] . In a recent clinical trial, the utility of hypothermia was 
not con fi rmed as a primary neuroprotective strategy in severe 
TBI patients  [  5  ] . On the other hand, this study demonstrated 
the possibility that early induced hypothermia might have a 
bene fi cial effect on patients with ischemic/reperfusion injury 
(I/R), such as that seen in acute subdural hematomas  [  15  ] . 

 With data from the Clifton study in mind, we hypothe-
sized that hypothermia might be bene fi cial in the rat ASDH 
model by blunting the effects of reperfusion injury. The main 
aim of our study was to test the ef fi cacy of temperature man-
agement in reducing brain damage after ASDH. “Brain bio-
markers” of groups with normothermia, with pre-craniotomy 
hypothermia (early), and with post-craniotomy hypothermia 
(late) were compared. 

 For a more direct estimation of brain damage, the microdi-
alysis (MD) technique can be utilized. MD has demonstrated 
promise in the neuromonitoring of severely brain injured 
patients. Extracellular biomarkers, such as lactate and pyru-
vate, have been measured with 20 kD cut-off MD probes in 
the clinical setting. Lactate/pyruvate ratio (LPR) has been 
said to be effective in the detection of ischemic events  [  22  ] . 
The LPR, however, is in fl uenced by general conditions, and 
it is dif fi cult to interpret the meaning of LPR values 
 completely  [  14  ] . For a more direct understanding of neuronal 
viability, we decided to measure some extracellular 
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 biomarkers with 100 kD cut-off MD probes in this rat ASDH 
model. In this study, we applied glial  fi brillary acidic protein 
(GFAP) and ubiquitin carboxyl-terminal hydrolase-L1 
(UCH-L1) as markers of glial and neuronal cell damage 
respectively. GFAP is said to be one of the most clinically 
reliable serum biomarkers for head injury  [  8  ] . UCH-L1 has 
also been said to be a sensitive and speci fi c neuronal cell 
biomarker, able to predict injury severity and mortality after 
severe TBI  [  16  ] . In the past there have been no studies, labo-
ratory or clinically based, that correlate MD levels of UCH-
L1 and GFAP with their predictive ability. Our secondary 
aim was to analyze these biomarkers in serum and extracel-
lular  fl uid (measured with MD), to compare their levels 
before and after craniotomy and to establish their value in 
this I/R brain injury model.  

   Materials and Methods 

 Twenty male Sprague–Dawley rats were randomly divided 
into four groups. They underwent subdural hematoma induc-
tion, surgical procedure, and temperature manipulation as 
seen below: (1) In the normothermia group brain tempera-
ture was maintained at normothermic levels (37 °C) during 
the course of the experiment. (2) The early hypothermia 
group underwent hypothermic management (33 °C) 30 min 
prior to decompressive craniotomy and removal of coagu-
lated blood to mimic a clinical situation in which hypo-
thermia induction could be started when ASDH is diagnosed 
and while the operating room is prepared. Hypothermic 
treatment was continued for 3 h after decompression. (3) The 
late hypothermia group received hypothermic management 
(33 °C) 30 min after decompression surgery and it was main-
tained for 3 h. (4) The sham group did not receive induced 
subdural hematoma, but underwent craniotomy. Their brain 
temperature was maintained at normothermic levels (37 °C) 
during the course of the experiment. All animals were anes-
thetized and intubated as previously described  [  12  ] . The tail 
artery was cannulated with a polyethylene catheter for blood 
pressure monitoring, blood sampling, and obtaining the 
autologous blood needed for ASDH induction. A PaO 

2
  of 

around 100–150 mmHg and a PaCO 
2
  of 30–40 mmHg were 

aimed for. The brain temperature was maintained at 33 °C in 
the early- and late- hypothermia groups by a combination of 
the water blanket and heating system. In normothermia and 
the sham rat group, brain and rectal temperatures were main-
tained at 37 °C during the course of the experiment. Brain 
temperature was estimated using temporalis muscle temper-
ature, as previously discussed  [  10  ] . A midline scalp incision 
was made and a burrhole of 3 mm diameter was drilled 2 mm 
to the left of the sagittal suture and 3 mm behind the coronal 
suture. The dura was incised and a blunt-tipped, J-shaped, 

No. 23 gauge needle inserted into the subdural space. 
A cyanoacrylate glue was used to set the needle and seal the 
burrhole. The hematoma was induced by injecting 350  m l of 
nonheparinized autologous blood into the subdural space, 
allowing it to clot in situ. In the sham-treated group, the nee-
dle was set in place, but no blood was injected. Two and a 
half hours after induction of the subdural hematoma, a cran-
iotomy measuring 15 × 6 mm was made using a dental drill. 
The hematoma was removed using saline irrigation and for-
ceps after widely opening the dura. The scalp was closed 
over the craniotomy without replacing the bone to mimic 
clinical practice. 

 We used a CMA 12 MD probe (CMA Microdialysis, 
Solna, Sweden), which had a molecular weight cut-off at 
100 kD. One hour before ASDH induction, a second burr-
hole was drilled 2 mm to the left of the sagittal suture and 
2 mm behind the lambdoid suture for microdialysis probe 
insertion. The probe was inserted into this burrhole at 10° 
from the horizontal plane and at a depth of 6 mm, as previ-
ously described  [  13  ] . The dialysis probes were continuously 
perfused with physiological saline with 4 % BSA added at 
0.3  m l/min. Microdialysis sampling was delayed by 1 h after 
insertion to allow the brain to adapt to the presence of the 
probe. Dialysate samples of 36  m l were then produced over 
2 h periods, 2.5 h before and 0.5 h after craniotomy, and 
stored at −80 °C. Frozen microdialysate vials was later ana-
lyzed for biomarkers. At the end of each MD sampling 
period, 0.6 ml of blood was collected, and centrifuged at 
2,500 rpm for 10 min. From these centrifuged blood samples, 
serum was saved and stored at −80 °C for biomarker 
analyses. 

 Quantitative detection of UCH-L1 in serum and microdi-
alysate was performed using proprietary SW enzyme-linked 
immunosorbent assay (ELISA) and recombinant UCH-L1 as 
standard  [  20  ] . For quanti fi cation of GFAP in serum and 
microdialysate, sandwich ELISA kits from BioVendor were 
used according to the manufacturer’s instructions. 

 Values from demographic and clinical data, and all bio-
marker quanti fi cation data, were expressed as Mean ± SE, 
and assessed by using repeated analysis of variance (ANOVA) 
measures. Statistical signi fi cance was set at  p  < 0.05.  

   Results 

 Over the course of the experiment, mean arterial blood pres-
sure and PaCO 

2
  did not differ signi fi cantly among any of the 

groups. General circulation, oxygenation, and ventilation 
statuses were also stable. All physiological parameters in 
each treatment group were within the normal range through-
out the experiments. Brain temperatures were smoothly 
maintained at 37 °C in normothermia and sham group, and at 



79Preoperative-Induced Mild Hypothermia Attenuates Neuronal Damage in a Rat Subdural Hematoma Model

33 °C in the early hypothermia and late hypothermia group 
(Fig.  1 ). Global analysis between the four treatment groups 
for each biomarker showed no signi fi cant differences. In one 
sub-group, however, a signi fi cant difference was seen; in the 
early hypothermia treatment group, the extracellular UCH-
L1 concentration measured by MD was signi fi cantly 
decreased after craniotomy (statistics with paired  t  test, 
 p  = 0.0240, in Table  1 ). With the focus on UCH-L1 MD, we 
analyzed the degree of change from baseline (sample col-
lected pre-craniotomy) and determined that only hypothermia 
induced early could reduce the concentration of UCH L1 
MD (Fig.  2 ).     

   Discussion 

 In our study, we were able to detect a signi fi cant decrease in 
microdialysate levels of UCH-L1 before and after cran-
iotomy in the early hypothermia group alone (Fig.  2 ). Using 
UCH-L1 as a marker of neuronal injury, this  fi nding clearly 
supports the idea that hypothermia induced early is effective 
in reducing neuronal cell damage in I/R pathophysiology, as 
seen in the ASDH model. 

 In a multicenter trial of hypothermia for neuroprotection 
 [  4  ] , 392 patients with acute brain injury were randomized to 
normothermia or surface-induced hypothermia; hypothermia 
did not improve outcome. However, there was some weak 
evidence of improved outcomes in patients who were hypo-
thermic on admission and treated with continued hypo-
thermia  [  4  ] . This same group then tried to con fi rm the 

ef fi cacy of very early hypothermia in patients with severe 
brain injury, the National Acute Brain Injury Study: 
Hypothermia II (NABISH: II)  [  5  ] . In NABISH-II, the hypo-
thermia that was induced early was not ef fi cacious with 
regard to mortality and morbidity data. On the other hand, in 
a sub-populational analysis differentiating the diffuse brain 
injury patients from those with surgical hematoma evacua-
tion, hypothermia induced early did prove ef fi cacious for the 
latter group. The authors concluded that one explanation was 
the differences in pathophysiology between diffuse brain 
injury and hematoma. In experimental models, ischemia 
occurs during acute subdural hematoma expansion followed 
by reperfusion after removal  [  12  ] . This is similar to the 
pathophysiology of that seen in patients with cardiac arrest—
a group that has been successfully treated with hypothermia 
 [  9  ] . Experimentally, intra-ischemic hypothermia, prior to 
hematoma removal is associated with improved outcome  [  3  ] . 
Diffuse brain injury is not characterized by ischemia in 
in vitro studies and may not be a good candidate for hypo-
thermia treatment. After consideration of previous studies, 
we decided to test hypothermia induced early in the setting 
of an acute subdural hematoma rat model, which would stim-
ulate I/R injury to the brain. 

 The pathology of I/R injury can be separated into two 
mechanisms that play out over two time scales: hypo-
thermia-induced cellular dysfunction and reperfusion-
induced free radical production. Reperfusion following 
ischemia results in a short period of excessive free radical 
production. Experimental measurements of post I/R free 
radical production demonstrate that oxygen- and carbon- 
centered free radical production peaks within 5 min of 
 reperfusion  [  2  ]  and that hydroxyl generation peaks within 
15 min  [  11  ] . Thus, mitochondrial free radical production is 
an important target and provides the  fi rst window of oppor-
tunity for hypothermia treatment. Intra-ischemic cooling 
was likely necessary in our model because it ensured proper 
blood temperature at the time of reperfusion. A second 
window of opportunity for hypothermia targets the 
in fl ammatory cascade and cell death pathways of apoptosis 
and necrosis. These probably center on mitochondrial dys-
function and previous data have suggested that a transition 
in mitochondrial permeability may be the “point of no 
return” in both cell death pathways  [  17  ] . Apoptosis is ATP 
dependent, whereas necrosis is not. Both processes play out 
over hours to days and are associated with poor calcium 
and sodium management. Activation of caspases and pro-
teases, and the release of mitochondrial cytochrome C, are 
features of the more organized apoptosis  [  17  ] . These cell 
death processes represent the second window of treatment 
with hypothermia. 

 Despite large amounts of basic and clinical research into 
I/R brain injury, the mechanisms of neuronal protection in 
hypothermia therapy remain unknown. Currently,  therapeutic 
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  Fig. 1    Brain temperature manipulation. In the early hypothermia 
group, mild hypothermia (33 °C) was induced 30 min before cran-
iotomy. In the late hypothermia group, cooling began 30 min after cran-
iotomy. At the time of decompressive craniotomy, brain temperature of 
the early and late hypothermia groups was signi fi cantly different. Values 
are expressed as mean ± SE.  ASDH  acute subdural hematoma,  E - Hypo  
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hypothermia is believed to confer protection against I/R 
injury through multiple mechanisms. Among the many path-
ways cited a central hypothesis is that hypothermia reduces 
cellular metabolism and oxygen demand while maintaining 
acceptable ATP levels  [  7  ] . Additionally, hypothermia attenu-
ates abnormal free radical production  [  19  ] , improves cellular 
ion handling, and improves cellular pH balance  [  18  ] . 
Hypothermia also reduces cell death and in fl ammatory sig-
naling  [  23  ] . Although different tissues have different sensi-
tivities to ischemia, I/R injury has been observed in many 
tissue types  [  1  ] . 

 In our results, we were able to show the bene fi cial effects 
of hypothermia induced early in brain damage associated 
with an acute subdural hematoma. This neuro-protective 
effect is likely the result of the mechanisms described above. 
The important thing is that the hypothermia period should be 
initiated before reperfusion injury. 

 Our group is planning to transition this study into the 
clinical setting, exploring hypothermia induced early in sub-
dural hematoma patients using MD sampling for similar bio-
markers. Previously, we used a 20-kD cut-off in our MD 
sampling with the primary goal of measuring LPR, which 
has been said to be the most sensitive ischemic biomarker. 
Problematically, LPR values are in fl uenced by many condi-
tions, and it may be dif fi cult to interpret the data  [  14  ] . 
Therefore, we advocate the use of UCH-L1 MD as a good 
candidate for the next generation of MD sampling, as it 
offers a high degree of sensitivity and speci fi city for detect-
ing brain damage, especially ischemic injury. 

 We conclude that UCH-L1 MD is a reliable biomarker, 
especially in ischemic traumatic head injury. Using this 
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sensitive biomarker with the MD technique, we were able to 
demonstrate the ef fi cacy of early, pre-reperfusional mild 
hypothermia through its capacity to reduce neuronal cell 
damage in this I/R model, created by an ASDH. Clinical, 
multicenter trials are needed to further examine the ef fi cacy 
of very early, preoperatively induced hypothermia.      
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  Abstract   Intracranial bleeding is a common and serious 
consequence of traumatic brain injury (TBI). In the present 
study, we investigated cerebral hematoma occurrence, brain 
edema formation, blood–brain barrier (BBB) disruption, and 
heme oxygenase-1 (HO-1) expression after TBI. Moderate 
severity (1.8–2.2 atmospheres [ATM]) TBI was induced by 
lateral  fl uid percussion in male adult Sprague–Dawley rats. 
Sham rats underwent only a craniotomy. Rats were eutha-
nized 24 h later for brain histology and immunoblotting anal-
ysis. We found TBI-induced cerebral hematomas and iron 
deposition in the ipsilateral hemisphere in all rats. TBI also 
caused marked BBB disruption ( p  < 0.05) and brain swelling 
( p  < 0.05). HO-1, a key enzyme for heme degradation, was 
upregulated signi fi cantly after TBI (419 ± 89 vs 194 ± 59 pix-
els in the sham,  p  < 0.05). These results suggest that cerebral 
hematomas might play a role in brain injury after TBI. Future 
studies should determine the role of iron released from the 
cerebral hematoma in TBI.  

  Keywords   Brain edema  •  Cerebral hemorrhage  •  Iron  
•  Traumatic brain injury      

   Introduction 

 Each year in the United States, approximately 1.6 mil-
lion people suffer a traumatic brain injury (TBI) and 
there are more than 5 million Americans currently living 
with TBI-related disabilities  [  10  ] . There are currently no 
effective therapies for TBI patients. Intracranial bleed-
ing is a common and serious consequence of TBI. MRI 
has shown a preponderance of hemorrhagic lesions and 
few ischemic lesions in the acute phase and 56 % of TBI 
patients were reported to have at least one intracranial 
bleed  [  12  ] . The release of iron from the breakdown of 
hemoglobin during hematoma resolution may result in a 
build-up of non-heme iron in brain tissue and brain 
damage. 

 In the present study we established a TBI model with 
cerebral hematoma. The lateral  fl uid percussion (LFP) model 
produces both focal and diffuse injury with vascular disrup-
tion, neuronal cell death and glial proliferation  [  1,   2,   7,   14, 
  15,   17,   20  ] .  

   Materials and Methods 

   Animal Preparation and Experimental Group 

 The protocols for these animal studies were approved by the 
University of Michigan Committee on the Use and Care of 
Animals at the University of Michigan. Adult male Sprague–
Dawley rats (Charles River Laboratories, Portage, MI, USA) 
weighing 260–340 g were used in this study. Animals were 
euthanized at 24 h post-TBI or sham operation for brain his-
tology and Western blot analysis.  
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   Lateral Fluid Percussion Injury 

 Traumatic brain injury was induced by lateral  fl uid percus-
sion injury, as described previously  [  3,   15  ] . In brief, rats were 
anesthetized with pentobarbital (50 mg/kg, i.p.), and rectal 
temperature was maintained at 37.5 °C by using a feedback-
controlled heating pad. The animals were placed in a stereo-
taxic frame, and the scalp and temporal muscle were re fl ected. 
A 4.8-mm diameter hole was drilled between the bregma and 
lambda on the right convexity (anterior edge 2.0 mm poste-
rior to the bregma; lateral edge adjacent to the left lateral 
ridge), and a hollow female Luer–Lock  fi tting secured with 
dental cement. Lateral  fl uid percussion injury was induced 
by a transient (21–23 ms)  fl uid pulse impact against the 
exposed dura by using a  fl uid-percussion device (AmScien 
Instruments, Richmond, VA, USA). The impact pressure was 
measured by an extra-cranial transducer and controlled to 
1.8–2.2 atmospheres (ATM). After impact, the dura was 
checked to ensure that it had remained intact. Sham-operated 
control animals underwent all surgical procedures, except 
the  fl uid-percussion impact. Animals that did not survive the 
injury were predetermined to be excluded from the study.  

   Histological and Immunohistochemical Study 

 Rats were reanesthetized with pentobarbital (60 mg/kg, i.p.), 
followed by intracardiac perfusion with 4 % paraformalde-
hyde in 0.1 mol/L phosphate-buffered saline, pH 7.4. Brains 
were removed, kept in 4 % paraformaldehyde for 24 h, and 
immersed in 25 % sucrose for 3–4 days at 4 °C. The brains 
were then embedded in an optimal cutting temperature com-
pound (Sakura Finetek USA, Torrance, CA, USA) and sec-
tioned on a cryostat (18 µm). Brain swelling was assessed 
morphometrically. Coronal sections from 1 mm posterior to 
the anterior edge of the craniotomy site were stained with 
hematoxylin and eosin. On the microscopic images, the area 
of the ipsilateral or contralateral hemisphere was measured 
using ImageJ software. Brain swelling was estimated by the 
ratio of the volume of (ipsilateral – contralateral)/contralateral 
hemisphere. Immunohistochemical staining was performed 
using avidin–biotin complex technique. The primary antibody 
was polyclonal rabbit anti-rat HO-1 IgG (1:200 dilution, 
StressGene) and the secondary antibody was biotinylated goat 
anti-rabbit IgG (1:500 dilution, Vector Laboratories). Normal 
rabbit IgG was used as negative control. Brain iron deposition 
was determined by enhanced Perls’ reaction  [  22  ] .  

   Western Blot Analysis 

 Animals were anesthetized before undergoing transcardiac 
perfusion with 0.1 mol/L phosphate-buffered saline. The 
brains were removed and a 4-mm thick coronal brain slice 
was cut approximately 5 mm from the frontal pole. The 
slice was separated into ipsilateral or contralateral cortex 
and basal ganglia. Western blot analysis was performed as 
previously described  [  24  ] . The primary antibodies were 
polyclonal rabbit anti-rat HO-1 IgG antibody (1:2,500 
dilution; StressGen, Farmingdale, NY, USA) and poly-
clonal sheep anti-rat albumin antibody (1:20,000 dilution; 
Bethyl Lab, Montgomery, USA). The secondary antibod-
ies were peroxidase-conjugated goat anti-rabbit antibody 
(Bio-Rad Laboratories, Hercules, CA, USA) and rabbit 
anti-sheep antibody (Millipore, Billerica, MA, USA).  

   Statistical Analysis 

 All data in this study are presented as mean ± standard devia-
tion. Data were analyzed using Student’s  t  test or Kruskal–
Wallis test. Statistical signi fi cance was set at  p  < 0.05.   

   Results 

 All animals undergoing lateral  fl uid percussion had intrac-
erebral hematomas in the ipsilateral cortex and caudate at 
24 h (Fig.  1a ). TBI caused ipsilateral brain swelling 
(3.3 ± 0.9 % vs −0.04 ± 1.2 % in the sham group,  p  < 0.05, 
Fig.  1b ). Release of iron from the degradation of heme 
occurred around clots 24 h after brain trauma, as indicated 
by Perls’ staining. Iron-positive cells were found in the 
ipsilateral hemisphere, especially around hematomas 
(Fig.  2a ). TBI also resulted in blood–brain barrier disrup-
tion. Albumin levels were increased in the ipsilateral hemi-
sphere of TBI rats (1,248 ± 710 vs 204 ± 171 pixels in the 
sham group,  p  < 0.05, Fig.  2b ).   

 Immunoreactivity of HO-1 was increased markedly in the 
ipsilateral cortex and caudate of TBI rats (Fig.  3a, b ). Most 
HO-1 positive cells were microglia-like cells. HO-1 protein 
levels were determined by Western blot analysis and we 
found that HO-1 levels in the ipsilateral cortex were 
signi fi cantly higher in TBI rats (419 ± 89 vs 194 ± 59 pixels 
in the sham,  p  < 0.05, Fig.  3c ).   
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   Conclusion 

 In this study, we found that TBI resulted in cerebral hemato-
mas, brain swelling, and BBB disruption. HO-1 upregulation 
and brain iron deposition were also found in the ipsilateral 
hemisphere 24 h after TBI. 

 Intracranial bleeding is a common and serious conse-
quence of TBI and contributes to the injury. The primary 
brain injury after trauma may manifest as diffuse axonal 
injury, intraparenchymal contusions, intracranial hemato-
mas, diffused axonal injury, and skull fractures  [  9,   12  ] . Brain 
edema after TBI is a common and serious consequence of 

severe traumatic brain injury  [  6  ] . BBB disruption was 
reported previously after TBI  [  4,   19  ] . A brain contusion 
results in immediate cell death in a limited region of the 
brain. But secondary cell loss and chronic atrophy can occur 
at sites other than at or near the primary injury  [  13  ] . It may 
be related to regional metabolic distress that was mediated 
by accumulated iron-induced oxidative stress and metabolic 
dysfunction  [  25  ] . 

 Iron deposition occurs in TBI brain, as indicated in this 
study using Perls’ staining. We have gathered substantial evi-
dence that iron plays a major role in brain injury after intrac-
erebral hemorrhage and subarachnoid hemorrhage. The release 
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of iron from the breakdown of hemoglobin during hematoma 
resolution in the rat results in a build-up in the levels of non-
heme iron in brain tissue. The high level of non-heme iron 
remains in the brain for at least 28 days  [  22  ] . Through enhanced 
Perls’ reaction, iron- positive cells were found in the perihema-
tomal zone as early as the 1st day  [  22  ] , as found in our study 
with TBI. Increases in brain iron levels cause brain edema, 
oxidative stress, BBB disruption, brain atrophy, and neuro-
logical de fi cits following intracranial hemorrhage (ICH)  [  8, 
  16,   21,   23  ] . Our previous studies showed that free iron levels 
in cerebrospinal  fl uid (CSF) increase almost 14-fold on the 
third day after ICH, and remain high for at least 28 days after 
experimental ICH  [  18  ] . The duration of iron overload after 
lateral  fl uid percussion remains to be elucidated. 

 Brain HO-1 levels are increased after TBI. HO-1, also 
called heat shock protein 32, is an enzyme for heme degrada-
tion into iron, carbon monoxide, and biliverdin. It can be 
induced in the brain by heat shock, heme and hemoglobin, a 
variety of oxidants  [  23  ] , and TBI  [  5  ] . In the rat, marked 
HO-1 upregulation at day 3 accompanied by the elevation of 
nonheme iron, transferrin, transferrin receptor, and ferritin 
levels after subarachnoid hemorrhage  [  11  ] . 

 In conclusion, TBI induced cerebral hematomas, brain 
edema formation, BBB disruption, and iron deposition. 
Cerebral hematomas and brain iron overload could be thera-
peutic targets for TBI.      
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  Abstract      Increased concentration of extracellular adenosine 
after brain injury is supposed to be one of the causes of sec-
ondary brain damage. The purpose of the present study is to 
examine whether or not administration of adenosine A2A 
receptor antagonist may be ef fi cacious in ameliorating neu-
rological symptoms by blocking secondary brain damage 
through cascades initiated by adenosine A2a receptor. 

 Mongolian gerbils were divided into four groups: the 
trauma-medication (T-M), trauma-saline (T-S), sham-medi-
cation (S-M), and sham-saline (S-S) groups. Trauma groups 
received lateral  fl uid percussion injury. Medication groups 
received i.p. injection of SCH58261 (selective adenosine 
A2A receptor antagonist) until the  fi fth post-injury day. 
Open- fi eld locomotion test and grabbing test were conducted 
before and 1, 3, 5, 7, and 9 days after injury. 

 The total distance of movement in the T-S group was 
signi fi cantly greater than in the other three groups at all time 
points. In the T-M group, administration of SCH58261 
signi fi cantly blocked hyperlocomotion, which was observed 
in the T-S group. There was no signi fi cant difference in the 
total distance among the T-M, S-M, and S-S groups. In the 
grabbing test, grabbing time was signi fi cantly increased in 
the T-S group 3, 5, 7, and 9 days after the operation. 
SCH58261 also improved grabbing time in the T-M group. 

 Adenosine A2A antagonist successfully suppressed the 
trauma-induced hyperlocomotion, presumably by blocking 
secondary brain damage.  

  Keywords   Lateral  fl uid percussion model gerbil  •  Adenosine 
A2A receptor  •  Hyper locomotion      

   Introduction 

 Primarily traumatic brain injury leads to mechanical events, 
such as laceration, contusion, shearing, and axonal stretch-
ing. Secondary brain injuries, which result from complex 
biochemical and physiological hazardous pathways working 
over a period of hours to days, is also substantially attribut-
able to the chronic neurological symptoms of TBI patients 
 [  1,   2  ] . Therefore, knowledge of secondary brain injury after 
TBI must be important as it may be achieved by the clini-
cian’s hand to prevent patients from suffering from additional 
damage other than the initial impact. 

 Adenosine is supposed to be one of the causes of second-
ary brain damage. The concentration of extracellular ade-
nosine rises markedly in response to ischemia, hypoxia, 
toxicity, in fl ammation, and other brain insults  [  6  ] . Previously, 
Alessia Melani et al. reported that SCH 58261, a speci fi c 
adenosine A2A receptor antagonist, improved neurological 
and behavioral outcome after focal ischemia in Mongolian 
gerbils  [  5  ] . They also reported that SCH58261 reduced ele-
vation of the extracellular concentration of amino acids, 
GABA, and other neurotransmitters. Another previous 
report demonstrated that 3 weeks’ pretreatment with caf-
feine improved the neurological outcome in a trauma model 
of mice  [  3  ] . The protective effect of speci fi c adenosine A2A 
antagonist to traumatic brain injury, however, has not yet 
been examined. 

 The purpose of the present study is to examine whether 
post-traumatic administration of adenosine A2A receptor 
antagonist is ef fi cacious in ameliorating neurological 
symptoms by blocking the secondary brain damage in a 
lateral  fl uid percussion neurotrauma model in Mongolian 
gerbils.  
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   Materials and Methods 

   Animals 

 All experimental protocols were based on the NIH Guide for 
the Care and Use of Laboratory Animals and were approved 
by the Animal Experiment Committee of Tokyo Medical and 
Dental University. Adult Mongolian Gerbils of 23–37 
(weighing 60–100 g) were housed in groups of three or four 
and maintained on a 14/10 h light/dark cycle with unlimited 
access to food and water. 

 Animals were divided into the following four groups: the 
trauma-medication (T-M), trauma-saline (T-S), sham- 
medication (S-M), and sham-saline (S-S) groups.  

   Surgical Procedure for Lateral Fluid 
Percussion Injury 

 Moderate brain injury was induced with a lateral  fl uid per-
cussion device as described previously  [  4  ]  in T-S and T-M 
groups. In short, each animal was anesthetized with sodium 
pentobarbital (50 mg/kg i.p.). Once a surgical level of anes-
thesia was achieved, animals were placed in a stereotaxic 
frame, an incision was made along the midline of the scalp, 
a round craniotomy (3.5 mm diameter) was made on the 
right parietal bone with the center coordinating midway 
between the bregma and lambda and 2.5 mm lateral to the 
midline. A 10-cm-long  fi rm silicone tube with an inner 
diameter of 2 mm attached to a  fl uid percussion injury 
device (Dragon fl y R&D, Ridgeley, WV, USA) was placed 
over the intact dura, and was bonded to the skull with Aron-
Alpha cement (Konishi Co, Osaka, Japan). Lateral  fl uid 
percussion injuries (LFPIs) induced with a pressure of 
20–30 psi have shown hyperactivity, as described in a pre-
vious study. Animals in the S-M and S-S groups received 
anesthesia and underwent a similar surgical procedure 
except for the delivery of the pressure pulse. Following 
injury, the injury tube was removed from the skull and the 
scalp was sutured using nylon.  

   Open Field Test 

 For behavioral evaluation, an open  fi eld locomotion test and 
grabbing test were conducted in all animals, before and 1, 3, 
5, 7, and 9 days after the LFPI and sham operations. 

 Animals were placed individually in an open  fi eld appara-
tus (85 × 85 cm at the bottom) and allowed to start from one 
of the four corners selected randomly by the experimenter. 
After 1 min all the movements were tracked and measured 

for 10 min using a video tracking system and smart software 
(Bio Research Center, Nagoya, Japan). We then analyzed the 
total distance moved (cm/10 min) by each animal, which 
represents spontaneous locomotor activity.  

   Grabbing Test 

 A 40-gram net whose rods were ~3 mm in diameter (suitable 
for the gerbils’ grip) was used in this study. Each gerbil was 
passed over the net, and lifted by its tail. The number of times 
the gerbils held the net freely was recorded and used for eval-
uation. Each trial was applied six times at 15-min intervals.   

   Results 

   Open Field Test 

 The total distance of movement in the T-S group signi fi cantly 
increased after LFPI surgery ( p  < 0.05). On the other hand, in 
the other three groups, the distance did not change during the 
whole experimental period. In the T-M group, administration 
of SCH58261 signi fi cantly blocked hyperlocomotion, which 
was observed in the T-S group ( p  < 0.05). The total distance 
of movement in the T-S group was signi fi cantly larger than in 
the other three groups at all time points ( p  < 0.05). There was 
no signi fi cant difference among the T-M, S-M, and S-S 
groups (Fig.  1 ). Figure  2  shows a representative alternation 
of the movement track in each group.    
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  Fig. 1    Open  fi eld test: the trauma-saline group moved a greater total 
distance on all post-trauma days. Administration of SCH58261 reduced 
hyperlocomotion in the trauma-medication group       

 



91A Selective Adenosine A2A Receptor Antagonist Ameliorated Hyperlocomotion in an Animal Model

   Grabbing Test 

 Holding time in the T-S group increased signi fi cantly on 
days 3, 5, and 7 ( p  < 0.05). In the T-M, S-M, and S-S 
groups, the time did not change over the whole experimen-
tal period. In the T-M group, administration of SCH58261 
also signi fi cantly blocked the elevation of holding time 
that was observed in the T-S group ( p  < 0.05). The time in 
the T-S group was signi fi cantly longer than in the other 
three groups at days 3, 5, and 7( p  < 0.05). There was no 
signi fi cant difference among the T-M, S-M, and S-S groups 
(Fig.  3 ).    

   Conclusion 

 Traumatic brain injury causes physical, neurological, and 
emotional/behavioral impairments, which can last for a long 
period and may prevent the patients returning to normal 
activity. Development of a new therapeutic method to 
improve post-traumatic cognitive dysfunction is required to 
improve patients’ outcome, but the effect of the initial impact 
cannot be managed by medical practices. Therefore, we must 
have enough knowledge concerning secondary brain damage 
that might be preventable after patients arrive at the emer-
gency hospital. In the present study, we tried to seek one of 
biochemical pathways in relation to secondary brain damage 
through the adenosine A2a receptor. 

 In the present animal study, we applied two behavioral 
tests, the open  fi eld locomotion test and the grabbing test. 
Both were established tests for evaluating hyperactivity in 
Mongolian gerbils. The Hyperactivity in animals is consid-
ered to represent a model of the psychological status of 
human anxiety, lack of inhibition, and working memory 
impairment. Development of maneuvers to prevent hyperac-
tivity in animal models, therefore, is considered to lead to the 
development of maneuvers to prevent patients’ higher 
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  Fig. 2    Representative alteration 
of the track in each group: the 
track of the trauma-saline group 
showed an increase in the 
locomotion after lateral  fl uid 
percussion injury (LFPI). The 
track of the trauma-medication 
group showed no alteration over 
the whole experimental period, 
similar to that of the sham-saline 
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 cognitive dysfunction. In the present study, the adenosine 
A2a antagonist, SCH58261, improved post-traumatic hyper-
activity in two behavioral tests. It suggested that SCH58261 
might possess such potential in improving cognitive dys-
function elicited by traumatic brain injury through blocking 
the pathway to causing secondary brain damage   . 

 Adenosine is supposed to be one of the causes of second-
ary brain damage. The concentration of extracellular adenos-
ine rises markedly in response to ischemia, hypoxia, toxicity, 
in fl ammation, and other brain insults  [  4  ] , as a result of the 
depletion of intracellular ATP. Alessia Melani et al. reported 
that SCH 58261, a speci fi c adenosine A2A receptor antago-
nist, improved neurological and behavioral outcome after 
focal ischemia in Mongolian gerbils  [  5  ] . They also reported 
that SCH58261 reduced the elevated extracellular concentra-
tion of amino acids, GABA, and other neurotransmitters. It is 
suggested that an increase in the extracellular adenosine lev-
els might lead to an increase in various neurotransmitters 
that initiate various hazardous cascades. The mechanism by 
which SCH58261 improves cognitive impairment is still 
unclear. We expected SCH58261 to block the binding of 
increased extracellular adenosine to adenosine A2A recep-
tors, and it caused normalization of the secondary interaction 
of such neurotransmitter cascades. To clarify this hypothesis, 
further experiments must be performed. 

 A speci fi c adenosine A2A receptor antagonist, 
SCH58261, successfully suppressed the trauma-induced 
hyperactivity in LFPI gerbils. It suggested that SCH58261 
might possess the potential to ameliorate the cognitive 

dysfunction seen after traumatic brain injury by blocking 
secondary brain damage.      
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  Abstract    Objective : The aim of this study was to co-record 
electrical changes using electrocorticography (ECoG) and 
blood volume changes using intrinsic optical signal (IOS) 
imaging during the induction, propagation, and termination 
of cortical spreading depolarizations (CSDs). 

  Methods : Anesthetized male swine were craniotomized 
and monitored over 16–20 h. A ten-contact electrode strip 
was placed on the cortex of one hemisphere for ECoG. An 
optical imaging recording was implemented using a camera 
with an optical bandpass  fi lter (564 nm, FWHM:15 nm) and 
a full spectrum light source. CSDs were induced by mechan-
ical and KCl stimulation. Co-occurrences of ECoG baseline 
shifts and blood volume changes around electrodes were 
identi fi ed. 

  Results : A mean of 3 CSDs per hour were induced, in a 
total of 4 swine during 80 h of recording. The propagation of 
the CSDs increased progressively over the monitoring time. 
IOS enabled us to clearly visualize the induction, propaga-
tion, and termination of CSDs with a spatial resolution within 
the sub-millimeter range. Every CSD recorded using ECoG 
could also be observed in IOS imaging, although some blood 
volume changes of CSDs were observed that terminated 
before reaching any of the ECoG electrodes. 

  Conclusion : IOS imaging enables an in vivo evaluation of 
CSD dynamics over a large surface of gyrencephalic brain.  

  Keywords   Brain ischemia  •  Cerebral blood  fl ow  •  Cortical 
spreading depolarization  •  Cortical spreading depression  
•  Brain ischemia  •  Intrinsic optical imaging  

      Introduction 

 Cortical spreading depolarization (CSD) is a slowly propa-
gating wave of neuronal and glial depolarization in brain 
gray matter, at a rate of 2–5 mm/min for several minutes 
 [  10  ] . CSD is observed in the electrocorticogram (ECoG) as a 
suppression of fast potential changes with an amplitude of 
15–30 mV lasting for approximately 1 min in each channel. 
The electrical changes occurring during CSD are coupled 
with neurotransmitter-mediated vascular reactions that are 
translated into changes in regional cerebral blood  fl ow 
(rCBF). In the physiological scenario, rCBF increased by 
more than 100 %, which is called spreading hyperemia. In 
pathological scenarios, such as the hypoperfused area sur-
rounding an infarction, an inverse coupling can occur, lead-
ing to vasoconstriction and tissue ischemia, increasing the 
size of the infarcts  [  7  ] . 

 Although research into CSDs started in 1944, most of the 
physiological knowledge that we have is from lissencephalic 
brains  [  13  ] . Electrophysiological evidence has only just 
recently clari fi ed that CSDs can occur in human neocortex 
affected by traumatic or ischemic injury  [  14  ] . Since that dis-
covery, CSDs have been extensively documented in stroke 
 [  4  ] , subarachnoid hemorrhage  [  6  ] , and head trauma  [  8  ] . 

 The CSD dynamics, especially with regard to how the 
CSD travels through a gyrencepalic brain, is not well 
known. Basically, gyrencephalic brains have a different 
gray and white matter con fi guration, and different propor-
tions of glial cells and sulcus that could prevent CSD 
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 propagation  [  13  ] . In the cat and monkey there are some 
regions where CSDs could not be detected, so maybe some 
parts of the brain are less prone to CSD propagation  [  11, 
  15  ]  and CSD propagation decelerates in the sulci of gyren-
cephalic porcine brain  [  1  ] . 

 The movement and dynamics of cortical spreading depo-
larizations (CSDs) in gyrencephalic brain have been unknown 
up to now. It is likely that the use of swine gyrencephalic 
brain, rather than rodent lissencephalic brain, provides closer 
comparability to the human cerebral cortex. 

 An optical method is required to evaluate the CSD dynam-
ics through the gyrencephalic cortex, since all that we know 
about the CSD dynamics in humans are simple theoretical 
deductions based on animal brain experiments (mostly lis-
sencephalic), chicken retinas, and fMRI in humans  [  3  ] . 

 The objective of this work is to pilot test a visual method, 
intrinsic optical signal (IOS) imaging, to detect hemoglobin 
differences as a surrogate for cerebral blood volume changes 
in the cortex surface of swine brains during CSD induction.  

   Materials and Methods 

   Animal Preparation 

 Animal protocols for the experiments were approved by 
the Institutional Animal Care and Use Committee. A 
standardized operative set-up was followed, as described 
 elsewhere  [  12  ] . 

 Four male swine with an average mean weight of 30 kg 
were anesthetized with midazolam (8 mg/kg) and azaperone 
(60 mg/kg) administered by intramuscular injection, fol-
lowed by a 10- to 20-mg intravenous application of midazo-
lam. Animals were orally intubated and mechanically 
ventilated (FiO 

2
  = 0.3). Anaesthesia was maintained using 

1.5 % iso fl urane inhalation. Rectal and brain temperature 
were continuously monitored. Rectal temperature was main-
tained between 35.5 and 37 °C. After surgical exposure of 
the right femoral artery a 4-Fr catheter was placed for perma-
nent monitoring of mean arterial blood pressure. A venous 
line was placed in the right ear vein and capillary oxygen 
saturation (SO 

2
 ) was monitored from one ear.  

   Operative Procedure 

 An extensive craniectomy and dura mater excision were 
performed to visualize the subarachnoidal space unilaterally 

or bilaterally in two animals each. The heads of the animals 
were  fi rmly held in a self-made head holder. The brains were 
perfused for 5 min once, with an elevated K + concentration 
(7 mMol/L) in the standard ringer lactate solution at the 
beginning of the experiment, to make the brain more prone 
to CSD induction as proposed by Bowyer  [  1  ] . A strip of ten 
electrodes was placed on the cortex surface. The brains were 
regularly perfused with simple ringer lactate solution 
throughout the entire experiment to avoid water loss from 
the tissue.  

   Monitoring 

 All relevant physiological parameters, such as mean arterial 
pressure, brain and rectal temperature, heart rate and oxygen 
saturation, were continuously recorded. Blood–gas analyses 
were performed every 2–3 h. 

 Electrocorticography monitoring at 1,024 Hz sampling 
rate was recorded using a DC ampli fi er (Refa 8, TMSi) and 
the recording was saved with the PortiLab 2 software. A 
1 W full-spectrum white light LED illumination was used 
to illuminate the brain surface. An optical bandpass  fi lter 
(564 nm, 15 nm FWHM) was  fi xed in front of the objective 
of a camera (Giganetix GigE Vision Kamera, 1/1.8” Sony 
CCD, S/W, 1,628 × 1,236 (UXGA), 25 fps). The camera 
with the  fi lter was  fi xed 20–30 cm above the head. Two 
8-bit gray-scale images of 2 megapixels were taken every 
second.  

   CSD Induction 

 The CSD were induced mechanically using a 0.5-mm diam-
eter wire with a small drop of KCl (7 mMol/L) at the tip. The 
inductions were carried out three times per hour throughout 
the entire experiment, in the  fi rst and second experiments. 
They were induced only during the initial 6 h during the third 
and fourth experiments.  

   Analysis 

 The sequence of pictures was matched to a manually chosen 
reference image to compensate for motion artifacts caused 
by mechanical ventilation and heartbeat. The differences in 
image intensities caused by cortical blood volume changes 
were ampli fi ed by differentiation along the time axis and 
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multiplication with a scaling factor to emphasise the wave 
front of the CSD. Our software allowed us to analyze IOS 
imaging and ECoG at the same time.   

   Results 

 In total 80 h of monitoring time were obtained from four 
swine in the  fi rst and second experiments, the cortex was 
chemically stimulated approximately three times per hour. 
The  fi rst CSD was detected 4 and 6 h after preconditioning. 
Since the success of CSD induction and distance of propa-
gation increased over time, in the third and fourth experi-
ments, the time between one stimulation and the next was 
increased after 12 h from three times per hour to once per 
hour and ceased after 16 h. Here, the  fi rst CSDs were 
detected within the range of 6–8 h after preconditioning. 
Some CSDs were even detected some hours after the last 

stimulation. The duration of each experiment was within 
the range of 19–24 h. 

 Using both methods simultaneously, 52 CSDs were 
detected. However, there were some more CSDs that could 
be visualized using IOS imaging and were not re fl ected in 
any of the electrodes because the CSD stopped propagation 
before reaching an electrode. 

 Intrinsic optical signal optical imaging enabled us to 
clearly visualize the induction, propagation, and termination 
of CSDs over a large cortex surface with a spatial resolution 
in millimeters (Fig.  1 ). It was possible to zoom in and focus 
on some areas of interest. During the analysis, the intensity 
of the signal in proportion to a reference picture could be 
quanti fi ed in given areas. In all cases, when a CSD was 
recorded using ECoG, a corresponding change in gray-scale 
intensity was observed in the surrounding area of the corre-
sponding electrode (Fig.  2 ). Most of these waves were bipha-
sic with an initial episode of brief hypoperfusion followed by 
sustained hyperperfusion.    

  Fig. 1    This is a sequence of 30-s 
interval pictures. Intensities re fl ect 
changes in the cortical blood 
volume in comparison to cortical 
blood volume at a time point 20 s 
before the current picture. Higher 
intensity re fl ects the lower blood 
volume and vice versa. The 
electrodes were removed to allow 
better visualization of the 
phenomenon.  1 : The left 
hemisphere seen from above. 
 2 : The metal wire touched the 
brain surface and created a black 
shadow.  3 : A vasoconstriction 
response occurred at the location 
previously stimulated.  4  and  5 : A 
vasodilatation wave is orientated 
in the ventral direction, followed 
by hyperemia.  6 : A second 
component of the wave appears on 
the other side of a sulcus 
propagating in the opposite 
direction       
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   Conclusion 

 We have shown that it is possible to detect the change in 
blood volume associated with CSDs using a visual method 
that uses a camera with band-pass  fi lter. Problems caused by 
motion artifacts could be eliminated by custom-developed 
software that compensates for all movements throughout all 
the experiments. 

 We found a perfect correlation between the electrophysi-
ological detection of CSD and the visual detection of the 
hyperemic wave, with a biphasic component that re fl ects fast 
vasoconstriction followed by prolonged vasodilatation. This 
method enhances the study of the CSD dynamics in the gyren-
cephalic brain in vivo and demonstrates that CSD can be 
monitored over several square centimeters of brain surface. 

 Although CSDs could be detected reliably, some condi-
tions were required beforehand. The  fi rst CSD typically did 
not appear until several hours after preconditioning with high 
K + solution (7 mMol/L). In general, the brain became more 
prone to CSDs and the distance that CSDs traveled tended to 
be longer at the end of the experiment. In the last two experi-
ments, we decreased the frequency of the CSD stimulation 
and at some point we stopped the stimulation and continued 
recording. Surprisingly, we observed that some CSDs 
appeared spontaneously and other CSDs travelled a longer 
distance (more than 10 cm) and were able to cycle and return 
to the same place. One possibility that may explain the fact 
that the brain was more prone to CSDs at the end of the 
experiment, is the neurotoxic potential of the high K + con-
centrations, which typically produces a prolonged DC poten-
tial depression initiated by a periodic burst of unstable CSD 
 [  9  ] . A second explanation could be brain injury created sim-
ply by prolonged exposure of the brain to air during the 
experiment. Although the brain was periodically perfused 
with lactated Ringer’s solution, this unphysiologic condition 

could have caused some dehydratation of brain tissues. 
A  third explanation could be the facilitating effect of initial 
CSDs. CSD is able to increase the pericellular K + concentra-
tion and concentrations as high as 60–80 mMol/L can be 
reached  [  2  ] . 

 In agreement with the literature, CSD tended to be limited 
by deep sulci and  fi ssures  [  13  ] . CSDs did not always pass 
through them. When many CSDs originated spontaneously it 
was not possible to see whether the CSDs were the continu-
ation of one wave or the initiation of a new one. Movement 
of CSDs was de fi ned mainly by the shape of the gyri. 

 We detected biphasic waves of blood volume changes by 
IOS imaging. A small component of hypoperfusion was seen 
in most of the waves and was followed by a longer lasting 
hyperperfusion component. This technique could be useful 
in detecting spreading ischemia and the factors associated 
with the inverse hemodynamic response  [  5–  7  ] . 

 A major disadvantage of this method in comparison to the 
ECoG is that a craniotomy and exposure of the subarachnoid 
space is required to visualize the blood changes described. A 
second disadvantage is that the presence of subarachnoid 
blood prevents blood volume detection on the brain surface. 
Nevertheless, in our experiments we avoided areas with even 
minimal subarachnoid hemorrhage (e.g., because of the sur-
gical preparation of the dura mater). 

 This method may enable the investigation of the modula-
tion of the spatio-temporal properties of CSD by pharmaco-
logical compounds in the gyrencephalic brain in vivo. 

 In summary, we are able to detect changes in blood vol-
ume associated with CSDs, employing an imaging technique 
to visualize intrinsic optical (hemoglobin) signals. This 
enables in vivo identi fi cation of CSD dynamics with high 
spatial and temporal resolution      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Fig. 2    Reference image, in which we can see the position of six elec-
trodes. The electrocorticography ( ECoG ) recording over 12 min is pre-
sented using a slow-pass  fi lter (0.05 Hz). Simultaneously, the black 
intensity difference (blood volume difference) was quanti fi ed and pre-

sented simultaneously with the ECoG recording at some points close to 
the electrodes, using intrinsic optical signal ( IOS ) imaging. Biphasic 
waves can be seen in channels  1  and  5 . All waves documented by IOS 
imaging had such a good correlation with the ECoG changes       
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  Abstract   The primary pathology associated with mild 
 traumatic brain injury (TBI) is selective axonal injury, which 
may characterize the vast majority of blast-induced TBIs. 
Axonal injuries in cases of mild TBI have been considered to 
be the main factors responsible for the long-lasting memory 
or attentional impairment in affected subjects. Among these 
axonal injuries, recent attention has been focused on the cin-
gulum bundle (CB). Furthermore, recent studies with diffu-
sion tensor MR imaging have shown the presence of injuries 
of the CB in cases of mild TBI in humans. This study aimed 
to provide a better laboratory model of mild TBI. 

 Sprague–Dawley rats were subjected to mild TBI using 
laser-induced shock waves (LISW) (sham, 0.5 J/cm 2 , or 
1.0 J/cm 2 ;  n  = 4 per group). Bodian-stained brain sections 
14 days after LISW at 0.5 J/cm 2  or 1.0 J/cm 2  showed a 
decrease in the CB axonal density compared with the sham 
group, whereas there were no differences in the axonal den-
sity of the corpus callosum. 

 The present study shows that this model is capable of repro-
ducing the histological changes associated with mild TBI.  

  Keywords   Traumatic brain injury  •  Cingulum bundle  
•  Laser-induced shock wave  •  Animal model     

    Introduction 

 Identi fi cation of mild traumatic brain injury (TBI) is 
 challenging. The primary pathology associated with mild 
TBI is selective axonal injury, which may characterize the 
vast majority of blast-induced TBIs  [  2,   8,   9  ] . Axonal injuries 
in blast-induced TBIs have been considered to be the main 
factors responsible for the long-term memory or attentional 
impairment observed in affected subjects  [  4,   8,   15  ] . Among 
these axonal injuries, recent attention has been focused on 
the cingulum bundle (CB), because the CB connects the 
anterior thalamic nuclei with the hippocampal region and is 
involved in attention, emotions, spatial orientation, and 
memory. Furthermore, recent studies with diffusion tensor 
MR imaging have shown the presence of injuries of the CB 
in cases of mild TBI in humans  [  8,   13,   15  ] . The aim of this 
study was to generate a new model of blast-induced TBI.  

   Materials and Methods 

   Animal Procedure 

 All experimental procedures were approved by the Animal 
Care and Use Committee of the National Defense Medical 
College. Adult male Sprague–Dawley rats (weighing 300–
400 g) were used. Rats were housed in individual cages under 
controlled environmental conditions (12/12 h light/dark 
cycle, 20–22 °C; room temperature) with food and water 
freely available, for 1 week before the experimental proce-
dure. The rats were anesthetized with sodium pentobarbital 
(50 mg/kg, intraperitoneally) prior to the procedure. 

 A 4.8-mm craniectomy was made over the right parietal 
cortex, midway between the bregma and lambda, thereby 
leaving the dura mater intact. We used a laser-induced shock 
waves (LISW) to induce TBI in rats after randomly dividing 
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the rats into three groups (sham, 0.5 J/cm 2 , or 1.0 J/cm 2 ;  n  = 4 
per group). An LISW was generated by the irradiation of an 
elastic laser target with 532-nm nanosecond laser pulses of a 
Q-switched Nd:YAG laser  [  3,   11  ] . 

 Following these procedures, the scalp was sutured, and 
the rats were returned to their home cages with food and 
water available ad libitum.  

   Neuropathology 

 Fourteen days after the LISW application, after the intraperi-
toneal injection of pentobarbital sodium, the rats were tran-
scardially perfused with normal saline, followed by 4 % 
buffered paraformaldehyde. The brains were removed just 

after perfusion and immersed in 4 % buffered paraformalde-
hyde overnight, and were then embedded in paraf fi n. The 
5  m m-thick coronal sections 3.8 mm posterior to the bregma 
were used for Bodian silver staining.   

   Results 

 A macroscopic examination of the brains showed no abnor-
malities of the cerebral cortex in any of the animals. Bodian-
stained brain sections 14 days after the application of a 
0.5 J/cm 2  or 1.0 J/cm 2  LISW showed a decrease in the CB 
axonal density compared with the sham group, whereas 
there were no differences in the axonal density of the corpus 
callosum (Fig.  1 ).   

a

c

b

  Fig. 1    Bodian silver immunostaining 14 days after laser-induced shock waves (LISW) ( a : sham,  b : 0.5 J/cm 2 , and  c : 1.0 J/cm 2 ).  CB  cingulum 
bundle,  CC  corpus callosum       
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   Conclusion 

 Mild TBI is a major medical concern  [  8,   9  ] . The primary 
pathology associated with mild TBI is selective axonal injury, 
which characterizes the vast majority of blast-induced TBIs 
 [  2,   9  ] . Recent trends in global terrorism raise signi fi cant con-
cerns about the potential increases in civilian casualties, as 
well as the effects on soldiers, caused by blast-induced TBI 
 [  8,   9,   14  ] . 

 According to the US Centers for Disease Control and 
Prevention, blast injury involves four different phases: (1) 
a primary injury phase resulting from blast overpressure 
waves; (2) a secondary injury phase occurring from the 
penetration of shrapnel due to the blast; (3) a tertiary 
phase from head movement or acceleration due to blast 
wind and the resulting impact; and (4) a quaternary phase 
of injury resulting from toxic gases or thermal burn inju-
ries. Clinical studies suggest that primary blast exposure 
causes blast-induced TBI and subsequent  neuropsychiatric 
impairment  [  5  ] . 

 Memory or attentional impairment is the most frequent 
cognitive sequela long after blast-induced TBI  [  4,   9,   15  ] . 
However, the identi fi cation of the causative lesion is chal-
lenging, because in many cases, common CT or MRI is 
unable to detect the abnormality. Recent studies using dif-
fusion tensor MR imaging have indicated that the CB is 
vulnerable to mild TBI and may contribute to the cognitive 
sequelae  [  15  ] . 

 Many animal models of TBI have been reported. However, 
although cerebral contusions can be often seen in those mod-
els, they cannot mimic the mild TBI in patients whose com-
mon CT and MRI show normal  fi ndings  [  1,   6,   7,   12  ] . 
Therefore, a new animal model is required to investigate the 
pathophysiology of blast-induced TBI. 

 The present study showed that LISW can reproduce the 
histological changes of blast-induced mild TBI, without 
resulting in any cerebral contusions. The apparatus used to 
generate the LISW is more compact, easier to use, and more 
readily controllable than other devices  [  3  ] . Neave et al. 
reported that the disruption of the CB was responsible for 
impairments in the T-maze and radial-arm maze performance 
by rats  [  10  ] . These maze tests can also be used to investigate 
the neurological behavior in our model. 

 In conclusion, the present study shows that the LISW-
based rat model is capable of reproducing the histological 
changes associated with blast-induced TBIs. This model 
may therefore help to elucidate the mechanisms responsible 
for the sequelae of blast-induced TBIs, and may also assist in 
the development of new therapeutic approaches.      
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  Abstract   Traumatic brain injury (TBI) is a major cause of 
preventable death and serious morbidity, with subsequent 
low cerebral blood  fl ow (CBF) considered to be associated 
with poor prognosis. In the present study, we demonstrated 
the effect of the free radical scavenger edaravone on regional 
CBF (rCBF) after TBI. Male mice (C57/BL6) were sub-
jected to TBI using a controlled cortical impactor device. 
Immediately after TBI, the animals were intravenously 
administered 3.0 mg/kg of edaravone or a vehicle saline 
solution. Two-dimensional rCBF images were acquired 
before and 24 h post-TBI, and were quanti fi ed in the ipsilat-
eral and contralateral hemispheres ( n  = 5 animals per group). 
CBF in the vehicle-treated animals decreased broadly over 
the ipsilateral hemisphere, with the region of low rCBF 
spreading from the frontal cortex to the occipital lobe. 
The zone of lowest rCBF matched that of the contusion area. 
The mean rCBF at 24 h for a de fi ned elliptical region 
between the bregma and lambda was 73.7 ± 5.8 %. In com-
parison, the reduction of rCBF in edaravone-treated animals 
was signi fi cantly attenuated (93.4 ± 5.7 %,  p  < 0.05). The 
edaravone-treated animals also exhibited higher rCBF in the 
contralateral hemisphere compared with that seen in 
 vehicle-treated animals. It is suggested that edaravone 

reduces neuronal damage by scavenging reactive oxygen 
species (ROS) and by maintaining intact the autoregulation 
of the cerebral vasculature.  

  Keywords   TBI  •  Regional cerebral blood  fl ow  •  Edara-
vone  •  Nitric oxide  •  Autoregulation      

   Introduction 

 Traumatic brain injury (TBI) is a major cause of preventable 
death and serious morbidity in affected persons for which no 
effective treatment exists other than supportive care  [  7  ] . It 
has been recognized that low cerebral blood  fl ow (CBF) and 
low cerebral perfusion pressure (CPP) are associated with 
poor prognosis after TBI  [  36  ] . Cerebral blood pressure is 
maintained at a homeostatic level as a consequence of the 
autoregulation of cerebral vasculature across a wide range 
(50–150 mmHg) of mean arterial blood pressure (MAP) val-
ues. However, the autoregulation of the cerebral circulation 
is disrupted in about 30–80 % of patients following the onset 
of severe TBI, and delayed recovery of the autoregulation is 
associated with poor prognosis, even though hypoperfusion 
may have recovered somewhat in the  fi rst 2 weeks after 
injury  [  4,   32  ] . Previous studies have reported that rats exhib-
ited decreased regional CBF (rCBF) after TBI, and may suf-
fer from neuronal damage owing to the ischemic condition 
 [  8,   26,   28,   38  ] . These results suggested that the ischemic 
condition after TBI might be involved in the induction of 
neuronal cell death. 

 Edaravone (3-Methyl-1-phenyl-2-pyrazolin-5-one) is the 
only medicine approved for use in Japan as a potent free 
radical scavenger for the treatment of acute cerebral infarc-
tion  [  17,   35  ] . Edaravone reduces the reactive oxygen species 
(ROS) and reactive oxygen nitrogen (RON) content, and pro-
tects against neuronal cell injury  [  30,   40  ] . We have previ-
ously reported that edaravone treatment suppressed neuronal 
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damage after TBI in addition to reducing the level of ROS 
 [  10  ] . Other animal studies also supported our  fi ndings by 
showing that edaravone suppressed retinal damage, spinal 
cord injury, and TBI by decreasing the level of oxidative 
stress  [  2,   15,   34  ] . 

 Recently, several studies have suggested that edaravone 
increases blood  fl ow. In coronary arthrosclerosis patients, for 
example, edaravone treatment increased the acetylcholine-
mediated coronary blood  fl ow response  [  27  ] . Edaravone also 
increased microvascular nitric oxide (NO) levels in response 
to exposure to acetylcholine, and preserved blood  fl ow via 
coronary microvasculature dilation after cardiac ischemia/
reperfusion in dogs  [  31  ] . It is also known that administration 
of  l -arginine, which is a substrate for NO synthesis, and the 
calcium channel antagonist verapamil, improves rCBF and 
reduces neuronal cell injury, thereby improving outcomes in 
many rodent models of TBI  [  9,   12,   14,   19,   22,   33  ] . 

 However, the effect of edaravone on rCBF after TBI has 
yet to be determined  [  3  ] . The aim of the present study was to 
use a rodent TBI model to determine rCBF after TBI, and to 
examine the capacity of edaravone to improve rCBF in this 
model.  

   Materials and Methods 

   Animals 

 Young adult male C57/BL6J mice (aged 8–12 weeks) pur-
chased from the Oriental Yeast Co., Ltd (Tokyo, Japan) were 
used in the studies. The animals were allowed free access to 
food and water and were maintained on a 12-h light/dark 
cycle at 23 ºC with constant humidity (40 ± 15 %). All exper-
imental procedures involving animals were approved by the 
Institutional Animal Care and Use Committee of Showa 
University (#00158).  

   Controlled Cortical Impact Model 

 Anesthesia was induced by inhalation of 2.0 % sevo fl urane 
in 70 % N 

2
 O and 30 % O 

2
 . Anesthetized mice were mounted 

on a computer-guided stereotaxic system (Leica Angle Two; 
Leica Microsystems, Wetzlar, Germany)  fi tted with an elec-
tromagnetic controlled cortical impact (CCI) device 
(Benchmark Stereotaxic Impactor; Leica Microsystems). 
Following a midline scalp incision, the bregma was identi fi ed, 
and a 4-mm 2  craniotomy was drilled over the right parieto-
temporal cortex 3.0 mm laterally from the sagittal suture and 
2.0 mm caudally from the bregma (Fig.  1 ). The CCI device, 

which has a rounded tip of 1.0 mm in diameter, was posi-
tioned on the exposed dura mater. The CCI was at a depth of 
1.0 mm from the dura mater with a 3.7-ms stroke velocity 
 [  6  ] . After the impact, bleeding was carefully controlled using 
a cotton swab, a small piece of arti fi cial dura (4 mm in diam-
eter; GORE Preclude; W.L. Gore & Associates, Newark, NJ, 
USA) was placed over the brain injury site, and the skull was 
closed with a plate of dental cement measuring 5 mm in 
diameter (GC Fuji I; GC Corporation, Tokyo, Japan). The 
core body temperature of the animals was maintained at 
37 ºC during the experiment.   

   Administration of Edaravone 

 The free radical scavenger edaravone, a gift from Mitsubishi 
Tanabe Pharma (Osaka, Japan), was dissolved in sterile 
saline solution on the day of use. Immediately after TBI by 
CCI, anesthetized animals were administered 3.0 mg/kg 
body weight of edaravone (total volume: 100–150  m L vol-
ume) or vehicle into the left jugular vein and then left to 
recover.  

   Measurement of rCBF 

 The rCBF in the cerebrum of mice ( n  = 5 in each group) was 
measured before and 24 h after TBI using a laser Doppler 
perfusion imager (PeriScan PIMII; Perimed, Järfälla, 
Sweden). The laser probe (0.1 mm in diameter) of the scan-
ning imager was centered between the bregma and the lambda, 
14 cm above the skull. The region to be scanned and scanning 
time were 40 × 45 mm and 90 s respectively. The mouse under 
investigation was laid in a prone position and anesthetized 
with 2.0 % sevo fl urane by inhalation. The head was posi-
tioned within a three-dimensional stereotaxic frame and the 
pre-TBI rCBF was measured three times to give an average. 
The animal was then subjected to TBI as described above and 
then placed into a recovery cage. Twenty-four hours after 
TBI, the rCBF was again measured in the same manner. To 
determine the positional relationship between the brain injury 
and the rCBF images, black dots measuring 0.5 mm in diam-
eter were marked with black felt pen on the bregma and 
lambda; the rCBF cannot be detected here because the infra-
red laser light is absorbed by the black dots. Then, compari-
son of rCBF in the contralateral and ipsilateral hemispheres 
was performed as follows. An ellipse (4.0 × 2.0 mm) was 
drawn 3.0 mm laterally from the sagittal suture and 2.0 mm 
caudally to the bregma on each side (Fig.  1 ). The rCBF was 
then measured from 185 to 187 CBF data points and calcu-
lated as a percentage of the control value.  
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   Statistical Analysis 

 Data were expressed as mean ± SEM. Statistical comparisons 
were made using two-tailed Student’s  t  test. A value of 
 p  < 0.05 was considered statistically signi fi cant.   

   Results 

   Edaravone Increases rCBF in the Ipsilateral 
and Contralateral Hemispheres 24 h After TBI 

 No animals died during as a result of the surgical procedures. 
Scanned images showing rCBF highlight a region of low blood 
 fl ow between the bregma and lambda, which matched with the 
superior sagittal sinus. The rCBF of other regions was relatively 
homogeneously distributed with some minor differences at 
speci fi c points prior to TBI (Fig.  2 ). There were no differences 
between the ipsilateral and contralateral hemispheres among 
the experimental groups prior to TBI, and no major differences 
among the average baseline rCBF images (data not shown).  

 Twenty four hours after TBI, the rCBF level in the vehicle-
treated animals was decreased broadly across the ipsilateral 
hemisphere. The region of low rCBF spread from the frontal 
cortex to the occipital lobe, with the center of this region 
matching that of the contusion point; here, the rCBF was 

much lower compared with all other brain areas. In contrast, 
no differences in the rCBF in the contralateral hemisphere, 
cerebellum or superior sagittal sinus regions were evident 
before or 24 h after TBI. Therefore, the reduction in rCBF in 
the ipsilateral hemisphere was considered to be due to TBI. 

 Compared with control animals, a reduction in the size of 
the rCBF area was evident in edaravone-treated animals, 
with low rCBF levels observed only around the contusion 
area. The rCBF in the edaravone-treated animals was thus 
signi fi cantly higher than that in vehicle-treated animals in 
the ipsilateral hemisphere 24 h post TBI, with no differences 
apparent for either group with respect to the contralateral 
hemisphere, cerebellum or superior sagittal sinus. 

 The mean rCBF values before and 24 h after TBI in the 
ipsilateral and contralateral hemispheres were quanti fi ed and 
compared among the groups (Fig.  3 ). There were no 
signi fi cant differences between the ipsilateral and contralat-
eral hemispheres with respect to rCBF levels for the vehicle- 
and edaravone-treated groups before TBI (see Fig.  2 ). The 
rCBF in the ipsilateral hemisphere of vehicle-treated animals 
decreased to 73.7 ± 5.8 % 24 h after TBI, but was unchanged 
in the contralateral hemisphere (94.0 ± 2.5 %; Fig.  3 ). 
However, the rCBF in the ipsilateral hemisphere of edara-
vone-treated animals (93.4 ± 5.7 %,  p  < 0.05) was signi fi cantly 
higher than that of vehicle-treated animals. Moreover, edara-
vone also signi fi cantly increased rCBF in the contralateral 
hemisphere 24 h post-TBI (124.3 ± 4.5 %,  p  < 0.01) compared 
with the vehicle-treated group.    
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  Fig. 1    Brain image ( left ) was photographed and compared with a 
scanned cerebral blood  fl ow (CBF) image ( right ) to identify a posi-
tional relationship. The bregma ( a ) and lambda ( b ) were marked using 
the black felt pen with a black dot, which prevented detection of the 
regional cerebral blood  fl ow (rCBF) signal. The contusion was applied 
2.0 mm caudally from the bregma and 3.0 mm laterally from the mid-

line ( c ). The position of contusion ( d ) is colored black for descriptive 
purposes in this  fi gure. A laser probe was used to measure the CBF, 
which was obtained from three rostral to caudal scans of the parietal 
brain as described in “Materials and Methods.” The rCBF value of the 
ipsilateral ( d ) and contralateral ( e ) hemispheres was calculated for the 
ellipsoidal area (4 × 2 mm), which included 185–187 CBF data points       
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  Fig. 2    rCBF images of the brain 
before and 24 h after traumatic 
brain injury (TBI) in vehicle- and 
edaravone-treated animals. Prior 
to TBI, there was no difference 
among the groups, whereas 24 h 
after TBI the rCBF in vehicle-
treated animals was extensively 
decreased in the ipsilateral 
hemisphere. In the edaravone-
treated animals, in contrast, 
decreased rCBF was observed 
only in the contusion area, but it 
still remained higher than that 
measured in the vehicle-treated 
group. The positions of the 
bregma and lambda are indicated 
by  a  and  b  respectively       
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   Conclusion 

 In the present study we have demonstrated that rCBF in the 
ipsilateral hemisphere was signi fi cantly and broadly 
decreased in mice after TBI, and that the TBI-induced 
hypoperfused condition persisted for at least 1 day. 
Moreover, we determined that the free radical scavenger 
edaravone signi fi cantly improved the reduction in rCBF 
induced by TBI. 

 It has been reported that the autoregulation of cerebral 
circulation is compromised in 30–80 % of patients after 
severe TBI  [  4  ] . In the rodent model of TBI, the disrupted 
autoregulation resulted in a reduction in CBF and CPP, and 
hence the ischemic condition, which was attributable to the 
development of neuronal cell death  [  24  ] . rCBF in the con-
tused cortical region after TBI decreased to a level indicative 
of ischemic disease after 3 h, and extended from the center 
to the peripheral areas within 6 h. Thereafter, the ischemic 
condition gradually recovered and was restricted to the con-
tused cortical region a few days post-trauma  [  13,   21  ] . 
Cerebral vascular endothelial function is impaired by TBI 
and cerebrovascular damage leads to further reductions of 
rCBF  [  1,   21,   22,   24  ] . Therefore, the reduction in CBF and 
CPP after TBI is suggested to play an important role in the 
development of secondary cerebral damage. Our results 
showed that rCBF after TBI in vehicle-treated animals 
clearly decreased not only in the contusion area, but also 

across much of the ipsilateral hemisphere. We also found 
that rCBF after TBI in vehicle-treated animals did not change 
in the cerebellum or superior sagittal sinus, and was not 
in fl uenced in the contralateral hemisphere. These  fi ndings 
suggest that the reduction in rCBF in the ipsilateral hemi-
sphere might be a local response due to dysfunction of the 
autoregulatory mechanism leading to impairment of vascu-
lature patency, and not as a result of changes to systemic 
circulatory dynamics. 

 In the present study, we examined the effect of edaravone 
on rCBF after TBI, and determined that this free radical 
scavenger increased rCBF in both hemispheres. Previously, 
we have reported that edaravone rescued cortical tissues 
after TBI and decreased alkoxy-radical levels  [  10  ] , while 
other studies have suggested that edaravone might modulate 
blood  fl ow  [  16,   27,   31  ] . In a dog model treatment for cardiac 
ischemia/reperfusion with edaravone increased NO and pre-
served coronary microvascular dilation in response to ace-
tylcholine  [  31  ] . Other studies also suggested that edaravone 
increased coronary blood  fl ow in patients with coronary 
endothelial dysfunction mediated by NO and acetylcholine 
 [  27  ] . Moreover, edaravone-treatment increased forearm 
blood  fl ow as a consequence of endothelium-dependent 
vasodilation in smokers  [  16  ] . However, there have been no 
reports that edaravone increases rCBF in response to TBI. In 
the present study, treatment by the intravenous administra-
tion of edaravone to mice immediately after TBI accounted 
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  Fig. 3    Edaravone increases rCBF after TBI. Mean rCBF was quanti fi ed 
from rCBF images before and 24 h after TBI in the ipsilateral and con-
tralateral hemispheres. Prior to TBI, no signi fi cant differences for either 
hemisphere were apparent between the experimental groups. The rCBF 
in the ipsilateral hemispheres of vehicle-treated animals decreases after 

TBI to 74 % of the pre-TBI value, but no changes in the contralateral 
hemisphere are seen. However rCBF in the edaravone-treated animals is 
greater than that seen in the vehicle-treated group for both the ipsilateral 
and contralateral hemispheres. Values are expressed as mean ± SE ( n  = 5). 
* p  < 0.05,  **p  < 0.01, versus vehicle-treated mice (Student’s  t -test)       
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for an improved rCBF at 24 h compared with vehicle-treated 
animals. Because rCBF increased in both the ipsilateral and 
contralateral hemispheres, this effect was considered to be 
due to a systemic response to the edaravone. rCBF and CPP 
are maintained at homeostatic levels by the autoregulation 
of cerebral circulation, which in turn is regulated by the 
cerebral vasculature and mean arterial blood pressure 
(MAP). Although we have not examined the effect of edara-
vone on MAP and cardiac output, previous studies  [  16,   27, 
  31  ]  support our  fi ndings that edaravone in fl uences the 
endothelial pathway. 

 An increase in rCBF improves outcome and reduces neu-
ronal damage after TBI. For example, the  L -type calcium 
channel antagonist verapamil increases vasoreactivity and 
rCBF post-TBI  [  22  ] , while administration of the NO syn-
thase (NOS) substrate  L -arginine post-TBI also improved 
both rCBF in the contused cortical region and behavioral 
outcomes  [  19,   33  ] . We have reported that nucleoprotamine 
obtained from salmon soft roe reduces hippocampal neural 
cell death after global ischemia by increasing rCBF during 
the ischemic episode. This effect was considered to depend 
on the protamine, which is rich in L-arginine-containing 
protein  [  23  ] . 

