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Dr. Duane Frederick Bruley

During the Annual 34th ISOTT Conference, August 12–17, 2006

Louisville, Kentucky, USA

The 34th ISOTT Conference President, Kyung A. Kang, would like to dedicate
this volume to one of her mentors, Dr. Duane F. Bruley, one of the two founders
(the other one being Dr. Haim Bicher) of ISOTT. He has been continuously
supportive and helped the conference behind the scenes. Dr. Bruley’s studies
on oxygen transport to tissue started in 1962 with a prominent medical doctor,
Dr.Melvin H.Knisely (Medical School of South Carolina), who was interested in
the influence of blood agglutination (coagulation) on oxygen transport to tissue,
which stimulated Dr. Bruley to form the Society in 1973. Drs. Bruley and Bicher
organized the first ISOTT conference both in Clemson and Charleston, SC, USA,
with Dr. Knisely as honorary President. Since then, Dr. Bruley has been a major
researcher on oxygen transfer in the human (especially brain) tissue, as well as a
pioneer in the mathematical modeling and computer simulation of the human
microcirculation system. His mathematical modeling related to oxygen transport
led to a unique computational strategy (BWK technique) that performs three-
dimensional, time-dependent, heterogeneous, convection, diffusion, conduction,
and reaction simulations. He organized another ISOTT conference in 1983, in
Ruston, LA, USA. His current research focuses on Protein C, an anticoagulant,
antithrombotic, anti-inflammatory and anti-apoptotic protein in blood plasma.

He is an elected fellow of the American Institute of Chemical Engineers,
American Society of Mechanical Engineers, and Biomedical Engineering Society,
and also an elected founding fellow of the American Institute of Medical and
Biological Engineering.



Dr. Britton Chance

During the Annual 34th ISOTT Conference, August 12–17, 2006

Louisville, Kentucky, USA

The 34th ISOTT Conference President, Kyung A. Kang, would also like to
dedicate this volume to another mentor of hers, Dr. Britton Chance. He has
been a long time ISOTT member and was President of the 4th ISOTT con-
ference in Philadelphia, PA, USA.

Dr. Chance is Eldridge Reeves Johnson University Professor Emeritus of
Biophysics at the University of Pennsylvania. His studies on the control of
metabolism, especially as it is related to mitochondria, have been just one of the
ties to ISOTT. One of his most current research interests is the use of infrared
light to characterize the properties of various tissues and cancer. He joined the
United States National Academy of Sciences in 1952 and received the National
Medal of Science in 1974. He is the inventor of both fNIR and an LED breast
cancer screening device using the technology. He also won a gold medal for the
United States at the 1952 Summer Olympics in the 5½ Meter Class. He has
published more than 700 peer reviewed journal articles.

Kyung A. Kang especially appreciates Dr. Chance’s support and his atten-
dance at ISOTT-2006, particularly because he was not in the best of health and
was in the middle of preparing to move to Singapore for a long-term research
project immediately after the conference.

vi Dedications



Group Photo of ISOTT-2006

Kentucky Derby Museum, Churchill Downs, Louisville, Kentucky, USA

This volume is also dedicated to all ISOTT members, participants of ISOTT-
2006, and to the contributors of manuscripts for this volume.
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Preface

The 34th Annual Conference of the International Society on Oxygen Transport to
Tissue (ISOTT)was held duringAugust 12–17, 2006 in Louisville, Kentucky, USA.

The emphasis of ISOTT-2006wason ‘‘ExpandingourHorizon.’’ In termsof research

topics, we added some newer ones – Translational Studies, Tissue Engineering, and
Nanobiotechnology. In terms of participants, we put extra effort into including

more junior researchers because we felt that they were the future of our society

and for the first time in ISOTT history we had presentations made by high school

students. In terms of organization, it was truly local, national, and international.
The support in organizing ISOTT-2006 came from various directions:

We would like to express our special thanks to the University of Louisville

(UofL), especially to the UofL Provost Office, Speed School of Engineering,

School of Medicine, and the office of the Vice President of Research. UofL’s

financial support allowed us to supplement the student’s registration fees sub-
stantially and to invite so many excellent distinguished lecturers. It should be

noted that none of our invited speakers requested an honorarium – we thank

them immensely. I would personally like to thank the Chemical Engineering

Department of UofL for allowing me to take time off from my teaching respon-
sibility. We appreciate UofL President Ramsey’s visit to our dinner held at the

DerbyMuseum.We thank the CaseWestern Reserve University for having their

MIMS Center symposium with us. Their financial support through NIH and

participation enable us to have more diverse scientific sessions and more attrac-

tive social events. We truly appreciate the participating industries and the many
local companies and friends who provided us with monetary support and valu-

able gifts. We also appreciate the encouragement received from the offices of the

Kentucky State Governor and Louisville City Mayor. The international, USA,

and local ISOTT-2006 organizing committee members are acknowledged for
their constant help, suggestions, and valuable criticisms.

Three ladies, without whom, ISOTT-2006 may not have been possible are:

Barbara Johnson, Trinia S. Hill and Carmel F. Mackin. They mysteriously

appeared just to help ISOTT-2006 and then quietly disappeared.
ISOTT-2006 had 100 participants and 77 presentations. In total, 42 papers

were submitted, reviewed, and accepted for publication. We are very proud of

the quality and quantity of the scientific content that we have exchanged/

discussed during the conference and published in this volume.

Kyung A. Kang, President of the 34th ISOTT Conference
Ph.D. and Professor of the Chemical Engineering Department

University of Louisville
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Organization of ISOTT-2006

The International Society on Oxygen Transport

to Tissue (ISOTT) is an interdisciplinary society
comprising about 250 members worldwide.
Its purpose is to further the understanding
of all aspects of the processes involved in the
transport of oxygen from the air to its ultimate
consumption in the cells of the various organs of
the body.

Founded in 1973 by Drs. Duane F. Bruley and Haim Bicher, the society has
been the leading platform for the presentation of many of the technological and
conceptual developments within the field both at themeetings themselves and in
the proceedings of the society.

The annual meeting brings together scientists, engineers, clinicians and
mathematicians in a unique international forum for the exchange of informa-
tion and knowledge, the updating of participants on latest developments and
techniques, and the discussion of controversial issues within the field of oxygen
transport to tissue.

ISOTT-2006 Officers

Kyung A. Kang, USA President

David J. Maguire, Australia Past President

Per Liss, Sweden President-Elect

Oliver Thews, Germany Secretary

Peter E. Keipert, USA Treasurer

Duane F. Bruley, USA Chairman, Knisely Award Committee

Executive Committee

Chris Cooper, UK Jerry D. Glickson, USA

Fahmeed Hyder, UK Paul Okunieff, USA

Valentina Quaresima, Italy Akitoshi Seiyama, Japan

Peter Vaupel, Germany Christopher B. Wolff, UK

xi



USA Committee

Joseph LaManna Fahmeed Hyder

Chia-Chi Ho Peter Keipert

Anthony Hudetz Sergei Vinogradov

H. Fred Downey

International Committee

Duane F. Bruley, USA Britton Chance, USA

Chis Cooper, UK Louis Hoofd, Netherlands

Fredrik Palm, Sweden Eiji Takahashi, Japan

Oliver Thews, Germany Martin P. Wolf, Switzerland

Giuseppe Cicco, Italy

Local Organizing Committee

Kyung A. Kang, President

Meeting Administration Committee

Matt Becker Cassandra Carmichael Trinia Simmons Hill

Barbara Johnson Patricia Lumley Carmel F. Mackin

Kurt Bendl A. Maria Utley

Greater Louisville Convention and Visitor’s Bureau

Scientific Program Committee

John Barker Richard L. Benton Eric Berson

Douglas B. Borchman Sham S. Kakar David Magnuson

Rosalie Mainous David A. Scott Yang Wang

Student Assistants

James J. Lee Yongjie Ren Samin Rezania

Bin Hong Hanzhu Jin Karen Boone

Rebecca Vitale

xii Organization of ISOTT-2006



Awards

The Melvin H. Knisely Award was first presented by ISOTT at the 1983 annual
banquet to acknowledge a young investigator (35 years of age or younger) for
outstanding achievements in research related to oxygen transport to tissue. This
award acknowledges the pleasure that Dr. Knisely derived from assisting and
encouraging young scientists and engineers to contribute to the study of the
transport of anabolites and metabolites in the microcirculation. His many
accomplishments in the field have inspired developing investigators to follow
in his footsteps. The continuation of this award aims to encourage young
scientists and engineers to join ISOTT and aspire to generate high quality
research in the area of oxygen transport to tissue. Members of the society are
invited to nominate eligible candidates for this award. The award usually
includes a Melvin H. Knisely plaque and a cash prize.

Melvin H. Knisely Award Recipients:

1983 Antal G. Hudetz, Hungary 1984 Andras Eke, Hungary

1985 Nathan A. Bush, USA 1986 Karlfried Groebe, Germany

1987 Isumi Shibuya, Japan 1988 Kyung A. Kang, Korea/USA

1989 Sanja Batra, Canada 1990 Stephen J. Cringle, Australia

1991 Paul Okunieff, USA 1992 Hans Degens, Netherlands

1993 David A. Benaron, USA 1994 Koen van Rossem, Belgium

1995 Clare E Elwell, UK 1996 Sergei A. Vinogradov, USA

1997 Chris Cooper, UK 1998 Martin Wolf, Switzerland

1999 Huiping Wu, USA 2000 Valentina Quaresima, Italy

2001 Fahmeed Hyder, Bangladesh 2002 Geofrey De Visscher, Belgium

2003 Mohammad N. Khan, USA 2004 Fredrick Palm, Sweden

2005 Nicholas Lintell, Australia 2006 No award was made

The DietrichW. Lübbers Awardwas established in honor of Professor Lübbers’s
long-standing commitment, interest, and contributions to the problems of oxygen
transport to tissue and to the society. The Lübbers Award is made to a young
investigator 30 years of age or younter (with the nomination and sponsorship of
an ISOTT member) and will consist of travel support to the meeting at which
the award is made. The selection will be based on the scientific excellence of the
individual’s first authored manuscript on the topic of oxygen transport as judged
by the members of the organizing committee of the annual meeting.
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Dietrich W. Lübbers Award Recipients:

1994 Michael Dubina, Russia 1995 Philip E. James, UK/USA

1996 Resit Demit, Germany 1997 Juan Carlos Chavez, Peru

1998 Nathan A. Davis, UK 1999 Paola Pichiule, USA

2000 Ian Balcer, USA 2001 Theresa M. Busch, USA

2002 Link K. Korah, USA 2003 James J. Lee, USA

2004 Richard Olson, Sweden 2005 Charlotte Ives, UK

2006 Bin Hong, China/USA

The Britton Chance Award was established in honor of Professor Chance’s
long-standing commitment, interest and contributions to many aspects of oxy-
gen transport to tissue and to the society. The Chance Award is made to a young
investigator 30 years of age or less (with the nomination and sponsorship of an
ISOTT member) and will consist of travel support to the meeting at which the
award is made. The selection will be based on the scientific excellence of the
individual’s first authored manuscript on the topic of oxygen transport as
judged by the members of the organizing committee of the annual meeting.

Britton Chance Award Recipients:

2004 Derek Brown, Switzerland 2005 James Lee, USA

2006 Hanzhu Jin, China/USA

The Duane F. Bruley Awards were first presented by ISOTT at the 2004 annual
meeting in Bari, Italy. They were established to support travel funds for student
researchers in all areas of oxygen transport to tissue. The Awards signify Dr.
Bruley’s interest in seeking young scientists and engineers tomaintain the image
and quality of research associated with the society. As a co-founder of ISOTT in
1973, Dr. Bruley emphasizes cross-disciplinary research among basic scientists,
engineers, medical scientists, and clinicians. It is hoped that receiving the Duane
F. Bruley Award will inspire students to excel in their research and will assist in
securing future leadership for ISOTT.

Duane F. Bruley Award reciptents:

2004 Helga Blocks (Belgium); Jennifer Caddick (UK); Charlotte Ives (UK);
Nicholas Lintell (Australia); LeonardoMottola (Italy); SaminRezania
(Iran/USA); Ilias Tachtsidis (UK); Liang Tang (China/USA); Iyichi
Sonoro (Japan); Antonio Franco (Italy)

2005 Robert Bradley (UK) Harald Oey (Australia) Kathy Hsieh (Australia);
Jan Shah (Australia)

2006 Benn S. Gooch (UK); Ulf R. Jensen (Germany); Smruta S. Koppaka
(USA); Daya Singh (UK); Martin Tisdall (UK); Bin Wang (China/
USA); Kui Xu (China/USA)
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Sponsorship

University of Louisville, Office of the University Provost
University of Louisville, Office of Senior Vice President for Research
University of Louisville, Speed School of Engineering
University of Louisville, School of Medicine and the Health Sciences Center
University of Louisville, Chemical Engineering Department
Center for Modeling Integrated Metabolic Systems (MIMS), Supported by a

grant (GM66309) from the National Institute of General Medical Sciences,
NIH, to the Case Western Reserve University, Cleveland, OH

�
LOUISVILLE FRIENDS WITH GIFTS

�
INSTITUTIONAL/ INDUSTRIAL PARTICIPATIONS
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ISOTT-2006 editors would like to thank

the following reviewers

Panel of Scientific Review:

James Bassingthwaighte, University of Washington, USA
Eric Berson, University of Louisville, USA
Duane Bruley, University of Maryland Baltimore County, USA
Simon Faithfull, Fidelis Consulting, USA
Arthur Fournell, University of Düsseldorf, Germany
Peter Hansell, University of Uppsala, Sweden
David Harrison, University Hospital of North Durham, UK
Fahmeed Hyder, Yale University, USA
Fahmeed Hyder, Yale University, USA
Sham Kakar, University of Louisville, USA
Kyung A. Kang, University of Louisville, USA
Peter Keipert, Sangart Inc., USA
Joe LaManna, Case Western Reserve University, USA
Edwin Nemoto, University of Pittsburgh, USA
Paul Okunieff, University of Rochester, USA
Gerald Saidel, Case Western Reserve University, USA
Oliver Thews, University of Mainz, Germany
Peter Vaupel, University of Mainz, Germany
David Wilson, University of Pennsylvania, USA
Martin Wolf, University Hospital Zurich, Switzerland
Christopher Wolff, St. Bartholomew’s and the Royal London Hospital, UK

Technical Review:

Laraine Visser-Isles, Rotterdam, the Netherlands
Eileen Harrison, Durham, UK
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Chapter 1

ISOTT: Roots, Founding and Beyond

Duane Frederick Bruley1

Abstract The International Society on Oxygen Transport to Tissue (ISOTT) was
founded inApril, 1973 byDrs.DuaneF. Bruley andHaim I. Bicher.However, the
roots of ISOTT go back to Drs. Christian Bohr and August Krogh. Dr. Bruley
first wanted to sponsor an international symposium on oxygen transport to tissue
to highlight the research activity between his group at Clemson University and
Dr. Melvin H. Knisely’s group at the Medical College of South Carolina. It was
also intended to honor Dr. Knisely for his ingenious development of the Quartz
Rod Crystal technique for observing blood flow in-vivo. Later Dr. Bicher was
selected to organize the program from the Medical College of South Carolina

With an overwhelming response to the initial call for papers, Drs. Bruley and
Bichermade the decision to found an International Society. They then decided on a
name, developed the society logo, assigned amission, developed a charter, sketched
the by-laws, and contracted a publisher for the proceedings. The new societywas to
include a focus on inter and cross-disciplinary research involving theoretical and
experimental investigations of oxygen transport to tissue in a single session format.
The society meets annually at different venues throughout the world.

1.1 Body

This paper represents an extension of the presentation and paper prepared for
the twenty fifth (25th) anniversary of the International Society on Oxygen
Transport to Tissue on the founding of ISOTT [1]. Similar to most successful
research projects it was an exciting serendipitous process, therefore it is impor-
tant to step back and record the sequence of events that took place before this
special society (ISOTT) was born.

The roots of ISOTT date back as far as Dr. Christian Bohr (1855–1911), for
his pioneering work in respiratory physiology and to August Krogh
(1847–1949), when his work conceptualizing the capillary-tissue cylinder for

1Synthesizer, Inc., Ellicott City, MD, USA; UMBC, Baltimore, MD, USA.
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oxygen transport was awarded the Nobel Prize (1920). In my opinion Krogh
was the first Tissue Engineer because he quantified the physical system using
mathematical modeling and calculated molecular transport in and around the
microcirculation. Dr. Krogh studied under Dr. Bohr as his teaching assistant
and continued his studies throughout his professional career. Dr. Melvin
H. Knisely (1900–1975) served as Dr. Krogh’s Post Doctoral Fellow which
propelled him on a career of studies related to blood agglutination in the
capillaries and experimental research on the resulting tissue destruction and
disease. Dr. Knisely has been cited as the first person to observe the pathological
clumping of red and white cells, in vivo, at the capillary level. He identified these
phenomena as ‘‘blood sludging’’ and pointed out its negative impact on oxygen
transport to the tissue and to the removal of toxic metabolic byproducts.

Colleagues, on occasion, have said that there were discussions regarding the
possible establishment of a society on oxygen transport. If that is true I was
never a part of any of the discussions nor was I even contacted by a colleague to
be part of such an effort. Also, I have been asked whether or not Dr. Knisely
approached me to create a symposium in his honor or to form a society. Just for
clarification, I never had any discussions related to the development of a
symposium or a society with Dr. Knisely prior to gaining permission from
Clemson to host a meeting at Clemson University, Clemson, SC, USA.

My formal education was in traditional chemical, mechanical, and nuclear
engineering. In the fall of 1962 I accepted a position as Assistant Professor of
Chemical Engineering andHead Varsity Tennis coach at ClemsonUniversity in
Clemson, South Carolina, USA. That fall a colleague, Dr.William Barlage, and
I were discussing possible new research areas; thus, we decided to take a five
hundred mile round trip to the Medical College of South Carolina in Charleston,
SC to see if there were problems involving ‘‘living systems’’ that we could apply
our engineering skills to. Being traditional engineers neither of us had a formal
education in the biological or life sciences and had studied only non-living systems.
To clarify, even though traditional engineers canmake significant contributions to
the engineering of living systems a new breed has evolved, the Bioengineer, which
represents the fifth traditional discipline of engineering [2]. A definition that I have
frequently used for bioengineering is as follows: ‘‘Bioengineering is The Applica-
tion of Engineering Principles and Fundamentals to Engineering Problems that
Require Basic Understanding of the Biological and/or Life Sciences.’’ This defini-
tion states that modern Bioengineers must have a formal education that includes
the biological and/or life sciences thus giving them insight into processes involved
in living systems that would not be obvious to traditional engineers. This concept
has a foundation in the principles upon which ISOTT was founded.

On the second day of our visit to the Medical College and after several meet-
ings, without success, wewere standing outside of theAnatomyDepartment when
Dr. Melvin H. Knisely (Head of the Department) appeared and introduced
himself. After a brief discussion he invited us to lunch where he stated his interest
inmathematical modeling and computer simulation of oxygen transport in the grey
matter of brain. He was concerned about the viability of neurons under different
pathological conditions andhe thought that computer predication couldbe valuable.
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This problem was of interest to me since I had recently completed my Ph.D.
Dissertation that consisted of experimental and theoretical work on the thermal
dynamics of a wetted-wall-column [3]. My theoretical model consisted of a
computer simulation of a coupled set of partial differential equations describing
simultaneous heat and mass transfer in cylindrical coordinates. The equations
contained terms for convection and conduction in two space dimensions and
time and were solved using finite difference techniques via Fortran program-
ming. This research fit perfectly with the description of the Krogh Capillary
Tissue model and the problems associated with the solution of representative
models that scientists and engineers around the world were then exploring to
quantify the microcirculation. After a year of study to learn the necessary
physiology and anatomy and the translation of two German articles, one by
Opitz and Schneider [4] and the other by Thews [5] (help in translation was
provided by Isebel Lockard and Elsie Tabor in Dr. Knisely’s Laboratory)
I derived a mathematical model, from basic principles (the Bruley Model),
that was solved by various graduate students on digital, analog and hybrid
computers, for different anatomical and physiological conditions. This research
represented the first computer simulations of the microcirculation, and a major
step forward in quantitative analysis because computer simulation allowed
investigation of the dynamic and non-linear characteristics of the system.

These studies started in 1962 and we worked together until Dr Knisely’s death
in 1975. During that period we published about 35 papers together regarding
theoretical and experimental investigations of oxygen transport to tissue.

In 1968 Dr. Haim I. Bicher was recruited to our team because of his knowl-
edge of blood agglutination and his expertise in the construction and use of
oxygen micro electrodes. His contribution to our research effort allowed us to
work back and forth between theory and experiment thus giving us the best
possible research environment. We presented our work primarily at the
European Microcirculation meetings and published in a variety of journals. It
was then that we started to examine anti-adhesive drugs in an attempt to
prevent clotting and to reverse the consequences of blood agglutination [6].
This initial work has led to my current studies of Protein C, a blood factor that
might be the ultimate anticoagulant/antithrombotic/anti-inflammatory/anti-
apoptotic for Protein C deficient patients, because there are little or no
known side effects such as, bleeding complications with the zymogen [7].

In 1971 our team attended a workshop on oxygen supply at TheMax-Planck
Institute in Dortmund, Germany. It was then that I decided to inquire
about sponsoring a symposium at Clemson University to highlight our team
work with Dr. Knisely’s group at The Medical School of South Carolina. Imme-
diately after I returned to the United States I asked Dr. Edwards, the President of
Clemson University, for permission to host an oxygen transport to tissue sympo-
sium at ClemsonUniversity andwith it honorDr.MelvinH.Knisely for his many
contributions to the field of microcirculation. Particularly for his development of
the quartz rod crystal illumination technique that allowed him to visualize the
sticking together of blood components, in vivo, in many disease states [8].
Permission was granted so I called Dr. Knisely’s wife, Verona, to find out what
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she thought about it. After a short time Verona called back and said it was a good

idea but she thought it would be better to have the symposium at The Medical

College of South Carolina. With further discussion we decided to have a sympo-

sium at both campuses, with bus transportation in between. Both Dr. Edwards,

President at Clemson University and Dr. McCord, President of The Medical

School of South Carolina agreed to help fund the symposium.
WhenDr.Bicher returned froman extended trip to Israel, I askedhim if hewould

like to participate in setting up the symposium.Hewas anxious to do so and he then

took responsibility for further arrangements at the Medical School while I handled

all arrangements at Clemson University and the combined meeting. Together we

obtained additional support fromother companies and agencies to fund themeeting.
The intended purpose of the symposium was to promote interdisciplinary

and cross-disciplinary research involving theoretical and experimental investiga-

tions for oxygen transport in tissue. It was to bring together life scientists and

engineers in a single session format to examine the many complex phenomena of

normal tissue growth and maintenance, and tissue survival and repair under

pathological conditions. This has remained the mission for ISOTT since its birth

and is probably the precursor to what is defined as ‘‘Tissue Engineering,’’ today.
After an intensive period of planning and preparation an initial meeting

announcement was sent out to sample community interest. The results demon-

strated enthusiasm far beyond projections and triggeredDrs. Bruley and Bicher to

consider the meeting as a launching pad for a very focused international society

regarding oxygen transport to tissue. We presented our idea to several other

investigators and thenwe decided that a formal societywould be in the best interest

of groups around theworld to achieve research goals related to oxygen transport in

tissue and that theCharleston/Clemsonmeetingwould be an appropriate forum to

formalize and begin an international society. We then decided on the name

‘‘International Society on Oxygen Transport to Tissue,’’ designed a society

‘‘logo,’’ assigned a mission, developed a charter, sketched the by-laws, contracted

with Plenum Publishers to publish the meeting proceedings, and selected members

to comprise an International Committee for theClemson/Charlestonmeeting. The

membership consisted of the following scientists and engineers:

Dr. Melvin H. Knisely, Charleston, USA Dr. Duane F. Bruley, Clemson, USA

Dr. Haim I. Bicher, Charleston, USA Dr. Gerhard Thews, Mainz, West Germany

Dr. Ian A. Silver, Bristol, England Dr. Herbert J. Berman, Boston, USA

Dr. Britton Chance, Philadelphia, USA Dr. Leland C. Clark, Jr., Cincinnati, USA

Dr. Lars-Erik Gelin, Goteborg, Sweden Dr. Jurgen Grote, Mainz, West Germany

Dr. Manfred Kessler, Dortmund, Germany Dr. Jose Strauss, Miami, USA

Dr. William J. Whalen, Cleveland, USA Dr. Daniel D. Reneau, Ruston, USA

Drs. Bruley and Bicher solicited Dr. Melvin H. Knisely to serve as an Honorary

President of the Society for the initial symposium. At the Clemson/Charleston

meeting, ISOTT was founded, and the following slate of officers were elected:
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President-Elect- Dr. Gerhard Thews, Mainz, West Germany
Secretary- Dr. Haim I. Bicher, Charleston, USA
Treasurer- Dr. Ian A. Silver, Bristol, England

The first symposium of ISOTT surpassed all expectations and established a

society that has continued to meet annually at various locations around the

world. The registered participants numbered 267 and two proceedings volumes

consisting of 133 papers were published by Plenum Press in their ‘‘Advances in

Experimental Medicine and Biology’’ series [9, 10].
Society meetings have been held at the following locations under the leader-

ship of the listed presidents:

1973 Charleston, SC, USA (Honorary) M.H. Knisely, Founding Meeting

1974 Group Meeting

1975 Mainz, Germany G. Thews (First Elected President)

1976 Anaheim, CA, USA B. Chance

1977 Cambridge, U.K. I. A. Silver

1978 Atlantic City, NJ, USA J. Strauss

1979 La Jolla, CA, USA J. Strauss

1980 Budapest, Hungary A. Kovach

1981 Detroit, MI, USA H. Bicher

1982 Dortmund, Germany D. Lubbers

1983 Ruston, LA, USA D. F. Bruley

1984 Nijmegen, The Netherlands F. Kreuzer

1985 Raleigh, NC, USA I.S. Longmuir

1986 Cambridge, UK I.A. Silver

1987 Sapporo, Japan M. Mochizuki (Carl Honig)

1988 Ottawa, Canada K. Rakusan

1989 Gottingen, Germany J. Piiper

1990 Townsville, Australia M. McCabe

1991 Curacao, Dutch Antilles W. Erdmann

1992 Mainz, Germany P. Vaupel

1993 San Diego, CA, USA P.D. Wagner

1994 Istanbul, Turkey C. Ince (K. Akpir)

1995 Pittsburgh, PA, USA E. M. Nemoto

1996 Dundee, Scotland D.K. Harrison

1997 Milwaukee, WI, USA A.G. Hudetz (25th Anniversary)

1998 Budapest, Hungary A. Eke

1999 Hanover, NH, USA H. Swartz

2000 Nijmegen, The Netherlands B. Oeseburg

2001 Philadelphia, USA D.F. Wilson

2002 Manchester, UK M.S. Thorniley

2003 Rochester, USA P. Okunieff

2004 Bari, Italy G. Cicco

2005 Brisbane, Australia D. Maguire

2006 Louisville, USA K. Kang
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The 2007 meeting will be held in Uppsala, Sweden where Dr. Per Liss will serve

as President.
In 1983 at the Ruston, Louisiana meeting Dr. Bruley initiated the first

Melvin H. Knisely Award to a promising young investigator. This award was

then approved and established by the Executive Committee to express the spirit

and willingness of Dr. Knisely to work with and contribute to the growth of

beginning scientists and engineers addressing the problems of oxygen transport

to tissue. Dr. Bruley was then elected as the Chairman of the ‘‘Melvin

H. Knisely Award’’ selection committee and nominees have been reviewed

each year with those selected being honored at the annual banquet.
The recipients, through the 2006 meeting in Louisville, USA are as

follows:

1983 Antal G. Hudetz (Hungary) 1995 Clare E Elwell (UK)

1984 Andras Eke (Hungary) 1996 Sergei A. Vinogradov (USA)

1985 Nathan A. Bush (USA) 1997 Chris Cooper (UK)

1986 Karlfried Groebe (Germany) 1998 Martin Wolf (Switzerland)

1987 Isumi Shibuya (Japan) 1999 Huiping Wu (USA)

1988 Kyung A. Kang (Korea/USA) 2000 Valentina Quaresima (Italy)

1989 Sanjay Batra (Canada) 2001 Fahmeed Hyder (Bangladesh)

1990 Stephen J. Cringle (Australia) 2002 Geoffrey De Visscher (Belgium)

1991 Paul Okunieff (USA) 2003 Mohammad Nadeem Khan (USA)

1992 Hans Degens (The Netherlands) 2004 Frederick Palm (Sweden)

1993 David A. Benaron (USA) 2005 Nicholas Lintell (Australia)

1994 Koen van Rossem (Belgium) 2006 No Awardee Selected

In 1994 a second Award to support travel for a young investigator was

approved by the Executive Committee. The recipients of the ‘‘Dietrich

W. Lubbers Award’’ are as follows:

1994 Michael Dubina (Russia) 2001 Theresa M. Busch (USA)

1995 Philip E. James (UK/USA) 2002 Lino K. Korah (USA)

1996 Resit Demir (Germany) 2003 James J. Lee (USA)

1997 Juan Carlos Chavez (USA) 2004 Richard Olson (Sweden)

1998 Nathan A. Davis (UK) 2005 Charlotte Ives (UK)

1999 Paolo Pichiule (USA) 2006 Bin Hong (China/USA)

2000 Ian Balcer (USA)

The Britton Chance Award was established in 2003 in honor of Professor

Chance’s long-standing commitment, interest and contributions to many

aspects of oxygen transport to tissue and to the society. The award is to

recognize outstanding contributions to research by a young investigator to

help support travel to the ISOTT meeting. The Britton Chance Awardees are

as follows:
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2004 Derek Brown (Switzerland)
2005 James Lee (USA)
2006 Hanzhu Jin (China/USA)

The Duane F. Bruley Awards were established and were first presented by
ISOTT at the 2004 annual meeting in Bari, Italy. They were established to
support travel funds for student researchers in all areas of oxygen transport
to tissue. The Awards signify Dr. Bruley’s interest in seeking young scientists
and engineers to maintain the image and quality of research associated with
the society. As a co-founder of ISOTT in 1973, Dr. Bruley emphasizes cross-
disciplinary research among basic scientists, engineers, medical scientists,
and clinicians. His pioneering work constructing mathematical models for
oxygen and other anabolite/metabolite transport in the microcirculation,
employing computer solutions, were the first to consider system non-linear-
ities, time dependence, including multi-dimensional diffusion, convection,
and reaction kinetics. It is hoped that receiving the Duane F. Bruley
Award will inspire students to excel in their research and will assist in
securing future leadership for ISOTT. The Duane F. Bruley Awardees are
as follows:

2004 2005 2006

Helga Blocks (Belgium) Robert Bradley (UK) Ben Gooch (UK)

Jennifer Caddick (UK) Harald Oey (Australia) Ulf Jensen (Germany)

Charlotte Ives (UK) Kathy Hsieh (Australia) Smruta Koppaka (USA)

Nicholas Lintell (Australia) Jan Shah (Australia) Daya Singh (UK)

Leonardo Mottola (Italy) Martin Tisdall (UK)

Samin Rezania (USA/Iran) Bin Wong (USA)

Ilias Tachtsidis (UK) Kui Xu (USA)

Liang Tang (USA/China)

Iyichi Sonoro (Japan)

Antonio Franco (Italy)

As pointed out earlier the first society proceedings were published by Plenum
Press [9, 10]. However, the number of total proceedings published has been
confused by the mixing of two different publisher’s ‘‘mistaken’’ use of two
different names. Some of the first meeting proceedings were published under
the Library of Congress Cataloging title of ‘‘International Symposium on Oxy-
gen Transport to Tissue’’ rather than the official title of ‘‘International Society
on Oxygen Transport to Tissue.’’ Since the two titles are listed separately the
uninformed might not be aware of both sets of proceedings and some libraries
do not have all of the volumes.

At the 25th Anniversary it was approved by the Executive Committee
and the membership-at-large to proceed with arrangements to establish a
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Journal for ISOTT with Plenum Press. The publications committee now
consists of:

Duane F. Bruley, Chairman Chris Cooper

Antal G. Hudetz Joe C. LaManna

Kyung A. Kang Hal Schwartz

David Harrison Britton Chance

Many attempts to start a journal have failed for various reasons. However, we
are still active and working with several publishers to develop a society journal.
Because ISOTT remains small in numbers, by choice, most publishers do not
feel a journal would be profitable.

The future of ISOTT will be determined by our young and new members,
with the dedicated mentoring of our old time membership. It will be important
to stay current with new technology and be flexible enough to embrace new
directions in the area of oxygen transport to tissue. The vision of ISOTT
members will be critical in guiding this very special international scientific and
engineering society through the troubled waters created by politics and religion.
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Chapter 2

Dietrich W. Lübbers

Celebration of a Life Dedicated to Research

into Oxygen Transport to Tissue

David K. Harrison1

2.1 Biography

It was with great sadness that members of the International Society on Oxygen

Transport to Tissue heard of the death on 15th November 2005 of Dietrich

Werner Lübbers, one of its most distinguished and long-standing members.
He was born on 12th May 1917 in the Harburg district of Hamburg. He

attended the Landesschule Pforta, a celebrated German public boarding school

Dietrich Werner Lübbers: 1917–2005.

1Durham Unit, Regional Medical Physics Department, University Hospital of North
Durham, DH1 5TW, UK.
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near Naumburg on the Saale river, where he completed his ‘‘Abitur’’ (the school
qualification for entry to university) in 1935. He completed his 6 months com-
pulsory labour service before being called up for compulsory military service.

As early as his last years at high school, and throughout his medical course, he
developed the ambition to pursue a career in scientific research applied to medi-
cine. From 1937 to 1939 he studied medicine at the University of Heidelberg
(5 semesters). However, in order to gain a basic scientific education that had
been missing from the curriculum at school, in addition to his medical course, he
studied chemistry for 4 semesters. At the outbreak of the secondworld war he was
conscripted for active service, but was able to continue his study of medicine, but
not chemistry (with interruptions for active service) in Halle, Leipzig and Berlin.

Dietrich’s scientific career began in 1941 with the research project for his
medical dissertation in the Institute of Physiology at the University of Berlin
under Professor Kurt Kramer. Kramer had demonstrated that near infrared
light penetrated deep into tissue so that spectral changes could be detected from
the outside. Dietrich’s project was to investigate the oxygen supply in the frog
heart and, to this end, using haemoglobin as the indicator, applied near infrared
spectroscopy to measure oxygen. The first problem he encountered was that the
frequency response of the existing manometers was too low to measure the
pulsatile pressure. In order to overcome this problem he began the first of his
technical developments. Together with Professor Gerlach of the Institute of
Physics, University of Berlin, he built a glass plate manometer, which used the
capacitance principle, and this enabled him to successfully complete his dis-
sertation in 1944. His thesis ‘‘Amethod formeasurement of the O2 consumption
and dynamics of the isolated cold blooded animal heart’’ clearly set the theme
for much of his future research. In the meantime he had passed his final medical
examinations in 1943 and was working in the army medical corps.

In December 1944 he found himself a prisoner of war in France where, from
time to time, he acted as the camp doctor. He was not released until June 1948.
From 1948 to 1950 he held a clinical post at the Borstel Tuberculosis Research
Institute near Hamburg

On the basis of the experimental experience gained during his Dr.med.
studies he was awarded a post with Professor Erich Opitz in Kiel in 1950.
Opitz’s field of research was the exchange processes between oxygen in capillary
blood and mitochondria. Dietrich’s research project was to investigate the time
course of the oxygen supply and oxygen consumption in the beating mamma-
lian heart. Since his study would involve measurements of the oxygenation of
haemoglobin, myoglobin and the redox state of cytochromes, he decided on a
spectrophotometric approach to the problem. However, this could clearly only
be achieved with a very fast measuring instrument that scanned a wide range of
wavelengths, and multi-component analysis of the absorption spectra. After
intensive discussions with Dr Köhler, a physicist, he set about with Walter
Niesel to develop the so-called short-time spectral analyser, which was com-
pleted in 1957. This was further developed by the Howaldtswerke in Kiel as the
‘‘Rapidspektroskop’’ (see below). He completed his Habilitation whilst at Kiel
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and in 1956/57 was the guest of Briton Chance at The Johnson Foundation,
University of Pennsylvania, where they were investigating the redox state of
cytochrome c using spectrophotometry. At Kiel, Dietrich also started other
research in the field of electrodes and blood gas measurement (see below).