 In contrast, we have also reported the results of electron 
spin resonance experiments showing that edaravone directly 
scavenges NO radicals in vitro  [  30  ] . However, it has also been 
reported that edaravone increases endothelial NOS (eNOS) 
and decreases the neuronal and inducible forms of NOS. To 
this extent, edaravone inhibits oxidation and enhances NO 
production derived from increased eNOS expression and 
reduced CBF  [  40  ] . It remains unclear how edaravone regu-
lates the effect of vasculature dilation and what its possible 
effects might be on MAP and cardiac output. 

 It is well known that ROS contribute to endothelial 
damage  [  20,   25,   37,   39  ] . TBI enhances in fl ammatory 
responses, which include ROS induction, leukocyte recruit-
ment, cytokine production, and local cerebral hemorrhage. 
These responses further increase ROS production and result 
in vasculature damage and dysfunction of the autoregula-
tion mechanism  [  5,   11,   29  ] . Edaravone treatment protects 
the neurovascular unit, which involves neurons, astrocytes 
and microvasculature of the blood–brain barrier, from oxida-
tive stress after stroke  [  18  ] . In the present study, we did not 
evaluate the neuroprotective effect of edaravone, although 
we have previously shown that decreasing ROS improves 
outcomes in the TBI rat model  [  10  ] . As edaravone also 
decreases vasculature damage, it may help to maintain intact 
the autoregulation of cerebral circulation. Further studies are 
needed to demonstrate the effect of edaravone on rCBF and 
on neuroprotection. 

 In summary, we have shown that rCBF in the ipsilateral 
hemisphere was severely decreased by TBI, and that intrave-
nous treatment with edaravone improved rCBF in the affected 

areas. It is suggested that edaravone might reduce neuronal 
damage by scavenging ROS and sustaining the autoregula-
tion of the cerebral vasculature.      
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  Abstract   Adiponectin, a circulating adipose-derived hor-
mone regulating in fl ammation and energy metabolism, has 
bene fi cial actions on cardiovascular disorders. Recent studies 
have suggested that adiponectin might be a potential molecu-
lar target for ischemic stroke therapy; however, little is known 
about the effects of adiponectin on traumatic brain injury. The 
present study examined the immunoactivity of adiponectin. 

 Adult male Sprague–Dawley rats were subjected to lateral 
 fl uid percussion injury using the Dragon fl y device. Immuno-
histochemical studies showed that the adiponectin expression 
was increased in the cerebral cortex at 24 h after injury and in 
the hippocampus at 72 h after injury. Our  fi ndings suggest that 
adiponectin might participate in the pathophysiological pro-
cess occurring after traumatic brain injury.  

  Keywords   Adiponectin  •  Traumatic brain injury  •  Lateral 
 fl uid percussion  •  Rat      

   Introduction 

 Adiponectin is a hormone secreted exclusively by adipose 
tissue, and plays an important role in the regulation of tissue 
in fl ammation and insulin sensitivity  [  10,   11  ] . Because of the 
effects it has, adiponectin is described as an anti-diabetic and 
anti-atherogenic adipokine  [  3  ] . Additionally, recent experi-
mental studies using a cerebral ischemia–reperfusion model 
have shown that high levels of adiponectin were detected in 
the ischemic hemisphere  [  12  ] , and that adiponectin may 
exert a cerebroprotective action  [  7  ] . However, little is known 

about the effects of adiponectin on traumatic brain injury 
(TBI). The aim of the present study was to examine the 
changes in the plasma adiponectin levels and the expression 
of adiponectin in the brain after TBI.  

   Materials and Methods 

   Animals and Experimental Procedures 

 All experimental procedures were approved by the Animal 
Care and Use Committee of the National Defense Medical 
College. Sprague–Dawley rats (male, 300–400 g in weight; 
9–10 weeks of age) were used for the study. The rats were 
housed in individual cages under controlled environmental 
conditions (12/12 h light/dark cycle, 20–22 °C; room tem-
perature) with food and water freely available, for 1 week 
before the experimental surgery. The rats were anesthetized 
with iso fl uorane (1.5 %) in a 30 % oxygen to 70 % nitrous 
oxide gas mixture via a nose cone and were  fi xed in a stereo-
taxic frame for the procedure. A 4.8-mm craniotomy was 
made over the right parietal cortex (3.8 mm posterior and 
2.5 mm lateral to the bregma), keeping the underlying dura 
intact. A plastic Luer Lock was placed over the opening and 
secured with dental acrylic cement. The rats were returned 
to their cages and allowed free access to water overnight. 
The following day, the rats were anesthetized, intubated, 
and maintained on a mechanical ventilator after infusion of 
pancronium bromide (0.1 mg/kg; tidal volume: 2.5–3.0 mL/
kg; respiratory rate: 60/min). The femoral artery was can-
nulated with a polyethylene catheter. The rats’ blood pres-
sure was monitored throughout the procedure, and arterial 
blood samples were intermittently analyzed (PaCO 

2
  was 

controlled at 30–40 mmHg). The rectal temperature was 
measured with a rectal probe and maintained at a constant 
level of approximately 37.0 °C with a heating pad. 
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 The rats were subjected to  fl uid percussion injury at a 
moderate severity (2.5–3.0 atm, 16 ms in duration) using a 
Dragon fl y  fl uid percussion device (model HPD-1700; 
Dragon fl y R&D, Silver Spring, MD, USA), as previously 
described  [  6  ] . Following injury, the connection cap was 
removed, the scalp was sutured, and the rats were returned to 
their home cages with food and water available  ad libitum . 
Sham control animals were subjected to the same procedures 
except for the actual insult.  

   Tissue Preparation 

 The rats were perfused transcardially with normal saline, fol-
lowed by 4 % buffered paraformaldehyde under intraperito-
neal anesthesia 24 or 72 h after injury ( n  = 3 per each time 
point). The brain was removed and embedded in paraf fi n 
after  fi xation in 4 % buffered paraformaldehyde, followed by 

0.1 mmol/L PBS (pH 7.4) for 24 h at 4 °C. Serial 5  m m-thick 
coronal sections were prepared for the analyses.  

   Immunohistochemistry 

 The immunohistochemical analyses were performed using 
the universal immunoperoxidase polymer method. After 
deparaf fi nization and hydration, the endogenous peroxi-
dase activity was blocked with 3 % hydrogen peroxidase. 
The sections were incubated overnight at 4 °C with a poly-
clonal antibody against adiponectin (1:1,000). The sections 
were washed with PBS and incubated with a Histo fi ne 
Simple Stain Rat MAX-PO (Nichirei Co, Tokyo, Japan) for 
30 min at room temperature. The sections were rinsed with 
PBS. Peroxidase activity was demonstrated with diamino 
benzidine. To evaluate the morphological changes, adjacent 
sections were counterstained with hematoxylin.   

a b

c

  Fig. 1    The serial changes in the expression of adiponectin in the injured cortex. Photomicrographs showed that the adiponectin immunoreactivity 
in the cortex was only slight before TBI ( a ) and at 72 h after TBI ( c ), but was remarkable at 24 h after TBI ( b ). Original magni fi cations: ×100       
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   Results 

   Physiological Data 

 There were no signi fi cant differences in the physiological data 
of the two groups with regard to the mean arterial blood pres-
sure, pH, pCO 

2
 , pO 

2
 , or body temperature (data not shown).  

   Expression of Adiponectin in the Cortex 
After TBI 

 The alterations of adiponectin immunoreactivity in the cor-
tex are shown in Fig.  1 . Immunoreactivity for adiponectin 
was only slight before TBI and at 72 h after TBI, but was 
remarkable at 24 h after TBI.   

   Expression of Adiponectin in the Hippocampus 
After TBI 

 The alterations in adiponectin immunoreactivity in the hip-
pocampus (CA3–4) are shown in Fig.  2 . Immunoreactivity 
for adiponectin was only slight before TBI and at 24 h after 
TBI, but was remarkable at 72 h after TBI.    

   Conclusion 

 The present results showed that the adiponectin expression 
increased in the brain after TBI. Adiponectin is secreted 
exclusively by adipose tissue, and circulates in the blood-
stream  [  10  ] . Pertubations in the circulating adiponectin 
concentrations have been reported to be associated with 
metabolic syndrome, altered in fl ammation, and insulin 

a

c

b

  Fig. 2    The serial changes in adiponectin expression in the ipsilateral 
hippocampus (CA3–4). Photomicrographs showed that the adiponectin 
immunoreactivity in the hippocampus (CA3–4) was only slight before 

TBI ( a ) and at 24 h after TBI ( b ), but was remarkable at 72 h after TBI 
( c ). Original magni fi cation: ×200       
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resistance  [  4  ] . Furthermore, recent attention has been paid 
to the role of adiponectin in several acute illnesses in both 
animals and humans. Yatomi et al. reported that, in a mouse 
model of ischemia–reperfusion, the plasma adiponectin 
level decreased signi fi cantly until 48 h after reperfusion 
 [  12  ] . Marousi et al. reported that the serum adiponectin 
level was already signi fi cantly suppressed during the early 
phases of stroke, and that the levels remained unchanged 
6 months later in humans  [  5  ] . Furthermore, Venkatesh et al. 
recently reported that the plasma adiponectin levels in criti-
cally ill patients, including those with sepsis, burns, and 
trauma, decreased signi fi cantly on days 3 and 7 after injury 
 [  9  ] , although they did not describe whether their studies 
included any patients with TBI. 

 Several authors have reported a high level of expression 
of adiponectin in the ischemic hemisphere in mice  [  8,   12  ] , 
whereas adiponectin mRNA was not detected in the brain 
 [  12  ] . These results indicate that the expression of adi-
ponectin in the brain re fl ects not the production, but the 
accumulation in the injured brain. Additionally, it has been 
shown that adiponectin exerts a potent cerebroprotective 
function through its anti-in fl ammatory actions in the brain 
ischemia–reperfusion model. We found, for the  fi rst time, 
that the expression of adiponectin increased signi fi cantly 
in the cortex at 24 h after TBI and in the hippocampus 
(CA3–4) at 72 h after TBI. Conti et al. reported that apop-
totic cells increased mostly in the injured cortex at 24 h 
after TBI in rats  [  1  ] . Their study also showed that the 
apoptosis peak tended to be delayed compared with that in 
the cortex  [  1  ] . It has also been reported that the injured 
cortex and hippocampus, especially CA3 and CA4, are 
vulnerable to TBI in rats  [  2  ] . Therefore, we can speculate 
that the expression levels of adiponectin in the brain may 
act to reduce apoptosis after TBI. 

 Based on these  fi ndings, we hypothesize that adiponectin 
might participate in cerebroprotective mechanisms through 
its anti-in fl ammatory and/or anti-apoptotic actions after TBI. 
In addition, we consider that the accumulation (recruitment) 
of adiponectin in the brain might contribute to the decrease 
in the plasma adiponectin levels. The relationship between 
adiponectin and its signal after TBI, and the effects of adi-
ponectin administration after TBI should be the subject of 
future investigations.      
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  Abstract   Proton nuclear magnetic resonance (H-NMR) 
spectroscopic analysis of cerebral spinal  fl uid provides a 
quick, non-invasive modality for evaluating the metabolic 
activity of brain-injured patients. In a prospective study, we 
compared the CSF of 44 TBI patients and 13 non-injured 
control subjects. CSF was screened for ten parameters:  b -glu-
cose (Glu), lactate (Lac), propylene glycol (PG), glutamine 
(Gln), alanine (Ala),  a -glucose (A-Glu), pyruvate (PYR), 
creatine (Cr), creatinine (Crt), and acetate (Ace). Using mixed 
effects measures, we discovered statistically signi fi cant dif-
ferences between control and trauma concentrations (mM). 
TBI patients had signi fi cantly higher concentrations of PG, 
while statistical trends existed for lactate, glutamine, and cre-
atine. TBI patients had a signi fi cantly decreased concentra-
tion of total creatinine. There were no signi fi cant differences 
between TBI patients and non-injured controls regarding  b - 
or  a -glucose, alanine, pyruvate or acetate. Correlational anal-
ysis between metabolites revealed that the strongest signi fi cant 
correlations in non-injured subjects were between  b - and 
 a -glucose ( r  = 0.74), creatinine and pyruvate ( r  = 0.74), ala-
nine and creatine ( r  = 0.62), and glutamine and  a -glucose 
( r  = 0.60). For TBI patients, the strongest signi fi cant correla-
tions were between lactate and  a -glucose ( r  = 0.54), lactate 
and alanine ( r  = 0.53), and  a -glucose and alanine ( r  = 0.48). 
The GLM and multimodel inference indicated that the com-
bined metabolites of PG, glutamine,  a -glucose, and creati-
nine were the strongest predictors for CMRO 

2
 , ICP, and 

GOSe. By analyzing the CSF of patients with TBI, our goal 
was to create a metabolomic  fi ngerprint for brain injury.  

  Keywords   Cerebral metabolism  •  Traumatic brain 
injury  •  Intracranial pressure  •  Glucose  •  Lactate  •  Propylene 
glycol  •  Polyols  •  Nuclear magnetic resonance spectroscopy      

   Introduction 

 Over the past few years, the systematic study of the metabo-
lome has occurred in many clinical  fi elds. Metabolomics is 
de fi ned as the group of metabolites synthesized by biological 
and physiological systems and is the phenotypic expression 
of the genome and proteome  [  6,   13  ] . With regard to the brain, 
cerebral spinal  fl uid (CSF) offers a potentially rich source for 
analysis. Methods for studying CSF include high perfor-
mance liquid chromatography (HPLC), gas chromatography 
and mass spectroscopy (GCMS), and nuclear magnetic reso-
nance spectroscopy (NMR), all of which may include com-
plex component analyses  [  9,   11,   16,   20  ] . 

 Cerebral spinal  fl uid has been a source of interest for under-
standing the neurochemistry and pathophysiology caused by 
TBI for decades. Early notable changes in CSF included 
increased concentrations of lactate, glucose, acetate, and pyru-
vate during the  fi rst 24 h of admission to the ICU  [  2,   4,   5,   17, 
  19  ] . Given that CSF is one window into the pathophysiology 
of TBI, the purpose of this paper is to use the metabolomics 
approach to analyze CSF samples from patients with severe 
traumatic brain injury (TBI) and compare those  fi ndings with 
CSF samples from a cohort of non-injured subjects.  

   Materials and Methods 

   Patient Population 

 The University of California at Los Angeles (UCLA) Medical 
Institutional Review Board for human research approved this 

      Metabolomic Analysis of Cerebral Spinal Fluid from Patients 
with Severe Brain Injury         

     Thomas   C.   Glenn      ,       Daniel   Hirt   ,    Gustavo   Mendez   ,    David   L.   McArthur   ,    Rachael   Sturtevant   ,    Stephanie   Wolahan   , 
   Farbod   Fazlollahi   ,    Matthew   Ordon   ,    Arzu   Bilgin-Freiert   ,    Ben   Ellingson   ,    Paul   Vespa   ,    David   A.   Hovda   , and    Neil   A.   Martin      

    T.  C.   Glenn   (*)     D.   Hirt  ,     G.   Mendez  ,     D.  L.   McArthur  ,     R.   Sturtevant  , 
    S.   Wolahan  ,     F.   Fazlollahi  ,     M.   Ordon  ,     A.   Bilgin-Freiert  ,      P.   Vespa  , 
    D.  A.   Hovda  , and     N.  A.   Martin    
   Department of Neurosurgery , 
 David Geffen School of Medicine at UCLA ,
  10833 Le Conte Ave ,  Los Angeles ,  CA   90095-7039 ,  USA   
 e-mail:  tglenn@mednet.ucla.edu  

     B.   Ellingson    
   UCLA Radiological Sciences ,  924 Westwood Blvd Ste 615 , 
  Los Angeles ,  CA   90095-7319 ,  USA    



116 T.C. Glenn et al.

study. Eligible patients included all mechanically ventilated 
moderately or severely head-injured patients, ages 14 years 
and older, who were admitted to the UCLA Medical Center 
within 24 h of injury. Severe head injury was de fi ned as 
closed or penetrating injury, including gunshot and stab 
wounds, with a post-resuscitation Glasgow Coma Scale 
(GCS) of less than or equal to eight, or deterioration to a 
GCS of less than or equal to eight within 24 h of admission. 
Patients required mechanical ventilation, ventriculostomy, 
and intracranial pressure (ICP) monitoring as part of the 
American Association of Neurological Surgeons’ (AANS) 
standard of care. Exclusion criteria included the following: 
(1) Terminal illness (e.g., advanced cancer, AIDS) (2) Severe 
pre-existing neurological illness (e.g., advanced Parkinson’s 
disease, multiple sclerosis, Alzheimer’s dementia, disabling 
cerebrovascular events, mental retardation) (3) Acute com-
plete spinal cord injury 

 The non-injured cohort included consenting subjects 
with normal-pressure hydrocephalus (NPH), as previously 
described by Bergsneider et al.  [  1  ] , or subjects with unrup-
tured aneurysms.  

   General Management Protocol of TBI Patients 

 Patients were admitted to the neurological intensive care 
unit (NICU) after initial stabilization or surgical evacua-
tion of an intracranial hematoma and were treated in accor-
dance with the level I Trauma Center protocol, as previously 
described by Vespa et al.  [  18  ] . Brie fl y, management goals 
included the maintenance of ICP less than 20 mmHg, CPP 
above 70 mmHg, and hematocrit between 30 and 34 %, in 
accordance with AANS guidelines for the management of 
severe head injury. All patients had a jugular bulb catheter 
inserted as soon as possible following admission.  

   CSF Sampling and Specimen Analysis 

 Cerebrospinal  fl uid samples were drawn from the ventriculo-
stomy (EVD) of TBI patients and by lumbar puncture or 
EVD in non-injured controls. Samples were then centrifuged, 
frozen, and stored at −80 °C until the day of sample prepara-
tion and analysis. CSF was thawed on ice. Eight percent per-
chloric acid was added to an aliquot of 600  m L, and samples 
were then centrifuged to clear all protein particles. The 
supernatant pH was adjusted to 6.00–6.50, the precipitated 
salt removed by centrifugation, and the samples were then 
lyophilized (FreeZone 4.5 L Console Freeze Dry System, 
Labconco, Kansas City, MO, USA). Prior to spectroscopy, 

samples were reconstituted in 600  m L of 99.9 % D 
2
 O con-

taining 0.05 weight percent 3-(trimethylsilyl) propionic- 
2,2,3,3-d4 sodium salt (TSP) (Sigma-Aldrich), and the pH 
was adjusted to neutral (7.00–7.20). 

 Proton nuclear magnetic resonance (H-NMR) spectra 
were obtained on a Bruker AM 360 or AV 600 spectrometer 
equipped with a 5-mm triple broadband inverse probe, utiliz-
ing Topspin 2.1. The raw data were acquired using a 70° 
excitation pulse with presaturation of the solvent peak at 
room temperature with 80 acquisition scans, a 2-s relaxation 
delay, and a 7- m s pulse width. 

 Chemical shifts of relevant peaks were assigned relative 
to TSP and by comparison with previously published values 
 [  3,   14  ] . Peak analysis of the NMR spectra was performed by 
manually integrating the area under each peak using the 
baseline  fl attening feature and Lorentzian  fi t of the Acorn 
NMR Incorporated NUTS 1.0.0.1 software. After integra-
tion, the amount of  1 H incorporated into the resonance of 
each metabolite was quanti fi ed using TSP as an internal stan-
dard  [  8  ]  and normalized to the initial sample volume. Peaks 
of many metabolites found in CSF spectra overlap and cause 
complicated splitting patterns, presenting a limitation inher-
ent to CSF H-NMR spectrum analysis. Peaks were identi fi ed 
based on the published literature  [  7,   10,   12,   15  ]  and the 
speci fi city of the assignment was further investigated by 
comparing the CSF spectrum with that of the pure com-
pounds of interest. Peaks that were integrated are shown in 
Fig.  1 . The remaining peaks of these metabolites were not 
integrated because of the limitations mentioned above, and 
hence only relative concentrations were recorded for com-
parison analyses.    

   Data Analysis 

 Univariate and multivariate statistical analyses, mixed 
effects, and multimodel inferences were performed using 
both R, version 2.11.1 (R Development Core Team, 2010) 
and Stata 12. In addition, the output provided information on 
the correlations and variances in the data. Model  fi t compari-
sons were made using the AIC and BIC.  

   Results 

 Forty-four TBI subjects and 13 non-injured control patients 
were enrolled into the CSF H-NMR study as part of the 
UCLA Brain Injury Program project (Table  1 ). The TBI sub-
jects had a mean admission GCS of 6.9 ± 4.2, range 3–15, 
and a mean age of 38.0 ± 15.2 years, range 17–79. At 6 months, 
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mean GOSe scores were 4.2 ± 1.9, range 1–8. A total of 176 
trauma CSF samples were analyzed from TBI patients. The 
non-injured controls had a mean age of 69.5 ± 16.8 years, 
range 17–82. A total of 30 non-injured CSF samples were 
collected and analyzed.  

   The Human CSF Metabolome: Differences 
Between Injured and Non-injured CSF 

 Analysis of the H-NMR spectra revealed identi fi able peaks 
for lactate, acetate,  b -glucose, total creatine, pyruvate, glu-
tamine, alanine, creatinine,  a -glucose, and a previously 
undescribed doublet propylene glycol (Fig.  1 ; Table  2 ). 
Using mixed effects models, TBI patients had signi fi cantly 
higher concentrations of PG while statistical trends existed 
for lactate, glutamine, and creatine. TBI patients had a 
signi fi cantly decreased concentration of total creatinine. 
There were no signi fi cant differences between TBI patients 
and non-injured controls with regard to  b - or  a -glucose, 
 alanine, pyruvate or acetate.  

 Correlational analysis between metabolites revealed that 
the strongest signi fi cant correlations in non-injured subjects 

were between  b - and  a -glucose ( r  = 0.74), creatinine and 
pyruvate ( r  = 0.74), alanine and creatine ( r  = 0.62), and 
 glutamine and  a -glucose ( r  = 0.60). For TBI patients, the 
strongest signi fi cant correlations were between lactate 
and  a -glucose ( r  = 0.54), lactate and alanine ( r  = 0.53), and 
 a -glucose and alanine ( r  = 0.48).  

   Discovery of Propylene Glycol in CSF 
of TBI Patients 

 During the analysis of the lactate peak, a doublet signal at 
1.13 ppm to the right of the lactate doublet was noticed in 
the TBI population. As mentioned in the “Materials and 
methods” section, the doublet peak was identi fi ed as propyl-
ene glycol (PG) following a review of the published litera-
ture  [  10,   12,   15  ] . The speci fi city of the assignment of PG 
was further investigated by comparing the CSF spectrum 
with that of the pure compound PG. CSF PG within the TBI 
population ranged from 0 to 5.06 mM. PG was not consis-
tently present in non-injured subject samples. In a prelimi-
nary analysis utilizing MRI and ADC algorithms, higher PG 
levels were associated with a larger volume of brain edema.  
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  Fig. 1    A representative nuclear 
magnetic resonance (NMR) 
spectrum of human cerebrospinal 
 fl uid (CSF). Ten metabolites 
were reliably identi fi ed as being 
determined by comparisons with 
known standards for each. 
Metabolite resonance peaks are 
shown as parts per million 
(PPM). Chemical shifts of 
relevant peaks were assigned 
relative to 3-(trimethylsilyl) 
propionic-2,2,3,3-d4 sodium salt 
(TSP)       

 Age  Gender  Admin GCS  Study GCS  ISS 

 TBI  38.0 ± 15.2  19.4 % female  6 (range 3–14)  5.7 ± 2.8 (range 3–14)  30.2 ± 8.4 
 Non-injured  69.5 ± 16.8  29.1 % female  NA  NA  NA 

  Forty-four traumatic brain injury (TBI) patients and 13 non-injured subjects were studied 
  NA  not applicable  

   Table 1    Demographics of the study 
groups   
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   Metabolomic Predictors of Metabolism,
 ICP, Outcome 

 Using univariate, generalized linear models (GLM) and 
multimodel inferences, the concentrations of the TBI 
metabolites were investigated in relation to CMRO2, ICP, 
and GOSe at 6 months. By univariate analysis, lactate 
( r  = −0.42) and PG ( r  = −0.51) were the strongest predictors 
for CMRO2, PG ( r  = 0.30) for ICP, and lactate ( r  = −0.43), 
PG ( r  = −0.45), and  a -glucose for GOSe. The GLM and 
multimodel inference indicated that the combined metabo-
lites of PG, glutamine,  a -glucose, and creatinine were the 
strongest subset of predictors for CMRO2, ICP, and 
GOSe.   

   Limitations 

 The primary limitation of this project was that this was a 
small global observational study. CSF draws were not 
matched to speci fi c clinical parameters such as an increase in 
intracranial pressure, radiographic  fi ndings, or jugular desat-
uration. There was also a pronounced age disparity between 
the patients in the TBI pool and the older, non-injured group. 
The effects of this age difference are unclear, but will be 
addressed in future studies. 

 Also of note is the difference in sampling technique, 
where the majority of non-injured samples were collected 
via lumbar drain, whereas TBI samples were collected via 
ventriculostomy. This will be dif fi cult to control even in 
future studies, given the invasiveness of ventriculostomy. 
Nevertheless, non-injured samples collected via ventriculos-
tomy in this study yielded similar results to the non-injured 
samples collected via lumbar puncture, especially with 
regard to PG concentrations (PG was universally low or non-
existent). Furthermore, the fact that cranial CSF is in con-
tinuous  fl ux with spinal CSF suggests that either sampling 
method might be suitable. 

 As mentioned previously, the resolution in the H-NMR of 
CSF was limited and presented dif fi culties during the manual 
analysis of the spectra. Improvements in the resolution of 

spectra could be accomplished by the use of 2D-NMR and 
the addition of other chromatographic techniques such as gas 
chromatography mass spectroscopy.  

   Conclusion 

 This study revealed that NMR analysis of CSF metabolites 
from TBI patients was uniquely different that of non-injured 
subjects. The concentration of several metabolites, such 
as lactate, PG, and glutamine, were higher after TBI. 
Additionally, the correlation between the concentrations of 
many of the metabolites was different in non-injured and 
TBI subjects. For example, lactate correlated negatively with 
glutamine in non-injured subjects, while it correlated posi-
tively following TBI. 

 Unique  fi ndings were observed for the glucose metabo-
lites. Glucose can naturally exist in two anomeric forms 
(alpha and beta), with  b -glucose as the predominant form. 
 b - and  a -glucose correlated strongly in non-injured subjects, 
while exhibiting a weaker correlation in TBI patients. 
Furthermore,  a -glucose, but not  b -glucose, was shown to be 
a stronger predictor of ICP, GOSe, and CMRO 

2
 . These 

 fi ndings, taken in conjunction with the presence of PG after 
TBI, suggest alterations in glucose metabolism following 
injury. PG can be produced from the methylglyoxal pathway, 
which can be produced by altered glucose metabolism and 
hyperglycemia. 

 Metabolomic analysis of CSF from TBI patients offers a 
unique window into the pathophysiology of this disease and 
leads to the discovery of novel biomarkers. The analysis of 
inter-relationships among the various metabolites is poten-
tially a new way of metabolically diagnosing TBI.      
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   Table 2    Concentrations (mM) of the ten identi fi ed metabolites from non-injured and TBI subjects   

 Metabolite 
(mM)   b -glucose  Lactate  PG  Glutamine  Alanine   a -glucose  Pyruvate  Creatine  Creatinine  Acetate 

 Non-injured  1.70 ± 0.34  1.34 ± 1.1  0.01 ± 0.23  0.23 ± 0.11  0.03 ± 0.02  0.91 ± 0.19  0.06 ± 0.03  0.03 ± 0.01  0.10 ± 0.04  0.03 ± 0.05 
  n  = 13 
 TBI  2.00 ± 0.18  2.50 ± 0.50  0.25 ± 0.10  0.35 ± 0.06  0.04 ± 0.01  0.92 ± 0.10  0.04 ± 0.01  0.02 ± 0.01  0.03 ± 0.02  0.04 ± 0.02 
  n  = 44   p  = 0.11   p  = 0.06   p  = 0.05   p  = 0.07   p  = 0.33   p  = 0.95   p  = 0.21   p  = 0.07   p  = 0.01   p  = 0.50 

   p  values and means calculated with mixed effects models  
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  Abstract   [ 123 I] iomazenil (IMZ) single photon emission 
computed tomography (SPECT) has been reported to be a 
useful marker of neuronal integrity. We evaluated cortical 
damage following traumatic brain injury (TBI) with IMZ 
SPECT at the acute stage. After conventional therapy for a 
cranial trauma, an IMZ SPECT re-evaluation was performed 
at the chronic stage. A reduction in IMZ uptake in the loca-
tion of cerebral contusions was observed during the TBI 
acute phase; however, images of IMZ SPECT obtained dur-
ing the chronic phase showed that areas with decreased IMZ 
distribution were remarkably reduced compared with those 
obtained during the acute phase. As a result of in vivo 
microdialysis study, the extracellular levels of glutamate 
in the cortex, where decreased IMZ distribution was shown 
during the acute phase, were increased during the 168-h 
monitoring period. During the chronic phase, IMZ uptake in 
the region with the microdialysis probes was recovered. The 
results suggest that this reduction in IMZ uptake might not 
be a sign of irreversible tissue damage in TBI.  

  Keywords   Iomazenil SPECT  •  In vivo microdialysis  •  Traumatic 
brain injury  •  Neuronal integrity      

   Introduction 

 [ 123 I] iomazenil (IMZ) has been developed as a tracer for sin-
gle photon emission computed tomography (SPECT). Speci fi c 
radioligands for the central benzodiazepine receptor, such as 
IMZ and  11 C- fl umazenil (FMZ), which had been developed as 
a tracer for positron emission tomography (PET), are highly 
sensitive to damage of the neuronal membrane and are favored 
as ideal markers of neuronal integrity. A number of studies 
have reported the usefulness of IMZ SPECT and FMZ PET in 
detecting incomplete cerebral infarction at the acute stage 
 [  1–  3  ] ; however, the reduced binding potentials of these radio-
ligands for the central benzodiazepine receptor are consid-
ered to be irreversible reactions  [  1  ] . We evaluated cortical 
damage following traumatic brain injury (TBI) with IMZ 
SPECT and a 168-h period of in vivo microdialysis monitor-
ing was performed for the patient to investigate the extracel-
lular levels of glutamate in the cortex where reduced IMZ 
uptake was shown at the acute stage. The results were nota-
ble; therefore, we discussed neuronal viability in damaged 
cortex following TBI with reference to the literature.  

   Materials and Methods 

   Patient 

 The patient is a 56-year-old woman who sustained a TBI by 
falling off a moving bicycle. An acute subdural hematoma on 
the left side and left temporal lobe contusion and 5-mm mid-
line shift from the left to the right were observed on initial 
CT images (Fig.  1 ). A decompressive hemicraniectomy was 
performed on the day of the injury. During the surgery, dual 
microdialysis probes were placed into the left temporal and 
frontal lobe cortices for a 168-h period of monitoring 
(Fig.  1 ).   
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   Iodine-123-Iomazenil SPECT 

 In this case, IMZ SPECT study was performed at the acute 
stage 4 days after onset. The patient was injected with a 222-
MBq bolus dose of IMZ, and images were obtained 15 and 
180 min after the injection. After the conventional treatment 
for TBI, an IMZ re-evaluation was performed 2 months later. 
Finally, changes in the areas of decreased IMZ uptake 
between the acute and chronic stages were investigated.  

   In Vivo Microdialysis Study 

 Dual microdialysis probes (CMA 70; CMA Microdialysis, 
Stockholm, Sweden) placed into the target regions were 

 perfused with Ringer’s solution at a  fl ow rate of 0.3  m L/min, 
and the dialysates were collected every 8 h. Finally, during a 
168-h period of monitoring, extracellular levels of glutamate 
were analyzed using conventional enzymatic techniques 
(ISCUS; CMA Microdialysis).   

   Results 

 On the delayed images of IMZ SPECT acquired at the acute 
stage after trauma, areas showing decreased accumulation of 
IMZ were observed in part of the left frontal lobe and temporal 
lobe (Fig.  2 ). The regions where dual microdialysis probes were 
placed happened to coincide with the areas showing reduced 
IMZ uptake on the images of IMZ SPECT at the acute stage.  

Pre-surgery Post-surgery

Lt. temporal lobe Lt. frontal lobe

  Fig. 1     Left : Acute subdural hematoma on the left-hand side and a left 
temporal lobe contusion and midline shift from the left to the right were 
observed on cranial CT images.  Right : Decompressive  hemicraniectomy 

was performed on the day of the injury and dual microdialysis probes 
were placed in the left frontal lobe and temporal lobe cortices       

Acute

Chronic

  Fig. 2    [ 123 I] iomazenil (IMZ) 
single photon emission computed 
tomography (SPECT) acquired at 
the acute stage after trauma ( top ). 
Decreased uptake can be seen in 
part of the left frontal lobe and 
temporal lobe ( arrows ). IMZ 
SPECT acquired 2 months after 
the trauma ( bottom ). Marked 
recovery of uptake can been seen 
at the sites of the reduced uptake 
in the left frontal lobe, which are 
indicated by  arrowheads        
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 An IMZ SPECT re-evaluation performed 2 months later 
showed marked recovery of the decreased IMZ uptake in the 
left frontal lobe cortex, while IMZ accumulation remained 
reduced in the left temporal lobe cortex (Fig.  2 ). 

 As a result, analysis of dialysates obtained from in vivo 
microdialysis monitoring showed that the changes in extra-
cellular levels of glutamate were higher in the left frontal 
lobe cortex than in the temporal lobe cortex during a 168-h 
period (Fig.  3 ).   

   Conclusion 

 In a previous study, we demonstrated that reduced binding 
potentials of IMZ can be reversible in patients with TBI  [  4  ] . 
A number of studies with radioligands for the central benzo-
diazepine receptor have reported that a reduction in the accu-
mulation of the ligand suggests that neuronal loss might 
predict irreversible functional damage in ischemic stroke 
 [  1–  3  ] . No reports have shown that the binding potentials of 
these radioligands for the central benzodiazepine receptor 
recovered during the chronic phase after a remarkable reduc-
tion in accumulation of the ligands at the acute stage of brain 
damage. At present, the mechanisms by which TBI is differ-
ent from ischemic stroke are unknown. Shiga et al. recruited 
patients with TBI who underwent FMZ PET to investigate 
the relationship between the distribution of central benzodi-
azepine receptor and cerebral metabolism  [  5  ] . In their study, 
some of the lesions with abnormally low CMRO 

2
  showed 

reduced binding potentials of FMZ without abnormalities on 
MRI. Taking their report into consideration, we supposed 

that a lesion with metabolic abnormalities exists at the acute 
stage, and in this lesion reduced IMZ accumulation may be 
due to reduced af fi nity of the central benzodiazepine recep-
tor; however, af fi nity of the receptor may recover in some of 
the lesions where metabolic abnormalities were normalized 
at the chronic stage. To prove the hypothesis, further investi-
gation is required to evaluate the regional cerebral metabo-
lism at the acute and chronic stages.      
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  Abstract    Subject : The goal of the study was to evaluate the 
effectiveness of the decompressive craniectomy (DC) con-
cerning its various parameters. 

  Material and Methods : Forty- fi ve patients were studied 
(6 female, 39 male, mean age 53 years). All patients were 
treated because of severe traumatic brain injury. CT was per-
formed before surgery and on the 1st to 3rd days postopera-
tively, and was evaluated using speci fi c software. Parameters 
such as diameter of DC, volume of the additional intradural 
space obtained, and the shift of the midline were measured. 

  Results : In the group of patients treated with unilateral 
DC, the 11-cm craniectomy resulted in an average of 69 mL 
of additional space. The best score on the Extended Glasgow 
Outcome Scale (GOS-E) after DC was in patients younger 
than 35 years old. 

  Conclusion : In our opinion DC is a suitable method of 
treatment for patients after severe traumatic brain injury. The 
best results were achieved in a group of patients aged <50 years, 
in particular <35 years old. DC gives extra additional space for 
damaged and edematous brain. DC should be performed early 
enough and should be large enough. Parameters of the DC 
obtained positive results with regard to patient status, but there 
are also other factors such as age and initial Glasgow Coma 
Scale (GCS) score, which can affect outcome.  

  Keywords   Decompressive craniectomy  •  Traumatic brain 
injury  •  Brain edema  •  Outcome      

   Introduction 

 Traumatic brain injury (TBI) is a considerable public health 
problem around the world. According to Polish data, 200–
300/100,000 people annually suffer from TBI, traumatic spi-
nal column injury or traumatic spinal cord injury, and 15 % 
of these injuries are severe  [  7  ] . TBI coexists with injuries of 
other organs in 50 %  [  7  ] . In road accidents 55 % of victims 
suffer from TBI, traumatic spinal column injury or traumatic 
spinal cord injury  [  7  ] . In 2009 in Poland, as a result of 44,196 
road accidents, 5,029 resulted in death and 48,952 resulted in 
injury  [  20,   22  ] . According to US statistics, approximately 
60 % of patients hospitalized after severe TBI either survive 
with severe disability or die  [  18  ] . Falls are the most frequent 
cause of TBI  [  6  ] . The worst outcome is found in children 
aged up to 4 years and in adults 65 years or older  [  6  ] . The 
rate of TBI is higher in male subjects than in female subjects 
in every age group  [  6  ] . The hospitalization and death rate 
after TBI is highest in patients aged 75 years or older  [  6  ] . 
The leading cause of TBI-related death is motor vehicle 
traf fi c accidents  [  6  ] . The annual burden of TBI in the United 
States is more than $US 60 billion  [  8  ] . 

 The goal of the treatment after severe TBI is a decrease 
in secondary brain lesions as a result of brain edema and 
increased intracranial pressure  [  2  ] . The surgical treatment 
of patients after severe TBI that is accepted worldwide is 
the decompressive craniectomy (DC)  [  21  ] . DC is a surgi-
cal procedure, in which part of the skull is removed to cre-
ate additional space for the swollen brain  [  21  ] . 
Decompression is intended to treat increased intracranial 
pressure and to prevent secondary brain damage  [  17  ] . 
Early DC may be used in the treatment of a patient under-
going emergency surgery (epidural hematoma, subdural 
hematoma, intracerebral hematoma)  [  10  ] , when the intrac-
ranial volume reserve is exhausted as a result of an increase 
in intracranial pressure, and when the neurological status 
of the patient after TBI is quickly deteriorating. There are 
many different methods of DC after TBI: subtemporal 
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decompression, circular decompression, fronto- or tem-
poroparietal, large fronto-temporoparietal, hemisphere 
craniectomy, and bifrontal  [  1,   12–  14,   16,   19  ] . The goal of 
the surgery is also removing the additional mass from the 
intracranial space, i.e., hematoma, simultaneous lobec-
tomy, or internal decompression  [  3,   15  ] . 

 The aim of this study was to evaluate the effectiveness of 
DC with regard to its various parameters.  

   Materials and Methods 

   Patients 

 From April 2009 to October 2011 in the Department of 
Neurosurgery, Mossakowski Medical Research Centre, 
Polish Academy of Sciences, surgery was performed in 
237 patients who suffered from traumatic brain injury. 
Mortality in this group was 32.91 %. The study involved 
45 patients (6 female, 39 male) with severe TBI, who 
underwent craniectomy. The mean age of the patients 
was 53 years. Patients were divided into four groups. 
The  fi rst group consisted of 8 patients, 35 years old or 
younger, the second group 9 patients, aged between 35 
and 50 years, the third group 9 patients aged between 51 
and 70 years, the fourth group 7 patients above the age of 
70 years. In the study group the cause of the injury was 
mainly falling    (Table  1 ).   

   Indications and Operative Technique 

 Patients quali fi ed for surgical treatment after CT examina-
tion and clinical assessment, i.e., dynamic changes in the 

symptoms, intracranial reserve exhaustion, or mass effect. 
Patients were treated with DC, as a standard large curved 
dural incision was performed. After removal of the hema-
toma a large duraplasty was performed using a  fl ap of peric-
ranium. The standard treatment for the brain edema was 
administered to all patients. On the 1st to 3rd days postopera-
tively control CTs were performed in all patients. Calculations 
of the additional volume gained by DC, the parameters of 
DC, and midline shift were made using the software Praezis 
Plus (PRECISIS, Heidelberg, Germany   ).   

   Results 

 Forty-three unilateral craniectomies were performed in the 
study group, bifrontal DC was performed in two patients. 
Figure  1  shows the relationship between mean craniectomy 
diameter and additional intracranial space (AIS). In the 

   Table 1    Clinical information   

 Group 1 ( n  = 8)  Group 2 ( n  = 9)  Group 3 ( n  = 21)  Group 4 ( n  = 7) 

 Age (years)  <35  35–50  51–70  >70 
 Male subjects (%)  8 (100)  7 (77.8)  18 (85.7)  6 (85.7) 
 GCS at admission 
  Arithmetical mean  9.5  7.6  6.5  8.6 
  Median  9.5  7  4  8 
  SD  2.5  3.2  3.9  3.2 
 ASDH  4  5  16  6 
 ASDH + contusion  1  1  1 
 Contusion  4  2  1 
 ICH  2 
 ASDH + ICH  1 
 Contusion + ICH + EDH + ASDH  1 

   GCS  Glasgow Coma Scale,  ASDH  acute subdural hematoma,  EDH  epidural hematoma,  ICH  intracerebral hemorrhage  
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  Fig. 1    Additional intradural space ( AIS ) after unilateral craniectomy 
( r  = 0.68)       
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group of patients treated with unilateral DC, the 11-cm 
craniectomy results in average AIS of 69 mL. The largest 
unilateral craniectomy had a diagonal measurement of 
12.2 cm and resulted in AIS of 148.9 mL. The smallest 
craniectomy had a diagonal measurement of 5.9 cm and 
resulted in AIS of 4 mL. There is a statistically signi fi cant 
correlation between AIS after unilateral craniectomy and the 
diameter of the craniectomy ( r  = 0.68).  

 Patients were divided into three groups according to 
craniectomy diameter. AIS volume and midline shift were 
analyzed  [  9  ] . The diameter of the craniectomy (cm) in group 
A was <9 cm, group B 9–11 cm, and in group C>11 cm. The 
mean AIS in group A was 18.8 mL, in group B 47.6 mL, and 
in group C 93.4 mL. The largest measurement in group 
A was 56.8 mL, in group B 125.8 mL, and in group C 
148.9 mL. There was a statistically signi fi cant correlation 
between midline shift pre- and postoperatively ( p  < 0.01). 
The results are shown in Figs.  2  and  3 .   

 Patients with similar craniectomy diameters were selected 
(8.9–9.3 cm). The largest additional intradural space was 
obtained in the group of patients younger than 35 years old. 
The results are shown in Table  2 .  

 Figure  4  shows the results of the assessment of patients at 
discharge according to the Extended Glasgow Outcome 
Scale (GOS-E). The best GOS-E score was in patients 
younger than 35 years; fairly good results were achieved in 
patients younger than 50 years. Death rates and bad outcome 
were highest in the age group 71 years or older.   

   Conclusion 

 In our experience DC is an suitable procedure for the treat-
ment of patients after TBI. Patients with coagulation disor-
ders must be carefully evaluated for DC. Complications after 
DC rarely occur  [  5  ] . Former studies have not drawn satisfac-
tory conclusions as to whether or not DC improves outcome 
after severe TBI  [  5,   11  ] . 
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   Table 2    Additional intradural space (AIS) after unilateral craniectomy 
of similar diameter in various patient age groups (mean, SD, maximal 
value),  N  = 25   

 Group 1 
( n  = 4) 

 Group 2 
( n  = 5) 

 Group 3 
( n  = 10) 

 Group 4 
( n  = 6) 

 Age (years)  <35  35–50  51–70  >70 
 Diameter of 
craniectomy (mean) 
cm 

 9.3  8.9  9.2  9.3 

 SD  1.6  1.1  1.3  0.7 
 Additional intradural 
space (mL) 
  Mean  49.6  41.8  33.7  35.6 
  Median  44.7  56.8  37.5  31.15 
  SD  36.4  32.9  14.1  14.5 
  Maximum volume  92.3  77.3  50.5  64.8 
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 Our study showed that DC has a signi fi cant impact on the 
results of the treatment of TBI patients. DC should be per-
formed early enough and should be large enough (minimal 
mean diameter 11 cm). The best outcome after DC for TBI 
was in a group of patients aged <50 years old, in particular in 
those <35 years old. Parameters of the DC have obvious 
results on patient status, but many other factors such as age, 
initial GCS, and systemic diseases can affect outcome. 

 A very important factor is the timing of the DC, which may 
determine the true effect of surgery  [  4  ] . Analysis of the timing 
of the DC should be the subject of the future studies. DC gives 
the damaged brain an extra chance, because it creates addi-
tional space. Very important for its effectiveness is the shape of 
the dural opening and duraplasty. Gaining space does not mean 
saving the patient’s life in all cases; the severity of the brain 
damage is what determines whether or not the outcome is bad. 

 Decompressive craniectomy as a method of treatment for 
TBI has been widely known for many years, but its effective-
ness is still under discussion; thus, there is a need for further 
detailed studies.      
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  Abstract   Neurosurgical procedures, carried out routinely in 
health institutions, present postoperative complications that 
result from unavoidable brain injury in fl icted by surgical 
maneuvers. These maneuvers, which include incisions, elec-
trocauterization, and retraction, place brain tissue at the mar-
gins of the operative site at risk of injury. Brain edema is a 
major complication that develops subsequent to this surgi-
cally induced brain injury. In the present review, we will dis-
cuss type of injury as well as the animal model available to 
study it. In addition, we will discuss potential mediators, 
including vascular endothelial growth factor, metalloprotei-
nases, and cyclooxygenases, which have been tested in 
in vivo experimental studies and have been shown to be 
potential targets for the development of clinical therapies for 
neuroprotection against brain edema.  

  Keywords   Surgical brain injury  •  Brain edema  •  Neuro-
surgery  •  Neuroprotection      

   Introduction 

 The unique nature of brain tissue poses considerable chal-
lenges for neurosurgery. Under the rigid and tough protection 
of the skull and meninges, the brain is extremely vulnerable 
to the mechanical insults produced by neurosurgical maneu-
vers, such as direct incisions, electrocauterization, and retrac-
tion. Healthy tissues at the margins of the operative target are 
inevitably subjected to this surgical brain injury (SBI). Brain 
edema and hemorrhage are major  complications that develop 
following SBI in neurosurgeries  [  3  ] . The blood–brain barrier 

(BBB), comprising the vascular endothelium, pericyte, and 
astrocytic processes, prevents the leakage of plasma proteins 
from the vascular bed into the brain tissue  [  25  ] . Vasogenic 
edema results from the passage of water along with the plasma 
proteins into the brain tissue because of damage to the capil-
lary endothelium and the interendothelial tight junctions of 
the BBB, whereas cellular swelling of the injured brain cells 
results in cytotoxic edema. Both result in increased intracra-
nial pressure, which may lead to further brain injury from cell 
death or hypoperfusion  [  3  ] . Currently, SBI is clinically 
addressed by nonspeci fi c postoperative care; however, it has 
become possible to study potential therapies in the preclinical 
laboratory setting with the recent development of a rodent 
model for SBI. This review discusses the SBI rodent model 
and various molecules implicated in the pathogenesis of brain 
edema as well as treatments that have been applied to reduce 
brain edema in this model.  

   Surgical Brain Injury Animal Model 

 An in vivo rodent model was recently developed to study 
SBI pathophysiology as well as potential therapeutic targets 
 [  14,   16,   23  ] . This model was designed to mimic the injuries 
sustained from neurosurgical manipulation of brain tissue. 
The rodent brain is exposed through a small cranial window 
through which tissue resection is performed. The margins of 
the resection are designated in relation to the bregma, as 
shown in Fig.  1 . The model provides consistently measure-
able brain edema using the brain water content (Fig.  2 ) in the 
perisurgical site at 24 h. Studies have shown that brain edema 
in the perisurgical site peaked 24 h after inducing SBI, was 
signi fi cantly higher up to day 3 post-injury, and had subsided 
by day 7; SBI was associated with neurobehavior de fi cits 
that had dissipated by day 7  [  16,   23,   34  ] . Brain edema was 
assessed using brain water content measurement, Evans blue 
dye, and IgG extravasation, and by measuring the apparent 
diffusion coef fi cient (ADC) values    (Table  1 ).     

      Surgical Brain Injury and Edema Prevention         

     Prativa   Sherchan   ,    Cherine   H.   Kim   , and    John   H.   Zhang         

    P.   Sherchan  ,     C.  H.   Kim,   and     J.  H.   Zhang   (*)
     Departments of Neurosurgery, Anesthesiology, 
Physiology and Pharmacology, Pathology and Human Anatomy , 
 Loma Linda University School of Medicine ,
  Loma Linda ,  CA   92350 ,  USA    
e-mail:  jhzhang@llu.edu   



130 P. Sherchan et al.

   Vascular Endothelial Growth Factor 

 Vascular endothelial growth factors (VEGFs) are a large 
family of proteins designated VEGF-A through VEGF-E 
and are expressed in the choroid plexus and neurons in the 

normal brain  [  24  ] . A well-known growth factor with angio-
genic, mitogenic, and permeability-inducing effects, VEGF 
has also been shown to contribute to SBI-induced brain 
edema. VEGF-A has a potent hyperpermeability-inducing 
effect on the microvascular endothelium that is mediated 
through its receptor VEGF receptor-2 (VEGF-2, kdr)  [  24  ] . 
VEGF-2, a transmembrane tyrosine kinase present in the 
endothelium of the brain vessels, activates MAPK signaling 
 [  19  ] . An upregulation in VEGF has also been reported in 
models of TBI predominantly due to the in fi ltrating neutro-
phils  [  5  ] . VEGF administration and overexpression with 
viral vectors have both been associated with compromised 
integrity of the BBB in the rodent brain  [  29  ] . A potential 
mechanism by which VEGF-A might increase BBB perme-
ability involves downregulating the expression of occludin, a 
tight junction protein; this would disrupt the organization of 
occludin and ZO-1, another junctional protein, leading to 
tight junction disassembly  [  25,   28  ] . Although VEGF may 
have potentially reparative actions during later phases after 
an injury, early inhibition of VEGF or its upstream mediator 
Src tyrosine kinase have been shown to reduce brain edema 
in various stroke models  [  16,   19,   24  ] . 

 The expression of VEGF was increased at 24 h after SBI 
in the ipsilateral frontal region surrounding the surgical 
resection site  [  16  ] . The Src family is implicated in VEGF-
dependent hyperpermeability  [  25  ]  and has been shown to be 
involved in SBI-induced BBB disruption and subsequent 
brain edema in rodents  [  16  ] . An increase in expression of 
VEGF and p-ERK 1/2 as well as a corresponding decrease in 
the tight junction protein ZO-1 were reversed when rats were 
pretreated with PP1, an Src tyrosine kinase inhibitor, prior to 
inducing SBI  [  16  ] . In addition, VEGF was shown to play a 
possible role in the erythropoietin-induced increase in brain 
edema during the early phase in a SBI rodent model. 
Erythropoietin administration led to signi fi cantly increased 
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  Fig. 1    Partial right frontal lobectomy. Two incisions ( dashed lines ) are 
made leading away from the bregma ( white X ) along the sagittal and 
coronal planes, 2 mm lateral to sagittal and 1 mm rostral to coronal 
respectively       
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  Fig. 2    Twenty-four-hour brain 
water content. The  fi gure shows 
marked edema in the right frontal 
region (bordering the surgical 
injury) of the brain compared 
with the sham control group 24 h 
after the surgical brain injury 
(SBI). The other brain regions did 
not differ statistically from each 
other after the injury.  n  = 6. 
 p  < 0.05 for * versus sham. Data 
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veri fi ed using Student’s  t  test       
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brain water content in the perisurgical region at 24 h and was 
associated with increased expression of VEGF  [  23  ] . Thus, 
VEGF-A and its upstream Src tyrosine kinase present poten-
tial therapeutic targets for preserving the BBB and reducing 
brain edema following neurosurgical procedures. 

 VEGF-B, another member of the VEGF family expressed 
in the CNS, mediates its effects through the VEGF recep-
tor-1 (VEGF-1,  fl t-1); VEGF-B is likely responsible for 
maintaining the BBB in a steady state  [  25  ] . Furthermore, 
when bound to the soluble extracellular portion of VEGFR-1, 
VEGF is inactive, sequestered, and unable to bind to VEGF 
receptors  [  24  ] . The role of VEGF-B and its receptors in brain 
edema development following SBI remains to be 
elucidated.  

   Matrix Metalloproteinases 

 Matrix metalloproteinases (MMPs), zinc-dependent endopep-
tidases involved in tissue remodeling and repair, have been 
implicated in the SBI-induced destruction of the extracellular 
matrix proteins of the neurovascular unit. The target substrates 
of MMPs include collagen IV,  fi bronectin, and laminin, all of 

which are critical to maintaining the integrity of the BBB  [  28  ] . 
MMP-2 (gelatinase A) and MMP-9 (gelatinase B) degrade the 
basal lamina and tight junction proteins of the BBB and pro-
mote BBB injury that leads to vasogenic edema during the 
acute stage in experimental models of brain injury and stroke 
 [  9,   28  ] . Upregulation of MMPs has been demonstrated fol-
lowing subarachnoid hemorrhage, cerebral ischemia, trau-
matic brain injury (TBI), and intracerebral hemorrhage, and 
has been shown to contribute to BBB disruption during the 
early stage of injury  [  8,   30,   31,   33  ] . Additionally, MMP-9 
knockout mice had improved functional outcomes, lowered 
BBB permeability, and reduced lesion volume after transient 
focal cerebral ischemia and TBI  [  1,   32  ] . 

 Similarly, the role of MMPs in mediating BBB disruption 
and brain edema after SBI was demonstrated by Yamaguchi 
and colleagues  [  34  ] . An upregulation of MMP-2 and MMP-9 
was temporally associated with BBB disruption after SBI in 
rats. A signi fi cant increase in MMP activity, particularly that of 
MMP-9, compared with presurgery levels was detected at days 
1–14 after SBI, with highest MMP activities observed at days 
1 and 3 coinciding with peak values in brain edema; MMP 
inhibitor, reversed these effects, preserving the BBB integrity 
and reducing SBI-induced brain edema as early as 3 h post-
injury  [  34  ] . Evidence of the role of MMPs in the development 

   Table 1    Experimental rodent studies of therapeutic agents for surgical brain injury   

 Reference  Treatment 
 SBI  fi ndings 

 Treatment outcomes 

  [  23  ]   Erythropoietin pretreatment  SBI: ↑ brain water content (BWC) 
 Treatment (Tx): harmful, ↑↑ BWC 

  [  22  ]   NADPH oxidase KO or apocynin 
pretreatment 

 SBI: ↑ BWC, ↓neurological score (NS) 
 KO: ↑NS 
 Tx: no effect 

  [  15  ]   PP1 pretreatment  SBI: ↑VEGF, ↑p-ERK1/2, ↓ZO-1, ↑BWC 
 Treatment: ↓VEGF, ↓p-ERK1/2, ↑ZO-1, ↓BWC 

  [  34  ]   MMP inhibitor-1 pretreatment  SBI  fi ndings: ↑BWC, ↓NS 
 Tx: ↓BWC 

  [  21  ]   Simvastin pretreatment  SBI: ↑BWC, ↓NS 
 Tx: no effect 

  [  20  ]   Melatonin pretreatment  SBI: ↑BWC, ↓NS, ↑lipid peroxidation (LPO) 
 Tx (low dose): ↓BWC, ↑NS, ↓LPO 
 Tx (high dose): ↑↑BWC, ↓↓NS, ↑↑LPO 

  [  2  ]    l -histidine and thioperamide post-treatment  SBI: ↑BWC, ↓NS 
 Tx: ↑↑BWC 

  [  13  ]   Rosiglitazone pretreatment  SBI: ↑BWC, ↓NS, ↑myeloperoxidase activity (MPO), 
TNF- a , ↑IL-1 b  

 Tx: ↓MPO, ↓TNF- a , ↓IL-1 b  
  [  7  ]   Aminoguanidine post-treatment  SBI: ↑BWC, ↓NS, ↑TNF- a , ↑NF- k B 
  [  12  ]   Aminoguanidine post-treatment  SBI: ↑malondialdehyde (MDA), ↓glutathione (GSH), 

aquaporin-4 (AQ-4) 
 Tx (150 mg/kg): ↓BWC, ↓MDA, ↑GSH, ↓AQ-4 

  [  17  ]   Hyperbaric oxygen preconditioning  SBI: ↑BWC, ↓NS, ↑cyclooxgenase-2 (COX-2), 
↑hypoxia-inducible factor-1 a  (HIF-1 a ) 

 Tx: ↓BWC, ↑NS, ↓COX-2, ↓HIF-1  a  
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of brain edema in the early stages after stroke and in SBI mod-
els supports the potential use of MMP inhibition to prevent 
brain edema following neurosurgical procedures.  

   Cyclooxygenase-2 

 Various in fl ammatory mediators have been implicated in 
BBB disruption and brain edema after stroke and brain 
injury  [  25,   27  ] . The role of cyclooxygenases, enzymes that 
catalyze the conversion of arachidonic acid to prostaglan-
dins and thromboxanes  [  6  ] , in mediating brain edema devel-
opment has been extensively studied. The upregulation of 
cyclooxygenase-2 (COX-2), expressed in various cell types 
including neurons, astrocytes, endothelial cells, mac-
rophages, and microglia in the CNS, has been demonstrated 
following focal and global cerebral ischemia, neonatal 
hypoxia–ischemia, and intracerebral hemorrhage  [  4,   6,   10, 
  11  ] . Selective inhibition of COX-2 provided protection after 
ICH by reducing prostaglandin E 

2
  production, thereby 

decreasing in fl ammation, brain edema, and cell death, which 
translated into improved functional recovery  [  6  ] . Further, 
the role of COX-2 in mediating preconditioning-induced 
protection has been suggested. COX-2 has been shown to 
mediate ischemic preconditioning in vitro  [  18  ] . Studies 
from our laboratory have determined COX-2 to be a poten-
tial mediator of hyperbaric oxygen preconditioning 
(HBO-PC) in SBI and global ischemia rodent models; ani-
mals preconditioned for 1 h daily for 5 days with HBO prior 
to inducing injury had signi fi cantly improved neurological 
function and brain edema  [  4,   17  ] . 

 Cyclooxygenase-2 has been shown to play a part in SBI 
pathophysiology as well. An increase in COX-2 expression 
was detected 24 h after SBI in mice, and HBO-PC signi fi cantly 
attenuated the increase in COX-2 possibly through suppres-
sion of HIF-1 a , the upstream regulator of COX-2  [  17,   26  ] . 
The study showed that HBO-PC increased COX-2 level two-
fold in comparison to the four-fold increase by the SBI, 
which suggested that protection conferred by HBO-PC might 
have involved brain preconditioning by increasing COX-2 to 
 subinjurious levels. Furthermore, the protective effects of 
HBO-PC were reversed in the presence of selective COX-2 
inhibitor. These studies demonstrate HBO-PC or COX-2 
inhibition to be promising therapies in attenuating brain 
edema following neurosurgical procedures.  

   Conclusion 

 The SBI rodent model mimics injuries caused by neurosurgi-
cal procedures and produces postoperative brain edema. It 
allows for the study of the cellular signaling pathways and 

the identi fi cation of key molecular targets for neuroprotec-
tive pretreatment before neurosurgical intervention. To date, 
VEGF, MMPs, and COXs have been revealed to be potential 
targets for therapy. As clinically applicable therapeutic inter-
vention for SBI is likely to result in signi fi cant bene fi ts for 
patients and healthcare organizations, further preclinical and 
clinical studies are necessary to explore the applicability of 
these targets.      
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  Abstract   Posterior fossa injury is rare, occurring in less 
than 3 % of head injuries. We retrospectively reviewed 
patients’ clinical and radiological  fi ndings, management, 
and outcomes. The aim of the present study was to investi-
gate the features of posterior fossa hematoma, including 
posterior fossa epidural hematoma (EDH), posterior fossa 
subdural hematoma (SDH), and intracerebellar hematoma. 
From January 1995 to January 2009, 4,315 patients with 
head trauma were hospitalized at our institution. The  present 
study focused on 41 patients (1.0 %) with traumatic hema-
tomas of the posterior fossa. Eighteen patients had EDH, 10 
patients had SDH, and 17 patients had intracerebellar hema-
tomas. In each type of injury, occipital bone fractures were 
seen in many patients, and hematoma enlargement was often 
observed within a few days of the injury. In addition, a high 
frequency of associated lesions and a high poor outcome 
rate were features of intracerebellar hematomas and    posterior 
fossa SDH. The present study suggests that repeat CT imag-
ing and careful management are necessary until the lesion is 
stabilized, and patients showing lesions with mass effects 
should therefore be immediately treated with surgery.  

  Keywords   Head trauma  •  Posterior fossa  •  Epidural hema-
toma  •  Subdural hematoma  •  Intracerebellar hematoma      

   Introduction 

 Traumatic posterior fossa hematomas are rare, occurring in 
less than 3 % of head injuries  [  3,   12  ] . Because of their rarity, 
individual neurosurgeons do not gain much experience in 
their management. Traumatic posterior fossa hematomas 
are divided into epidural hematoma (EDH), subdural hema-
toma (SDH), and intracerebellar hematoma  [  1–  13  ] . During 
a 14-year period, we treated 41 patients with traumatic pos-
terior fossa hematoma, including posterior fossa epidural 
hematoma (PFEDH), intracerebellar hematoma, and poste-
rior fossa subdural hematoma (PFSDH), and have retro-
spectively investigated the clinicoradiological features in 
these patients.  

   Materials and Methods 

 From January 1995 to January 2009, 4,315 patients with 
head trauma were admitted to our hospital. We gathered 
information from the electronic medical records of 41 
patients (1.0 % of head traumas) with traumatic posterior 
fossa hematoma. Only those patients with clear evidence of 
trauma as the primary etiology were included in this study. 
We retrospectively reviewed the patient’s data with regard to 
age, sex, mechanism of injury, the presence of skull frac-
tures, hematoma size, the presence of hematoma enlarge-
ment, the presence of associated intracranial lesions, 
management, and outcomes. The level of consciousness and 
outcome in each patient was assessed using the Glasgow 
Coma Scale (GCS) score at admission and the Glasgow 
Outcome Scale (GOS) score at discharge. The GOS scores 
were classi fi ed into favorable (good recovery and moderate 
disability) or poor outcomes (severe disability, vegetative 
state, or death). We excluded hematomas that were located 
only in the clivus, tentorium, or brainstem.  
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   Results 

 Eighteen patients had PFEDH, 10 patients had PFSDH, and 
17 patients had intracerebellar hematomas. Four patients had 
intracerebellar hematomas associated with PFEDH or 
PFSDH. The clinical and radiological  fi ndings, treatments, 
and outcomes of these patients are summarized in Table  1 .  

   PFEDH 

 Of the 18 patients, 14 were male and 4 were female, with an 
age range from 1 to 92 years (mean, 40.0 years). The causes 
of injury were traf fi c accidents in 6 patients and falls in 12 
patients. The mean admission GCS score was 8.3. The sites 
of impact were the occipital area in 17 patients (unknown in 
1 patient). Skull fractures were revealed in 17 patients 
(94 %). The hematoma sizes ranged from 0.2 to 3.0 cm 
(mean, 1.1 cm). Hematoma enlargement was observed in 6 
patients (33 %). Eight patients presented with isolated 
PFEDHs, and 10 patients presented with associated intrac-
ranial lesions. The associated intracranial lesions were 

intracerebellar hematomas in 1 patient, supratentorial con-
tusions in 6 patients, supratentorial SDHs in 2 patients, and 
subarachnoid hemorrhages (SAHs) in 7 patients. Four 
patients underwent surgery for PFEDHs within 24 h of 
injury. The outcomes were a good recovery in 13 patients, 
moderate disability in 3 patients, severe disability in 1 
patient, and death in 1 patient. The poor outcome rate was 
11 % and the mortality rate was 5.6 %.  

   PFSDH (Unpublished Data) 

 Of the 10 patients, 7 were male and 3 were female, with an 
age range from 3 to 97 years (mean, 57.5 years). The causes 
of injury were traf fi c accidents in 3 patients, falls in 6 patients, 
and being hit by an iron plate in 1 patient. The mean admis-
sion GCS score was 8.3. The sites of impact were the occipi-
tal area in 3 patients, the parietal area in 3 patients, both the 
occipital and frontal areas in 2 patients, and the frontal area 
in 1 patient (unknown in 1 patient). Skull fractures were 
revealed in 6 patients (60 %). The hematoma sizes ranged 
from 0.5 to 2.0 cm (mean, 0.8 cm). Hematoma enlargement 
was observed in 1 patient (10 %). Two patients presented 

   Table 1    A summary of characteristics of patients with traumatic posterior fossa hematoma ( n  = 41) a    

 Characteristics  PFEDH ( n  = 18)  PFSDH ( n  = 10)  Intracerebellar hematoma ( n  = 17) 

 Age, years  40.0 ± 25.0  57.5 ± 31.2  56.8 ± 20.5 
 Sex,  n  (%) 
  Male  14 (78)  7 (70)  9 (53) 
  Female  4 (22)  3 (30)  8 (47) 
 Mechanism,  n  (%) 
  Traf fi c accident  6 (33)  3 (30)  10 (59) 
  Fall  12 (67)  6 (90)  7 (41) 
  Other  0 (0)  1 (10)  0 (0) 
 Glasgow Coma Scale score  12.0 ± 3.4  8.3 ± 4.3  10.1 ± 4.7 
 Skull fracture,  n  (%)  17 (94)  6 (60)  13 (77) 
 Hematoma size, cm  1.1 ± 0.8  0.8 ± 0.5  2.4 ± 1.3 
 Hematoma enlargement,  n  (%)  6 (33)  1 (10)  2 (12) 
 Associated intracranial lesion,  n  (%) 
  Supratentorial contusion  6 (33)  5 (50)  6 (35) 
   Supratentorial subdural 

hematoma 
 2 (11)  7 (70)  7 (41) 

  Supratentorial epidural hematoma  0 (0)  0 (0)  2 (12) 
  Subarachnoid hemorrhage  7 (39)  6 (60)  12 (71) 
  Intraventricular hemorrhage  0 (0)  0 (0)  2 (12) 
  Diffuse axonal injury  0 (0)  0 (0)  3 (18) 
 Surgery,  n  (%)  4 (22)  1 (10)  3 (18) 
 Outcome,  n  (%) 
  Favorable  16 (89)  1 (10)  7 (41) 
  Poor  2 (11)  9 (90)  10 (59) 
 Mortality, %  5.6  50.0  41.2 

   PFEDH  posterior fossa epidural hematoma,  PFSDH  posterior fossa subdural hematoma 
  a Four patients had intracerebellar hematoma associated with PFEDH or PFSDH  
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with isolated PFSDHs, and 8 patients presented with associ-
ated intracranial lesions. The associated intracranial lesions 
were intracerebellar hematoma in 3 patients, supratentorial 
contusions in 5 patients, supratentorial SDHs in 7 patients, 
and SAHs in 6 patients. Only 1 patient was treated surgically 
for PFSDHs associated with intracerebellar hematoma 2 
days after injury. Three patients underwent burr hole surgery 
for supratentorial SDHs. The outcomes were a good recov-
ery in 1 patient, severe disability in 1 patient, a vegetative 
state in 2 patients, and death in 5 patients. The poor outcome 
rate was 90 %, with a mortality rate of 50 %.  

   Intracerebellar Hematoma 

 We have previously reported our series of intracerebellar 
hematomas  [  13  ] . Brie fl y, of the 17 patients, 9 were male and 
8 were female, with an age range from 16 to 84 years    (mean, 
56.8 years). The causes of injury were traf fi c accidents in 10 
patients and falls in 7 patients. The sites of impact were the 
occipital area in 11 patients, the frontal area in 2 patients, 
the temporal area in 3 patients, and both the occipital and 
frontal areas in 1 patient. Skull fractures were revealed in 13 
patients (76.5 %). The mean admission GCS score was 10.1. 
The hematoma size ranged from 1.0 to 5.0 cm (mean, 
2.4 cm). Hematoma enlargement was observed in 2 patients 
(12 %). Two patients presented with isolated intracerebellar 
hematoma, and 15 presented with associated intracranial 
lesions. The associated intracranial lesions were supratento-
rial contusions in 6 patients, SDHs in 9 patients, EDHs in 3 
patients, SAHs in 12 patients, intraventricular hemorrhage 
in 2 patients, and diffuse axonal injury in 3 patients. 
Surgeries for intracerebellar hematomas were performed 
within 24 h in 2 patients and within 3 days after injury in 1 
patient. The outcomes of the 17 patients were a good recov-
ery in 5, moderate disability in 2, severe disability in 1, a 
vegetative state in 2, and death in 7. The poor outcome rate 
was 59 % and the mortality rate was 41 %.   

   Conclusion 

 PFEDH is the most common type of posterior fossa hema-
toma  [  1,   6,   7,   9–  11  ] . The prognosis is favorable if the appro-
priate management is performed. On the other hand, PFSDH 
and intracerebellar hematoma are extremely rare, accounting 
for less than 1 % of head injuries  [  2–  5,   8,   12,   13  ] . The prog-
nosis is quite poor for both injuries. We consider that the 
high frequency of associated lesions might contribute to the 
high poor outcome rate in patients with intracerebellar hema-
tomas or PFSDH. 

 In our series, occipital bone fractures were seen in many 
patients with each type of hematoma. Additionally, hema-
toma enlargement was seen in 33 % of PFEDH patients, 
10 % of PFSDH patients, and 12 % of those with intracere-
bellar hematoma, which was in accordance with previous 
reports  [  2–  7,   10  ] . Six patients underwent surgery for poste-
rior fossa hematoma within 24 h, and two patients (25 %) 
underwent surgery 2 or 3 days after injury because of gradual 
hematoma enlargement. Therefore, a high level of clinical 
suspicion, a prolonged period of clinical and radiological 
observation, and the application of the broadest criteria 
regarding the indications for CT are necessary, especially 
when patients have occipital bone fractures. 

 The optimal criteria for the treatment of posterior fossa 
hematomas have not yet been established; however, Bullock 
et al. recommended the following: patients demonstrating a 
lesion with mass effect on CT or with neurological dysfunc-
tion or deterioration referable to the lesion should undergo 
surgical intervention, where a lesion with mass effect on CT 
is de fi ned as distortion, dislocation, or obliteration of the 
fourth ventricle; compression or loss of visualization of the 
basal cisterns; or the presence of obstructive hydrocephalus 
 [  3  ] . It has been reported that surgery may be recommended 
for patients with PFEDH more than 15 mm thick, PFSDH 
larger than 10 mm, or intracerebellar hematoma more than 
30 mm in thickness  [  3–  5,   11,   13  ] . 

 In conclusion, the present study suggests that repeat CT 
imaging and careful management are necessary for posterior 
fossa hematomas until such lesions stabilize, and that patients 
showing a lesion with mass effect should be immediately treated 
with surgery. Further investigations to elucidate the optimal 
management of posterior fossa hematomas are needed.      
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  Abstract   Twenty patients with traumatic basal ganglia 
hematoma (TBGH) were studied. Of the 20 patients, 16 were 
male and 4 were female, with an age range of 4–89 years 
(mean, 54.4 years). The causes of injury were traf fi c acci-
dents in 12 patients and falls in 8. The mean admission GCS 
score was 7.5. Skull fractures were revealed in  fi ve patients 
(25 %). The hematoma was found in the putamen in 15 
patients (80 %), the thalamus in 4, and the caudate in 1. The 
mean hematoma volume was 10.7 mL. The CT  fi ndings indi-
cated focal contusions in 9 patients, subdural hematoma in 5, 
intraventricular hemorrhage in 4, subarachnoid hemorrhage 
in 10, and diffuse axonal injury in 5. Six patients (30 %) 
underwent surgery. The  fi nal outcomes were poor: 7 patients 
(35 %) died, 1 was in a vegetative state, 4 experienced severe 
disabilities, and 8 patients (40 %) made a favorable recovery. 
The statistical analysis identi fi ed the GCS score and midline 
shift as prognostic factors. 