From 1959 to 1961 he was a supernumerary assistant professor, at the
Institue of Physiology, University of Cologne where the Director was Max
Schneider.

In 1961 he was appointed to a Personal Chair at the Institute for Applied
Physiology and Occupational Physiology, University of Marburg and in 1965
was appointed Professor of Applied Physiology and Director of the Institute in
Marburg after turning down a chair in Hanover. In Marburg Dietrich contin-
ued his development of oxygen electrodes and, together with Albert and Renate
Huch, started to develop the concept of the transcutaneous pO2 for monitoring
neonates. Horst Baumgärtl joined Dietrich in Marburg and together they went
on to build the multiwire surface pO2 electrode and the finest of needle electro-
des for quantitative measurements of pO2 in tissue. Manfred Kessler completed
his Habilitation with Dietrich in Marburg.

In 1968 he was appointed Director of the Max Planck Institute for Occupa-
tional Physiology in Dortmund. In 1973 the Institute was renamed the Max
Planck Institute for Systems Physiology reflecting Dietrich’s approach to the
investigation of biological systems. The renaming of the Institute caused great
local controversy as the original institute was seen as one that carried out
scientific research for the benefit of the ordinary worker. Dietrich had to
weather a fierce barrage of criticism in the local press [1]. This was quite unfair
as he had been instrumental, along with the state of North Rhein Westphalia,
for the founding of an Institute for Occupational Physiology at the University
of Dortmund, and of which he was the acting Director initially [2]. In 1985 he
‘‘Retired’’ and became Emeritus director of the Institute, which moved to a new
building and was renamed the Institute for Molecular Physiology in 1994.
Dietrich retained a laboratory in the Institute until 2003.

Amongst those who went with Dietrich to Dortmund were Manfred Kessler
and Horst Baumgärtl. There, of course, with scientists such as Elfriede Lenin-
ger-Follert, Helmut Acker, Wolfgang Grünewald, Renate Huch, Sebastian
Schuchhardt and Reinhard Wodick – to mention but a few – his institute was
enormously productive and unravelled many of the mysteries of local regula-
tion of oxygen supply to tissue.

It was in 1977 that I first met Dietrich – and not through oxygen. My PhD
project was the development of a pH electrode for use in human skin and he had
organized a symposium on the Theory and Application of Ion-Selective Elec-
trodes in Physiology andMedicine at the Dortmund Institute. That was the first
time, too, that I met my good friend and colleague, the late Jens Höper and of
course Manfred Kessler whom I worked for in Erlangen from 1981 to 1990.
I had, of course, come to know ofDietrich’s work as soon as I startedmy project
in 1974.My colleague, Vance Spence had started two years earlier on a project to
develop a skin pO2 electrode and had been the guest of Dietrich who introduced
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Vance to the art ofmaking needle electrodes. Enough ofmy biography. Suffice it
to say that it was at this time that Dietrich’s philosophy of the systems approach
to physiology had a huge influence onme and has remained with me throughout
my scientific career.

2.2 The Inventions

‘‘The biological problem was always the basic drive for him. If it turned out that
the knownmethods were not good enough to enable him to solve it, he undertook
the laborious task of developing the necessary tools himself’’, Gerhard Thews [3].

Below is the ranking Dietrich himself put to his inventions when he was
awarded theDiesel GoldMedal in 1997 of theGerman Institute for Inventions[4]:

l Photometry at the surfaces of scattering media such as on live organs
(6 Patents)

l Blood gas analysis (electrochemical sensors) (3 Patents)
l pO2 and pCO2 measurements in situ (6 Patents)
l Optical sensors with absorbent and fluorescent optical indicators (optodes)

(22 Patents).

As mentioned earlier, by 1957 Dietrich Lübbers, along with Walter Niesel,
had built their first fast spectrophotometer in the Institute workshop in Kiel. In
collaboration with the Instrumentation Department of the Hohwaldtwerke
shipyard the spectrometer was further developed and marketed as the T 13/3
Rapidspektroskop [5]. This instrument could record 100 spectra (25,000 mea-
surements) per second, and was the fastest commercially available instrument
of its kind in 1964. It was a dual beam spectrometer which relied, of course, at
that time on analogue electronics. Depending on the diffraction grating used, it
had a wavelength range of 230–600 nm or 350–700 nm. Use of the full spectral
range allowed the use of multicomponent analysis to deconvolute the spectra of
individual pigments such as oxy- and deoxyhaemoglobin, myoglobin and cyto-
chromes. This was further facilitated after he moved to Dortmund by the rapid
evolution of the digital computer and software for the evaluation of the spectra
which was developed by Hoffmann. By now the spectrophotometer and dedi-
cated computer hardware was so large that for clinical research, the patients
had to go to the laboratory at Max Planck Institute for the measurements. In
order to get round this, together with Wodick and Pieroth, he developed a
‘‘portable’’ lightguide spectrophotometer that later was marketed by Sigma as
the Oxyscan (see, for example, Merschbrock et al. [6]).

The aim of Dietrich Lübbers’ research was to understand the entire pathway
and regulation of oxygen transport from the blood into the mitochondria. To
do this he needed to be able to measure the pO2 in the tissue itself. Until the late
1950s polarographic measurements in tissue were fraught with difficulties and
interferences. However, the invention of the fully integrated pO2 electrode by
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Leland Clark [7] changed all that and opened up a whole new realm of inven-
tiveness for Dietrich. One of the earliest electrodes Dietrich developed was for
in vitro measurements. However, his development of electrodes was not limited
to oxygen. His team also constructed pH and pCO2 electrodes so that they
could carry out blood gas analysis during their physiological experiments. Later
on he developed electrodes for other ions. As a result of these developments, the
company Eschweiler, also based in Kiel, produced one of the first blood gas
analysers to appear on the market – the Combi-Analyser U in 1961. Its succes-
sor is available nowadays as the Combi Line.

After his move to Marburg, together with Horst Baumgärtl and Manfred
Kessler, Dietrich continued to develop electrodes for measurements in tissue.
The multiwire surface electrode (MDO) was one of the trusty tools of the
physiological investigation of oxygen transport to tissue. He also applied the
polarographic principal to the measurement of blood flow using hydrogen
clearance – a technique that I also became very involved in during the 1980s.
The advantages of the MDO were that it was non-invasive and had a high
resolution: 98% catchment depth of each wire approx. 60 mm. The random
distribution of its 8 wires meant that 13 small rotations of the electrode gave a
statistical distribution of pO2 consisting ofmore than 100 values – a process that
took only 3 or 4 minutes. Assessment of pO2 histograms on most organs,
revealed a remarkable similarity under physiological conditions: a Gaussian
distribution always with less than 5% of values less than 5mmHg. The histo-
gram brought life to the Krogh model of oxygen supply from the capillaries to
the tissue and demonstrated that, again under physiological conditions, a highly
efficient regulation of blood flow prevents anoxia occurring in the so-called
lethal corner – the cells at the venous end of the capillaries.

Dietrich always questioned his own methods, and he wanted to test how
representative the pO2 histograms measured using the multiwire electrode were.
He and Horst Baumgärtl therefore produced what I think must be the finest
tipped Clark type needle electrode ever made in order to carry out measure-
ments within tissue. He presented their results at his last ISOTT meeting in
Nijmegen in 2000 [8]. He was able to show that with increasing distances
between pO2 histogram measurement points, the histogram remained
unchanged thus showing that measurements of histograms with the MDO,
which encompass several capillary supply units, do indeed represent the dis-
tribution within a single unit.

The citation for the award of the Diesel Gold Metal stated: ‘‘Of particular
significance, then, is the fact that not only did he invent things that were highly
innovative – at the same time he endeavoured to put his ideas into clinical
practice’’ [2]. An excellent example of this is the development of the transcuta-
neous pO2 electrode which he continued after his move to Dortmund. He, along
with theHuchs, discovered that the blood supply of the skin of newborn babies is
so high that it was possible to effectively measure arterial pO2 across the skin. It
was important, however, that the hyperaemia, which was induced by heating the
skin, always remained sufficient for the pO2 to remain independent of changes in
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blood flow. How this was achieved was the subject of yet another of Dietrich’s
patents and the transcutaneous pO2 electrode [9] was adopted throughout the
world in neonatal intensive care units for many years as an indispensable
monitoring device until it was eventually superseded by the pulse oximeter.

Dietrich became interested in fluorescence lifetime measurements of pO2 in
the early 1970s whilst trying to study angiogenesis and oxygen supply in the
dorsal skin fold chamber in the rat. Measuring pO2 was a problem because they
had to open the chamber to do so. He decided that this new optical technique
would be suitable and with Norbert Opitz developed so-called optodes (optical
electrodes) [10]. They found, however, that the fluorescence-pO2 calibration
was unstable when the indicator was placed directly in the tissue. His trick was
to sandwich the optical sensor between an oxygen-permeable and an oxygen-
impermeable membrane. In a further development, the indicator itself was
bound into a membrane. pH and pCO2 optodes followed and, in collaboration
with a number of commercial companies, the technology has been incorporated
into blood gas analysers, single use flow-through devices and catheter devices
for continuous monitoring.

In typical fashion, Dietrich used his inventiveness to apply his fluorescence
sensor technology to another physiological question. Some years earlier, his
group had discovered, using pO2 microelectrodes, that the pO2 in the upper
layers of skin is a function of depth. He wanted to know to what extent atmo-
spheric air was the source of oxygen supply to the skin, and what clinical
implications this might have. He therefore adapted the fluorescence sensor to
measure the oxygen flux across the skin. In collaboration with Markus Stücker
at the Dermatological Clinic in Bochum they carried out a number of investiga-
tions and were able to demonstrate that cutaneous blood flow contributes little
to the oxygen supply of the upper layers of skin [11]. Recognising the clinical
importance of the discovery – particularly for the treatment of diabetic, venous
and ischaemic skin diseases – in collaboration with Dr Paul Hartmann of AVL
(later to become part of Roche Diagnostics) an oxygen flux imaging system was
developed [12].

However, never reliant on the results provided by a single methodology, it
was at this time (2001) that I was recruited to the Dortmund team – albeit for
just 2 weeks – to apply the transcutaneous hydrogen clearance technique that
I had developed based on his transcutaneous pO2 electrode. The idea was to
test the reverse hypothesis, i.e. that if the blood flow contributed significantly
to the oxygen supply at the surface of the skin at normal skin temperature, the
freely diffusible, biologically inert hydrogen carried by the blood would be
detected at the surface of the skin. Although we were unable to complete a full
series of experiments at the time, for Dietrich our preliminary results provided
further confirmation of the important role of atmospheric oxygen supply to
the skin [13].

I have just used the example of skin, but through Dietrich’s long scientific
career he was a prolific publisher of some 450 papers reporting studies involving
the oxygen supply of all of these organs, cells and organelles: heart, brain, liver,
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carotid body, kidney, eye, tumours, inner ear, lymphatics, olfactory lobe,
placenta, capillaries, mitochondria, erythrocytes and many more.

On a personal note, Horst Baumgärtl [1] told me that it was always difficult
for Dietrich to get away from the Institute to go on holiday with his family.
With almost predictable regularity some sort of calamity occurred just before he
was due to go on leave. On one occasion the garage door fell down on his head;
on another he damaged his leg; on another he injured his wrist. In the end the
members of the Institute assumed that these events had nothing to do with
chance or accidents, but an unconscious reluctance to leave his scientific
endeavours.

2.3 Honours and Awards

Dietrich Lübbers’ achievements were recognised with a host of honours and
awards: Member of the New York Academy of Science; Honorary Professor,
Ruhr University, Bochum; Corresponding member of the Mainz Academy of
Science and Literature, 1975; President of ISOTT, 1981–2; President of the Ger-
manPhysiological Society, 1984;Honorarymember of theGermanPhysiological
Society 1986; Honorary member of the German Microcirculation Society, 1985
Honorary member of the Association for Occupational Physiology and Occupa-
tional Safety, 1977. He was awarded the RatschowMedal of the German Society
of Angiology in 1985 and, as mentioned above, the Diesel Gold Medal of the
Diesel Trust at the German Institute for Inventions in 1997. The first Dietrich
W Lübbers Award was awarded by ISOTT in 1994.

2.4 ISOTT

Dietrich was a member of the first International Committee of ISOTT [14] and
attended almost every meeting until 2000. Indeed it was the workshop organised
at the Max Planck Institute in Dortmund in July 1971 that was probably the
inspiration for Duane Bruley to organise, with Melvin Knisely, what turned out
to be the first ISOTT meeting in April 1973 in Charleston, South Carolina [14].
My first ISOTTmeeting was in Dortmund in 1982 and as a young scientist I was
in awe of Dietrich who always had a challenging question for the discussion.
However, as I got to know him well, I learnt that it was simply a passionate
searching for the scientific truth that inspired his questions.

Dietrich was usually accompanied by his wife Angela to the meetings and
together they were very much part of the ISOTT ‘‘Family’’. In 1996 I had the
honour of welcoming him to the ISOTT meeting I organised in Dundee.
Manfred Kessler used to refer to Dietrich as his ‘‘scientific father’’ and my
‘‘scientific grandfather’’. It was a term I think that Dietrich himself didn’t really
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approve of, mainly, I believe, because it made him feel old. His health started to
make it difficult for him to travel long distances, and the Nijmegen meeting in
2000 was the last ISOTT he attended.

Many of us remember Dietrich as a dedicated scientist with a sharp mind,
always ready to discuss new ideas and concepts. As someone who was always
seeking after the scientific truth, it may be a surprise to learn that he was a
shameless story-teller. He used to tell all sort of tall stories to his children about
strange goings on in a castle they were passing, or the wildest tales about the
river they were walking alongside [15]. He was also a religious man. Although
professing to be unmusical, he and his family often sang together a particular
song in German by Matthias Claudius ‘‘The moon has risen’’ (Tr. Catherine
Winkworth, 1855) that begins:

Look up; the moon tonight
Shows us but half her light,

And yet we know her round and fair.
At other things how oft
We in our blindness scoffed

Because we saw not what was there.

The words of the whole song reveal that Dietrich was fascinated by the
beauty and mysteries of God’s creation – and this is clearly reflected in his
scientific endeavours to understand it.

Dietrich felt greatly honoured by the Society’s decision to present an annual
award to young scientists bearing his name and it is indeed very fitting that
through the Dietrich Lübbers Award, members of ISOTT will continue to
recognise and celebrate his enormous contribution to research in the field of
oxygen transport to tissue.

References
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Chapter 3

Investigation of Frontal Cortex, Motor Cortex
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Anagram Solving
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Abstract We have previously reported changes in the concentrations of oxy-
(�[HbO2]) deoxy- (�[HHb]) and total haemoglobin (�[HbT]=�[HbO2]þ
�[HHb]) measured using near infrared spectroscopy (NIRS) over the frontal

cortex (FC) during an anagram solving task. These changes were associated
with a significant increase in both mean blood pressure (MBP) and heart rate
(HR). The aim of this study was to investigate whether the changes in MBP
previously recorded during an anagram solving task produces associated

changes in scalp blood flow (flux) measured by laser Doppler and whether
any changes are seen in NIRS haemodynamic measurements over a control
region of the brain (motor cortex: MC). During the 4-Letter anagram task
significant changes were observed in the�[HbO2],�[HHb] and�[HbT] in both

the frontal and motor cortex (n=11, FC p<0.01, MC p<0.01). These changes
were accompanied by significant changes in both MBP (n=11, p<0.01) and
scalp flux (n=9, p=0.01). During the 7-Letter anagram task significant changes
were observed in the �[HbO2] and �[HbT] (n=11, FC p<0.01, MC p<0.01),
which were accompanied by significant changes in both MBP (n=11, p=0.05)

and flux (n=9, p=0.05). The task-related changes seen in MBP and flux in this
study appear to contribute to the changes in the NIRS signals over both the
activated and control regions of the cortex.

3.1 Introduction

Amajor aim of functional mapping studies of the human brain is tomonitor the

magnitude and spatial distribution of activity associated with brain function.
To that extent cranial functional near-infrared spectroscopy (NIRS) has been
widely used to investigate the haemodynamic changes which occur in response
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to functional activation of specific regions of the cerebral cortex. Based on
the tight coupling of neuronal activity and oxygen delivery, changes in the
concentration of oxygenated (�[HbO2]) and deoxygenated (�[HHb]) haemo-
globin as measured by NIRS are quantified and taken as indicators of cortical
activation.

NIRS is increasingly being used to monitor the haemodynamic response
over the frontal and prefrontal regions during cognitive tasks such as colour
Stroop [1], working memory [2], Wisconsin card sorting test [3], calcula-
tions [4], mathematical problems [5], playing video games [6], and anagram
solving tasks [7]. It is possible that some mental tasks used in these studies
may elicit a systemic response which may affect the measured NIRS signals.
We have previously reported that significant changes in mean blood pressure
(MBP) and heart rate (HR) occur during anagram activation tasks and
observed that NIRS haemodynamic changes were in some volunteers signifi-
cantly correlated with these systemic changes [8].

The aim of this study is to investigate whether the changes in MBP during
anagram solving tasks produce associated changes in scalp blood flow and
whether any changes are seen in NIRS haemodynamic measurements over a
control region of the brain.

3.2 Materials and Methods

3.2.1 Subjects

11 healthy volunteers (6 males and 5 females) all right handed with English
as their first language (age 20 to 36 years; mean 25 years) took part in this
study.