 Our study revealed interesting characteristics of TBGH, 
including a high frequency of putaminal involvement, a low 
frequency of skull fractures, a high frequency of associated 
intracranial lesions, and a high poor outcome and mortality 
rate.  

  Keywords   Head trauma  •  Basal ganglia  •  Hematoma  •  Computed 
tomography      

   Introduction 

 Traumatic basal ganglia hematoma (TBGH) is a rare clinical 
entity. The incidence of TBGH is reported to be approxi-
mately 1–3 % of patients with head injury  [  2–  7  ] . Because of 
its rarity, the features and prognostic factors have not been 
established. We have treated 20 patients with TBGH, and ret-
rospectively investigated the clinicoradiological features of 
these patients and determined the factors that correlated with 
outcomes.  

   Materials and Methods 

 From April 1996 to December 2008, 4,150 patients with 
head trauma, including 723 patients with traumatic brain 
contusions, were hospitalized at our hospital. We gathered 
information from the patients’ electronic medical records, 
and focused on 20 patients (0.48 % of all head traumas, 
2.8 % of all brain contusions) with TBGH. Only those 
patients with clear evidence of trauma as the primary etiol-
ogy were included in this study. We retrospectively reviewed 
the patients’ data with regard to age, sex, mechanism of 
injury, level of consciousness, radiological  fi ndings, man-
agement, and outcomes. Each patient’s level of conscious-
ness and outcome were assessed using the Glasgow Coma 
Scale (GCS) score at admission and the Glasgow Outcome 
Scale (GOS) score at discharge. We classi fi ed the GOS scores 
into favorable (good recovery and moderate disability) or 
poor outcomes (severe disability, vegetative state, or death). 
The features evaluated on head computed tomography (CT) 
included the presence of skull fractures, hematoma location, 
hematoma volume, midline shift, and the presence of associ-
ated intracranial lesions. 
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 The Mann–Whitney  U  test and Fisher’s exact test were 
used to explore the differences in the clinicoradiological fea-
tures between the groups.  P  < 0.05 was considered to be 
 statistically signi fi cant. All statistical analyses were per-
formed using the SPSS version 11.0 software program.  

   Results 

 The clinical and radiological  fi ndings, treatments, and out-
comes are summarized in Table  1 . Of the 20 patients, 16 
were male and 4 were female, with an age range of 4–89 years 
(mean, 54.4 years). The cause of injury was traf fi c accident 
in 12 patients and a fall in 8. The mean admission GCS score 
was 7.5. Skull fractures were revealed in  fi ve patients 
(25 %). The hematoma was located in the putamen in 15 
patients (80 %), the thalamus in 4, and the caudate in 1. 
Bilateral hematomas were observed in three patients (15 %). 
The mean hematoma volume was 10.7 mL. The CT  fi ndings 
indicated focal contusions in 9 patients, subdural hemato-
mas in 5, an epidural hematoma in 1, intraventricular hem-
orrhage in 4, subarachnoid hemorrhage in 10, and diffuse 
axonal  injuries in 5. Six patients (30 %) underwent surgery: 
decompressive craniectomy with hematoma evacuation in 4 
patients, and CT-guided hematoma evacuation in 2. The out-
comes were good recovery in 2 patients, moderate disability 
in 6, severe disability in 4, vegetative state in 1, and death in 
7 patients. The poor outcome rate was 60 % and the mortal-
ity was 35 %. The statistical analysis identi fi ed the GCS 
score and midline shift as prognostic factors (both 
 P  < 0.05;Table  2 ).    

   Representative Case 

 A 72-year-old man crashed while riding his bicycle and hit 
his head on the ground. On admission, he was hemiparetic 
on the right side, with a GCS of 11. A CT showed a  left-sided 

TBGH (volume 41.6 mL), subarachnoid hemorrhage, and 
intraventricular hemorrhage (Fig.  1a ), with a 7-mm midline 
shift. He underwent CT-guided stereotactic hematoma evac-
uation. A postoperative CT revealed that the hematoma was 
subtotally evacuated (Fig.  1b ). He was transferred to another 
hospital with severe disability.   

   Table 1    Summary of the patient characteristics ( n  = 20)   

 Variables 

 Age, years  54.4 ± 24.2 
 Sex,  n  (%) 
  Male  16 (80) 
  Female  4 (20) 
 Mechanism,  n  (%) 
  Traf fi c accident  12 (60) 
  Fall  8 (40) 
 Glasgow Coma Scale score  7.5 ± 3.6 
 Skull fracture,  n  (%)  5 (25) 
 Hematoma location,  n  (%) 
  Putamen  15 (75) 
  Thalamus  4 (20) 
  Caudate  1 (5) 
 Bilateral hematoma distribution,  n  
(%) 

 3 (15) 

 Hematoma volume (total), mL  10.7 ± 19.8 
 Midline shift,  n  (%) 

   ³ 5 mm  7 (35) 

  <5 mm  13 (65) 
 Associated intracranial lesion,  n  (%) 
  Focal contusion  9 (45) 
  Subdural hematoma  5 (25) 
  Epidural hematoma  1 (5) 
  Intraventricular hemorrhage  4 (20) 
  Subarachnoid hemorrhage  10 (50) 
  Diffuse axonal injury  5 (25) 
 Surgery,  n  (%)  6 (30) 
 Outcome,  n  (%) 
  Favorable  8 (40) 
  Poor  12 (60) 
 Mortality, %  35 

   Table 2    The prognostic factors related to outcome   

 Variables  Favorable outcome group ( n  = 8)  Poor outcome group ( n  = 12)   P  value 

 Age,  n  

   ³ 60 years  4  6  0.675 

  <60 years  4  6 
 Sex,  n  
  Male  6  10  0.535 
  Female  2  2 
 Mechanism,  n  
  Traf fi c accident  5  7  0.612 
  Fall  3  5 



141Traumatic Basal Ganglia Hematomas: An Analysis of 20 Cases

 Variables  Favorable outcome group ( n  = 8)  Poor outcome group ( n  = 12)   P  value 

 Glasgow Coma Scale score  9.6 ± 3.8  6.0 ± 2.7  0.047 
 Skull fracture,  n   1  4  0.296 
 Hematoma location,  n  
  Putamen  5  10  0.296 
  Thalamus  2  2  0.535 
  Caudate  1  0  0.400 
 Bilateral hematoma distribution,  n   1  2  0.656 
 Hematoma volume (total),  n  

   ³ 10 mL  7  8  0.307 

  <10 mL  1  4 
 Midline shift,  n  

   ³ 5 mm  0  7  0.010 

  <5 mm  8  5 
 Associated intracranial lesion,  n  
  Focal contusion  4  5  0.535 
  Subdural hematoma  1  4  0.307 
  Epidural hematoma  0  1  0.600 
  Intraventricular hemorrhage  1  3  0.465 
  Subarachnoid hemorrhage  6  4  0.085 
  Diffuse axonal injury  2  3  0.693 

a b

  Fig. 1    ( a ) A CT showed a left-sided basal ganglia hematoma (volume: 
41.6 mL), subarachnoid hemorrhage, and intraventricular hemorrhage, 
with a 7-mm midline shift. The patient underwent CT-guided  stereotactic 

hematoma evacuation. ( b ) A postoperative CT revealed that the hema-
toma was subtotally evacuated       

Table 2 (continued)
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   Conclusion 

 Although the mechanisms responsible for TBGH remain 
unclear, several pathogenic mechanisms have been proposed. 
An impact directed toward the tentrium may lead to a shift of 
the brain through the tentorial notch with pulling and tearing 
of vessels, which may sometimes occur with enough force to 
result in the development of TBGH  [  2,   3  ] . Shearing injury 
between the deep nuclei and the perforating vessels may also 
be one of the mechanisms responsible  [  2,   3  ] . 

 In this study, the most frequent location of the hematoma 
was the putamen, in accordance with past reports  [  3,   6  ] . An 
interesting aspect is the occurrence of bilateral TBGHs  [  2  ] . 
In our series, 3 patients (15 %) had bilateral putaminal hema-
tomas, which correspond to approximately 0.4 % of all brain 
contusions, which was also in agreement with past reports 
 [  1–  3,   6  ] . This seems to be similar to spontaneous intracranial 
hemorrhage; their bilateral distribution accounts for approxi-
mately 0.3 % of all spontaneous hemorrhage  [  9  ] . A relatively 
low frequency of skull fractures and a high frequency of 
associated intracranial lesions have been reported, as was 
also the case in the present study  [  2,   3,   6,   7  ] . TBGH may be 
evacuated with open surgery, CT-guided stereotactic surgery, 
or ultrasound-guided surgery. In our series, 6 patients under-
went surgery; however, all of these patients had a poor out-
come. Further studies about whether surgery can improve the 
prognosis of patients with TBGHs are needed. 

 Some authors have reported that the outcomes of TBGHs 
are favorable  [  4,   8,   10  ] , although the incidence of poor out-
comes in most past reports was approximately 40–80 %  [  2, 
  3,   5,   6  ] , similar to the present study (60 %). We also identi fi ed 
the GCS score and midline shift as prognostic factors. We 
consider that the poor prognosis might re fl ect the global 
nature of injury to the brain, even when the size of the hema-
toma is small. We also suppose that patients with TBGHs 
may experience many more severe neurological sequelae 
because TBGHs are likely to involve the pyramidal tracts in 
the internal capsule. 

 In conclusion, the present study revealed interesting 
 characteristics of TBGH, including that it has a high 
 frequency of putaminal involvement, a low frequency of 
skull fractures, 3a high frequency of associated intracranial 
lesions, and a high poor outcome and mortality rate. 
Furthermore, the GCS score and midline shift were identi fi ed 
as prognostic factors.      
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  Abstract   Subacute subdural hematoma (SASDH) is a rare 
entity. We retrospectively reviewed 8 patients with SASDH. 
Four patients were male and 4 were female, with an age 
range of 45–87 years (mean, 67.8 years). The minimal level 
of deterioration ranged from 8 to 14 (mean, 10.5). The dete-
rioration of neurological symptoms was con fi rmed 4–20 days 
after injury (mean, 12.9). The hematoma volume was 
increased in 6 patients. Seven patients underwent surgeries 
(burr-hole irrigation in 6, craniotomy in 1). The Glasgow 
Outcome Scale indicated a good recovery in 4 patients and 
moderate disability in 4 patients. Increased cerebral blood 
 fl ow was observed just below the SDH in 1 patient. We con-
sider that the hypoperfused tissue in the acute phase might 
become hyperperfused during the subacute phase owing to 
impaired autoregulation, and the hyperperfusion may be 
responsible for the development of the SASDH, leading to 
deterioration. Further investigations in a larger series are 
needed to elucidate the mechanism underlying the develop-
ment of SASDH.  

  Keywords   Head trauma  •  Subacute  •  Subdural hematoma  
•  Surgery      

   Introduction 

 Subacute subdural hematoma (SASDH) is a rare clinical 
entity, and has been the focus of only limited investigations 
because the attention of neurosurgeons has been directed 
toward acute subdural hematoma (ASDH) and chronic sub-
dural hematoma (CSDH)  [  2,   3,   7,   8,   10,   11  ] . Because of their 
rarity, the features and underlying mechanisms of SASDH 
have not been established. We have treated eight patients with 
SASDHs, and retrospectively investigated their features. We 
herein report these results, and also discuss the potential 
mechanisms responsible for the development of SASDH 
from the viewpoint of the cerebral blood  fl ow (CBF).  

   Materials and Methods 

 During a period of 12 years, 1,310 patients with a subdural 
hematoma (SDH) were hospitalized at our hospital. We gathered 
information from the patients’ electronic medical records, and 
focused on eight patients (0.6 % of all SDHs) with SASDH. 

 We retrospectively reviewed the patients’ clinical and 
radiological  fi ndings, management, and outcomes. We 
applied the following inclusion criteria for SASDH:

    1.    ASDH with deteriorating neurological symptoms, such as 
loss of consciousness, headache during the subacute 
period (4–20 days after injury) despite the fact that con-
servative therapy was performed because of a slight neu-
rological de fi cit on admission.  

    2.    Radiological  fi ndings showed no contusion or epidural 
hematoma.  

    3.    There was no pathological disorder, such as cerebrovas-
cular disease or medications that could cause SDH, except 
for traumatic brain injury  [  8  ] .      
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   Results 

 The clinical  fi ndings, treatments, and outcomes of the patients 
are summarized in Table  1 . Four patients were male and 4 
were female, with an age range of 45–87 years (mean, 
67.8 years). The minimal level of deterioration ranged from 8 
to 14 (mean, 10.5). Deterioration of neurological symptoms 
was con fi rmed 4–20 days after injury (mean, 12.9). The hema-
toma volume was increased in 6 patients. Seven patients 
underwent surgery (burr-hole irrigation in 6, craniotomy in 1). 
The duration of impaired consciousness ranged from 2 to 
26 days (mean, 11.6 days). The outer membrane was observed 
in all surgical cases, whereas the inner membrane was unde-
tectable. The Glasgow Outcome Scale indicated a good recov-
ery in four patients and moderate disability in four patients.   

   Representative Case (Case 5) 

 A 74-year-old woman fell down and hit her head on the 
ground. Fifteen days after the injury, her consciousness level 
deteriorated (her GCS score dropped to 13) and she was 
admitted to our hospital. A CT showed a thin SDH in the left 
parieto-occipital region (Fig.  1a ). She was treated conserva-
tively; however, her impaired consciousness continued. 
A follow-up CT 9 days after admission revealed a slight 
increase in the SDH (Fig.  1b ). MR fusion  99m Tc-ECD-SPECT 
images showed an increase in the CBF in the left parieto-
occipital lobe (Fig.  1c ). Thereafter, she became gradually 
more alert. A CT demonstrated complete resolution of the 
SDH 23 days after admission (Fig.  1d ), and she was subse-
quently discharged without neurological de fi cit.   

   Table 1    A summary of the characteristics of the eight patients   

 No. 
 Age/sex 
(years/old) 

 Symptoms 
(other than LOC) 

 Interval between 
injury and 
deterioration 

 The worst 
GCS score 

 Hematoma 
enlargement 

 Duration 
of impaired 
consciousness  Surgery  Outcome 

 1  87/F  –  20 days  13  –  21 days  Burr-hole surgery  MD 
 2  45/M  Pupil abnormality  10 days  8  +  2 days  Burr-hole surgery  MD 
 3  71/M  Seizure  4 days  14  +  3 days  Burr-hole surgery  GR 
 4  70/M  Hemiparesis  18 days  14  +  13 days  Burr-hole surgery  GR 
 5  74/F  –  15 days  13  +  14 days  –  GR 
 6  59/F  Headache  14 days  6  +  7 days  Craniotomy  GR 
 7  65/M  Hemiparesis  15 days  10  –  26 days  Burr-hole surgery  MD 
 8  71/F  Seizure  7 days  6  +  7 days  Burr-hole surgery  MD 

   GCS  Glasgow Coma Scale,  GR  good recovery,  LOC  loss of consciousness,  MD  moderate disability  

a b

  Fig. 1    ( a ) CT on admission showed a thin subdural hematoma in the left 
parieto-occipital region. ( b ) A follow-up CT 9 days after admission revealed 
a slight increase in the hematoma. ( c ) MR fusion  99m Tc-ECD-SPECT 

images showed hyperperfusion in the left parieto-occipital lobe. ( d ) A CT 
23 days after admission demonstrated a complete resolution of the 
hematoma       
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   Conclusion 

 There have been no large series of SASDH, because ASDH 
patients tend to be managed surgically. The most frequent inter-
val between injury and SASDH development has been reported 
to be approximately 10–14 days  [  2,   3,   8,   10  ] , in accordance with 
our results. Furthermore, the present study showed a high fre-
quency of hematoma enlargement, a relatively long duration of 
impaired consciousness, and a favorable prognosis. 
 The mechanism of SASDH has been reported to be secondary 
to in fl ux of cerebrospinal  fl uid (CSF) into the subdural space 
either by colloid-osmotic pressure differences between the liq-
uid hematoma and CSF  [  2  ] , or owing to the tearing of the 
arachnoid membrane  [  8  ] . Diffuse hypoperfusion is the most 
frequent  fi nding in cases of ASDH  [  1,   13  ] , and it has also been 
reported that most CSDHs show hypoperfusion in the adjacent 
cortex  [  5,   6,   9,   12,   14  ] . In case 5 in our series, hyperperfusion 
was observed in the region just below the SDH. We consider 
that the hypoperfused tissue in the acute phase might have 
become hyperperfused during the subacute phase owing to 
impaired autoregulation  [  4,   15  ] , and hyperperfusion may be the 
mechanism responsible for the development of SASDH, lead-
ing to the deterioration. We also suppose that hyperperfusion 
might contribute to the long durations of impaired conscious-
ness despite the fact that surgery was performed in our series. 

 Further investigations, including CBF studies, in larger 
series are needed to elucidate the mechanism responsible for 
the development of SASDH.      
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  Abstract   A case of traumatic hematoma in the basal ganglia 
that showed deterioration after arrival at the hospital was 
reported. A 65-year-old man crashed into the wall while rid-
ing a motorcycle. His Glasgow coma scale was E3V4M6 and 
showed retrograde amnesia and slight right motor weakness. 
Because head CT in the secondary trauma survey showed 
subarachnoid hemorrhage in the right Sylvian  fi ssure and 
multiple gliding contusions in the left frontal and parietal 
lobe, he was entered into the intensive care unit for diagnosis 
of diffuse brain injury. He showed complete muscle weakness 
of left upper and lower limbs 5 h after the accident. Head CT 
newly showed hematoma, 2 cm in diameter, in the right basal 
ganglia. The patient vomited following the CT scan, and so 
his consciousness suddenly deteriorated into a stupor. We 
performed head CT again. The hematoma had enlarged to 
5 cm at the same lesion and partially expanded into midbrain. 
The patient died on the 13th day of trauma. Based on retro-
spective interpretation, we conclude that clinical examina-
tions, follow-up CT scans and blood examinations should be 
performed frequently as part of ICU management for all TBI 
patients in the early phase after trauma.  

  Keywords   Talk and deteriorate  •  Traumatic hematoma  
•  Diffuse brain injury  •  Basal ganglia      

   Introduction 

 Patients who talk after head trauma and subsequently dete-
riorate into a coma are clinically de fi ned as “talk and deterio-
rate”  [  4  ] . They represent a very small but important subgroup 

of patients with head injury, because these patients are poten-
tially all salvageable, having suffered seemingly mild head 
trauma. Early recognition and surgical intervention of “talk 
and deteriorate” is strongly recommended  [  7  ] . We have expe-
rienced and reported a rare case that initially showed a type 
of diffuse brain injury then suddenly deteriorated to show a 
hematoma in the basal ganglia several hours later.  

   Case Report 

 A 65-year-old man crashed into a wall while riding a motor-
cycle. The emergency medical services judged the man to be 
in need of “high energy injury” transportation to our critical 
care center. In the primary trauma survey, we secured pat-
ency of airways. The patient showed no abnormality in 
breathing during the physiological examination. His respira-
tion rate was 18/min and arterial oxygen saturation was 
100 % with 10 L/min using a reservoir mask. In circulation, 
no abnormality was present in the airways, in breathing or in 
circulation. Even though no dysfunction of central nervous 
system was noted, the patient’s Glasgow coma scale was 
E3V4M6 and showed retrograde amnesia and slight right 
motor weakness. Because head CT in the secondary trauma 
survey showed subarachnoid hemorrhage in the right Sylvian 
 fi ssure and multiple gliding contusions in the left frontal and 
parietal lobe, the patient was entered into the intensive care 
unit for diagnosis of diffuse brain injury (Fig.  1 ). He progres-
sively showed right motor weakness on the right lower limb 
4 h after the accident. He suddenly showed complete muscle 
weakness of left upper and lower limbs  fi ve hours after the 
accident. His head CT newly showed hematoma, 2 cm in 
diameter, in the right basal ganglia (Fig.  2 ). Following the 
scan in the CT room, the patient vomited and his conscious-
ness suddenly deteriorated into a stupor. After urgent endo-
tracheal intubation, we performed another head CT. The 
hematoma had enlarged to 5 cm at the same lesion and 
 partially expanded into the midbrain (Fig.  3 ). Although we 
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  Fig. 1    Computed tomography 
scan 1 h after the accident 
(emergency division) showed 
subarachnoid hemorrhage in the 
right Sylvian  fi ssure and slight 
multiple gliding contusions in the 
left frontal and parietal lobe       

R L

  Fig. 2    Computed tomography 
scan 5 h after the accident 
furthermore showed hematoma, 
2 cm in diameter, in the right 
basal ganglia       

R L

  Fig. 3    Computed tomography 
scan 6 h after the accident 
showed hematoma enlarged to 
5 cm at the same lesion, and 
partially expanded into the 
midbrain       
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considered emergency surgery, his family did not approve. 
He died on the 13th day of trauma.     

   Conclusion 

 The characteristics of clinical pattern for TBI patients who 
talk and deteriorate have been reported  [  2,   6  ] . In this group 
of patients, it is generally known that the type of injury is 
focal brain injury, which indicates cerebral contusion or 
acute subdural/epidural hematoma with no mass effect on 
initial head CT. However, our rare case shows a type of dif-
fuse brain injury and only subarachnoid hemorrhage and 
gliding contusion on head CT. Two patients (1.2 %) of 156 
cases who showed diffuse brain injury on initial head CT 
deteriorated  [  3  ] . Two patients (2.3 %) of 86 consecutive 
cases who talk and deteriorate, head CT revealed  fi ndings of 
diffuse brain injury  [  3  ] .    

 All TBI patients with altered mental status and hemispheric 
   de fi cits should undergo CT scanning, especially within a few 
days after admission. These symptoms of altered mental status 
and hemispheric de fi cits are the best predictors of subsequent 
deterioration or the presence of an operative hematoma  [  1  ] . 
We also performed CT scanning for changes in neurological 
signs with 6–8 h after admission. However, our case suddenly 
deteriorated to show new hematoma in the basal ganglia sev-
eral hours later. We could not induce early operation and con-
sequently resuscitation. The main cause for deterioration in 
patients who deteriorated within 6 h, the so called “fulminant 
type” was enlargement of mass lesions  [  10  ] . 

 The damaged brain, in proportion to the severity of injury, 
releases large amount of tissue factor. The increase in 
 fi brinolytic activity at 3 h after trauma correlates with the 
extent of brain damage regardless of GCS on admission  [  5  ] . 
Takahashi et al have found that following TBI, plasma alpha2-
plasmin inhibitor-plasmin complex (PIC) >15  m g/mL, and 

d-Dimer >5  m g/mL are associated with a poor outcome  [  8  ] . 
We should accurately schedule in not only neurological 
examination and head CT but also coagulation examination 
for high risk TBI patients who talk and deteriorate. The assay 
of  fi brinolytic parameters may be especially useful in identi-
fying patients who talk and deteriorate  [  9  ] .      
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  Abstract   Magnetic resonance imaging (MRI) has been 
widely used in intracerebral hemorrhage (ICH) animal mod-
els and patients. In the current study, we examined whether 
MRI can predict at-risk brain tissue during the acute phase 
and long-term brain tissue loss after ICH. Male Sprague–
Dawley rats had an intracaudate injection of autologous 
whole blood (10, 50 or 100  m L). MRI (T2 and T2*) sequences 
were performed at days 1, 3, 7, 14, and 28. The volume of 
brain tissue at risk was calculated as the difference between 
T2 and T2* lesion volumes. Dopamine- and cAMP-regulated 
phosphoprotein, Mr 32 kDa (DARPP-32) was used as a neu-
ronal marker in the basal ganglia. Brain swelling at day 3 and 
brain tissue loss at day 28 after ICH were also measured. We 
found that the difference in lesion volumes between T2 and 
T2* measured by MRI coincided well with the difference 
between the volume of the DARPP-32-negative area and that 
of the hematoma measured in brain sections. Volumes of 
brain tissue at risk at day 3 correlated with the brain swelling 

at day 3 ( p  < 0.01) as well as the  fi nal brain tissue loss at 
day 28 ( n  = 9,  p  < 0.05). The results suggest that the differ-
ence between T2 lesions and T2* lesions could be an indica-
tor of at-risk brain tissue and it could be used as a predictor 
of neuronal loss in ICH patients.  

  Keywords   Magnetic resonance imaging  •  Intracerebral 
hemorrhage  •  Brain swelling  •  Brain atrophy  •  DARPP-32      

   Introduction 

 Intracerebral hemorrhage (ICH) accounts for 10–15 % of all 
strokes and is associated with higher mortality and more 
severe neurological de fi cits than other stroke subtypes  [  3,   13  ] . 
Perihematomal brain edema develops immediately after ICH 
and peaks several days later  [  12  ] . There is a close temporal 
relationship between brain edema and neurological de fi cits 
 [  6  ] . Brain atrophy was found in a rat ICH model  [  4  ] . 

 Magnetic resonance imaging (MRI) is an ideal method 
for characterizing the temporal and spatial evolution of 
parenchymal alterations following ICH with high sensitivity 
 [  1  ] . T2* gradient-echo imaging has been used in ICH models 
and patients to evaluate the hematoma size and iron deposi-
tion  [  2,   10  ] . We hypothesized that a simple MRI examination 
at an early stage could provide more precise information for 
predicting brain atrophy. DARPP-32 is a speci fi c marker of 
GABAergic neurons and is only expressed in the neuronal 
cell bodies and dendrites in the striatum  [  9,   15  ] . The 
 fl uorescence-negative area of DARPP-32 can be used as an 
indicator of damaged brain tissue. 

 This study examined whether or not early T2- and T2*-
weighted MRI imaging can predict at-risk brain tissue dur-
ing the acute phase and brain tissue loss during the late phase 
in ICH rats.  
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   Materials and Methods 

   Animal Preparation and Intracerebral Infusion 

 Animal use protocols were approved by the University of 
Michigan Committee on the Use and Care of Animals. 
A total 39 male Sprague–Dawley rats (Charles River 
Laboratories, Portage, MI, USA), weighing 250–350 g, were 
used in this study. Rats were anesthetized with pentobarbital 
(50 mg/kg, i.p.). The right femoral artery was catheterized 
for continuous blood pressure monitoring and blood sam-
pling. Blood was obtained from the catheter for analysis of 
blood pH, PaO 

2
 , PaCO 

2
 , hematocrit, and blood glucose. Core 

temperature was maintained at 37 °C. Rats were positioned 
in a stereotactic frame (Kopf Instruments), and a cranial burr 
hole (1 mm) was drilled on the right coronal suture 3.5 mm 
lateral to the midline. A 26-gauge needle was inserted ste-
reotactically into the right basal ganglia (0.2 mm anterior, 
5.5 mm ventral, 3.5 mm lateral to the bregma). Autologous 
whole blood at a volume of 10  m L ( n  = 4), 50  m L ( n  = 5), and 
100  m L ( n  = 30) was injected using a microinfusion pump 
 [  11  ] . The rats that had 100  m L of blood injected were eutha-
nized at days 1, 3, 7, 14, and 28 ( n  = 6 each time point) and 
the others were euthanized at day 28 after ICH.  

   Magnetic Resonance Imaging 

 Serial MRI, T2-weighted, and T2* gradient-echo imaging 
(GRE) were performed with a 7.0 T 183 cm Horizontal Bore 
(Unity Inova, Varian Inc.) imaging spectrometer at days 1, 3, 
7, 14, and 28 after ICH. Fifteen 0.5-mm-thick slices were 
scanned (FOV = 35 × 35mm 2 , matrix = 256 × 256, slice gap = 0, 
 fl ip angle = 25, TR/TE = 4,000 ms/60 ms and 200 ms/5 ms 
for T2 and T2* imaging respectively). Images were analyzed 
using NIH Image J. The entire lesion volume was measured 
on the T2-weighted images and the hematoma volume was 
measured on the T2*-weighted images. The measurements 
were as follows:

    1.    At-risk brain tissue: lesion areas on T2 and T2* weighted 
images were combined separately and multiplied by sec-
tion thickness (0.5 mm). At-risk brain tissue volume was 
obtained by the difference between T2 and T2* lesion 
volume  [  8  ] .  

    2.    Brain tissue loss volume: bilateral hemispheres were 
outlined separately and the areas were measured 

excluding bilateral ventricle areas on T2-weighted 
images at day 28 after ICH. Bilateral brain tissue vol-
ume was obtained by combining the outlined areas over 
all slices. Brain tissue loss volume was obtained by the 
difference in volume between the contralateral and the 
ipsilateral hemisphere.  

    3.    Brain swelling volume: bilateral hemispheres exclud-
ing bilateral ventricles were outlined and measured on 
T2-weighted images on day 3 after ICH. Brain swell-
ing volume was acquired using the difference in vol-
ume between the ipsilateral and the contralateral 
hemisphere.      

   Immuno fl uorescent Staining 

 Immuno fl uorescent staining was performed as described pre-
viously  [  14  ] . The primary antibody was anti-dopamine-and 
cAMP-regulated phosphoprotein of 32-kDa (DARPP-32) 
antibody (Cell Signaling Technology, 1:800 dilution). Alexa 
Fluro 488-conjugated donkey anti-rabbit antibodies 
(Invitrogen, 1:500 dilution) were used as the secondary 
antibody.   

   Results 

 DARPP-32, a speci fi c marker of GABAergic neurons in 
basal ganglia  [  15  ]  was expressed in the neuronal cell bodies 
and dendrites. At-risk brain tissue area was obtained by two 
measurements: the difference between the DARPP-32 nega-
tive area (Fig.  1a ) and the hematoma area (H&E, Fig.  1b ), 
and the difference between T2 (Fig.  1c ) and T2* (Fig.  1d ) 
lesions. On day 1 and day 3 after ICH, the difference between 
T2 and T2* lesion areas on the MRI images was 5.5 ± 1.9 
mm 2  on day 1 and 6.7 ± 0.7 mm 2  on day 3 after a 100- m L 
blood injection. These correlated well with the difference 
between the DARPP-32-negative area and the hematoma 
area (4.6 ± 1.0 mm 2  on day 1, and 6.0 ± 0.8 mm 2  on day 3) 
measured in the brain sections with DARPP-32 
immuno fl uorescent staining. The results indicate that at-risk 
brain tissue areas measured by MRI re fl ect the histological 
measurements (Fig.  1e ).  

 The volume of brain swelling measured on MR images 
on day 3 (39.7 ± 10.7 mm 3 ) after rats had a 100- m L blood 
injection was signi fi cantly increased compared with other 
time points (20.4 ± 7.9 mm 3  on day 1 and 8.4 ± 3.3 mm 3  
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on day 7,  p  < 0.01). Volumes of at-risk brain tissue calcu-
lated as (T2–T2*) lesion volumes were signi fi cantly 
higher on day 3 (42.5 ± 8.2 mm 3 ) after ICH compared 
with other time points (26.9 ± 4.9 mm 3  at day 1 and 
6.6 ± 2.8 mm 3  at day 7,  p  < 0.01). Brain swelling volumes 
on day 3 in rats that had different volumes (10, 50, and 
100  m L) of blood injection coincided well with the  volume 

of at risk tissue ( n  = 15,  r  = 0.857,  p  < 0.01, Fig.  2a ). 
Volume of at-risk brain on day 3 after a 10- or 50- m L 
blood injection also correlated with the  fi nal brain tissue 
loss measured on day 28 ( n  = 9,  r  = 0.678,  p  < 0.05, 
Fig.  2b ). At-risk brain tissue volume measured on MRI 
images on day 3 could be a desired indicator for  predicting 
long-term brain atrophy (Fig.  3 ).    
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  Fig. 1    ( a ) DARPP-32-negative 
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   Conclusion 

 The major  fi ndings in this study are:  fi rst, at-risk brain tissue 
areas measured on MRI images correlated well with lesions 
showing as DARPP-32 immunoreactivity loss during the 
 fi rst several days after ICH; second, at-risk tissue volumes 
measured at day 3 after ICH correlated not only with the 
brain swelling volumes on day 3, but also with brain tissue 
loss measured on day 28. 

 DARPP-32, a speci fi c marker of GABAergic neurons, is 
located in the basal ganglia, and was used to con fi rm brain 
injury morphologically. T2- and T2*-weighted MR images 
are non-invasive measurements that can provide important 
information regarding hematoma, brain edema, as well as 
brain tissue damage. T2 relaxation times are considered to 
relate to the dynamic state of water at microscopic tissue lev-
els and are sensitive to water binding  [  7  ] . We consider it to be 
the whole extent of at-risk tissue. T2* sequences are usually 
obtained to detect small areas of heme deposition. Recent 
research also demonstrated that it likely represents ferric iron 
deposition within the brain parenchyma  [  10  ] . In this study, 
T2*-weighted images were used to con fi rm the existence and 
evaluate hematoma size during the early phase of ICH  [  8  ] . 
Through the comparison of T2/T2* lesions with DARPP-32 
negative/hematoma areas, we found that at-risk tissue areas 
determined on MR images correlated well with that shown in 
histological sections at different time points after ICH. This 
indicates that at-risk brain tissue areas can be determined by 
the T2/T2* MR images. 

 It is important to develop a measurement that can be used to 
estimate acute brain injury. The measurement can then be used 
to predict ICH patient brain tissue loss and assess the effective-
ness of therapies. Brain atrophy after ICH develops gradually 
and peaks between 1 and 2 months in rats  [  5  ] . Our current 
results showed that at-risk brain tissue volumes measured on 
day 3 after ICH correlated well with brain tissue loss on day 28. 
At-risk brain tissue volumes measured by MRI could be an 
indicator for predicting long-term brain atrophy. In addition, 
the fact that at-risk brain tissue areas induced by 100  m L of 
autologous whole blood were much larger than those induced 
by a 50- or 10- m L blood injection indicates that the key factor 
affecting ICH outcome is hemorrhagic volume  [  13  ] . 

 Our previous studies found a correlation between acute 
edema formation and ICH-induced neurological de fi cits dur-
ing the acute phase  [  6  ] . It is not clear whether or not there is 
connection between edema and the brain tissue at risk mea-
sured on MR images. According to the current study, the 
degree of brain swelling on day 3 after ICH did correlate 
with volume of at-risk brain tissue on day 3 measured on 
T2/T2* images. 

 In summary, the present study shows for the  fi rst time to 
our knowledge the utility of using MRI (T2, T2*) as a tool in 
evaluating early brain injury and predicting long-term brain 
tissue loss after ICH.      
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  Abstract   Previous studies have demonstrated that erythro-
cyte lysis and brain iron overload contribute to early brain 
injury after subarachnoid hemorrhage (SAH). Activation of 
the complement system and formation of the membrane 
attack complex can result in erythrocyte lysis and might, 
therefore, participate in such injury. This study, therefore, 
examined complement activation, blood–brain barrier (BBB) 
disruption, and brain edema in a rat SAH model. 
  Subarachnoid hemorrhage was induced using a modi fi ed 
endovascular perforation technique. Brain complement activa-
tion was determined by Western blotting and immunohis-
tochemistry. Brain edema was measured by dry/wet weight and 
BBB permeability assessed by measuring brain albumin levels. 
  We found that there was expression of the membrane attack 
complex and clusterin in the frontal basal cortex and clot after 
SAH. The protein levels of the membrane attack complex 
were much higher in the frontal basal cortex at 72 h after SAH 
than those in sham ( p  < 0.01). We also found that brain water 
content was increased (81.9 ± 1.4 vs. 79.1 ± 0.2 % in sham, 
 p  < 0.05) and BBB was disrupted (albumin content: 10,695 ± 865 
vs. 4,935 ± 3,121 pixels in sham,  p  < 0.01) 24 h after SAH. 

  Our results suggest that complement activation after SAH 
might contribute to brain edema formation and BBB disruption 
after SAH.  

  Keywords   Brain edema  •  Clusterin  •  Complement  •  Sub-
arachnoid hemorrhage      

   Introduction 

 Acute brain injury after subarachnoid hemorrhage (SAH) is 
a multifactorial process and in recent years, there has been 
increasing interest in investigating early brain injury after 
SAH to clarify the mechanism and in therapy  [  4,   8,   13  ] . It is 
well known that the amount of blood released during SAH 
correlates with neurological de fi cits and poor clinical out-
come  [  2  ] . The clots forms immediately after blood is released 
into the subarachnoid space and disappears within 3 days via 
clot lysis, which starts early after SAH  [  16  ] . Previous studies 
have demonstrated that oxidative injury because of erythro-
cyte lysis, excessive hemoglobin, and iron overload contrib-
ute to brain damage after SAH  [  10,   21  ] . One potential 
mediator of erythrocyte lysis is the complement system, 
which consists of at least 30 proteins involved in many 
immune reactions, including cell lysis and in fl ammatory 
responses. Complement-mediated cell lysis and brain injury 
may be caused by the formation of membrane attack com-
plex (MAC) and the in fl ammatory response that ensues. 
MAC consists of C5b-9 assembled after complement activa-
tion  [  5  ] . Previous studies indicated that activation of the 
complement system and formation of MAC resulted in eryth-
rocyte lysis and contributed to perihematomal edema forma-
tion and brain damage after intracerebral hemorrhage 
 [  6,   19,   22  ] . This study, therefore, expanded this to SAH and 
examined MAC formation, blood–brain barrier disruption 
and brain edema in a rat SAH model.  
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   Materials and Methods 

   Animal Preparation and Subarachnoid 
Hemorrhage Model 

 The protocols for animal using were approved by the University 
of Michigan Committee on the Use and Care of Animals at the 
University of Michigan. A total of 33 adult male Sprague–
Dawley rats weighing between 275 and 325 g were used. 
General anesthesia was induced with 5 % iso fl urane (Aerrane; 
Baxter Healthcare, Deer fi eld, IL, USA). Blood was obtained 
from the catheter for analysis of pH, PaO 

2
 , PaCO 

2
 , hematocrit, 

and blood glucose. Body temperature was maintained at 37 °C, 
with use of a feedback-controlled heating pad. 

 In supine position and after a left paramedian incision of the 
ventral neck, the left external carotid artery was identi fi ed under 
a surgical microscope, transected distally, and re fl ected caudally 
in line with the internal carotid artery. A 3-0 nylon mono fi lament 
suture with a rounded tip to prevent endothelial injury was 
inserted into the stump of the external carotid artery, past the 
common carotid artery bifurcation, and into the internal carotid 
artery. The external carotid artery was tightened around the 
suture to prevent blood loss. The  fi lament was advanced distally 
into the intracranial internal carotid artery and carefully perfo-
rated. The suture was then withdrawn, producing hemorrhage. 
The common carotid artery was temporarily occluded for 2 min 
to limit the hemorrhage volume. Sham-operated control rats 
underwent an identical procedure except that the suture was not 
advanced beyond the point of resistance. 

 Rats were divided into sham and SAH groups, and were 
killed 24 and 72 h later. The brains were used for brain water 
content determination, Western blotting, and immunohis-
tochemical analysis.  

   Brain Water Content Measurement 

 Rats were re-anesthetized (pentobarbital 60 mg/kg, i.p.) and 
decapitated 24 h after SAH for brain water content measurement. 
The brains were removed immediately and divided into bilateral 
hemisphere, brainstem, and cerebellum. After weighing, samples 
were dried for 48 h in a gravity oven. The water content was 
determined as [(wet weight – dry weight)/wet weight] × 100 %. 
The values of the brainstem and cerebellum served as controls.  

   Immunohistochemistry 

 Rats underwent intracardiac perfusion with 4 % paraform-
aldehyde in 0.1 mol/L PBS (pH 7.4). Brains were removed 

and kept in 4 % paraformaldehyde for 12 h, then immersed 
in 30 % sucrose for 3 days at 4 °C. Brains were then placed in 
an optimal cutting temperature compound (Sakura Finetek 
USA, Torrance, CA, USA) and sectioned (18  m m) on a cry-
ostat. Immunohistochemical staining was performed using 
the avidin–biotin complex technique. Primary antibodies 
were polyclonal sheep anti-rat albumin (Bethyl; 1:10,000 
dilution), polyclonal rabbit anti-rat clusterin (1:400 
dilution), and monoclonal mouse anti-rat C5b-9 (Abcam; 
1:800 dilution).  

   Western Blot Analysis 

 Rats were anesthetized and underwent intracardiac perfusion 
with 0.1 mol/L PBS (pH 7.4). Brains were removed and the 
ipsilateral frontobasal cortex separated. Western blot analy-
sis was performed as described previously  [  9  ] . Primary anti-
bodies were polyclonal sheep anti-rat albumin (Bethyl; 
1:20,000 dilution) and monoclonal mouse anti-rat C5b-9 
(Abcam; 1:1,000 dilution).  

   Statistical Analysis 

 Data are presented as mean ± SD. Data from water content 
and Western blot analysis were analyzed using Student’s  t  
test or analysis of variance (ANOVA), followed by Scheffe’s 
post hoc test for multiple comparisons. Signi fi cance levels 
were measured at  p  < 0.05.   

   Results 

 All physiological variables were measured before SAH 
induction. The mean values of mean arterial blood pressure, 
blood pH, blood gases, hematocrit, and blood glucose were 
controlled within normal ranges. 

 Following complement activation, MAC is assembled. 
Clusterin is a putative complement inhibitor that impedes 
MAC-induced cell lysis  [  1  ] . MAC- and clusterin-positive 
cells are in the deep layer of the frontobasal cortex and clot 
after SAH (Fig.  1a ). Western blot showed that the protein 
levels of MAC were obviously higher in the ipsilateral fron-
tobasal cortex of SAH rats (4,615 ± 196 vs. 413 ± 200 pixels 
in sham,  p  < 0.01) at 72 h (Fig.  1b ).  

 Brain water content increased signi fi cantly after SAH 
induction in the ipsilateral hemisphere (81.9 ± 1.4 % vs. 
79.1 ± 0.2 % in sham,  p  < 0.01) and the contralateral hemi-
sphere (80.9 ± 1.5 % vs. 79.2 ± 0.3 % in sham,  p  < 0.05, 
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Fig.  2a ). There was no difference in the water content of 
the brainstem and cerebellum between the SAH and sham-
 operated control groups.  

 Blood–brain barrier permeability was determined by 
measuring brain albumin levels. Albumin immunoreactiv-
ity was found in the ipsilateral frontobasal area 24 and 72 h 
after SAH, but not in sham-operated rats. Western blot 
showed that the protein levels of albumin in the ipsilateral 
frontobasal cortex were increased 24 h after SAH induction 
(10,695 ± 865 vs. 4,935 ± 3,121 pixels in sham,  p  < 0.05) 
and 72 (10,441 ± 915 vs. 4,935 ± 3,121 pixels in sham, 
 p  < 0.05; Fig.  2b ).  

   Conclusion 

 Complement-mediated brain injury has been found in many 
central nervous system diseases, including ischemic stroke 
 [  3,   15  ] , intracerebral hemorrhage  [  6,   22  ] , aneurysmal SAH 
 [  7,   12  ] , and age-related macular degeneration  [  23  ] . In this 
study we provide the evidence for activation of the comple-
ment system, formation of MAC, BBB disruption, and brain 
edema in the rat SAH model. 

 The complement cascade, a principal effector of erythro-
cyte hemolysis and activator of in fl ammatory mediators, has 
been implicated in the pathogenesis of cerebrovascular dis-
ease  [  11,   18  ] . After complement cascade activation, comple-
ment factors C5b, C6, C7, C8, and C9 form the MAC, which 
is able to attach to the cell membrane and form a pore, lead-
ing to erythrocyte lysis. Clusterin is a complement inhibitor 
that inhibits MAC-induced cell lysis by the high af fi nity of 
the clusterin–MAC interaction  [  14  ] . In the present study, the 
MAC- and clusterin-positive red blood cells of the clot in the 
subarachnoid space 24 h after SAH induction provided full 
evidence of activation of the complement system and forma-
tion of MAC, which should contribute to erythrocyte lysis. 

 Complement is normally excluded from the brain paren-
chyma by the BBB, but entry can occur after SAH as part of 
the extravasated blood or later because of BBB disruption. 
Park et al.  [  17  ]  reported that complement activation by aged 
red blood cells could result in MAC insertion into bystander 
smooth-muscle cell membranes. Through the bystander 
effect, MAC insertion may occur in neurons, causing neu-
ronal death, and may account for BBB leakage by damaging 
endothelial cells. Our current study found numerous MAC- 
and clusterin-positive cells in the deep layers of the ipsilat-
eral frontobasal cortex 24 h and 72 h following SAH induction 
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  Fig. 1    ( a ) Membrane attack complex 
( MAC )- and clusterin-positive cells in 
a clot of the subarachnoid space 
( black arrowhead ) and the deep layers 
of the ipsilateral frontobasal cortex 24 
( D1 ) and 72 ( D3 ) h following 
subarachnoid hemorrhage (SAH) or 
sham operation. Scale bar = 50  m m. 
( b ) Protein levels of MAC in the 
ipsilateral frontobasal cortex 24 h and 
72 h after SAH or sham operation. 
Values are mean ± SD,  n  = 3, # p  < 0.01 
versus sham       

 



160 C. Zhang et al.

and a higher MAC content in the left frontobasal cortex. This 
suggests that MAC might not only cause erythrocyte lysis, 
but also directly lead to brain injury, which may induce fur-
ther BBB disruption and complement extravasation. The 
BBB leakage was demonstrated by increased albumin con-
tent in the brain after SAH. 

 Previous studies demonstrated that complement activa-
tion after ICH is involved in brain edema formation through 
an in fl ammatory response or MAC formation  [  6,   19–  22  ] . 
Reduced brain edema may be via inhibiting in fl ammation or 
inhibiting MAC-mediated erythrocyte lysis and brain injury. 
Our results revealed remarkable bilateral brain edema fol-
lowing SAH and it could be related to complement activa-
tion, MAC formation, and BBB leakage. Future studies 
should determine whether inhibition of MAC formation can 
improve BBB permeability and reduce brain edema. 

 In summary, complement activation and MAC formation 
arise in the early phase of SAH and are associated with BBB 
disruption and brain edema.      
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  Abstract   Glucose metabolism-related protein 1 (GMRP1), 
also known as BTBD10, has been reported to inhibit apoptosis 
of neuronal and islet beta cells via the Akt pathway. The pres-
ent study attempted to investigate whether GMRP1 and its 
mediated Akt pathway were involved in brain injury of rats 
after intracerebral hemorrhage (ICH). Rat models of ICH had 
been established successfully. Western blotting was used to 
investigate the levels of GMRP1 protein in the caudate nuclei 
tissues of the hemorrhagic and contralateral sides at 6 h, day 1, 
day 3, day 5, and day 7 after ICH. Phosphorylations of Akt 
was determined in caudate nuclei mentioned above. TUNEL 
assay was used to measure the cell apoptosis. GMRP1 protein 
levels, as well as phosphorylations of Akt, signi fi cantly 
decreased in caudate nuclei of the hemorrhagic side, compared 
with those of the contralateral side on day 1 and day 3 after 
ICH. Enhanced cell apoptosis was observed on the hemor-
rhagic side using TUNEL assay. We presented here evidence 
that a decreased GMRP1-mediated Akt pathway contributed 
to cell apoptosis on the hemorrhagic side, suggesting that 
GMRP1 plays an important role in brain damage after ICH.  

  Keywords   GMRP1  •  BTBD10  •  Intracerebral hemorrhage  
 Apoptosis  •  Akt      

   Introduction 

 Intracerebral hemorrhage (ICH)-triggered cascade of brain 
injury can cause tragic outcome. A large number of patho-
physiological procedures are involved in the progress. Both 
necrosis and apoptosis are involved in the ICH-induced 
brain damage. Some investigations have shown that apop-
tosis is an important mechanism of ICH-induced brain 
injury  [  3,   7,   10  ] . 

 Glucose metabolism-related protein 1 (GMRP1), also 
known as BTBD10, which is a novel member of BTB/POZ 
(Broad complex, Tramtrack, Bric-à-brac/Poxvirus and zinc 
 fi ngers) domain contained protein family, has been reported 
to have the ability to inhibit apoptosis of neuronal and islet 
beta cells via Akt pathway  [  1,   9,   12  ] . But whether the protein 
and its mediated Akt pathway could contribute to alleviate 
brain cell apoptosis is still unknown. 

 The present study attempted to preliminarily investigate 
the role of GMRP1 in ICH induced brain damage and cell 
apoptosis.  

   Materials and Methods 

   ICH Model 

 Animal use protocols were approved by Fudan University. Male 
Sprague–Dawley rats (300–350 g, Experimental Animal Center 
of Fudan University) were used in the present study. The rats 
were anesthetized with pentobarbital (45 mg/kg i.p.). The right 
femoral artery was catheterized for continuous blood pressure 
monitoring and blood sampling. All rats received an injection of 
100  m L autologous whole blood (obtained from the femoral 
artery catheter) into the caudate nucleus within 8 min, through a 
26-gauge needle (coordinates: 0.2 mm anterior, 5.5 mm ventral, 
and 3.5 mm lateral to the bregma) with a microinfusion pump.  
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   Experimental Groups 

 These experiments were divided into three parts. In the  fi rst 
part, one control group (needle insertion only) and  fi ve ICH 
groups of rats ( n  = 4) were killed 6 h, 1, 3, 5, and 7 days after 
blood injection for a Western blotting test of GMRP1 and 
pAkt/Akt. In the second part, one control group and 5 ICH 
groups of rats ( n  = 3) were killed 6 h, and on days 1, 3, 5, and 
7 after blood injection for GMRP1 immunohistochemistry 
analysis. In the third part, TUNEL assay (a different section 
from the same sample of GMRP1 staining) was performed.  

   Western Blotting 

 Western blotting was performed as described previously  [  2  ] . 
Brie fl y, total protein was extracted from caudate nucleus tis-
sue with Tissue Protein Extraction Reagent (Pierce). Protein 
concentration was estimated using a BCA Protein Assay Kit 
(Pierce, Rockford, IL, USA). Samples were run on a poly-
acrylamide gel and then transferred to a pure nitrocellulose 
membrane. Membranes were probed with 1: 1,000 dilution 
of goat anti-GMRP1 polyclonal antibody (generated by our 
laboratory) and rabbit anti-Akt/pAkt polyclonal antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed 
by a secondary antibody (peroxidase-conjugated rabbit anti-
goat antibody; Santa Cruz). Protein bands were visualized by 
chemiluminescence with an ECL Luminescence Kit (Pierce) 
and exposed to X-ray  fi lm.  

   Immunohistochemistry 

 The immunohistochemistry method has been described pre-
viously  [  2  ] . Brie fl y, the rats were reanesthetized and per-
fused with 4 % paraformaldehyde. Brains were removed 
and kept in 4 % paraformaldehyde for 6 h, immersed in 
25 % sucrose for 3 days at 4 °C, then dehydrated, embedded 
in paraf fi n, and sectioned. The antibodies were described 
above.  

   TUNEL Assay 

 The TUNEL staining was carried out using a DNA fragmen-
tation detection kit (FragEL; Merck, Darmstadt, Germany) 
according to the manufacturer’s instructions. Cells were 
counted under  fi ve high-power  fi elds (×400) to gain the 
 average data.  

   Statistical Analysis 

 Values are listed as mean ± SD. One-way ANOVA was used 
with SPSS12.0 software to determine statistical signi fi cance, 
which is set at  p  < 0.05.   

   Results 

 Physiological parameters, including mean arterial pressure, 
blood pH, arterial oxygen and carbon dioxide tensions, 
hematocrit, and blood glucose, were recorded and controlled 
within normal ranges. 

 According to the data from Western blotting, GMRP1 
represented a remarkable decline from 6 h (70 % vs. control, 
 p  > 0.05), to the lowest level on day 1 (21 % vs. control, 
 p  < 0.05) and days 3 and 5 ( p  > 0.05, vs. day 1), followed by 
an escalation on day 7 (2.7-fold vs. day 5,  p  < 0.05). The pro-
tein levels of GMRP1 in the ipsilateral caudate were also 
lower than those on the contralateral side on days 1, 3, and 5 
(Fig.  1 ).  

 It was shown by immunohistochemistry analysis that the 
staining density of GMRP1 was lowest on day 3 after ICH 
establishment (Fig.  1 ). The staining was mainly located at 
the cytoplasm, and not at the nucleus. 

 Phosphorylation of Akt (pAkt/Akt) was downregulated on 
day 1 (15 % vs. contralateral,  p  < 0.05) and day 3 (20 % vs. 
contralateral,  p  < 0.05; Fig.  2 ). TUNEL-positive cells could 
be seen 6 h after ICH establishment, but were very scarce. 
A remarkable increase in TUNEL-positive cells was observed 
on day 3 (13.2-fold vs. 6 h,  p  < 0.05) to day 7 (6.6-fold vs. 
6 h,  p  < 0.05; Fig.  3 ).    

   Conclusion 

 The present study demonstrated that hemorrhage-induced 
downregulation of GMRP1 and its mediated Akt pathway 
during the early stage of ICH could contribute to an increase 
in brain cell apoptosis from 12 h to day 3, which was allevi-
ated after day 5. 

 The BTB/POZ domain-contained proteins have been 
proven to be able to modulate some important cellular 
 procedures, such as transcription, proliferation, cell morphol-
ogy maintenance, angiogenesis, and apoptosis  [  4,   6,   8,   11  ] . 
They can bind other proteins or self-bind to form homodim-
ers or heterodimers, and then bind to DNA with their zinc 
 fi nger region, to participate in the function procedure men-
tioned above. GMRP1, a novel BTB/POZ family member, 
also known as BTBD10, was  fi rst cloned by Chen et al., and 
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proved to be downregulated in gliomas. Moreover, the  protein 
was found to be able to suppress neuronal cell death via its 
positive regulation of the Akt pathway  [  1  ] . The activation of 
the Akt pathway by GMRP1 on pancreatic beta cell prolif-
eration is another piece of evidence  [  12  ] . In our study, we 
observed remarkable downregulation of GMRP1 protein 
after ICH, and a low ratio of pAkt/Akt, which decreased to 
extreme levels on day 3, indicating the repression of cell pro-
liferation maintenance during that period. The mild increase 
in GMRP1 and pAkt/Akt after day 5 suggested recovery of 
cell proliferation. 

 In COS7 cells and NSC34 cells, BTBD10 was found to 
present a unique  fi lamentous cytoplasmic distribution around 
the nucleus  [  9  ] , in an overexpressed pattern or in an endoge-
nous pattern. It was also observed in our study that BTBD10 
was localized in the same manner in the cytoplasm of neurons 

in the nucleus region of Sprague–Dawley rats   . For NAC-1, 
another noted BTB/POZ protein, early research clari fi ed the 
restricted existence of the protein in nuclei  [  4  ] . However, later 
research also detected diffuse distribution in both nuclei and 
cytoplasm of NAC-1 in PC12 and Neuro2A cells, implying 
the complex transcriptional and non-transcriptional role of 
BTB/POZ proteins  [  5  ] . Multiple methods of localization study 
should be applied. In the present study, we found that GMRP1 
was mainly located in the cytoplasm, and not in the nucleus. 

 Apoptosis is programmed cell death. ICH-induced cell 
apoptosis has been well investigated. Our data showed that 
TUNEL-positive cells were observed at 6 h, then increased 
remarkably, peaked at the top level on day 3, followed by a 
decline during days 5–7. This time course of apoptosis 
 development after ICH is in good accordance with results 
from previous investigations  [  3,   7  ] . 
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  Fig. 1    Glucose metabolism-
related protein 1 (GMRP1) protein 
level after intracranial hemorrhage 
(ICH). ( a ,  c ) Image recorded of 
Western blotting, ( b ,  d ) time 
course of expression. * p  < 0.05 
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versus 6 h ( e ) Immunohistochem-
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 In summary, we preliminarily presented some evidence 
that decreased GMRP1-mediated Akt pathway contributed 
to brain cell apoptosis in the perihemorrhagic region, sug-
gesting that GMRP1 might play an important role in injury 
after ICH. This  fi nding may provide a new insight into the 
mechanism of ICH-induced brain damage.      
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  Abstract   Intracerebral hemorrhage (ICH) can lead to tragic 
disability and mortality. Accumulating evidence has shown 
that sodium calcium exchanger (NCX) may contribute to the 
secondary injury of a stroke. Recently, a novel member of 
NCX, SLC24A6, was discovered with knowledge of its 
abundant distribution in brain. In the present study, we exam-
ined the time course of expression of SLC24A6 and its medi-
ated intracellular calcium concentration ([Ca 2+ ] i ) to 
investigate its potential roles in brain damage after ICH. An 
ICH model was established as previously reported. Real-
time PCR and Western blotting were used to test the mRNA 
and protein levels of SLC24A6 on the hemorrhagic side and 
on the contralateral side caudate nucleus tissues at 6 h, and 
on days 1, 3, 5, and 7 after ICH. Immunohistochemistry was 
used to analyze the morphological changes. Fura-2/AM 
loaded, dual wavelength spectrophoto fl uorometry was used 
to test [Ca 2+ ] i . The data presented a remarkable decrease in 
SLC24A6 early after ICH, along with a comparable increase 
in [Ca 2+ ] i . Our results indicated that SLC24A6 presents 
speci fi c and remarkable alterations in both mRNA and pro-
tein levels after ICH. Decreases in SLC24A6 level were cor-
related with [Ca 2+ ] i  elevation. These data suggest that 
SLC24A6-mediated calcium overload plays an important 
role in brain damage after ICH.  

  Keywords   SLC24A6  •  Intracerebral hemorrhage  •  Calcium  
•  Sodium calcium exchanger      

   Introduction 

 Intracerebral hemorrhage (ICH) is a devastating event, which 
accounts for 15–30 % of all stroke hospital admissions  [  1  ] . 
Accumulating evidence has shown that a number of secondary 
injuries were associated with aggravation of ICH-induced brain 
damage, such as large hematoma volumes  [  10  ] , hemoglobin and 
iron  [  6,   9  ] , and in fl ammation  [  5,   11  ] . 

 Calcium overload play a pivotal and terminal role in cell 
injury. Sodium calcium exchanger (NCX), which can modu-
late intracellular calcium concentration ([Ca 2+ ] i ), is attracting 
increasing research  [  2,   4,   7  ] . There are two branches of the 
sodium calcium exchanger family, the potassium-independent 
members NCX1-3, and the potassium-dependent members 
NCKX (NCKX1-5). Both branches can catalyze electrogenic 
transportation of Na +  and Ca 2+ . 

 Recently, a new member of NCX was discovered, the 
transcript of  SLC24A6   [  3  ] , which is abundantly distributed in 
brain. The similarity of its sequence to previously discovered 
NCX in the   a  -repeat regions was 62 %. But whether the 
short isoform or full-length isoform is functional, and 
whether it is potassium-dependent is doubtful  [  8  ] . 

 In the present study, SLC24A6 protein and mRNA levels, 
as well as [Ca 2+ ] i , were examined in a rat ICH model.  

   Materials and Methods 

   ICH Model 

 Animal use protocol was approved by Fudan University. 
Male Sprague–Dawley rats (300–350 g, Experimental 
Animal Center of Fudan University) were used in this study. 
The rats were anesthetized with pentobarbital (45 mg/kg i.p.). 
The right femoral artery was catheterized for continuous 
blood pressure monitoring and blood sampling. All rats 
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received an injection of 100  m L of autologous whole blood 
(obtained via a femoral artery catheter) into the caudate 
nucleus within 8 min, through a 26-gauge needle (coordi-
nates: 0.2 mm anterior, 5.5 mm ventral, and 3.5 mm lateral to 
the bregma) with a microinfusion pump.  

   Experimental Groups 

 These experiments were divided into four parts. In the  fi rst 
part, one control group (needle insertion only) and  fi ve ICH 
groups of rats ( n  = 4) were killed 6 h, and on days 1, 3, 5, and 
7, after blood injection for  SLC24A6  mRNA determination. 
In the second part, one control group and  fi ve ICH groups of 
rats ( n  = 4) were killed 6 h, and on days 1, 3, 5, and 7, after 
blood injection for Western blotting examination. In the third 
part, control and ICH rat brains were sampled 6 h, and on 
days 3 and 7, after ICH for immunohistochemistry analysis 
( n  = 3). In the fourth part, control group (normal) and  fi ve 
ICH groups of rats ( n  = 4, the same rats as in the second part) 
were killed 6 h, and on days 1, 3, 5, and 7, after blood injec-
tion for [Ca 2+ ] i  measurements.  

   Real-Time PCR 

 Total RNA was extracted with TRIzol Reagent (Invitrogen), 
and then mRNA was reverse transcripted to cDNA using an 
Omniscript RT Kit (Qiagen). The primer of  SLC24A6  mRNA 
was designed with PrimerExpress 1.0 and synthesized. Its 
upstream primer was 5¢-CGTTCTCAGATTTCACGCTGG, 
and the downstream primer was 5¢-GGATATTGAAGAT-
GATGCCGC. QuantiFast SYBR Green PCR kit (Qiagen) 
was used for real-time PCR ampli fi cation according to its 
guidance.  

   Western Blotting 

 Western blotting was performed as described previously  [  6  ] . 
In brief, total protein was extracted from caudate nucleus 
tissue with tissue protein extraction reagent (Pierce). Protein 
concentration was estimated using a BCA Protein Assay Kit 
(Pierce). Samples (50  m g) were run on a polyacrylamide gel 
and then transferred to pure nitrocellulose membrane. 
Membranes were probed with 1: 1,000 dilution of goat anti-
SLC24A6 polyclonal antibody (Santa Cruz, Santa Cruz, 
CA, USA), followed by a 1: 1,000 dilution of the secondary 

antibody (peroxidase-conjugated rabbit anti-goat antibody; 
Santa Cruz). Protein bands were visualized by chemilumi-
nescence with an ECL Luminescence Kit (Pierce) and 
exposed to X-ray  fi lm.  

   Immunohistochemistry 

 The immunohistochemistry method has been described pre-
viously  [  5  ] . Brie fl y, the rats were reanesthetized and per-
fused with 4 % paraformaldehyde. Brains were removed and 
kept in 4 % paraformaldehyde for 6 h, immersed in 25 % 
sucrose for 3 days at 4 °C, then dehydrated, embedded in 
paraf fi n and sectioned. The antibodies were described 
above.  

   [Ca 2+ ] i  Measurement 

 Brain slice preparation was as listed above. The brain tissue 
was moved and set into cold Hanks salt solution with rinsing. 
Filtering with a 200-well  fi lter was performed, and 2 × 10 6  
single-cell suspension was then prepared with DMEM. 
Fura-2/AM was loaded; the terminal concentration was 
5  m mol/L. After swaying for 50 min and centrifuging for 
5 min at 3,000 rpm, the single-cell suspension was moved 
from supernatant, and rinsed twice with Hanks. The cell con-
centration was adjusted. Two milliliters of 0.1 % triton X-100 
was added. F 

 max 
  was gained by ultraviolet spectrophotometer 

(HITACHI F-3000); meanwhile, Fb2 at 380 nm was mea-
sured. After 0.5 mL of 4 mmol/L EGTA was added, F 

min
  and 

Ff2 at 380 nm were gained: [Ca 2+ ] i  = kd × (F – F 
min

 )/(F 
max

  − F) × 
Ff2/Fb2, kd = 224 nm.  

   Statistical Analysis 

 One-way ANOVA was used with SPSS12.0 software to 
determine statistical signi fi cance. Values are listed as mean ± 
SD. Statistical signi fi cance was set at  p  < 0.05.   

   Results 

 Mean arterial pressure, blood pH, arterial oxygen and carbon 
dioxide tensions, hematocrit, and blood glucose were 
recorded and controlled within normal ranges. 
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 After ICH,  SLC24A6  mRNA levels decreased at 6 h 
(38 %,  p  < 0.05) and down to the lowest on day 3 (21 %, 
 p  < 0.05), then back to the normal level on day 7 (1.1-fold, 
 p  > 0.05). The mRNA levels of  SLC24A6  in the ipsilateral 
caudate nucleus were lower than those in the contralateral 
side after ICH (Fig.  1 ).  

 Western blotting data were in accordance with the data 
from real-time PCR. The time course of SLC24A6 protein 
level after ICH was similar. It represented a remarkable 
decline from 6 h to day 3 (40 and 15 %,  p  < 0.05), followed 
by an escalation on days 5–7 (80 % and 1.3-fold vs. 
1.00 ± 0.15,  p  > 0.05). The protein levels of SLC24A6 in the 
ipsilateral caudate were also lower than those on the contral-
ateral side at each time point. 

 Immunohistochemistry analysis showed lower and sparse 
density in caudate nucleus tissues of the ipsilateral side rather 
than the contralateral side at each time point. The staining 
density of SLC24A6 was lowest 6 h after ICH (Fig.  2 ).  

 The data obtained from Fura-2 loaded, dual wavelength 
spectrophoto fl uorometry demonstrated that the tested [Ca 2+ ] i  
in brain tissues of the ipsilateral caudate nucleus was 
277.1 ± 22.0 nmol/L within normal conditions. Then, [Ca 2+ ] i  
elevated to the highest level of 887.5 ± 52.2 nmol/L on day 3 
after establishment of ICH, followed by a remarkable 
decrease on days 5 and 7 (Fig.  3 ).   

   Conclusion 

 According to the data from the present study,  SLC24A6  
mRNA and SLC24A6 protein levels decreased early after 
ICH, exhibiting a special time course, as opposed to that of 

[Ca 2+ ] i . The  fi ndings implicate the potential roles of SLC24A6 
in hemorrhage-induced brain injury. 

 In pMCAO model rats, NCX1-3 expression was down-
regulated, and the infarction area was enlarged when treated 
with antisense ODNs. Still, in pMCAO model rats, NCKX2 
expression also decreased, and gene silencing ampli fi ed 
brain damage. This evidence suggested their protective roles 
in brain injury  [  2,   4  ] . On the contrary, SEA0400, an agonist 
of the reverse mode of NCX, was able to alleviate brain dam-
age, indicating a negative role  [  7  ] . According to the two 
opposite functions, its bidirectional mode of calcium trans-
portation could be a concern   . The similarity of the time 
course of SLC24A6 and [Ca 2+ ] i  presented in the present 
study, along with the structural and functional comparability 
of NCKX2  [  3  ] , implied that SLC24A6 has a protective 
effect. 

 The correlation of SLC24A6 and [Ca 2+ ] i  was due to the 
complex allocation of all the sodium calcium exchanger 
family members, and the underlying feedback mechanism. 
It has been shown that calpastatin might prevent NCX3 
cleavage by calpain  [  1  ] , and that calpeptin might reverse 
the downregulation of NCKX2 after ischemia  [  4  ] . This 
could be a way of achieving feedback. Also, [Ca 2+ ] i  is regu-
lated not only by the level of SLC24A6, but also by other 
involved NCX members and different types of channels of 
calcium transportation. Thus, individual electrophysiologi-
cal investigation of SLC24A6 needs to be carried out to 
clarify how SLC24A6 works and its patency of transporta-
tion of Ca 2+ . 

 In summary, SLC24A6, a newly discovered member of 
the NCX family, which can modulate [Ca 2+ ] i , presents 
speci fi c and remarkable alterations to both mRNA and the 
protein level in caudate nucleus tissues after intracerebral 
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hemorrhage. Its decreased level correlated with [Ca 2+ ] i  ele-
vation early after ICH establishment. Our results suggest that 
SLC24A6-mediated [Ca 2+ ] i  overload might play a role in 
brain damage after ICH, although further interventional 
research should be performed. The potential roles of 
SLC24A6 in brain injury may contribute new methods of 
ICH therapy.      
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  Abstract   There is a lot of debate on the treatment method for 
spontaneous intracerebral hemorrhage (ICH). Intraoperative 
computed tomography (iCT) provides excellent images of 
cerebrovascular lesions. In this paper, we describe the sur-
gical procedure and the ef fi cacy of iCT during lobar hem-
orrhage evacuations and subsequent patient outcomes. 
Fifty-eight patients with lobar hemorrhage were treated using 
iCT. We performed preoperative cerebral angiography and/
or three-dimensional (3D) CT angiography to detect abnor-
mal vessels and identify the spatial relationships between the 
cerebrovascular structures and the hematoma. After adminis-
tration of local anesthesia, an enlarged burr-hole was created 
just above the hematoma. Microsurgical evacuation of the 
hematoma was performed, and an iCT image was obtained 
to assess real-time 3D information on residual hematoma or 
unexpected rebleeding. Mean hematoma volume, evacua-
tion rate, and duration of the surgery were 42 mL, 93 %, and 
89 min respectively. Postoperative rebleeding occurred in 1 
case. The median Glasgow Coma Scale score upon admission 
was 12. At discharge, most patients (60 %) had good func-
tional outcomes de fi ned by modi fi ed Rankin Scale scores of 
0–3. Postoperative neurological  fi ndings and consciousness 
levels showed early improvement. Safe, accurate, and effec-
tive evacuation of lobar hemorrhage was possible with iCT 
as an image-guided intraoperative navigation tool.  

  Keywords   Intraoperative computed tomography  •  Lobar 
hemorrhage  •  Minimally invasive surgery  •  Microsurgical 
evacuation  •  Fusion image      

   Introduction 

 Spontaneous intracerebral hemorrhage (ICH) is one of the 
most serious types of stroke. Mortality and severe morbidity 
is higher after primary ICH than after other subtypes of 
stroke  [  1  ] . The treatment of ICH continues to remain a mat-
ter of debate  [  6,   9,   12,   17  ] . Although conventional cranioto-
mies allow immediate and complete evacuations, these can 
be associated with poor patient stability and additional brain 
injury. Minimally invasive surgery, such as stereotactic aspi-
ration, endoscopic evacuation, and keyhole evacuation, are 
employed in order to improve the surgical results by reduc-
ing surgical tissue trauma  [  2–  4,   8,   10,   17  ] . 

 The recent development of image-guided navigation has 
enabled safe and accurate neurosurgical operations  [  5,   14  ] . 
Intraoperative computed tomography (iCT) provides excel-
lent diagnostic images for the visualization of cerebrovascu-
lar lesions  [  13,   15 ]. In this paper, we describe the surgical 
procedure involved in an enlarged burr-hole hematoma evac-
uation, the surgical outcomes of the patients, and the ef fi cacy 
of iCT for the surgical treatment of lobar hemorrhage.  

   Materials and Methods 

 Between January 2000 and July 2011, 58 patients with lobar 
hemorrhage were treated using iCT at our hospital. 
Preoperative cerebral angiography and/or three-dimensional 
(3D) CT angiography were performed in order to detect any 
abnormal vessels and to identify the spatial relationships 
between the cerebrovascular structures and the hematoma. 
We included patients who had supratentorial lobar hemor-
rhage diagnosed using CT and a hematoma volume of more 
than 10 mL, with a focal neurological de fi cit. Patients with 
hemorrhage from brain tumors or cerebral aneurysms or 
arteriovenous malformations were excluded. After March 
2008, preoperative 3D simulation was performed using 
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3D-CT, magnetic resonance imaging (MRI), magnetic reso-
nance angiography (MRA), and magnetic resonance venog-
raphy (MRV) (3D-CT/MRI/MRA/MRV) fusion images. 
With the fusion images, the most super fi cial point in the 
hematoma and the area just under an avascular region of the 
cortex was chosen as the target point, which was the area 
where the effective and safe evacuation of the lobar hemor-
rhage was possible (see Fig.  2 ). The volume of the hematoma 
was measured according to the bedside method for measur-
ing CT hematoma volume. The formula ABC/2 was used, 
where A is the greatest hemorrhage diameter determined by 
CT, B is the diameter that is 90° to A, and C is the approxi-
mate number of 10-mm CT slices of the hemorrhage  [  7  ] . 
Neurological status was assessed using the following: 
Glasgow Coma Scale (GCS) upon admission and on day 7, 
the National Institutes of Health Stroke Scale (NIHSS) upon 
admission and on day 7, and the modi fi ed Rankin Scale 
(mRS) score at discharge. 