3.2.2 Instrumentation

A continuous wave near-infrared spectrometer with a sampling rate of 6Hz
(NIRO 300, Hamamatsu Photonics KK) was used to measure changes in tissue
[HbO2] and [HHb] using the modified Beer-Lambert law. The optodes from the
dual channel system were placed on the head based on the 10/20 EEG electrode
placement system. Channel 1 was placed on the left motor cortex (MC) respon-
sible for finger and handmovement identified as the C3 position. Channel 2 was
placed on the left frontal cortex (FC) identified as the Fp1 position. Both
channels were shielded from ambient light by using an elastic bandage and a
black cloth. An optode spacing of 4 or 5cm was used in order to optimise the
detected light intensity. For the conversion of the optical attenuation changes to
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concentration changes a differential pathlength factor (DPF) of 6.26 was

applied [9]. A Portapres1 system (TNO Institute of Applied Physics) was

used to continuously and non-invasively measure MBP and HR from the

finger. Finally a laser Doppler probe (FloLab, Moore Instruments) was placed

over the forehead tomonitor the changes in scalp blood flow (flux) in nine of the

eleven subjects.

3.2.3 Procedure

All the volunteers were positioned in a comfortable sitting position. Data were

recorded during two minutes of the subject at rest (baseline), followed with one

minute period of the subject solving 4-Letter anagrams (15 anagrams, 4 seconds

per anagram) and then with one minute period of the subject solving 7-Letter

anagrams (6 anagrams, 10 seconds per anagram). Each anagram-solving period

was repeated a total of three times, with the study ending after a 2-minute rest

period (total study time 10 minutes). In this study solving an anagram was

defined as producing one coherent word using only the letters from another

word (e.g. icon–coin; reserve–reverse).
The subjects were encouraged to solve as many anagrams as possible and

were instructed to say possible solutions out loud (without moving); however,

the subjects were not scored on their performance.

3.2.4 Analysis

The NIRS haemoglobin signals were first detrended to remove any slow

drift, then all the signals including MBP, HR and flux, were low pass

filtered at 0.08Hz to minimise the effects of other signal components. The

filtering was carried out by a 5th order low pass Butterworth digital filter in

forward backward directions to avoid introducing a phase delay (MatLab

Mathworks Inc). The filtered signals from each volunteer were ensemble

averaged over the repetition cycles (per volunteer two rest periods, three

4-Letter periods and three 7-Letter periods). Changes in total haemoglobin

concentration (�[HbT]) were calculated from the sum of �[HbO2] and

�[HHb].
The response to stimulation was calculated as the difference between the

average of 10 seconds worth of baseline data at the end of the rest period,

and the average of 10 seconds of data commencing 20 seconds after the onset

of the 4-Letter anagram solving period and the 7-Letter anagram solving

period respectively. A ‘Student’s t-test’ was used to assess the significance

of these responses (the threshold of significance was set at p�0.05 from
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baseline). Correlations between variables were analysed with the Pearson cor-
relation model.

3.3 Results

3.3.1 Activation Results

Figure 3.1 shows the grand average of the NIRS,MBP and scalp flux data from
all volunteers during the entire ten minute test. Table 3.1 shows the mean
response of each signal during 4- and 7-Letter anagram solving.

During the 4-Letter anagram task significant changes were observed in
the �[HbO2] (n=11, FC p<0.01, MC p<0.01), �[HHb] (n=11, FC p=0.05,
MC p<0.01) and �[HbT] (n=11, FC p<0.01, MC p<0.01) in both the frontal
and motor cortex. These changes were accompanied by significant changes in
both MBP (n=11, p<0.01) and flux (n=9, p=0.01). During the 7-Letter
anagram task significant changes were observed in the �[HbO2] (n=11,
FC p<0.01, MC p<0.01) and �[HbT] (n=11, FC p<0.01, MC p<0.01),

)stinu
yrartibra(

xulF

Time (minutes) 

74

76

78

80

82

84

86
RESTREST 4L4L4L 7L7L7L

Time (minutes) 

(c) MEAN BLOOD PRESSURE 

30

40

50

60

70

80

90
RESTREST 4L4L4L 7L7L7L

(d) SCALP BLOOD FLOW 

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0

RESTREST 4L4L4L 7L7L7L

(a) FRONTAL CORTEX 

ΔC
on

ce
nt

ra
tio

ns
 (

μM
)

ΔC
on

ce
nt

ra
tio

ns
 (

μM
)

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

2.5
RESTREST 4L4L4L7L7L7L

(b) MOTOR CORTEX 

Time (minutes) Time (minutes) 

Δ[HbO2] Δ[HHb] Δ[HbT]

M
ea

n 
B

lo
od

 P
re

ss
ur

e 
(m

m
H

g)

1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

Fig. 3.1 Grand averaged responses for �[HbO2], �[HHb] and �[HbT] for all 11 subjects
measured over the (a) frontal cortex and (b) motor cortex; (c) average (n=11) mean blood
pressure; (d) average (n=9) scalp blood flow. (4L: 4-Letter Anagrams, 7L: 7-Letter
Anagrams.)
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which were accompanied by similar significant changes in both MBP (n=11,

p=0.05) and flux (n=9, p=0.05). The changes in �[HHb] during the 7-letter

anagram task were not significant. No significant differences were found

between the 4-Letter and 7-Letter anagram activation periods for the NIRS

and MBP signals.

3.3.2 Inter-subject Correlation

The �[HbO2] and �[HHb] signals measured over the frontal and motor

cortex regions were found to have a varying association with the MBP and

flux signals across different volunteers. In order to investigate this we

calculated the correlation coefficient between the filtered �[HbO2] and

MBP, �[HHb] and MBP; �[HbO2] and flux, and �[HHb] and flux for

both frontal and motor cortex in all subjects. These results are shown in

Figs. 3.2 and 3.3

Table 3.1 Response of NIRS signals over the motor and frontal brain regions (MC: motor
cortex; FC: frontal cortex) and MBP and Flux during 4- and 7-Letter anagram solving. Data
from all volunteers are presented as means�SD

No
Subjects 4-Letters minus Rest 7-Letters minus Rest

MC FC MC FC

�[HbO2] (mM) 11 1.55�1.14* 2.04�1.37* 1.34�1.23* 1.83�1.26*
�[HHb] (mM) 11 �0.48�0.51* �0.38�0.62z �0.28�0.66 �0.26�0.68
�[HbT] (mM) 11 1.08�1.23* 1.65�1.28* 1.07�1.20* 1.57�1.07*
MBP (mmHg) 11 4.7�4.4* 3.3�5.2z
�Flux (%) 9 50.2�56.5y 18.0�25.2z
(t-test *p<0.01; yp<0.03; zp�0.05)
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Fig. 3.2 Individual correlation coefficients between MBP and �[HbO2] and MBP and
�[HHb] for each subject for (a) the frontal cortex and (b) the motor cortex.
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3.4 Discussion

In this study we observed significant changes in the [HbO2], [HHb] and [HbT]
measured over both the left frontal and motor cortex regions during a 4-letter
anagram solving task. We also observed significant changes in the [HbO2] and
[HbT] measurements during a 7-letter anagram solving task. Furthermore, in
the group data, we observed a significant increase from rest in both MBP and
scalp flux when the subjects were solving the 4- and 7-letter anagrams. We
found that the haemoglobin changes measured by NIRS over the frontal and
motor cortex during anagram activation were in some volunteers significantly
correlated with the changes in MBP and scalp flux.

During the anagram task there is no reason to expect haemodynamic
changes over the motor cortex. The task-related changes seen in MBP and
flux in this study appear to contribute to the changes in the NIRS haemody-
namic signals over the activated and control regions of the cortex. It is possible
that the anagram task elicits an emotional response, which produces changes in
blood pressure that are likely to cause passive changes in the scalp blood flow as
observed in the laser Doppler flux signal. These changes in the scalp blood flow
can produce small changes in the [HbO2] and [HHb] signals as measured by
cranial NIRS.

When analysing cerebral haemodynamic activation data using functional
neuroimaging the task-specific activation observed is due to the existence of a
close coupling between regional changes in brain metabolism and regional
cerebral blood flow. In order for this response to be monitored unambiguously
it is important that the haemodynamic task-related activity is occurring on top
of an unchanged global systemic and brain resting state. The blood pressure and
scalp flux changes observed in this study suggest that systemic task related
responses may also be present and that they may lead to haemodynamic
changes characteristic of functional activation changes in a control region of
the brain.
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The relatively high correlation coefficient found in some subjects in this

study between the NIRS haemodynamic measurements with the MBP and

scalp flux signals suggest a global task-related haemodynamic response. In

the absence of high resolution maps of haemodynamic response it is difficult

to determine whether changes in the NIRS signals are due to the global changes

in systemic variables or haemodynamic changes originating from specific

regions of the cerebral cortex.
There are numerous recent publications using functional NIRS where differ-

ences in response have been reported, for example in frontal and prefrontal

activation between healthy volunteers and schizophrenic patients [10], between

healthy volunteers and adults with pervasive developmental disorders [11],

between adults and preschool children [12], between men and women [13],

and between different age groups from 20 to 90 years old [14]. In none of the

studies mentioned above were systemic changes monitored. We suggest that

caution should be exercised when analysing quantitatively the cerebrovascular

response during frontal and prefrontal activation due to the unknown haemo-

dynamic contribution from systemic alterations occurring during the

stimulation.

Acknowledgment The authors would like to thank the UCL/UCLH trustees, the EPSRC/
MRC, grant No GR/N14248/01 and Hamamatsu Photonics KK. This paper is dedicated to
the memory of Grigoris Xatzieustratiou (22 July 1978–01 October 2006).

References

1. M. L. Schroeter, S. Zysset, F. Kruggel, and D. Y. von Cramon, Age dependency of the
hemodynamic response as measured by functional near-infrared spectroscopy, Neuro-
Image 19(3), 555–564 (2003).

2. Y. Hoshi, B. H. Tsou, V. A. Billock, M. Tanosaki, Y. Iguchi, M. Shimada, T. Shinba,
Y. Yamada, and I. Oda, Spatiotemporal characteristics of hemodynamic changes in the
human lateral prefrontal cortex during working memory tasks, NeuroImage 20(3),
1493–1504 (2003).

3. S. Sumitani, T. Tanaka, S. Tayoshi, K. Ota, N. Kameoka, S. Ueno, and T. Ohmori,
Activation of the prefrontal cortex during the wisconsin card sorting test as measured by
multichannel near-infrared spectroscopy, Neuropsychobiology 53(2), 70–76 (2006).

4. A. Villringer, J. Planck, C. Hock, L. Schleinkofer, and U. Dirnagl, Near Infrared Spectro-
scopy (NIRS): a new tool to study hemodynamic changes during activation of brain
function in human adults, Neurosci. Lett. 154(1–2), 101–104 (14-5-1993).

5. Y. Hoshi andM. Tamura, Near-infrared optical detection of sequential brain activation in
the prefrontal cortex during mental tasks, NeuroImage 5(4 Pt 1), 292–297 (1997).

6. S. Nagamitsu, M. Nagano, Y. Yamashita, S. Takashima, and T. Matsuishi, Prefrontal
cerebral blood volume patterns while playing video games–a near-infrared spectroscopy
study, Brain Dev. 28(5), 315–321 (2006).

7. B. Chance, S. Nioka, S. Sadi, and C. Li, Oxygenation and blood concentration changes in
human subject prefrontal activation by anagram solutions, Adv. Exp. Med. Biol. 510,
397–401 (2003).

3 Investigation of Frontal, Motor Cortex and Systemic Haemodynamic Changes 27



8. I. Tachtsidis, T. S. Leung, L. Devoto, D. T. Delpy, and C. E. Elwell, Measurement of
frontal lobe functional activation and related systemic effects: a near-infrared spectro-
scopy investigation., Adv. Exp. Med. Biol. (2007).

9. A.Duncan, J.H.Meek,M.Clemence, C.E. Elwell, L. Tyszczuk,M.Cope, andD.T.Delpy,
Optical pathlength measurements on adult head, calf and forearm and the head of the
newborn infant using phase resolved optical spectroscopy, Phys. Med. Biol. 40(2), 295–304
(1995).

10. Y. Kubota, M. Toichi, M. Shimizu, R. A. Mason, C. M. Coconcea, R. L. Findling,
K. Yamamoto, and J. R. Calabrese, Prefrontal activation during verbal fluency tests in
schizophrenia–a near-infrared spectroscopy (NIRS) study, Schizophr. Res. 77(1), 65–73
(2005).

11. H. Kuwabara, K. Kasai, R. Takizawa, Y. Kawakubo, H. Yamasue, M. A. Rogers,
M. Ishijima, K. Watanabe, and N. Kato, Decreased prefrontal activation during letter
fluency task in adults with pervasive developmental disorders: A near-infrared spectro-
scopy study, Behav. Brain Res. 172(2), 272–277 (2006).

12. S. Tsujimoto, T. Yamamoto, H. Kawaguchi, H. Koizumi, and T. Sawaguchi, Prefrontal
cortical activation associated with working memory in adults and preschool children: an
event-related optical topography study, Cereb. Cortex 14(7), 703–712 (2004).

13. J. Leon-Carrion, J. Damas, K. Izzetoglu, K. Pourrezai, J. F. Martin-Rodriguez,
J. M. Martin, and M. R. Dominguez-Morales, Differential time course and intensity of
PFC activation for men and women in response to emotional stimuli: a functional near-
infrared spectroscopy (fNIRS) study, Neurosci. Lett. 403(1–2), 90–95 (2006).

14. I. L. Kwee and T. Nakada, Dorsolateral prefrontal lobe activation declines significantly
with age–functional NIRS study, J. Neurol. 250(5), 525–529 (2003).

28 I. Tachtsidis et al.



Chapter 4

Do Red Blood Cell-b-Amyloid Interactions Alter

Oxygen Delivery in Alzheimer’s Disease?

Joy G. Mohanty1, D. Mark Eckley2, J. D. Williamson3,

L. J. Launer4, and Joseph M. Rifkind1

Abstract Oxygen delivery requires that Red Blood Cells (RBCs) must be
deformable to pass through the microcirculation. Alzheimer’s disease (AD) is
a progressive neurodegenerative disorder characterized by abnormal extracel-
lular deposition of b-amyloid peptide (Ab) and neuronal loss.We have analyzed
RBCmorphology in blood from subjects with AD and found that>15% of the
RBCs are elongated as compared to 5.9% in normal controls (p<0.0001). To
determine whether these morphology changes can be associated with the greater
exposure of RBCs to Ab in AD subjects, we investigated the in vitro effect of Ab
fibrils on blood. Morphological analysis of RBCs treated with Ab1-40 or Ab1-42
fibrils show 8.6% or 11.1% elongated cells, respectively. In contrast, only 2.9%
or 1.3%ofRBCs are elongated when blood is treated with buffer ormock fibrils
generated from Ab42-1. Elongated RBCs are expected to be less deformable.
This prediction is consistent with our earlier studies showing impaired deform-
ability of RBCs treated with Ab fibrils. An additional factor previously
reported by us, expected to impair the flow of RBCs through the microcircula-
tion is their adherence to endothelial cells (ECs) whenAb1-40 fibrils are bound to
either RBCs or ECs. This factor would be more pronounced in AD subjects
with elevated levels of Ab on the vasculature. These results suggest that Ab
interactions with RBCs in AD subjects can result in impaired oxygen transport
and delivery, which will have important implications for AD.

4.1 Introduction

Alzheimer’s disease (AD) is characterized by neuronal degeneration and synap-
tic loss [1, 2]. These changes have been associated with the extracellular deposi-
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tion of plaques containing b amyloid (Ab) fibrils and neurofibrillary tangles. In
addition to this, Ab is also found in the vasculature causing amyloidosis in AD
subjects [3–5].

Neuronal function uses �20% of the total oxygen consumed by an indivi-
dual. The potential contribution of impaired oxygen delivery to the brain
causing neuronal dysfunction associated with AD has thus been considered
an important factor in AD. It has in fact been proposed that AD may originate
as a vascular disorder with the resultant impairment of oxygen delivery and
oxidative changes initiating the cascade of neuronal changes found in AD [6].

The delivery of oxygen to the brain requires that Red Blood Cells (RBCs)
carrying oxygen need to deform in order to pass through the narrow pores of
the �600km of capillaries that supply oxygen to the human brain. Vascular
changes associated with amyloidosis are expected to directly impair blood flow.
Furthermore, in the capillaries the RBCs come in intimate contact with the
vasculature where it encounters Ab involved in amyloidosis. Thus, the possible
contribution of RBC interactions with Ab to impaired oxygen delivery needs to
be considered.

Ab fibrils are formed by both Ab1-40 and Ab1-42 peptides. While Ab1-42 is the
major constituent of senile plaques, Ab1-40 is the main component of vascular
amyloidosis [4, 5]. Our earlier studies [7, 8] have shown that both Ab1-40 and
Ab1-42 fibrils bind to RBCs increasing RBC volume and decreasing RBC
deformability. Thus, we hypothesized that perhaps RBCs in Alzheimer’s sub-
jects experience increased binding to the available beta amyloid peptides or
fibrils in blood resulting in a decrease in the RBC deformability thus hindering
the passage of RBCs through the microvasculature. In this study, morphologi-
cal characteristics of RBC samples from Alzheimer’s subjects and their age-
matched controls have been investigated. The potential influence of Ab binding
to RBCs leading to their morphological changes in Alzheimer’s subjects has
also been investigated following incubation of Ab1-40 and Ab1-42 fibrils with
blood from normal healthy subjects.

4.2 Materials and Methods

Human blood samples from six Alzheimer’s subjects and ten age-matched
controls were collected in heparinized (green cap) tubes at Roena Kulynych
Center, Wake Forest University School of Medicine, Winston-Salem, NC,
following an approved protocol and sent overnight on icepack to Molecular
Dynamics Section (MDS), National Institute on Aging at Baltimore, MD for
processing. Subjects (N=16) in this approved ancillary study were members of
theGinkgo Evaluation ofMemory Study (GEMS,N=3,072) recruited between
September 2000 andMay 2004 [9] and at study entry they were free of dementia
based on full neuropsychological assessment. Subjects with significant neuro-
logical or neurodegenerative diseases that by themselves would affect cognitive
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function or carried a higher risk of dementia (e.g., Parkinson’s disease) were
excluded.