 In an operating room, a sliding-gantry 16-multislice CT 
system (Light Speed RT Smart Gantry; GE Healthcare, 
Tokyo, Japan) with an 80-cm bore diameter was installed on 
rails. A radiolucent, adjustable, and  fl exible operating table 
was  fi xed. Gantry-tilt imaging was possible to avoid head pin 
artifacts. During iCT imaging, all staff moved into an adjoin-
ing control room where the workstation was installed (Fig.  1 ). 
We put a mark on the patient’s scalp just above the target 
point. Preoperative CT was performed in order to con fi rm 
the position of the mark (Fig.  2 ).   

 After the patients were administered local anesthesia, a 
4-cm-long linear skin incision and an enlarged burr-hole 

(diameter, 20 mm) was created just above the target point, 
which is the most super fi cial point of the hematoma. After the 
dura mater was opened, a 1-cm-long cortical incision was 
made in an avascular region of the cortex. Microsurgical 
evacuation of the hematoma was performed with a suction 
device. Tumor forceps were sometimes used to break down 
clots for suction. An iCT image was obtained in order to 
assess real-time 3D information about any residual hematoma 
or unexpected rebleeding during the operation (Fig.  2 ).  

   Results 

 The mean age of the patients treated was 70 years (range, 
40–90 years), and there were 31 men and 27 women. The 
mean hematoma volume, evacuation rate, and surgery dura-
tion were 42 mL (range, 12–144 mL), 93 % (range, 
53–100 %), and 89 min (range, 35–145 min) respectively. 
Postoperative rebleeding was noted in only 1 case (2 %). 
This patient took an antiplatelet drug before the onset of 
hemorrhage. Neurological  fi ndings and consciousness levels 
tended to improve early in the postoperative period. The 
median GCS scores were 12 (range, 5–15) upon admission 
and 15 (range, 5–15) on the seventh postoperative day. The 
mean NIHSS scores were 12.7 (range, 1–37) upon admission 
and 10.1 (range, 0–38) on the seventh postoperative day. 
A total of 54 patients (93 %) survived and were discharged, 
and 35 of them (60 %) had good functional outcomes, which 
was de fi ned as an mRS score of 0–3 at discharge. At discharge, 

a b

c d

  Fig. 1    Photographs of the 
intraoperative computed 
tomography (iCT) imaging 
system. A 16-multislice CT 
system is installed in the 
operating room ( a ). A sliding 
gantry with an 80-cm bore 
diameter ( b ) is installed on rails, 
enabling better access to the 
patients ( c ). Gantry tilt for 
imaging is possible ( d )       
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28 (80 %) of the 35 patients with ages less than 75 years 
showed good functional outcomes. At discharge, 29 (76 %) of 
38 patients with hematoma volumes that were smaller than 
50 mL also had good functional outcomes (Fig.  3 )   

   Conclusion 

 Although the results of the Surgical Trial in Intracerebral 
Hematoma showed that there were no signi fi cant differences in 
survival or functional outcomes between patients in the surgi-
cal and medical treatment groups, a subgroup analysis identi fi ed 
that surgery might be helpful in treating patients with hemato-

mas that are within 1 cm of the cortical surface  [  9  ] . Surgical 
evacuations of lobar hemorrhages were usually performed 
through craniotomies, which were more invasive than burr-hole 
operations  [  11  ] . Minimally invasive surgeries, such as stereot-
actic aspiration and endoscopic evacuation of ICH, can be per-
formed after the administration of local anesthesia, and these 
procedures minimize surgical trauma to the brain. In addition, 
minimally invasive surgeries show a trend toward better results 
 [  2–  4,   8,   10,   17  ] . The main purpose of surgery for ICH is to 
reduce the mass effect, which can cause secondary brain dam-
age by compressing the adjacent brain tissue and brain edema 
formation due to the toxic effects of blood degradation prod-
ucts  [  16  ] . Microsurgical evacuations of lobar hemorrhages 
through enlarged burr-holes using iCT provided immediate and 

a b

c d

e f

g h

  Fig. 2    Preoperative three-dimensional (3D) simulation using 3D-CT, 
magnetic resonance imaging (MRI), magnetic resonance angiography, 
and magnetic resonance venography (MRV) fusion images ( a ,  e ) and 
iCT images ( b–d ,  f–h ) in representative patients with lobar hemor-
rhage. The patients with right parietal lobar hemorrhage underwent an 
enlarged burr-hole evacuation with a microscope. The  fi rst iCT showed 

residual hematoma ( c ) and,  fi nally, an almost complete hematoma 
 evacuation was performed ( d ). The patient with a right frontal lobar 
hemorrhage was operated on by using iCT. The  fi rst iCT scan showed 
an inserted drainage tube in the residual hematoma cavity ( g ). Complete 
hematoma evacuation was performed using a microscope ( h )       
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almost complete evacuation, which can lessen secondary brain 
damage. Moreover, the enlarged burr-hole evacuation tech-
nique facilitates hemostasis through the use of bipolar forceps 
and minimizes surgical tissue trauma, allowing safer and mini-
mally invasive surgery. 

 Recent advances in the technology of image-guided 
 navigation have enabled neurosurgeons to visualize anatomic 
structures more accurately during neurosurgical operations. 
The utility of iCT for image-guided navigation in vascular, 
brain tumor, and spinal surgery has previously been reported 
 [  5,   13–  15  ] . iCT can provide real-time information about vas-
cular lesions and bony structures during an operation with 
very short imaging acquisition times  [  13,   15  ] . The intraopera-
tive examination time, including preparation and imaging, was 
5 min in this study. An iCT system with a large bore diameter 
of 80 cm can be used in all operative positions except sitting 
and enables better access to the patient. An iCT system brings 
the CT gantry to the patient during surgery without moving the 
patient. This lessens the risk of complications. iCT has the 
advantage of precisely verifying the extent of hematoma 
removal during an operation. In addition, iCT provides a 
multi-planar reformatting image, which can increase the 
understanding of real-time 3D information about the hema-
toma. This real-time information using iCT contributes to 
improving the orientation of the neurosurgeon during the 
operation. Moreover, we have been using preoperative 3D-CT/
MRI/MRA/MRV fusion images for 3D simulations of surgery. 
Preoperative fusion images provide good visualization of the 
spatial relationship between the hematoma, the cerebrovascu-
lar structures, and the cranial bones. iCT, in combination with 

preoperative fusion images, enables surgery to be performed 
more safely and accurately. 

 In summary, an enlarged burr-hole evacuation procedure 
using iCT resulted in good functional recovery, especially in 
patients younger than 75 years of age and with hematomas 
smaller than 50 mL and a very low rate of complications, 
such as postoperative rebleeding. Safe and effective evacua-
tion of lobar hematoma was possible by using iCT as an 
image-guided intraoperative navigation tool. Enlarged burr-
hole evacuation using iCT is a safer, more accurate, and 
minimally invasive surgery for the treatment of lobar 
hemorrhage.      
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  Abstract    Background : For cardiac arrest (CA) victims, brain 
computed tomography (CT) may serve as a prognosticator. 
Loss of gray–white matter discrimination (GWMD) and sul-
cal edema/effacement are reliable CT signs of hypoxia, and a 
time window may exist for development of these signs. Most 
data are derived from CA victims of cardiac etiology, how-
ever, and CT signs have rarely been evaluated in victims of 
CA secondary to subarachnoid hemorrhage (SAH). 
   Methods : A retrospective study was conducted to clarify 
the incidence, temporal pro fi le, and prognostic signi fi cance 
of early CT signs in resuscitated SAH-CA patients. 
   Results : During a 6-year period, 35 SAH-CA patients 
were identi fi ed. CT signs were observed in 94 %: loss of 
GWMD was observed in 94 %, whereas sulcal edema/efface-
ment was observed in 77 %. In 29 patients, the interval 
between CA and the return of spontaneous circulation 
(ROSC) was estimated. CT signs developed almost invari-
ably when the CA-ROSC interval exceeded 10 min. Loss of 
GWMD always preceded sulcal edema/effacement. None of 
the 35 patients achieved long-term survival, regardless of the 
presence of the CT signs. 
   Conclusion : CT signs may develop earlier in patients with 
SAH-CA than CA of cardiac origin. Because of a poor prognosis, 
early CT signs are not useful prognosticators in that population.  

  Keywords   Cardiac arrest  •  CT sign  •  Gray–white matter 
discrimination  •  Return of spontaneous circulation  •  Sub-
arachnoid hemorrhage  •  Sulcal edema      

   Introduction 

 Recently, the role and importance of imaging studies in the 
treatment of cardiac arrest (CA) victims has been recognized 
 [  1–  5,   8,   9  ] . Brain computed tomography (CT) may be the 
imaging modality of choice for evaluation of hypoxic/isch-
emic brain damage in CA victims shortly after resuscitation 
 [  1–  5,   8,   9  ] . Loss of gray–white matter differentiation 
(GWMD) and sulcal edema/effacement are the early CT 
signs that develop relatively reproducibly when the interval 
between CA and the return of spontaneous circulation 
(ROSC) is prolonged, and the presence of such CT signs 
almost invariably predicts a poor outcome  [  1,   4,   9  ] . In CA 
victims of cardiac etiology, those with CA-ROSC >20 min 
reliably develop early CT signs, suggesting that a time win-
dow may exist for the development of CT signs  [  4,   7  ] . 
However, such CT signs have rarely been studied in victims 
of CA secondary to subarachnoid hemorrhage (SAH). In vic-
tims of SAH-CA, the brain has already sustained irreversible 
brain damage at the time of aneurysmal rupture, and the tem-
poral pro fi le of early CT signs may differ substantially from 
that of CA of cardiac etiology  [  2,   3,   5  ] . A retrospective study 
was conducted to clarify the incidence and temporal pro fi le 
of early CT signs in resuscitated victims of SAH-CA.  

   Materials and Methods 

 This study was conducted between July 2003 and June 2009 
in a single institution. Cardiopulmonary resuscitation (CPR) 
for CA victims was performed following the latest advanced 
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cardiac life support guidelines  [  6  ] . After arrival in the emer-
gency department (ED), the temporal sequence of the resus-
citative events was recorded on a minute-by-minute basis by 
emergency medicine residents. Those who achieved ROSC 
in the ED after resuscitation were routinely brought to a CT 
suite adjacent to the ED immediately after resuscitation. The 
CT suite was equipped with a General Electric Light-Speed 
16-detector row CT system, and contiguous non-helical 
5-mm slices of the brain were obtained. During the 5-year 
period, a total of 35 victims of SAH-CA achieved ROSC and 
underwent brain CT immediately after resuscitation. The 
incidence and temporal pro fi le of two early CT signs of 
hypoxia, i.e., loss of GWMD and sulcal edema/effacement, 
were evaluated. A board-certi fi ed radiologist read all the 
 fi lms, but was not noti fi ed of the patient’s status. They evalu-
ated the loss of GWMD signs at the level of the basal ganglia 
and sulcal edema/effacement at the level of the parietal cor-
tex in each patient. The 2 × 2 table analyses, including the 
Chi-squared test, were performed using Statview 5.0, and a 
 p  < 0.05 was considered signi fi cant.  

   Results 

 The age of the 35 resuscitated SAH-CPA patients ranged 
from 33 to 91 years (mean: 62.0 ± 5.2 years), and the 
male:female ratio was 1:2.2. Brain CTs of a patient with and 
without early CT signs are shown in Fig.  1 . Loss of GWMD 
was observed in 33 (94 %), whereas sulcal edema/effacement 

was observed in 27 (77 %). Two patients exhibited neither of 
the CT signs. None of the patients achieved long-term 
 survival, however. The length of survival ranged from 1 to 
15 days (mean: 3.5 ± 0.7 days, median: 1 day).  

 In 29 patients with witnessed collapse (83 %), the time of 
collapse had been recorded and the CA-ROSC interval was 
estimated. The estimated CA-ROSC interval ranged from 8 
to 60 min (mean: 28.2 ± 2.5 min). Distribution of the 29 
SAH-CA patients in relation to the CA-ROSC interval was 
illustrated as a histogram, with the interval on the  x -axis and 
the number of cases on the  y -axis (Fig.  2 ). Those who were 
positive only for the loss of GWMD sign were shown in gray, 
whereas those who were positive for both the loss of GWMD 
and sulcal edema/effacement were shown in black. There 
were no patients who were positive only for the sulcal edema/
effacement. The number of patients with positive CT signs 
seemed to increase substantially when the interval exceeded 
10 min, and loss of GWMD developed either concomitantly 
with, or earlier than, sulcal edema/effacement (Fig.  2 ).   

   Conclusion 

 The CT signs of brain hypoxia in CA victims have been 
known for years  [  1,   4,   8,   9  ] . Loss of GWMD and sulcal 
edema/effacement are the radiographic signs most frequently 
documented in the literature  [  1,   4,   8,   9  ] . The presence of 
these CT signs is associated with poor outcome in victims of 
CA of cardiac etiology: we previously reported that a positive 

a b

  Fig. 1    Representative cases 
with ( a ) and without ( b ) loss of 
gray–white matter discrimina-
tion at the basal ganglia. Note 
that the contrast between gray 
and white matter is lost only in  a        

 



183Early CT Signs of Hypoxia in Patients with Subarachnoid Hemorrhage Presenting with Cardiac Arrest

GWMD sign in resuscitated CA victims of cardiac etiology 
was predictive of unfavorable outcome (either vegetative 
state or death) with 81 % sensitivity and 92 % speci fi city  [  4  ] . 
Furthermore, a positive sulcal edema/effacement sign was 
predictive of unfavorable outcome with 32 % sensitivity and 
100 % speci fi city  [  4  ] . Following these results, we concluded 
that brain CT obtained immediately after resuscitation might 
have prognostic value  [  4  ] . However, little has been known 
about early CT signs in resuscitated victims of SAH-CA. 
This study is one of the  fi rst to investigate the incidence and 
temporal pro fi le of CT signs in that population. 

 In resuscitated victims of CA of cardiac etiology, early CT 
signs develop reproducibly when the CA-ROSC interval 
exceeds 20 min  [  4,   7  ] , and loss of GWMD signs develops 
earlier and more frequently than sulcal edema/effacement  [  4  ] . 
By contrast, in resuscitated SAH-CA victims, loss of GWMD 
sign seemed to develop reproducibly when CA-ROSC inter-
val exceeded 10 min (Fig.  2 ), indicating that the time window 
for development of early CT signs was narrower in that sub-
group. The pathophysiological mechanism of hypoxic brain 
injury differs substantially between CA of cardiac etiology 
and SAH-CA: in the former, brain oxygen deprivation begins 
with CA  [  1,   4,   7,   9  ] . By contrast, in the latter, a sudden rise in 
the intracranial pressure after aneurysmal bleeding results in 
either transient or persistent arrest of the cerebral blood  fl ow 
(CBF) before CA occurs  [  2–  5  ] . Therefore, the narrower time 
window may be attributable to the combined detrimental 
effect of SAH-induced CBF reduction and cessation of sys-
temic circulation. The outcomes of resuscitated SAH-CA 
patients were extremely poor in this study: regardless of the 

presence of early CT signs, none achieved long-term survival. 
In this context, brain CT obtained immediately after resusci-
tation may not be useful as a prognosticator in this 
population. 

 The limitations of this study need to be mentioned. First, 
the accuracy of the CA-ROSC interval may be hard to verify 
because information regarding the time at which the victim 
collapsed was solely reliant on the memory of witnesses. 
Second, the CA-ROSC interval of 10 min as a time window 
is arbitrary because of the small number of patients. The 
accuracy of the interval needs to be veri fi ed with studies with 
larger sample sizes. Finally, the possibility that a few CPA-
SAH patients might have sustained pseudo-SAH, i.e., hypox-
ia-induced high attenuation areas along the basal cisterns 
mimicking SAH  [  10  ] , cannot be denied.      
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  Abstract    Purposes : Anti-edema effect of bevacizumab was 
evaluated using the apparent diffusion coef fi cient (ADC) of 
peritumoral edema associated with regional cerebral blood 
 fl ow (rCBV) of the tumor. 

  Materials and Methods : Nine patients with recurrent glio-
blastoma were treated using bevacizumab for 4 ~ 36 months 
(average 12 months). MRI was performed every 2 months. 
For each MRI, ADC value, Gd-enhanced area on T1 imag-
ing, area of peritumoral edema on T2 imaging, and rCBV on 
perfusion imaging were measured. ADC and rCBV values 
were determined by the use of regions of interest positioned 
in areas of high signal intensity, as seen on T2-weighted 
images and ADC maps. 

  Results:  After 2 months of bevacizumab treatment, ADC 
values and rCBV decreased 49 and 32 % respectively, asso-
ciated with marked diminishment of the Gd-enhanced area 
compared with pretreatment. After 6 months, in 5 of the 9 
cases, the Gd-enhanced area appeared again with no change 
in the ADC value and rCBV. In the other four cases, the 
Gd-enhanced area as well as the ADC value and rCBV 
returned to the initial status. 

  Conclusion : The anti-edema effect of bevacizumab for 
treatment of recurrent glioblastoma that was demonstrated 
by decreased ADC values and rCBV was dramatic and 
 prolonged at 6 months even with tumor progression.  

  Keywords   Bevacizumab  •  Glioblastoma  •  Recurrence  •  ADC  
•  rCBV      

   Introduction 

 The apparent diffusion coef fi cient (ADC) has been 
 intensively investigated in glioma biology. Minimum ADC 
values have been found to be prognostic of outcomes in 
gliomas  [  5  ] . For up-front bevacizumab-treated patients, 
lower ADC was associated with signi fi cantly longer pro-
gression-free survival and tended toward longer overall sur-
vival  [  7  ] . Lower ADC is associated with the tumor MGMT 
promoter methylation, which may account for the favorable 
outcome associated with low ADC tumors  [  7  ] . The ADC of 
non-enhancing lesions progressively decreases in progres-
sors after bevacizumab treatment, suggesting that ADC may 
be used as an additional imaging biomarker for early treat-
ment response  [  6  ] . These papers mentioned the signi fi cance 
of the ADC on the tumor cell itself. The ADC is lowered by 
increased cell attenuation, but increased in association with 
vasogenic edema and necrosis  [  3  ] . Investigation into ADC 
measurement on peritumoral edema is limited. The ADC in 
peritumoral edema has been reported to be higher in glio-
blastoma than in low-grade gliomas  [  4  ] . We evaluated the 
signi fi cance of ADC measurement on peritumoral edema as 
well as tumoral blood  fl ow, which was demonstrated by 
rCBV on perfusion MRI after bevacizumab treatment for 
recurrent glioblastoma.  

   Materials and Methods 

 All patients ( N  = 9) who met the following criteria were selected: 
(1) Pathology con fi rmed GBM with recurrence following 
 chemotherapy and radiation therapy (RT). (2) No surgical 
resection for the duration of the study. All signed institutional 
review board consent. They were treated every 2 weeks per 
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cycle with bevacizumab (5–10 mg/kg body weight) alone for 
4 ~ 36 months (average 12 months). MRI was performed every 
2 months. On each MRI, ADC value, Gd-enhanced area on T1 
imaging, area of peritumoral edema on T2 imaging, and rCBV 
on perfusion imaging were measured. Gd-enhanced area was 
evaluated using the Macdonald criteria (largest diameter × per-
pendicular diameter). A peritumoral T2 high-intensity area was 
evaluated using RECIST criteria (maximal diameter). ADC 
and rCBV values were determined by the use of regions of 
interest positioned in areas of high signal intensity, as seen on 
T2-weighted images and ADC maps.  

   Results 

 Nine patients with recurrent glioblastoma were treated by 
bevacizumab with measurement of MRI parameters. Figure  1  
shows a representative patient who has been well controlled 
for a long time. Figure  2  shows a representative patient who 
had progression during the treatment. The degree of change 
in each parameter was compared with the baseline. The 
T1-Gd-enhanced lesion decreased 48.1 ± 33.4 % at 2 months, 
but increased 123 ± 78 % at 6 months. The T2 high-intensity 
area decreased 72.1 ± 15.0 % at 2 months and 84.2 ± 19.2 % at 

Pre

T1Gd

T2

CBV

ADC

2 months 6 months

  Fig. 1    Case 2, serial change 
with bevacizumab treatment at 
baseline and at 2 and 6 months. 
Please note that even at 
6 months, there is no tumor 
progression associated with 
a  decrease in ADC and rCBV 
values at the peritumoral lesion 
( red circle )       
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Pre

T1Gd

T2

CBV

ADC

2 months 6 months  Fig. 2    Case 7, serial change 
with bevacizumab treatment at 
baseline and at 2 and 6 months. 
Please note that at 6 months, a 
decrease in ADC and rCBV 
values remains low, even if there 
is tumor progression       

6 months. There was a decrease in ADC values of 49.8 ± 14.1 % 
at 2 months and 66.3 ± 25.2 % at 6 months and a decrease in 
rCBV values of 32 % at 2 months and 32 % at 6 months.    After 
6 months, in 5 of the 9 cases the Gd-enhanced area appeared 
again with no change in ADC values and rCBV. In the other 
four cases, the Gd-enhanced area as well as the ADC values 
and rCBV returned to their initial status (Fig.  3 ).    

 From these results, it can be seen that ADC and rCBV 
values are sensitive to measuring the anti-edema effect with 
bevacizumab, even if the tumor reveals progression.  

   Conclusion 

 In order to determine the radiographic response to 
 bevacizumab regimen treatment, we measured the volume of 
the tumor (T1-Gd-enhanced lesion), peritumoral edema, and 
rCBV for each patient at each follow-up scan. 

 A response can occur quickly; a reduction in tumor 
 volume has been documented within 6 weeks of therapy ini-
tiation. In addition to diminished tumor size, bevacizumab 
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  Fig. 3    Serial MRI parameters 
change in each case. ( a ) 
T1-Gd-enhanced lesion, ( b ) T2 
high-intensity area, ( c ) ADC 
value at ROI, ( d ) rCBV value at 
ROI. ( e ) Each MRI parameter 
(mean ± SD) at 2 and 6 months 
after bevacizumab treatment       

regimen treatment can also result in a dramatic reduction in 
edema  [  1  ] . We showed a rapid and signi fi cant median 
 reduction of tumor and edema volumes from the baseline in 
patients by the  fi rst (approximately 2 month) follow-up scan, 
in agreement with a previous nonquantitative report. The rate 
of tumor progression was also similar to that observed for 
patients in prior studies. The evaluation of peritumoral edema 
is dif fi cult because of the irregular shape of edema, such as a 
 fi nger-like shape. We  fi rst evaluated edema by measuring the 
maximal diameter of the T2 high intensity area using RECIST 
criteria. The decrease rate of T2 high intensity was less than 
72 % after 2 months’ treatment. By contrast, the decrease 
rate of ADC values was 50 %,  suggesting its greater 
 sensitivity compared with T2 high- intensity measurement. 

Also, in 5 of the 9 patients who demonstrated tumor progres-
sion, ADC values remained low, suggesting the superiority 
of the detection of the bevacizumab-speci fi c response  [  1  ] . 

 Glioma angiogenesis is also an important biological pro-
cess of which bevacizumab is a strong inhibitor. Because 
rCBV has been reported to predict astrocytic tumor progres-
sion and tumor vascular density  [  2  ] , rCBV should be useful 
in evaluating the bevacizumab effect on glioma. We demon-
strated that rCBV as well ADC values remain low even if 
there is tumor progression. This sustained angiosuppressive 
action of bevacizumab with tumor progression is another 
speci fi c response of bevacizumab and rCBV measurement is 
a suitable method for evaluating this action. We character-
ized the extent and time course of these bevacizumab-speci fi c 
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changes, which may provide a benchmark that is useful in 
judging an  individual patient’s response to bevacizumab regi-
men therapy. 

 In conclusion, the anti-edema effect of bevacizumab for 
recurrent glioblastoma that was demonstrated by decreased 
ADC values and rCBV was dramatic and prolonged at 
6 months even with tumor progression.      
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  Abstract    Objective : Our previous studies showed that thrombin 
contributes to brain edema in gliomas. The present study 
investigated the role of a thrombin receptor, protease activated 
receptor-1 (PAR-1), in edema formation in glioma models. 
   Methods : These experiments were performed in Fischer 
344 rats, PAR-1 knockout mice, and wild-type C57BL/6 
mice controls. F98 glioma cells were infused into the right 
caudate. Animals were euthanized and the brains were used 
for measurements of brain edema and PAR-1 expression. 
   Results : In rats, implantation of glioma cells resulted in 
signi fi cant brain edema in the ipsilateral hemisphere 
(82.6 ± 1.4 vs. 78.1 ± 0.9 % in the contralateral hemisphere, 
 p  < 0.01). By Western blot analysis and RT-PCR, we found 
that both protein and mRNA levels of PAR-1 were upregu-
lated in the glioma ( p  < 0.01). In mice, implantation of glioma 
cells also caused brain edema in the ipsilateral hemisphere 
( p  < 0.05). Glioma-induced brain edema was less in PAR-1 
knockout mice (day 12: 79.4 ± 1.3 vs. 81.5 ± 1.1 % in the 
wild-type mice,  p  < 0.05). 
   Conclusion : PAR-1 plays a role in glioma-induced brain 
edema. Clari fi cation of the role of PAR-1 in edema formation 
should help to develop new therapeutic strategies for gliomas.  

  Keywords   Brain edema  •  Gliomas  •  Protease activated 
receptor-1  •  Thrombin      

   Introduction 

 Recent studies indicate that thrombin contributes to tumor pro-
liferation, invasion, angiogenesis, and metastasis  [  6,   13,   14, 
  17–  19  ] . In our previous studies, we found that thrombin causes 
edema formation in and around gliomas. Thrombin has been 
detected in several tumors  [  24  ]  and in our rat glioma models 
 [  8  ] . Argatroban, an inhibitor of thrombin, reduces brain edema, 
tumor mass, and neurological de fi cits in glioma models  [  7,   9  ] . 

 The effects of thrombin may be via activation of protease-
activated receptors (PARs). Thrombin receptors are activated 
by proteolytic cleavage rather than by ligand binding and 
thrombin receptor-activated peptides are able to mimic many 
cellular activities of thrombin  [  4,   20  ] . PAR-1 has been found 
in many types of tumor cells  [  11,   16,   17  ] . Activation of 
PAR-1 is associated with tumor cell invasion  [  5  ]  and angio-
genesis  [  3  ] . PAR-1 activation by thrombin receptor- activating 
peptide (TRAP) results in angiogenesis  [  12,   14  ] . 

 F98 glioma cells have been used previously in our studies 
on rats and the median survival time after tumor cell implan-
tation was only 14 days  [  8,   9  ] . It has also been reported that 
an intracerebral inoculum of as few as 100 cells is lethal  [  1  ] . 
In this study, we examined the role of PAR-1 in F98 glioma 
cells and glioma models.  

   Materials and Methods 

   Experimental Groups 

 There were two parts in this study. First, Fischer rats (weight 
200–250 g, Charles River Laboratories) were used in this 
study. Rats (5–6 for each group) received an intracerebral 
injection of F98 glioma cells (1 × 10 6 ) or a needle (sham) 
injection and they were euthanized on day 9. Brains were 
used for water content ( n  = 5–6), Western blot analysis ( n  = 4), 
and RT-PCR assays ( n  = 4). In the second part, wild-type and 
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PAR-1 knockout mice had 10- m L injection of F98 glioma 
cells (2 × 10 6 ) into the right caudate. Mice were sacri fi ced to 
measure tumor mass on day 7 or 12 ( n  = 5). Brain water con-
tent was determined on day 12 ( n  = 8).  

   Animal Preparation and Injection 

 Animal use protocols were approved by the University of 
Michigan Committee on the Use and Care of Animals. Rats were 
anesthetized with pentobarbital (45 mg/kg i.p.) and had a cranial 
burr-hole (0.5 mm) drilled on the right coronal suture 3.5 mm 
lateral to the midline. F98 cells (1 × 10 6 ) suspended in 10  m L of 
saline were infused into the right caudate nucleus (coordinates: 
0.2 mm anterior, 5.5 mm ventral and 3.5 mm lateral to the 
bregma) at a rate of 1  m L/min using a 10- m L syringe (Hamilton) 
 [  8  ] . Sham controls only underwent needle insertion. 

 Mice were anesthetized by a mixture of ketamine (50 mg/
kg, i.p.) and xylazine (5 mg/kg, i.p.) and a cranial burr-hole 
(1 mm) was drilled on the right coronal suture 2.5 mm lateral 
to the midline. A microsyringe was inserted stereotactically 
into the right caudate (coordinates: 0.2 mm anterior, 3.5 mm 
ventral, 2.5 mm lateral to the bregma). F98 cells (2 × 10 5 / m L, 
10  m L) in saline were infused at a rate of 1  m L/min.  

   Brain Water Content 

 Rats were sacri fi ced by decapitation under deep pentobarbi-
tal anesthesia. The brains were removed immediately. For 
rats, brain samples were then divided in the ipsilateral or the 
contralateral hemisphere. For mice, the brains were cut in to 
four parts: front (ipsilateral and contralateral) and rear 
 (ipsilateral and contralateral) parts. The brain water content 
was measured using the wet/dry method  [  23  ] .  

   Western Blot Analysis 

 Western blot analysis was performed as described previously 
 [  22  ] . Rabbit anti PAR-1 antibody (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA; 1:2,000 dilution) was used.  

   Reverse Transcription-Polymerase Chain 
Reaction (RT-PCR) Analysis 

 The rat PAR-1 primers (NIH genBank database) corresponded 
to nucleotides 900–924 (Sense primer 5 ¢ - ACTATTTCT CCG-
CCTTCTCCGCCAT-3 ¢ ) and 1,148–1,172 (anti-sense primer 

5 ¢ -TCACGCAGACGCAGAGGAGG-3 ¢ ). Rat GAPDH
 primers (5 ¢ -CTCAGTTAGCCCAGGATGC-3 ¢ , 5 ¢ -ACCACC-
ATGGAGAAGGCTGG-3 ¢ ) were used to amplify GAPDH 
mRNA, a housekeeping gene used as a control. Ampli fi cation 
was performed in a DNA thermal cycler (MJ Research, 
Watertown, MA, USA). Samples were subjected to 35 cycles 
(94 °C, 1 min; 57 °C, 1 min; and 72 °C, 2 min). PCR prod-
ucts were electrophoretically separated in a 1 % agarose gel, 
stained with ethidium bromide, visualized under UV light, 
and photographed. PCR products were normalized to the 
respective GAPDH PCR products. Data were expressed as 
pixels  [  10  ] .  

   Statistics 

 The results are reported as mean ± SD. Data were analyzed 
by analysis of variance (ANOVA) followed by Scheffe’s post 
hoc test, Student’s  t  test, Mann–Whitney  U  rank test. 
Differences were considered signi fi cant at the  p  < 0.05 level.   

   Results 

   PAR-1 mRNA and Protein Levels Upregulated 
in Rat F98 Glioma 

 PAR-1 mRNA levels were signi fi cantly upregulated in the 
rats on day 9 after F98 cells were implanted into the right 
caudate (2,668 ± 121 vs. 510 ± 15 pixels in sham,  p  < 0.01, 
Fig.  1 ). The protein levels of PAR-1 were also upregulated on 
day 9 (3,618 ± 542 vs. 542 ± 478 in sham,  p  < 0.01, Fig.  2 ).   

   Brain Edema Formation and Tumor Growth 

 In rats, brain water content was signi fi cantly higher in the 
ipsilateral basal ganglia of rats 9 days after F98 glioma cell 
(1 × 10 6  cells) implantation (82.6 ± 1.4 vs. 78.1 ± 0.9 % in the 
contralateral basal ganglia   ,  p  < 0.01). In mice, the implanta-
tion of F 98 glioma cells also caused brain edema in the ipsi-
lateral hemisphere (80.8 ±1.33 vs. 78.5 ± 0.2 in contralateral 
hemisphere,  p  < 0.01) on day 12 and glioma- induced brain 
edema was less in PAR-1 knockout mice (79.4 ± 1.3 vs. 
81.5 ± 1.1 % in the wild-type mice,  p  < 0.05). Brain tumor 
mass increased over time in wild-type mice from an average 
of 18.9 mg on day 7 to 43.4 mg on day 12 after F98 cell 
implantation, and the brain tumor was smaller in PAR-1 
knockout mice (11.3 ± 23.2 vs. 43.4 ± 27.8 mg in wild-type 
mice on day 12,  p  < 0.05).    
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   Conclusion 

 In the current study, we found PAR-1 expression in F98 
gliomas. F98 glioma growth was slower and tumor-induced 
brain edema was less in PAR-1 knockout mice. These results 
suggest that PAR-1 might play a role in glioma growth and 
peri-glioma edema formation. 

 Thrombin is a key factor for activation of the coagulation 
system in the malignancy  [  6,   8,   24  ] . In addition, thrombin 
may act as a growth factor for tumor cells  [  2  ]  and induce a 
proliferative response in tumor cells  [  15  ] . Thrombin has been 

detected in several tumors  [  24  ] . Although the primary role of 
thrombin in homeostasis is through cleaving  fi brinogen to 
 fi brin, other important cellular activities of thrombin may be 
related to receptor activation  [  24  ] . The current study showed 
that PAR-1 plays a role in glioma growth. Thrombin receptor 
has been found in many types of tumor cells  [  16,   21  ] . 
Activation of PAR-1 is associated with tumor cell invasion 
 [  5  ] . Our  fi ndings are supported by other investigations. For 
example, Zain et al. found that thrombin has a bimodal effect 
on tumor cells via PAR-1, enhanced growth at low concen-
trations, impaired growth/apoptosis at higher concentrations 
 [  25  ] . Moreover, PAR-1 activation by thrombin receptor- 
activating peptide results in angiogenesis  [  12,   14  ] . 

 The impact of PAR-1 on edema, tumor growth, and angio-
genesis may re fl ect the multiple actions of thrombin on dif-
ferent cell types (e.g., glioma cells and endothelial cells). 
Alternatively, the broad effects of thrombin/PAR-1 may 
re fl ect one action that has multiple down-stream effects (e.g., 
a change in angiogenesis altering tumor growth, vascular 
permeability and edema   ). There is evidence of thrombin/
PAR effects on multiple cell types, but the development of 
cell-type-speci fi c PAR-1 KO mice would help to elucidate 
the importance of the different cellular effects in vivo. 

 In summary, PAR-1 plays a role in glioma growth and 
glioma-induced brain edema formation. Clari fi cation of the 
role of PAR-1 in glioma growth should help to develop new 
therapeutic strategies for gliomas.      
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  Abstract    Purpose : Vasogenic edema on glioblastoma mul-
tiforme (GBM) or a metastatic brain tumor (METS) may 
have different T2 relaxation time values because it involves 
an increased water component. In this study, we assessed the 
diagnostic utility of T2 mapping techniques in distinguishing 
GBM from METS. 
   Materials and Methods : We studied a glioblastoma (GBM) 
patient and a metastatic brain tumor (METS) patient who 
had not undergone previous surgery or treatment. All MR 
imaging was carried out using a 3.0-T whole-body unit, and 
axial T2 maps were generated with  fi ve TEs (TE = 20, 40, 60, 
80, and 100 ms). Data were analyzed by using image pro-
cessing and analysis software. 
   Results : The T2 map of a GBM case showed that the 
 peritumoral area at a T2 relaxation time of 120–160 ms is 
prominent compared with the area at 210–240 ms. In con-
trast, the peritumoral area at 210–240 ms was prominent 
compared with the area at 120–160 ms in a METS case. 
  Conclusion : The distribution of T2 relaxation time in the 
peritumoral area shows different patterns in glioblastomas 
and metastatic brain tumors.  

  Keywords   T2 relaxation time  •  T2 mapping  •  Glioblastoma 
multiforme  •  Metastatic brain tumor      

   Introduction 

 Conventional radiological characteristics that are thought to 
favor cerebral lesions being metastatic as opposed to primary 
brain cancer include a peripheral location, spherical shape, 
ring enhancement, and multiple lesions  [  1  ] . Gliomas may, 
however, be multifocal (showing gross or microscopic conti-
nuity or evidence of cerebrospinal  fl uid spread and/or local 
metastases) or multicentric (no macroscopic or microscopic 
connection) and are therefore potentially indistinguishable 
on conventional imaging from metastatic disease with mul-
tiple enhancing lesions  [  2  ] . 

 Currently, conventional MRI consists of a  combination 
of proton density-, T1-, and T2-weighted sequences. T2-
weighted imaging is sensitive to the identi fi cation of pathological 
change, and T2 relaxation is governed by both the total amount 
of water and the ratio of free to bound water, which is itself 
dependent on the macromolecular environment. A disturbance 
to this environment, such as neuronal loss or demyelination, 
results in an increase in free water, with a longer T2 relaxation 
time and greater signal intensity on a T2-weighted image. 
Quantitative evaluation of T2-weighted images is more sensi-
tive and objective than visual assessment for the identi fi cation 
of subtle cerebral pathology. Quantitative T2 mapping has been 
applied to cerebral neoplasia  [  3  ] , neurodegenerative conditions 
 [  4  ] , ischemia  [  5  ] , head injury  [  6  ] , encephalitis  [  7  ] , and, most 
frequently, multiple sclerosis (MS)  [  8  ] , where increased T2 
signal has been observed within lesions as well as in cerebral 
tissue that appeared normal on conventional MRI. 

 Most of the new MRI techniques, with reported use in dis-
tinguishing glioma from metastatic disease, rely on detecting 
differences in the peritumoral region. In metastases, this area 
consists of vasogenic edema, whereas in glioma, neoplastic 
cells may also be present. As a result, a relative reduction in 
the peritumoral T2-weighted  fl uid-attenuated inversion recov-
ery (FLAIR) hyperintense signal is expected in glioma, in 
contrast to cerebral metastases. Many exciting new develop-
ments in MR imaging techniques have been used to differen-
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tiate between a solitary metastasis and a high-grade glioma in 
the peritumoral region, including the use of spectroscopy, dif-
fusion and perfusion imaging, and absolute apparent diffu-
sion coef fi cient (ADC) measurements. Magnetic resonance 
spectroscopy alone has been shown to allow discrimination 
between metastases and glioblastomas  [  9,   10  ] . Diffusion ten-
sor imaging has also shown promise in this distinction  [  11, 
  12  ] . Tang et al. suggested that non-enhancing adjacent corti-
cal signal abnormality detected by FLAIR has the potential to 
differentiate between solitary gliomas and metastases  [  13  ] . 
These studies have all involved differentiating solitary cere-
bral lesions. No study to date has speci fi cally assessed the T2 
relaxation time and the detection of non-enhancing adjacent 
cortical signal abnormality for differentiating between multi-
centric and/or multifocal gliomas and other cerebral tumors 
with multiple enhancing foci. 

 The key to making the distinction between these two entities 
appears to lie in detecting the changes within the peritumoral 
area, the area beyond the enhancing margin on imaging. In 
metastases, this consists essentially of vasogenic edema, while 
in glioma, this may also contain neoplastic cells. Our hypothe-
sis is that vasogenic edema on glioblastoma multiforme (GBM) 
and that on a metastatic brain tumor (METS) should show dif-
ferent T2 relaxation time values because it involves an increased 
water component. In this study, we investigated the diagnostic 
utility of T2 mapping in assessing non-enhancing signal inten-
sity abnormality to distinguish GBM from METS. To the best 
of our knowledge, no previous similar studies have considered 
the implications of these  fi ndings.  

   Materials and Methods 

   Subjects 

 We studied a patient with glioblastoma (GBM) and a patient 
with metastatic brain tumor (METS) who had not undergone 
any previous surgery or treatment. Diagnosis was con fi rmed 
by histological examination.  

   Magnetic Resonance Imaging 

 All MR imaging was carried out using a 3.0-T whole-body 
unit (Achieva3T; Philips, Eindhoven, The Netherlands) with 
a SENSE-head-8 coil. 

 Axial T2 maps with fat saturation were generated by 
using a multishot GRASE protocol with 5 TEs (TE = 20, 
40, 60, 80, and 100 ms). Other sequence parameters were 

TR = 3,705 ms (shortest);  fi eld of view (FOV), 230 × 183 mm; 
section thickness, 2 mm; section gap, 0 mm. and number of 
acquisitions = 1.  

   Image Interpretation 

 Data were analyzed sequentially by one author (Kanji Nakai) 
using image processing and analysis software (Image J, version 
1.45n, available at   http://imagej.nih.gov/ij/index.html    ; MRI 
Analysis Calculator plugin, available at   http://imagej.nih.gov/
ij/plugins/mri-analysis.html    ). T2 maps were calculated on a 
pixel-by-pixel basis in the transverse plane. The ROI was 
obtained by the primary author (K.Nakai) by manually tracing 
the outline of the peritumoral area where T2/FLAIR was hyper-
intense. The tumoral area, where the borderline was obvious 
with contrast enhancement and compatible with the tumor mar-
gin seen by a T2/FLAIR image, was excluded from the ROI. 
Addition to the ROI of the whole slices including perifocal 
edema on the T2 map generated a histogram of T2 distribution 
for each case. As patients can have different edema volumes, 
the histogram was normalized according to each ROI.   

   Results 

 Normalized percentage of pixels of T2 relaxation time showed 
a marked peak at around 80 ms in both tumors. In the GBM 
case, it decreased with prolongation of the T2 relaxation time, 
whereas in the METS case, it decreased to around 160 ms and 
then increased to a second small peak at 190 ms, indicating 
that the pro fi le of normalized pixels had a bimodal distribu-
tion (Fig.  1 ). The T2 map of the GBM case showed that the 
peritumoral area at T2 relaxation time of 120–160 ms is 
prominent compared with the area at 210–240 ms (Fig.  2 ). In 
contrast, the peritumoral area at 210–240 ms was prominent 
compared with the area at 120–160 ms in the METS case 
(Fig.  3 ). The ratio of 160–230 ms at T2 relaxation time of the 
GBM case was higher than that of the METS case (Table  1 ).      

   Conclusion 

 In our study, the T2 mapping technique showed that there 
was a signi fi cant difference in the distribution of T2 relax-
ation time in the peritumoral area between the GBM group 
and the METS group. 

 The key to differentiating between the two neoplasm types 
appears to lie in the peritumoral area. In a glioblastoma, the 
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peritumoral region may be in fi ltrated by malignant cells in 
addition to vasogenic edema  [  14  ] , whereas in a metastatic 
deposit, the surrounding peritumoral area comprises predom-
inantly vasogenic edema. By appearance alone, these peritu-
moral changes cannot generally be used to differentiate 
glioma from metastatic disease; however, vasogenic edema 
involves an increased water component. Using diffusion ten-
sor imaging (DTI), Lu et al. demonstrated that there are clear 
differences in the diffusion characteristics of the vasogenic 
edema surrounding brain tumors compared with those of nor-
mal-appearing white matter  [  12  ] . 

 Tang et al., who examined solitary enhancing cerebral 
lesions using FLAIR to detect non-enhancing adjacent corti-
cal signal abnormality, reported a sensitivity of 44 % in dis-

tinguishing glioma  [  13  ] , whereas Stuckey et al. reported that 
this sign was present in all multicentric/multifocal glioma 
patients presenting with more than one cerebral enhancing 
lesion  [  15  ] . Thus, it appears that non-enhancing adjacent 
cortical FLAIR signal abnormality is more common in mul-
ticentric/multifocal disease; however, this is not entirely 
unexpected as, by de fi nition, these patients have more than 
one enhancing lesion to evaluate for the presence of this sign. 
In a larger series, 100 % sensitivity would presumably not be 
maintained. In contrast, the positive predictive values in the 
studies by Stuckey et al. and Tang et al. were 67 and 84 % 
respectively  [  13,   15  ] . The presence of this sign is not neces-
sarily as good a predictor of multicentric/multifocal glioma 
when multiple enhancing lesions are present as it is for 
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  Fig. 1    Histogram of normalized 
T2 relaxation time. In a 
glioblastoma multiforme ( GBM ) 
case, it decreased with prolonga-
tion of T2 relaxation time, 
whereas in a metastatic brain 
tumor ( METS ) case, it showed 
a mild bimodal distribution       

a b c d

  Fig. 2    A 70-year-old man with surgically con fi rmed glioblastoma mul-
tiforme. ( a ) Axial  fl uid attenuated inversion recovery (FLAIR) image 
shows a hyperintense mass surrounded by a moderate degree of edema. 

( b ) Axial post-contrast T1-weighted image shows enhancement of the 
solid part. ( c ), ( d ) T2 maps show a larger area at 120–160 ms ( c ) than at 
210–240 ms ( d )       
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glioma when a solitary lesion is present. The difference is 
presumably due to the assumption made by the treating doc-
tors that multicentric/multifocal cerebral lesions (in the con-
text of proven malignancy at other sites) re fl ect metastatic 
disease, lessening the perceived clinical need for a histologi-
cal diagnosis. 

 In conclusion, the distribution of T2 relaxation time in the 
peritumoral area shows different patterns in glioblastoma 
and metastatic brain tumors. T2 mapping may be useful for 
differentiating glioblastoma from metastasis in patients.      
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 One slice  All slices  One slice  All slices 
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  Abstract   Increased intracranial pressure (ICP) following 
acute brain injury requires the accumulation of additional 
water in the intracranial vault. One source of such water is 
the vasculature, although the mechanisms associated with 
control of blood–brain barrier permeability are unclear. We 
have recently shown that acute brain injury, such as neu-
rotrauma and stroke, results in perivascular accumulation 
of the neuropeptide, substance P. This accumulation is 
associated with increased blood–brain barrier permeability 
and formation of vasogenic edema. Administration of a 
substance P antagonist targeting the tachykinin NK1 recep-
tor profoundly reduced the increased blood–brain barrier 
permeability and edema formation, and in small animal 
models of acute brain injury, improved functional outcome. 
In a large, ovine model of experimental traumatic brain 
injury, trauma resulted in a signi fi cant increase in ICP. 
Administration of an NK1 antagonist caused a profound 
reduction in post- traumatic ICP, with levels returning to 
normal within 4 h of drug administration. Substance P NK1 
antagonists offer a novel therapeutic approach to the treat-
ment of acute brain injury.  

  Keywords   Neurotrauma  •  Neurokinins  •  Tachykinins  •  Neuro-
 genic in fl ammation  •  Rat  •  Sheep      

   Introduction 

 Worldwide, traumatic brain injury is considered the biggest 
killer of individuals under 45 years of age, with most neu-
rotrauma occurring as a result of motor vehicle accidents. 
Survivors can be left with permanent neurological de fi cits 
caused by a secondary injury cascade that is initiated at the 
time of the traumatic event, and continues for a number of 
days to weeks thereafter. While a number of different sec-
ondary injury factors have been identi fi ed  [  1  ] , edema has 
been recognized as the one factor that is responsible for up to 
as much as half of all the associated mortality and morbidity 
 [  2,   3  ] . In large part, this is because edema is the major con-
tributor to raised intracranial pressure (ICP), which can have 
deleterious consequences on brain perfusion and oxygen-
ation, and for this reason, has become one of the primary 
endpoints for clinical management of TBI patients. Indeed, a 
number of clinical studies have con fi rmed that raised ICP is 
associated with worse outcome  [  4,   5  ] . Despite this realiza-
tion, little progress has been made over the last 50 years with 
respect to understanding the mechanisms associated with 
edema formation, and how to effectively intervene in its 
development. In this review, we highlight recent  fi ndings 
describing the potentially critical role of the neuropeptide, 
substance P, in the pathogenesis of edema formation and the 
development of increased ICP following acute brain injury.  

   Neurogenic In fl ammation 

 Studies of peripheral tissues have established that the stimula-
tion of neuronal, sensory C- fi bers results in a process known 
as neurogenic in fl ammation, encompassing vasodilation, pro-
tein extravasation, and tissue swelling  [  6  ] . This in fl ammatory 
reaction is mediated by the release of neuropeptides, and 
while several have been implicated, it is generally accepted 
that substance P (SP) increases microvascular permeability, 
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leading to edema formation, whilst calcitonin gene-related 
peptide (CGRP) is an extremely potent vasodilator  [  7  ] . 
Substance P also results in leukocyte activation and mast cell 
degranulation  [  8  ] , thus supporting an additional role in both 
innate and speci fi c immune responses. While sensory nerve 
 fi bers that contain both CGRP and SP surround essentially all 
blood vessels, cerebral blood vessels, in particular, appear to 
receive a dense supply of these nerve  fi bers. 

 Following experimental TBI, there is a generalized 
increase in brain SP immunoreactivity, which is particu-
larly apparent around the vasculature  [  9  ] , and within pyra-
midal neurones. Maximum immunoreactivity was present 
after 5 h and  persisted for 24 h before gradually declining. 
Nonetheless, 3 days after TBI, mRNA for SP was still elevated 
 [  10  ] . Increased SP immunoreactivity has also been detected 
following experimental stroke  [  11  ] , and has been recently 
described in human post-mortem tissue following TBI  [  12  ] . 
In the human tissue, perivascular SP immunoreactivity was 
often co-localized with positive APP immunoreactivity, sug-
gesting that mechanical disruption of perivascular neurones 
might be associated with neuropeptide release. The increase 
in serum SP detected in the  fi rst 30 min after experimental 
TBI supports this view  [  9  ] , although serum SP levels declined 
rapidly thereafter, presumably due to rapid proteolysis by 
nonspeci fi c serum proteases. Notably, inhibition of brain SP 
breakdown using the angiotensin-converting enzyme inhibi-
tor, captopril, increased SP immunoreactivity  [  13  ] .  

   The Blood–Brain Barrier and Edema 

 Increased perivascular SP immunoreactivity after TBI 
was associated with increased extravasation of Evans blue 
as assessed by confocal microscopy  [  9  ] , suggesting that 
SP release as part of neurogenic in fl ammation might be 
linked to increased blood–brain barrier (BBB) permeabil-
ity. This was con fi rmed by studies demonstrating that pre-
injury depletion of sensory neuropeptides using capsaicin, 
which would prevent neurogenic in fl ammation, resulted 
in a profound attenuation of BBB disruption after experi-
mental TBI  [  14  ] . Subsequent studies have shown that 
post-injury  administration of a SP NK1 receptor  antagonist, 
n-acetyl-tryptophan (NAT), attenuated BBB permeability 
after both TBI  [  9  ]  and stroke  [  11  ] . Indeed, the ability of 
NAT to attenuate BBB dysfunction after TBI was used to 
establish a dose-response relationship and identify the 
optimal dose for administration  [  9  ] . 

 Disruption of the BBB was associated with the develop-
ment of edema, which again was signi fi cantly attenuated by 
pre-injury depletion of sensory neuropeptides using capsai-
cin  [  14  ] , or by administration of an NK1 receptor antagonist 

 [  9  ]  administered at 30 min after the traumatic event (Fig.  1 ). 
Given the presence of the disrupted BBB, edema at the 5-h 
time point was assumed to be vasogenic in nature, which was 
con fi rmed using diffusion-weighted MRI  [  9,   14  ] . Nonetheless, 
early administration of the NK1 antagonist also signi fi cantly 
attenuated subsequent edema formation, which by 24 h has 
been shown to be predominantly cytotoxic in nature  [  3,   5  ] . 
This is consistent with the view that vasogenic edema is per-
missive for the development of cytotoxic edema  [  5  ] .  

 Attenuation of increased BBB permeability and edema 
formation after TBI with administration of the NK1 antago-
nist was associated with signi fi cant improvements in both 
motor and cognitive outcome in rats  [  9  ] . In contrast, inhibi-
tion of SP breakdown using captopril exacerbated both the 
histological damage and functional de fi cits after TBI  [  13  ] . 
The improvements in neurological outcome with administra-
tion of NK1 antagonists could be observed even when the 
compounds were administered up to 4 h after onset of isch-
emic stroke  [  15  ] , and up to 12 h after TBI  [  16  ] . This improve-
ment in functional outcome was shown to be a class effect of 
the NK1 receptor antagonists rather than a drug-speci fi c 
effect  [  16  ] , thus con fi rming that the observed changes were 
dependent on activation of the SP NK1 receptor. A similar 
improvement in functional outcome to that observed with the 
NK1 antagonists was noted with pre-injury depletion of the 
sensory neuropeptides using capsaicin  [  14  ] , supporting 
the  view that neurogenic in fl ammation plays a central role in 
the pathophysiology of TBI, and, more speci fi cally, that 
attenuation of the induced BBB disruption and edema for-
mation is associated with improvements in functional out-
come after acute brain injury.  
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  Fig. 1    Brain water content 5 h after traumatic brain injury in rats (mean 
± SEM;  n  = 6/group). Injury results in an increase in brain water content 
that is signi fi cantly attenuated ( p  < 0.001) by neuropeptide depletion 
prior to injury (capsaicin pre-treatment) or by treatment with an NK1 
receptor antagonist (2.5 mg/kg i.v. n-acetyl-tryptophan [NAT]) at 
30 min after injury. *** p  < 0.001 compared with sham       
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   Effects on ICP 

 Given that SP was integrally involved in edema forma-
tion, we subsequently set out to examine the effects of 
the NK1 antagonists on ICP following TBI. While previ-
ous studies of SP in BBB permeability, edema formation, 
and functional outcome were conducted in rats, we have 
recently shown that rat models of either diffuse or focal 
TBI produce inconsistent increases in ICP depending on 
the presence or absence of mass lesions and/or hypoxia 
 [  17  ] . Thus, an interventional study examining the effects 
of NK1 antagonists on ICP was unlikely to be successful 
in the rat models. Accordingly, we chose to use the ovine, 
captive-bolt model of injury, which produces more con-
sistent changes in ICP that are temporally similar to those 
observed in human TBI  [  18  ] . 

 The model uses a humane stunner to accelerate the 
head of a sheep to induce an impact-acceleration type of 
injury. Brie fl y, castrated male Merino sheep (45–55 kg) are 
 anesthetized and placed into a prone sphinx position, their 
body restrained to the table, but leaving the neck and head 
mobile relative to the body. A captive-bolt stunner armed 
with a number 17 red charge (model KML; Karl Schermer, 
Ettlingen, Germany) is then used to induce an impact injury 
at the midpoint between the left supraorbital process and the 
left external auditory meatus  [  18  ] . After injury, a calibrated 
Codman Microsensor ICP transducer was placed through a 
2.5-mm burr-hole made at a point 15 mm lateral to the sagit-
tal midline on the ipsilateral side, just in front of the coronal 
suture. After being inserted into the parenchyma to a depth 
of 1.5 cm, the probe was attached to a Codman ICP Express 
monitoring system (Codman and Shurtleff, Raynham, MA, 
USA), which was linked to an AD Instruments PowerLab ®  
system where the data were post-processed. The burr-hole 
was sealed using bone wax to prevent CSF leakage and the 
sheep monitored for 4 h. Sham animals were surgically pre-
pared and ICP monitoring initiated in the absence of any 
induced brain injury. 

 Figure  2  summarizes the ICP 4 h after injury. In sham ani-
mals, ICP was typically to the order of 10 mmHg. After 
injury, there was a marked increase in ICP that by 4 h, was 
above 30 mmHg. While early increases in ICP (<30 min) 
may be associated with reactive vasodilatation, the gradual 
increase in ICP over the ensuing hours is thought to re fl ect 
vasogenic edema formation  [  19  ] . The appearance of albumin 
immunostaining in the sheep brain parenchyma after injury 
con fi rms that BBB disruption had occurred at these early 
time points  [  19  ] , thus supporting the likely presence of 
vasogenic edema. In contrast to vehicle-treated animals, 
administration of the NK1 antagonist 30 min after injury 
resulted in an immediate reduction in ICP, achieving levels 

that were not signi fi cantly different from sham animals at the 
4-h time point.   

   Conclusion 

 The series of experiments summarized herein have shown 
that increased perivascular SP immunoreactivity after TBI is 
associated with opening of the BBB and facilitation of 
vasogenic edema formation. Inhibiting the neurogenic 
in fl ammation initiated by the SP release, using either capsai-
cin to deplete sensory neuropeptides prior to injury or an 
NK1 receptor antagonist administered after injury, attenu-
ates BBB permeability and edema formation and results in a 
signi fi cant improvement in functional outcome. In a large 
animal model of TBI, administration of the NK1 antagonist 
30 min after injury caused a profound reduction in ICP such 
that it had returned to normal levels within 4 h of drug admin-
istration. While the mechanisms associated with the edema 
resolution and lowering of ICP are unknown, the reduction 
in brain water content induced by the NK1 antagonist sug-
gests that water is actively leaving the brain tissue. Whether 
this effect is mediated through aquaporin channels located 
on perivascular, astrocytic end foot processes is unknown 
and requires further investigation. Substance P NK1 receptor 
antagonists represent a novel, mechanistic-based approach to 
managing increased ICP after acute brain injury.      
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  Fig. 2    Intracranial pressure in sheep 4 h after traumatic brain injury 
(mean ± SEM;  n  = 6/group). Injury results in an increase in ICP that is 
signi fi cantly attenuated ( p  < 0.001) by administration of an  NK1  recep-
tor antagonist (2.5 mg/kg iv NAT) 30 min after injury. *** p  < 0.001 
compared with sham       
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  Abstract   Hyperemia in the infarcted brain has been 
 suggested for years by “red veins” reported by neurosur-
geons, shunt peaks in radioactive blood  fl ow clearance 
curves, and quantitative cerebral blood  fl ow using stable 
xenon CT. Histological characterization of infarcted brain 
revealed capillary rarefaction with prominent microvascular 
shunts (MVS). Despite abundant histological evidence, the 
presence of cerebrovascular shunts have been largely ignored, 
perhaps because of a lack of physiological evidence demon-
strating the transition from capillary  fl ow to MVS  fl ow. Our 
studies have shown that high intracranial pressure induces a 
transition from capillary to microvascular shunt  fl ow result-
ing in cerebral hypoperfusion, tissue hypoxia and brain 
edema, which could be delayed by increasing cerebral perfu-
sion pressure. The transition from capillary to microvascular 
shunt  fl ow provides for the  fi rst time a physiological basis for 
evaluating the optimal cerebral perfusion pressure with 
increased intracranial pressure. It also provides a physiologi-
cal basis for evaluating the effectiveness of various drugs and 
therapies in reducing intracranial pressure and the develop-
ment of brain edema and tissue hypoxia after brain injury 
and ischemia. In summary, the clear-cut demonstration of the 
transition from capillary to MVS  fl ow provides an important 
method for evaluating various therapies for the treatment of 
brain edema and loss of autoregulation.  

  Keywords   Brain edema  •  Cerebrovascular shunts  •  Cerebral 
perfusion pressure  •  Intracranial pressure  •  Microvascular 
shunts  •  Rats      

   Introduction 

 Determination of the critical cerebral perfusion pressure 
(CPP) to maintain adequate cerebral blood  fl ow (CBF) has 
been historically de fi ned by de fi nition of the CBF autoregu-
lation curve by progressive reduction of CPP by phlebotomy 
to decrease arterial pressure  [  1,   2  ] . Thus de fi ned, the critical 
CPP was determined to be approximately 60 mmHg. 
However, clinically, compromised CPP is often due to an 
increase in intracranial pressure (ICP) rather than a decrease 
in arterial pressure. Hence, the question arises as to whether 
the critical CPP measured by decreasing arterial pressure is 
equivalent to that obtained by increasing ICP. Comparisons 
were made between the two methods in the CBF autoregula-
tion curve, which showed that the critical CPP determined by 
increasing ICP was actually lower and about 50 % lower at 
30 mmHg compared with 60 mmHg  [  1,   2  ] . The lower critical 
CPP suggests that CBF autoregulation was better preserved 
when CPP was decreased by increasing ICP. However, we 
hypothesized that the higher CBF maintained at a lower CPP 
with increasing ICP was caused by pathologically main-
tained CBF due to microvascular shunting, resulting in an 
apparently lower critical CPP. 

 To test the hypothesis, we measured  fl ow velocity in cap-
illaries (3–8  m m in diameter) and larger microvessels 
(9–45  m m), NADH (hypoxia), Doppler  fl ow, and water con-
tent with decreasing CPP by either increasing ICP or decreas-
ing arterial pressure  [  3  ] .  

   Materials and Methods 

 The procedures used in these studies have been previously 
described  [  3  ] . Brie fl y, male Sprague–Dawley (SD) rats 
weighing between 300 and 350 g were intubated and mechan-
ically ventilated on 2 % iso fl urane/30 % oxygen/70 % nitrous 
oxide. Measured variables were: microvascular red blood 
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cell (RBC)  fl ow velocity; nicotinamide adenine dinucleotide 
(NADH)  fl uorescence as an indicator of tissue oxygenation; 
cortical Doppler  fl ux and cortical water content. Rectal and 
temporal muscle temperatures, arterial pressure, and intrac-
ranial pressure were continuously monitored. 

 Velocity of RBC  fl ow was measured using in vivo two-
photon laser scanning microscopy (2PLSM) of microvessels 
in the parietal cortex. Blood plasma was labeled with 
 fl uorescein isothiocyanate dextran (20 kDa) in physiological 
saline (5 % wt/vol). The selection of capillary microvessels 
was based on tortuosity, degree of branching, and diameters 
ranging from 3 to 8  m m. Multiple recordings were made from 
the same vessel and mean microvessel RBC velocity and 
SEM were determined. Approximately 100 microvessels 
were scanned at each CPP and the diameter of each scanned 
vessel was measured. Tissue NADH auto fl uoresence was 
measured by 2PLSM imaging at each CPP level. Cortical 
Doppler  fl ux was performed using a single- fi ber surface 
Doppler probe measuring 0.8 mm in diameter (DRT4; Moor 
Instruments, Axminster, UK). Parietal cortex water content 
was measured by wet/dry weight.  

   Results 

 Reduction of CPP by a progressive increase in ICP caused a 
shift in MVS  fl ow relative to CAP  fl ow, whereas decreasing 
CPP by decreasing mean arterial pressure did not (Table  1 ). 
Decreasing CPP by increasing ICP decreased the percentage 
of capillaries (<1.0 mm/s), whereas the percentage of microve-
ssels (>1.0 mm/s) increased with decreasing arterial pressure. 
The ratio of CAP/MVS also decreased with increasing ICP, 
whereas the opposite was true with decreasing arterial pres-
sure. These results suggest that the reduction in the critical 
CPP when ICP was increased in the CBF autoregulation curve 
was due to a pathologically maintained elevated CBF as a 
result of microvascular shunting. The distribution of micro-
vascular diameter with increasing ICP versus decreasing 
mean arterial pressure (MAP) to reduce CPP also veri fi es the 
fact that the increase in  fl ow velocities with increasing ICP is 
attributable to  fl ow through larger “shunts” or arterioles and 
not capillaries measuring 3–7  m m in diameter (Fig.  1 ).   

 The increase in MVS with increasing ICP raises another 
question, which is whether an increase in CPP at a given 
elevated ICP could prevent or delay the transition from 
CAP to MVS  fl ow (Fig.  1 ). We have also shown that this 
increase in MVS  fl ow with increasing ICP can be pre-
vented by increasing CPP (unpublished results)  [  4  ] . The 
increase in MVS  fl ow with increasing ICP is accompanied 
by increased tissue hypoxia, i.e., increased tissue NADH, 
and decreased cortical Doppler  fl ow, which is less marked 
in the MAP as opposed to the ICP group (Fig.   2 ). The 
increase in brain tissue water also occurred in the ICP 
group, but not in the MAP group. These results clearly 
show the detrimental effects of increasing ICP and its 
relation to the shift from CAP to MVS  fl ow. The interac-
tion between ICP and CPP in relation to MVS  fl ow could 
lead to better understanding in the management of high 
ICP in patients.   

   Conclusion 

 Our demonstration of the transition from CAP to MVS  fl ow 
with increasing ICP provides for the  fi rst time, to our knowl-
edge, documentation of this process. Up to now, MVS  fl ow 
has been observed in infarcted brain  [  5  ]  combined with cap-
illary rarefaction, but only described as two different states. 
Without documentation of the transition process, the exis-
tence of cerebrovascular shunts was ignored except for a 
small group of investigators  [  5  ] . Now that we have observed 
and documented this transition between the two states, we 
now have a measureable and quantitative basis for evaluating 
the interaction between CPP and ICP and thereby the opti-
mal CPP for a given ICP. We recently showed that MVS can 
be circumvented at high ICP by increasing CPP. We have 
also shown that the CPP required to reduce ICP depends 
upon the degree of elevated ICP (unpublished). 

 The Brain Trauma Guidelines based on level III evidence 
suggests that CPP be kept between 50 and 70 mmHg without 
aggressive measures to increase CPP above 70 mmHg using 
vasopressors and  fl uid loading  [  6  ] . There is also an ongoing 
debate on the methods of managing patients with high ICP 
based upon the recommendations of the “Lund concept” for 

   Table 1    Distribution (mean ± SEM) of low (<1 mm/s) and high (>1 mm/s)  fl ow velocity capillaries (CAP) and microvascular shunts (MVS), 
CAP/MVS ratio, average volume  fl ow per microvessel ( m L/s) and normalized Doppler  fl ux in rat cerebral cortex   

 CPP mmHg 

 ICP group (%)  n  = 10  MAP group (%)  n  = 10 

  p < 
 CAP 
<1 mm/s 

 TFC 
>1 mm/s 

 CAP/MVS 
Ratio 

 MVS  fl ow 
 m L/s 

 Doppler 
 fl ux 

 CAP 
<1 mm/s 

 TFC 
>1 mm/s 

 CAP/MVS 
ratio 

 MVS  fl ow 
 m L/s 

 Doppler 
 fl ux 

 70  70 ± 5  30 ± 2  2.3 ± 0.7  39 ± 2  1.0 ± 0.1  65 ± 6  35 ±4  2.1 ± 0.7  40 ± 2  1.0 ± 0.1  0.145 
 50  58 ± 5  41 ± 3  1.4 ± 0.5  68 ± 6  0.9 ± 0.1  71 ± 6  29 ± 4  2.4 ± 0.8  33 ± 2  0.8 ± 0.1  0.001 
 30  49 ± 5  51 ± 5  1.0 ± 0.1  135 ± 8  0.7 ± 0.1  86 ± 7  14 ± 3  6.2 ± 1.5  21 ± 1  0.5 ± 0.1  0.001 

   p  values refer to comparisons of the distribution between the groups at each cerebral perfusion pressure (CPP). Note the increase in MVS shunt in 
the ICP group as CPP was reduced compared with the reverse in the mean arterial pressure (MAP) group  
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ICP-targeted therapy, largely by the use of various drugs, as 
opposed to CPP-targeted therapy  [  4,   7  ] . Thus, clinicians, 
lacking a standard of care (SOC) are left to manage their 
patients with high ICP using methods based largely on indi-
vidual bias. 

 What light can be shed on the problems confronting clini-
cians with responsibility for caring for these severely brain 
injured patients suffering from high ICP and resolve the debate  
regarding ICP versus CPP targeted therapy according to our 
observations? Based on the hypothesis that in traumatic brain 
injury (TBI) where high ICP and thereby brain edema is an 
issue, is characterized by MVS   . Thus, in an animal model of 
TBI resulting in elevated ICP with documentation of MVS, 
the ef fi cacy of various clinical therapies prescribed by the 

Lund concept such as beta blockade, sedation with benzodiaz-
epines, and barbiturates while maintaining CPP at 50–60 mmH   g 
can be studied. The dose response and in reducing or counter-
acting MVS can also be tested. The same can be done in evalu-
ating the effectiveness of increasing CPP on MVS in the brain 
after TBI. We have already shown in the brain injured with 
arti fi cially elevated ICP that MVS can be reduced or prevented 
by increasing CPP (unpublished data). It is important to note 
that historically, the determination of the critical CPP based on 
CBF autoregulation curves was carried out in animals with 
normal brains and was translated to clinical use. Later studies 
in humans seem to indicate that patients with CBF autoregula-
tion do better with a higher CPP of 60–70 mmHg, whereas if 
there is no CBF  autoregulation patients do better with lower 
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  Fig. 1    ( a ) 2-photon laser scanning micrograph showing a region from 
which microvascular  fl ow was recorded. ( b ) Line-scan data for red 
blood cell (RBC)  fl ow velocity in the microvessel shown in  a  ( arrow ). 
( c ) Distribution of  fl ow velocity versus vessel diameter in cortical 
microvessels at normal cerebral perfusion pressure (CPP; 70 mmHg, 
 n  = 10 rats).  CAP  capillary,  TFC  thoroughfare channel. ( d ) Decrease 
in CPP to 30 mmHg by increasing intracranial pressure (ICP) reduces 

capillary (3–6  m m in diameter) and increases thoroughfare channel 
(8–15  m m in diameter)  fl ow velocities ( n  = 10 rats). ( e ). Decrease in 
mean arterial pressure (MAP) to reduce the CPP to 30 mmHg reduces 
the velocity of all microvessels in the rat parietal cortex ( n  = 10 rats). 
 Blue dashed line  indicates a velocity of 1.0 mm/s.  Red dotted line  indi-
cates a diameter of 8  m m (Reprinted with permission from the  Journal 
of Neurotrauma )       
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CPP within the range 50–60 mmHg, as promoted by the Lund 
concept  [  6  ] . However, other studies have suggested that higher 
CPP of 70–80 mmHg improves outcome after TBI  [  8–  11  ] . 
The above-mentioned are all animal studies that can be carried 
out to address clinical problems encountered by clinicians in 
managing patients with high ICP after brain injury. 

 There is already substantial evidence suggesting that 
patients without CBF autoregulation might fare better if 
maintained at a lower CPP within the range of 50–60 mmHg 
 [  6  ] , whereas those with CBF autoregulation fare better at 
high CPP  [  8–  11  ] . It is also notable that with the advent of 

multimodal neuromonitoring, the presence or absence of 
CBF autoregulation, whether based on CBF measurements 
or brain tissue PO 

2
  (Licox; Fig.  3 ) varies in each patient from 

day to day. These data suggest that therapy in these patients 
might need to be tailored on a daily basis, depending upon 
their status on any given day rather than standardized thera-
peutic intervention protocols. Thus, the patient suffering 
from high ICP with evidence of no CBF autoregulation may 
be better maintained at a lower CPP of 50–60 mmHg, 
whereas patients with high ICP and with CBF autoregulation 
may respond better with high CPP within the range 
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2
  (Licox probe) versus  CPP  in the white mat-

ter of the contralateral hemisphere on days 0 and 3 after traumatic brain 
injury. Note the absence of correlation between PbtO 

2
  versus CPP on 

day 0 as opposed to the linear correlation on day 3, suggesting delayed 
loss of autoregulation on day 3       
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  Fig. 2    ( a ) Hemispheric Doppler  fl ow  fl ux when  CPP  is reduced by 
increasing  ICP  ( n  = 10) or decreasing  MAP  ( n  = 10). ( b )  NADH  reduc-
tion during reduction in CPP by increasing ICP ( n  = 10) or decreasing 
MAP ( n  = 10).  Red dashes  show levels in the control group at appropri-
ate time points. ( c ) CPP decrease by elevation of ICP causes an increase 
in cortical water content. In the MAP group cortical water content was 
not different from controls ( n  = 3 for each, mean ± SEM, * p  < 0.05, 

** p  < 0.01). Cortical tissue water content obtained by rapidly scooping 
the cortex out of the craniotomy yields a water content consistently 
lower, 73.52 ± 0.45 % (mean ± SD,  n  = 2) than that obtained by decapi-
tating the rat, removing the brain, and sampling the cortex, which yields 
values of 79.91 ± 0.40 % (mean ± SD,  n  = 2), signi fi cantly different 
( p  = 0.0262) according to the Shapiro–Wilk test (Reprinted with permis-
sion from the  Journal of Neurotrauma )       
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70–80 mmHg. Whether this is the case, remains to be deter-
mined in future randomized clinical trials.       
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   References    

    1.    Miller JD, Stanek A, Lang fi tt TW (1972) Concepts of cerebral per-
fusion pressure and vascular compression during intracranial hyper-
tension. Prog Brain Res 35:411–432  

    2.    Grubb RL Jr, Raichle MD, Phelps ME, Ratcheson RA (1975) 
Effects of increased intracranial pressure on cerebral blood volume, 
blood  fl ow, and oxygen utilization in monkeys. J Neurosurg 
43(4):385–398  

    3.    Bragin D, Bush R, Nemoto EM (2011) High intracranial pressure 
effects on cerebral cortical microvascular  fl ow in rats. J Neurotrauma 
28:775–785  

    4.    Nordstrom CH (2003) Assessment of critical thresholds for  cerebral 
perfusion pressure by performing bedside monitoring of  cerebral 
energy metabolism. Neurosurg Focus 15:1–8  

    5.    Tomita M (1988) Signi fi cance of cerebral blood volume. In: Tomita 
M, Sawada T, Naritomi H, Heiss WD (eds) Cerebral hyperemia and 

ischemia: from the standpoint of cerebral blood volume. Excerta 
Medica, Amsterdam, pp 3–31  

    6.    Bratton SL, Chestnut RM, Ghajar J, McConnell Hammond FF, 
Harris OA, Hartl R, Manley GT, Nemecek A, Newell DW, Rosenthal 
G, Schouten J, Shutter L, Timmons SD, Ullman JS, Videtta W, 
Wilberger JE, Wright DW (2007) Guidelines for the management 
of severe traumatic brain injury. IX. Cerebral perfusion thresholds. 
J Neurotrauma 24(Suppl 1):S59–S64  

    7.    Grande PO, Asgiersson B, Nordstrom CH (2002) Volume targeted 
therapy of increased intracranial pressure: the Lund concept uni fi es 
surgical and non-surgical treatments. Acta Anaesthesiol Scan 
46:929–941  

    8.    Balestreri M, Czosnyka M, Hutchinson P, Steiner LA, Hiler M, 
Smielewski P, Pickard JD (2006) Impact of intracranial pressure 
and cerebral perfusion pressure on severe disability and mortality 
after head injury. Neurocrit Care 4:8–13  

    9.    Lin JW, Tsai JT, Lin CM, Lee LM, Hung KS, Huang SJ, Hsiao SH, 
Chung WY, Tsai MD, Hsia CC, Hung CC, Chiu WT (2008) 
Evaluation of optimal cerebral perfusion pressure in severe trau-
matic brain injury. Acta Neurochir Suppl 101:131–136  

    10.    Rosner MJ, Daughton S (1990) Cerebral perfusion pressure man-
agement in head injury. J Trauma 30:933–940  

    11.    McGraw CP (1989) A cerebral perfusion pressure greater that 80 
mmHg is more bene fi cial. In: Hoff JT, Betz AL (eds) ICP VII. 
Springer, Berlin, pp 839–841      



211Y. Katayama et al. (eds.), Brain Edema XV, Acta Neurochirurgica Supplement, Vol. 118,
DOI 10.1007/978-3-7091-1434-6_39, © Springer-Verlag Wien 2013

  Abstract   Magnetic resonance imaging and cranial  ultrasound 
are the most frequently implemented imaging methods for 
investigating the infantile hydrocephalic brain. A general 
and reliable measurement index that can be equally applied 
in both imaging methods to assess dimension of ventricular 
dilatation is currently not available. For this purpose, a new 
parameter called the frontal and temporal horn ratio – deter-
minable in coronal slices of the brain – was developed and 
evaluated in a comparative volumetric retrospective study: 
Statistical analyses of 118 MRIs of 46 different shunt-treated 
pediatric patients revealed a good linear correlation between 
the new index and the actual ventricular volume.  

  Keywords   Hydrocephalus  •  Ventricular size  •  Volumetric 
analysis  •  Volumetry  •  Frontal and temporal horn ratio   Linear 
measurement      

   Introduction 

 Regular examinations of the brain and ventricular system in 
pediatric hydrocephalus patients, especially in cases of shunt 
treatment, are indispensable  [  1,   2,   7,   12,   14  ] . As well as clini-
cal evaluation of a child’s condition, imaging methods such 
as cranial ultrasound (cUS) and magnetic resonance imaging 

(MRI) are the preferred diagnostics for appreciating the 
extent of hydrocephalus and for controlling therapy success 
 [  4,   5,   10–  12,   15,   16,   18  ] . Size and con fi guration of the ven-
tricular system are usually estimated either by subjective 
assessment  [  9,   12  ] , two-dimensional measurement  [  3,   8–  11, 
  13,   14,   17  ]  of ventricular width (e.g. Evan’s index, frontal 
and occipital horn ratio, etc.) or in very rare cases by the most 
precise volumetric analysis  [  1,   4,   9,   12,   14,   19  ] . Consecutively 
reported  fi ndings of several follow-up examinations are often 
not comparable, leading to incorrect conclusions. For these 
reasons, a general, valid, and ef fi cient diagnostic tool for 
analogical measurements of the ventricular system – regard-
less of the imaging method used – has been developed.  

   Materials and Methods 

 One hundred and eighteen MRIs (Siemens Sonata, 1.5 T, 
axial and coronal T1 sequences) of 46 different VP-shunted 
hydrocephalus patients (24 male, 22 female) aged 0–12 years 
(average: 3.0 years ± 3.4) were analyzed. Irrespective of age 
and hydrocephalus etiology (Chiari II malformation, 35 %; 
intraventricular hemorrhage, 22 %; congenital complex cere-
bral malformations including different syndromes, 20 %; 
congenital aqueductal stenosis, 15 %; occlusive tumors, 4 %; 
post-in fl ammatory diseases, 4 %) images were divided into 
two categories depending on ventricular con fi guration. Group 
A included 92 MRIs with dilated ventricles, group B included 
26 MRIs with slit or slit-deformed ventricles resulting from 
shunt overdrainage. Supratentorial ventricular system (with-
out Sylvian aqueduct) of each MRI was sized using a volu-
metric technique (Mac OS X Osirix v.9.3.1.). By using the 
complete axial imaging series, ventricle borders were manu-
ally outlined, subsumed, and multiplied by slice thickness for 
volume calculation. In a second step, three different linear 
parameters were determined. The Evan’s index (EI) as well 
as the frontal and occipital horn ratio (FOHR) were measured 
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on axial MRI planes as usual, whereas the third quotient – 
the new frontal and temporal horn ratio (FTHR) – was deter-
mined on coronal slices. The frontal and temporal horn ratio 
is de fi ned as half of the sum of the frontal and temporal horn 
width divided by the broadest skull diameter at the level of 
the foramen of Monro (Fig.  1 ). Finally, all two-dimensional 
parameters (EI, FOHR, and FTHR) were statistically com-
pared with actual ventricular volume (VOL) using Spearman’s 
correlation coef fi cients (Rho).   

   Results 

 Regarding all 118 MRI measurements, the following mean 
values were calculated: EI = 0.32 ± 0.07 (range: 0.15–0.58), 
FOHR = 0.44 ± 0.10 (range: 0.23–0.71), FTHR = 0.48 ± 0.12 
(range: 0.26–0.73) and VOL = 190.0 ± 214.2 mL (range: 3.1–
830.5 mL). Correlation analysis revealed strong and linear 
coherences between VOL and FOHR (Rho = 0.868,  p  = 0.000) 
and between VOL and FTHR (Rho = 0.850,  p  = 0.000). On 
the contrary, EI correlated less well with actual volume 
(Rho = 0.530,  p  = 0.000). 

 Distinguishing ventricular con fi guration, signi fi cant dif-
ferences could be detected. Ventricular volume of group A 
(mean VOL = 236.2 ± 221.5 mL) highly correlated with the 

FOHR (Rho = 0.800,  p  = 0.000) and the FTHR (Rho = 0.773, 
 p  = 0.000). By contrast, in slit-ventricle group B (mean 
VOL = 26.2 ± 18.9 mL) much lower correlations were seen 
between VOL and FOHR (Rho = 0.544,  p  = 0.004) and between 
VOL and FTHR (Rho = 0.466,  p  = 0.017). Additionally, in both 
groups, likewise, low statistical coherence concerning VOL 
and EI was revealed (group A: Rho = 0.453,  p  = 0.000; group 
B: Rho = 0.205,  p  = 0.316). Spearman’s correlation coef fi cients 
of ventricular measurements are clearly listed in Table  1 .   

   Conclusion 

 The results obtained prove the new frontal and temporal horn 
ratio to be a valid and reliable linear measurement index for 
estimating ventricular size in pediatric hydrocephalus 
patients, especially in cases of dilated ventricles. Similar to 
previous studies  [  8,   9,   12,   14  ] , the frontal and occipital horn 
ratio was also demonstrated to be an adequate alternative to 
precise  [  1,   4,   9,   12,   14,   19  ] , but time-consuming  [  9,   12,   19  ]  
volumetry. On the other hand, the widely used Evan’s index 
seems to be less suitable for this purpose  [  1,   8,   14  ] . 

 Interestingly, none of the two-dimensional parameters 
tested could really assess the size of slit or slit-deformed ven-
tricles (due to shunt-overdrainage). A similar result has 

  Fig. 1    Illustration of frontal and 
occipital horn ratio (FOHR) ( left ) 
and frontal and temporal horn ratio 
(FTHR;  right ) measurement on 
axial and coronal T1-weighted 
MRIs of the same imaging series. 
Parameters are analogously 
calculated as follows: ( A  +  B )/
(2 ×  C )       

   Table 1    Spearman’s 
correlation coef fi cients   

 Frontal and occipital 
horn ratio 

 Frontal and temporal 
horn ratio  Evan’s index 

 Ventricular volume (all images)  0.868  0.850  0.530 
 Ventricular volume group A  0.800  0.773  0.453 
 Ventricular volume group B  0.544  0.466  0.205 
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already been published in the past; authors suggested there-
fore individual axial measurements of both frontal and 
occipital horns to generate an appropriate quotient  [  8  ] . The 
same procedure is equally as conceivable with frontal and 
temporal horns in coronal imaging slices. 

 Nevertheless, the crux with commonly used tomogra-
phy parameters (such as Evan’s index or the frontal and 
occipital horn ratio) is that axial slices of the brain are 
required. That issue limits the parameters’ application in 
cUS; previous efforts have shown that compliant perspec-
tive axial views are dif fi cult to render  [  2  ] . Therefore, the 
frontal and temporal horn ratio seems to be a solution to 
circumventing the perspective problem. By using the ante-
rior fontanel, the ultrasound depiction of a coronal brain 
slice at the level of the foramen of Monro is simply prac-
ticable (Fig.  2 ).  

 There still remains the question of whether or not ultra-
sound and MRI views, even when appearing visually 
equal, are actually congruent. In the literature, some 
authors have found inconsistencies between the two imag-
ing methods in measuring the size of the ventricular sys-
tem  [  10,   13  ] ; others have shown good accordance  [  6,   11  ] . 
Aside from that, it is dif fi cult to imagine whether (minor) 
changes in the perspective view can wield signi fi cant 
in fl uence on linear measurements leading to relevant 
changes in a parameter’s value. 

 However, the preliminary  fi ndings of this retrospective 
study presume reliable and stable characteristics of the 
new index concerning the assessment of hydrocephalic 
dimension. Moreover, owing to its applicability to MR and 
ultrasound images, the frontal and temporal horn ratio 
could be a very useful and ef fi cient universal follow-up 
parameter in pediatrics.      
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  Abstract   Recent attention has been paid to the  cerebrospinal 
 fl uid (CSF) dynamics between the intracranial subarachnoid 
space (SAS) and the SAS around the optic nerve (ON-SAS). 
We experienced three patients who had an expanded ON-SAS 
associated with mass lesions extending into the optic canal, 
and studied their MRI  fi ndings after decompressive surgery. 
In all three patients, decompressive surgery of the optic canal 
resulted not only in the disappearance of the expanded 
ON-SAS, but also in improvement of the visual function. 
The present study may indicate that normalization of the 
ON-SAS can be considered to be the achievement of “effec-
tive” decompression. Therefore, we suggest that, in patients 
with an expanded ON-SAS associated with mass lesions, the 
state of the ON-SAS should be evaluated by pre- and postop-
erative MRI, in addition to the degree of tumor resection.  

  Keywords   Cerebrospinal  fl uid  •  Magnetic resonance imag-
ing  •  Optic nerve  •  Subarachnoid space      

   Introduction 

 The cerebrospinal  fl uid (CSF) circulation has been studied 
for a long time; however, its dynamics have not yet been 
explored  [  14  ] . Among several related topics, recent attention 
has been paid to the cerebrospinal  fl uid (CSF) dynamics 
between the intracranial and the subarachnoid space (SAS) 
of the optic nerve (ON) (ON-SAS)  [  3,   5–  10  ] . 

 The expansion of the ON-SAS, which is known as an optic 
nerve meningocele, optic hydrops, or perioptic hygroma, has 

been reported to be caused by various neoplastic and non-
neoplastic conditions  [  1,   2,   4,   5,   11–  13  ] . MRI is a useful tool 
for objectively evaluating the ON-SAS  [  12  ] . 

 We experienced three patients with an expanded ON-SAS 
associated with mass lesions that extended into the optic 
canal, and studied their MRI  fi ndings after decompressive 
surgery. We herein report these cases and discuss the CSF 
dynamics of the ON-SAS.  

   Materials and Methods 

 We experienced three patients who met the inclusion criteria 
as follows: (1) Preoperative MRI demonstrated an expanded 
ON-SAS associated with mass lesions extending into the 
optic canal. (2) ON decompression had been performed. (3) 
Postoperative MRI was performed to observe the ON-SAS. 
We investigated the pre-and postoperative MRI  fi ndings and 
visual functions of these patients.  

   Results 

   Case 1 

 A 53-year-old man was admitted with vision loss in the left 
eye. Magnetic resonance imaging (MRI) showed a tumor of 
the tuberculum sellae, which extended into the left optic 
canal (Fig.  1a ). MRI also demonstrated an expanded SAS of 
the left ON (Fig.  1b, c ). Tumor resection with optic canal 
decompression was performed. A histological examination 
revealed meningothelial meningioma. After surgery, the 
patient’s visual acuity showed improvement. MRI obtained 
7 days after surgery demonstrated complete tumor resection 
and a subtotal disappearance of the expanded SAS of the left 
ON (Fig.  1d, e ).   
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   Case 2 

 A 57-year-old man was admitted with vision loss in the left 
eye. MRI showed a tumor of the tuberculum sellae, which 
extended into the left optic canal. MRI also demonstrated an 
expanded SAS of the left ON. Tumor resection with optic 
canal decompression was performed. A histological exami-
nation revealed meningothelial meningioma. After surgery, 
the patient’s visual acuity showed improvement. MRI 
obtained 3 months after the surgery demonstrated subtotal 
tumor resection and a subtotal disappearance of the expanded 
SAS of the left ON.  

   Case 3 (Unpublished Data) 

 An 88-year-old man presented with vision loss and limited 
abduction of the left eye. A brain CT showed a mass lesion 

in the left frontal and temporal bone, which extended into the 
optic canal. CISS-MRI demonstrated an expanded SAS of 
the left ON. Tumor resection with optic canal decompression 
was performed. A histological examination revealed meta-
static adenocarcinoma of the prostate. After surgery, the 
patient’s visual acuity showed improvement, and the eye 
movement recovered. A postoperative CT demonstrated a 
decompressed optic nerve canal. MRI obtained 9 days after 
surgery showed the complete disappearance of the expanded 
SAS of the left ON.   

   Conclusion 

 In our cases, decompressive surgeries of the optic canal 
resulted in not only the disappearance of the expanded 
ON-SAS, but also improvement of the visual function. The 
present study may indicate that normalization of the 

a

d e

b c

  Fig. 1    The preoperative gadolinium-enhanced T1-weighted MR images 
of case 2 ( a ) showed a mass lesion of the tuberculum sellae, which extended 
into the left optic canal. The same patient’s preoperative T2-weighted MR 
images ( b : axial,  c : coronal) demonstrated the expanded subarachnoid 

space in the left optic nerve ( arrow ). The postoperative T2-weighted MR 
images ( d : axial,  e : coronal) demonstrated a subtotal disappearance of the 
abnormality       
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ON-SAS can be considered to re fl ect the achievement of 
“effective” decompression. Therefore, we suggest that, in 
patients with an expanded ON-SAS associated with mass 
lesions, the state of the ON-SAS should be evaluated by 
 pre- and postoperative MRI, in addition to the degree of 
tumor resection. 

 The CSF dynamics between the intracranial SAS and the 
ON-SAS are complex and poorly understood. Recent evidence 
suggests that the  fl ow of CSF between the intracranial SAS and 
the ON-SAS is neither continuous nor bidirectional  [  8,   10  ] . 
CSF is produced primarily by the choroid plexus epithelium, 
but also by the meningoepithelial cells (MECs) that line the 
surface of the SAS  [  14  ] . MECs are seen at the surface of the 
ON-SAS, as well as of the brain. MECs have been reported to 
participate in the production of CSF-related proteins  [  15,   16  ] , 
whereas it remains unclear whether CSF is produced in the 
ON-SAS. Furthermore, the drainage mechanisms of the CSF in 
the ON-SAS are not well understood. Among the candidate 
out fl ow routes from the ON-SAS, drainage via lymphatic ves-
sels has been reported to be a powerful new concept that has 
demonstrated a great capacity for CSF out fl ow from the CNS 
 [  8,   9  ] . In addition, it has been reported that the anatomy and the 
arrangement of the trabeculae and septae in the ON-SAS offer 
the possibility of a one-way valve mechanism  [  7,   9  ] . 

 In our cases, CSF congestion in the ON-SAS was 
observed, while the CSF in fl ux into the ON-SAS from the 

intracranial SAS should have been blocked. Therefore, we 
consider there to be three possible mechanisms responsible 
for the CSF congestion observed in our cases (Fig.  2 ): 
    1.    There may be a one-way valve mechanism that causes 

local CSF entrapment, as well as a reduced in fl ux of CSF 
into the ON-SAS, and/or  

    2.    The tumors may have blocked the transmission of pulsa-
tile CSF waveforms, leading to decreased CSF absorption 
at the lymphatic vessels, and/or  

    3.    Continuous CSF production from the MECs in the 
ON-SAS was present.     
 Further investigations into the ON-SAS may provide fur-

ther insights into CSF dynamics.      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Abstract   Intracranial pressure (ICP) monitoring has been 
used widely for patients with intracranial hypertension. 
However, the data of mean ICP do not re fl ect various brain 
conditions correctly. Therefore, we performed ICP  waveform 
analysis to assess brain compliance. Data for ICP  waveform 
analysis were obtained by stereotactic intraventricle punc-
ture. ICP waveform is expressed as a three-phase wave. 
Analyzed differential waveforms in a water intoxication 
model and continuous infusion models were evaluated 
respectively. In the water intoxication models, the second 
wave (P2) known to re fl ect compliance is elevated. ICP 
waveform analysis will be valuable for the assessment of the 
pathological condition of the brain.  

  Keywords   Intracranial pressure waveform  •  Compliance  
•  Water intoxication  

  Presentation   The 15th International Symposium of Brain Edema and 
Cellular Injury, October 22–24, 2011, Tokyo, Japan    

   Introduction 

 Intracranial pressure (ICP) monitoring is useful for the 
 treatment of patients with intracranial hypertension. It is 
important, especially in patients with severe head injury. 
However, we cannot estimate the pathophysiology of intrac-
ranial hypertension only with mean ICP. Therefore, we have 
to perform a variety of other monitoring and radiological 
imaging procedures to understand the pathophysiology. 
Intracranial hypertension involves not only the intracranial 

 space- occupying lesion, but also several types of brain edema. 
Cerebral edema can be divided into intracellular edema 
(cytotoxic and osmotic) and extracellular edema (vasogenic 
and interstitial). If we could correctly diagnose the type of 
cerebral edema, we would be able to choose the appropri-
ate treatment. We hypothesized that intracranial compli-
ance might re fl ect the type of brain edema. ICP waveform 
(ICPWF) analysis has been well studied, but has not been 
used in clinical practice. ICPWF has three fairly consistent 
components. The initial components of the pulse wave (P1) 
originate at the choroid plexus and large intracranial con-
ductive vessels, while the second component (P2) is known 
to re fl ect variations in cerebral bulk compliance  [  1,   2,   5,   7  ] . 
In this study, we tried to assess the intracranial compliance 
using ICPWF analysis in a water intoxication rat model.  

   Materials and Methods 

   Materials 

 Eight male Sprague–Dawley rats were used at 60 weeks old 
(weight range: 880–1,040 g). 

 All experiments were performed on male wild-type and 
AQP1-de fi cient littermates. All protocols were approved by 
St. Marianna University School of Medicine, Committee on 
Animal Research.  

   Intracranial Pressure Measurement 
and Continuous Infusion Method 

 The constant-rate infusion method using rats originally 
described by Davson et al.  [  3  ]  was used. Rats were anaesthetized 
with 2,2,2-tribromoethanol (0.5 mg/g body weight i.p.; 
Aldrich, Milwaukee, WI, USA) and immobilized in the prone 
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position in a stereotaxic device (Natsume, Tokyo, Japan). Body 
temperature was monitored and maintained at 38 °C using a 
warming pad. A dorsal midline incision was made over the 
skull and the upper cervical spine and the cranial sutures were 
exposed. A burr-hole 1-mm in diameter was drilled into the 
right parietal bone above the right lateral ventricle, using co-
ordinates 1.5 mm lateral and 0.8 mm caudal to the bregma. The 
27-gauge needle was connected using short noncompliant tub-
ing to a pressure transducer (TSD104A; Biopac Systems, Santa 
Barbara, CA, USA) interfaced to a recording system (model 
MP100; Biopac Systems). This circuit also permits the intro-
duction of arti fi cial CSF, Artcereb ®  (Otsuka Pharmacenntical, 
Tokushima, Japan) using a Harvard syringe pump (KD 
Scienti fi c, New Hope, PA, USA) driving a gas-tight glass 
Hamilton syringe. The needle was introduced into the lateral 
ventricle using a stereotaxic manipulator in order to obtain con-
sistent ICP measurements according to a procedure described 
previously  [  6  ] . During the left lateral ventricle perfusion with 
CSF, the ICP wave was monitored continuously. The infusion 
rate was transiently increased from 5 to 30  m L/min. The ICP 
gradually increased and reached a steady-state (Fig.  1a ).   

   Water Intoxication Model 

 Water intoxication was induced in age and weight-matched 
SD rats ( n  = 4) by intraperitoneal infusion of distilled water 
(40 mL). Following water loading, water-intoxicated rat 
showed a gradual increase in ICP to nearly 50 mmHg. ICP 
waveform was recorded until a steady-state was achieved.  

   Intracranial Pressure Waveform Analysis 

 Intracranial elastance is represented by d p /d v . The differential 
(d p /d t  =  E ·d v /d t ) curve of ICP was calculated by a pressure 

processor (AcqKnowledge software; Biopac Systems) and 
originally described by Hashimoto et al.  [  4  ] . Three positive 
peaks (U1, U2, U3) were shown in the d p /d t  curve 
 corresponding to three ICP-pulse wave peaks. Each d p /d t  
 represents the maximum rate of change in the ICP pulse 
 pressure in one cardiac cycle (Fig.  2a ).    

   Results 

 Figure  1a  shows an ICP waveform and d p /d t  recording in a 
continuous infused rat. ICP increased with the increasing infu-
sion rate. With an increase in ICP, the d p /d t  also increased 
gradually. Figure  2b , which is from a water intoxicated rat, 
also shows that the ICP increased gradually after the injection 
of distilled water. As the ICP rose above 25 cmH 

2
 O, b-waves 

were observed frequently. The d p /d t  of the water intoxication 
model did not show an increase accompanied by an increased 
ICP until b-waves appeared. Figure  2  demonstrates a detail 
of the ICP pulse waveform (top), ECG (electrocardiogram) 
( middle), and d p /d t  curve (bottom). Water-intoxicated rats (b) 
showed an increase in the U2 pulse compared with continu-
ously infused rats (a). This was dependent on ICP magnitude.  

   Conclusion 

 The aim of this experiment was to examine whether or not 
the ICPWF analysis was able to assess intracranial compli-
ance. We compared the water intoxication model (intracel-
lular edema) and continuous infusion model (extracellular 
edema). The result revealed differences in ICPWF between 
the two models. 

 The water intoxication model causes osmotic edema 
known as intracellular edema. In this model, P2 and U2 had 
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  Fig. 1    Continuously infused 
rats ( a ) and water-intoxicated 
rats ( b ) were compared in terms 
of intracranial pressure (ICP; 
 top ) and differential analysis of 
the intracranial pressure 
waveform (ICPWF; d p /d t ; 
 bottom ). The infusion rate was 
transiently increased to 30  m L/
min ( arrows ) resulting in a 
step-wise increase in ICP. The 
d p /d t  data at higher ICPs 
demonstrate an increase in a 
continuous infused rat and a 
stable response in a water-
 intoxicated rat. Low and high 
ICP points are indicated 
( arrows ) in the  fi gure       
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increased clearly as expected. As has been previously reported 
 [  1,   2,   5,   7  ] , P2 re fl ects variations in the cerebral bulk compli-
ance, including brain substance, cerebrospinal  fl uid, and the 
cerebrovascular capacity. The water intoxication model has 
shown that water moves into cells by osmotic pressure gradi-
ent, which causes cell swelling. Therefore, these results indi-
cate that intracranial compliance decreased because of the 
cellular edema. On the other hand, P1 and U1 were elevated, 
but P2 and U2 were not in the infusion model. 

 These results suggest that ICPWF might contain informa-
tion for the estimation of the compliance of the brain. 
Furthermore, there is the potential that ICPWF analysis will 
be a new monitoring method for diagnose and selection of the 
appropriate treatment for cerebral edema. We need to under-
stand more about ICPWF in another type of brain edema. 

 In summary, the difference in ICPWFs was observed 
between the two edematous brain conditions, osmotic edema 
and interstitial edema, even under equivalent ICP. These results 
indicate that ICPWF analysis will provide us with more useful 
information on intracranial pathological conditions.      
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  Abstract    Background : Neuromonitoring with microdialysis 
has the potential for early detection of metabolic derange-
ments associated with TBI.  Methods : 1,260 microdialysis 
samples from 12 TBI patients were analyzed for glucose, 
 lactate, pyruvate, lactate/pyruvate ratio (LPR), and lactate/glu-
cose ratio (LGR). Analytes were correlated with the  Glasgow 
Coma Scale (GCS) before surgery and with the Glasgow 
Outcome Scale (GOS) at the time of discharge. The patients 
were divided into two groups for GCS: 3–6 and 7–9, and for 
GOS 1–3 and 4–5. Chi-squared test was performed for corre-
lations.  Results : Glucose, lactate levels, and LGR were high in 
TBI patients with GCS 3–6 ( p  < 0.0001). Pyruvate level was 
lower in patients with GCS 7–9 ( p  < 0.001). LPR was higher in 
patients with GCS 3–6 ( p  < 0.05). High glucose, lactate level 
( p  < 0.001), and LPR ( p  < 0.01) was observed in patients with 
GOS 1–3. Pyruvate level was low in patients with GOS 1–3 
( p  < 0.001). LGR was higher in patient with better outcome 
(GOS 4–5).  Conclusion : After craniotomy extracellular glu-
cose and lactate were good “biomarkers” of cerebral damage 
in TBI patients. We consider that high extracellular lactate and 
low glucose is an indicator of severe neurological damage and 
poor outcome, because of impaired brain metabolism.  

   Abbreviations 

  GCS    Glasgow Coma Scale   
  GOS    Glasgow Outcome Scale   
  HIE    Hypoxic ischemic encephalopathy   
  LGR    Lactate/glucose ratio   

  LPI    Lactate/pyruvate index   
  LPR    Lactate/pyruvate ratio   
  PET    Positron emission tomography   
  SDs    Spreading depolarizations   
  TBI    Traumatic brain injury         

   Introduction 

 Traumatic brain injury is a major cause of long-term disability 
with signi fi cant social and economic consequences. It is known 
that outcome following a severe TBI is related to the initial 
 characteristics of injury, re fl ecting its severity, such as the 
Glasgow Coma Scale. Outcomes are also related to ongoing 
patho-physiological processes and secondary insults. The detec-
tion of these secondary events remains a major target of neu-
romonitoring and an area of ongoing research. Monitoring of 
cerebral extracellular chemistry with microdialysis has the 
potential for early detection of metabolic derangements associ-
ated with such events.  

   Materials and Methods 

 Prospectively collected observational neuromonitoring data 
from 12 TBI patients were analyzed. Monitoring included 
microdialysis markers: glucose, lactate, pyruvate, and lac-
tate–pyruvate ratio. Outcome was assessed using the Glasgow 
Outcome Scale (GOS) at discharge. We collected in total 
1,260 microdialysis samples from these patients. 

 Correlation of these metabolites was performed with the 
Glasgow Coma Scale (GCS) before surgery and the Glasgow 
Outcome Scale (GOS) at the time of discharge. For the sta-
tistical analyses the patients were divided into two groups: 
patients with GCS 3–6 and 7–9, and for GOS 1–3 and 4–5. 
Chi-Squared test was performed for correlations. 
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 Biomarkers reference levels were as follows:

    Glucose :  C  Low <0.1, Low <0.8, NL 0.8–2.6 and High >2.6.  
   Lactate : NL <4, High  ³  4 and C High  ³  8.9.  
   Pyruvate :  C  Low < 31, Low <120, NL  ³  120.  
   LPR : NL < 25, High > 25,  C  High > 45.  
   LGR : NL < 10, High > 10.     

   Results 

 Of 12 patients, there were 2 female and 10 male, the median 
age was 38 (range 18–70). 58.4 % had a bad outcome (BO) 
at discharge and 41.6 % had a good outcome. 

 Glucose, lactate levels, and LGR were high in TBI patients 
with GCS 3–6 ( p  < 0.0001) (Figs.  1  and  2 ). Pyruvate level 
was lower in patients with GCS 7–9 ( p  < 0.001). LPR was 
high in patients with GCS 3–6 ( p  < 0.05).   

 When we compared the biochemical markers between 
patients with good versus bad outcome we found that: high 
glucose, lactate level ( p  < 0.001), and LPR ( p  < 0.01) were 
observed in patients with GOS 1–3 (Fig.  1 ) and the pyruvate 
level was low in patients with GOS 1–3 ( p  < 0.001). LGR 
was higher in patients with a better outcome (GOS 4–5; 
Fig.  2 ).  

   Discussion 

   Glucose Metabolism (Glucose and LGR) 

 The metabolic state of the traumatically injured brain should 
be de fi ned differentially in terms of  glucose  and  oxygen  
metabolism. Glucose is the predominant cerebral energetic 
compound, fueling both neurons and astrocytes  [  1  ] . 

 The majority of low glucose values are related primarily 
to the brain trauma rather than substrate limitation or 
ischemia. 

 Lower extracellular cerebral glucose appears not to be 
related to hypoglycemia. There was a low incidence of hypo-
glycemia in this data set, minimizing the frequency of 
 episodes and the potential impact of reduced cerebral  glucose 
on outcome. 

 In TBI patients, it is documented that glucose is metabo-
lized to both lactate and pyruvate without signs of anaerobic 
metabolism, which is re fl ected by unchanged LPR  [  5  ]  The 
calculated LGR is a marker of increased glycolysis. 

 Low glucose concentrations are associated with increased 
hyperglycolysis in ongoing cellular injury ( penumbra , Fig.  3 ) 
despite the absence of ischemia (de fi ned by decreased CBF 
measurements and increases in the LPR).  

 Regional and global hyperglycolysis during the initial 5 
days post-injury has been documented  [  6  ] . The initial intent 
of measuring extracellular glucose in a continuous fashion 
has been to use this as a surrogate marker for glucose 
utilization. 

 Another explanation for low extracellular glucose is 
increased glycolysis, i.e., glucose utilization and lactate 
 production in astrocytes     [  7  ] .  

   Low Glucose ( ≥ 0.2 mM and 1.5 nM) Versus 
Extremely Low Glucose (<0.2 mM) 

 Using a glucose threshold of less than 0.2 mmol, Vespa 
et al.  [  4  ]  found that the majority of episodes of low glucose 
levels occur  independently  of overt secondary clinical 
insults (i.e., ischemia or cerebral hypoxia) and independent 
of changes in systemic glucose levels. Persistent extreme 
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  Fig. 1    Relative frequencies of extracellular brain glucose microdialy-
sis sample levels during the  fi rst week after decompressive craniectomy 
categorized as critically low, low, normal, and high levels versus 

patients’ Glasgow Coma Scale ( GCS ) score before surgery and Glasgow 
Outcome Scale ( GOS ) score at the moment of discharge from hospital       
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low extracellular glucose levels (<0.2 mmol/L for greater 
than 20 % of the time) correlated independently with a poor 
outcome at 6 months. This  fi nding may suggest an effect of 
the duration of low glucose levels on later brain function 
and not simply the severity of the primary injury alone. 
Given the relationship between regional glucose utilization 
and glucose values below the 0.2-mmol/L threshold, these 

data may also suggest an increase in glucose utilization 
 during the acute post-injury period. The high concurrence 
of elevated glutamate with low glucose levels and the uni-
form reduction in oxidative metabolism are suggestive of 
hyperglycolysis. The occurrence of very low glucose level 
and elevated lactate/pyruvate ratio) was infrequent in this 
study. Given that low levels of  glucose are uniformly 

  Fig. 2    Microdialysis sample levels during the  fi rst week after decompressive craniectomy. Relative frequencies of normal and high lactate/glucose 
ratio versus patients’ GCS score before surgery and GOS score at the moment of discharge from hospital       
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ships between the areas of 
damage (core vs. penumbra) in 
severe TBI. Core related to high 
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penumbra with a high lactate/
glucose ratio       
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 associated with increased glycolysis, that low glucose val-
ues do occur in conjunction with all cases of documented 
 hyperglycolysis in this series of patients, and that low glu-
cose is simultaneously associated with increased glutamate 
over 90 % of the time, it is tempting to speculate that con-
tinued hyperglycolysis is responsible for the majority of the 
low microdialysis glucose values reported herein. 

 Persistent very low levels of glucose (<0.1 mmol/L) 
appear to be a function of limited glucose supply caused by 
ischemia in only a few patients with herniation syndrome in: 
terminal events or the  fi rst 48 h after decompressive craniec-
tomy. Substrate (e.g., glucose) limitation occurs with hernia-
tion syndrome events that correlated with patients with more 
severe brain damage and poor outcome (Fig.  1 ).  

   Oxygen Metabolism (Lactate, 
Pyruvate, and LPR) 

 Increased lactate and LPR were frequent  fi ndings after 
decompressive craniotomy in severe acute TBI. 

 Lactate and the LPR are two hypoxia markers widely 
used to detect brain tissue hypoxia/ischemia. These two 
markers have a more complex behavior than expected as they 
can be abnormally high in circumstances with no detectable 
brain hypoxia in patients with acute traumatic brain injury. 
This condition must be considered in the differential diagno-
sis because it also re fl ects an alteration of brain energy 
metabolism. For this reason a hypoxia/ischemia event needs 
con fi rmation by other means, e.g., PbtO 

2
  and Hemedex 

(CBF). 
 The lactate/pyruvate ratio re fl ects the equilibrium of the 

lactate dehydrogenase (LDH) reaction. During ischemia and 
hypoxia there is a rapid shift in the LDH equilibrium and the 
ratio increases to very high levels because of either:

    1.    A simultaneous increase in lactate and a decrease in pyru-
vate (ischemia, hypoxia with relative ischemia) or  

    2.    A pronounced increase in lactate and a moderate increase 
in pyruvate (pure hypoxia)     

 Lactate alone is insuf fi cient as a marker of brain hypoxia/
ischemia. Increased extracellular lactate resulting from:

    1.    Exaggerated substrate supply, i.e., hyperglycemia  [  8  ] ,  
    2.    Impaired enzymatic function, or structural and functional 

mitochondrial damage with a subsequent shift from oxi-
dative/aerobic to non-oxidative  

    3.    Hypoxia/ischemia events inducing anaerobic glycolysis 
 [  9  ] .     

 Vespa et al.  [  10  ] , comparing the LPR with PET for metab-
olism of glucose and oxygen, concluded that TBI leads to 
a  state of persistent metabolic crisis as re fl ected by an 

 abnormal increase in cerebral microdialysis LPR that is not 
related to hypoxia/ischemia. 

 Merino et al.  [  11  ]  found increased lactate and LPR in 
most cases of TBI and they were not related to episodes of 
brain tissue hypoxia. Furthermore, the concordance between 
the two biomarkers to classify metabolic dysfunction was 
weak. They recommend that LPR and lactate should not be 
used alone in everyday clinical practice because of the 
weak correlation between these two markers, the dif fi culty 
in their interpretation, and the heterogeneous and complex 
nature of the pathophysiology. Other differential diagnoses 
apart from tissue hypoxia should always be considered 
when high lactate and/or LPR are detected in the acute 
injured brain. 

 The LGR appears to be a marker of brain tissue at risk of 
progressing to permanent cell loss, but which is still viable 
and able to metabolize glucose to lactate ( penumbra  area; 
Fig.  3 ).   

   Conclusion 

 In summary, glucose and LGR seem to be a more sensitive 
indicator of change, speci fi cally in TBI as opposed to sec-
ondary ischemia. These biomarker measurements may be of 
more value in the neuro-intensive care unit, speci fi cally in 
the trauma patient as opposed to the ischemia patient. 

 After craniotomy extracellular glucose appears to be a 
good “biomarker” for monitoring brain tissue integrity. 
LGR seems to be related to brain metabolism of the viable 
tissue able to metabolize glucose to lactate (penumbra).      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Abstract    Objective : We have improved a transducer holder 
for transcranial color duplex sonography (TCDS) monitor-
ing via both the temporal and foraminal windows (TW/FW). 
The objective is to clarify the clinical usefulness of and iden-
tify problems with TCDS monitoring in the evaluation of 
brain tissue perfusion. 

  Methods : Brain tissue perfusion was monitored in 11 
patients (ages 31–94, mean 66). After an intravenous bolus, 
power modulation imaging (PMI) in all cases and second 
harmonic imaging (SHI) in two cases were evaluated at the 
diencephalic horizontal plain via bilateral (6 cases) and uni-
lateral (5 cases) TWs. After a transducer was installed into 
the holder, acetazolamide (ACZ) cerebral vasoreactivity uti-
lizing PMI was evaluated in ten cases. 

  Results : PMI proved superior to SHI in the quantitative 
evaluation of the bilateral hemispheres via the unilateral 
TWs. Brain tissue perfusion could be precisely quanti fi ed 
before/after ACZ in the same regions of interest (ROI). All 
patients could be monitored continuously by one examiner. 
Fixed-probe shifts during monitoring were easily readjust-
able. Owing to re- fi xation for contra-lateral TW monitoring, 
it was not possible to evaluate precisely in the same ROIs. 

  Conclusion : TCDS monitoring succeeds in continuously 
and quantitatively evaluating precise and reproducible intrac-
ranial hemodynamics in the brain tissue.  

  Keywords   Transcranial color duplex sonography  •  Transducer 
holder  •  Brain tissue perfusion  •  Acetazolamide vasoreacti-
vity  •  Second harmonic imaging  •  Power modulation imaging      

   Introduction 

 Compared with conventional transcranial Doppler sonography 
(TCD), transcranial color Duplex sonography (TCDS) is able 
to measure much more accurately on the basis of angle-col-
lected velocities in the intracranial major vessels. Furthermore, 
TCDS is able to visualize intracranial lesions in stroke  [  11  ] , 
severe head injury  [  14  ] , and other neurological disorder cases 
 [  20  ] . Utilizing ultrasound contrast agents (UCA), TCDS has 
been able to evaluate brain tissue perfusion non-invasively, 
particularly in ischemic stroke patient investigations  [  8,   13  ] . 
Possibilities of quantitative measurements have been evalu-
ated in an identical way to neuroradiological perfusion imag-
ing, based on the bolus dye-dilution principle. However, 
quantitative reliability has not yet been established, owing to 
problems of skull- and depth-dependent ultrasound attenua-
tion, shadowing effects, bubble saturation, and low data repro-
ducibility (the latter due to UCA administration methods, 
transducer  fi xation, data analysis, etc.)  [  7,   13  ] . 

 Transducer holders or probe  fi xation devices for conven-
tional TCD monitoring have been introduced into clinical 
settings  [  1,   5–  7  ] . However, a transducer holder for TCDS has 
yet to be clinically introduced. We have developed such a 
transducer holder (Sonopod) for TCDS monitoring via both 
windows (Fig.  1 ).  

 To overcome the inherent problems and establish the clin-
ical signi fi cance of transcranial ultrasound perfusion imag-
ing, we have introduced clinically the Sonopod for TCDS 
monitoring  [  16,   19  ]  and evaluated acetazolamide (ACZ) vas-
oreactivity  [  15,   18  ] . The objective of this study is to clarify 
the clinical usefulness of and identify problems with TCDS-
Sonopod monitoring in the evaluation of brain tissue 
perfusion.  
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   Materials and Methods 

 Brain tissue perfusion monitoring was evaluated in 11 patients 
(ages 31–94, mean 66). Details of patients’ demographics are 
shown in Table  1 . After injection of a 5-mL bolus of Levovist ®  
(2.5 g, 400 mg/mL) via the antecubital vein, power modula-
tion imaging (PMI) in all cases and second harmonic imaging 
(SHI) in the initial two cases were evaluated in the supine 
position via bilateral (6 cases) and unilateral (5 cases) tempo-
ral windows (TWs). Both imaging types were visualized by 
an integrated backscatter method. The transmitting and 
receiving frequencies of PMI and SHI were 1.7/1.7 MHz and 
1.3/2.6 MHz respectively. The investigation depth was 16 cm 
with a focus of 8 cm. Settings were mechanical index 1.6, 
system gain 75, and compression 70. ACZ cerebral vasoreac-
tivity, before and after 500 mg Diamox ®  intravenous injec-
tion, was evaluated in ten cases utilizing a SONOS5500 S3 
transducer installed in the Sonopod. Time–intensity curves 

a b

c d

  Fig. 1    We have developed and improved the transducer holder (Sonopod) for transcranial color duplex sonography (TCDS) monitoring. ( a ,  b ) via 
both the temporal window (TW;  c ) and the foraminal window (FW;  d )       

   Table 1    Patient demographics   

 Total patients   N  = 11 
  Causes of brain injury  
  Cerebral infarction  8 (atherothrombotic 5, 

lacunar 2, embolic 1) 
  Hypertensive putaminal hemorrhage  1 
   Ruptured anterior communicating 

aneurysm 
 1 

  Chronic subdural hematoma  1 
 Age  31–94 years (mean 66) 
 Gender  Male 9, female 2 
 Monitoring (via temporal window)  Bilateral 6, unilateral 5 
  Perfusion imaging  
  Power modulation imaging only  9 
   Second harmonic imaging and power 

modulation imaging 
 2 

  Acetazolamide vasoreactivity test   10 (30 TIC analyses) 
  TIC base-line drift during monitoring  4 (7 TIC analyses) 
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(TICs) on the diencephalic horizontal plain were evaluated 
before and after ACZ in  fi ve regions of interest (ROI): the 
bilateral basal ganglia (BG) and thalamus (Th), and the 
 contra-lateral temporal lobe (TL). A total of 30 TICs with a 
duration of 10 min were analyzed before and after ACZ.   

   Results 

   Hand-Held Monitoring Utilizing PMI and SHI 

 Conventional SHI and PMI utilizing hand-held monitoring 
were compared in two cases. In the visualization of the con-
tra-lateral hemispheres via the unilateral TWs, PMI was 

superior to SHI, as shown in the upper panels of Fig.  2 . As 
shown in the lower panels of the quantitative TIC evaluations 
in both PMI and SHI, peak intensity (PI) in the contra-lateral 
hemisphere ROIs was lower than in the ipsilateral hemi-
sphere ROIs. During hand-held monitoring, TICs were not 
always stable and drifted from the baseline owing to patients’ 
movements, as shown in the lower panels of Fig.  2 .   

   Sonopod ACZ Monitoring Utilizing PMI 

 All patients were  fi tted and monitored continuously by one 
examiner. Brain tissue perfusion could be precisely quanti fi ed 
before/after ACZ in the same ROI as shown in Fig.  3 . 

a b

  Fig. 2    Hand-held monitoring of brain tissue perfusion via the left TWs 
utilizing second harmonic imaging (SHI;  a ) and power modulation 
imaging (PMI;  b ) are depicted in a post-operative patient with an ante-
rior communicating artery aneurysm. Time–intensity curves (TICs) 

derived from the  fi ve ROIs, placed in the bilateral basal ganglia (BG) 
and thalamus (Th), and contra-lateral TL, are shown in the  lower pan-
els . TICs drifted from the base-line and were unstable because of the 
patient’s movements       

a b

  Fig. 3    Sonopod acetazolamide (ACZ) vasoreactivity test utilizing PMI. 
Sonopod monitoring of brain tissue perfusion via the right TWs utiliz-
ing PMI before ( a ) and after ( b ) ACZ administration is  demonstrated 

in a post-operative patient with chronic subdural hematoma. TICs were 
stable during 10 min of monitoring       
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Mainly because of the patient’s movements, drifts from the 
baseline were observed in the TICs of 4 (7 TIC analyses) out 
of 10 (30 TIC analyses) patients. However,  fi xed-probe shifts 
due to patients’ movements during monitoring were easily 
readjustable and the TICs were returned to the baseline in all 
patients. Regarding contra-lateral TW monitoring in the  fi ve 
bilaterally ACZ examined patients, it was not possible to 
evaluate precisely in the same ROI locations because of 
Sonopod re- fi xation.    

   Conclusion    

   Transducer Holder for TCD and TCDS 

 Transducer holders or probe  fi xation devices for conven-
tional TCD monitoring have been introduced into clinical 
settings. Formerly, for use in newborns, a hood-like probe 
 fi xation device via the transfontanellar window was investi-
gated  [  9  ] . Trials in adult patients have focused not only on 
the middle cerebral artery (MCA) via the TWs  [  4,   5  ] , but 
also on the vertebrobasilar arteries via the foraminal window 
(FW) for high-intensity transient signals (HITS) monitoring 
 [  21  ] . More recently, a commercially available head-frame 
(Marc 600; Spencer Technologies, Seattle, WA, USA) for 
monitoring via the TWs has been used for detection of reca-
nalization in the MCA during tissue plasminogen activator 
studies  [  1  ] . Furthermore, a long-term ambulatory TCD mon-
itoring device placed on a spectacle frame has been intro-
duced for HITS detection in the MCAs via the TWs  [  7  ] . 
A modi fi ed head-frame combining two Spencer Technologies’ 
head-frames for both the TWs and FW has been tried for 
vasoreactivity tests  [  6  ] . 

 Our TCDS transducer  fi xation device Sonopod is able to 
monitor not only via the TWs, but also via the FW (Fig.  1 ). 
A further important advantage is the long, stable TCDS moni-
toring that implies accurate quantitative measurements in the 
major cerebral arteries and brain tissue. However, our proto-
type of this transducer, the Sonopod, is still so heavy that 
long-time TW monitoring in the sitting position will probably 
result in fatigue of the neck muscles. This problem will be 
improved in changing materials from heavy stainless steel to 
light weight aluminum, titanium, or similar. For FW monitor-
ing, the Sonopod cannot be applied in a supine position; 
therefore, patients should be instructed to lie down semi- 
laterally. It is necessary to tighten four screws during the set-
up of the Sonopod and this may prove a slightly time-consuming 
drawback while searching for the appropriate location of ves-
sels or anatomical places. In our experience, however, we 
were usually ready for monitoring in around 5–10 min.  

   Comparison of SHI and PMI 

 Since the clinical introduction of transcranial ultrasound per-
fusion imaging of brain tissue, depth-dependent ultrasound 
attenuation has been the toughest problem for qualitative and 
quantitative evaluation  [  10,   12  ] . In our study, signi fi cant 
depth-dependent PI attenuation on the TICs was observed in 
both image types, particularly in the contralateral hemi-
sphere. In the pioneering work utilizing SHI with Levovist ®  
by Postert et al.  [  10  ] , not only PI, but also the area under the 
TIC showed a signi fi cantly larger ROI in the BG and white 
matter than in the Th. Furthermore, SHI utilizing an alterna-
tive UCA (Optison) showed a signi fi cantly larger Th ROI in 
the ipsilateral hemisphere than in the contra-lateral hemi-
sphere  [  12  ] . More recent studies utilizing phase-inversion 
harmonic imaging (PIHI) utilizing Optison and SonoVue  [  2  ]  
showed typical depth-dependent PI attenuation in the contra-
lateral hemisphere rather than the ipsilateral hemisphere 
using bilateral or unilateral (ipsilateral) approaches. A bilat-
eral approach utilizing PIHI  [  2,   3  ]  has been suggested for 
evaluating contra-lateral hemispheres. Our previous study of 
ultrasound perfusion imaging also showed that PMI utilizing 
transient response high-power images is superior to conven-
tional SHI in the evaluation of the contra-lateral cerebral 
hemisphere  [  17  ] . This study recon fi rmed that result. However, 
limitations of the contra-lateral approach, e.g., shadowing 
 [  3  ] , have been pointed out  [  13  ] .  

   ACZ Vasoreactivity Utilizing PMI 

 In order to overcome problems in quantifying brain tissue 
perfusion, e.g., depth-dependent ultrasound attenuation, we 
have applied transcranial ultrasound perfusion imaging to 
the ACZ vasoreactivity test  [  15,   18  ] . In ACZ vasoreactivity 
tests, the same ROI placements before and after ACZ are 
very important for accurate quanti fi cation. From this point of 
view, the Sonopod is very useful for the precise quanti fi cation 
of brain tissue perfusion.  

   Summary 

 Transcranial color duplex sonography Sonopod monitoring 
succeeds in continuously and quantitatively evaluating pre-
cise and reproducible intracranial hemodynamics in the 
major cerebral arteries and brain tissue.       

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Abstract   New  fi ndings (NF) on postoperative CTs are 
 occasionally found in patients who undergo surgery for trau-
matic brain injury (TBI). We conducted a retrospective 
 registry-based review of the care of 102 patients who under-
went decompressive craniectomy (DC) for TBI to investigate 
the prognostic factors of new  fi ndings on CT early after 
 surgery. Of the 102 patients, the mean age was 50 years and 
69.6 % were male. The overall survival was 72.5 %. The pri-
mary indication for DC included subdural hematoma in 72 
(70.6 %), epidural hematoma in 17 (16.7 %), and intraparen-
chymal contusion in 13 (12.7 %). New  fi ndings on postop-
erative CTs were observed in 26 patients (25.5 %). The 
univariate analysis showed that a GCS score  £ 8 ( P  = 0.012) 
and the absence of a basal cistern ( P  = 0.012) were signi fi cantly 
associated with NF on postoperative CT. The logistic regres-
sion analysis demonstrated that the GCS score  £ 8 ( P  = 0.041; 
OR, 3.0; 95 % CI, 1.048–8.517) was the only signi fi cant fac-
tor. TBI patients with a low GCS score who underwent DC 
should undergo additional CT evaluations immediately after 
surgery.  

  Keywords   Traumatic brain injury  •  Computed tomography  
•  New  fi ndings  •  Decompressive craniectomy  •  Surgery      

   Introduction 

 Considerable efforts and resources have been devoted to pre-
serving life in patients with severe traumatic brain injury 
(TBI). However, TBI remains a major cause of death and 
disability among young individuals, and its incidence is 
increasing among the elderly  [  6,   13  ] . 

 Decompressive craniectomy (DC) has been reported to be 
an important method in the management of refractory intrac-
ranial hypertension after TBI. The rationale for this treat-
ment consists of opening the skull and removing a bone  fl ap 
to allow the edematous brain to swell outward, thereby pre-
venting intracranial tissue shifts and life-threatening down-
ward herniation. 

 Several intracranial hemorrhagic lesions have been 
reported to emerge after DC, including subdural hematomas 
 [  8  ]  or epidural hematomas  [  3,   4  ] , at the site contra-lateral to 
the craniectomy, or hemorrhagic contusion at the ipsilateral 
site  [  1,   5  ] . 

 In this study, we investigated the prognostic factors of the 
new  fi ndings (NF) on computed tomography (CT) early 
after DC.  

   Materials and Methods 

 During a period of 7 years, 111 patients underwent DC as an 
initial surgical procedure for TBI at our institution. We gath-
ered the information from patients’ medical charts for this 
study, and focused on 102 patients who underwent pre- and 
post-operative CTs. 

 We retrospectively reviewed the patients’ data, with 
regard to age, sex, level of consciousness, the presence of 
light re fl ex, mechanism, the admission platelet counts, the 
admission international normalized ratio (INR), the interval 
from injury to last preoperative CT, the last preoperative and 
postoperative CT  fi ndings, and outcome at discharge. Each 
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patient’s level of consciousness was assessed using the 
Glasgow Coma Scale (GCS) score at admission. The 
patient’s outcomes were recorded as good recovery, moder-
ate disability, severe disability, vegetative state, or death. 
The features evaluated on the last preoperative CT included 
the primary indication for surgery, midline shift, and the 
state of the basal cistern. NFs were de fi ned as any massive 
intracranial hemorrhagic or ischemic lesions that were 
found on a postoperative CT obtained within 24 h of surgery 
and that were entirely absent on the last preoperative CT. 
Then, according to the postoperative CT  fi ndings, the 
patients were classi fi ed into two groups: an NF group or a 
non-NF group. 

   Surgical Technique 

 DC was performed via standard unilateral frontoparieto-
temporal craniectomy, except for two patients. These two 
patients underwent craniotomy as the initial surgical pro-
cedure (unilateral frontoparietal in one patient and unilat-
eral frontal in the other) for an epidural hematoma, but 
their bone  fl aps were removed owing to exacerbated brain 
swelling. In patients who underwent standard DC, their 
anteroposterior diameter was at least 12 cm, and a subtem-
poral craniectomy reaching the middle cranial fossa was 
included. The dura was widely opened in a stellate fashion 
to the extent of bone decompression, and a duraplasty was 
performed using a synthetic graft (Gore-tex graft) to 
increase the available volume before closure.  

   Statistical Analysis 

 The univariate and multivariate analyses were performed 
to investigate the factors related to NF on postoperative 
CT. Quantitative data were analyzed using Student’s 
 t  test. Categorical data were assessed using the Chi- 
squared test. However, Fisher’s exact test was used if any 
of the expected cell frequencies were less than  fi ve. All 
variables with a signi fi cance level of  P  < 0.15 in the uni-
variate analysis were included as independent variables in 
a logistic regression analysis. Only those variables with 
 P  < 0.15 in two-tailed tests were retained within the model. 
The odds ratios (OR) and 95 % con fi dence intervals (CI) 
were reported.  P  < 0.05 was considered to be statistically 
signi fi cant. All statistical analyses were performed using 
the Statistical Package for the Social Sciences software 
program version 11.0 for Windows (SPSS; Chicago, IL, 
USA).   

   Results 

 Of the 102 patients, 71 (69.6 %) were male and 31 (30.4 %) were 
female, with an age range of 7–95 years (mean, 50.3 years). 
The median admission GCS score was 7.5 (25th–75th percen-
tile, 4–11). Fifty-six (54.9 %) patients had a GCS score  £  8. 
The mechanism of injury included falls in 50 patients (49.0 %), 
traf fi c accidents in 45 (44.1 %), and other causes in 1 (1.0 %), 
while the cause was unknown in 6 patients (5.9 %). The mean 
admission platelet counts and INR were 17.9 × 10 4 / m L and 1.2 
respectively. The interval from injury to the last preoperative 
CT was  £ 2 h in 72 patients (76.6 %). The primary indication 
for DC was a subdural hematoma in 72 patients (70.6 %), epi-
dural hematoma in 17 (16.7 %), and contusion in 13 (12.7 %). 

 The mean midline shift was 8.0 mm (range, 0–27 mm). 
An absence of a basal cistern was observed in 61 patients 
(59.8 %). Twenty-six patients (25.5 %) had NF on the post-
operative CT  fi ndings. The outcomes were a good recovery 
in 20 patients (19.6 %), moderate disability in 21 (20.6 %), 
severe disability in 19 (18.6 %), vegetative state in 14 
(13.7 %), and death in 28 (27.5 %). 

 We performed the univariate and multivariate analyses to 
investigate the prognostic factors related to NFs on postopera-
tive CT. In patients with NFs on postoperative CT, 20 patients 
(76.9 %) had a GCS score  £ 8; the primary indication for DC 
was a subdural hematoma in 21 (80.7 %) patients, an epidural 
hematoma in 3 (11.5 %), and contusion in 2 (7.7 %); the mean 
midline shift was 9.5 mm (range, 0–22 mm). The absence of a 
basal cistern was observed in 21 patients (80.8 %). The univari-
ate analysis showed that a GCS score  £ 8 ( P  = 0.012) and the 
absence of a basal cistern ( P  = 0.012) were signi fi cantly associ-
ated with NF on postoperative CT. The logistic regression 
analysis demonstrated that the GCS score  £ 8 ( P  = 0.041; OR, 
3.0; 95 % CI, 1.048–8.517) was the only signi fi cant factor. 

 NFs were detected on the  fi rst postoperative CTs obtained 
within 24 h of surgery in all 26 of the patients with NF on 
postoperative CTs:  £ 1 h after surgery in 18 patients (69.2 %), 
1 h < and  £  12 h in 3 (11.5 %), and >12 h in 5 (19.2 %). A 
total of 26 NFs were detected on postoperative CT: contra-
lateral subdural hematomas in 8 patients (29.6 %), ipsilateral 
contusions in 8 (29.6 %), contra-lateral epidural hematomas 
in 5 (18.5 %), whole brain ischemia in 3 (11.1 %), contra-
lateral contusions in 2 (7.4 %), and an ipsilateral subdural 
hematoma in 1 (3.7 %).  

   Conclusion 

 Our results indicate that a low GCS score are independent 
factors related to the occurrence of NFs on early CT after 
DC. We also found that NFs occurred more often on the 
contra-lateral side, and especially within 1 h of DC. 
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 DC is usually considered to be technically simple; how-
ever, several complications have been reported. Among these 
complications, the development of intracranial hemorrhagic 
lesions can be directly fatal to TBI patients  [  1,   5,   14  ] . 

 Several intracranial hemorrhagic lesions have been 
reported to emerge after DC, including subdural hematomas 
 [  8  ]  or epidural hematomas  [  3,   4  ]  at the site contra-lateral to 
the craniectomy, or hemorrhagic contusion at the ipsilateral 
site  [  1,   5  ] . In our series, hemorrhagic lesions at the contra-
lateral site were more common than at the ipsilateral site. 

 It can be hypothesized that a brain shift is responsible for 
remote bleeding after DC  [  3  ] . Furthermore, we also consider 
that it is possible that some postoperative hemorrhagic lesions 
could simply be lesions that have developed during the natu-
ral course of injury, which the initial CT could not detect, 
especially when the interval between the injury and the initial 
CT was short  [  2,   9,   10,   12  ] . In particular, the latter mecha-
nism may be most likely in some cases of brain contusions as 
NFs on postoperative CTs, because they are dif fi cult to detect 
on acute phase preoperative CTs  [  7  ] . However, with regard to 
the timing of the initial CT, we found that the interval between 
the injury and the initial CT was not related to NFs. Paci et al. 
reported that subdural hematoma as an indication for surgery 
was the only variable associated with unexpected  fi ndings, 
which were de fi ned as NFs, or unexpected worsening, which 
was assigned when the worsening was not within reasonable 
expectations on the postoperative CT     [  11  ] . In our study, sub-
dural hematoma as an indication for surgery was not a factor 
associated with NFs. The discrepancy between the results of 
Paci et al. and our present results may be due to the differ-
ences in subjects and comparisons. 

 Additionally, our results may suggest that early postop-
erative CT after DC might be required for patients with a low 
GCS score. Routine immediate CTs after surgery in patients 
with a low GCS score may be preferable because it is dif fi cult 
to judge neurological worsening in patients with a low GCS 
score, regardless of sedation. 

 The retrospective analysis performed in our study was 
subject to observation and assessment bias. 

 In summary, the present study showed that a low GCS 
score was an independent factor related to the occurrence of 
NFs on early CTs after DC. TBI patients with a low GCS 
score who underwent DC should undergo additional CT 
evaluation immediately after surgery.      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Abstract    Objective : Preoperative 3D CT/MR fusion images 
were prepared for preoperative evaluations and intraopera-
tive assistance for the following lesions: arteriovenous 
 malformations (AVMs), meningiomas, and metastatic tumors 
that spread onto the brain surface. 
   Method : We prepared 3D CT/MR fusion images for 4 
AVMs, 13 meningiomas, and 7 metastatic tumors, and dem-
onstrate representative cases. Data acquired from 16-slice 
multidetector CT and 1.5-T MRI were used. The volume 
rendering technique was used. During operations, mobile 
16-slice multidetector CT was used to update information. 
   Results : Even after opening the dura mater, the relation-
ship between a brain surface lesion and the surrounding 
structures on the preoperative 3D fusion images corre-
sponded to the patient’s operation  fi eld. Updated information 
via intraoperative CT was useful because operation  fi elds 
might change owing to the brain shift. These images made 
extirpations of lesions easier and less invasive. 
   Conclusion : Not only the preoperative 3D information, 
but also intraoperative CT information are bene fi cial for 
smooth and safe operations.  

  Keywords   Preoperative 3D CT/MR fusion image  •  Intrao-
perative mobile CT  •  Brain surface  •  Arteriovenous malformation  
•  Meningioma  •  Metastatic tumor      

   Introduction 

 The recent development of imaging devices and worksta-
tions has resulted in more detailed and  fi ner three-dimensional 
(3D) images than before. For operative cases, 3D images are 
helpful for surgical simulation  [  3–  5  ]  and as a reference dur-
ing operations. However, a brain shift following cerebrospi-
nal  fl uid leakage due to opening of the dura mater is well 
known and indicates that preoperative images do not neces-
sarily correspond to the operation  fi elds. 

 To address this issue, we contemplated that in cases of 
lesions that spread onto the brain surface, even though the 
brain shift might occur, the relationship between a lesion of 
the brain surface and surrounding structures would not 
change widely. Here, we present operated lesions that spread 
onto the brain surface, assisted by both preoperative 3D CT/
MR fusion images and intraoperative mobile CT.  

   Patients and Methods 

   Patient Groups 

 In our hospital, preoperative 3D CT/MR fusion images have 
been made for arteriovenous malformations (AVMs), men-
ingiomas, and metastatic tumors that spread onto the brain 
surface for 2.5 years, since April 2008. Images were prepared 
for 4 patients with AVMs (average age: 51.3 years; 3 male 
and 1 female; Spetzler–Martin grade I: 1, II: 1, III: 2; loca-
tion: 3 supratentorial and 1 infratentorial), 13 patients with 
meningiomas (average age: 70.5 years; 3 male and 10 female; 
location: 12 supratentorial and 1 infratentorial), and 7 patients 
metastatic tumors (average age: 61.4 years; 2 male and 5 
female; location: 5 supratentorial and 2 infratentorial).  
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   Imaging Preparation 

 Preoperative 3D CT/MR images were prepared as previously 
reported  [  3  ] . Brie fl y, data were acquired from 16-slice multi-
detector CT (BrightSpeed Elite Pro; GE Healthcare, 
Waukesha, WI, USA) and 1.5 T MRI (Intera Achieva 1.5T; 
Phillips, Amsterdam, The Netherlands). MR angiography 
(MRA) was performed with a time-of- fl ight sequence. MR 
venography (MRV) was performed with a phase-contrast 
sequence. Three dimensional CT/MR fusion image data 
were acquired using image analysis software (AZE Virtual 
Place WS-AD21; AZE, Tokyo, Japan) and the volume ren-
dering technique was used. To discriminate between arteries 
and veins, angiographic information was used. Angiography 
was conducted with a biplane and rotational digital subtrac-
tion equipment (Innova3131IQ; GE Healthcare).  

   Intraoperative CT 

 During operations, updated information was obtained by using a 
mobile 16-slice multidetector CT (Light Speed RT SmartGantry; 
GE Healthcare), which was developed in co-operation with GE 
Healthcare. This CT was installed in our operating room in April 
2008. Its gantry runs on two rails and tilts smoothly like conven-
tional CT. It provides us with not only the 2D information, but 
also 3D images, including CT angiography (CTA)  [  8  ] .  

   Use of Information During Operations 

 Mobile parallel monitors hanging from the ceiling were 
prepared beside the operative  fi eld. Both preoperative 
and intraoperative information was shown on the moni-
tors from the manipulation room next to the operating 
room. Most of the 3D images were available to be seen 
stereographically.   

   Results 

 Based on the preoperative CT/MR images, operative 
approaches were decided. After opening the dura mater, 
the relationship between the brain surface lesion and the 
surrounding structures on the preoperative 3D fusion 
images corresponded to the patient’s actual operative 
 fi eld. Updated information via intraoperative CT was 
useful because structures were changing as the operation 
progressed. In patients with AVM, total resections were 

accomplished without any new neurological de fi cits. In 
patients with meningiomas, 8 were totally removed, but 4 
were not because they involved sinuses and subsequently 
received additional radiosurgery. In patients with meta-
static tumors, all lesions were totally removed except in 
two patients owing to invasion into superior sagittal 
sinuses and involvement of the motor cortex.  

   Illustrative Cases 

   Case 1 

 A 34-year-old woman with an AVM (Spetzler–Martin grade 
III) partially on the left precentral gyrus (Fig.  1a–c ). Left 
fronto-temporal craniotomy was performed. After opening 
the dura mater, we could see the operative  fi eld (Fig.  1d ) as 
well as the preoperative image (Fig.  1e ). We used two small 
forceps, whose tips were very sharp, in both hands. We tore 
the pia mater without injuring the cortex itself. Then the 
feeder appeared (Fig.  1f ), as on the preoperative image 
(Fig.  1g ). Before extirpating the AVM, intraoperative 
enhanced CT (Fig.  1h ) and 3DCTA (Fig.  1i ) were performed. 
The AVM was taken without injuring the cortex (Fig.  1j ). 
Postoperative CT (Fig.  1k ) and angiography (Fig.  1l ) showed 
neither unexpected hemorrhage nor residual AVM.   

   Case 2 

 A 66-year-old woman with a left cerebellar meningioma 
(Fig.  2a–d ). A left lower occipital craniectomy was per-
formed. To con fi rm the maximum bone window, intraopera-
tive 3DCT was fused with preoperative sinus images (Fig.  2e ). 
During the operation, we con fi rmed the process (Fig.  2f ) and 
the  fi nal stage (Fig.  2g ) by enhanced CT. To avoid injuring the 
sinuses, we intentionally left the tumor around the sinuses as 
planned. Postoperative T1W1-Gd MRI showed a residual 
tumor involving the left transverse and sigmoid sinuses 
(Fig.  2h–j ).   

   Case 3 

 A 57-year-old woman with right temporal metastatic tumor 
(Fig.  3a–c ). Left temporal craniotomy was performed. After 
opening of the dura, cortical veins including the vein of 
Labbé in the operative  fi eld (Fig.  3d ) corresponded to the 
preoperative image (Fig.  3e ). Moreover, to con fi rm that the 
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  Fig. 1    Angiogram of the left internal carotid artery ( a ), three- 
dimensional (3D) CT/MRI/MRA/MRV fusion image ( b ), and 3D MRA/
MRV fusion image ( c ) show an arteriovenous malformation (AVM) on 
the left precentral gyrus (Spetzler–Martin grade III). Cortical vein on 
the operative  fi eld ( d ) and the preoperative image ( e ) before tearing the 
pia mater. Cortical vein and feeder on the operative  fi eld ( f ) and the 

preoperative image ( g ). Intraoperative enhanced CT ( h ) and 3DCTA 
( i ) show the relationship between the nidus and small sheets. Intact cor-
tex ( j ) after extirpation of the AVM. CT ( k ) after the operation shows no 
unexpected hemorrhage. Angiogram of the left internal carotid artery 
( l ) after the operation shows no residual nidus.  Circles  indicate the loca-
tion of the AVM and  arrows  indicate the small sheets       

region in which we were going to make an incision was the 
lesion itself, an intraoperative CT was taken, which showed 
that there were small sheets directly above the tumor (Fig.  3f ). 
Then, we incised the tumor beside the vein of Labbé. Total 
resection of the tumor was con fi rmed by intraoperative 
enhanced CT (Fig.  3g ). Postoperative T1W1-Gd MRI showed 
no residual tumor (Fig.  3h–j ).    

   Conclusion 

 Many reports of preoperative 3D CT/MR fusion images 
for surgical simulations have already been documented  [  3, 
  5  ] . These images, unlike 2D images, assist us to immedi-
ately understand the relationships between lesions and 
 surrounding structures. In our hospital, 3D CT/MR fusion 
images for neurosurgical cases have been prepared 

 routinely since April 2006  [  3  ] . In terms of accuracy, it is 
possible that the fusion technique might cause a deviation 
of 0.1–0.5 mm  [  3  ] . Even though a deviation is caused, 
those images seem to be more accurate than images that 
we have in our heads. 

 The importance of preoperative simulation has been 
reported, especially for super fi cial AVMs  [  4,   7  ] . However, 
when operations progress, simulated images do not com-
pletely correspond to the operative  fi elds because of the 
structural changes. That is why we have installed mobile 
intraoperative CT to generate images during the operations. 
The importance of the intraoperative images has been empha-
sized  [  1,   2,   6,   8,   9  ] . Intraoperative CT provides information 
without losing time, and information from CT is very famil-
iar to neurosurgeons, even though additional radiation expo-
sure for patients is unavoidable  [  9  ] . 

 This time, we used 3D CT/MR fusion images to decide 
approaches and simulate operations. After the dura opening, 
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  Fig. 2    T1-weighted MR contrast-enhanced images (axial  a , coronal  b , 
and sagittal  c  views), and stereo 3D CT/MRI/MRA/MRV fusion images 
( d ) show the left cerebellar meningioma. 3D CT fused with preoperative 

venous images after craniectomy ( e ). Intraoperative enhanced CT show 
residual meningioma ( f  and  g ). Postoperative T1-weighted MR con-
trast-enhanced images (axial  h , coronal  i , and sagittal  j  views)       

to incise the lesion without injuring normal cortex is not 
easy even in a simple case. Cortex on the MR fusion images 
corresponded to the operative  fi eld. Preoperative views of 
the brain surface in all patients on whom we operated were 
very similar to real operative  fi elds. However, as seen in 
case 3, even though the structural relationship was the same 
as the real patient’s operative  fi eld, it was dif fi cult to dis-
criminate between the lesion and normal brain (Fig.  3d ). 
The intraoperative CT information that small sheets were 
directly above the tumor (Fig.  3f ) improved surgeons’ 

con fi dence. It enabled us to incise the lesions without injur-
ing normal cortex. Intraoperative CT information including 
3DCTA led us to continue and execute operations more 
safely and more easily. 