Similarly, anyone on cognitive enhancers or treatments for AD (cholinesterase
inhibitors) was excluded at baseline. Data on cognitive function were collected
every 6 months. According to the GEMS protocol, if the subject failed the full
NPB on scores below cutoff in memory and one other cognitive domain, or failed
five subtests across the battery (including one test in the memory domain) they
were referred for neurological evaluation andMRscanand dementia adjudication
(Alzheimer’s dementia, vascular dementia, other dementia, no dementia) to an
expert panel composed of neurologist and neuropsychologist from the University
of Pittsburgh Alzheimer’s Disease Research Center. This ancillary study was also
approved by the Human Subjects Review Board of Wake Forest University.
Participants referred for adjudication of possible dementia and their proxy pro-
vided informed consent for one additional blood draw and a control from within
the GEMS study remaining free of dementia was also asked to be a part of this
ancillary study, and after informed consent, blood was drawn for analysis.

Unless otherwise indicated all chemicals including Citrate-Phosphate-Dextrose
solution with Adenine (CPDA) were obtained from Sigma Aldrich, St. Lois, MO.

4.2.1 Processing of Blood Samples and Microscopy of RBCs

Blood samples upon arrival at MDS were immediately centrifuged at�1125�g
for 10min at 4 �C. The buffy coat and plasma were carefully collected from the
top of the tube and discarded. The RBC pellet was washed 3 times by resuspend-
ing the cells in CPDA buffer and centrifuging them as above. Cells were resus-
pended in CPDA buffer to 5% hematocrit and cell morphology was recorded in
an Olympus IX-70 with 40X objective using Deltavision software. Microscopic
images were saved as TIFF files, opened by Adobe Photoshop and elongated
cells were counted manually in each frame. Then all the calculation and statis-
tical analysis was performed using MS Excel as well as Origin software.

4.2.2 Preparation of Amyloid Fibrils

Amyloid fibrils from Ab1-40, Ab1-42 peptides (BioSource International, Inc.,
Camarillo, CA), were prepared as described earlier [7,8] by reconstituting the
lyophilized powders obtained from the commercial source in phosphate buffered
saline at 1mg/ml and incubating them for 72 hours in a water bath at 37 �C. Since
Ab having a reversed amino acid sequence (Ab42-1) do not form fibrils, a sample
of Ab42-1 peptides were also prepared in a similar manner as a negative control
(mock fibrils) for the amyloid fibrils. Following incubation, amyloid samples
were stored at –80 �C until use.
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4.2.3 Reaction of Amyloid Fibrils with RBCs and Their
Morphological Analysis

Blood samples collected in heparinized tubes from normal healthy human

subjects were used for binding to amyloid fibril samples prepared as above.

Blood (0.9ml) was incubated with either Ab1-40/Ab1-42 fibrils, mock fibrils from

Ab42-1 preparation or phosphate buffered saline (0.1ml) for 30min at 37 �Cwith

slow stirring. Following incubation, samples were pelleted at �1125�g for

10min at 4 �C, supernatant plasma and buffy coat were carefully removed

and discarded. Cells were washed three times with CPDA buffer and their

morphological analysis was performed as described above.

4.3 Results

A microscopic morphological analysis of a sample of RBCs from an Alz-

heimer’s subject and a healthy individual is shown in Fig. 4.1. It can be

clearly observed that RBCs from the healthy individual contain more of

smooth biconcave cells, while there is an increased number of RBCs with

altered morphology or elongated RBCs in the sample from the Alzheimer’s

subject.
Analysis of elongated RBCs in all the blood samples is shown in Fig. 4.2. As

can be seen, the number of elongated RBCs in blood samples from Alzheimer’s

subjects is 15.2% while those in control subjects are only 5.9%. The difference

in these two percentages is statistically significant (P< 0.0001).
To test the possibility that the above observation of a higher percentage of

elongated RBCs seen in blood samples from Alzheimer’s subjects could be due

to interactions of Ab peptide aggregates present in their blood, an in vitro

Alzheimer’s

Control

Fig. 4.1 RBCs from an Alzheimer subject (right panel) show altered morphology with many
more elongated shapes than those from a control (left panel) subject.
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experiment was performed. Samples of blood from healthy individuals were
incubated with Ab1-40, or Ab1-42 fibrils and then the morphological analysis was
performed. For comparison, blood samples from healthy individuals were also
incubated with either CPDA buffer as a control or mock fibrils prepared from
Ab42-1 peptides. The results are shown in Fig. 4.3. Interestingly, the percentage
of elongated RBCs in samples treated with either Ab1-40 or Ab1-42 fibrils (8.6%
and 11.1 %, respectively) is much higher than the samples treated with buffer
only (2.9%) or with mock fibrils (1.3%). This suggests that the morphological
changes observed in RBCs from Alzheimer’s subjects can be attributed to the
binding of Ab1-40 or Ab1-42 fibrils to the RBCs.

4.4 Discussion

Our earlier studies [7, 8] have shown that both Ab1-40 and Ab1-42 fibrils bind to
RBCs. b-Amyloids have been reported to be associated with cerebral blood
vessels, particularly the capillaries (microvasculature), and have been reported
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to be transferred from the brain into blood across the Blood Brain Barrier. In

addition, b-Amyloids are also produced in platelets and thus are in circulation
in the peripheral blood. Therefore, b-Amyloids are readily available to RBCs in

the circulation, particularly in AD subjects.
The RBC morphological changes observed in blood samples for Alzhei-

mer’s subjects in Figs. 4.1 and 4.2 suggest that the exposure of RBCs to Ab in

vivo may be the cause of these changes. While other changes in AD subjects

can affect the RBCs, the demonstration that similar changes are produced
when Ab fibrils interact in vitro with RBCs from normal subjects support the

hypothesis that these morphological changes originate from Ab interactions

with RBCs.
The passage of RBCs through capillaries with a pore size smaller than the

mean diameter of the RBC requires RBC deformability. RBC deformability

depends on both the properties of the red cell membrane and the excess
surface area of the RBC. The elongated RBCs found in Alzheimer subjects

indicate a decrease in the excess surface area as well as possible membrane

changes suggesting decreased RBC deformability. In support of this sugges-
tion, our earlier studies investigating the effects of amyloids on RBCs have

also found an increase in mean cell volume and a decrease in deformability

(Table 4.1) [10].
An additional factor that can contribute to impaired blood flow and oxygen

delivery in AD subjects involves increased adherence of RBCs to the brain

microvasculature. We have recently reported that Ab1-40 bound to either the

RBC or endothelial cells increase the adherence of the RBCs to the endothelial
cells. This implies that RBCs bound to amyloid will adhere to the endothelium

slowing down blood flow. This effect would be particularly pronounced in the

brain microvasculature with vascular amyloidosis.

Acknowledgment This research was supported (in part) by the Intramural Research Program
of the NIH, National Institute on Aging, grant # NIH-HC-99-260 from National Center for
Complimentary and Alternative Medicine (NCCAM), and the Tab Williams Fund for
Dementia Research and the Roena Kulynych Center for Memory and Cognition Research,
Wake Forest University School of Medicine, Winston-Salem, NC.

Table 4.1 Measurement of RBC deformability

b–Amyloid (mM)
Mean Cell
Vol. (fl)

Mean Cell Transit
Time (msec)*

Cells/sec
passing thru
pores*

% of Slow cells
(<6.4 msec)*

0 81.56 3.73 11.67 2.64

5 84.19 3.58 8.62 1.64

15 85.14 4.08 5.79 4.29

20 85.98 4.13 4.86 5.53

* Transit of RBCs through 5m pores using a Cell Transit Analyzer. (Data from: J.M. Rifkind
et al., Adv. Cell Aging Gerontol., 2002, Vol. 11, 283–307)
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Chapter 5

Uncoupling Protein-2 in Diabetic Kidneys

Increased Protein Expression Correlates to Increased

Non-transport Related Oxygen Consumption

Malou Friederich1, Johan Olerud1, Angelica Fasching1, Per Liss2,

Peter Hansell1, and Fredrik Palm1

Abstract Diabetic patients have an elevated risk to develop renal dysfunction
and it has been postulated that altered energy metabolism is involved. We
have previously shown that diabetic rats have markedly decreased oxygen
availability in the kidney, resulting from increased oxygen consumption.
A substantial part of the increased oxygen consumption is unrelated to tubular
transport, suggesting decreased mitochondrial efficiency. In this study, we
investigated the protein expression of mitochondrial uncoupling protein
(UCP)-2 in kidney tissue from control and streptozotocin (STZ)-induced dia-
betic rats.

Protein levels of UCP-2 were measured in adult male control and STZ-
diabetic Wistar Furth as well as Sprague Dawley rats in both the kidney cortex
and medulla by Western blot technique.

Two weeks of hyperglycemia resulted in increased protein levels of UCP-2 in
kidneys from both Wistar Furth and Sprague Dawley rats. Both cortical and
medullary UCP-2 levels were elevated 2–3 fold above control levels.

We conclude that sustained STZ-induced hyperglycemia increases the kid-
ney levels of mitochondrial UCP-2, which could explain the previously reported
increase in non-transport related oxygen consumption in diabetic kidneys. The
elevated UCP-2 levels may represent an effort to reduce the increased produc-
tion of superoxide radicals which is evident during diabetes.

5.1 Introduction

Mitochondrial oxidative phosphorylation is the cellular source of energy
(adenosine triphosphate; ATP) and thus a prerequisite for normal cell function.
In summary, protons (Hþ) are pumped through the mitochondrial inner
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membrane by complex I–IV of the electron transport chain. This results in an
electrochemical (potential) gradient across the mitochondrial membrane which
is used by the ATP-synthase (complex V) to create ATP from adenosine dipho-
sphate (ADP) and inorganic phosphate (Pi). This gradient is also used to trans-
port ions and metabolites [1]. However, not all Hþ are used by the ATP-
synthase since the membrane is partially permeable to Hþ. This results in a
basal Hþ leak, which regulation is dependent on the electrochemical gradient
and the energy situation in that specific cell. If ADP and Pi is present, i.e. energy
demand is high, the Hþ permeability is usually low and if ATP is present,
i.e. energy demand is low, the Hþ permeability increases [1, 2]. A high Hþ

permeability is energy wasting and has been shown to account for up to 25%
of the standard metabolic rate [3].

Mitochondria are a significant source of reactive oxygen species (ROS), which
can cause oxidative stress [4]. Mitochondria primarily produce superoxide (O2

–),
which is rapidly converted to hydrogen peroxide (H2O2) by intracellular and
mitochondrial superoxide dismutase (SOD). Studies have shown that complex I
of the electron transport chain is the major source of ROS, however the mechan-
isms are unclear [5] . It is believed that a high and stable mitochondrial potential
gradient is the cause of the increased O2

– production. The different complexes of
the electron transport chain are regulated by their own redox-status and there-
fore differently regulated by changes in the membrane potential and pH. Both
O2

– and H2O2 are highly reactive and quickly interacts with DNA, proteins and
lipids, resulting in oxidative damage. Oxidative damage is believed to play a
major role in many pathological conditions such as arteriosclerosis, ischemia-
reperfusion damage and diabetic nephropathy [6, 7]

A suggested cytoprotective mechanism against increased mitochondrial
radical production is increased levels of uncoupling proteins (UCP). The pro-
tonophoric properties of UCP can increase the Hþ leak back across the mito-
chondrial inner membrane. This is called inducible Hþ leak and should be
considered as an additional mechanism for the cells to regulate the Hþ perme-
ability across the mitochondrial membrane [1]. Studies have shown that UCP
decreases ROS production by lowering the mitochondrial Hþ gradient, sup-
porting the theory that UCP has antioxidant properties [8]. A negative feed-
back-loop is believed to exist between ROS and UCP-2, and a signaling role for
4-hydroxy-2-nonenal (a by-product in lipid peroxidation) in the regulation of
UCP has recently been reported [9].

Uncoupling proteins are a subfamily of proteins in the family of mitochon-
drial anion carriers [7]. Five different UCPs have been identified so far. UCP-1
is expressed exclusively in brown adipose tissue and it appears that its only
function is to generate heat. The very low level of ATP-synthase in these cells is
believed to activate UCP-1 resulting in excessive heat generation [10]. UCP-2 is
expressed ubiquitously throughout the body. UCP-3 is expressed mostly in
muscles. Neither UCP-2 nor 3 have been shown to have any significant thermo-
genic effect. This is believed to be a result of the presence of ATP-synthase in
these cells. UCP-4 and UCP-5 is expressed exclusively in the brain [10, 11].
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We have previously shown that sustained hyperglycemia results in increased
oxygen consumption by both isolated cortical andmedullary tubular cells [6, 12].
The main part of the diabetes-induced increase in oxygen consumption was
unrelated to tubular electrolyte transport; the latter measured as ouabain-sensi-
tive oxygen consumption. In the present study, we therefore investigated if
streptozotocin (STZ)-induced diabetic rats have elevated protein expression of
mitochondrial UCP-2 in the kidneys since this might provide a feasible explana-
tion for the previously reported increase in non-transport related oxygen con-
sumption. Furthermore, in order to rule out possible strain differences, we
investigated the UCP-2 levels in kidneys from both Wistar Furth and Sprague
Dawley rats.

5.2 Materials and Methods

Adult male Wistar-Furth and Sprague-Dawley rats (250–300 g; B&KUniversal,
Sollentuna, Sweden) were randomly divided into normoglycemic controls
(n=5 per strain) and hyperglycemics (n=5 per strain). The local animal ethics
committee at the University of Uppsala approved all experiments.

5.2.1 Diabetes Induction and Surgical Procedures

Diabetesmellituswas induced by an injection of streptozotocin (STZ; 45mg/kgBW
dissolved in saline forWF and 55 mg/kg for SD; Sigma-Aldrich, St. Louis, MO) in
the tail vein. Animals were considered diabetic if blood glucose concentrations
increased to� 15 mmol/l within 24 hours after STZ-injection and remained ele-
vated. Blood glucose concentrations were determined with test reagent strips (Med-
iSense, Bedford, MA) from blood samples obtained from the cut tip of the tail.

All rats were anaesthetized by an intraperitoneal injection of thiobutabarbi-
tal sodium, (Inactin, 120 mg/kg BW for non-diabetic rats and 80 mg/kg BW for
diabetic rats; Sigma-Aldrich) and placed on a servo-regulated heating pad.
Tracheotomy was performed to ensure sufficient breathing. A polyethylene
catheter was placed in a carotid artery and perfused with 30 ml of phosphate
buffer saline (PBS, Medicago AB, Uppsala, Sweden), and the right renal vein
was cut open in order to facilitate complete perfusion of the kidneys. Rats were
sacrificed by administration of saturated KCl.

5.2.2 Protein Extraction and Western Blot

All procedures were performed on ice. Both kidneys were dissected out and
prepared for protein extraction. Renal cortex and medulla were separated
under microscope and placed in separate homogenizers and 700 ml of RIPA
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buffer (1.0% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM NaF,

80mM Tris pH 7.5) with protein inhibitors (Protease Arrest (10 ml/ml;

GBiosciences, St. Louis, MO, USA), Phosphatase inhibitor cocktail-2

(10 ml/ml; Sigma-Aldrich) and Complete Mini (1 tablet/1.5 ml; Roche Diag-

nostics, Mannheim, Germany)) was added and the tissue homogenized.

After centrifugation (15 min, 5000 G at þ4 8C), the supernatant was stored

at –70 8C.
Protein samples were mixed 1:1 with Laemmli þ 2-merkaptoethanol

buffer (BioRad Laboratories). Samples were boiled and 200 mg protein

was loaded onto precast 10% Tris-HCL gels set in a Criterion Cell with

Tris/glycine/SDS buffer (BioRad Laboratories). The proteins were transfer

to a nitrocellulose membrane, which was blocked with 5% non-fat dry milk

in Tris-HCL Tris-base, NaCl, pH 7.4 for 1 h. The membrane was incu-

bated with goat anti-rat UCP-2 antibody (1:1000; Santa-Cruz Biotechnol-

ogy, Santa Cruz, USA) overnight at 48C. Horseradish peroxidase (HRP)-

conjugated secondary antibody (1:5000; sheep anti-goat, Santa-Cruz Bio-

technology) was used to detect the specific band. Detection was performed

according to the manufacturers’ instructions (Chemiglow West; Alpha

Innotech, San Leandro, CT, USA) and analyzed using an ECL- camera

(Kodak image station 2000; New Haven, CT, USA) detecting the HRP-

emitted light. Kodak 1DIM 3.6.3 software was used for analyzing

Western blots.

5.2.3 Statistical Analysis

All values are expressed as means�SEM. Student’s t-test was used to compare

means of two groups. Statistical analysis was performed usingGraph Pad Prism

software (Graph Pad Inc., San Diego, CA, USA), and P<0.05 was considered

statistically significant.

5.3 Results

5.3.1 Wistar Furth Rats

STZ-injection resulted in a sustained hyperglycemia in all injected Wistar

Furth rats (24.5�2.5 vs. 6.1�0.4 mM for control animals; n=5 each). Dia-

betic Wistar Furth rats had 3.7-fold higher UCP-2 levels in the renal cortex

and 3.0-fold higher in the medulla compared to normoglycemic control

animals (Fig. 5.1).
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5.3.2 Sprague Dawley Rats

STZ-injection resulted in a sustained hyperglycemia in all injected Sprague

Dawley rats (27.6�0.1 vs. 6.9�0.4 mM for control animals; n=5 each).

Diabetic Sprague Dawley rats had 2.5-fold higher UCP-2 levels in the renal

cortex and 2.1-fold higher in the medulla compared to normoglycemic control

animals (Fig. 5.2).

Fig. 5.1 Protein expression of mitochondrial uncoupling protein-2 (UCP-2) in renal cortex
and medulla of normoglycemic and hyperglycemic Wistar Furth rats (n=5 per group).

Fig. 5.2 Protein expression of mitochondrial uncoupling protein-2 (UCP-2) in renal cortex
and medulla of normoglycemic and hyperglycemic Sprague Dawley rats (n=5 per group).
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5.4 Discussion

The main finding of the present study is that UCP-2 levels in both renal cortex

and medulla are increased in STZ-induced diabetic rats compared to normo-

glycemic controls. This supports our theory that UCP-2 is a protective mechan-
ism counteracting diabetes-induced ROS production. However, an unwanted

side effect of the increased UCP-2 levels should in theory be increased oxygen
consumption. Oxygen consumption related to mitochondrial uncoupling is

unrelated to tubular transport processes, i.e. ouabain insensitive. Indeed, oxy-

gen consumption by freshly isolated ouabain-treated tubular cells from diabetic
rats is markedly increased compared to control cells with corresponding treat-

ment [6, 12]. Renal oxygen tension is decreased in STZ-induced diabetes and the
mechanism has been identified as increased renal mitochondrial oxygen con-

sumption resulting from increased oxidative stress [6]. We now further clarify

the mechanism accounting for the diabetes-induced increase in renal oxygen
consumption to involve increased UCP-2 protein abundance, which has been

shown to increase mitochondrial uncoupling.
Previous studies have shown that the degree of hyperglycemia is a

good predictor of the progression of diabetes complications [13], including

the development of renal dysfunction [14]. It is also well known that sustained
hyperglycemia increases theROS production.ROS decreasesNObioavailability,

resulting in both increased vascular tone and increased oxygen consumption [14].