 In summary, use of both preoperative CT/MR fusion 
images and intraoperative CT contributes to making the neu-
rosurgical procedure for lesions that have spread onto the 
brain surface easier and safer.      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Fig. 3    T1-weighted    MR contrast-enhanced images (axial  a , coronal  b , 
and sagittal  c  views) show enhanced mass with edema in the left tempo-
ral lobe. Operative  fi eld ( d ) corresponds to stereo 3D MRI/MRA/MRV 
fusion images ( e ). Intraoperative CT shows the relationship between the 
tumor and small sheets ( f ). Intraoperative enhanced CT ( g ) shows nei-

ther residual tumor nor unexpected hemorrhage. Postoperative 
T1-weighted MR contrast-enhanced images (axial  h , coronal  i , and sag-
ittal  j  views) show no residual tumor.  Arrows  in the  d  indicate the same 
 arrows  as in  e .  Arrowhead s indicate small sheets       
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  Abstract   In patients with higher brain dysfunction (HBD) 
after mild traumatic brain injury (MTBI), diagnostic imaging 
of cortical neuron loss in the frontal lobes was studied using 
SPECT with  123 I-iomazenil (IMZ), as a radioligand for cen-
tral benzodiazepine receptor (BZR). Statistical imaging 
analysis using three-dimensional stereotactic surface projec-
tions (3D-SSP) for  123 I-IMZ SPECT was performed in 17 
patients. In all patients with HBD de fi ned by neuropsycho-
logical tests, cortical neuron loss was indicated in the bilat-
eral medial frontal lobes in 14 patients (83 %). A comparison 
between the group of 17 patients and the normal database 
demonstrated common areas of cortical neuron loss in the 
bilateral medial frontal lobes involving the medial frontal 
gyrus (MFG) and the anterior cingulate gyrus (ACG). In an 
assessment of cortical neuron loss in the frontal medial cor-
tex using the stereotactic extraction estimation (SEE) method 
(level 3), signi fi cant cortical neuron loss was observed within 
bilateral MFG in 9 patients and unilateral MFG in 4, and 
bilateral ACG in 12 and unilateral ACG in 3. Fourteen 
patients showed signi fi cant cortical neuron loss in bilateral 
MFG or ACG. In patients with MTBI, HBD seemed to cor-
relate with selective cortical neuron loss within the bilateral 
MFG or ACG where the responsible lesion could be. 3D-SSP 
and SEE level 3 analysis for  123 I-IMZ SPECT could be valu-
able for diagnostic imaging of HBD after MTBI.  

  Keywords   Post-traumatic higher brain dysfunction  •  Cortical 
neuron loss  •  I-iomazenil (IMZ) SPECT  •  3D stereotactic 
surface projections  •  Stereotactic extraction estimation      

   Introduction 

 It is still unknown that post-traumatic higher brain dysfunc-
tion (HBD)  [  1  ]  could be induced by mild traumatic brain 
injury (MTBI) associated with no or mild unconsciousness 
(Japan Coma Scale [JCS] 1–3) at the time of brain injury  [  2  ] . 
Structural neuroimaging such as CT or MRI could be 
insuf fi cient for obtaining signi fi cant  fi ndings concerning 
HBD. However, the recent development of diffusion tensor 
imaging could show diffuse axonal injury (DAI) in white 
matter such as the corpus callosum or internal capsule in 
patients with MTBI  [  3  ] , de fi ned as unconsciousness within 
0–20 min and mild Glasgow Coma Scale (GCS) score 
(13–15)  [  4  ] . Traumatic injury of the corpus callosum could 
be assumed to be the main cause of post-traumatic HBD; the 
presence of unconsciousness at the time of brain injury might 
not be a necessary factor in certifying the diagnosis of post-
traumatic HBD. 

 We then investigated a focal lesion using  123 I-iomazenil 
(IMZ) SPECT, which provides an indicator of cortical neu-
ron damage in patients with post-traumatic HBD after MTBI 
and consists of cognitive impairment such as memory, atten-
tion, performance, and social behavioral disturbances evalu-
ated by neuropsychological tests  [  5  ] .  

   Materials and Methods 

 Seventeen patients (6 male, 11 female with a mean age of 
49 ± 21 years) were subjected to this study. Mean duration 
from brain injury to detailed examination was 89 ± 81 (9–240) 
months. Post-traumatic HBD after MTBI in these patients 
was con fi rmed by neuropsychological tests such as an intel-
ligence test (WAIS-R or WAIS-III), a memory test (WMS-R), 
frontal lobe function tests (trail-making test parts A and B, 
verbal  fl uency test, “Kana” letter pick-up test, and the 
Wisconsin Cards Sorting Test), and Behavioral Assessment 
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of the Dysexecutive Syndrome (BADS) test. All patients 
were also evaluated using several MRI sequences (T2WI, 
T1WI, PDI, T2*WI, susceptibility weighted imaging [SWI]) 
and MRA, only one patient showed low signal spots (mini-
mal contusion areas) in the corpus callosum on T2*WI and 
SWI. 

  123 I-IMZ-SPECT was able to practically provide an indica-
tor of the intactness of cortical neurons.  123 I-IMZ is a speci fi c 
radioligand (RI tracer) for central benzodiazepine receptor 
(BZR), which distributes to cerebral cortex    in proportion to 
inhibitory cortical neurons. Focal reduction of BZR density 
indicated that a decrease in  123 I-IMZ could be a marker of 
cortical neuron loss   . Projection data of  123 I-IMZ-SPECT were 
obtained within 3 h of intravenous tracer injection, and the 
 123 I-IMZ-3 h image was reconstructed. In that time, distribu-
tion of RI tracer and BZR could be in a state of pseudo-equi-
librium.  123 I-IMZ-3 h imaging can be estimated by statistical 
imaging analysis such as three-dimensional stereotactic sur-
face projections (3D-SPP)  [  6  ] . In 3D-SSP analysis, axial 
images of  123 I-IMZ-3 h from subjects are transformed to the 
Talairach standard brain frame of reference pixel by pixel, 
and then the relative tracer distribution of the cortex is com-
pared with the normal database in which every pixel has a 
mean count value and standard deviation (SD), which are nor-
malized by the count value of the whole cerebral cortex. 
Differences between one subject’s data and the normal data-
base in each pixel are converted to a Z-score as a multiple of 
SD, then the cluster of pixels that have a signi fi cant difference 
(Z-score >2) could be identi fi ed as the speci fi c area with cor-
tical neuron loss on the stereotactic surface projections (a 
total of eight directions). 

 On assessment of cortical neuron loss in the frontal lobes, 
areas of cortical neuron loss around the medial frontal gyrus 
(MFG) and anterior cingulate gyrus (ACG) were focused on 
the medial frontal lobe, and areas of cortical neuron loss 
around the superior frontal gyrus and middle frontal gyrus 
were focused on the lateral frontal lobe by visual assessment. 
A cluster of pixels that indicated a signi fi cant reduction of 
BZR on 3D-SSP (Z score >2) was de fi ned as signi fi cant cor-
tical neuron loss, and assessed as follows: ++, cortical neu-
ron loss in multiple areas; +, cortical neuron loss in a single 
area; −, no areas of cortical neuron loss. Group comparison 
was carried out between the normal database and the group 
of 17 patients to estimate common areas of signi fi cant corti-
cal neuron loss in the frontal lobes. 

 Cortical neuron loss in the frontal medial cortex was ana-
lyzed using the stereotactic extraction estimation (SEE) 
method (level 3: gyrus level analysis)  [  7,   8  ]  for 3D-SSP 
images of  123 I-IMZ SPECT (Z-score >2). Extent (%) of pix-
els with a signi fi cant reduction of BZR density within the 
target gyrus was calculated on 3D-SSP images. Extent of 

such pixels of more than10 % in the target gyrus (bilateral 
MFG and ACG) was de fi ned as signi fi cant cortical neuron 
loss, and 1–10 % as mild cortical neuron loss, on a scattering 
of the normal database.     

   Results 

 On assessment of cortical neuron loss in the medial frontal 
lobes, areas of cortical neuron loss were observed bilaterally 
in 14 patients (83 %) and unilaterally in 3 patients (17 %). 
On the other hand, in the lateral frontal lobes, areas of corti-
cal neuron loss were not observed bilaterally in any cases 
and only unilaterally in 8 patients (47 %). In a group com-
parison between the normal database and the group of 17 
patients, common areas of signi fi cant cortical neuron loss 
were demonstrated in the bilateral medial frontal lobes, espe-
cially around the bilateral MFG and ACG, under a Z-score 
>2 (Fig.  1 ).  

 On assessment of signi fi cant neuron loss in the bilateral 
medial frontal cortex, signi fi cant neuron loss was observed at 
the bilateral MFG in 9 patients (53 %), and unilateral MFG 
in 4 patients (24 %), mild neuron loss was observed at the 
bilateral MFG in 3 patients (17 %), and no neuron loss was 
indicated in 1 patient (6 %; Fig.  2 , Table  1 ). Mean extent of 
abnormal pixels that indicated a reduction of BZR was 
16.5 ± 11.9 % in the left MFG, and 17.9 ± 13.7 % in the right 
MFG (Table  1 ). Signi fi cant cortical neuron loss was also 
observed at bilateral ACG in 12 patients (71 %), and unilat-
eral ACG in 3 patients (17 %); and mild cortical neuron loss 
was observed at bilateral ACG in 2 patients (12 %; Fig.  2 ). 
Mean extent of abnormal pixels that indicated a reduction of 
BZR was 22.9 ± 20.9 % in the left ACG, and 22.1 ± 16.7 % in 
the right ACG (Table  1 ).   

 Fourteen of the 17 patients (83 %) demonstrated a 
signi fi cant loss of cortical neurons in bilateral MFG or ACG, 
and in these patients, cortical neuron loss in bilateral ACG 
(12 patients) was more frequent than that in bilateral MFG (9 
patients; Fig.  2 ).  

   Conclusion 

 Localization of the lesion in patients with HBD after MTBI 
has to be discussed in view of IMZ-SPECT  fi ndings.  123 I-IMZ-
SPECT could provide an indicator of the intactness of corti-
cal neurons  [  9  ] . In epilepsy surgery,  123 I-IMZ-SPECT was 
already established as a diagnostic tool for cortical  neuron 
loss around the focus in patients with uncontrolled epilepsy 
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who should be managed with surgery.  123 I-IMZ-SPECT 
could also be useful as an indicator of cortical neuron loss 
after focal cerebral ischemia. The reduction of BZR den-
sity in reperfused cortex that remained structurally intact 
is likely to be the result of injury to only a limited number 
of neurons (i.e., incomplete brain infarction)  [  10,   11  ] . The 
study of permanent or transient ischemia (lasting 3–6 h) 
in baboons by Sette et al.  [  12  ] , who used  18  F- fl umazenil 
(FMZ) as a BZR radioligand and PET, has a more direct 
relevance to the study of the incomplete brain infarction in 
reperfused cortex using  123 I-IMZ-SPECT. They observed a 
decrease in BZR binding, not only in the infarcted area, but 
also, albeit to a lesser degree, in the CT-intact opercular cor-
tex overlying the hypodense area. Incomplete brain infarc-
tion de fi ned by the reduction of central BZR density using 
 123 I-IMZ-SPECT had been observed within ischemic pen-
umbra salvaged by restored CBF in acute stroke and could 
have occurred within    long-term hemodynamic cerebral 

ischemia such as misery perfusion in chronic stroke. More 
recently, the  relationship between long-term hemodynamic 
ischemia and the  occurrence of incomplete brain infarction 
in patients with moyamoya disease was estimated to estab-
lish diagnostic neuroimaging for the HBD using  123 I-IMZ-
SPECT  [  13  ] . 

 Recently, in patients with HBD after MTBI,  123 I-
IMZ-SPECT study demonstrated areas of cortical neuron 
loss in bilateral medial frontal lobes  [  14  ] . In the present 
study, a group comparison between the normal database and 
the group of 17 patients clearly showed that common areas 
of signi fi cant cortical neuron loss were demonstrated in 
bilateral medial frontal lobes, especially around bilateral 
MFG and ACG, under a Z-score >2. In the assessment of 
cortical neuron loss at the gyrus level, 14 of the 17 patients 
(83 %) demonstrated signi fi cant loss of cortical neurons in 
bilateral MFG or ACG. Cortical neuron loss in the bilateral 
medial frontal lobes was also demonstrated using  11 C-FMZ 
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  Fig. 1    Comparison between the normal database and the group of 17 
patients (Z-score >2).  Upper law    : MRI;magnetic resonance 
imaging(reference image) standardized brain surface (eight directions). 
 2nd law : GLB;global tissue 3D-SSP analysis using standardized counts 
of global tissue.  3rd law : THL;thalamus three-dimensional stereotactic 
surface projection (3D-SSP) analysis using standardized counts of the 
thalamus.  4th law : CBL; cerebellum 3D-SSP analysis using standard-

ized counts of the cerebellum.  5th law : PNS: pons 3D-SSP analysis 
using standardized counts of the pons.  Right bar :  rainbow color  shows 
cluster of pixels (Z-score >2). On the 2nd law, 3D-SSP analysis shows 
a common area of signi fi cant cortical neuron loss in the bilateral medial 
frontal lobes, especially around the bilateral medial frontal gyrus (MFG) 
and the anterior cingulate gyrus (ACG)       
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Stereotactic Extraction Estimation : Z-Score Decrease >2.00
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  Fig. 2    Stereotactic extraction estimation (SEE) level 3 analysis for the 
assessment of cortical neuron loss in the bilateral frontal medial cortex.  1st 
law : 3D-SSP analysis using standardized counts of global tissue (Z-score>0). 
 2nd law : each gyrus was represented by a different color.  3rd law : extent 
(%) of abnormal pixels in each gyrus was shown by a different color.  Lower 

table : number of patients with signi fi cant cortical neuron loss in the bilat-
eral and unilateral MFG and ACG. The lower table shows the summary of 
SEE level 3 analysis. In 17 patients, signi fi cant cortical neuron loss was 
observed in the bilateral MFG in 9 patients and unilateral MFG in 4 patients, 
and in the bilateral ACG in 12 patients and unilateral ACG in 3 patients       

   Table 1    Summary of 17 patients and degree of cortical neuron loss in bilateral frontal lobes and the extent (%) of abnormal pixels indicated a 
reduction of benzodiazepine receptor (BZR) in the bilateral frontal medial cortex   

 Case  Age/sex 

 Duration to 
examinations 
(months) 

 Frontal lobe  Frontal medial cortex (%) 

 MFL  LFL  MFG  ACG 
 Leftt  Right  Left  Right  Left  Right  Left  Right 

 1  64/M  82  +  ++  –  +  26.7  36.8  5.6  10.6 
 2  61/M  47  ++  ++  –  –  17.8  17.6  18.9  23.9 
 3  67/F  207  +  +  +  –  24.5  16.2  8.3  8.9 
 4  27/F  132  ++  +  +  –  15.0  7.7  25.6  25.0 
 5  29/F  146  ++  ++  ++  –  43.1  34.4  32.8  32.2 
 6  67/F  14  ++  ++  –  +  21.9  35.0  22.2  25.0 
 7  17/F  138  –  +  –  –  0.2  5.9  6.1  10.0 
 8  57/F  15  ++  +  –  –  14.0  4.9  92.2  71.7 
 9  19/M  34  ++  ++  –  –  36.8  45.7  23.9  14.4 
 10  40/F  109  ++  +  –  –  15.0  9.5  26.7  16.7 
 11  21/F  22  +  –  –  –  0.0  0.0  11.7  7.8 
 12  70/M  36  ++  ++  –  –  12.6  15.6  45.6  45.0 
 13  63/M  31  ++  ++  –  –  13.8  16.8  18.3  27.2 
 14  71/F  238  +  +  –  +  7.5  4.9  13.3  13.3 
 15  27/F  9  –  +  –  +  9.3  24.9  1.1  1.7 
 16  68/M  240  +  +  +  –  2.0  3.2  18.3  27.2 
 17  68/F  17  ++  ++  –  –  20.9  24.3  17.8  14.4 
 平均     49 ± 21  89 ± 81  16.5 ± 11.9  17.9 ± 13.7  22.9 ± 20.9  22.1 ± 16.7 

  ++ cortical neuron loss in multiple area, + cortical neuron loss in single area, − no area of cortical neuron loss 
  MFL  medial frontal lobe,  LFL  lateral frontal lobe,  MFG  medial frontal gyrus,  ACG  anterior cingulate gyrus  
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PET in patients with HBD after diffuse TBI  [  15  ] . In addition, 
reduction of glucose metabolism in bilateral medial frontal 
lobes was reported in patients with post-traumatic HBD 
using  18 F-glucose PET  [  16  ] . From these  fi ndings, in patients 
with MTBI, HBD seems to correlate with cortical neuron 
loss within bilateral MFG or ACG where the lesions respon-
sible for HBD could be, which consist of cognitive impair-
ments such as memory, attention, performance, and social 
behavioral disturbances. 

 The mechanism of cortical neuron loss in the bilateral 
medial frontal lobe has to be discussed in relation to diffuse 
axonal injury (DAI) in MTBI. Initially, DAI had been 
reported to be a pathophysiological process of severe head 
injury associated with consciousness disturbance without 
intracranial occupying lesions  [  17  ] . Lesions of DAI were 
generally produced in the upper brain stem, the corpus cal-
losum, and the cerebral white matter. However, recent study 
using diffusion tensor imaging showed that DAI could be 
produced in patients with MTBI  [  4,   18  ] . The concept of DAI 
can provide an important interpretation of the mechanism of 
post-traumatic HBD  [  19,   20  ] . DAI could easily occur in 
cases of traf fi c accidents with a rotational acceleration or 
deceleration force within intracranial structures  [  21  ] . 
Recently, a three-dimensional digital voxel or  fi nite element 
human-head model showed that rotational accelerated head 
injury could produce DAI in speci fi c structures of the brain 
such as the corpus callosum neighboring the edge of the falx 
or the upper brain stem neighboring the edge of the tento-
rium  [  22,   23  ] . High shear strain around the edge of the falx 
and the edge of the tentorium could be generated by    a differ-
ence in mobility dural tissue and brain tissue at the time of 
rotational accelerated head injury. In patients with higher 
brain dysfunction, selective cortical neuron loss within bilat-
eral MFG and ACG could be mainly caused by Wallerian 
degeneration  [  24  ]  as a secondary phenomenon after DAI 
within an anterior corpus callosum (Fig.  3 ). Consciousness 

disturbance at the time of head injury seems to be produced 
by DAI in the upper brain stem, but in patients with post-
traumatic HBD after MTBI, DAI in the upper brain stem 
could be less severe than that in the anterior corpus callosum. 
From this speculation, DAI in anterior corpus callosum could 
be assumed to be the main cause of post-traumatic HBD, and 
the presence of unconsciousness at the time of brain injury 
might not be a necessary factor in certifying a diagnosis of 
post-traumatic HBD.  

 In summary, in patients with MTBI, HBD seems to cor-
relate with cortical neuron loss within the bilateral MFG or 
ACG, which could be the lesion responsible, and mainly 
caused by Wallerian degeneration as a secondary phenome-
non after DAI within the anterior corpus callosum. Statistical 
imaging analysis using 3D-SSP and SEE level 3 for  123 I-IMZ 
SPECT could be valuable for the diagnostic imaging of post-
traumatic HBD after MTBI. Multicenter study should be 
performed to con fi rm the clinical signi fi cance of  123 I-IMZ 
SPECT for the diagnosis of post-traumatic HBD.      
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  Abstract    Introduction : Many neurotrauma patients suffer 
from higher brain dysfunction even when focal brain damage 
is not detected with MRI. We performed functional imaging 
with positron emission tomography (PET) to clarify the rela-
tionship between the functional de fi cit and symptoms of 
such patients.  Methods : Patients who complain of higher 
brain dysfunction without apparent morphological cortical 
damage were recruited. Thirteen patients underwent PET 
study to image glucose metabolism by  18 F-FDG, and central 
benzodiazepine receptor (cBZD-R) by  11 C- fl umazenil, 
together with measurement of cognition.  Results : Diffuse 
axonal injury (DAI) patients have a signi fi cant decrease in 
glucose metabolism and cBZD-R distribution in the cingu-
lated cortex than normal controls. Score of cognition test was 
variable among patients. The degree of decreased glucose 
metabolism and cBZD-R in the dominant hemisphere corre-
sponded well to the severity of cognitive disturbance. Patients 
with a milder type of diffuse brain injury (i.e., cerebral con-
cussion) also showed abnormal glucose metabolism and 
cBZD-R distribution when they suffered from cognitive 
de fi cit   .  Conclusion : PET molecular imaging was useful for 
depicting the cortical dysfunction of neurotrauma patients 

even when morphological change was not apparent. This 
method may be promising in clarifying the pathophysiology 
of higher brain dysfunction of patients with neurotrauma, but 
without morphological abnormality.  

  Keywords   Diffuse brain injury  •  Cerebral concussion  •  PET  
•  FDG  •  Flumazenil  •  Brain cognition      

   Introduction    

 Higher brain dysfunction is a major problem for patients 
who have recovered from neurotrauma as it prevents them 
from returning to their previous social life. Many patients 
with diffuse brain injury such as diffuse axonal injury, cere-
bral concussion, and chronic traumatic encephalopathy 
(CTE)  [  1,   2  ]  do not have their focal brain damage detected 
with morphological imaging. In such cases, the lack of con-
crete evidence to connect symptoms and focal brain lesions 
often causes medical and social problems. 

 Positron emission tomography (PET) is a powerful tool 
for depicting the abnormal pathology of the brain using vari-
ous molecular probes. In the clinical study of cognitive dis-
orders such as Alzheimer’s disease, functional or pathological 
changes are known to be detected in the early stages when 
there is no brain atrophy and the cognitive de fi cit is only 
mild  [  3,   4  ] . We considered that the use of PET molecular 
imaging is also useful in depicting the cognitive de fi cit of 
patients with diffuse brain injury, even when they do not 
have apparent morphological damages. We also hypothe-
sized that the high sensitivity of PET imaging might also be 
utilized to analyze mild cognitive change in cerebral concus-
sion patients. We focused on studying the correlation between 
PET-measured focal brain dysfunction and the score of vari-
ous cognition tests using a statistical image analysis 
technique.  
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   Patients and Methods 

 Patients who complained of higher brain dysfunction  without 
apparent morphological cortical damage were recruited for 
this study. Thirteen patients with diffuse axonal injury (DAI), 
cerebral concussion, or acute epidural or subdural hematoma 
without brain contusion were included. 

 They were subjected to PET study in order to image 
the glucose metabolism by  18 F-FDG, and the central ben-
zodiazepine receptor (cBZD-R; a neuronal body marker) 
using  11 C- fl umazenil. PET study was carried out using a 
Headtome-V scanner (Shimadzu Corporation, Kyoto, Japan). 
In both studies, static images after bolus injection of radio-
pharmaceuticals (150 MBq of t 18 F-FDG and 300 MBq of 
 11 C- fl umazenil) were obtained depending on our former valida-
tion study  [  5  ] . The database of normal controls that was estab-
lished in the Positron Medical Center, at the Tokyo Metropolitan 
Institute of Gerontology, was used to perform statistical analysis 
by comparing age-matched controls with patients. In selected 
subjects, diffusion-weighted MR imaging was performed to 
examine the regional fractional anisotropy (FA) value. 

 All subjects underwent measurement of cognition using the 
Wechsler Adult Intelligence Scale (WAIS-R), the Wechsler 
Memory Scale (WMS-R), and at least one of the tests that 
evaluate executive function such as the Wisconsin Card Sorting 
Test (WCST). PET data of the patients were analyzed using 
the SPM2 program working on a personal computer  [  6  ] . 

 The local ethics committee of the Tokyo Metropolitan 
Institute of Gerontology approved the study protocol.  

   Results 

 Eight patients had a history of diffuse axonal injury with 
prolonged loss of consciousness after injury. Some of them 
had minor subcortical lesions detectable with MRI such as 
petechial hemorrhage or white matter lesions, but none of 
them had apparent focal cortical lesions. Statistical analysis 
of PET images of patients’ group in comparison to the age-
matched normal volunteers was performed for FDG and 
FMZ studies. Area with a signi fi cantly reduced FDG uptake 
(upper row) and  fl umazenil (FMZ) binding (lower row) of 
the group of patients in comparison to normal controls were 
displayed in Fig.  1 . FDG uptake was signi fi cantly reduced 
in the cerebellum, bilateral thalamus, and cingulate cortex. 
FMZ binding was signi fi cantly reduced in the whole of the 
cingulate gyrus and left medial temporal lobe. As FMZ 
binding is considered to represent neuronal integrity and 
FDG uptake represents brain function, the cingulate gyrus 
may be the initially damaged area in DAI and dysfunction 
of the thalamus and cerebellum may  represent a remote 
effect (diaschisis) of the cerebral functional de fi cit.  

 In this group analysis, the characteristic functional de fi cit 
of DAI may be attributed to the initial damage of the  cingulate 
cortex. The degree of the cognitive de fi cit, however, is highly 
variable among patients. Also, the higher brain  function of 
humans has been described as the functional de fi cit of the 
neocortex rather than the archicortex. Statistical analysis of 
PET images of each patient in comparison to normal con-
trols, therefore, must be performed. In Fig.  2 , SPM analyses 
of  fl umazenil (FMZ) binding of two patients with DAI were 
displayed. Case 1 is a 24 year-old man who had a disturbed 
intelligent quotient (verbal IQ = 69) and memory. Reduced 
FMZ binding was noted in the left temporal lobe in addition 
to the cingulate cortex. Case 2 is a 37-year-old man whose 
WAIS and WMS scores were within the normal range. De fi cit 
of executive function was observed in cognitive tests and he 
has failed to return to his previous occupation. Reduced FMZ 
binding was noted in the right frontal lobe in addition to the 
cingulate cortex. As these case presentations suggest, the 
functional de fi cit of the dominant hemisphere caused major 
cognitive de fi cit, but that of the non-dominant hemisphere 
seemed to cause minor de fi cit such as executive 
dysfunction.  

 Some of patients enrolled into the present study did not have 
a history of prolonged consciousness disturbance, but still have 
cognitive de fi cit. PET images of such a category of patients are 
displayed in Fig.  3 . In this patient, routine MRI examination 
was normal. We performed statistical analysis of diffusion MRI 
data to examine the change in the fractional anisotropy (FA) 
value of this patient in comparison to a normal control. Although 
routine MR examination failed to detect morphological focal 
brain damage, an area with signi fi cantly reduced FMZ binding 
was noted in the right frontal and temporal cortex (arrows). An 
area with a signi fi cantly reduced FA value was more promi-
nently noted in the right hemisphere and partly corresponded to 
the area with reduced FMZ binding (arrows).   

   Conclusion 

 In the present study, using PET molecular imaging for the 
analysis of cognitive de fi cits of patients with diffuse brain 
injury such as DAI or cerebral concussion, we demonstrated 
that statistical analysis of FDG-PET and FMZ-PET depicts 
well the dysfunction of the cerebral cortex among the group 
of patients and also in each patient. 

 When cortical damage was not detected by a morphologi-
cal image, the functional de fi cit should be attributable to 
axonal injury. In previous reports from our group, we demon-
strated that irreversible cortical dysfunction elicited by axonal 
injury decreased both glucose metabolism and central benzo-
diazepine receptor. On the other hand, decreased  glucose 
metabolism at the area of preserved central  benzodiazepine 
receptor recovered well, together with  recovery of  neurological 
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symptoms  [  7  ] . Depending on this  fi nding, we hypothesized 
that the combined measurement of cerebral glucose metabo-
lism with  18 F-FDG and central benzodiazepine receptor 
using PET may be useful to analyze the correlation between 
axonal injury and cortical dysfunction. Binding of central 

 benzodiazepine receptor is  considered to represent the distri-
bution of neurons in chronic conditions and can be measured 
by  11 C- fl umazenil with PET and by    123 I-iomazenil with 
SPECT, although another interpretation must be made during 
the acute stage of ischemia, epilepsy, and neurotrauma 
 [  8–  10  ] . 

 Blood  fl ow, metabolism, and benzodiazepine receptor distri-
bution of the group of DAI patients have been investigated in 
several groups in Japan, and all of them, including our present 
study, depicted the cingulate gyrus as being one site of primary 
damage  [  11–  13  ] . As this point is quite consistent among the 
studies, it may be recognized as a common  fi nding. Higher brain 
dysfunction, however, has been described as the functional 

FDG

FMZ

  Fig. 1    Statistical analysis of PET images of the group of patients with 
diffuse axonal injury. Area with signi fi cantly reduced  FDG  uptake 
( upper row ) and  fl umazenil ( FMZ ) binding ( lower row ) of the group of 
patient in comparison to normal controls were depicted by using SPM2 

and were displayed on axial standardized brain slices. FDG uptake was 
signi fi cantly reduced in the cerebellum, bilateral thalamus, and poste-
rior cingulate cortex. FMZ binding was signi fi cantly reduced in the 
whole of the cingulate gyrus and left medial temporal lobe       

Case 1

Case 2

  Fig. 2    Statistical analysis of FMZ binding of a single patient with dif-
fuse axonal injury. Area with signi fi cantly reduced FMZ of the single 
patient in comparison to the normal control group was depicted by 
using SPM2 and was displayed on axial standardized brain slices. 
Case 1 is a 24-year-old man who has a disturbed intelligent quotient 
(verbal IQ = 69) and memory. Reduced FMZ binding was noted in the 
left temporal lobe in addition to the cingulate cortex. Case 2 is a 
37- year-old man whose WAIS and WMS score was within the normal 
range. Only the executive function was disturbed. Reduce FMZ binding 
was noted in the right frontal lobe in addition to the cingulate cortex       

FMZ FA

  Fig. 3    Statistical analysis of PET FMZ binding and magnetic reso-
nance diffusion fractional anisotropy ( FA ) map of a patient who pre-
sented higher brain dysfunction after cerebral concussion. Routine MR 
examination failed to detect morphological focal brain damage. Area 
with signi fi cantly reduced FMZ was noted in the right frontal and tem-
poral cortex ( arrows ). Area with signi fi cantly reduced FA was more 
prominently noted in the right hemisphere and partly corresponded to 
the area with reduced FMZ binding ( arrows )       
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de fi cit of the neo-cortex rather than the archicortex. Therefore, 
further analysis to examine the variation in cortical metabolism 
and receptor is necessary. By now, we demonstrated that the 
dysfunction of the dominant hemisphere correlated well with 
the severity of the higher brain dysfunction. Further accumula-
tion of data is necessary to perform statistical correlation analy-
sis  [  14  ] , especially in order to analyze the correlation between 
focal brain dysfunction and the scores of various tests. 

 At present, higher brain dysfunction induced by mild head 
injury has been of interest. Of these cases, cerebral concussion 
patients have been included in our study. In our previous work 
 [  15  ] , we examined the cerebral blood  fl ow of concussion patients 
at the acute stage, and reported that a hyperemic condition in the 
mesial temporal lobe or frontal cortex was induced by disturbed 
auto-regulation of cerebral vessels. In the present work, we found 
that abnormal metabolism and receptor distribution existed when 
patients had a cognitive de fi cit, even when their initial conscious-
ness disturbance was rather mild. As cerebral concussion often 
occurs in younger generations, especially in relation to sports 
injury, accumulation of clinical data is extremely important to 
protect athletes from chronic traumatic encephalopathy  [  16–  19  ] . 

 In our present report, we used diffusion-weighted MRI to 
depict the axonal damage as a pilot study (Fig.  3 ). Location 
of signi fi cant fractional anisotropy values  [  20,   21  ]  in the sub-
cortical white matter and decreased FMZ binding cortex cor-
responded well. This combined use of PET and MRI must be 
the next step to be performed. 

 In summary, PET molecular imaging was useful in depicting 
the cortical dysfunction of neurotrauma patients, even when 
morphological change was not apparent. This method may be 
promising in clarifying the pathophysiology of higher brain dys-
function of patients with neurotrauma but without morphologi-
cal abnormality. Further accumulation of various types of patients 
is necessary to clarify the correlation between abnormality 
according to the cognitive tests and focal cortical damage.      
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  Abstract   Traumatic brain injuries demonstrate various 
symptoms, including the disturbance of higher brain func-
tion, which is not visualized as a morphological lesion on 
magnetic resonance (MR) imaging. We examined the use of 
iomazenil single photon emission computed tomography 
(SPECT) for patients with traumatic brain injury and evalu-
ated its diagnostic value. The study population included 
patients who were admitted to our hospital for traumatic 
brain injuries. All patients survived and were discharged 
from our hospital. MR imaging and iomazenil SPECT were 
examined during the acute and/or chronic phases. MR images 
were acquired using a 1.5-T clinical instrument. The T1- and 
T2-weighted and  fl uid-attenuated inversion recovery 
(FLAIR) axial images were evaluated. SPECT images were 
acquired using a multi-detector SPECT machine 3 h after the 
intravenous injection of 740 MBq of iomazenil. Axial, statis-
tically analyzed images and stereotactic extraction estima-
tion images were reconstructed and evaluated statistically 
based on the Z-score for each cerebral cortex. Iomazenil 
SPECT showed various lesions that were not demonstrated 
by MR imaging. Some clinical symptoms correlated with the 
iomazenil SPECT  fi ndings. Iomazenil SPECT is thus con-
sidered to be valuable for evaluating both brain lesions and 
the brain function after traumatic brain injury.  

  Keywords   Cerebral contusion  •  Concussion  •  Subarachnoid 
hemorrhage  •  Diffuse axonal injury  •  Acute epidural 
hematoma  •  Acute subdural hematoma  •  Magnetic resonance 
imaging  •  Single photon emission computed 
tomography  •  Iomazenil  •  Traumatic brain injury      

   Introduction 

 Traumatic brain injury demonstrates various symptoms, 
including the disturbance of higher brain function, which is 
not revealed as a morphological lesion by magnetic reso-
nance (MR) imaging. Iomazenil single photon emission 
computed tomography (SPECT) is a functional imaging 
method used to evaluate the cortical benzodiazepine receptor 
density  [  1,   8  ] . Iomazenil SPECT is valuable in evaluating the 
neuronal injury caused by ischemia, hematoma, and reperfu-
sion injury  [  4–  7  ] . We examined iomazenil SPECT for 
patients with traumatic brain injury during the acute and 
chronic phases and evaluated its diagnostic value compared 
with MRI  fi ndings.  

   Patients and Methods 

 The study population included patients who were admitted 
to our hospital for traumatic brain injury. The clinical and 
MRI diagnoses were concussion, traumatic subarachnoid 
hemorrhage (SAH), cerebral contusion, diffuse axonal injury 
(DAI), acute epidural hematoma (AEDH), and acute sub-
dural hematoma (ASDH). All patients survived and were 
discharged from our hospital. 

 Magnetic resonance imaging and SPECT were performed 
during the acute and/or chronic phases. MR images were 
acquired using a 1.5-T clinical machine (Symphony, Siemens). 
T1- and T2-weighted and  fl uid attenuated inversion recovery 
(FLAIR) axial images were evaluated for MRI. For SPECT, 
images were acquired using a multi-detector SPECT machine 
(E.CAM, Siemens) 3 h after the intravenous injection of 
740 MBq of iomazenil. Axial and stereotactic extraction esti-
mation (SEE) images were reconstructed, and brain surface 
projection images were evaluated by calculating the Z-score 
for each cerebral cortex.  
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   Results 

   Case 1 

 Magnetic resonance imaging of a 17-year-old boy with cere-
bral concussion did not show any high T2 intensity lesions 
(Fig.  1 ). However, the iomazenil SPECT demonstrated 
decreased iomazenil uptake at the temporal lobe. During the 
chronic phase, the area of decreased iomazenil uptake shrunk, 
but still remained, and a crossed cerebellar diaschisis was 
observed.   

   Case 2 

 In a 48-year-old man with traumatic SAH, focal low iomaze-
nil uptake was observed at bilateral peripheral areas of the 
middle cerebral arteries (Fig.  2 ). These  fi ndings may be 
related to the vasospasms caused by traumatic SAH. However, 
these low uptake areas were observed during both the acute 
and chronic phases. In cases of DAI, focal low cortical uptake 
of iomazenil was observed, and this  fi nding was not related 
to the MRI  fi ndings of both FLAIR and T2* lesions. 
Iomazenil SPECT may therefore reveal cortical or subcorti-
cal dysfunction not revealed by MRI.  

 In cases of cerebral contusion, focal low cortical uptake 
of iomazenil was observed. Generally, the lesion sizes indi-
cated by iomazenil SPECT were larger than those indicated 
by MR FLAIR imaging. Most low iomazenil uptake areas 
correlated with the area of the MRI lesions; however, some 
areas were not correlated. Small contusional lesions often 
shrunk or disappeared during the chronic phase, as deter-
mined by both MRI and iomazenil SPECT. Large contusions 
showed decreased high T2 areas and atrophy in the chronic 
phase. In iomazenil SPECT, some decreases in the low 
uptake area were observed; however, large low uptake areas 
were still observed during the chronic phase. 

 In cases of AEDH and ASDH, iomazenil SPECT showed 
decreased uptake of iomazenil at the site of the lesion, even 
though the MR imaging showed no abnormality. These 
decreases in iomazenil uptake during the acute phase returned 
to normal during the chronic phase.  

   Case 3 

 In a 72-year-old man with interhemispheric ASDH, MRI 
showed unilateral lesions; however, iomazenil SPECT dem-
onstrated a bilateral decrease in iomazenil uptake (Fig.  3 ). In 
comatose patients, even though MR imaging showed no 
abnormalities, decreased iomazenil uptake at the thalamus or 

Day 4 Day 2 4 month after injury

  Fig. 1    A 17-year-old boy with cerebral concussion. He had transient 
loss of consciousness. MRI showed no abnormalities. Iomazenil single 
photon emission computed tomography (SPECT) demonstrated low 

uptake at the right temporal lobe during the acute phase. The size of this 
abnormality decreased during the chronic phase       
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Day 0 Injury
Day 4 MRI Rt parietal SAH

Day 4 SPECT
bilateral low uptake

  Fig. 2    A 48-year-old man with 
traumatic subarachnoid 
hemorrhage (SAH). MRI showed 
a right parietal traumatic SAH. 
Iomazenil SPECT revealed 
bilateral low cortical uptake, and 
these locations did not corre-
spond with the location of the 
traumatic SAH       

Day 4

Day 6 Day 27

Day 21

  Fig. 3    A 72-year-old man with interhemispheric acute subdural hematoma (ASDH). MR imaging showed left-sided ASDH. Iomazenil SPECT 
demonstrated bilateral medial frontal low uptake. The low uptake at the temporal tip seems to be an artifact       
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limbic system were demonstrated during the acute phase. As 
the patients’ consciousness returned to normal, the iomazenil 
SPECT  fi ndings also returned to normal.    

   Conclusion 

 Cerebral perfusion SPECT was reported to be valuable in 
evaluating the cerebral function and metabolism in traumatic 
brain injury  [  1,   2  ] . However, perfusion and metabolism are not 
always coupled. Only a few small series of iomazenil SPECT 
studies for traumatic brain injury have been reported  [  3,   6  ] . 

 In our study, there were some discrepancies between the 
MRI and iomazenil SPECT  fi ndings. Some plausible reasons 
for these discrepancies are the different image resolutions, dif-
ferent imaging targets, and image reconstruction methods. MR 
imaging provides good spatial resolution. Because the spatial 
resolution of SPECT is poor, tiny lesions are not demonstrated 
by SPECT. MRI demonstrates the proton density and relax-
ation time values; thus, tomographic MR images show both the 
cortical and subcortical lesions. Iomazenil SPECT demon-
strates the density of the benzodiazepine receptor, which is 
essentially located on the brain cortex. The Z-score and SEE 
images demonstrate only the cortical iomazenil uptake. It is 
reasonable to consider that subcortical lesions may also 
in fl uence the apparent cortical iomazenil uptake. To understand 
the effect of subcortical lesions on the cortical iomazenil 
uptake, more clinical experience or a basic study will be neces-
sary. Statistical image analysis is a useful method for easily 
evaluating raw data. However, because statistically analyzed 
images contain statistical artifacts that can interfere with the 
evaluation of data, it is necessary to evaluate the analyzed 
images carefully. The recovery of abnormal  fi ndings of both 
MRI and iomazenil SPECT was observed. The locations of the 
abnormality on MRI and iomazenil SPECT did not always cor-
respond. Moreover, iomazenil SPECT was useful for evaluat-
ing neuronal function and metabolism, which are not revealed 
by MR imaging. In this study, we evaluated only the imaging 
 fi ndings. It will be necessary to compare our image  fi ndings 
with the clinical and neurological functions, especially higher-
level functions like memory and cognitive function. 

 In summary, iomazenil SPECT showed various lesions 
that were not demonstrated by MR imaging. Some of the 
clinical symptoms correlated with the iomazenil SPECT 
 fi ndings. Iomazenil SPECT is therefore valuable in evaluat-
ing brain function after traumatic brain injury. Statistical 
image analysis is a useful method for easily evaluating raw 
data. However, because statistically analyzed images contain 
artifacts that can interfere with the evaluation of data, the 
analyzed images should be assessed carefully.      

  Con fl ict of Interest   This study was partially supported by a Research 
Grant for the authors from ZENKYOREN (National Mutual Insurance 
Federation of Agricultural Cooperatives). 

 We declare that we have no con fl ict of interest   .  

   References    

   1.    Abi-Dargham A, Laruelle M, Seibyl J, Rattner Z, Baldwin RM, 
Zoghbi SS et al (1994) SPECT measurement of benzodiazepine 
receptors in human brain with iodine-123-iomazenil: kinetic and 
equilibrium paradigms. J Nucl Med 35:228–238  

   2.    Gowda NK, Agrawal D, Bal C, Chandrashekar N, Tripati M, 
Bandopadhyaya GP et al (2006) Technetium Tc-99m ethyl cysteinate 
dimer brain single-photon emission CT in mild traumatic brain 
injury: a prospective study. AJNR Am J Neuroradiol 27:
447–451  

   3.    Hashimoto K, Abo M (2009) Abnormal regional benzodiazepine 
receptor uptake in the prefrontal cortex in patients with mild trau-
matic brain injury. J Rehabil Med 41:661–665  

   4.    Hatazawa J, Satoh T, Shimosegawa E, Okudera T, Inugami A, Ogawa 
T et al (1995) Evaluation of cerebral infarction with iodine 123-ioma-
zenil SPECT. J Nucl Med 36:2154–2161  

   5.    Hatazawa J, Shimosegawa E, Satoh T, Kanno I, Uemura K (1995) 
Central benzodiazepine receptor distribution after subcortical hem-
orrhage evaluated by means of [ 123 I]iomazenil and SPECT. Stroke 
26:2267–2271  

   6.    Koizumi H, Fujisawa H, Kurokawa T, Suehiro E, Iwanaga H, 
Nakagawara J et al (2010) Recovered neuronal viability revealed by 
iodine-123-iomazenil SPECT following traumatic brain injury. 
J Cereb Blood Flow Metab 30:1673–1681  

   7.    Nakagawara J, Sperling B, Lassen NA (1997) Incomplete brain 
infarction of reperfused cortex may be quantitated with iomazenil. 
Stroke 28:124–132  

   8.    Savic I, Roland P, Sedvall GR, Persson A, Pauli S, Widen L (1988) 
In-vivo demonstration of reduced benzodiazepine receptor binding 
in human epileptic foci. Lancet 332:863–866      



259Y. Katayama et al. (eds.), Brain Edema XV, Acta Neurochirurgica Supplement, Vol. 118,
DOI 10.1007/978-3-7091-1434-6_49, © Springer-Verlag Wien 2013

  Abstract    Introduction : Traumatic brain injury (TBI) is 
widely known to cause dynamic changes in cerebral blood 
 fl ow (CBF). In particular, secondary brain insults have been 
reported to decrease CBF. The purpose of this study was to 
clarify the cerebral circulation in different types of TBI. 

  Methods : Sixty-nine patients with TBI were divided into 
four groups, the subdural hematoma group, the contusion/
intracerebral hematoma group, the diffuse axonal injury 
group, and the diffuse brain swelling group. In these patients, 
we simultaneously performed Xe-CT and perfusion CT to 
evaluate the cerebral circulation on post-injury days 1–3. We 
measured CBF using Xe-CT and mean transit time using 
perfusion CT and calculated the cerebral blood volume using 
the AZ-7000 W98 computer system. 

  Results : There were no signi fi cant differences in the 
Glasgow Coma Scale score on arrival or the Glasgow 
Outcome Scale score between the groups. The patients who 
had suffered focal TBI displayed more signi fi cant cerebral 
circulation disturbances than those that had suffered diffuse 
TBI. We were able to evaluate the cerebral circulation of TBI 
patients using these parameters. 

  Conclusion : Moderate hypothermia therapy, which decreases 
CBF, the cerebral metabolic rate oxygen consumption 
(CMRO 

2
 ), and intracranial pressure might be effective 

against the types of TBI accompanied by cerebral circulation 
disturbance. We have to use all possible measures including 
hypothermia therapy to treat severe TBI patients according 
to the type of TBI that they have suffered.  

  Keywords   Severe brain injury  •  Acute cerebral circulation 
disturbance  •  Xenon CT  •  Perfusion CT      

   Introduction 

 Traumatic brain injury (TBI) is widely known to cause 
dynamic changes in cerebral blood  fl ow (CBF). These hemo-
dynamic changes play a key role in the pathophysiology of 
TBI. In particular, secondary brain insults have been reported 
to cause decreases in CBF. Ischemia is one of the major risk 
factors contributing to death and disability in TBI patients. In 
fact, several clinical TBI studies have linked low CBF to 
poor outcome  [  2,   9,   11  ] . Several factors can cause a decrease 
in CBF: intracranial hypertension, systemic arterial hypoten-
sion, cerebral edema, focal tissue compression by hemato-
mas, and microvascular circulation disturbance. However, 
severe TBI induces heterogeneous hemodynamic changes, 
and different types of TBI induce different hemodynamic 
changes. 

 Positron emission tomography (PET), single-photon 
emission computed tomography (SPECT), and xenon-en-
hanced computed tomography (Xe-CT) are used to evaluate 
cerebral circulation and metabolism in the early phase of 
severe TBI. Recently, there has been interest in using CT 
perfusion imaging to assess patients with stroke and delayed 
cerebral vasospasm (CVS) after subarachnoid hemorrhaging 
 [  15,   16  ] . A number of hemodynamic parameters are  available 
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for CT perfusion imaging. However, few investigations have 
attempted to explain the circulatory disturbances induced by 
TBI using perfusion CT  [  13,   14  ] . 

 The purpose of this study was to clarify the effects of dif-
ferent types of TBI on the cerebral circulation with regard to 
hemodynamic parameters, neurological grade on admission, 
and patient outcome in the early phase (post-injury days 1–3). 
We measured the mean transit time (MTT), CBF, and cere-
bral blood volume (CBV) using CT perfusion and Xe-CT 
and evaluated the early circulatory disturbances induced by 
different types of TBI.  

   Patients and Methods 

   Patients 

 Sixty-nine patients who were admitted to our hospital with 
severe TBI were prospectively enrolled. The TBI of all 
patients was veri fi ed by CT on admission. Patients who 
were admitted to the intensive care unit (ICU) with TBI 
that was suf fi ciently severe to justify mechanical ventila-
tion and a Glasgow Coma Scale (GCS) score of 8 or less at 
the time of admission to the ICU were included in this 
study. The exclusion criteria for the present study were 
patients with epidural hematoma, patients who suffered 
brain herniation prior to the cerebral circulation examina-
tion, and patients who were in a state of cardiopulmonary 
arrest on arrival. The clinical status of the patients accord-
ing to the GCS was recorded on admission. Written 
informed consent for the study was obtained from the 
patients’ family members, and the study protocol was 
approved by the ethics committee of our institute.  

   Management Protocol 

 All patients were admitted to the ICU from the emergency 
room after initial stabilization and brain CT, as well as surgery 
for those who required craniotomy to evacuate an intracranial 
mass. The management protocol included mechanical ventila-
tion, sedation induced by the continuous infusion of sedative 
agents, and the administration of analgesic agents as clinically 
required for ventilation purposes and intracranial pressure 
(ICP) control. The therapeutic end point was de fi ned as the 
maintenance of an ICP of less than 20 mmHg. To achieve this, 
mild hyperventilation (reduction in PaCO 

2
  to 35–40 mmHg), 

mild hypothermia (reduction of body temperature to 35–36 °C), 
and the administration of boluses of 20 % mannitol and/or 
vasopressors were implemented according to the patient’s 

 clinical condition. A  fl uid regimen was employed to maintain a 
mean arterial pressure of 95–100 mmHg. 

 Outcome was assessed at 3 months after onset according 
to the Glasgow Outcome Scale (GOS). For statistical 
 purposes, a simpli fi ed GOS scoring system was used.  

   Statistical Analysis 

 All parameters are presented as the mean ± standard devia-
tion. The value of each parameter was averaged using 
regions of interest in both hemispheres at the basal gan-
glia level. The  t  test, analysis of variance, and multiple 
comparisons analysis were used to assess the differences 
among the groups. All statistical calculations were per-
formed with a personal computer using a statistical soft-
ware package (SPSS, version 12.0; SPSS Japan, Tokyo, 
Japan).  

   Imaging Technique 

 After a standard CT study, Xe-CT and perfusion CT were 
performed continuously using an X Vigor scanner 
(Toshiba, Tokyo, Japan). As measuring CBF using perfu-
sion CT is not a quantitative method, we measured CBF 
using Xe-CT. We measured MTT by perfusion CT and 
calculated the CBV using an AZ-7000 W98 computer sys-
tem (Anzai Medical, Tokyo, Japan). CBV maps were pro-
duced by multiplying CBF and MTT according to the 
central volume principle: CBV = CBF × MTT  [  8  ] . The 
CBF, MTT, and CBV maps were created at the level of the 
basal ganglia. 

 During Xe-CT, the patients inhaled 30 % stable xenon 
for 4 min (wash-in), followed by 5 min of desaturation 
(wash-out), using a xenon gas inhalation system (AZ-725; 
Anzai Medical). Perfusion CT was performed just after the 
plain CT and Xe-CT. Twenty dynamic conventional scans 
were obtained in a 50-mm plane above the orbito-meatal 
orientation, which included the basal ganglia and the thala-
mus. Thirty milliliters of non-ionic contrast material 
(Iomeron 300; Eisai, Tokyo, Japan) were injected into the 
central vein through a 16-gauge cannula. CTs were per-
formed at intervals of 2 s for 30 s, and subsequently, at 6-s 
intervals for 30 s. The resultant CT images were used to cal-
culate MTT. On a pixel-by-pixel basis, the time-course of 
the changes in CT enhancement (time–density curve) was 
 fi tted to the gamma variate using the Gauss–Newton method, 
while the width between two in fl ection points (maximum 
upward slope and maximum downward slope) was  calculated 
as the MTT value  [  10  ] .   
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   Results 

 We recruited 69 patients (11 women) who ranged in age from 
11 to 86 years (mean: 45.5 years). The 69 patients with TBI 
were divided into four groups, the subdural hematoma (SDH) 
group (group A), the contusion/intracerebral hematoma 
(ICH) group (group B), the diffuse axonal injury (DAI) group 
(group C), and the diffuse brain-swelling group (TCDB 
III–IV; group D). 

 Of the 69 patients, 34 (49 %) did not undergo treatment for 
a mass lesion or decompression. The remaining patients under-
went surgical craniotomy for a mass lesion or decompression. 

 A comparison of the focal injury (group A + group B) and 
diffuse injury groups (group C + group D) with regard to age, 
GCS score on admission, GOS score, and the hemodynamic 
parameters CBF, MTT, and CBV was performed. The 
patients in the focal injury group were signi fi cantly older 
(53.5 ± 20.9 years) than those in the diffuse injury group 
(34.9 ± 22.7 years,  p  < 0.01). Neither the GCS score on admis-
sion nor the GOS score differed signi fi cantly between the 
focal injury group and the diffuse injury group. The CBF 
value was signi fi cantly higher in the diffuse injury group 
(34.3 ± 14.2 mL/100 g/min) than in the focal injury group 
(26.4 ± 8.7 mL/100 g/min,  p  < 0.01). The MTT value was 
signi fi cantly higher in the focal injury group (7.0 ± 1.4 s) 
than in the diffuse injury group (6.3 ± 1.3 s,  p  < 0.05). The 
CBV was signi fi cantly higher in the diffuse injury group 
(3.4 ± 0.9 mL/100 g) than in the focal injury group 
(2.9 ± 0.7 mL/100 g,  p  < 0.05; Table  1 ).  

 The relationship among the four groups with regard to 
age, GCS score on admission, GOS score, and the hemody-
namic parameters CBF, MTT, and CBV was assessed. The 
mean ages of groups A, B, C, and D were 54.7 ± 22.1, 
51.1 ± 18.7, 35.4 ± 23.7, and 34.1 ± 22.2 years old respec-
tively. The mean age of group A was signi fi cantly higher 
than that of group C ( p  < 0.05) and group D ( p  < 0.05). The 
GCS scores on admission of groups A, B, C, and D were 
5.7 ± 2.6, 7.7 ± 3.8, 5.9 ± 3.1, and 5.5 ± 2.4 respectively. 
There were no signi fi cant differences among the four 

groups. The GOS scores of groups A, B, C, and D were 
2.6 ± 1.4, 3.5 ± 1.3, 3.4 ± 1.2, and 3.2 ± 1.8 respectively. 
There were no signi fi cant differences among the four groups 
(Fig.  1 ). The CBF values of groups A, B, C, and D were 
26.1 ± 8.7, 27.0 ± 8.9, 36.2 ± 13.2, and 31.5 ± 13.2 mL/100 g/
min respectively. The CBF value of group C was 
signi fi cantly higher than that of group A ( p  < 0.05). The 
MTT values of groups A, B, C, and D were 7.3 ± 1.5, 
6.6 ± 1.1, 6.1 ± 1.2, and 6.7 ± 1.3 s respectively. The MTT 
value of group A was signi fi cantly higher than that of 
group C (p < 0.05). The CBV values of groups A, B, C, and 
D were 2.9 ± 0.7, 2.8 ± 0.8, 3.3 ± 0.8, and 3.4 ± 1.0 mL/100 g 
respectively. There were no signi fi cant differences among 
the four groups (Fig.  2 ).    

   Table 1    Comparison between focal and diffuse injuries   

 Focal injury  Diffuse injury   p  value 

 Age  53.5 ± 20.9  34.9 ± 22.7   p  < 0.01 
 Male/female  34/8  24/3  0.38 
 GCS on admission  6.4 ± 3.2  5.8 ± 2.8  0.44 
 GOS  2.9 ± 1.4  3.3 ± 1.5  0.23 
 CBF (mL/100 g/min)  26.4 ± 8.7  34.3 ± 14.2   p  < 0.01 
 MTT (s)  7.0 ± 1.4  6.3 ± 1.3   p  < 0.05 
 CBV (mL/100 g)  2.9 ± 0.7  3.4 ± 0.9   p  < 0.05 

   GCS  Glasgow Coma Scale,  GOS  Glasgow Outcome Scale,  CBF  cere-
bral blood  fl ow,  MTT  mean transit time,  CBV  cerebral blood volume  
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  Fig. 1    ( a ) The ages of patients with subdural hematoma ( SDH ), contu-
sion/intracerebral hematoma ( Cont / ICH ), diffuse axonal injury ( DAI ), 
and diffuse brain swelling were compared. Multiple comparisons analy-
sis of age showed signi fi cant differences between the SDH and DAI 
patients, and between the SDH and diffuse brain swelling patients. ( b ) 
The Glasgow Coma Scale (GCS) scores on admission of patients with 
SDH, contusion/intracerebral hematoma, DAI, and diffuse brain swelling 
were compared. There were no signi fi cant differences among the groups. 
( c ) The Glasgow Outcome Scale (GOS) scores of patients with SDH, 
contusion/intracerebral hematoma, DAI, and diffuse brain swelling were 
compared. There were no signi fi cant differences among the groups       
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   Discussion 

 As it is important to understand the cerebral circulation 
dynamics induced in the early phase of TBI in order to deter-
mine its pathogenesis, develop appropriate treatment plans, 
evaluate treatment results, and predict outcomes, many stud-
ies have examined this topic. It has been reported that there 
are three distinct hemodynamic phases: I, hypoperfusion, 
which occurs during the  fi rst 24 h (post-injury day 0); II, 
hyperemia, which occurs on post-injury days 1–3; and III, 
vasospasm, which occurs on post-injury days 4–14  [  6  ] . The 
hypoperfusion phase that occurs during the  fi rst 24 h after a 
head injury is followed by progressively increasing CBF, and 
CBF reaches its maximum between 48 and 72 h after the 

injury. Obrist et al.  [  9  ] , Overgaard and Tweed  [  11  ] , and oth-
ers  [  4  ]  have described a similar time course for the post-trau-
matic hemodynamic phase. However, severe TBI are 
heterogeneous pathophysiological conditions, and different 
types of TBI induce different hemodynamic changes after 
TBI. 

 We con fi rmed that CBF was decreased in the focal types 
of TBI on days 1–3. However, decreased CBF does not rep-
resent ischemia. CBF is markedly in fl uenced by the cerebral 
metabolic rate of oxygen consumption (CMRO 

2
 ), body tem-

perature, PaCO 
2
 , and ICP, etc. Therefore, in the present study, 

we used both Xe-CT and perfusion CT. As CT is routinely 
used for the follow-up of TBI, Xe-CT and perfusion CT are 
convenient because they can be performed successively after 
plain CT examinations. PET, SPECT, and Xe-CT have been 
used to evaluate cerebral circulation and metabolism in the 
acute phase after TBI. Recent studies have reported the util-
ity of perfusion CT for subarachnoid hemorrhaging and 
stroke  [  15,   16  ] . In particular, MTT values obtained from this 
modality are believed to be much more sensitive than other 
parameters for evaluating cerebral vasospasm  [  15  ] . However, 
the CBF values obtained from perfusion CT are not quantita-
tive, although they do correlate with those obtained from 
Xe-CT  [  12  ] . Based on these reports, we performed Xe-CT 
and perfusion CT simultaneously and evaluated the cerebral 
circulation of TBI patients using the CBF, CBV, and MTT 
values obtained with these methods. 

 In the present study, we detected signi fi cant decreases in 
CBF and signi fi cant increases in MTT in focal injury patients 
during the hyperemic phase. It has been reported that the 
 fi nding of MTT prolongation on perfusion CT is suggestive 
of a disturbance in the cerebral circulation  [  1  ] . Thus, it has 
become clear that there are signi fi cant differences in cerebral 
circulation between focal and diffuse injuries, and focal inju-
ries display signi fi cant cerebral circulatory disturbances 
compared with diffuse injuries. We also detected decreases 
in CBV in focal injuries. It appears that, in occlusive cere-
brovascular disease, the cerebral perfusion pressure 
decreases, the CBV increases because of the compensatory 
dilatation of the cerebral blood vessels, and the MTT is 
 prolonged. However, in the acute phase after focal injury, the 
CBV and CBF decrease owing to ICP elevation. The MTT is 
also prolonged. Indeed, in this study, the CBV values of the 
patients with focal injuries were decreased compared with 
those of the patients with diffuse injuries. 

 It has been reported that patients who have had hemato-
mas surgically removed are at a higher risk of increased 
intracranial pressure  [  7  ] , and in experimental models it was 
found that the ischemic brain tissue adjacent to subdural 
hematomas was not reperfused after clot evacuation, and 
brain swelling after hematoma is more likely to be due to 
progressive edema rather than hyperemia  [  5  ] . Moderate 
hypothermia therapy, which decreases CBF, CMRO 
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  Fig. 2    ( a ) The cerebral blood  fl ow (CBF) values of patients with  SDH , 
contusion/intracerebral hematoma,  DAI , and diffuse brain swelling were 
compared. Multiple comparisons analysis of age showed signi fi cant dif-
ferences between the SDH and DAI patients, and between the SDH and 
diffuse brain swelling patients. ( b ) The mean transit times (MTT) of the 
patients with SDH, contusion/intracerebral hematoma, DAI, and diffuse 
brain swelling were compared. Multiple comparisons analysis of age 
showed a signi fi cant difference between the SDH and DAI patients. ( c )
The cerebral blood  fl ow (CBV) values of the patients with SDH, contu-
sion/intracerebral hematoma, DAI, and diffuse brain swelling were 
compared. There were no signi fi cant differences between the groups       
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ICP, might be effective against the types of TBI associated 
with disturbances in the cerebral circulation. We have to take 
all possible measures including hypothermia therapy to 
 prevent the exacerbation of severe TBI associated with cere-
bral circulatory disturbance. Indeed, Clifton reported that the 
very early induction of hypothermia is effective for 16 to 
45–year-old patients who have undergone surgery to remove 
an intracranial hematoma  [  3  ] . 

 The main limitation of this study is its size. There were no 
signi fi cant differences between the patients with SDH and 
those with diffuse brain swelling, or between the patients with 
contusion/ICH and those with diffuse injuries (the DAI group 
and the diffuse brain swelling group). Thus, we need to evalu-
ate the cerebral circulatory parameters of patients belonging 
to these four groups using a greater number of patients.      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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  Abstract   Transcranial color-coded sonography (TCCS) 
monitoring of severe brain injury patients may reveal various 
pathological hemodynamic changes. According to changes 
in  fl ow velocities in basal brain arteries, the presence of brain 
hyperemia, vasospasms, and oligemia can be detected. The 
study included a group of 20 patients with severe brain injury. 
TCCS measured  fl ow velocities and ICP values were moni-
tored on a daily basis in the course of a week after injury. In 
nearly 50 % of patients signi fi cant hemodynamic changes 
occurred. The most frequent pathological  fi nding was hyper-
emia (31.8 %), followed by vasospasm (10.9 %) and oligemia 
(9.1 %). In 42.7 % of patients increased  fl ow velocities were 
registered and only 9.1 % of records were within the normal 
range of values. The most substantial elevation in time-aver-
aged mean velocity occurred from the second to the sixth day 
after injury. In a subgroup of patients with raised intracranial 
pressure 41.6 % of  fl ow velocity (FV) measuring met the 
TCCS criteria for hyperemia compared with 26 % in a sub-
group of patients without intracranial pressure (ICP) eleva-
tion. The study showed that hemodynamic changes after 
severe brain injury are relatively common  fi ndings and that 
TCCS is a useful bed-side tool for the monitoring of intrac-
ranial hemodynamic changes.  

  Keywords   Transcranial color-coded sonography  •  Brain 
injury  •  Brain hyperemia  •  Vasospasms  •  Intracranial pressure      

   Introduction 

 Brain ischemia is one of the most important components of 
secondary brain injury. A fundamental mechanism of brain 
ischemia is the lowering of cerebral blood  fl ow (CBF) below 
a critical level. Among factors contributing to CBF decline 
are intracranial hypertension, hypotension, microvascular 
damage, and compression by hematomas. The current thera-
peutic strategy is based on the control of intracranial pres-
sure and maintenance of adequate cerebral perfusion pressure 
(CPP). In cases of severe brain injury disturbances of auto-
regulation may occur. CPP-oriented therapy may worsen 
intracranial hypertension owing to increased cerebral blood 
volume. On the other hand, in patients with post-traumatic 
vasospasms, adequate CPP is higher than in the presence of 
hyperemia. The knowledge of a patient’s hemodynamic sta-
tus – hyperemia or vasospasm – may help in choosing the 
proper therapeutic strategy. A linear correlation between 
blood  fl ow velocity and CBF makes it possible to determine 
CBF with the use of transcranial color-coded sonography 
(TCCS)  [  1  ] . The calculation of the Lindegaard index distin-
guishes brain hyperemia from vasospasm.  

   Materials and Methods 

 Twenty subjects with severe brain injury were included in 
the study. Inclusion criteria were GCS score 3–8 on admis-
sion to hospital, time since injury <24 h, surgical evacuation 
of space-occupying lesion (hematomas, contusions), decom-
pressive craniectomy at the surgeon’s discretion, ICP moni-
toring (intraparenchymal ICP sensor CODMAN), and CPP 
monitoring. The patients received full conservative treat-
ment. TCCS equipped with a transcranial ultrasound probe 
2.0 MHz was used to measure blood  fl ow velocity in the 
middle cerebral artery bilaterally through the  transtemporal 
bone window. The ICA  fl ow velocities in the cervical region 

      Application of Transcranial Color-Coded Sonography 
in Severe Brain Injury         

     Radovan   Turek,       Petr   Linzer,       Michal   Filip,       Filip   Šámal, and       Patrik   Jurek      

    R.   Turek ,  MD   (*)
     Department of Anaesthesiology ,  T. Bata Regional Hospital , 
  Zlín ,  Czech Republic    
e-mail:  turek.radovan@seznam.cz  

     P.   Linzer  ,     M.   Filip  ,     F.   Šámal  , and     P.   Jurek  
     Department of Neurosurgery ,  T. Bata Regional Hospital , 
  Zlín ,  Czech Republic    



266 R. Turek et al.

were recorded too. After ACM identi fi cation and a correc-
tion of an insonation angle the peak systolic velocity (PSV), 
end-diastolic velocity (DV), and time-averaged mean veloc-
ity (TAMEAN) were registered. Pulsatile index (PI), resis-
tance index (RI), and the Lindegaard index (LI) were 
calculated. Increased  fl ow velocity (FV) was considered 
when FV exceeded 1 SD above the reference data of normal 
blood- fl ow parameters matched by sex and age. TCCS exam-
ination was performed once daily and the  duration of the 

study was 7 days. At the time of the investigations the patients 
received full conservative treatment, were hemodynamically 
stable with arterial pCO 

2
  pressure within a normal range of 

values. ICP and CPP values were recorded simultaneously. 
When mean  fl ow velocity (mFV) exceeded 100 cm/s, the LI 
was used to distinguish between hyperemia (LI < 3) and 
vasospasms (LI > 3)  [  3,   4  ] . We analyzed a time course of 
time-averaged mean velocities in the whole group of patients 
(Figs.  1  and  2 ).    

  Fig. 1    Transcranial color-coded 
sonography (TCCS) record of 
hyperemia – third day after 
injury (ACM dx. mFV 
115.2 cm/s, ACI mFV 
104.8 cm/s, LI: 1.1,    ICP: 
34 Torr, CPP: 60 Torr)       

  Fig. 2    The TCCS record of 
vasospasm – second day after 
injury (ACM dx. mFV 
182.3 cm/s, ACI mFV 51.8 cm/s, 
LI: 3.6, ICP: 3 Torr, CPP: 
81 Torr)       
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   Results 

 Interhemispheric differences in TAMEAN were insigni fi cant. 
Fifty percent of patients showed a signi fi cant hemodynamic 
change during 1 week of the follow-up. The most frequent 
pathological  fi nding was hyperemia (31.8 %), followed by 
vasospasm (10.9 %) and oligemia (9.1 %). In 42.7 % of 
patients increased  fl ow velocities were registered, but did not 
reach pathological values and only 9.1 % of records were 
within the normal range of values. The most signi fi cant 
 elevation of the time-averaged mean  fl ow velocity occurred 
between the second and sixth day after injury (Fig.   3 ). In the 
subgroup of patients with raised intracranial pressure (ICP 
>20 Torr), 41.6 % of FV measuring met TCCS criteria of 
hyperemia compared with 26 % in a subgroup of patients 
without ICP elevation. The presence of vasospasms was 
detected in two patients (10.9 % of all measurements) with 
an average duration of 2.8 days. Vasospasms occurred even 
in cases when subarachnoid hemorrhage was absent.   

   Conclusion 

 In more than 90 % of patients increased FV values were 
detected in course of the study. In the period between the 
second and sixth days after injury these changes are most 
likely to occur. In 42.7 % of patients the TCCS criteria of 

hyperemia or vasospasm were ful fi lled. The distinction 
between hyperemia and vasospasms in these patients may 
in fl uence further therapeutic strategy. The testing of cerebro-
vascular autoregulation may be appropriate in cases of hype-
remia. The development of vasospasm may require 
pharmacological intervention and maintenance of CPP at 
higher levels. TCCS examination may provide valuable 
information about intracranial hemodynamics  [  2  ] , but there 
are also some limitations to the method. The quality of the 
temporal bone window in fl uences signal quality and mea-
surement accuracy. Furthermore, the measurement of FV 
changes in ACM may not necessarily re fl ect the situation on 
the periphery.      
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  Abstract   It is well known that patients with poor-grade 
aneurysmal subarachnoid hemorrhage (SAH) have poor 
outcomes owing to signi fi cant mass effect and brain stem 
compression. On the other hand, decompressive craniec-
tomy (DC) has shown ef fi cacy in reducing morbidity and 
mortality in patients with intracranial hypertension. Here, 
we study the ef fi cacy of DC in poor-grade SAH with atten-
tion to surgical outcome. A total of 38 consecutive patients 
with poor-grade SAH was treated in our hospital between 1 
August 2005 and 30 July 2010. Among these 38 patients, 
we involved 15 patients with DC in the present study. We 
retrospectively reviewed medical charts and radiological 
 fi ndings. Glasgow Outcome Scale score on discharge 
showed good response in 1 (6.7 %), moderate disability in 
6 (40.0 %), severe disability in 4 (28.1 %), vegetative state 
in 2 (1.3 %), and death in 2 (13.3 %). In particular, 3 grade 
IV patients (50.0 %) had a favorable outcome. Recent sev-
eral experimental studies also indicated that DC signi fi cantly 
improves outcome owing to increased perfusion pressure or 
reduced intracranial pressure. We suggest that the DC pro-
vided the ef fi cacy in reducing mortality in poor-grade SAH 
patients.  

  Keywords   Brain stem compression  •  Massive ischemic 
infarction  •  Subarachnoid hemorrhage  •  Cerebral angio-
graphy  •  Intracranial hypertension  •  Intracerebral hematoma      

   Introduction 

 The outcomes of patients with poor-grade aneurysmal suba-
rachnoid hemorrhage (SAH) are poor because of the 
signi fi cant brain stem compression following mass effect. 
On the other hand, decompressive craniectomy (DC) can 
reduce morbidity and mortality in critically ill patients with 
massive ischemic infarction  [  9  ]  and severe head injury  [  4  ] . 
However, the role of DC in poor-grade SAH remains obscure. 
DC could be an effective strategy for poor-grade SAH in 
patients with ICH  [  3,   11,   12  ] . The present study examines 
the clinical outcome of DC in poor-grade SAH patients.  

   Patients and Methods 

 A total of 38 consecutive patients with poor-grade SAH 
(H&K grades IV or V, and Fisher grade 4) were treated in our 
hospital between 1 August 2005 and 30 July 2010. Among 
these 38 patients, we involved 15 patients who had under-
gone DC in the study. We retrospectively reviewed medical 
charts, radiological  fi ndings, operative notes, and video 
records. Patient outcome was assessed on discharge using 
the Glasgow Outcome Scale (GOS) score, which comprises 
 fi ve levels: recovery (GR), moderate disability (MD), severe 
disability (SD), vegetative state (VS), and death (D). The 
GOS describes good recovery and moderate disability as 
favorable outcomes, whereas severe disability, vegetative 
state, and death constitute unfavorable outcomes. 