Taken together, the decreased renal oxygen tension and increased ROS produc-
tion could be an important pathway leading to the development of diabetic

nephropathy [14].
It is believed that an altered UCP regulation can contribute to several

pathological conditions such as arteriosclerosis, insulin resistance and diabetic

nephropathy [7]. Pioneering work by Mattiasson and co-workers showed that
UCP-2 protects against long-term damage resulting from stroke and brain

trauma [15]. In vitro, UCP-2 over-expressing cells showed significantly lower

mortality when subjected to 90 minutes of oxygen-glucose deprivation com-
pared to controls [15]. The suggested mechanism for the UCP-2 protective

properties in this study was that UCP-2 prevents activation of apoptotic pro-
teins by lowering the electrochemical gradient and thereby reducing ROS

production.

5.5 Summary

Sustained STZ-induced hyperglycemia increases the kidney levels of mitochon-

drial UCP-2 in both Wistar Furth and Sprague-Dawley rats, which might be
the reason for the previously reported increase in non-transport related renal

oxygen consumption. The elevated UCP-2 levels may represent an effort to
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reduce the increased production of reactive oxygen species (ROS) which is
evident during diabetes.
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Chapter 6

Measurement of Oxygenation at the Site

of Stem Cell Therapy in a Murine Model

of Myocardial Infarction
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Abstract We have developed a noninvasive EPR (electron paramagnetic reso-
nance) oximetry, based on a new class of oxygen-sensing nano-particulate
probe (LiNc-BuO), for simultaneous monitoring of stem-cell therapy and in
situ oxygenation (partial pressure of oxygen, pO2) in a mouse model of acute
myocardial infarction (AMI). AMI was induced by a permanent occlusion
of left-anterior-descending (LAD) coronary artery. Skeletal myoblast (SM)
cells were used for therapy. The oximetry probe was implanted in the mid-
ventricular region using a needle. Tissue histological studies after 3 weeks of
implantation of the probe revealed significant fibrosis, which was solely due to
the needle track and not due to the probe particles. The feasibility of long-term
monitoring of pO2 was established in control (non-infarct) group of hearts
(> 3 months; pO2=15.0�1.2 mmHg,). A mixture of the probe with/without
SM cells (1�105) was implanted as a single injection in the infarcted region and
the myocardial tissue pO2 at the site of cell therapy was measured for 4 weeks.
The pO2 was significantly higher in infarcted hearts treated with SM cells
(pO2=3.5�0.9 mmHg) compared to untreated hearts (pO2=1.6�0.7 mmHg).
We have demonstrated, for the first time, the feasibility of monitoring pO2 in
mouse hearts after stem cell therapy.

6.1 Introduction

Ischemic heart disease is a leading cause of cardiac failure and a clinically
disabling condition worldwide. A number of studies have confirmed the
beneficial effects of stem cell transplantation on cardiac function after acute
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myocardial infarction [1–3]. Skeletal muscle satellite cells are myogenic precur-
sor cells located between the basal lamina and sarcolemma of adult skeletal
muscle. Upon activation, as in the case of an injury, these cells have a tendency
to divide mitotically into myoblasts [4]. Transplantation of skeletal myoblast
(SM) cells in animal models of acute myocardial infarction has been reported to
result in improved cardiac performance and graft survival [5–10].

It is, however, uncertain whether or not the oxygen concentration in the
infarcted myocardium could play a role in the process of engraftment and
survival. Hence, the monitoring of in situ tissue oxygenation after SM
transplantation is vital for the understanding of the effects of stem cell therapy.
We have recently developed a probe, made of lithium octa-n-butoxy-
naphthalocyanine (LiNc-BuO) radicals, in the form of submicron-sized
(270�120 nm) crystals (hereafter referred to as OxySpin), which can be directly
detected by electron paramagnetic resonance (EPR) spectroscopy with high
sensitivity and specificity [11, 12]. This prompted us to further develop this
unique technology for the evaluation of stem cell therapy, whereby long-term
monitoring of local tissue pO2 at the transplanted site could be performed.
Accordingly, the goal of this study was to monitor myocardial tissue oxygena-
tion in infarcted murine hearts immediately following transplantation of SM
cells, and to subsequently monitor in situ pO2 for several weeks after SM cell
transplantation using EPR spectroscopy.

6.2 Materials and Methods

6.2.1 Reagents

The cell-culture medium contained myoblast basal growth medium (SkBM,
Clonetics, San Diego, CA) with 20% fetal bovine serum (HyClone, CO),
recombinant human epidermal growth factor, dexamethasone, and antibiotics.
Trypsin/EDTA and collagenase were obtained from Invitrogen (CA) and
Worthington Biochemicals (NJ), respectively. The OxySpin probes were
synthesized as reported [12].

6.2.2 Isolation and Characterization of Murine Skeletal Myoblasts

Approximately, 6 g of hind limb skeletal muscle frommice was obtained and the
connective tissue and tendons were removed. The biopsies were minced into a
slurry and subjected to several cycles of enzymatic digestion at 37 8C with
trypsin/EDTA (0.5 mg/ml) and collagenase (0.5 mg/ml) to release the
myoblasts. The skeletal myoblasts were cultured in myoblast basal growth
medium containing 20% fetal bovine serum, recombinant human epidermal
growth factor (10 ng/ml), dexamethasone (3 mg/ml) and antibiotics. The cells
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were limited to 60–70% confluency to prevent myotube formation. Periodically,
the purity of cells was checked using a specific monoclonal CD56 antibody by
flow cytometry.

6.2.3 Transplantation of Skeletal Myoblasts with OxySpin

Myoblasts, at 70% confluency (1�104 cells/35-mm dish), in 3 ml of medium
containing 10% FBS were trypsinized and the suspension of cells was centri-
fuged at 2500g. The pellet was collected and resuspended in 1 ml of sterile PBS
containing glucose (0.1%). OxySpin (100 mg/ml) was added to the cell suspen-
sion (2�105 cells/ml) and mixed well with a pipette prior to transplantation into
the myocardium.

6.2.4 Preparation of Mice

C57BL/6 male mice, weighing 25–30 g, were anesthetized with a mixture of
ketamine (55 mg/kg) and xylazine (15 mg/kg) that was injected intraperitone-
ally. The intubation tube consisted of a 20-gauge intravenous catheter attached
to a connector. The ventilator was set at 120 breaths/min with a tidal volume of
250 mL (Harvard Apparatus, Hollister, MA). The body temperature was
maintained at 37�18C using an isothermal heating pad (Braintree Scientific,
Braintree, MA). All of the procedures were performed with approval of the
Institutional Animal Care andUse Committee of the Ohio State University and
conformed to the Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 86–23).

6.2.5 Induction of Myocardial Infarction

Acute myocardial infarction (AMI) was created by permanently occluding the
left anterior descending (LAD) coronary artery. An oblique 8-mm incision
was made 2-mm away from the left sternal border toward the left arm pit. The
chest cavity was opened with scissors by a small incision (5 mm long) at the
level of the third or fourth intercostal space 2 to 3 mm from the left sternal
border. The LAD coronary artery was visualized as a pulsating bright red
spike, running through the midst of the heart wall from underneath the left
atrium toward the apex. The LAD artery was ligated 1 to 2 mm below the tip
of the left auricle with a tapered needle using 8-0 polypropylene ligature. The
needle was passed underneath the LAD coronary artery and a double knot
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was made to occlude the LAD. Occlusion was confirmed by a sudden change

in color (pale) of the anterior wall of the left ventricle (LV). The chest cavity
was closed by bringing together the third and fourth ribs with one
6-0 polypropylene silk suture. The layers of muscle and skin were closed
with 5-0 polypropylene suture.

6.2.6 Implantation of Skeletal Myoblasts in the Infarcted Heart

A single intramyocardial injection of sonicated OxySpin (100 mg/ml) with
(experimental group) or without (control group) skeletal myoblasts (1�105
cells/15 ml) was injected into the mid-ventricular region of the LAD-ligated
mice. The chest was closed after implantation of the cells, and EPR measure-
ments were performed immediately, and then every week for several weeks.

6.2.7 pO2 Measurements in the Heart

The sensitivity of the EPR linewidth of OxySpin to oxygen was calibrated as
described previously [12]. After a thoracotomy, 15 ml of a suspension of Oxy-
Spin in saline was injected into the mid-ventricular region of mouse hearts using

a 29½-gauge needle. The mouse (with/without LAD ligation) was placed in the
L-band EPR spectrometer (Magnettech, Germany) with its heart close to the
loop of the surface coil resonator. The instrument settings were: microwave
power, 4 mW; modulation amplitude, 180 mG, modulation frequency 100 kHz;
receiver time constant, 0.2 msec; and acquisition time, 30 sec. EPR spectra were
acquired as single scans. The peak-to-peak linewidth was used to calculate pO2

using the standard calibration curve.

6.2.8 Histological Analysis of Needle-track Injury

OxySpin (20 mg) was implanted in the mid-myocardium of the mouse heart
using a 25-gauge needle. Identification of needle-track injury in control (needle
only) and OxySpin-implanted hearts was done after 1, 7 and 21 days after
needle-track injury. The hearts were excised and washed several times with
PBS and fixed in 10% formalin. Histological analysis was done on 4-mm
sections stained with Hematoxylin and Eosin (H&E) or Masson Trichrome
(MT). The latter stain identifies collagen deposition, which is an indication of
fibrosis.
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6.3 Results and Discussion

6.3.1 Histology of Mouse Heart with Needle-track Injury

To determine whether the histological changes caused to the heart is due the

OxySpin implantation or by the needle itself, we studied the heart histology in

twodifferent groups: one with needle track only and the other with OxySpin

implantation. The histological studies performed in tissues obtained after three

weeks of implantation revealed significant fibrosis in both the groups (Fig. 6.1).

The results also showed that the injury was solely due to the needle track and

not due to the particles.

6.3.2 Measurement of pO2 in Mouse Heart by EPR Spectroscopy

The OxySpin mixed with SM cells and transplanted in the infarcted heart was

monitored noninvasively, using in vivo EPR spectroscopy. The EPR spectrum

of the OxySpin probes is characterized by a single, narrow peak. The OxySpin

Fig. 6.1 Histology showing needle-track injury in mouse hearts at 3 weeks after implantation
(200x). (A) Hematoxylin and Eosin (H & E) staining, (B) Masson Trichrome (MT) staining
showing collagen deposition and intense fibrosis (blue), (C) H & E staining after OxySpin
implantation, and (D)MT staining after OxySpin implantation showing fibrosis. The arrows
in (C) and (D) show the OxySpin probes in the tissue. (See also color insert.)
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suspended in PBS showed a linewidth 0.37 G under anoxic conditions (Fig. 6.2a).
Figure 6.2b shows the EPR spectrum obtained from the beating heart at 4 weeks
following the transplantation of SM cells mixed with OxySpin in the infarcted
region. The results suggest that the probe was retained in the heart for four weeks
or possibly longer, enabling precisemeasurement of in situ oxygenation in the heart.

6.3.3 Long-term Monitoring of in vivo Myocardial pO2

After SM Transplantation

Noninvasive measurement of myocardial tissue pO2 was performed using an
L-band EPR spectrometer. OxySpin was implanted in the area of risk, prior to
the induction of infarction (by ligation of LAD coronary artery). Figure 6.3a

453 457 461 453 457 461

a b

Magnetic Field (G)

Fig. 6.2 EPR spectrum of OxySpin. (a) The probe suspended in PBS showed a linewidth of
0.37 G under anoxic conditions. (b) The spectrum obtained from a beating heart at 4 weeks
following the transplantation of SM cells mixed with OxySpin in the infarcted region.

Fig. 6.3 Long-term monitoring of in situ pO2 at the site of transplanted skeletal myoblasts
(SM) in infarcted mouse hearts. (a) Myocardial tissue pO2 from mice (N=5) implanted with
OxySpin (only) in the mid-ventricular region without LAD coronary artery ligation. Data
show the feasibility of pO2 measurements for more than 3 months after implantation. (b)
Myocardial tissue pO2 in mice transplanted with skeletal myoblasts in the mid-ventricular
(ischemic) region after LAD artery ligation. Legends: Control, un-infarcted; MI, infarcted;
MIþSM, infarcted hearts treated with skeletal myoblasts. Values are expressed as mean� SD
(N=5). The tissue pO2 is higher in the infarcted hearts treated with the SM cells (*p<0.05)
compared to hearts not treated with SM cells.
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shows the myocardial tissue pO2 measured noninvasively for 16 weeks
(112 days) from non-infarcted (control) hearts. Animals without LAD artery
ligation served as controls to obtain baseline pO2 values. The mean pO2 in the
non-ligated hearts was 15.0�1.2 mmHg. This result demonstrates the stability
of OxySpin in the tissue and feasibility to perform noninvasive measurement of
oxygen concentration in beating hearts over a period of more than 3 months.
Figure 6.3b shows the myocardial pO2 measured from infarcted hearts. The
data revealed a marked decrease in myocardial pO2 (1.6�0.7 mmHg; p<0.001
versus control) in the infarct region of untreated hearts at 4 weeks after infarc-
tion. The hearts transplanted with SM cells showed a significant increase in
myocardial pO2 (3.5�0.9 mmHg, p<0.05) compared to the MI only control
group at 4 weeks post transplantation of skeletal myoblasts.

6.4 Conclusions

The results of this study demonstrated our ability to noninvasively monitor
changes in situ tissue oxygenation during the process of stem cell therapy for
several weeks, in vivo, using EPR oximetry. The EPR technique is advanta-
geous in offering high sensitivity and repeated measurements of myocardial
tissue oxygenation in the beating hearts.
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Chapter 7

Oxygen Pressures in the Interstitial Space

of Skeletal Muscle and Tumors in vivo

David F. Wilson, William M.F. Lee, Sosina Makonnen,

Sophia Apreleva, and Sergei A. Vinogradov1

Abstract A new Oxyphor (Oxyphor G3) has been used to selectively determine
the oxygen pressure in interstitial (pericellular) spaces. Oxyphor G3 is a
Pd-tetrabenzoporphyrin, encapsulated inside generation 2 poly-arylglycine
(AG) dendrimer, and therefore is a true near infrared oxygen sensor, having a
strong absorption band at 636nm and emission near 800nm. The periphery of
the dendrimer is modified with oligoethylene glycol residues (Av. MW 350) to
make the probe water soluble and biologically inert. Oxyphor G3 was injected
along ‘‘tracks’’ in the tissue using a small needle (30gage or less) and remained in
the pericellular space, allowing oxygen measurements for several hours with a
single injection. The oxygen pressure distributions (histograms) were compared
with those for OxyphorG2 in the intravascular (blood plasma) space. In normal
muscle, in the lower oxygen pressure region of the histograms (capillary bed)
the oxygen pressure difference was small. At higher oxygen pressures in the
histograms there were differences consistent with the presence of high flow
vessels with oxygen pressures substantially above those of the surrounding
interstitial space. In tumors, the oxygen pressures in the two spaces were similar
but with large differences among tumors.

In mice, anesthesia with ketamine plus xylazine markedly decreased oxygen
pressures in the interstitial and intravascular spaces compared to awake or
isoflurane anesthetized mice.

7.1 Introduction

Oxygen transported to tissue, after reaching the tissue microcirculation, dif-
fuses from the blood plasma through the walls of the micro-vessels into the
interstitial (pericellular) space and then from interstitial space into the cells and

1David F. Wilson, William M.F. Lee, Sosina Makonnen, Sophia Apreleva, and Sergei
A. Vinogradov, Department of Biochemistry and Biophysics (DFW, SA, SAV) and
Department of Medicine (WMFL, SM), Medical School, University of Pennsylvania,
Philadelphia, PA 19104.
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finally to the mitochondria. As it diffuses, from the source (blood plasma) to a
sink (mitochondria), an oxygen pressure gradient is formed in which the pressure
is lower at the sink than at the source. The difference in oxygen pressure between
the blood plasma and the mitochondria increases with increase in the rate of
oxygen consumption by the mitochondria and the distance from the vessel to the
mitochondria. The distance over which oxygen can be supplied to the mitochon-
dria is, therefore, determined by a) the rate of oxygen consumption by the
mitochondria, b) the distance from the blood plasma (the oxygen source) to
the mitochondria and c) the oxygen pressure in the blood plasma.

Oxygen dependent quenching of phosphorescence is a minimally non-invasive
optical method that can quantitate oxygen pressures in biological and other
samples [1–4]. Although it has been widely used [1–17] for measurements in
vivo, focus has been on the intravascular space. The available oxygen sensitive
phosphors, such as Oxyphors R0, R2 and G2 (Oxygen Enterprises, Ltd,
Philadelphia, PA), contained Pd-porphyrin cores that are at least partially
exposed to the medium. As a result, the oxygen sensitivity is dependent on the
microenvironment of the porphyrin and therefore on the macromolecule to
which it is bound, and on the fraction of the Oxyphor bound to that
macromolecule. In blood plasma, Oxyphors R0, R2 and G2 are essentially
quantitatively bound to albumin. Albumin plays an important role, helping
both to limit access of oxygen to the porphyrin core, facilitating oxygenmeasure-
ments in the physiological range (0–120 Torr), and to provide a relatively
homogeneous microenvironment for the phosphor.

A new family of Oxyphors has been synthesized that can be used in a much
wider range of media, particularly in highly heterogeneous environments such
as the interstitial space. The porphyrin core is first coated with dendrons and
then the external surface of the dendrimer modified with oligoethylene glycol
fragments [18–20]. Oxyphor G3 is a member of this oxygen sensor family. Not
only are its oxygen quenching properties unaffected by biological macromole-
cules such as albumin, but also its oxygen quenching constant and phosphor-
escent lifetimes are well suited for measuring oxygen in vivo and in vitro.