 All patents were managed in the same fashion, as follows. 
Aggressive resuscitation such as tracheal intubation and ade-
quate ventilation using sedation was performed in the emer-
gency room. The diagnosis of SAH was con fi rmed by 
computed tomography (CT). To prevent aneurysmal rebleed-
ing during the acute stage, the systolic blood pressure was 
actively lowered to <120 mmHg. All patients immediately 
underwent cerebral angiography after stabilization. 
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 All patients underwent DC and standard microscopic 
techniques to obliterate the aneurysm. The surgical proce-
dure consisted of the following. A generous craniotomy  fl ap 
was removed via a large reversed question mark scalp inci-
sion with the following margins: anteriorly, frontal to the 
 fl oor of the anterior cranial fossa; superiorly, within 2 cm of 
the superior sagittal sinus; posteriorly, within 1 cm of the 
asterion, and inferiorly, to the  fl oor of the middle fossa. The 
dura was opened in a semicircular fashion with additional 
dural incisions for decompression. Patients were aggres-
sively treated post-operatively in the neurological intensive 
care unit to avoid intracranial hypertension and vasospasm 
with ICP monitoring. CSF drainage was performed to 
decrease the ICP caused by hydrocephalus. To prevent cere-
bral vasospasm, the prophylactic hypervolemic hyperdy-
namic therapy was introduced for at least 2 weeks after 
surgery. The cranial bone  fl ap was replaced 1–2 months after 
the initial surgery.  

   Results 

 We summarized the clinical characteristics in 15 patients 
who had undergone DC for poor-grade SAH (Table  1 ). In 
these 15 patients (mean age 65, male 7, female 8), 6 were 
classi fi ed as H&K grade IV and 9 as grade V. Radiological 
 fi ndings revealed that ruptured aneurysms were located at 
the internal carotid artery (ICA) in 7, and the middle cerebral 
artery (MCA) in 8 patients. Three aneurysms were small, 12 
were of medium size. Re-rupture was con fi rmed in 1 (6.7 %) 
preoperatively. Glasgow Outcome Scale score on discharge 

showed good recovery in 1 (6.7 %), moderate disability in 
6 (40.0 %), severe disability in 4 (28.1 %), vegetative state in 
2 (1.3 %), and death in 2 (13.3 %). In particular, 3 (50.0 %) 
showed a favorable outcome, 3 (50.0 %) showed a poor out-
come, and there were no deaths in grade IV patients. We 
present here case 9 (Fig.  1 ). The patient was a 55-year-old 
man, who suffered sudden onset headache with loss of con-
sciousness loss. The CT on admission showed a diffuse SAH 
with intracerebral hematoma (Fig.  1a, b ). The cerebral 
angiography revealed the internal carotid–posterior commu-
nicating artery (IC-PC) aneurysm, left (Fig.  1c ). The patients 
underwent a clipping operation with primary decompressive 
craniectomy (Fig.  1d ). Two months after operation, the cran-
ioplasty was performed (Fig.  1e ). The patients recovered 
with a GOS score of moderate disability.    

   Conclusion 

 Several authors have proposed that early, aggressive sur-
gery and intensive care for SAH patients in poor clinical 
condition can improve the mortality and morbidity  [  1  ] . 
Despite recent advances in the treatment of poor-grade 
SAH, surgical outcome in many patients remains unfavor-
able because of uncontrollable intracranial hypertension. 
Increased ICP has been associated with several detrimental 
effects such as cerebral ischemia following reduced perfu-
sion pressure  [  5  ] . Several investigators have reported that 
intractable intracranial hypertension is associated with a 
poor outcome among poor-grade patients with aneurysmal 
SAH  [  8  ] . 

   Table 1    Clinical characteristics in 15 patients who underwent decompressive craniectomy (DC) for poor-grade subarachnoid hemorrhage (SAH)   

 Patient no.  Age/sex 
 GCS on 
admission 

 GCS 
preoperatively  Site 

 Aneurysmal 
location  WFNS grade 

 Onset to 
operation (h)    

 Follow-up period 
(month)  GOS 

  1  59/F  7  5  Left  MCA  IV  84  38  VS 
  2  70/M  14  6  Right  MCA  V  264  52  VS 
  3  51/F  6  7  Right  ICA  IV  60  72  SD 
  4  66/M  4  4  Left  MCA  V  5  0.2  D 
  5  57/F  6  6  Right  IC-PC  V  9  62  MD 
  6  63/M  14  13  Right  MCA  IV  148  54  MD 
  7  34/M  12  11  Left  ICA  IV  13  50  GR 
  8  64/F  3  3  Left  MCA  V  15  45  MD 
  9  55/M  6  6  Left  IC-PC  V  16  45  MD 
 10  63/F  4  4  Left  IC-PC  V  12  12  SD 
 11  57/M  3  3  Left  IC-Achol     V  18  34  SD 
 12  54/F  4  4  Left  MCA  V  6  30  MD 
 13  51/F  4  4  Left  ICA  V  16  0.7  D 
 14  66/F  9  8  Right  MCA  IV  6  13  MD 
 15  64/M  9  6  Left  MCA  IV  12  24  SD 

   GCS  Glasgow Coma Scale,  GOS  Glasgow Outcome Scale,  MCA  middle carotid artery,  ICA  internal carotid artery,  IC-PC  internal carotid-posterior 
communicating artery,  IC-Achol   internal carotid-anterior choroidal artery aneurysm, GR  good recovery , MD  moderate disability , SD  severe dis-
ability , VS  vegetative state , D  dead  
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 Intracranial hypertension in patients with SAH can be 
associated with deleterious changes, which could have a pro-
found impact on outcome  [  13  ] . The authors of these studies 
recommend aggressive clot evacuation and aneurysm oblit-
eration. Rapid control of ICP has been associated with 
improved outcome, indicating that early control of ICP and 
cerebral blood  fl ow is important for improving outcome or to 
counteract deterioration. Recent clinical  fi ndings suggest 
that DC might reduce ICP  [  7,   10  ] . Craniectomy and enlarged 
dural plasty has induced a signi fi cant decrease in ICP and an 
increase in cerebral tissue oxygenation  [  10  ] . Others suggest 
that DC signi fi cantly increases cerebral tissue oxygenation 
 [  7  ] . In addition, experimental studies have suggested that DC 
signi fi cantly elevates cerebral mean blood  fl ow velocity and 
that MCA pulsatility indices signi fi cantly decrease after sur-
gery, indicating reduced cerebrovascular resistance in most 
patients with traumatic brain swelling  [  2  ] . Thus, DC can 
induce an immediate ICP reduction and control the ICP ele-
vation that occurs several days after SAH. Surgical outcome 
improves once ICP is controlled by DC, compared with that 
when ICP is not controlled  [  6  ] . In particular, delayed swell-
ing can induce elevated ICP, which can be confused with 
symptoms of vasospasm. Thus, early DC would be useful to 
avoid this clinical dilemma. 

 Recent clinical studies have found that DC can improve 
the surgical outcome of patients with poor grade SAH and 

massive ICH  [  3,   11,   12  ] . Smith et al.  [  12  ]  suggested that the 
surgical outcome was improved by ICP control in a series of 
eight patients with poor-grade MCA aneurysmal SAH and 
Sylvian hematoma treated with external decompression. 
They reported a favorable outcome rate of 62.5 % compared 
with a poor outcome rate of 37.5 %. Shimoda et al.  [  11  ]  
reported    a favorable outcome rate of 33 % in grade IV, and 
40 % in grade V patients with Sylvian hematoma treated 
with external decompression. Although DC has prolonged 
the short-term survival of patients with poor-grade SAH and 
intracerebral hematoma, the overall quality of life experi-
enced by survivors remains poor  [  9  ] . Further investigation is 
required to clarify long-term outcome with particular focus 
upon higher cerebral function, in particular compared with a 
valid control group.      
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  Abstract    Objective : Ruptured vertebral artery dissecting 
aneurysms (VADA) should be treated promptly because of 
the high risk of rebleeding. However, it is dif fi cult to treat 
dissecting aneurysm during the acute stage using microsur-
gery because of high intracranial pressure or brain edema. 
Therefore, endovascular treatment of the ruptured VADA 
may be a better technique. We retrospectively studied the 
ef fi cacy and outcome of endovascular treatment of ruptured 
VADA at the acute stage. 
   Methods : Ten patients with ruptured VADA received 
endovascular treatment at the acute stage. Eight patients who 
had dissecting aneurysms were treated by internal trapping 
of the dissected segment. We performed stent-assisted coil-
ing (SAC) for a case of VADA in contralateral hypoplastic 
VA and a case of bilateral dissections, ruptured VADA of the 
right VA and VA dissection of the left VA. 
   Results : Four patients had good recovery, 3 patients had 
moderate disability, 2 patients had severe disability, and 1 
patient died from initial severe SAH. There was no rebleed-
ing or procedure-related complication. However, one patient 
who was treated by SAC had ischemic complications post-
treatment. 
   Conclusion : Endovascular treatment of ruptured VADA in 
the acute stage appears to be safe and effective.  

  Keywords   Endovascular treatment  •  Ruptured dissecting 
vertebral aneurysms  •  Acute stage      

   Introduction 

 When vertebral artery dissecting aneurysms (VADA) occur 
with subarachnoid hemorrhage (SAH), the risk of recurrent 
hemorrhage is extremely high. In a study by Yamada et al. of 
24 conservatively treated patients with ruptured VADA, 14 
(58 %) experienced a total of 35 re-bleeding episodes. Of 
these 14 patients, 13 died and 11 of these deaths were directly 
attributable to rebleeding  [  11  ] . Therefore, it is recommended 
that ruptured VADA should be treated within 24 h because of 
the high risk of re-bleeding and high morbidity and mortal-
ity. Nevertheless, it is dif fi cult to treat VADA during the 
acute stage using craniotomy because of high intracranial 
pressure or brain edema. 

 In recent years, endovascular treatment of VADA has 
evolved as an alternative to surgical treatment and may con-
sist of proximal vertebral occlusion, internal coil trapping, 
stent-assisted coiling, or stent placement as the only therapy 
 [  1,   5,   6,   12  ] . 

 We retrospectively studied the ef fi cacy and outcome of 
endovascular treatment of ruptured VADA at the acute stage.  

   Materials and Methods 

 Between 2004 and 2011, we treated 10 patients with rup-
tured VADA using the endovascular technique at the acute 
stage at our institute and af fi liated hospital. They were 7 men 
and 3 women ranging in age from 38 to 70 years (mean 
50.6 years). SAH was diagnosed on the basis of  fi ndings 
from computed tomography of the brain. Identi fi cation of 
dissecting aneurysms was based primarily on angiographic 
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criteria. One patient had dissecting aneurysm involving the 
origin of the posterior inferior cerebellar artery (PICA; 
PICA-involved type), 7 patients had VADA occurring at a 
distal site of the VA from the origin of the PICA (post-PICA 
type), and 2 patients had no PICA in the ipsilateral vertebral 
artery with dissecting aneurysm (no PICA type). 

   Endovascular Procedure 

 All the patients were placed under general anesthesia or 
intravenous anesthesia in the angiography room. A 6.0-F or 
a 5.0-F ultra-long sheath as a guiding catheter was placed in 
the affected VA at the cervical portion via the right femoral 
artery. The guiding catheter was perfused continuously with 
normal saline  fl ush solution containing heparin (5,000 U/L). 
Another 5.0-F catheter was used to obtain an angiogram of 
the contralateral VA during the procedure.  

   Postoperative Management 

 Post-procedurally, all patients underwent close neurological 
monitoring in our intensive care unit. Antiplatelet therapy 
with clopidogrel, cilostazol or aspirin was maintained for at 
least 3 months after treatment. Serial follow-up angiographic 
examinations were performed to ensure complete angio-
graphic healing with occlusion of the dissected segment with 
conventional DSA or MRA. The patient outcome was 
assessed according to the Glasgow Outcome Scale at 
3 months after onset.   

   Illustrative Cases 

   Case 1 

 An unconscious 39-year-old man (patient 10) was admitted 
to our hospital. Computed tomography (CT) revealed severe 
SAH, and his status was estimated as Hunt and Kosnik grade 
4. An angiogram demonstrated a dissecting aneurysm of the 
left VA; the contralateral VA supplied suf fi cient quantities of 
blood to the basilar artery and posterior cerebral artery; thus, 
we performed internal trapping for the left VADA. 
Postoperative angiography demonstrated that the aneurysm 
and the parent vessel were completely obliterated (Fig.  1 ). 
The patient did not present recurrent hemorrhage or neuro-
logical de fi cits. However, he suffered from visual disturbance 
due to Terson syndrome. This symptom was improved by 
ophthalmic surgery.   

   Case 2 

 A 54-year-old male (patient 9) was admitted to our hospital 
complaining of severe headache. Computed tomography (CT) 
revealed mild SAH in the posterior fossa, and his status was 
estimated as Hunt and Kosnik grade 2. An angiogram dem-
onstrated bilateral dissections, ruptured VADA of the right 
VA, and VA dissection of the left VA. It has been reported 
that patients with bilateral dissections, who are treated with 
parent artery occlusion on one side, may suffer rupture of 
the contralateral lesion  [  7  ] . Therefore, stent-assisted coiling 
(SAC) was performed for the ruptured VADA of the right 

a b c

  Fig. 1    Working angle of left vertebral artery (VA) angiogram before 
internal trapping. The vertebral artery dissecting aneurysm (VADA) 
occurring at a site distal to the VA from the origin of the posterior infe-
rior cerebellar artery (PICA;  arrow ) ( a ). After t   he  fi rst coil was placed 

in the VADA ( b ). Left VA angiogram after internal trapping by coil 
embolization ( c ). The VADA was totally occluded with coils and the 
PICA was well visualized       
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VA without occlusion of the right VA or ischemic compli-
cation during endovascular treatment (Fig.  2 ). The patient 
did not present recurrent hemorrhage or neurological de fi cits 
immediately after the SAC. However, ischemic complica-
tions were observed after 14 days and were associated with 
a change from clopidogrel to aspirin owing to liver dysfunc-
tion. MRI-DWI revealed an ischemic lesion in the lateral 
medulla oblongata following the endovascular treatment.    

   Results 

 All the patients received endovascular treatment. Eight 
patients who had VADA were treated by internal trapping of 
the dissected segment and parent artery occlusion. We per-
formed stent-assisted coiling (SAC) for 2 cases of VADA, 1 
with contralateral hypoplastic VA and 1 with bilateral VADA. 
Four patients had good recovery (GR), 3 patients had moder-
ate disability (MD), 2 patients had severe disability (SD), 
and 1 patient who had VADA with involvement of the origin 

of the PICA died (D) from initial severe SAH. There was no 
recurrent hemorrhage or procedure-related complications. 
However, as mentioned above, one patient who was treated 
by SAC (case 2) presented ischemic complications post-
treatment, associated with a change from clopidogrel to aspi-
rin owing to liver dysfunction (Table  1 ).   

   Conclusion 

 The preferred therapy for dissecting artery is trapping. 
However, it is dif fi cult to perform trapping by craniotomy 
owing to brain edema and high intracranial pressure. Trapping 
is especially dif fi cult at the acute stage of SAH if dissecting 
aneurysms are located near the median part of the brainstem 
 [  10  ] . VADA presenting with subarachnoid hemorrhage 
(SAH) should be treated promptly because of the high risk of 
recurrent hemorrhage. 

 There have been several studies and case reports describing 
endovascular therapy for the treatment of vertebral dissecting 

a b c

d

  Fig. 2    Working angle of right VA angiogram showing bilateral VA dis-
sections ( a ). Nonsubtracted  fl uoroscopic image before a balloon-
expandable stent was deployed and a microcatheter was placed in the 
VADA ( b ). After deployment of a balloon-expandable stent across the 

aneurysm neck and placement of platinum coils in the aneurysm ( c ). 
Right VA angiogram after coil embolization assisted with the balloon-
expandable stent ( d ). The VADA was almost totally occluded with 
coils       
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aneurysms  [  4,   8  ] . Internal trapping and proximal occlusion of 
the parent artery with detachable coils, as shown in Fig.  1 , can 
provide a favorable outcome in the majority of patients  [  2,   4  ] . 

 Vertebral artery dissecting aneurysms are classi fi ed 
according to the originating portion of the VA and dissect-
ing segment: those occurring at a site distal to the VA from 
the origin of the PICA are called post-PICA type, those 
occurring at a site proximal to the VA from the origin of the 
PICA are called pre-PICA type, and those involving the ori-
gin of the PICA are called PICA-involved type. Internal 
trapping is suitable for VADA of the post- and pre-PICA 
types. Nevertheless, for patients with VADA involving the 
origin of the PICA, this approach is rarely indicated because 
of the risk of ischemic complications in the PICA territory. 
Also, for patients with contralateral hypoplastic or aplastic 
VA and patients with bilateral VADA, internal trapping is 
not suitable because of the risk of ischemic complications 
and rupture of the contralateral dissected lesion  [  7  ] . Several 
reports have described the use of stent endovascular treat-
ment, such as stent-assisted coiling (SAC), for these patients 
 [  1,   3,   8,   9  ] . 

 Stent-assisted coiling may be used for VADA where inter-
nal trapping of the dissected segment of the parent artery at 
the acute stage is dif fi cult or inappropriate, but ischemic 
complications are likely to develop. The optimal treatment 
for dissecting aneurysms of these patients at the acute stage 
of SAH remains to be established. 

 In summary, VADA presenting with subarachnoid hemor-
rhage (SAH) should be treated promptly because of the high 
risk of recurrent hemorrhage. In our present study, there was 
no re-bleeding after endovascular treatment and no proce-
dure-related complications. Even if it is dif fi cult to perform 
trapping by craniotomy for VADA because of brain edema 
and high intracranial pressure at the acute stage of SAH, 
endovascular treatment appears to be safe and effective.      

  Con fl ict of Interest   The authors report no con fl ict of interest con-
cerning the material or methods used in the study   .  

   References 

    1.    Ahn JY, Han IB, Kim TG, Yoon PH, Lee YJ, Seo SH, Kim DI, 
Hong CK, Joo JY (2006) Endovascular treatment of intracranial 
vertebral artery dissections with stent placement or stent assisted 
coiling. AJNR Am J Neuroradiol 27:1514–1520  

    2.    Albuquerque FC, Fiorella DJ, Han PP, Deshmukh VR, Kim LJ, 
McDougall CG (2005) Endovascular treatment of intracranial ver-
tebral artery dissecting aneurysms. Neurosurg Focus 18:1–6  

    3.    Chung J, Kim BS, Lee D, Kim TH, Shin YS (2010) Vertebral artery 
occlusion with vertebral artery-to-posterior inferior cerebellar 
artery stenting for preservation of the PICA in treating ruptured ver-
tebral artery dissection. Acta Neurochir 153:1489–1492  

    4.    Kai Y, Hamada JI, Morioka M, Todaka T, Mizuno T, Ushio Y 
(2003) Endovascular coil trapping for ruptured vertebral artery dis-
secting aneurysms by using double microcathters technique in that 
acute stage. Acta Neurochir (Wien) 145:447–451  

    5.    Leibowitz R, Do HM, Marcellus ML, Chang SD, Steinberg GK, 
Marks MP (2003) Parent vessel occlusion for vertebrobasilar fusi-
form and dissecting aneurysms. AJNR Am J Neuroradiol 24:
902–907  

    6.    Mehta B, Burke T, Kole M, Bydon A, Seyfriend D, Malik G (2003) 
Stent-within-a-stent technique for the treatment of dissecting verte-
bral artery aneurysms. AJNR Am J Neuroradiol 24:1814–1818  

    7.    Otawara Y, Ogasawara K, Ogawa A, Kogure T (2002) Dissecting 
aneurysms of bilateral vertebral arteries with subarachnoid haemor-
rhage: report of three cases. Neurosurgery 50:1372–1374  

    8.    Peluso JPP, van Rooij WJ, Sluzewski M, Beute GN, Majoie CB 
(2008) Endovascular treatment of symptomatic intracranial verte-
bral dissecting aneurysms. AJNR Am J Neuroradiol 29:102–106  

    9.    Suh SH, Kim BM, Park SI, Kim DI, Shin YS, Kim EJ, Chung EC, 
Koh JS, Shin HC, Choi CS, Won YS (2009) Stent-assited coil 
embolization followed by a stent-within-a-stent technique for rup-
tured dissecting aneurysms of the intracranial vertebrobasilar artery. 
J Neurosurg 111:48–52  

    10.    Uhl E, Schmid-Elsaesser R, Steiger HJ (2003) Ruptued intracranial 
dissecting aneurysms: management considerations with a focus on 
surgical and endovascular techniques to preserve arterial continuity. 
Acta Neurochir (Wien) 145:1073–1084  

    11.    Yamada M, Takao K, Kurata A, Fujii K, Miyasaka Y (2004) 
Intracranial vertebral artery dissection with subarachnoid hemor-
rhage: clinical characteristics and outcomes in conservatively 
treated patients. J Neurosurg 101:25–30  

    12.    Yamaura A, Tani E, Yokota M, Nakano A, Fukami M, Kaba K, 
Matsumoto T (1999) Endovascular treatment of ruptured dissecting 
aneurysms aimed at occlusion of the dissected site by using 
Guglielmi detachable coils. J Neurosurg 90:853–856      

   Table 1    Summary of the ten patients with VA dissecting aneurysms   

 Patient no.  Age (year)/sex  H&K  Angiographic  fi ndings  Procedure  Outcome (GOS)  Complication 

 1  38/M  4  PICA-involved  Internal trapping  D  None 
 2  52/M  2  Post-PICA  Internal trapping  GR  None 
 3  55/M  4  Post-PICA  Internal trapping  MD  None 
 4  70/F  4  Post-PICA (contralateral hypoplastic VA)  SAC  MD  None 
 5  43/F  2  Post-PICA  Internal trapping  GR  None 
 6  65/M  4  No PICA  Internal trapping  GR  None 
 7  40/M  4  No PICA  Internal trapping  SD  None 
 8  45/F  5  Post-PICA  Internal trapping  MD  None 
 9  59/M  2  Post-PICA, bilateral VADA  SAC  MD  Ischemia 
 10  39/M  4  Post-PICA  Internal trapping  GR  None 

   VA  vertebral artery,  PICA  posterior inferior cerebellar artery,  SAC  stent-assisted coiling,  D  death,  GR  good recovery,  MD  moderate disability, 
 SD  severe disability  
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  Abstract   Hemispheric hypertensive intracerebral hemor-
rhage (ICH) has a high mortality rate. Decompressive 
craniectomy (DC) has generally been used for the treatment 
of severe traumatic brain injury, aneurysmal subarachnoid 
hemorrhage, and hemispheric cerebral infarction. However, 
the effect of DC on hemispheric hypertensive ICH is not well 
understood. To investigate the effects of DC for treating 
hemispheric hypertensive ICH, we retrospectively reviewed 
the clinical and radiological  fi ndings of 21 patients who 
underwent DC for hemispheric hypertensive ICH. Eleven of 
the patients were male and 10 were female, with an age range 
of 22–75 years (mean, 56.6 years). Their preoperative 
Glasgow Coma Scale scores ranged from 3 to 13 (mean, 6.9). 
The hematoma volumes ranged from 33.4 to 98.1 mL (mean, 
74.2 mL), and the hematoma locations were the basal gan-
glia in 10 patients and the subcortex in 11 patients. 
Intraventricular extensions were observed in 11 patients. 
With regard to the complications after DC, postoperative 
hydrocephalus developed in ten patients, and meningitis was 
observed in three patients. Six patients had favorable out-
comes and 15 had poor outcomes. The mortality rate was 
10 %. A statistical analysis showed that the GCS score at 
admission was signi fi cantly higher in the favorable outcome 
group than that in the poor outcome group ( P  = 0.029). Our 
results suggest that DC with hematoma evacuation might be 
a useful surgical procedure for selected patients with large 
hemispheric hypertensive ICH.  

  Keywords   Decompressive craniectomy  •  Intracerebral 
hemorrhage  •  Hypertensive  •  Outcome      

   Introduction 

 Hypertensive intracerebral hemorrhage (ICH) accounts 
for 10–20 % of strokes  [  2  ] . The reported 30-day mortality 
range is approximately 30–50 %  [  3,   6  ] . The International 
Surgical Trial in Intracerebral Haemorrhage (STICH) 
study, a landmark trial of over 1,000 ICH patients, showed 
that emergency surgical hematoma evacuation via cran-
iotomy within 72 h of onset failed to improve the outcome 
compared with a policy of initial medical management 
 [  10  ] . However, patients with large ICH always experience 
progressive neurological deterioration or cerebral hernia-
tion, and this subgroup of patients has been excluded from 
most of the previous trials. Therefore, the results of such 
trials cannot be extrapolated to guide the treatment of rap-
idly deteriorating patients with ICH  [  13  ] , and for now, the 
issue of what is the best treatment for patients with ICH 
remains controversial. 

 Decompressive craniectomy (DC) is a surgical proce-
dure performed to relieve the malignant elevation of intrac-
ranial pressure (ICP), and has been used for the treatment 
of severe traumatic brain injury (TBI)  [  1,   12  ] , high-grade 
aneurysmal subarachnoid hemorrhage  [  4,   15  ] , and hemi-
spheric cerebral infarction  [  7,   16  ] . The application of DC in 
patients with hemispheric hypertensive ICH has been much 
less common, although several studies have shown the use-
fulness of this procedure for large hemispheric hypertensive 
ICH  [  5,   11,   14  ] . 

 Here, we present our experience of this procedure in a 
subset of 21 patients who were treated with DC for hemi-
spheric hypertensive ICH. We also analyzed the factors 
related to outcome in these patients.  
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   Materials and Methods 

   Patients 

 Twenty-one patients who underwent DC for hemispheric 
hypertensive ICH were studied. The patient charts were ret-
rospectively reviewed, and the following variables were 
recorded: age, sex, Glasgow Coma Scale (GCS) score just 
before surgery, the side, location, and volume of the hema-
toma, the presence of a midline shift, intraventricular hemor-
rhage (IVH), subarachnoid hemorrhage, or complications 
after DC, and the outcome. The patient’s outcome was 
assessed using the Glasgow Outcome Scale (GOS) at dis-
charge. We classi fi ed GOS scores into favorable (good recov-
ery and moderate disability) or poor (severe disability, 
vegetative state, or death) outcomes.  

   Calculation of the Hematoma Volume 

 The hematoma volume was calculated using the ABC/2 
 formula where A and B are the perpendicular maximal diam-
eters of the lesion and C is the total length in the vertical 
plane, using CTs obtained just before DC  [  9  ] .  

   Surgical Technique 

 The decision to proceed with surgery was made by the neu-
rosurgical team when patients exhibited a deteriorating level 
of consciousness and evidence of a signi fi cant mass effect 
on head CT despite maximal medical therapy, including 
head elevation, sedation, hyperventilation, and hyperosmo-
lar therapy. DC was performed via standard unilateral fron-
toparietotemporal craniectomy in all patients. The dura was 
widely opened in a stellate fashion to the extent of bone 
decompression, and a duraplasty was performed using a 
synthetic graft (Gore-tex graft) to increase the available 
 volume before closure.  

   Statistical Analyses 

 The Fisher’s exact test or Mann–Whitney test was used to 
explore the factors related to outcomes in patients who 
underwent DC for hemispheric hypertensive ICH. A value of 
 P  < 0.05 was considered to be statistically signi fi cant. All sta-
tistical analyses were performed using SPSS version 11.0 
software program (SPSS, Chicago, IL, USA).   

   Results 

 Eleven of the 21 patients were male and 10 were female, and 
they had an age range of 22 to 75 years (mean, 56.6 years). 
Their preoperative Glasgow Coma Scale scores ranged from 
3 to 13 (mean, 6.9). The hematoma volumes ranged from 
33.4 to 98.1 mL (mean, 74.2 mL). The hematoma locations 
were the basal ganglia in 10 patients and the subcortex in 11 
patients. Intraventricular extensions were observed in 11 
patients. With regard to the complications after DC, postop-
erative hydrocephalus developed in ten patients, and menin-
gitis was observed in three patients. The outcomes included 
a good recovery in 1 patient, moderate disability in 5 patients, 
severe disability in 6 patients, vegetative state in 7 patients, 
and death in 2 patients. The mortality rate was 10 %. The 
incidence of a favorable outcome was 29 %, and that of a 
poor outcome was 71 %. The duration of follow-up was at 
least 54 days for all patients. 

 The results of the analyses of the prognostic factors in 
patients who underwent DC for hemispheric hypertensive 
ICH are shown in Table  1 . The GCS score at admission was 
signi fi cantly higher in the favorable outcome group than that 
in the poor outcome group ( P  = 0.029). There were no 
signi fi cant differences in the other variables.   

   Conclusion 

 DC has been proposed to be a life-saving intervention for 
several neurological catastrophes. The rationale for this 
treatment consists of opening the skull and removing a bone 
 fl ap to allow the edematous brain to swell outward, thereby 
preventing intracranial tissue shifts and life-threatening 
downward herniation. The bene fi cial effect of DC in reduc-
ing ICP has been well documented in several studies, and it 
also contributes to improvements in cerebral compliance, 
cerebral oxygen supply, cerebral blood perfusion, and vari-
ous abnormal CT signs  [  1,   8  ] . The application of DC in 
patients with hemispheric hypertensive ICH has been much 
less frequent, although several studies have shown the use-
fulness of this procedure for large hemispheric hypertensive 
ICH  [  5,   11,   14  ] . 

 Dierssen et al.  [  5  ]  reported a series of 73 patients with 
spontaneous ICH who were treated by surgical evacuation of 
the hematoma and DC, and they indicated that the results 
were much better in acute cases; the mortality of acute cases 
with DC was 32 % whereas without DC it was 70 %. A case 
series reported by Murthy et al.  [  11  ]  revealed that of the 12 
patients with spontaneous ICH treated with DC, 11 (92 %) 
survived at discharge, and 6 of them (55 %) had good func-
tional outcomes (modi fi ed Rankin Score 0–3). A similar 
observational study conducted by Ramnarayan et al.  [  14  ]  
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also revealed that, of 23 patients who underwent DC for large 
putaminal hemorrhage, 3 (13 %) died and 13 (57 %) achieved 
a good outcome (GOS score 5). 

 In our series, at discharge (at least 54 days), the mortality 
rate was 10 %, which was consistent with other studies. 
These results suggest that DC might improve the mortality 
rate of patients with large hemispheric ICH. However, in our 
series, only six patients (29 %) had favorable outcomes, and 
we found that a low GCS score was related to the outcomes 
in patients after DC. Further studies on the indications for 
DC are required to investigate whether DC can improve the 
functional outcomes in patients with large hemispheric ICH, 
especially taking into consideration their level of conscious-
ness prior to the procedure.      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  
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   Table 1    The prognostic factors related to outcome in patients who underwent decompressive craniectomy for hemispheric hypertensive intracerebral 
hemorrhage   

 Variable  Favorable outcomes ( n  = 6)  Poor outcomes ( n  = 15)   P  value 

 Age, years  54.0 ± 13.1  57.6 ± 12.2  0.519 
 Male gender,  n  (%)  2 (33.3)  9 (60.0)  0.268 
 GCS score  8.8 ± 2.5  6.1 ± 2.8  0.029 
 Left-sided hematoma,  n  (%)  1 (16.7)  4 (26.7)  0.550 
 Hematoma location,  n  (%)  0.633 
  Basal ganglia  3 (50)  7 (46.7) 
  Subcortex  3 (50)  8 (53.3) 
 Hematoma volume, mL  69.6 ± 19.0  76.1 ± 14.0  0.677 
 Midline shift, mm  16.2 ± 3.2  16.5 ± 3.0  0.910 
 Intraventricular hemorrhage,  n  (%)  1 (16.7)  10 (66.7)  0.055 
 Subarachnoid hemorrhage,  n  (%)  1 (16.7)  4 (26.7)  0.550 
 Postoperative meningitis,  n  (%)  1 (16.7)  2 (13.3)  0.658 
 Postoperative hydrocephalus,  n  (%)  1 (16.7)  9 (60.0)  0.094 

   GCS  Glasgow Coma Scale  
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  Abstract    Objective : Decompressive craniectomy (DC) is an 
established therapeutic option following severe traumatic 
brain injury (TBI). However, several delayed complications 
of DC have been reported, including ventriculomegaly, 
which can lead to poor patient outcomes. Nevertheless, ven-
triculomegaly can occur after TBI even without DC. The aim 
of the present study was to investigate the in fl uence of DC on 
ventriculomegaly. 

  Material and Methods : Adult male Sprague–Dawley rats 
(300–400 g) were subjected to lateral  fl uid percussion injury 
using a  fl uid percussion device. Rats were randomly divided 
into four groups: sham, craniectomized without trauma 
(D group), traumatized without DC (FPI group), and craniec-
tomized immediately after trauma (FPI + D group). On 
day 28 of recovery, ventricular volumes were measured by 
image analysis. 

  Results : There was no signi fi cant difference in ventricular 
size between the sham group and the D group animals or 
between the FPI group and the FPI + D group animals. 

  Conclusion : These data suggest that DC may not be a risk 
factor for ventriculomegaly after TBI.  

  Keywords   Ventriculomegaly  •  Decompressive craniec -
tomy  •  Traumatic brain injury  •  Rat      

   Introduction 

 Decompressive craniectomy (DC) is an established thera-
peutic option following severe traumatic brain injury (TBI), 
and is widely used in the treatment of malignant post- 

traumatic brain edema  [  1,   12,   14,   16  ] . The bene fi cial effects 
of DC in reducing intracranial pressure (ICP) are well docu-
mented, and DC can also contribute to improvements in 
cerebral compliance, cerebral oxygen supply, cerebral blood 
perfusion, and various abnormal computed tomography signs 
 [  1,   12,   14,   16  ] . However, several delayed complications of 
DC have been reported  [  2,   4,   5,   7,   15,   20  ] , including ven-
triculomegaly, which can lead to a poor outcome for the 
patients  [  2,   4,   5  ] . On the other hand, ventriculomegaly can 
occur after TBI even without DC  [  3,   6,   9,   13  ] , and clinical 
studies failed to examine whether DC itself could aggravate 
ventriculomegaly. The aim of the present study was to inves-
tigate the in fl uence of DC on ventriculomegaly.  

   Materials and Methods 

   Animals and Experimental Procedures 

 All experimental procedures were approved by the Animal 
Care and Use Committee of the National Defense Medical 
College. Sprague–Dawley (SD) rats (male, 320–390 g; 
9–10 weeks of age) were used. The rats were housed in indi-
vidual cages under controlled environmental conditions 
(12/12 h light/dark cycle, 20–22 °C; room temperature) with 
food and water freely available, for 1 week before the experi-
mental surgery. The rats were anesthetized with iso fl uorane 
(1.5 %) in a 30 % oxygen to 70 % nitrous oxide gas mixture 
via a nose cone and were  fi xed in a stereotaxic frame for the 
procedure. A 4.8 mm craniotomy was made over the right 
parietal cortex (3.8 mm posterior and 2.5 mm lateral to the 
bregma), keeping the underlying dura intact. The bone  fl aps 
were cleanly preserved. A plastic Luer-Loc was placed over 
the opening and secured with dental acrylic cement. The rats 
were returned to their cages and allowed free access to water 
overnight. The following day, the rats were anesthetized, 
intubated, and maintained on a mechanical ventilator after 
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infusion of pancronium bromide (0.1 mg/kg; tidal volume: 
2.5–3.0 mL/kg; respiratory rate: 60/min). The femoral artery 
was cannulated with a polyethylene catheter. The rats’ blood 
pressure was monitored throughout the procedure, and arte-
rial blood samples were intermittently analyzed (PaCO 

2
  was 

controlled at 30–40 mmHg). The rectal temperature was 
measured with a rectal probe and maintained at a constant 
level of approximately 37.0 °C with a heating pad. Ten rats 
received  fl uid percussion injury (FPI) at a moderate severity 
(2.5–3.0 atm, 16 ms in duration) using a Dragon fl y  fl uid per-
cussion device (model HPD-1700; Dragon fl y R&D, Silver 
Spring, MD, USA), as previously described  [  10  ] . FPI ani-
mals were further divided into decompressive craniectomy 
(DC; FPI + D group;  n  = 5) or sham (FPI group;  n  = 5) groups. 
A further 10 rats were subjected to the same procedures 
except that the actual insult was not performed, and then 
received DC without FPI (D group;  n  = 5) or sham ( n  = 5). In 
rats subjected to DC (the FPI + D group and the D group), the 
opening of the craniotomy was extended using bone forceps 
within 20 min of the insult or pseudo-insult. The dura was 
left intact during the surgical procedure. The craniectomy 
area was between the anterior coronal suture and the poste-
rior rhomboid suture. The sagittal suture and the superior 
temporal line formed the medial and lateral borders. In rats 
without DC (the FPI group and the sham group), the cran-
iotomy opening was glued closed (dental acrylic cement) 
using the previously removed bone  fl ap. Following these 
procedures, the scalp was sutured and the rats were returned 
to their home cages with food and water available ad 
libitum.  

   Ventricular Volume Measurement 

 At day 28 after TBI, the rats were euthanized by decapi-
tation under intraperitoneal anesthesia, and the brains 
were rapidly removed and immersed in 4 % buffered 
paraformaldehyde for 12 h. Fixed brains were sectioned 
coronally at 1-mm intervals (from 2.7 mm anterior to 
9.3 mm posterior to the bregma). Ventricular volumes 
were measured using image analysis software (ImageJ, 
NIH, USA).  

   Statistical Analysis 

 Data are presented as the mean ± SD. Comparisons between 
the groups were made using one-way analysis of variance 
followed by Tukey’s test. A value of  p  < 0.05 was considered 
signi fi cant. Graphpad Prism 4.0 (San Diego, CA, USA) was 
used for all statistical tests.   

   Results 

   Physiological Data 

 There were no signi fi cant differences in the physiological 
data between each group with regard to the mean arterial 
blood pressure, pH, pCO 

2
 , pO 

2
 , or body temperature (data 

not shown).  

   Ventricular Volumes 

 At day 28, ventricular volume was 3.3 ± 0.2 mL in the sham 
group, 2.9 ± 0.5 mL in the D group, 5.5 ± 1.7 mL in the FPI 
group, and 5.7 ± 1.0 mL in the FPI + D group (Fig.  1 ). 
Ventricular volume in the FPI group was larger than that in 
the sham group and the D group ( p  < 0.05, for both), while 
there was no difference between the FPI group and the 
FPI + D group (Fig.  1 ). Ventricular volume in the FPI + D 
group was larger than that in the sham group and the D group 
( p  < 0.05 and  p  < 0.01 respectively), while there was no dif-
ference between the sham group and the D group (Fig.  1 ).    

   Conclusion 

 It has been hypothesized that the disruption of pulsatile ICP 
dynamics secondary to opening of the cranial vault might 
result in decreased cerebrospinal  fl uid (CSF) out fl ow, thus 
affecting ventricular enlargement  [  5,   19  ] . However, our data 
suggest that DC may not be a risk factor for  ventriculomegaly 
after TBI. Aquaporin (AQP)-4 is one of the main  aquaporins 
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  Fig. 1    Ventricular volumes at 28 days after injury. Ventricular volume 
in the FPI group was larger than that in the sham group and the D group 
(* p  < 0.05, # p  < 0.05 respectively). Ventricular volume in the FPI + D 
group was larger than that in the sham group and the D group (* p  < 0.05 
and  $  p  < 0.01 respectively)       
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in the central nervous system and acts as a water channel. It 
is located primarily in astrocytic end-feet, glial limiting 
membranes, and the basolateral membrane of the ventricular 
ependymal cells  [  11  ] . Several studies have examined the 
roles of AQP-4 in ventricular enlargement. Li et al. reported 
that the majority of AQP-4-null mice demonstrated smaller 
ventricular sizes and reduced cerebrospinal  fl uid production 
 [  8  ] , and Tourdias et al. reported that the degree of hydro-
cephalus correlated with the upregulation of AQP-4  [  18  ] . 
Interestingly, our colleagues recently reported that DC after 
TBI signi fi cantly decreased AQP-4 expression  [  17  ] . 
Therefore, combined with the results of the present study, we 
suggest that DC can both increase and decrease the incidence 
of ventriculomegaly after TBI, and that DC does not always 
cause ventricular enlargement. A limitation of our study is 
that we were unable to determine whether ventriculomegaly 
was a result of hydrocephalus or atrophy. Further studies are 
required to fully elucidate the role of DC in hydrocephalus.      
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  Abstract   Decompressive craniectomy (DC) improves the 
survivability and functional outcome in patients with malig-
nant hemispheric infarction (MHI). The decompressive 
effect of DC depends on the decompressive volume (DV). 
The value of the formulas for estimating DV has not been 
reported to date. We have investigated the value of the for-
mulas to estimate DV in patients with MHI. We analyzed the 
head CTs of six patients who underwent DC for MHI. We 
examined 1/2ABC, 1/3ABC,  p /6ABC, and 2/3Sh formulas 
to determine the formula that gives the closest estimation of 
DV compared with computer-assisted volumetric analysis 
(gold standard). The mean volume values of the gold stan-
dard, 1/2ABC, 1/3ABC,  p /6ABC, and 2/3Sh formulas were 
100.2, 102.4, 68.3, 105.2, and 109.2 mL respectively. 
Spearman’s correlation coef fi cient was assessed for DV 
obtained by each of the four different formulas relative to the 
gold standard. These were as follows: 1/2ABC = 0.8095 
( p  < 0.05), 1/3ABC = 0.8095 ( p  < 0.05),  p /6ABC = 0.7381 
( p  < 0.05), and 2/3Sh = 0.4524 ( p  > 0.05). In conclusion, the 
1/2ABC formula is the most useful and the closest estima-
tion of DV in patients with MHI after DC.  

  Keywords   Decompression  •  Craniectomy  •  Computed tomo-
 graphy  •  1/2ABC  •  1/3ABC  •   p /6ABC  •  2/3Sh  •  Volume  •  Stroke      

   Introduction 

 Randomized trials have suggested that decompressive 
craniectomy (DC) reduces mortality and improves functional 
outcome in patients with malignant hemispheric infarction 
(MHI)  [  1,   3,   6  ] . The decompressive effect of DC depends on 
the volume gained by craniectomy (i.e., decompressive vol-
ume [DV])  [  7  ] . However, DV is not simple to assess. There 
have not yet been any reports on the value of formulas to 
estimate DV. 

 There are, however, several techniques to estimate the 
acute subdural and epidural hematoma volume, including the 
1/2ABC, 1/3ABC,  p /6ABC, and 2/3Sh methods  [  2,   4,   5,   8  ] . 
Here, we applied these formulas to estimate DV. The aim of 
the present study was to investigate the value of using formu-
las to estimate DV in patients with MHI.  

   Materials and Methods 

   Patient Population and Operative Therapy 

 We focused on six patients who underwent DC for MHI 
between January 2000 and March 2008, and whose volumet-
ric data from head CTs were available. Of the 6 patients, 4 
were men and 2 were women, whose age ranged from 46 to 
73 years (mean, 61.3 years). The decision to proceed with 
surgery was made by the neurosurgical team when the 
patients exhibited a deteriorating level of consciousness, and 
the head CT showed evidence of a signi fi cant mass effect, 
despite maximal medical therapy. DC was performed via 
standard unilateral frontoparietotemporal craniectomy in all 
patients (Fig.  1 ). Duraplasty was performed using a synthetic 
graft (Gore-tex graft) to increase the available volume before 
closure. The bone  fl ap was removed. Internal decompression 
was not performed in all patients.   
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   Imaging and Estimation Techniques 

 Pre- and postoperative CTs, performed between 1 and 9 days 
after surgery, were analyzed. Computer-assisted volumetric 
analysis was considered the gold standard for comparison. 
Volumetric analysis was performed using Ziostation analyti-
cal software (Ziosoft, Tokyo, Japan) as follows: pre- and 
postoperative volumes of the whole brain were measured. 
The preoperative volume was subtracted from the postopera-
tive volume to calculate the gold standard measurement of 
DV. Moreover, the postoperative CTs were analyzed as fol-
lows: the diameter of the craniectomy was measured in cen-
timeters in each CT slice. The CT slice showing the largest 
diameter (A) was then taken, and a perpendicular line (B) 
was measured from the horizontal diameter to the dural  fl ap. 
The number of CT slices of the craniectomy, multiplied by 
the slice thickness, was the height (C) of DV. Margins of the 
area that was gained by DC were traced by hand on each CT 
slice (Fig.  2 ). The label “S” indicates the largest area value 
gained by DC, and “h” indicates the height of DV  [  8  ] . In the 
 p /6ABC formula, A refers to the largest diameter (at the slice 
with the largest area), and B indicates the perpendicular line 
(the longest distance from the horizontal diameter to the 
dural  fl ap) in the same slice, as described above  [  5  ] . Each 
value was measured using image analysis software (ImageJ, 
NIH, USA). We examined four different formulas to deter-
mine which formula gives the closest estimation of DV rela-
tive to the gold standard. The evaluated formulas were 
1/2ABC, 1/3ABC,  p /6ABC, and 2/3Sh. Spearman’s correla-
tion coef fi cient was used to statistically compare the volumes 
calculated using each of these four formulas to the gold 

 standard.  P  values less than 0.05 were considered signi fi cant. 
Graphpad Prism 4.0 software (San Diego, CA, USA) was 
used for all statistical tests.    

   Results 

 Compared with the gold standard measurement (100.2 mL), 
the mean volume values calculated with the 1/2ABC, 
1/3ABC,  p /6ABC, and 2/3Sh formulas were 102.4, 68.3, 
105.2, and 109.2 mL respectively (Table  1 ). In addition to 
an underestimation of 31.8 % with the 1/3ABC formula, the 
DV assessed by the 1/2ABC,  p /6ABC, and 2/3Sh formulas 
gave 2.2%, 5.0%, and 9.0% overestimations, respectively. 
Spearman’s correlation coef fi cients for the DV obtained by 
each of the four different formulas relative to the gold stan-
dard were as follows: 1/2ABC = 0.8095; 1/3ABC = 0.8095; 
 p /6ABC = 0.7381; and 2/3Sh = 0.4524. Each of the correla-
tion coef fi cients of 1/2ABC, 1/3ABC, and  p /6ABC was 
signi fi cant ( p  < 0.05). However, the correlation coef fi cient of 
the 2/3Sh formula was not signi fi cant ( p  > 0.05; Fig.  3 ).    

  Fig. 1    A representative three-dimensional CT showing an optimal 
decompressive craniectomy. The craniectomy area is large and per-
formed at the  fl oor of the middle fossa       

  Fig. 2    CT of a brain after craniectomy. ( A ) diameter of the craniec-
tomy; ( B ) perpendicular line of the longest distance from the diameter 
( A ) to the dural  fl ap. Margin of the area gained by the craniectomy was 
hand-traced       
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   Conclusion 

 All formulas, except 2/3Sh, produced a strong correlation 
with the gold standard measurement. Overall, the 1/2ABC 
and 1/3ABC techniques showed the best correlation with the 
gold standard. Furthermore, the formula 1/2ABC only 
slightly overestimated DV, by 2.2 %, in comparison with the 
gold standard. It is evident that the 1/2ABC technique gives 
the closest estimation of DV gained by DC. Although the 
1/3ABC formula also provided the best correlation with the 
gold standard, it was not useful because it considerably 
underestimated DV by 31.8 %, in comparison with the gold 
standard. The formula  p /6ABC gave the second best correla-
tion; however, calculating  p /6ABC is more troublesome. 

 Although DC is a surgical procedure for treating the 
malignant elevation of intracranial pressure (ICP) in patients 
with MHI and the decompressive effect depends on the DV 

 [  1,   3,   6,   7  ] , there are no data on the relationship between DV 
and ICP. In addition, there are no reports on the relationship 
between DV and the outcome of patients with MHI after DC, 
although the infarct volume, midline shift, and craniectomy 
area have already been examined  [  1,   3,   6,   7  ] . We believe that 
one reason for the lack of these data may be the dif fi culty in 
estimating the DV immediately and precisely. To the best of 
our knowledge, this is the  fi rst report measuring DV in 
patients with MHI using computer-assisted volumetric anal-
ysis. However, it is not convenient because of the need for 
special analytical software. We therefore feel that the simple 
1/2ABC technique is a more useful method of estimating 
DV. This technique may be useful to analyze the effect of DC 
on the ICP, the incidence of complications (e.g., hydrocepha-
lus), and the outcome of patients with MHI. 

 The present study has several limitations. A major limita-
tion of this study was the relatively small number of patients 

   Table 1    Decompressive volumes measured using different techniques   

 Techniques 

 Decompressive volume (mL)  95 % CI for mean 

 Mean  Minimum  Maximum  Lower bound  Upper bound 

 Gold standard  100.2  70.44  136.1  82.36  118.1 
 1/2ABC  102.4  77.31  145.6  84.97  119.9 
 1/3ABC  68.3  51.54  97.05  56.65  79.94 

  p /6ABC  105.2  70.37  156.9  83.14  127.2 

 2/3Sh  109.2  87.97  139.1  93.82  124.6 
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  Fig. 3    Comparison of 
 decompressive volumes measured 
by the 1/2ABC, 1/3ABC, 
 p /6ABC, and 2/3Sh techniques, 
relative to the gold standard 
measurement. ( a ) 1/2ABC: 
 r  = 0.8095 ( p  < 0.05). ( b ) 1/3ABC: 
 r  = 0.8095 ( p  < 0.05). ( c )  p /6ABC: 
 r  = 0.7381 ( p  < 0.05). ( d ) 2/3Sh: 
 r  = 0.4524 ( p  > 0.05)       
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involved. Further studies are required, with a larger number of 
patients. Furthermore, we did not evaluate ICP in patients with 
MHI in this study. We hope that further investigations will 
reveal the relationship between DV and change in ICP. In sum-
mary, this study proves the validity of the 1/2ABC technique 
for estimating the DV gained by DC in patients with MHI.      
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  Abstract   Numerous studies on hydrocephalus after decom-
pressive craniectomy (DC) for severe traumatic brain injury 
have been reported, whereas there have been only two reports 
on DC for hemispheric cerebral infarction. Here, we present 
the clinical details of 23 patients who underwent DC for 
hemispheric cerebral infarction and the incidence of hydro-
cephalus following DC. Of the 23 patients, 13 were male and 
10 were female, with an age range from 34 to 75 years (mean, 
60.8 years). The areas of hemispheric infarctions were those 
of the middle cerebral arteries in 12 patients and of the inter-
nal carotid arteries in 11 patients. The mean preoperative GCS 
score was 6. Nineteen patients (82.6 %) underwent cranio-
plasty. Pre-cranioplasty hydrocephalus was observed in 11 
(47.8 %) patients. Four patients who had precranioplasty 
hydrocephalus were transferred or died without cranioplasty, 
and post-cranioplasty hydrocephalus occurred in 7 (36.8 %). 
Only one patient underwent a shunt procedure after cranio-
plasty. We consider that the explanation for the discrepancies 
between our study and the previous studies might lie in the 
de fi nition of hydrocephalus and the indications for shunting.  

  Keywords   Decompressive craniectomy  •  Hydrocephalus  •  Com-
 plication  •  Stroke      

   Introduction 

 Decompressive craniectomy (DC) is a surgical procedure for 
treating the malignant elevation of intracranial pressure 
(ICP), and it has generally been used for the treatment of 
severe traumatic brain injury (TBI)  [  1,   6,   13–  15  ] , aneurys-
mal subarachnoid hemorrhage  [  5,   8,   16,   18  ]  and hemispheric 
cerebral infarction  [  9,   10,   19,   20  ] . The rationale for this treat-
ment modality consists of opening the skull and removing a 
bone  fl ap to allow the edematous brain to swell outward, 
thereby preventing intracranial tissue shifts and life-threat-
ening downward herniation. 

 In patients who had undergone DC for malignant hemi-
spheric cerebral infarction, several randomized controlled 
trials and meta-analyses showed a signi fi cant reduction in 
mortality in craniectomized patients compared with conser-
vatively treated patients  [  9,   10,   19,   20  ] . However, these trials 
failed to demonstrate a signi fi cant bene fi t of DC when the 
functional outcome was considered. 

 Several delayed complications of DC have been 
reported, and include sinking  fl ap syndrome, extra-axial 
 fl uid collections, hydrocephalus, and the development of 
subdural hematomas  [  2–  4,   7,   21,   22  ] . Among these, recent 
attention has been focused on hydrocephalus because it 
may have an impact on patients’ clinical outcomes  [  3,   4,   7, 
  21,   22  ] . 

 Numerous studies on hydrocephalus after DC for severe 
TBI have been reported  [  3,   4,   7,   22  ] , whereas there have 
been only two reports on DC for hemispheric cerebral 
infarction  [  17,   21  ] . Here, we present the clinical details of 
23 patients who underwent DC for hemispheric cerebral 
infarction and report the incidence of hydrocephalus fol-
lowing DC.  
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   Materials and Methods 

   Patients 

 Twenty-three patients who underwent DC for a malignant 
hemispheric cerebral infarction were studied. The patient 
charts were retrospectively reviewed and the following vari-
ables were recorded: age, sex, Glasgow Coma Scale (GCS) 
score at the time of surgery, interval from onset to surgery, 
timing of cranioplasty, the presence of hydrocephalus pre- 
and post-cranioplasty, and the duration of follow-up.  

   Surgical Technique 

 The decision to proceed with surgery was made by the neu-
rosurgical team when patients exhibited a deteriorating level 
of consciousness and evidence of a signi fi cant mass effect on 
head CT despite maximal medical therapy, including head 
elevation, sedation, hyperventilation, and hyperosmolar ther-
apy. DC was performed via standard unilateral frontoparieto-
temporal craniectomy in all patients (right side, 11 patients; 
left side, 12 patients). The dura was widely opened in a stel-
late fashion to the extent of bone decompression, and a dura-
plasty was performed using a synthetic graft (Gore-tex graft) 
to increase the available volume before closure. The bone 
 fl ap was stored under sterile conditions with cryopreserva-
tion until cranioplasty.  

   De fi nition of Hydrocephalus 

 For the purposes of this study, hydrocephalus after DC was 
de fi ned as radiographic evidence of progressive ventricular 
dilation, with an Evans index >0.3, associated with narrowed 
cerebrospinal  fl uid spaces at the convexity on CT. Clinical 
examination was not included as a de fi ning element in the 
determination of hydrocephalus given the poor baseline neu-
rological status of most patients in the acute period, second-
ary to their initial neurological insult, which resulted in an 
inability to quantify subtle clinical changes possibly refer-
able to hydrocephalus.   

   Results 

 Of the 23 patients, 13 were male and 10 were female, with an 
age range from 34 to 75 years (mean, 60.8 years). The areas 
of hemispheric infarctions were those of the middle cerebral 

arteries in 12 patients and of the internal carotid arteries in 11 
patients. The interval from onset to surgery ranged from 1 to 
8 days (mean, 2.4 days). The mean preoperative GCS score 
was 6. Nineteen patients (82.6 %) underwent cranioplasty, 
and the interval from DC to cranioplasty ranged from 22 to 
130 days (mean, 57.2 days). 

 Pre-cranioplasty hydrocephalus was observed in 11 
patients (47.8 %). Four patients who had precranioplasty 
hydrocephalus were transferred or died without cranioplasty, 
and post-cranioplasty hydrocephalus occurred in 7 (36.8 %). 
Nevertheless, only 1 patient underwent a shunt procedure 
after cranioplasty. The mean duration of follow-up was 
173 days.  

   Conclusion 

 Waziri et al. have hypothesized that DC might play a role in 
the  fl attening of the normally dicrotic CSF pulse waveform 
seen in patients who undergo DC, because of the transmis-
sion of the pressure pulse out through the open cranium. It is 
possible that disruption of the pulsatile ICP dynamics sec-
ondary to opening the cranial vault results in decreased CSF 
out fl ow, thus leading to ventriculomegaly  [  21  ] . 

 Numerous studies about hydrocephalus after DC for 
severe TBI have been reported  [  3,   4,   7,   22  ] . Although the 
development of hydrocephalus as a result of DC may be a 
common occurrence  [  21  ] , there have been only a few studies 
about the association between hydrocephalus and DC for 
hemispheric cerebral infarction  [  17,   21  ] . 

 In the series of patients reported by Waziri et al., hydro-
cephalus developed in 15 of the 17 patients (88 %) after DC 
for hemispheric cerebral infarction, and 5 required shunting 
after cranioplasty  [  21  ] . On the other hand, Rahme et al. 
reported that signi fi cant hydrocephalus did not develop in 
any of their 17 patients who underwent DC for stroke, includ-
ing 12 patients with hemispheric cerebral infarction  [  17  ] . 
Therefore, they concluded that hydrocephalus does not fre-
quently occur after DC in stroke patients  [  17  ] . Furthermore, 
Kim et al. also described a 0 % rate of shunting in 23 patients 
who underwent DC for infarction  [  11  ] . 

 In the present study, post-cranioplasty hydrocephalus 
occurred in 7 of the 19 patients (36.8 %) and a shunt proce-
dure was required in only 1 of these 7 patients (5.3 %) As 
mentioned by Rahme et al.  [  17  ] , we also hypothesize that the 
explanation for the discrepancies between our study and the 
previous studies might lie in the de fi nition of hydrocephalus 
and the indications for shunting. As most authors, including 
ourselves, de fi ned hydrocephalus after DC based only on 
radiological  fi ndings, we failed to clarify whether the ven-
triculomegaly was attributable to hydrocephalus or cerebral 
atrophy because of the patients’ baseline neurological state. 
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Therefore, we believe that further studies should be per-
formed to resolve the questions regarding the incidence of 
hydrocephalus after DC for infarction. CSF dynamic studies 
may be helpful in differentiating ventriculomegaly due to 
cerebral atrophy from hydrocephalus  [  12  ] .      
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  Abstract   Mild traumatic brain injury (mTBI) is a common 
complication of minor head injury and a serious problem in 
the Iraq war returnees. Effective treatment is not yet avail-
able. We have treated 23 patients with chronic post-trau-
matic headache by epidural saline and oxygen injection 
(ESOI) with ef fi cacy of 96 %. Among them, ten cases were 
cured. Two out of these cured cases ful fi lled the criteria of 
mTBI and their improvement were objectively demon-
strated by a TriIRIS C9000 (Hamamatsu Photonics K.K.) 
that can monitor the accommodation and convergence func-
tion simultaneously. We show the treatment protocol of 
ESOI and the clinical courses of the two cases in this paper. 
Both had symptoms somewhat similar to those of spontane-
ous intracranial hypotension. However, their intracranial 
pressure was not low and their symptoms were relieved 
immediately after removal of cerebrospinal  fl uid (CSF). 
Although symptoms of mTBI are believed to be attributed 
to brain damage, some symptoms may not be derived from 
brain damage itself, but from CSF circulation abnormali-
ties. This is the  fi rst report of successfully treated mTBI by 
ESOI. The effectiveness of the treatment can be veri fi ed 
objectively by monitoring eye function. The outcome sug-
gests that war returnees with mTBI can be treated 
 successfully by ESOI.  

  Keywords   Mild traumatic brain injury  •  mTBI  •  Chronic 
post-traumatic headache  •  CPTH  •  Treatment  •  Epidural 
saline and oxygen injection  •  Accommodation  •  Conver-
gence  •  Intracranial pressure  •  Cerebrospinal  fl uid      

   Introduction 

 The terms mild traumatic brain injury (mTBI) and chronic 
post-traumatic headache (CPTH) are used interchange-
ably  [  16  ] . They are common complications of minor head 
injuries  [  15  ]  and recently mTBI has been a serious prob-
lem in Iraq war returnees  [  7  ] . However, effective treat-
ments are not yet available  [  15,   16  ] . We have reported that 
epidural blood patching (EBP) is effective for CPTH, but 
the effectiveness is limited  [  22  ] . In that study, we have 
found that the chronic headache after minor head and neck 
injury was orthostatic and sensitive to low atmospheric 
pressure  [  22  ] . Although the symptoms were somewhat 
similar to those of spontaneous intracranial hypotension 
(SIH)  [  20  ] , intracranial pressure (ICP) was normal and 
brain MRI was negative  [  22  ] . 

 Before the era of CT and MRI, pneumoencephalography 
(PEG)  [  3  ]  and air epidurography  [  24  ]  were performed and 
they were used as a treatment for CPTH  [  17,   19  ]  or lumbago 
 [  12  ] . We have applied therapeutic PEG to treat CPTH. 
Although therapeutic PEG is effective, it is accompanied by 
severe headache until the intracranial air is absorbed (unpub-
lished data). To avoid the severe headache associated with 
PEG, we developed epidural air injection (EAI), epidural 
saline and air injection (ESAI), epidural oxygen injection 
(EOI), and epidural saline and oxygen injection (ESOI) by 
modifying air epidurography for the treatment of CPTH. 

 Because patients with CPTH usually complain of eye 
symptoms such as photophobia and blurred vision  [  16, 
  21–  23  ] , we monitored accommodation and convergence 
function simultaneously by means of a TriIRIS C9000 
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 instrument (Hamamatsu Photonics, Hamamatsu, Japan)  [  1  ]  
in some of the patients with eye symptoms. 

 Based upon previous studies  [  6,   22,   23  ] , we selected the 
patients with CPTH for epidural injection therapy (EBP, 
EAI, ESAI, EOI, and ESOI) when they ful fi lled all of the 
following conditions (diagnostic criteria of CPTH for the 
epidural injection therapy):

    1.    Headache must be associated with other symptoms such 
as dizziness, blurred vision, and concentration 
problems.  

    2.    Headache and other symptoms develop within 7 days of 
the injury.  

    3.    Headache and other symptoms persist over 3 months 
after the onset.  

    4.    Headache and other symptoms worsen by staying in 
upright position and are relieved by lying down.  

    5.    Headache and other symptoms worsen with low atmo-
spheric pressure.  

    6.    The patient has experienced long lasting disability in 
daily life because of the symptoms.  

    7.    The patient has not experienced such severe annoying 
symptoms before the injury.  

    8.    The patient has no de fi nite neurological de fi cits such as 
motor palsy.  

    9.    Neuroimaging studies do not show any abnormalities 
compatible with the symptoms.  

    10.    The patient has already received several treatments other 
than EBP.  

    11.    Although the symptoms resemble those of SIH, the ICP 
is not low.     

 Since October 2009, 23 consecutive cases with CPTH 
have been treated by ESOI under the approval of our IRB. 
ESOI was effective in 22 patients (96 %) and 10 patients 
(43 %) were cured almost completely (unpublished data). 
Among the ten cured patients, two ful fi lled the diagnostic 
criteria for mTBI published by the American Congress of 
Rehabilitation Medicine  [  23  ] . Therefore, the purpose of this 
paper is to demonstrate the therapeutic protocol for CPTH by 
ESOI and to report the clinical courses of these two success-
fully treated patients.  

   Therapeutic Protocol for CPTH by ESOI 

 Lumbar puncture is performed to measure the ICP and to 
examine the cerebrospinal  fl uid. When the ICP is low 
( £ 60 mmH 

2
 O), the patient is diagnosed with SIH  [  6  ]  and 

excluded as a candidate for ESOI. When the ICP is over 
60 mmH 

2
 O, the patient maintains bed rest after lumbar punc-

ture for 1–7 days with DIV (1,500–2,000 mL of  fl uid). ESOI 
is performed in a sitting position. A lumbar puncture needle 

is inserted into the epidural space. The position of the nee-
dle’s tip in the epidural space is con fi rmed by the loss of resis-
tance method  [  25  ] . Saline (10–40 mL) and  fi ltered oxygen 
(20–100 mL) are injected slowly into the epidural space. We 
set the limit of total injection volume at 120 mL. The injec-
tion is stopped if the patient complains of pain or discomfort. 
After ESOI, the patient maintains bed rest for 1 week with 
DIV (1,500–2,000 mL of  fl uid). After discharge, the patient 
is asked to rest at home for 1 month. Three months after 
ESOI, the effect of the ESOI is evaluated. In some patients, 
accommodation and convergence functions are monitored by 
TriIRIS C9000 before and 3 months after ESOI.  

   Report of Two Cases 

 The  fi rst case was a 32-year-old woman. Her complaints 
were headache, shoulder stiffness, dizziness, blurred vision, 
photophobia, fatigability, and loss of taste. She had been in a 
traf fi c accident 2.5 years earlier. She had an initial short 
period of loss of consciousness. Her symptoms developed 
shortly after the accident and were worsened by staying in an 
upright position and by low atmospheric pressure. Although 
she consulted several doctors, no de fi nite abnormalities were 
found. She resigned her job as a nurse because she could not 
sit or stand for a long time. Two and a half years after the 
onset of her symptoms, she consulted us. 

 Her general condition was good, but she looked tired. She 
had no de fi nite focal neurological de fi cits such as limb palsy 
except that she complained of taste loss. Her brain MRI was 
normal. She ful fi lled the criteria of CPTH for ESOI and she 
accepted the treatment. 

 Following the protocol, lumbar puncture was performed. 
The ICP was 150 mmH 

2
 O and 15 mL of watery clear CSF 

was removed. Immediately after CSF removal, she felt bet-
ter. She stated that her shoulder stiffness was relieved and her 
vision became clear and bright. Four days after the lumbar 
tap, ESOI was performed (40 mL of saline and 60 mL of 
oxygen). Shortly after ESOI, her headache disappeared and 
she regained taste. Three months after the treatment, she was 
symptom free and completely cured. 

 Before the treatment, TriIRIS C9000 demonstrated that 
her convergence was disturbed although the pupils were con-
stricted by near vision. Three months after the treatment, her 
accommodation and convergence were normal supporting 
her statement that she had no visual disturbances. Complete 
cure was achieved by only one ESOI. 

 The second case was a 36-year-old man. His complaints 
were headache, lumbago, dizziness, blurred vision, photo-
phobia, fatigability, and loss of concentration. He was a pro-
fessional boxer until the age of19 years when he was knocked 
out. He lost consciousness for a short period of time. 
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Although he had no neurological de fi cits, he resigned boxing 
because headache and blurred vision developed shortly after 
the accident and persisted for a long time. Later, new symp-
toms such as lumbago were added. His symptoms were 
worsened by staying in an upright position and by low atmo-
spheric pressure. Although he was a company owner, he was 
not able to go his of fi ce sometimes because of these symp-
toms. He consulted several doctors but no de fi nite abnormal-
ities were found. Seventy years after the onset of his 
symptoms, he consulted us. 

 His general condition was good, but he looked tired. He 
had no de fi nite focal neurological de fi cits. His brain was 
slightly atrophic on MRI, which showed no de fi nite abnor-
malities compatible with his symptoms. He ful fi lled the cri-
teria of CPTH for ESOI and he accepted the treatment. 

 Following the protocol, lumbar puncture was performed. 
The ICP was 238 mmH 

2
 O and 10 mL of watery clear CSF 

was removed. Immediately after CSF removal, he felt bet-
ter. He stated that his mind became sharp and his vision 
clear. One day after the lumbar tap, ESOI was performed 
(20 mL of saline and 30 mL of oxygen). Shortly after 
ESOI, his headache and lumbago disappeared. Three 
months after the treatment, he was symptom free and 
worked normally. 

 Before the treatment, TriIRIS C9000 demonstrated that 
his accommodation and convergence functions were dis-
turbed. Three months after the treatment, his accommoda-
tion and convergence functions were normal, supporting his 
statement that he had no visual disturbances.  

   Conclusion 

 We have reported two patients with mTBI successfully 
treated by epidural saline and oxygen injection (ESOI), a 
newly developed therapeutic modality based upon diagnostic 
air epidurography. This treatment is safe and almost pain-
free compared with therapeutic PEG. 

 Mild traumatic brain injury or CPTH is an old disease. 
The earliest medical description of this condition can be 
traced back to at least the late seventeenth century  [  4  ] . The 
incidence increased with the development of steam locomo-
tives  [  5  ]  and motor vehicles  [  18  ] . Although mTBI or CPTH 
are common complications of minor head injuries  [  15,   16  ]  
and recently mTBI has been a serious problem in Iraq war 
returnees  [  7  ] , effective treatments have not been available 
until now [    15,   16  ] . However, CPTH was once treated suc-
cessfully by PEG  [  2,   17,   19  ] . With the development of CT 
 [  9  ]  and MRI  [  8  ] , PEG has been abandoned and the treatment 
method for CPTH or mTBI has been lost. 

 Recently, several studies indicated that chronic headache 
with many other symptoms such as photophobia and  dizziness 

after a motor vehicle accident resembled that of SIH  [  13,   20  ]  
and was related to CSF leakage and EBP was effective treat-
ment  [  10,   14  ] . They reported that EBP was an effective 
 treatment  [  10,   14  ] . However, they did not show the  intracranial 
pressure  [  10,   14  ] . We have also reported that EBP was 
 effective for CPTH after head and neck injury, but the effec-
tiveness is limited  [  22  ] . Although the symptoms were some-
what similar to those of spontaneous intracranial hypotension 
(SIH)  [  20  ] , intracranial pressure (ICP) was normal and brain 
MRI was negative  [  22  ] . Therefore, we speculated that CSF 
leakage into the epidural space might not occur, but that spi-
nal CSF absorption might be over-activated in the patients 
with CPTH after head and neck injury  [  22  ] . The International 
Headache Society has published the de fi nition of CPTH, 
which describes the headache as having no typical character-
istics  [  6  ] . Recent studies indicate that some parts of CPTH 
are of orthostatic nature and can be relieved or cured by EBP 
 [  10,   14  ] . 

 Although the symptoms of mTBI are believed to be attrib-
uted to brain damage and some abnormalities have been demon-
strated in white matter by MRI  [  11  ] , the lesion was not detected 
in all the patients and the correlation of the lesion and the symp-
toms was not clear. The improvement in the symptoms occurred 
shortly after CSF removal and ESOI in the two cases reported in 
this paper. These observations indicate that at least some part of 
the symptoms of mTBI might not be attributed to brain damage, 
but instead to some kind of CSF circulation abnormalities. 
When blood, gas, and/or saline are injected into the epidural 
space, epidural pressure goes up temporarily. This rise in epidu-
ral pressure may suppress the over-activated spinal CSF absorp-
tion. We have proposed hypothetical mechanisms to cause 
abnormalities of CSF  fl ow by whiplash injury  [  22  ] . 

 The underlying mechanisms of ESOI are still unclear. 
However, the treatment result of these two cases is promising 
in the treatment of war returnees and victims of traf fi c acci-
dents with mTBI. Epidural saline and oxygen injection may 
be a new and safe treatment modality for the long lasting 
symptoms of mTBI. The effectiveness can be veri fi ed objec-
tively by monitoring eye function.      
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  Abstract   Under pathophysiological conditions such as 
 cerebral ischemia–reperfusion (IR), damage to cerebrovas-
cular endothelial cells causes alterations in the blood–brain 
barrier (BBB) function that can exacerbate neuronal cell 
injury and death. Clarifying changes in BBB transport in the 
early period of IR is important for understanding BBB func-
tion during therapy after cerebral ischemia. The present 
study was aimed at clarifying changes during IR in the BBB 
transport of  l -phenylalanine (Phe) as a substrate of L-type 
amino acid transporter 1. An IR model was produced in mice 
by blood recirculation following occlusion of the middle 
cerebral artery. Permeability of the BBB to [ 3 H]Phe was 
measured after IR injury using the brain perfusion method. 
Confocal microscopy of the IR injury showed no brain pen-
etration of  fl uorescent tracer, thus con fi rming BBB integrity 
during 45 min of ischemia. Tight junction opening was not 
observed at 30 min after reperfusion following ischemia for 
45 min. At the time of IR, [ 3 H]Phe uptake into the brain 
appeared saturated. The Michaelis constant and maximum 
transport velocity in the IR group was reduced by 22 % com-
pared with those in controls. These results suggest that the 
intrinsic transport clearance of Phe is slightly decreased in 
the early phase of IR.  