7.2 Materials and Methods

7.2.1 Measurement of Oxygen Pressure Histograms

Phosphorescence lifetime measurements were performed using a PMOD-5000
phosphorometer (Oxygen Enterprises, Ltd., Philadelphia, PA, USA) [4], a
frequency domain instrument with a range of 100–100,000 Hz. Phosphores-
cence lifetimes are independent of local phosphor concentration and insensitive
to endogenous tissue fluorophores and chromophores. The PMOD-5000
was used in multifrequency mode [4] in order to determine distributions of
phosphorescence lifetimes. The lifetime distributions were used to calculate
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distributions of oxygen pressures, i.e. oxygen histograms [21, 22]. The excitation
light (635 nm) was modulated by a waveform consisting of 37 sinusoids with
equal amplitudes and frequencies ranging from 100 Hz to 38 kHz. The tips of
the light guides were brought into contact with the skin but care was taken
not to apply pressure that might restrict flow in the surface blood vessels. The
obtained signal was used to calculate the dependence of the phosphorescence
amplitude and phase on the modulation frequency. The resulting phase/ampli-
tude dependence was analyzed using the Maximal Entropy Method [21, 22] to
yield the distribution of phosphorescence lifetimes. This distribution was con-
verted into the distribution of oxygen pressure in the sample as described
previously [21, 22]. The basis for the conversion is the Stern-Volmer
relationship:

Io=I ¼ To=T ¼ 1þ kQ
�To �pO2; (7:1)

where, Io, To and I, T are the phosphorescence intensities and lifetimes in the
absence of oxygen and at oxygen pressure pO2, respectively. The quenching
constant, kQ, is a second order rate constant, describing the quenching of the
excited state of the phosphor by oxygen. The values of To and kQ have been
determined for each phosphor for the experimental conditions [4] (temperature
etc. as appropriate).

According to (1), intensities (amplitudes) of phosphorescent signals decrease
with increasing oxygen pressures. Thus, for equal volumes of tissue, containing
equal amounts of the phosphorescent probe and excited by equal numbers of
photons, the accuracy in determination of lifetimes and/or amplitudes will be
higher for volumes with lower oxygen pressures. The decrease in accuracy
(decrease in signal level) causes asymmetric broadening of oxygen histograms.
This broadening increase with increasing oxygen pressure (decreasing signal) and
this is responsible for the ‘‘tail’’ effect on the high oxygen end of the histogram.
This broadening is intrinsic to the MEM analysis, reflecting the fact that uncer-
tainty in determination of phosphorescence lifetimes increases as the signal-to-
noise ratio (S/N) decreases. At lower oxygen pressures there is little broadening,
less than 3 Torr for pressures below 20 Torr, but for oxygen pressures above
about 80 Torr the histograms are substantially broadened are only qualitative.
The presented histograms were arbitrarily truncated at 140 Torr.

7.2.2 Phosphorescent Probes Oxyphor G2 and Oxyphor G3

BothOxyphors G2 [23] andG3 are based on Pd-tetrabenzoporphyrin cores [20].
The structure of G3 is published in Wilson et al [24]. and synthesis of similar
dendritic porphyrins has been reported [25]. Pd tetrabenzoporphyrin (PdTBP)
dendrimers G2 and G3 differ by the dendrimer composition
(G2 – polyglutamate; G3 – polyarylglycine) and surface coatings (G2 – none;
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G3 - PEG, Av.MW 350). G2 (MW 2,642) is designed to be used in combination
with albumin, which provides a uniformmicroenvironment for the phosphor. In
contrast, G3 (MW 16,100) is not affected by albumin and other biomolecules
due to the surface layer of polyethyleneglycols (PEG’s). The absorption and the
phosphorescence spectra of G2 and G3 are nearly identical. Both phosphors
have quantum yields of about 10% and lifetimes of about 270 ms in deoxyge-
nated aqueous solutions. Oxygen quenching constants (kQ) of G2 and G3 in
aqueous buffered solutions at pH 7.2 at 38�C are 2,800 Torr–1s–1 and 180
Torr–1s–1 respectively. UnboundOxyphorG2 cannot be used tomeasure oxygen
in physiological range. In the blood, however, it binds tightly to albumin, and the
oxygen quenching constant (kQ) of the G2-albumin complex at 38�C is
280 Torr–1sec–1. Phosphorescence lifetime and oxygen quenching constant of
Oxyphor G3 are insensitive to the presence of albumin (at 1–5% by weight) as
well as changes in pH and ionic strength throughout the physiological range.

7.2.3 Measurements of Oxygen in the Blood Plasma
and Interstitial Space of Muscle

Mouse preparation. The fur on the right and left rear quarters was removed by
first using electrical clippers and then depilated. Care was taken not to cause
any abrasions to the skin. The oxygen measurements were made non-invasively
through the undisturbed skin. The fur was removed because in dark colored
mice the fur absorbs both the excitation light and the emitted phosphorescence,
greatly attenuating the phosphorescence signal.

Measuring oxygen histograms in the blood plasma (Oxyphor G2).Anesthesia
was induced with 1.5% isoflurane in air and 0.1 ml of a solution of Oxyphor G2
(3.2 mg/ml) in physiological saline was injected into the tail vein. As soon as
anesthesia was induced, isoflurane was decreased to 1.2% and the oxygen
histograms were measured about 10 min after injection of the Oxyphor. It has
been previously noted [17, 24] that induction of anesthesia with isoflurane
causes a transient decrease in tissue oxygen pressures that recovers within 10
min of continuing anesthesia. After measuring the oxygen histograms (anesthe-
tized), the nose cone supplying the isoflurane was removed and the mice
replaced in their cage. After about 40 min without inhaled anesthetic, the
oxygen histograms were again measured (awake).

Throughout the periods of anesthesia, body temperature was maintained by
laying the mice on a 38� isothermal pad covered with a terry cloth towel to be
sure they did not overheat.

Measuring oxygen in the interstitial space (Oxyphor G3). The mice were
shaved and depilated as described above. They were anesthetized with isoflurane
(nose cone, 1.5% mixed with air) and given injections of Oxyphor G3 solution
(80 micromolar in physiological saline) along 3 different 1 cm tracks (20 mL
containing 1.6 nmoles of Oxyphor per track) in the thigh muscle using a 30 gage
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needle. The nose cone was removed and themice returned to their cage. They were

allowed to wake up and run about in the cage for 70–90 min to help distribute the

phosphor within the interstitial space of the muscle and then the oxygen histo-

grams measured in the awake mouse. Each mouse was then anesthetized with

either isoflurane or ketamine xylazine and the oxygen histograms measured

described above. The amount of Oxyphor G3 injected into the muscle was about

4% of that required to give the concentration of Oxyphor G2 injected into the

blood. Thus, the measured phosphorescence comes from the interstitial space.
The experiments were carried out by investigators trained to handle mice. All

of the experimental procedures were reviewed and approved by the local

IACUC committee. At the end of the experiment the mice were euthanized

according to guidelines established by the AVMA Panel on Euthanasia.

7.3 Results

Preliminary measurements have been made in subcutaneous tumors grown on

the hind quarter of mice. These tumors grow under the skin and the measure-

ments can be made that are selective for tumor tissue since the tumor tissue is

readily separated from the underlying muscle tissue. Illustrative measurements

of the oxygen histograms for the interstitial space of muscle and tumors are

shown in Fig. 7.1A and B. For Fig. 7.1Ameasurements were made for Oxyphor

G3 in the interstitial space of a RENCA tumor and muscle measured on the

same mouse. In this case the mouse was awake, illustrating that the

Fig. 7.1 (A) Oxygen pressure histograms for the interstitial space in RENCA tumors and
normal muscle tissue. The Oxyphor G3 was microinjected and the oxygen histograms
measured as described in Methods. The measurements were made while the mouse was
awake and held in the hand. (B) Oxygen pressure histograms for the interstitial space in a
Lewis Lung carcinoma and in normal muscle. The mouse was anesthetized with 1.2%
isoflurane while the measurements were made. The histograms have been normalized to the
same area under the curve for both tumor and muscle in order to eliminate differences in the
total Oxyphor and illumination intensities.
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measurements can be made in awake animals. It is important, however, that the
animals be preconditioned to not become anxious when being handled.
Although their becoming agitated does not affect the tumor measurements
very much, if the leg muscles are being used to try to escape, or if the mice are
stressed, this alters vascular regulation, blood pressure, and local blood flow.
As a result, the tissue oxygen pressures are altered.

In normal muscle essentially all of the interstitial space of normal muscle has
oxygen pressures greater than 10 Torr and there is a very small fraction with
oxygen pressures less than 15 Torr. This is consistent with the results published
earlier as part of a comparison of the oxygen pressures in the interstitial space
and the vascular space in resting muscle [24]. In both the RENCA and Lewis
Lung tumors the interstitial space oxygenation (Fig. 7.2A, B) is heterogeneous
and generally lower than those in normal tissue. Particularly evident, for these
two tumor types, is that a substantial part of both the interstitial and the
vascular spaces have oxygen pressures less than 15 Torr. The tumor oxygen
pressure distributions are, however, sufficiently different among tumors of the
same type that much more detailed studies will be required to determine if
further generalizations can be made. In addition, our preliminary measure-
ments indicate that the anesthetic may also affect tissue oxygen pressures in
the tumors more than in the muscle, and this needs to be studied in more detail.

7.4 Discussion

Oxygen pressures in the interstitial space can not be measured by other meth-
ods, making it impossible to compare the measured values with values from the
literature. Micro-oxygen electrodes and solid EPR probes [26] measure a mix-
ture of the interstitial space and capillary oxygenation, whereas nitroimidazole

Fig. 7.2 (A) Oxygen pressure in the intravascular space in RENCA tumors and normal
muscle. Oxyphor G2 was injected i.v. in the tail vein and then the oxygen pressure histograms
measured in an awake mouse. Three histograms are presented, each measured for a different
region of the tumor to emphasize the heterogeneity of this tumor [17]. (B) Oxygen histograms
from a Lewis Lung carcinoma and normal muscle in an isoflurane anesthetized mouse.

58 D.F. Wilson et al.



binding measures intracellular oxygenation. Most micro oxygen electrode mea-
surements for normal tissue have been made in softer tissue, such as the kidney,
liver and brain. Baumgärtl and coworkers [27] published histograms of the
oxygen distribution in dog kidney with mean PO2 values of 36.8 � 6.0 (� SD)
Torr, but did not indicate the anesthetic that was used. Oxygen measurements
have been made in rodent muscles using oxygen electrodes and phosphores-
cence quenching. The electrode measurements were, however, typically made in
urethane and/or barbiturate anesthetized animals and the muscle tissues were
surgically exposed. Whalen and coworkers [28, 29] used electrodes with very
small tips to measure oxygen pressures within the cells in living tissue in animals
anesthetized with urethane and barbiturate. They reported 75% of the values
were between 0 and 5 Torr in guinea pig gracilus and cat heart muscles whereas
those in the cat soleus muscle were higher, having a mean value of 18.9 � 1.8
Torr. The influence of the anesthetic on oxygen pressure in the tissue was not
appreciated, and, partly for this reason early oxygen electrode measurements
gave rise to the erroneous, view that the oxygen pressures in normal tissue are
very low and there were significant volumes with effectively zero oxygen pres-
sures. Later measurements have given higher values, and mean values reported
for muscle tissue include 19 [30] and 26.8 [31] for the rat cremaster muscle, and
31.4 [14] Torr for the rat spinotrapezius microvasculature. These are still much
lower than the 46.2 Torr (awake) or 36.9 Torr (isoflurane anesthesia) values
obtained with phosphorescence quenching for the interstitial space [24], but are
more consistent with those for ketamine plus xylazine anesthesia.

Tissue oxygen measurements using EPR active particles injected into the
tissue [26], are reported to give oxygen pressures in the rat brain of 39.3 � 4.1
Torr in isoflurane anesthetized rats [32, 33].

Nitroimidazole binding has been used to measure intracellular oxygenation
(for review see [34]). Binding is small in normoxic tissue but increases strongly
with decreasing oxygen pressures. Normal muscle and other tissues show little
binding of the nitroimidazole, EF5 [2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-
pentafluoropropyl) acetamide] in awake and isoflurane anesthetized animals,
indicating there are few cells with intracellular oxygen pressures less than about
15 Torr.

We conclude that the currently available data are consistent with mean
oxygen pressures in normal skeletal muscle interstitium of 35–45 Torr and
with there being negligible volumes with oxygen pressures less than 15 Torr.
Further, direct measurements of oxygen pressures in the intravascular and
interstitial spaces (see Wilson et al [24].) shows that the difference in oxygen
pressure across the capillary walls under resting conditions is very small, less
than 1.5 Torr. Thus, the capillary walls consume insignificant oxygen and
provide very little resistance for oxygen movement from the blood plasma to
the pericellular space. This contrasts with the suggestion by Tsai et al [35]. that
the walls of small arterioles consume a substantial fraction of the available
oxygen, resulting in a difference in oxygen pressure across the wall of tens
of Torr.

7 Oxygen Pressures in Interstitial Space of Skeletal Muscle and Tumors in vivo 59



Tumors, in contrast to normal tissue, are now well recognized as having
substantial heterogeneity within individual tumors and among different tumor
types. Preliminary measurements have shown that the oxygen pressures mea-
sured in the intravascular space and the interstitial spaces are very similar,
although this is expected to depend on the tumor being measured. Particularly
important will be the extent of tumor necrosis, as necrotic volumes will con-
tribute to the interstitial space, but not the vascular space, oxygenmeasurements.
In tumors, there seems no alternative to making the oxygen measurements in the
tumor at the time of treatment if this important parameter is to be useful for
developing therapeutic protocols. It is clear that conclusions concerning the
efficacy of therapeutic protocols based on experiments in which the tumor tissue
oxygenation was not measured must be interpreted with great caution.
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Chapter 8

Adjuvant Induced Glucose Uptake by Activated

T Cells is not Correlated with Increased Survival

Sadhak Sengupta*, Rebecca J. Vitale*, Paula M. Chilton1,

and Thomas C. Mitchell1

Abstract Authors contributed equally to this manuscript Natural adjuvants,

such as bacterial lipopolysaccharide (LPS), activate antigen presenting cells

via Toll-like receptors and, indirectly, increase the survival of antigen-

activated T cells. The molecular mechanisms leading to increased survival

remain poorly defined. Because T cell clonal expansion leads to high energy

demands, we hypothesized that increased glucose uptake and/or utilization in

adjuvant-activated T cells could be important molecular event(s) that would

lead to adjuvant-associated T cell survival advantage. Using a fluorescent

analog of 2-deoxyglucose, 2-NBDG, we measured glucose accumulation and

rate of uptake in T cells from mice treated with antigen in the absence or

presence of LPS. Although adjuvant activated T cells increased the accumula-

tion of 2-NBDG, the rate of uptake was unchanged compared to cells acti-

vated with only antigen. Furthermore, glucose transport inhibitors,

cytochalasin B or phloretin, decreased the accumulation of glucose in adju-

vant-treated T cells, but this decrease did not impair adjuvant-associated

survival advantages. Together, these data indicate that increased glucose

uptake through glucose transporters is not required for increased survival of

activated T cells.

8.1 Introduction

T cell proliferation initiated by activation with antigen is followed by rapid

death due to a loss of antigen exposure and acute shortage of pro-survival

cytokine signals. This deletion, although important for reducing the risk of

autoimmune responses, hampers immunity because complete elimination of the
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responding T cells would reduce the ability of a host to resist subsequent
infection. Vella et al. first showed that in vivo activated T cells were protected
from growth-factor withdrawal induced death by the natural adjuvant LPS [1].
The mechanism(s) by which natural adjuvants keep activated T cells alive in an
immune response is still not fully understood. Co-stimulatory factors and
known pro-survival molecules like Bcl2 and Bcl-XL were previously shown to
be insufficient for adjuvant mediated survival [2, 3]. Activated T cell survival is
often linked to the activation of PI3-kinase during clonal expansion because it
enhances proliferation and short-term survival through increased expression of
cytokines [4, 5]. We recently reported that although transiently activated by
adjuvant exposure, PI3-kinase stimulation was insufficient to account for adju-
vant-induced survival and suggested that induction of post PI3-kinase signaling
effects must be involved [6].

PI3-kinase activity is reported to induce increased localization of the glucose
transporter GLUT1 to the cell surface [7]. Recent reports also show that
PI3-kinase stimulates increases in GLUT1 expression in B cells upon activation
with antigen, which results in increased glucose uptake [8]. Increased uptake of
glucose has also been reported to be required by activated T cells for main-
tenance of aerobic glycolyis, a metabolic system that is proposed to provide the
carbon source needed by cells as they prepare for several rounds of division [9].
Moreover, activated T cells harvested near the peak of clonal expansion in
immunized mice showed an increase in glucose accumulation [6]. We therefore
decided to study whether this accumulation was due to increased rates of
glucose uptake and whether or not it was correlated with adjuvant-mediated
survival advantages.

Using 2-NBDG, a fluorescinated derivative of 2-deoxyglucose and known
glucose-transport inhibitors, cytochalasin B and phloretin [10, 11], we mea-
sured glucose uptake and survival of T cells activated either in presence or
absence of adjuvant effects induced by LPS. The results indicate that
adjuvant-mediated survival effects do not require increased rates of uptake or
intracellular accumulation of glucose.

8.2 Materials and Methods

8.2.1 T Cell Activation and Primary Cell Culture

Activated T cells were harvested from antigen treated mice as described else-
where [6]. Briefly, Vb3þ TCR bearing T cells were activated by injecting B10.BR
mice via the tail vein with 0.1mg of the T cell superantigen Staphylococcal
enterotoxin A (SEA; Toxin Technologies, Sarasota, FL) and 16 h later with
10 mg of bacterial lipopolyaccharide (LPS; from Salmonella typhosa; Sigma
Aldrich, St. Louis, MO). Spleens were harvested 40 h after activation, red
blood cells were lysed with ACK buffer (160 mM NH4Cl, 10 mM KHCO3,
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0.1 mM EDTA) and splenocytes were resuspended to 5�106 cells/ml in
RPMI-1640 tissue culture medium (Invitrogen, Carlsbad, CA) supplemented
and L-glutamine (Invitrogen). Fetal bovine serum was not used in any of these
short-term cell culture experiments to avoid survival effects due to entrinsic
growth factors.