  Keywords   Blood-brain barrier  •  Cerebral ischemia-reperfusion  
•   l -phenylalanine  •  Middle cerebral artery occlusion  •  Sodium 
 fl uorescein  •  Evans blue albumin      

   Introduction 

 Brain tissue is highly susceptible to the effects of ischemia. 
Subjected to short-term ischemia, the brain rapidly suffers 
functional damage due to energy depletion. Without the 
recirculation of cerebral blood  fl ow, irreversible brain dam-
age and ultimately cerebral infarcts result  [  4  ] . Even with the 
recirculation of blood  fl ow following ischemia, the increased 
production of reactive oxygen species and free radicals that 
can occur depending on the duration of reperfusion inhibits 
the repair mechanism of cerebral endothelial cells, advanc-
ing cellular injury  [  4  ] . This phenomenon is clinically known 
as stroke–reperfusion injury. 

 Cerebral endothelial cells are characterized by the forma-
tion of tight junctions and the presence of several transport 
mechanisms, which together comprise the blood–brain bar-
rier (BBB)  [  12  ] . Damage to cerebrovascular endothelial cells 
following cerebral ischemia-reperfusion (IR) causes altera-
tions in BBB function that can exacerbate neuronal cell 
injury and death. Clarifying changes in BBB transport in the 
early period following IR is important for understanding 
BBB function during therapy after cerebral ischemia. 

 The blood-to-brain in fl ux transporters supply hydrophilic 
nutrients and other essential molecules such as glucose and 
amino acids to the brain. Among the amino acid transporter 
systems, system L is an important factor that provides the 
cells with large, neutral, branched or aromatic amino acids, 
including several essential amino acids  [  5  ] . System L con-
sists of L-type amino acid transporter 1 (LAT1/SLC7A6) 
and the heavy chain of the 4 F2 cell-surface antigen (4F2hc). 
LAT1 is selectively expressed in the brain, speci fi cally in the 
luminal and abluminal membranes of the BBB in many spe-
cies  [  2,   5,   8  ] .  l -phenylalanine (Phe) as a substrate for protein 
synthesis in the brain is transported from the blood to the 
brain via a Na + -independent pathway involving LAT1 at the 
BBB. Also, several amino acid-mimetic drugs such as 
L-Dopa, the alkylating agent melphalan (phenylalanine mus-
tard), the antiepileptic drug gabapentin, and the muscle 
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relaxant baclofen are transported across the BBB by system 
L  [  1,   6,   8  ] . Therefore, system L is potentially important for 
drug delivery to the brain. 

 The present study aimed to clarify changes during IR in 
the BBB transport of  l -phenylalanine (Phe) as a substrate of 
LAT1. Speci fi cally, BBB integrity on tight junction opening 
after ischemia using  fl uorescent tracers and changes in the 
LAT1-mediated transport of Phe at the BBB without BBB 
disruption during I/R were evaluated.  

   Materials and Methods 

   Animals and Reversible Focal Cerebral 
Ischemia 

 All procedures involving animals were approved by the 
Nihon University Animal Care and Use Committee (Nihon 
University, Japan). Adult male ddY mice (20–22 g) were 
anesthetized by intraperitoneal ( i . p .) injection of chloral 
hydrate (300 mg/kg). Rectal temperature was maintained at 
37 ± 0.5 °C with a feedback-regulated heating pad during the 
procedure. Focal cerebral ischemia was induced with the 
suture occlusion technique as previously described  [  7  ] .  

   Measurement of Blood–Brain Barrier 
Permeability 

 The in situ mouse brain perfusion was performed by the 
method reported previously  [  11  ] . After blood recirculation 
following ischemia and under re-anesthetization, the left com-
mon carotid artery was catheterized. Using an infusion pump, 
mice were perfused at a constant rate of 1 mL/min with a series 
of perfusion  fl uid compositions (described below). 

   Extravasation of Fluorescent Tracers Following 
Focal Cerebral Ischemia 

 Blood–brain barrier permeability following focal cerebral 
ischemia was evaluated by extravasation of two exogenous 
 fl uorescent tracers. A perfusion  fl uid was prepared consist-
ing of a mixture of 0.1 % sodium  fl uorescein (SF), 0.1 % 
Evans blue-tagged albumin (EBA), and 1.8 % bovine serum 
albumin in Krebs–Henseleit buffer (KHB). To ensure 
suf fi cient and reproducible accumulation of tracers in the 
brain tissue, initially KHB without the tracers was perfused 
to the injured area for 3 min after withdrawal of the suture. 
For a positive control, KHB with oxygenated 1.6 M man-
nitol (Man) was perfused to the targeted area in the 

sham-operated mice instead of KHB alone. Next, perfusion 
was switched continuously to the tracers for 1 min using 
another syringe pump. Finally, the tracers remaining in the 
brain vessels were removed by perfusion of KHB for 5 min. 
The brain was then immediately removed, and a left coro-
nal section (4 mm thick) in the infarct area was dissected 
from the perfused cerebral hemisphere and weighed. The 
brain section was mechanically homogenized in 1 mL of 
50 % (w/v) trichloroacetic acid, and centrifuged at 10,000 G 
for 10 min. The resulting supernatant was divided into two 
aliquots. For determination of SF, one aliquot was neutral-
ized with 5 M NaOH (1:0.8) and its  fl uorescence intensity 
measured (excitation at 440 nm and emission at 525 nm) 
with a spectro fl uorometer. For determination of EB, the 
second aliquot was diluted with ethanol (1:4), and its 
 fl uorescence determined (excitation at 620 nm and emis-
sion at 680 nm). 

 To visualize localized changes in BBB permeability, 
 fl uorescence imaging of microvessels damaged in the infarct 
area was achieved using confocal microscopy. Instead of SF/
EBA tracers, KHB with FITC-gelatin was perfused to the 
targeted area for 5 min without the prior washout rinse with 
KHB. A 300- m m thick coronal section was mounted onto 
slides for visualization on a Zeiss 510 laser scanning confo-
cal microscope with an oil objective (×10).  

   Effect of Reperfusion Time Following Ischemia 
on BBB Integrity 

 To investigate BBB integrity during reperfusion following 
ischemia for 45 min, the brain intravascular volume in the 
left hemisphere coronal section (4 mm thick) in the infarct 
area was estimated from its distribution volume over 1 min 
using [ 14 C]sucrose. Perfusion  fl uid  fl ow through this area 
using [ 3 H]diazepam was calculated based on brain uptake 
from the perfusion  fl uid  [  13  ] .  

   BBB Transport of Phe Following Ischemic–Reperfusion 

 To investigate [ 3 H]Phe transport across the BBB, a perfusion 
 fl uid containing a tracer concentration of [ 3 H]Phe (0.5  m Ci/
mL, 4.5 nM) and [ 14 C]sucrose in KHB was used. The perfu-
sion was continued for 1 min. The radioactivity in the perfu-
sion solution and the left coronal section in the infarct area 
sample were determined according to the method described 
previously  [  13  ] .  

   Data Analysis 

 The permeability–surface area product (PS 
inf

 ) value (mL/
min/g brain), which represents in vivo BBB permeability, 
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was calculated as described previously  [  13  ] . The uptake rate 
( J ; nmol/min/g brain) is given by the following equation: 
    

inf totJ PS C= ´   , where  C  
tot

  is the total concentration of Phe 

in the perfusion  fl uid. Statistical analyses were carried out 
using unpaired Student’s  t - test and one-way ANOVA.    

   Results 

   Extravasation of Fluorescent Tracers 
Following Focal Cerebral Ischemia 

 Sodium  fl uorescein and EBA permeation into the injured 
brain following ischemia were comparable with permeation 
in the control for ischemia lasting up to 45 min (Fig.  1a ). In 
contrast, following 60 min of ischemia, SF permeation 
increased by approximately four-fold and EBA extravasation 
increased two-fold. The tight junction opening effect of Man 
was measured to evaluate the effects of ischemia on SF and 
EBA permeation into the injured brain. Following the perfu-
sion of Man, SF increased by approximately 13-fold, whereas 
EBA extravasation increased by approximately four-fold. In 
agreement with the quantitative permeability,  fl uorescent 
tracers remained in blood vessels as in the control following 
ischemia of up to 45 min (Fig.  1b ). In contrast,  fl uorescent 
tracer extravasation was observed following 60 min of isch-
emia. The extravasation observed following the perfusion of 
Man was more pronounced than that seen after 60 min of 
ischemia.   

   Effect of Reperfusion on the Intravascular 
Volume Space in the Brain Following Ischemia 

 After 45 min of ischemia, the cerebral intravascular volume 
of [ 14 C]sucrose following reperfusion of up to 120 min was 
not signi fi cantly different from the control (data not shown). 
Cerebral intravascular volume, however, was approximately 
six-fold greater than that in the control after 240 min of rep-
erfusion. On the other hand, the perfusion  fl uid  fl ow mea-
sured using [ 3 H]diazepam was not signi fi cantly different from 
that of the control over the reperfusion time range of 
30–240 min.  

   BBB Transport of Phe After IR 

 [ 3 H]Phe permeability in the sham-operated mice was higher 
than that in the IR-treated mice, which underwent 45 min of 

ischemia followed by 30 min of reperfusion (Fig.  2 ). BBB 
 permeability to [ 3 H]Phe was kinetically analyzed as a function 
of the total Phe concentration in the perfusion  fl uid. The initial 
brain uptake rate of [ 3 H]Phe ( J ; nmol/min/g brain) was  fi tted to 
a Michaelis–Menten equation. These plots in the sham-oper-
ated mice and the IR-treated mice were saturable in a concen-
tration-dependent manner. Each Eadie–Hofstee plot gave a 
single straight line (Fig.  2 , inset). The calculated kinetic param-
eters (mean ± SE) for the sham-operated mice and the IR-treated 
mice were the maximum transport velocity ( J  

max
 ) = 8.1 ± 1.0 

and 7.2 ± 0.9 nmol/min/g brain, and the Michaelis constant 
( K  

m
 ) = 11.2 ± 2.2 and 12.7 ± 2.4  m M respectively.    

   Conclusion 

 In the present study, we demonstrated that the promotion of 
the transport of small water-soluble molecules, i.e., the open-
ing of tight junctions in the BBB, does not occur during a 
relatively short ischemia of 45 min. In addition, intravascular 
volume in the injured brain is maintained during reperfusion 
for up to 120 min after ischemia of 45 min, which means that 
leakage of small water-soluble molecules through the BBB 
does not occur. Koyama et al. reported the vascular permea-
bility of  fl uorescent tracers in cerebral edema caused by 
radiofrequency damage  [  9  ] . The two-fold increase in SF per-
meation relative to EB permeation in the sites of damage in 
the cerebral hemispheres with 60 min of ischemia when SF 
and EB were injected into the tail veins of rats coincides with 
our  fi ndings. 

 Man is apparently able to temporarily open the tight junc-
tions of the BBB. Therefore, the increase in brain permeation 
of SF (MW: 376; 5 Å diameter) with 60 min of ischemia, 
which was similar to the result with Man, strongly suggests 
transport via an intercellular route. Although the large molec-
ular weight of EBA (MW: 69,000; 78 Å diameter) normally 
prevents its passage through the intercellular route, even 
EBA extravasation in the brain was somewhat increased. 
This  fi nding suggests that EB not bound to albumin in the 
perfusion  fl uid may have permeated into the brain by passing 
through intercellular tight junctions opened by Man perfu-
sion. Osmotic pressure shock may have also promoted endo-
cytosis for transporting large molecules. The degree of 
localized BBB breakdown agrees well with the  fl uorescent 
tracer quantitative values. These  fi ndings indicate that, fol-
lowing ischemia of up to only 45 min, the intercellular route 
for transport of small water-soluble molecules due to the 
opening of tight junctions in the BBB does not occur, and the 
physical barrier function of tight junctions between cells is 
maintained. 

 The inhibition of cellular repair and enhanced endothelial 
cell damage caused by the increased production of reactive 
oxygen species and free radicals following the resumption of 
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  Fig. 1    ( a ) Extravasation of sodium  fl uorescein ( SF ) and Evans 
 blue-tagged albumin ( EBA ) on the ischemic region after different 
 periods of transient MCA occlusion in mouse brains. Each column 
 represents the mean ± SEM ( n  = 4). * P  < 0.05, ** P  < 0.01, signi fi cantly 

different from the control. ( b ) Fluorescence imaging of cerebral 
 microvascular damage on slices of the ischemic region by confocal 
microscopy. Scale bar = 100  m m       
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blood  fl ow in the ischemic brain is one type of reperfusion 
injury. [ 14 C]sucrose, like SF, is a small water-soluble mole-
cule that normally does not pass through the BBB. Therefore, 
we investigated the effects of reperfusion on the opening of 
tight junctions in the BBB following ischemia using the 
intravascular volume marker [ 14 C]sucrose. Our  fi ndings sug-
gest that BBB damage over this interval is minimal and that 
BBB integrity is maintained during reperfusion of up to 
120 min after ischemia of 45 min. Brown et al. hypothesized 
that increased levels of intracellular Ca 2+  following cerebral 
ischemia modify proteins that make up tight junctions and 
thereby modify BBB function  [  3  ] . The present  fi nding sug-
gests that following relatively short ischemia of 45 min, the 
production of reactive oxygen species and angiogenic factors 
and the increase in intracellular Ca 2+  concentrations are min-
imized with reperfusion of up to 120 min. 

 From the above results it can be concluded that, under the 
conditions described, small water-soluble molecules do not 
undergo extravasation, and structural damage to vascular 
endothelial cells does not progress. Therefore, during this 
period in which tight junctions in the BBB are not found to 
be open, we have been able to demonstrate in vivo the effects 
of IR on the BBB transport of Phe. With 45 min of ischemia 
followed by 30 min of reperfusion, Phe transport involved a 
LAT1-mediated transport at the BBB and the intercellular 
route transport had no contribution. The  K  

m
  in the control 

group was comparable with the value reported by Momma 
et al., who used a rat model of brain perfusion  [  10  ] . The  K  

m
  

and  J  
max

  in the IR-treated group were each 22 % lower than 
in the control group. This result suggests that the intrinsic 

transport ef fi ciency ( J  
max

 / K  
m
 ) of Phe in early IR is slightly 

lower in comparison to the control. 
 In summary, use of two  fl uorescent tracers of different 

molecular weights allowed us to quantitatively determine 
and visualize the increase in intracellular route transport and 
endocytosis in the BBB following ischemia in a mouse model 
of IR. The BBB after the early phase of IR with 45 min of 
ischemia followed by 30 min of reperfusion appears to be 
minimally permeable not only to amino acids, but also to 
drugs via carrier-mediated transport, during which the open-
ing of tight junctions does not occur. Future investigation of 
the impact of IR on BBB uptake of other amino acid sub-
strates of LAT1 and the impact of IR on drug transporters 
should help researchers identify optimal drug therapies that 
make use of changes in BBB permeability caused by reper-
fusion injury.      
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  Abstract   The blood spinal cord barrier (BSCB) is disrupted 
following spinal cord injury (SCI) resulting in vasogenic 
edema and increased intrathecal pressure (ITP). The neuro-
peptide substance P (SP) has been implicated in the develop-
ment of blood–brain barrier (BBB) disruption, edema, and 
increased intracranial pressure following brain injury, 
although it has not been investigated in SCI. The balloon 
compression model of experimental SCI has many advan-
tages in that it replicates the “closed” environment observed 
clinically. Accordingly, this study characterized whether this 
model produces an increase in BSCB permeability and edema, 
and whether a SP, NK1 tachykinin receptor antagonist, 
N-acetyl- l -tryptophan (NAT) reduces such BSCB disruption 
and edema formation. At 30 min post-injury, animals were 
administered 2.5 mg/kg NAT or saline. Subgroups of animals 
were assessed for BSCB permeability (Evan’s Blue) and spi-
nal cord edema (wet weight/dry weight). BSCB permeability 
and edema were signi fi cantly increased in injured groups 
compared with sham ( p  < 0.001). There was no signi fi cant dif-
ference between vehicle and NAT treatment. We conclude 
that the balloon compression model of SCI produces 
signi fi cant BSCB disruption although NAT treatment did not 
attenuate BSCB permeability or edema. Further studies are 
required to fully elucidate the role of SP following SCI.  

  Keywords   Spinal cord injury  •  Blood spinal cord barrier 
permeability  •  Edema  •  Substance P  •  Neurogenic 
in fl ammation      

   Introduction 

 Spinal cord injury (SCI) is an unexpected event that often 
results in permanent physical disability. There is cur-
rently no widely accepted treatment for SCI and research 
into improving neurological function and reducing injury 
is of increasing importance. Many secondary injury pro-
cesses occur following severe SCI, contributing to tissue 
damage  [  7,   10  ] . Of particular importance is disruption to 
the blood spinal cord barrier (BSCB) resulting in the 
development of vasogenic edema and increased intrathe-
cal pressure  [  4,   6,   8  ] . Our laboratory has previously 
shown that the neuropeptide substance P (SP) plays a 
critical role in blood–brain barrier (BBB) disruption and 
associated development of vasogenic edema following 
traumatic brain injury  [  3  ]  and stroke  [  12  ] . Furthermore, 
inhibition of SP via its receptor, the NK1 tachykinin 
receptor, attenuated BBB permeability and reduced 
edema. The role of SP in BSCB disruption and edema 
formation after SCI has not been previously 
investigated. 

 Clinically, SCI occurs in a “closed” environment, 
whereas many experimental models of SCI involve a 
laminectomy creating “open” injuries. Such open injuries 
remove the potential for increased pressure. As such, it is 
of profound importance that experimental models closely 
replicate a closed environment to ensure clinical rele-
vance. The balloon compression model is a promising 
candidate as it provides a closed environment at the injury 
center. This study, therefore, sought to characterize 
whether this balloon compression-induced SCI produces 
an increase in BSCB permeability and edema develop-
ment, and whether an NK1 tachykinin receptor antago-
nist, N-acetyl-  l -tryptophan (NAT) could attenuate    such 
BSCB disruption and edema genesis.  
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   Materials and Methods 

   Balloon Compression Model 
of Spinal Cord Injury 

 Adult male New Zealand White rabbits (3–3.5 kg) were fed 
and watered ad libitum for 1 week prior to surgery. 
Anesthesia was induced with a ketamine (2.5 mg/kg) and 
Domitor (0.25 mg/kg) injection subcutaneously. After a 
suitable level of anesthesia was induced, a T12 laminec-
tomy was performed, involving retraction of the paraspinal 
muscles and removal of the spinous process and laminae. 
An Apex TM  Monorail TM  4 × 8 mm balloon catheter was then 
inserted into the epidural space and advanced 4.5 cm, 
before being in fl ated to a pressure of 8 atm for 5 min, then 
de fl ated and removed. The muscles were then sutured 
closed and the wound closed with wound clips (9-mm auto-
clip wound clips; Becton Dickinson, Franklin Lakes, NJ, 
USA). Animal temperature throughout all procedures was 
maintained at 37 °C using a thermostatically controlled 
heating pad.  

   N-Acetyl- L -Tryptophan Treatment 

 Following injury, animals were intravenously administered 
either 2.5 mg/kg NAT or an equal volume of saline vehicle. 
Treatment was administered at 30 min post-injury for the 5 
and 24 h groups, plus an additional dose of NAT at 24 and 
48 h post-injury for the 3-day survival groups. The dosing 
regimen was based on our previous studies in traumatic brain 
injury and stroke  [  3,   12  ] .  

   BSCB Permeability: Evan’s Blue 

 The extent of BSCB permeability was determined using the 
Evan’s Blue (EB) extravasation method as previously 
described  [  13  ] . Brie fl y, at 5 h post-injury, animals ( n  = 15) 
were perfused intracardially with saline having been admin-
istered 6 mg/kg intravenous EB 30 min prior to perfusion. 
Once the saline perfusate ran clear, the spinal cord was rap-
idly removed and cut into 1-cm segments and weighed. Each 
sample was then homogenized in 3.75 mL of phosphate buff-
ered saline (PBS) to which 1.25 mL of 100 % TCS was 
added. Samples were then cooled on ice for 30 min, centri-
fuged at 1,000 G for 30 min and the supernatant sampled. 
Absorbance of the sample was read using a spectrometer at 
620 nm. The amount of EB extravasation was expressed as 
 m g/mg of spinal cord tissue.  

   Edema: Spinal Water Content 

 The water content of the spinal cord was determined using 
the wet weight/dry weight (ww/dw) method as previously 
described  [  13  ] . Brie fl y, at 5 h ( n  = 6), 24 h ( n  = 5), or 3 days 
( n  = 10) post-injury, animals were killed by a lethal (2-mL) 
injection of Lethobarb, and their spinal cords rapidly 
removed. One-centimeter sections were then dissected and 
weighed to obtain wet weight. The spinal cord sections were 
then dried at 100 °C for 48 h and reweighed to obtain the dry 
weight. The percentage of spinal water content was subse-
quently calculated using the ww/dw formula: % 
water = (ww − dw/ww) × 100.  

   Immunohistochemistry for Albumin 

 Albumin is a plasma protein normally contained within the 
vasculature. When the barrier is disrupted, albumin can pass 
into the spinal cord tissue indicating BSCB disruption. At 
5 h, 24 h, and 3 days following SCI or sham surgery, animals 
were transcardially perfused with 10 % buffered formalin. 
Spinal cords were then removed, processed and embedded in 
paraf fi n wax. Sections (5  m m) were cut and processed for 
albumin immunoreactivity (goat polyclonal anti-albumin 
antibody; Cappel #0113-0341).   

   Results 

   BSCB Permeability: EB Extravasation 

 The degree of EB extravasation in sham animals along the 
entire length of the spinal cord was 6.93 ± 1.25  m g EB/g spi-
nal cord tissue (Fig.  1 ). Following SCI, there was a signi fi cant 
increase ( p  < 0.001) in BSCB permeability at the injury epi-
center of vehicle -treated animals (15.43 ± 3.04  m g/g). There 
was no signi fi cant difference between the vehicle-treated and 
NAT-treated animals at any region of the spinal cord  following 
injury.   

   Edema: Spinal Cord Water Content 

 Spinal cord water content in sham animals along the entire 
length of the spinal cord was 65.55 ± 0.48 % (Fig.  2a ). 
Following SCI, there was a signi fi cant increase at the injury 
epicentre at 5 h (69.95 ± 1.74 %,  p  < 0.01) 24 h (71.18 ± 1.31 %, 
 p  < 0.001) and 3 days (77.47 ± 1.00 %,  p  < 0.001). At 3 days 
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post-injury there was a signi fi cant increase observed 1 cm 
rostral (68.82 ± 1.39 %,  p  < 0.05) from the injury epicenter 
and as far as 2 cm caudally (68.08 ± 1.04 %,  p  < 0.05). There 
was no signi fi cant difference between the vehicle and NAT-
treated animals at any time point or at any region of the spi-
nal cord post-injury (Fig.  2b ).   

   Albumin Immunoreactivity 

 Increased albumin immunoreactivity was observed at 5 h post-
injury within the injury epicenter and 1 cm both rostrally and 
caudally (Fig.  3 ). The intensity of staining increased further at 
24 h post-injury within the injury epicentre. Increased 
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 immunoreactivity was also observed 1 cm rostral from the 
injury, and extended to 2 cm caudally. At 3 days post-injury 
albumin immunoreactivity was similar to sham intensity.    

   Conclusion 

 The present study has demonstrated that the balloon 
 compression model of SCI results in disruption of the BSCB 
and increased edema. In addition, given the associated 
increase in albumin immunoreactivity, these results demon-
strate that the early edema was vasogenic in nature. This is 
important as, to date, these  fi ndings have not been shown 
within a closed injury model, such as the balloon compres-
sion model, where there is potential for an increase in ITP. 
Most experimental spinal cord injury models require a 
laminectomy to be performed, creating an open environment, 
thus preventing a rise in ITP. However clinically, spinal cord 
injuries occur within a closed environment created by the 
surrounding vertebrae. Such a setting leads to increased ITP 
 [  5  ] , caused by edema genesis  [  4  ] . This contributes to the sec-
ondary injury process following SCI by reducing vascular 
perfusion, increasing tissue death and resulting in greatly 
impaired neurological function. Indeed, Batchelor et al.  [  2  ]  
recently demonstrated that increased intrathecal pressure 
results in a sharp decline in neurological function. This high-
lights the need for clinically relevant experimental models of 
SCI that incorporate all features of the injury development 
such as the potential for increased ITP. 

 We have also demonstrated in the present study that 
administration of an NK1 antagonist after SCI does not 
signi fi cantly reduce barrier disruption or edema genesis. This 
was in contrast to previous investigations in both TBI  [  3  ]  and 
stroke  [  11  ] , where increased SP expression was associated 
with increased BBB permeability, increased edema, and 
reduced neurological function. Indeed, Donkin et al.  [  3  ]  
demonstrated that NAT administration resulted in reduced 
BBB disruption and edema development and improved neu-
rological function. It should be noted that increases in SP 
expression at 1 and 2 h post-SCI have been observed, with 
subsequent decreases at 5 h  [  9  ] , implying that there may be 
an immediate release of SP following SCI, followed by 
depletion of the SP stores. The failure of NAT to have a 
signi fi cant effect in the present study may be due to the 
severe mechanical disruption of the BSCB following SCI, 
thus rendering any SP-mediated BSCB disruption less criti-
cal. Nonetheless, other neuropeptides such as neurokinin A 
or calcitonin-gene-related-peptide (CGRP) may still play an 
important role under such conditions. Indeed, increased 
CGRP has been reported in human cases of chronic SCI  [  1  ] , 
although further investigation is needed to determine such a 
role in acute SCI. 

 In summary, this study has demonstrated that the balloon 
compression model of SCI produces signi fi cant disruption of 
the BSCB and associated increases in edema. This model 
may represent a more clinically relevant injury model given 
the closed environment. Whilst this study demonstrated that 
NAT administration does not attenuate BSCB permeability 
or edema genesis, further studies are required to fully eluci-
date the role of SP following traumatic SCI.      
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  Abstract    Background : Although protein kinase C- g  (PKC- g ) 
is a target for the effects of volatile anesthetics, the molecular 
mechanisms of the kinase function remain unclear. We exam-
ined the effects of different types of anesthetics on PKC- g  
knockout mice, and investigated the dynamics of the kinase 
in mouse brain. 

  Methods : We measured the required number of times for 
loss of righting re fl ex (rtfLORR) after administration of 
iso fl urane, sevo fl urane, and propofol on PKC- g  knockout 
mice and compared with those of wild-type mice. We also 
used immunoblotting to investigate the intracellular distribu-
tion of PKC- g  and phosphorylated PKC- g  (p-PKC- g ) in brain 
of wild-type mice anesthetized by these anesthetics. 

  Results : Iso fl urane and sevo fl urane signi fi cantly pro-
longed the rtfLORRs in PKC- g  knockout mice compared 
with those in wild-type mice, while no signi fi cant difference 
was observed between knockout and wild-type mice treated 
with propofol. Examination of the cellular fractions showed 
that PKC- g  was signi fi cantly decreased, whereas p-PKC- g  
was signi fi cantly increased in the synaptic membrane frac-

tion (P2). There was no signi fi cant change in the supernatant 
fraction (S). In propofol-treated mice, PKC- g  and p-PKC- g  
showed no signi fi cant changes in P2 or S. 

  Conclusion : Our results provide new evidence to support 
the possibility of the involvement of PKC- g  in the actions of 
volatile anesthetics.  

  Keywords   Protein kinase C- g   •  Phosphorylated protein kinase 
C- g   •  Volatile anesthetics  •  Iso fl urane  •  Sevo fl urane  •  Propofol      

   Introduction 

 Protein kinase C (PKC) is a serine/threonine kinase that 
plays an important role in various intracellular processes 
such as neurotransmitter release, ion channel activity, and 
neurotransmitter receptor desensitization. Thus, PKC is an 
attractive molecular target for the synaptic action of general 
anesthetics  [  1  ] . PKC- g  is present in large quantities in the 
cerebral cortex, particularly post-synaptically  [  8  ] . PKC is 
activated by increases in intracellular calcium, which brings 
about the translocation of PKC to the plasma membrane and 
causes the phosphorylation of speci fi c substrates  [  1  ] . In par-
ticular, this transfer during ischemia is known to be sup-
pressed by volatile anesthetic exposure and hypothermia  [  2 , 
 5,   8  ] . However, because experimental evidence regarding the 
relationship between PKC activities and the effects of vola-
tile anesthetics is contradictory, the participation of PKC 
dynamics in their actions is not universally accepted. In the 
present study, we examined the effect of different types of 
anesthetic agents on PKC- g  knockout mice to ascertain 
whether the enzyme participates in the process of anesthesia. 
Furthermore, we investigated the effects of those anesthetics 
on the translocation of PKC- g  and phosphorylated PKC- g  
within brain cells fractionated just after the mice had suc-
cumbed to anesthesia.  
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   Materials and Methods 

   Animal Preparation 

 Male C57BL/6 N mice, PKC- g  knockout mice (B6;129P2-
Prkcc tm1Stl/J) and wild-type mice (B6129PF2/J) were used.  

   Knockout Mouse Study to Compare 
the Required Times for LORR 

 Male knockout mice lacking PKC- g  and male wild-type mice 
with a mean body weight of 24 g were used. Knockout (KO) 
and wild-type (W) mice were randomly divided into 
iso fl urane, sevo fl urane, and propofol groups of  fi ve animals 
each. The minimum alveolar concentrations (MAC) of 
iso fl urane and sevo fl urane are 1.3 and 1.7 % respectively. 
With 50 % oxygen, mice inhaled 2 MAC of iso fl urane and 
sevo fl urane. The other group of mice was given 200 mg/
kg i.p. of propofol. Anesthetic induction by iso fl urane and 
sevo fl urane was evaluated using loss of righting re fl ex 
(LORR). We measured the required times for LORR 
(rtfLORR) with different anesthetics in the KO groups and 
compared them with those in the W group.  

   Examination of the Effects of Anesthetics 
on the Cellular Distribution of PKC- g  
and Phosphorylated PKC- g  

 Thirty animals were used and randomly divided into groups. 
The volatile anesthetic groups were exposed to 1 or 2 MAC 
of iso fl urane or sevo fl urane for 10 min (F 

I
 O 

2
  = 0.5). In the 

control group, mice ( n  = 4) inhaled oxygen without volatile 
anesthetic. In the intravenous anesthetic group,  fi ve animals 
received 200 mg/kg of propofol intraperitoneally, and  fi ve 
others, as controls, were given the same volume of soybean 
oil emulsion. In anesthetized groups, the mice were decapi-
tated in a state of LORR, their heads were immediately fro-
zen in liquid nitrogen, and the cerebral cortex was isolated 
inside a −25 °C. 

 Sample homogenization and subcellular fractionation 
were performed as described  [  6  ] . The samples (20  m g pro-
tein for P2 and S) were subjected to SDS-PAGE, and then 
incubated overnight with anti- b -actin monoclonal antibody 
and anti-PKC- g  rabbit polyclonal antibody or anti-p-PKC- g  
antibody against phosphorylated threonine 514 at 4 °C. 
Then, using the ECL Western Blotting System, blots were 
incubated in secondary antibody conjugated to horseradish 

peroxidase. Immunoreactivity (IR) was visualized, and the 
blots were quanti fi ed. Quanti fi cation of optical densities 
was performed by obtaining ratios between the densitomet-
ric scores for PKC- g , p-PKC- g , and  b -actin.  

   Statistical Analysis of Experimental Data 

 The data are presented as the mean ± SE. A  t  test was 
employed to compare the differences in rtfLORR between 
the W and KO groups. To compare the distribution of 
PKC- g  and p-PKC- g , the density of the PKC- g  or p-PKC- g  
bands was normalized to the density of  b -actin (PKC- g  or 
p- PKC- g / b -actin) and expressed as the average ± SE. To 
compare the 1 MAC and 2 MAC, a one-way ANOVA fol-
lowed by a post-hoc Dunnet’s test were used. To compare 
the changes in PKC- g  and p-PKC- g  in the propofol group, 
a Mann–Whitney’s  U  test was employed. A  p  value of less 
than 0.05 was considered statistically signi fi cant.   

   Results 

   Times for LORR Under Volatile 
and Intravenous Anesthetics in PKC- g  
Knockout and Wild-Type Mice 

 The rtfLORR under iso fl urane in the KO mice was 
signi fi cantly prolonged by almost two times that observed in 
the wild-type mice: 548.5 ± 8.8 s vs. 297.3 ± 8.7 s ( p  < 0.01). 
The rtfLORR in KO mice given sevo fl urane was also 
signi fi cantly prolonged compared with that of wild-type 
mice:129.8 ± 5.0 s vs 103.2 ± 5.3 s ( p  < 0.01). The effect of 
propofol on the induction time in the KO mice was almost 
the same as that in the wild-type mice: 156.8 ± 12.7 s vs 
158.0 ± 12.6 s.  

   Effects of Volatile and Intravenous Anesthetics 
on the Cellular Distribution of PKC- g  
and p-PKC- g  

 Total PKC- g  did not change following exposure to 
iso fl urane, sevo fl urane, and propofol (data not shown). In 
the volatile anesthetic groups, all animals were exposed to 
1 or 2 MAC of iso fl urane or sevo fl urane for 10 min 
(FIO 

2
  = 0.5). In the control group, mice inhaled oxygen 

without volatile anesthetic.  
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   Effects of Inhaled Iso fl urane, Sevo fl urane, 
and Propofol on the Cellular Distribution 
of PKC- g  and  p -PKC- g  

 As shown in Fig.  1 , PKC- g  in the P2 fraction in iso fl urane 
groups tended to be reduced, but the change was statistically 
insigni fi cant. In the 2 MAC sevo fl urane group, the level of 
PKC- g  decreased signi fi cantly ( p  < 0.05). In the S fraction, 
iso fl urane groups tend to increase, sevo fl urane had no 
signi fi cant effect on PKC- g .  

 Also, p-PKC- g  in the 2 MAC groups increased 
signi fi cantly in the P2 fraction ( p  < 0.05). In the S fraction, 
there was a tendency toward a decrease in 2 MAC 
groups. 

 On the other hand, the levels of PKC- g  and p-PKC- g  in 
the P2 and S fraction did not show any signi fi cant changes 
compared with vehicle controls.   

   Conclusion 

 Our experiments showed that the kinase may at least partly 
participate in the anesthetic effects of the volatile anesthet-
ics. On the other hand, the effects of propofol seemed to 
have no relationship to the kinase. We employed the 
rtfLORR as the index for the onset of anesthesia. The 
rtfLORR of sevo fl urane was far shorter than that of 
iso fl urane, when used at 2 MAC. The effects of volatile 
anesthetics on PKC- g  KO mice may indicate that PKC- g -
dependent processes can participate in a process that 
enhances the development of anesthesia. Although the 
rtfLORR of propofol on wild-type mice was no prolonga-
tion in rtfLORR in KO mice. This result indicated that 
PKC- g  may not be involved in propofol-induced anesthe-
sia. In the present study, we found that volatile anesthetics 
tended to show reduced IR for PKC- g  in the P2 fraction. 
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  Fig. 1    The cellular distribution of PKC- g . The  upper part  shows graphs 
quantitating the immunoreactivity (IR) of PKC- g  in the synaptosomal 
fraction ( P2 ) and the cytosolic fraction ( S ). The  lower part  is the immu-

noreactivity (IR) of p-PKC- g . Ordinates indicate the ratio between the 
densitometric scores for PKC- g  and  b -actin. *Statistically signi fi cant 
differences from the control (* p  < 0.05)       
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However, these anesthetics did not produce any signi fi cant 
changes in the S fraction. We measured the PKC- g  level in 
the entire tissue prior to fractionation, but there were no 
signi fi cant differences between the volatile anesthetic-
treated and control groups. The result suggested that the 
change in intracellular distribution of PKC- g  might occur 
during anesthesia from the volatile anesthetic. 

 Also, we found a signi fi cant increase in the p-PKC- g  level 
in the P2 fraction in volatile anesthetics groups. Although the 
levels in the S fraction tended to decrease, the differences 
were not statistically signi fi cant. These results suggest that 
the translocation of PKC- g  from the cytosol to the membrane 
is facilitated by its phosphorylation. Previous studies show 
that iso fl urane, sevo fl urane, and des fl urane all attenuated the 
function of mutant NMDA receptors expressed in oocytes  [  3, 
  7  ] . Furthermore, iso fl urane facilitated the opening of the sar-
colemmal K 

ATP
  channel. p-PKC- g  may contribute to the 

selective modulation of NMDA receptor or K 
ATP

  channel 
function, which is involved in mediating these anesthetic 
effects. So, phosphorylation of PKC- g  may be at least partly 
essential for the anesthetic action of volatile anesthetics. 
Regarding p-PKC- g , the actions of phosphoenzymes and 
dephosphorized oxidase are related, and it is thought that the 
distribution of p-PKC- g  varies according to the period of 
anesthesia  [  4,   9  ] . 

 To determine whether PKC- g  activation was speci fi c to 
volatile anesthetics, we compared the effects with an intrave-
nous anesthetic, propofol. Propofol did not change the induc-
tion time and distribution of PKC- g  or p-PKC- g . These results 
suggest that the mechanism of the anesthetic action of the 
intravenous drug propofol is different from that of volatile 
anesthetics, which affected PKC- g  and p-PKC- g  transloca-
tion at least during the induction and development of their 
action. 

 In summary, our current study suggests that PKC- g  might 
be involved in the induction and development of the effects of 
volatile anesthetics, and that the translocation of PKC- g  and/or 
p- PKC- g  in brain cells might be involved in the expression of 
their effects. However, the effects of an intravenous anesthetic 

seemed to be independent of kinase activity, at least during the 
early stages of the anesthetic effects.      

  Con fl ict of Interest   We declare that we have no con fl ict of interest   .  

      References 

   1.     Gomez RS, Guatimosim C (2003) Mechanism of action of volatile 
anesthetics: involvement of intracellular calcium signaling. Cell Mol 
Neurobiol 23:877–885  

   2.     Harada K, Maekawa T, Tsuruta R, Kaneko T, Sadamitsu D, 
Yamashima T, Yoshida Ki K (2002) Hypothermia inhibits transloca-
tion of CaM kinase II and PKC-alpha, beta, gamma isoforms and 
fodrin proteolysis in rat brain synaptosome during ischemia-reperfu-
sion. J Neurosci Res 67:664–669  

   3.     Hollmann MW, Liu HT, Hoenemann CW, Liu WH, Durieux ME 
(2001) Modulation of NMDA receptor function by ketamine and 
magnesium. Part II: interactions with volatile anesthetics. Anesth 
Analg 92:1182–1191  

   4.     Kumar S, Lane BM, Morrow AL, Wu K, Suen PC, Xu JL, Lin SY, 
Levine ES, Black IB (2006) Differential effects of systemic ethanol 
administration on protein kinase cepsilon, gamma, and beta isoform 
expression, membrane translocation, and target phosphorylation: 
reversal by chronic ethanol exposure. J Pharmacol Exp Ther 
319:1366–1375  

   5.     Matsumoto S, Murozono M, Nagaoka D, Matsuoka S, Takeda A, 
Narita H, Watanabe S, Isshiki A, Watanabe Y (2008) Iso fl urane 
inhibits protein kinase Cgamma and calcium/calmodulin dependent 
protein kinase ii-alpha translocation to synaptic membranes in isch-
emic mice brains. Neurochem Res 33:2302–2309  

   6.     Matsumoto S, Shamloo M, Matsumoto E, Isshiki A, Wieloch T 
(2004) Protein kinase C-gamma and calcium/calmodulin-dependent 
protein kinase II-alpha are persistently translocated to cell mem-
branes of the rat brain during and after middle cerebral artery occlu-
sion. J Cereb Blood Flow Metab 24:54–61  

   7.     Ogata J, Shiraishi M, Namba T, Smothers CT, Woodward JJ, Harris 
RA (2006) Effects of anesthetics on mutant N-methyl-D-aspartate 
receptors expressed in Xenopus oocytes. J Pharmacol Exp Ther 
318:434–443  

   8.     Saito N, Shirai Y (2002) Protein kinase C gamma (PKC gamma): 
function of neuron speci fi c isotype. J Biochem 132:683–687  

   9.     Sanchez-Perez AM, Felipo V, Giordano G, Burgal M, Montoliu C, 
Costa LG (2005) Serines 890 and 896 of the NMDA receptor subunit 
NR1 are differentially phosphorylated by protein kinase C  isoforms. 
Neurochem Int 47:84–91      



311Y. Katayama et al. (eds.), Brain Edema XV, Acta Neurochirurgica Supplement, Vol. 118,
DOI 10.1007/978-3-7091-1434-6_61, © Springer-Verlag Wien 2013

  Abstract   Traumatic brain injury and ischemia can result in 
marked neuronal degeneration and residual impairment of 
cerebral function. However, no effective pharmacological 
treatment directed at tissues of the central nervous system 
(CNS) for acute intervention has been developed. The detailed 
pathophysiological cascade leading to  neurodegeneration in 
these conditions has not been elucidated, but cellular calcium 
overload and mitochondrial dysfunction have been implicated 
in a wide range of animal models involving degeneration of 

the CNS. In particular, activation of the calcium-induced 
mitochondrial permeability transition (mPT) is considered 
to be a major cause of cell death inferred by the broad and 
potent neuroprotective effects of  pharmacological inhibitors 
of mPT, especially modulators of cyclophilin activity and, 
more speci fi cally, genetic inactivation of the mitochondrial 
cyclophilin, cyclophilin D. Reviewed are evidence and chal-
lenges that could bring on the dawning of mitochondrial 
medicine aimed at safeguarding energy supply following 
acute injury to the CNS.  

  Keywords   Mitochondria  •  Neurodegeneration  •  Neuro-
protection  •  Permeability transition  •  Brain  •  Cyclophilin  
 Cyclosporin  
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 Mitochondria are central to the maintenance and survival of 
cells of the CNS and have been proposed to participate both 
directly and indirectly in the pathogenesis of brain damage. A 
well-described aspect of neurodegeneration is calcium dys-
regulation. Following cellular calcium overload, a sudden 
increase in the permeability of the inner mitochondrial mem-
brane can occur, a phenomenon named the mitochondrial per-
meability transition (mPT). mPT induction results in immediate 
loss of ion homeostasis and the proton motive force required 
for ATP synthesis. The mitochondrial matrix protein cyclo-
philin D (CypD) is a peptidylprolyl cis-trans isomerase that 
regulates mPT and facilitates its activation by calcium  [  50  ] . 

 The most common evidence for mPT as a mediator of cell 
death and thus its potential as a pharmacological target 
derives from studies using cyclosporin-A (CsA, cyclosporine). 
Neuroprotection by CsA treatment can, however, not be 
taken as proof of an involvement of mPT because the effect 
of CsA in vivo is not speci fi c to the mitochondria. The target 
for CsA in mitochondria is the mitochondria-speci fi c cyclo-
philin D, CypD. However, several other cyclophilins are 
present in mammalian cells and are involved in protein fold-
ing and other functions in different cellular compartments, as 
well as intercellular communication  [  47  ] . CsA is clinically 
used as an immunosuppressant and this effect is related to 
binding to the cytoplasmic cyclophilin A, CypA. The CypA-
CsA complex in turn binds to the calcineurin enzyme and 
prevents its phosphatase activity, which conveys inhibition 
of immune cells. The neuroprotective effect of systemic CsA 
treatment may therefore be mediated by inhibition of cal-
cineurin and not mPT or, likely, a combination of the two. In 
order to pinpoint the neuroprotective target for CsA, FK506 
(tacrolimus, which inhibits calcineurin, but not mPT), and 
non-immunosuppressive cyclosporin derivatives (usually 
amino acid variants, which inhibit mPT but not calcineurin) 
have been employed in the experimental setting  [  15,   20,   21, 
  31,   32,   37,   46  ] . The derivatives provide signi fi cant bene fi ts 
over native CsA when evaluating the relevant pharmacologi-
cal target, but they too inhibit the activity of non-mitochon-
drial cyclophilins. The difference from CsA lies in their 
inability to bind to calcineurin, which renders them non-
immunosuppressive. Speci fi c evidence of an involvement of 
mPT in brain disease has come from studies using CypD 
knockout mice ( Ppif   −/−  )  [  8,   12,   39  ] . 

 For an extended time, the existence of mPT in brain mito-
chondria and relevance to neuronal cell death was debated 
 [  1,   3,   4,   9,   23  ] . Several unique features were suggested for 
brain mitochondria in relation to more classically examined 
tissues, e.g., liver mitochondria such as general increased 
resistance to mPT inducers, the presence of resistant sub-
populations and the suggestion that CypD would down-reg-
ulate with age – all evidence that raised doubts concerning 
the pathophysiological role of mPT in the central nervous 
system. In addition to demonstrating extensive and 

 reversible and CypD-sensitive mPT in rodent brain-derived 
and spinal cord mitochondria  [  14–  17,   33  ] , we have recently 
provided evidence of several classical characteristics of the 
mPT phenomenon following calcium overload in human 
brain mitochondria (Fig.  1 ). Brain-derived mitochondria iso-
lated from freshly resected tissue obtained during hemor-
rhage or tumor surgery displayed increased calcium retention 
capacity (CRC) by CypD inhibition, thiol-reactive com-
pounds and oxidants sensitized mitochondria to calcium-
induced mPT, and the mPT was reversible, i.e., if calcium 
was removed mitochondria could re-seal the inner membrane 
(Fig.  1 ). The conclusion was that adult human brain mito-
chondria possess an active CypD-sensitive mPT  [  16  ] . 
Validating mPT as a pharmacological target in human brain 
mitochondria is a crucial translational step toward controlled 
clinical trials of CypD inhibition in humans.  

 Cerebral ischemia results in several prominent changes of 
the cellular bioenergetic status favoring mPT activation – 
hydrolysis of adenine nucleotides, rise in tissue Pi, increased 
oxidative stress, release of free fatty acids, and rapid cyto-
plasmic acidi fi cation due to the conversion from aerobic to 
anaerobic metabolism  [  6,   11,   48,   49  ] . Importantly, acidic pH 
was initially believed to protect cells from mPT-induction 
but there is now convincing evidence that altered phosphate 
transport and decreased solubility of stored calcium phos-
phates in the matrix at low pH will override the direct inhibi-
tory effect of protons on mPT seen under so-called 
de-energized conditions  [  22,   36  ] . 

 In models of global ischemia, the hippocampal CA1 neu-
rons are selectively vulnerable, and CsA dramatically ame-
liorates cell death both under normo- and hyperglycemic 
conditions if administered before or early after ischemia in 
situations where the blood–brain barrier (BBB) has been dis-
rupted, allowing for brain penetration of CsA  [  7,   25,   35, 
  43–  45  ] . The non-immunosuppressive cyclosporin derivatives 
have not been thoroughly studied in global ischemia models, 
but there is protection demonstrated with high concentrations 
of a non-immunosuppressive CsA analog in animals with 
intact BBB  [  19  ] . In contrast, delayed CA1 cell death in hip-
pocampal slices exposed to oxygen glucose deprivation is 
readily prevented by CsA and a non-immunosuppressive 
CsA analog  [  38  ] . Furthermore, CsA has been demonstrated 
to block early mitochondrial depolarization following global 
ischemia using in vivo imaging with two-photon microscopy 
 [  26  ] . Additional evidence in vivo is needed in order to 
de fi nitely conclude that mPT is essential in the pathogenesis 
of this type of delayed ischemic cell death. 

 In animal models of transient or permanent focal ischemia, 
CsA signi fi cantly reduces cerebral infarction when adminis-
tered up to 3 h following reperfusion. The most robust effect 
has been observed with intracarotid CsA infusion follow-
ing 5 min of reperfusion after 2 h of middle cerebral artery 
occlusion (MCAO), where CsA virtually eliminated the 
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infarct  [  51  ] . On the other hand, equal ef fi cacy of CsA and 
a non-immunosuppressive CsA analog in transient MCAO 
have also been demonstrated  [  28  ] . Strongly supporting 
the essential role of CypD in this model of ischemia is the 
 fi nding that CypD knock-out mice display a dramatic reduc-
tion of brain infarct size following MCAO compared with 
their littermate controls  [  39  ] , similar to the effect in cardiac 
ischemia  [  2,   34  ] . 

 A major obstacle in evaluating the neuroprotective effects 
of cyclosporin compounds is their limited penetration across 
the blood–brain barrier (BBB)  [  24,   41,   42  ] . CsA and several 
other lipophilic compounds are actively extruded into the 
blood stream by the p-glycoprotein transporter present in the 
capillary endothelium. Different techniques can be used to 
overcome this problem. The BBB can be disrupted by physi-
cal damage to the tissue (see “Traumatic brain injury” below) 
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  Fig. 1    Characteristics of permeability transition in human brain mito-
chondria. ( a ) Calcium retention capacity (CRC) of freshly isolated 
human brain mitochondria. Suspensions of respiring mitochondria were 
continuously infused with calcium. At onset of permeability transition, 
calcium retained in mitochondria was released and CRC was calculated 
with or without the presence of the CypD-inhibitor cyclosporin A (CsA, 
1  m M) and the vicinal thiol reagent phenylarsine oxide (PhArs, 1  m M). 
Values are means ± SEM. ( b ) Representative traces of calcium-induced 
swelling assayed by 90° light scattering with or without the presence of 

the endogenous permeability transition inhibitor ADP (100  m M) and 
CsA (1  m M). Mitochondria were challenged with two additions of 
100  m M Ca 2+  followed by exposure to the unspeci fi c ionophore alame-
thicin. ( c ) Representative traces of reversible swelling in human brain 
mitochondria induced by 200  m M Ca 2+  followed by 400  m M of the Ca 2+  
chelator EGTA. Swelling was induced a second time by Ca 2+  (1 mM), 
and mitochondria were then fully permeabilized by alamethicin 
(Adapted from Hansson et al.  [  16  ] , with permission)       
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or osmotically through, for example, mannitol injection. The 
p-glycoprotein can be saturated by using high systemic doses 
of CsA or by reaching high local concentrations by arterial 
injection. Alternatively, CsA can be administered directly 
into the cerebrospinal  fl uid. It should be noted that only a few 
experimental studies examine the resulting tissue concentra-
tion following CsA administration and in addition, there is a 
lack of knowledge of the effective concentration range in the 
CNS. Consequently, a positive outcome of CsA treatment in 
an animal model cannot be regarded as unequivocal evidence 
of mPT involvement because of the compound’s non-mito-
chondrial targets. Further, a lack of effect cannot be taken as 
unequivocal evidence that mPT is not involved, especially if 
CsA has not penetrated the BBB. A safe and effective way of 
targeting drugs to the entire brain may be via delivery sys-
tems directed at endogenous receptor-mediated uptake 
mechanisms present at the cerebral capillaries  [  13  ] . This or 
similar approaches may then enable treatment of a number of 
CNS disorders by CypD inhibitors where the BBB is intact, 
but mPT has been implicated in the pathogenesis. 

 There is extensive documentation of the neuroprotective 
effect of CsA in different models of traumatic brain injury 
(TBI)  [  27  ] . The shear forces will cause an immediate, but 
also a delayed cell structure injury and a disruption of the 
BBB, allowing for systemic CsA administration  [  40  ] . The 
promising animal data have led different academic groups to 
initiate human clinical trials of CsA administration to patients 
with severe TBI. The initial studies in patients with TBI 
show, that CsA is well tolerated, enters the central nervous 
system, and according to the authors demonstrates a dose-
related improvement in favorable outcome  [  5,   10,   18,   29,   30  ] . 
These clinical trials in TBI are the  fi rst human studies aimed 
at testing the hypothesis of mPT-mediated injury in human 
neurological disease (with the reservation of calcineurin inhi-
bition mentioned above). Larger clinical trials with CsA in 
TBI are currently being planned in the USA and in Europe. If 
complemented by clinical trials using speci fi c inhibitors of 
CypD, mitochondrial cyclophilin inhibition will be validated 
as a feasible pharmaceutical target in neuroprotection, mark-
ing the dawn of a new era of mitochondrial medicine.     

  Con fl ict of Interest   Author EE is co-founder and of fi cer and MJH a 
stockholder of Maas Biolab, LLC and NeuroVive Pharmaceutical AB 
(publ), which hold intellectual property rights and develop the use of 
cyclosporins such as cyclophilin D inhibitors for neurological 
treatment.  
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  Abstract    Background : Recently, various sets of protein 
 biomarkers have been discovered in important diseases such 
as cancers, brain stroke and heart attack. However, clinical 
validation is dif fi cult and time-consuming by individual 
assays or because of very low concentrations at early stages 
of the diseases. We have developed assay technology through 
an innovative modi fi cation of the immuno-PCR method for 
the super-sensitive and multiplex detection of target 
biomarkers. 

  Methods : In the assay technology, each different oligo-tag 
simultaneously detects multiplex protein targets with 
extremely high-level sensitivity in a dose-dependent manner 
by qRT-PCR (maximum: three plexes). In this study, we 
measured speci fi c secreted protein concentrations in the cul-
ture supernatant of a 24-h culture of transfected SH-SY5Y 
cells with MUSTag. 

  Results : There was a signi fi cant increase in the protein 
level of tumor necrosis factor (TNF)- a  measured with 
extremely high-level sensitivity ( ³ 10 pg/mL). Compared 
with negative controls, the levels of TNF- a  increased from 
16.9 to 28.1 pg/mL ( p  = 0.011). 

  Conclusion : We suggest that our assay technology might 
be of clinical value in treating patients with cancer, cerebral 
ischemia, or patients who need a prompt and predictive diag-
nosis for adequate treatment.  

  Keywords   Protein biomarker  •  MUSTag (multiple simulta-
neous tag)  •  Immuno-PCR  •  Cytokine  •  Supersensitive      

   Introduction 

 Clinical proteomic research is aimed at the identi fi cation of bio-
markers that can aid in diagnosing disease, monitoring treat-
ment, and estimating prognosis  [  2  ] . Large numbers of candidate 
biomarkers are typically identi fi ed in the discovery phase of a 
proteomic screen, and many candidate biomarkers have been 
reported in the literature  [  5  ] . However, the conventional protein 
assay methods have poor sensitivity and there remain problems; 
it is not possible to detect in fi nitesimal target proteins in the 
blood, and one needs specialized knowledge and techniques to 
conduct procedures such as 2-D electrophoresis and mass anal-
ysis. With that background, based on the concept of (1) ultra-
sensitivity, (2) the simultaneous measurement of multiple items 
and (3) a rapid result, we proceeded with the development of a 
new base technology of diagnosis and succeeded in developing 
the ultrasensitive multiple simultaneous tag (MUSTag). With 
the MUSTag technique, each different oligo-tag simultaneously 
detects multiplex protein targets with extremely high-level sen-
sitivity (more than 10 fg(10 −15  g)/mL) in a dose-dependent 
manner by qRT-PCR (maximum: three plexes). 

 In this report, we measured speci fi c secreted protein con-
centrations in the culture supernatant of a 24-h culture of trans-
fected human neuroblastoma cell line SH-SY5Y with MUSTag. 
These results revealed that the MUSTag method is applicable 
to the cytokine marker measurement in much the same way as 
the conventional ELISA method. We have employed the 
MUSTag method for cancer, ischemic brain samples, and an 
even broader range of applications can be expected in the future 
such as early diagnosis and therapeutic effect prediction.  

   Materials and Methods 

 The Int6 gene was  fi rst identi fi ed as a frequent integration 
site of the mouse mammary tumor virus in preneoplastic and 
neoplastic mammary lesions  [  6  ] , and was later characterized 
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as the translation initiation factor subunit e (eIF3e) in rabbits 
 [  1  ] . An siRNA against Int6 (siRNA-Int6) induced several 
angiogenic factors via HIF2 a  stabilization, even under nor-
moxic conditions  [  3  ] . Moreover, we reported that siRNA-Int6 
led to promotion of neoangiogenesis in subcutaneous regions 
and in the tissues surrounding a wound in adult mice  [  4  ] . The 
siRNA-Int6 constructs were prepared according to the manu-
facturer’s instructions. Brie fl y, three sequences were used: 
human siRNA-Int6-1, 5 ¢ -AAgAACCACAgTggTTgCA-3 ¢ ; 
human rat common sequence int6-siRNA-2, 5 ¢ -gATA-
GAAATgCTTTAAgTT-3 ¢ ; and a green  fl uorescent  protein 
sequence or non-coding siRNA as the controls. These siR-
NAs were individually expressed under the control of the 
U6promoter in the pSilencer vector (Ambion). The human 
neuroblastoma cell line SH-SY5Y (ATCC) was grown 
in DMEM (Sigma-Aldrich) supplemented with 10 % 
fetal bovine serum (Hyclon), 1 % penicillin/streptomycin 
(Invitrogen) at 37 °C and 5 % CO 

2
 . SH-SY5Y cells were 

seeded in a six-well plate at a density of 4 × 10 5  cells/well the 
day before transfection. The cells were transiently cotrans-
fected with either 1.0  m g of siRNA-Int6, or in negative con-
trols using either 1.5  m L of lipofectamine 2000 (Invitrogen) 
per well in six plates, according to the manufacturer’s instruc-
tions. The transfection ef fi ciency of these cells was observed 
by green  fl uorescent protein using  fl uorescence microscopy 
(BIOREVO BZ9000, Keyence). Cells were harvested at the 
indicated times after transfection. 

 Total RNA from transfected SH-SY5Y cells was obtained 
using ISOGEN (Nippon Gene). First-strand cDNAs were 
prepared from the total RNA extract using SuperScript VILO 
reverse transcriptase and random hexamer primer (Invitrogen). 
Quantitative reverse transcription-PCR was performed using 
the ABI PRISM7000 Sequence Detection System (Applied 
Biosystems). A standard curve for a serial dilution of  b -actin 
was generated. The abundance of mRNA of TNF- a , trans-
forming growth factor-beta (TGF- b ), and angiopoietin-1 
(Ang-1) was calculated in relation to a master reference by 
using standard curves. 

 The protein levels of TNF- a , TGF- b , and Ang-1 in the 
supernatant samples of SH-SY5Y-transfected cells were ana-
lyzed using the MUSTag assay (Fig.  1 ). Brie fl y, recombinant 
TNF- a  was serially diluted  fi vefold from 10 ng/mL to 1.6 pg/

mL; then, TGF- b  were serially diluted  fi ve-fold from 10 ng/
mL to 3.2 pg/mL, and Ang-1 was serially diluted  fi ve-fold 
from 10 ng/mL to 3.2 pg/mL as the standard curves. The 
supernatant samples were diluted two-fold in a sample dilu-
tion buffer. After washing, the DNA-conjugated detection 
antibody (MUSTag Ab) was added and incubated for 1 h. 
MUSTag-DNA was cut by the EcoRI restriction enzyme for 
10 min; 3  m L of EcoRI-cut MUSTag solution in the wells 
was subjected to quantitative PCR (qPCR) analysis with the 
Mx3005P Real-time PCR System (Agilent Technologies) 
using the FastStart Universal SYBR Green Master with 
6-carboxy-X-rhodamine (ROX) reference dye (Roche 
Diagnostics).  

 Data were calculated as means ± the standard deviation 
(SD). Statistical analyses were performed with the commer-
cially available software Prism version 5 (GraphPad Software, 
San Diego, CA, USA). Comparisons of two parameters were 
analyzed using a two-tailed Student’s  t  test. The results were 
considered to be statistically signi fi cant when  p  values were 
less than 0.05.  

   Results 

 First, we examined whether siRNA-Int6 at the mRNA level 
in fl uences the expression of TNF- a , TGF- b , and Ang-1 in 
SH-SY5Y cells. The siRNA-Int6 mRNA resulted in 
signi fi cant up-regulation of TNF- a  mRNA at 24 h after 
transfection (Fig.  2a ). In contrast, there was no signi fi cant 
difference in the mRNA expression of TGF- b  and Ang-1 
between the two groups (Fig.  2b, c ).  

 We also measured secreted protein concentrations in the 
culture supernatant of a 24-h culture of transfected SH-SY5Y 
cells with MUSTag. The levels of TNF- a  signi fi cantly 
increased after Int6 silencing (Fig.  3a ). On the other hand, 
TGF- b  and Ang-1 levels did not change signi fi cantly 
(Fig.  3b, c ).  

 The protein level of TNF- a  measured with extremely 
high-level sensitivity was signi fi cantly increased ( ³ 10 pg/
mL). Compared with negative controls, the levels of TNF- a  
increased from 16.9 to 28.1 pg/mL ( p  = 0.011).  
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  Fig. 1    Immuno-PCR (MUSTag) assays. ( a ) 96-well immunoplates 
were coated with each mouse monoclonal capture antibody. The plates 
were followed by incubation with standards and unknown samples. The 
DNA-conjugated detection antibody (MUSTag Ab) was added. ( b ) 
After washing, EcoRI in MUSTag digestion buffer was added, resulting 

in the DNA fragment being cut out from the detection antibody and 
bound to the captured antigens, and subsequently being released into 
the EcoRI solution. ( c ) The EcoRI-cut MUSTag solution in the wells 
was subjected to quantitative PCR (qPCR) analysis with a real-time 
PCR system using the SYBR Green or TaqMan method       
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  Fig. 2    Effects of the 
up-regulation of cytokine and 
angiogenic factor mRNA by 
siRNA-Int6 at 24 h after 
transfection. Data were calculated 
as means ± standard deviation 
(SD). * p  < 0.001 vs. the control 
group,  n  = 3       
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   Conclusion 

 In our previous experiments with the MUSTag method  [  7,   8  ] , 
sensitivity increased 110- to 740- fold for IL-6, IL-8, and EGF 
compared with those with the conventional ELISA. On the 
other hand, regarding each factor of bFGF, HGF, and VEGF, 
which could not be detected by ELISA, it was con fi rmed that 
the values obtained were within the measurable range. 

 In the present study, we demonstrated that it is possible to 
detect cytokine markers in human neuroblastoma cells with 
the measurement of pg/mL levels. 

 With regard to the clinical application of the MUSTag 
method, we have been working on the following: (1) 
Identifying the core protein of the hepatitis C virus by using 
blood serum. (2) The diagnosis of Fabry disease, a hereditary 
disease, by determining the quantity of  a -galactosidase 
extracted from the blood on  fi lter paper. (3) The early diagno-
sis of uterine cervix carcinoma by using the mucus of the 
cervix. (4) Therapeutic effect prediction of bladder carcinoma 
by using urine. Additionally, we have started developments 
such as therapeutic effect prediction and the early diagnosis 
of other diseases, such as Alzheimer’s disease using spinal 
 fl uid, and cerebral apoplexy and emergency disease by using 
blood serum. These results have revealed that the MUSTag 
method is applicable to almost all clinical samples including 
body  fl uids and tissue specimens, in much the same way as 
the conventional ELISA method. However, a remaining issue 
is that it takes the ELISA +qRT-PCR at least 2 h or longer, 
and has thus not yet reached a satisfactory level of rapidity. 
Speeding up qRT-PCR is the most important current issue. 

 In conclusion, we suggest that the MUSTag method is 
applicable to the cytokine marker measurement of pg/mL 
level or below. The application of MUSTag might be of clini-
cal value in treating patients with cancer, or ischemic brain 

lesions, who need a prompt and predictive diagnosis for 
 adequate treatment.      
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  Abstract   We present a case that is most likely Lemierre’s 
syndrome. A 19-year-old man presented to us with 
 common-cold-like symptoms, which he had had for 2 days, 
such as slight fever, general malaise, anorexia, sore throat, 
and headache. Eight days after the onset of these symptoms, 
he died of brain herniation due to cerebral venous thrombo-
sis associated with micro-abscesses detected in pathological 
examination.  

  Keywords   Lemierre’s syndrome  •  Cerebral venous throm-
bosis  •  Micro-abscesses      

   Introduction 

 Many risk factors of cerebral venous thrombosis (CVT) have 
been reported, such as thrombophilia, malignancy, 
in fl ammatory systemic disorders, pregnancy, infection, and 
drug use, and the death rate of CVT at discharge is approxi-
mately 4 %  [  1  ] . In the manuscript, we report a patient who 
died of brain herniation due to CVT associated with micro-
abscesses detected in a pathological examination.  

   Case Report 

 A previously healthy 19-year-old man initially presented to 
our emergency room with a 2-day history of sore throat, gen-
eral malaise, anorexia, headache, and slight fever. His tem-
perature was 37.4 °C. He was diagnosed with a viral illness 
and discharged home with symptomatic treatment because 
signs of pharyngitis were seen without enlargement of the 
tonsils. On the next day, he presented to our neurosurgical 
department with persistent headache and anorexia. He denied 
habitual use of any drugs, although he had a medical history 
of bronchial asthma and of allergy to cold remedies and 
foods such as eggplant, cucumber, Yamato potato, and kiwi. 

 At the time of that second examination, his Glasgow Coma 
Scale (GCS) score was 15, and he had no neurological de fi cit. 
His temperature was 36.8 °C, pulse 60 bpm, blood pressure 
110/60 mmHg, and pulse oximetry 99 % on room air. A stiff 
neck was not recognized. The rest of the physical examination 
was unremarkable. Blood test results revealed a C-reactive 
protein (CRP) level of 1.6 mg/dL and a white blood cell (WBC) 
count of 10,600/ m L. The rest of the blood test results, includ-
ing renal and liver function, were unremarkable. His chest 
radiograph and electrocardiograph  fi ndings were normal. No 
abnormal  fi ndings were found on computed tomography (CT) 
of the head. We diagnosed his illness as a viral infection and 
continued symptomatic treatment after his hospitalization. 

 On the next day of his hospitalization, he became febrile 
(38.5 °C) with neurological deterioration. His GCS score was 
nine points: scores for visual, verbal, and motor functions were 
one, two, and six points respectively. Repeated CT of the head 
showed a low-density lesion, including a small high-density 
area indicating hemorrhage in the left parietal lobe (Fig.  1a ). 
CT with contrast medium showed cortical venous congestion 
indicating cerebral venous thrombosis (CVT) (Fig.  1b ). Blood 
test results revealed a C-reactive protein (CRP) level of 5.4 mg/
dL and a white blood cell (WBC) count of 16,800/ m L. A lum-
bar puncture was  performed, revealing that the  cerebrospinal 
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 fl uid (CSF) contained 14 WBCs/ m L ( fi ve neutrophils), total 
protein of 185 mg/dL, and glucose of 75 mg/dL. We made a 
diagnosis of CVT caused by viral meningitis and started 
 administration of acyclovir, steroid, and hypertonic diuretic. 
We did not start anticoagulant therapy because the patient’s 
prothrombin time was 17.1 s (normal values, 11.0–12.5 s) and 
we had found a hemorrhage in the cerebral lesion. CSF culture 
later proved to be negative. Repeated CT, which was performed 
12 h later because anisocoria of the enlarged left pupil had been 
found, showed impending brain herniation due to the progres-
sion of the brain edema and hemorrhage (Fig.  1c ). Emergency 
external decompression and evacuation of hematoma and dam-
aged brain were performed. The brain was disrupted by the 
hematoma and swelled up remarkably owing to the congestion 
of the cortical veins occluded with thrombus (Fig.  2 ). Although 
the anisocoria disappeared immediately after the surgery, his 
right pupil was enlarged 5 h later, because of the swelling of the 
right cerebral hemisphere (Fig.  1d ). We recommended a con-
tralateral external decompression to save his life, even though 
his functional prognosis would be poor, but his family did not 

a b

c d

  Fig. 1    ( a ) Repeated CT of the 
head showing a low-density lesion 
including a small high-density area 
indicating hemorrhage in the left 
parietal lobe. ( b ) CT with contrast 
medium showing cortical venous 
congestion indicating cerebral 
venous thrombosis. ( c ) Repeated 
CT showing midline shift due to 
the progression of brain edema and 
hemorrhage. ( d ) Repeated CT 
showing the swelling of the right 
cerebral hemisphere       

  Fig. 2    Perioperative photograph showing hematoma disrupting the 
brain and a remarkably swollen brain due to congestion of the cortical 
veins occluded with thrombus       
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grant permission for this. He died of brain herniation on the 
seventh hospital day in spite of life support.   

 The surgical specimens were examined pathologically. A 
large number of neutrophils were found in the hematoma 
(Fig.  3a ) and in fi ltration of neutrophils into the venous walls 
and Virchow–Robin spaces, which were considered micro-
abscesses, was found. Eosinophils were not found, and  fi brinoid 
necrosis of the venous walls was unremarkable (Fig.  3b ).   

   Conclusion 

 In fi ltration of neutrophils into the vessel walls suggested 
anti-neutrophil cytoplasmic antibody (ANCA)-associated 
vasculitis or bacterial vasculitis. 

 In the present case, however, renal dysfunction, which 
suggests ANCA-associated nephritis, was negative and 
 fi brinoid necrosis, which is a characteristic of ANCA-
associated vasculitides, was not found pathologically  [  2  ] . 

 Sinusitis, otitis media, and mastoiditis can be the primary 
sources of intracranial bacterial infection  [  3,   4  ] . In the pres-
ent case, however, there were no  fi ndings of sinusitis, otitis 
media, or mastoiditis in CT on admission. 

 In fi ltration of neutrophils into Virchow–Robin spaces 
indicated bacterial meningitis  [  5  ] . However, a stiff neck was 
not recognized, and the CSF test and culture were negative. 
In addition, a large number of neutrophils were found in the 
hematoma, whereas they were not seen in the cerebral tissue. 
This suggested that neutrophils in fi ltrated the Virchow–
Robin spaces from veins. 

 Lemierre’s syndrome,  fi rst reported by Dr. Andre Lemierre 
in 1936, is caused by an acute oropharyngeal infection with 
secondary septic thrombophlebitis of the internal jugular 
vein (IJV) and frequent metastatic infections such as 
abscesses. The disease progresses in several stages. The  fi rst 
stage is the primary infection, which is usually pharyngitis. 
This is followed by local invasion of the lateral pharyngeal 
space, resulting in septic thrombophlebitis of the IJV, and 
 fi nally the occurrence of metastatic complications. A sore 
throat is the most common symptom during the primary 
infection. During invasion of the lateral pharyngeal space, a 
swollen and/or tender neck is the most common  fi nding  [  6  ] . 
In addition to the lungs, the brain has been reported to be a 
site of metastatic infection  [  7  ] . Lemierre’s syndrome occurs 
most often in adolescents and young adults (aged 
15–30 years), and  Fusobacterium  pharyngitis occurs pre-
dominantly in the same age group  [  8  ] . 

 The advent of beta-lactam antibiotics has reduced the 
incidence of Lemierre’s syndrome to 0.8–1.5 cases per one 
million persons/year, leading it to be called a “forgotten dis-
ease”  [  9  ] , although mortality is still estimated at 8–15 %, 
despite antibiotic therapy  [  10  ] . In the present case, a sore 
throat was a typical initial symptom that is found in 82.5 % 
of patients, but a swollen and/or tender neck, which was the 
most common  fi nding (52.2 % of patients) during invasion of 
the lateral pharyngeal space and IJV septic thrombophlebitis, 
was absent  [  6  ] . However, the pathological  fi ndings mentioned 
above indicated hematogenous metastatic infection of some 
kind of bacteria, which were not identi fi ed in this case. 

 To our knowledge, the literature shows 15 cases in which 
the interval from initial symptoms to central nervous system 
complications were described  [  11–  25  ] . The average interval 
was 10 days, while the interval from sore throat to neurologi-
cal deterioration in our patient was only 3 days. Although 
Lemierre’s syndrome has been called a “forgotten disease” 
in the antibiotic era, it remains a life-threatening disease 
especially since the 1990s, because of restrictions on the use 
of antibiotics for viral pharyngitis  [  26  ] .      

a

b

  Fig. 3    Photomicrographs of a brain sample. ( a ) Hematoxylin and eosin 
staining (×400) showing a large number of neutrophils in the hema-
toma. ( b ) Hematoxylin and eosin staining (×100) showing in fi ltration 
of neutrophils into the venous walls and Virchow–Robin spaces, which 
were considered micro-abscesses       
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