8.2.2 Glucose Uptake by Activated T Cells

Activated splenocytes harvested frommice after 40 h of SEA (�LPS) activation
were cultured in each well of a 96-well tissue culture plate (BD Falcon, Bedford,
MA) in serum-free and glucose-free RPMI (Invitrogen) up to 1 h. The cells were
pulsed with 100 mM of 2-NBDG in glucose-free medium for 10 mins either
before or after the 1 h incubation period. After washing the cells to remove
excess fluorescent dye they were surface stained with anti-CD4 and anti-Vb3
monoclonal antibodies (BD Pharmingen, San Diego, CA). The levels of
2-NBDG taken up by Vb3þ CD4þ T cells were analyzed using a FACScalibur
flow cytometer (BD Immunocytometry System, San Jose, CA).

8.2.3 Glucose Transport Inhibitors and Measurement of Glucose
Uptake and Survival of Activated T Cells

To test for the inhibition of glucose transport activity, 5�105 splenocytes
harvested from SEA (�LPS) treated mice were plated in a 96-well tissue culture
plate and incubated in RPMI-1640 medium supplemented with glucose trans-
porter blockers cytochalasin B (0–20 mM; Sigma Aldrich, St. Louis, MO) or
Phloretin (0–20 mM; Sigma Aldrich, St. Louis, MO). Following 20 h culture
with the inhibitors, cells were washed and incubated for 1 hour with 2-NBDG
(30 mM) in glucose-free medium and mean fluorescence intensity (MFI) of
2-NBDG in Vb3þ CD4þ T cells was assessed by flow cytometry. Portions of
each 20 h culture were reserved to measure T cell survival. Briefly, cells were
washed after 20 h culture and stained for CD4 and Vb3; survival was deter-
mined using a flow cytometer by measuring the proportion of Vb3þ CD4þ T
cells whose light scatter properties showed they were alive or dead [6].

8.3 Results and Discussion

We often use SEA, which is a T cell superantigen (SAg), as a tool to study
antigen and adjuvant-specific effects on primary T cell activation. SAg treat-
ment allows for the activation of limited but detectable amounts of the available
repertoire of normal, primary T cells and does not need to be processed by APC
before being ‘presented’ to T cells. This allows adjuvant-induced survival effects
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to be restricted to post-presentation events in order to better isolate and study
the underlying mechanism(s). Acute exposure of responsive T cells to purified
SAg results in activation, expansion and then deletion of these activated cells by
apoptosis unless adjuvants are added to the system [1, 12]. In order to measure
glucose uptake by activated T cells 2-NBDG was used. 2-NBDG (Molecular
probes, Eugene, OR) is a fluorescent analog of 2-deoxyglucose which is taken by
the glucose transporters and emits fluorescence at a peak Em of 550 nm.
2-deoxyglucose is phosphorylated by hexokinase into 2-deoxyglucose-6-phosphate
which cannot bemetabolized further or transported out and therefore accumulates
in the cells, which makes 2-NBDG a useful tool for measuring glucose uptake via
flow cytometry and confocal microscopy [6, 13, 14].

Rates of glucose uptake were measured in activated T cells. B10.BR mice
were injected with SEA in the presence or absence of LPS and activated
splenocytes were harvested 40 h after SEA injection. The cells were subjected
to a 10-minute pulse with 100 mm 2-NBDG before or after 1 h of glucose
starvation. Initial levels of 2-NBDG taken up by freshly harvested activated
T cells were low. After 60 mins of glucose deprivation, the amount of 2-NBDG
taken in during a 10-min pulse increased significantly. However, cells from both
different treatment groups took up the same amount of 2-NBDG indicating
that previous exposure to adjuvant had no effect on T cell’s ability to upregulate
glucose transport activity (Fig. 8.1).

Fig. 8.1 Rate of Glucose uptake in activated T cells is not changed upon adjuvant stimulation.
Splenocytes were harvested from B10.BR mice injected with either Staphylococcal enterotoxin
A (SEA) alone or along with LPS (SEAþLPS) and subjected to a 10-minute pulse with 100 mM
2-NBDG before or after 1 hr culture in glucose-free condition. Rate of 2-NBDG uptake in
activated CD4 T cells were analyzed by flow cytometry. No difference in rate of 2-NBDG
uptake was observed in adjuvant stimulated T cells both before or after glucose-starvation
indicating that adjuvant treatment had no effect on the glucose transporters.
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We next assessed the effect of glucose transport inhibitors on glucose accu-

mulation in activated T cells. Splenocytes harvested from SEA � LPS treated

mice were cultured with cytochalasin B and phloretin for 20 h. Cytochalasin B is

a cell-permeable fungal toxin which inhibits cytoplasmic division by blocking

the formation of contractile microfilaments [15]. It inhibits cell movement by

shortening actin filaments by blocking monomer addition at the fast-growing

end of polymers [16]. Cytochalasin B also inhibits glucose uptake by competi-

tive inhibition with D-glucose by binding specifically toGLUT1; other members

of the GLUT family are less affected [10, 17]. Phloretin also competitively

inhibits glucose uptake and affects all GLUT isoforms [11, 18].
Following incubation with the inhibitors, the cells were washed and incubated

with 30 mM of 2-NBDG for 60 mins in glucose-free medium. In the absence of

inhibitors, accumulation of intracellular 2-NBDGwasmuch greater in T cells from

SEAþLPS treated mice when compared to T cells from mice given SEA alone

(Fig. 8.2). T cells that had been treated with increasing amounts of phloretin and

Fig. 8.2 Glucose accumulation is inhibited upon treatment of activated T cells with phloretin
and cytochalasin B. Splenocytes were harvested from B10.BR mice injected with either Staphy-
lococcal enterotoxinA (SEA) alone or alongwithLPS (SEAþLPS) and incubated overnightwith
increasing concentrations of phloretin (A) or cytochalasin B (B). The cells were then incubated for
1 hr with 30 mM2-NBDG in glucose-free condition. Levels of 2-NBDG in activated CD4T cells
were analyzed by flow cytometry. Uptake of 2-NBDG was inhibited with both blockers. The
effectwas visiblewith 2.5mMcytochalasinBwhich however did not affect the uptake in SEAonly
T cells. Phloretin inhibited 2-NBDG uptake in both SEA and SEAþLPS treated T cells.
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cytochalasin B showed decreasing levels of 2-NBDG, such that the adjuvant-

associated advantage narrowed in a dose-dependent manner. 5 mM of either

inhibitor was sufficient to reduce glucose accumulation to the same levels in both

populations. Dose-adjusted vehicle controls (methanol or DMSO) had no effect on

2-NBDG uptake or retention (data not shown). Therefore the glucose transport

inhibitors phloretin and cytochalasin B prevented preferential accumulation of

2-NBDG induced by adjuvant.
To test whether or not glucose uptake was necessary for adjuvant-induced

survival effects, splenocytes from SEA or SEAþLPS mice were cultured in

RPMI for 20 h with phloretin and cytochalasin B up to 20 mM; which is in
excess of the concentration needed to reduce glucose uptake to minimal levels

(Fig. 8.2). As shown in Fig. 8.3, phloretin showed no ability to diminish the

adjuvant-induced survival advantage of T cells isolated from SEAþLPS treated

mice at any dose tested. T cell survival was moderately decreased by low

concentrations of cytochalasin B, but further decreases in survival were not

Fig. 8.3 Adjuvant-mediated survival advantage is not reduced by treatment of activated T
cells with cytochalasin B or phloretin. Splenocytes were harvested from B10.BR mice injected
with either Staphylococcal enterotoxin A (SEA) alone or along with LPS (SEAþLPS) and
incubated overnight with increasing concentrations of phloretin (A) and cytochalsin
B (B). Survival analysis by flow cytometry showed an overall decrease in viability of activated
T cells but it did not affect the adjuvant-mediated survival advantage of the LPS treated cells
even with 20 mMcytochalasin B . Incubation with phloretin did not affect the general viability
of the activated T cells and the adjuvant-mediated survival advantage was maintained with
excess of phloretin.
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detectable in higher concentrations. Therefore, both phloretin and cytochalasin
B failed to prevent adjuvant-induced survival effects even at concentrations
2–4 folds those needed to inhibit the preferential glucose accumulation by the
adjuvant treated T cells.

These observations indicate that the adjuvant-mediated survival advantage
in activated T cells is not dependent upon efficient glucose uptake. Further-
more, the phenomenon of increased accumulation of 2-NBDG in adjuvant-
stimulated T cells is not due to increased glucose uptake but is probably caused
by increased hexokinase-mediated phosphorylation in T cells of the glucose that
enters the cells. Hexokinase activity in T cells has been reported to be induced by
PI3-kinase/pAkt signaling [9]. Therefore we propose that PI3-kinase/pAkt-
mediated stimulation of hexokinase is likely to be one of many mechanisms
by which adjuvant alter the metabolism of activated T cells.
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Chapter 9

Lactate, with Oxygen, Incites Angiogenesis

Thomas K. Hunt, Rummana Aslam, Zamir Hussain, and Stefan Beckert1

Abstract Lactate has been reconsidered! As we now know, most is produced
aerobically We report that lactate accumulation commonly occurs in the pre-
sence of oxygen and is sufficient to instigate signals for angiogenesis and
connective tissue deposition. These include vascular endothelial growth factor
(VEGF), transforming growth factor beta (TGF beta), interleukin-1 (IL-1), and
hypoxia-inducible factor (hif-1alpha). This paper, a mini-review, is occasioned
by new data showing increased presence of VEGF and angiogenesis in an
oxygenated site by adding a slow-release source of lactate into Matrigel1 and
implanting the Matrigel subcutaneously in mice.

9.1 Introduction

Intuition is sufficient to convince that metabolic need is a stimulant to angio-
genesis. The well-known hypoxic induction of angiogenic signals is the most
dramatic example. By that reasoning, lactate, at times an expression of meta-
bolic need, should be a subsidiary signal; and, indeed, several investigators have
demonstrated that accumulated lactate, enhances collagen deposition, proteo-
glycans deposition, and endothelial migration (via stimulation of VEGF) [1–4].

Lactate in the presence of oxygen? Hypoxia is not even the major source of
lactate nor does added oxygen necessarily enhance its metabolism! Authorita-
tive investigators have now agreed that lactate, long thought to be merely the
end product of hypoxia, has far greater significance! In fact, lactate has many
aerobic sources including aerobic glycolysis, and activated leukocytes, and
performs many important and previously unanticipated functions. These new
views have been well discussed in a recent review [5].

1Thomas K. Hunt, Rummana Aslam, Zamir Hussain, and Stefan Beckert, Department of
Surgery at the University of California Medical Center, San Francisco, CA 94143
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Since lactate, even if aerobically derived, has these properties which here-
tofore were ascribed to hypoxia, it follows that lactate-derived angiogenesis
might have many sources other than hypoxia. For instance, lactate accumulates
in wounds regardless of PO2. Albina [6] has found that hypoxia-inducible factor
hif-1alpha detected by pimonidazol adduct formation is maximal in wounds at
6 hours, the time-frame in which lactate accumulates to its usual 5–10mM level,
and well before PO2 falls. Wounds are inflammatory lesions, and leukocytes are
major sources of aerobic lactate [7]. Might lactate be the dominant source of
angiogenesis that accompanies inflammation of all sorts? Wounds, even well
oxygenated wounds, are a major source and reservoir of lactate. Wound angio-
genesis is arguably the most robust and most rapid found in nature.

We have previously demonstrated that wound concentrations of lactate
monomer, induce collagen production in fibroblasts [2, 8]. With oxygen, it
induces post-transcriptional hydroxylation of collagen [8]. VEGF release fol-
lows the lactate-induced reduction of the NADþ/NADH via reduction of
ADPRibosylations [1]. With or without oxygen, lactate induces VEGF from
macrophages [2]. Adding exogenous lactate to wounds increases the presence of
TGF beta, VEGF, interleukin-1 (Il-1) and collagen deposition [8]. Liu [9] has
shown that all the major products of glycolysis, i.e. acetoacetate, pyruvate, and
lactate increase the presence of hif-1alpha, a precursor of VEGF, even when
oxygen is present.1

To complicate the situation further, hyperoxia significantly accelerates
angiogenesis and collagen deposition. Therefore, a mechanism for angiogenesis
must exist that tolerates high concentrations of oxygen.We propose that lactate
accumulation is a potent stimulator of angiogenesis, and that oxygen is a
required partner in the tissue response.

9.2 Materials and Methods

We chose the Matrigel1 (BD biosciences) model for this study because as other
investigators have found, it produces only slight inflammation and no angio-
genesis on implantation whether or not it is the reduced growth factor variety.
Yet, it does support angiogenesis when, for instance, a sufficient amount of
VEGF is incorporated. The PO2 in such implants is 50 to 60 mmHg in animals
breathing air at ambient pressure [10].

Preliminarily, we tested various molecular weight polymers of lactate-co-
glycolide to determine if any released sufficient monomer (by non-enzymatic
hydrolysis) in Matrigel to raise and sustain the level of lactate monomer from

1 Since all of these products are in a dynamic equilibrium with each other, it is difficult to
know which of them is/are responsible. However, this distinction is not important for present
purposes.
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about 3mM in controls to about 6mM (roughly the characteristic wound level).
Polylactate co-glycolide 50:50 (MW 40,000–75,000) (Sigma) met that expecta-
tion. Higher molecular weight polymers were not hydrolysable, did not induce
angiogenesis, and were used as negative controls. To obtain the most uniform
lactate concentration as possible, the polymer crystals were finely powdered
(in a coffee grinder).2

9.2.1 Conditions

The lactate polymer powder was mixed into cold Matrigel (30 mg/ml), and
0.2 ml of the mixture was injected subcutaneously into each flank in each of
50 animals. Fifty controls were implanted with Matrigel alone. Animals were
sacrificed at 11 days. The implants were removed, and sections taken frommid-
implant were stained with hematoxylin and eosin, Mallory’s trichrome, and
were evaluated for angiogenesis and collagen presence by two independent
observers. The criteria for quantification were: No cells or blood vessel = 0.
A few scattered endothelial or other cells but no alignments of cells in linear or
circular tubes = 1. A few circular alignments of cells but no RBC containing
areas = 2. The presence of tubular structures containing RBC= 3. Presence of
small and medium sized blood vessels with RBC = 4.

9.2.1.1 Experiment 1

Hypothesis: Implantation of lactated Matrigel in animals that subsequently
breathed ambient air at 1 ATA will demonstrate angiogenesis.

Matrigel pellets were removed at 11 days and those containing lactate
(six animals) were compared with pellets not containing lactate that had been
implanted in 6 other animals, and 6 in which insoluble polymer had been
incorporated.

9.2.1.2 Experiment 2

Hypothesis: A quantitative relationship develops between the concentrations of
lactate monomer and VEGF in lactated implants.

The rationale was that our prior findings in vitro demonstrated that lactate
induces VEGF release from macrophages. Scattered inflammatory cells, some

2 The polymer releases lactate, not lactic acid. Lactate is a weak base and thus alkalinizes the
solution slightly.Hydrolysis does not produce local acidosis! The result of hydrolysis is a racemic
mixture. Glycolide is quickly metabolized, and some is converted to lactate [3, 8]. L-lactate and
d-lactate equally influence endothelial migration, and both chelate with iron ion.
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of them macrophages, normally are present at the edge of Matrigel implants.

They are increased in lactated implants.
Two lactated implants were injected into each of 10 animals. Ten controls

were injected with Matrigel containing no additive. After their removal at

11 days the pellets were removed and quickly frozen. When all samples had

been collected, they were weighed, thawed, quickly centrifuged free of residual

lactate polymer, and the liquid phase was analyzed for lactate and VEGF

(ELISA, R&D Systems Inc.).

9.2.1.3 Experiment 3

Hypothesis: Oxamate, an inhibitor of LDH and ADPRibosylation, will abolish

the ability of lactate to induce angiogenesis.
The rationale was that prior data had demonstrated that decreased ADPRi-

bosylation due to lactate induced collagen deposition and VEGF production.

Themechanism was traced to diminishedNADþ due to increased conversion of

NADþ to NADH. This happens because ADPRibose (Adenosine Diphospho-

Ribose) and subsequent ADPRibosylations are derived only from NADþ. As a

consequence, the ADPR that inhibits collagen prolyl hydroxylase is withdrawn,

thus increasing prolyl hydroxylation and collagen deposition. Inhibition of

lactate dehydrogenase prevents the reduction of NADþ, withdrawal of ADPRi-

bose from prolyl hydroxylase, and greatly inhibits the effect of lactate [1]. A

similar effect regulates VEGF. Oxamate was, therefore expected to abrogate

lactate-induced angiogenesis.
Six animals were injected with lactated Matrigel. Six others were injected

with lactated implants that also contained 3 mM of oxamate (Sigma).

9.3 Results

Experiment 1: The addition of soluble lactate polymer induced angiogenesis in

every implant. The average score was 3.5. Neither non-lactated controls nor

implants with insoluble lactate polymer induced any significant angiogenesis in

any implant. The average score was 0.5. There was no overlap (p < 0.01).

Vessels in the lactated implants ranged from small, one-cell layer thick capil-

laries to about 50 m, medium sized vessels with what appear to be surrounding

pericytes, Collagen deposition was evident in and around the perivascular

structures.
Experiment 2: A three phase statistical relationship to VEGF was found.

VEGF rose in parallel with the lactate concentration until high levels indicated

lactate toxicity, and VEGF fell (significance, p<0.05). The effect of lactate was
abrogated by Anti-VEGF polyclonal antibody [2].
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Experiment 3: Oxamate greatly reduced angiogenesis when given together
with lactate. (Average score 1.0 vs. 3.5). Again, there was no overlap in the
results.

9.4 Discussion

In previous studies we established that addition of lactate polymer to implanted
wiremesh cylinderwounds raised lactatemonomer concentration from 6 to 9mM
(p<0.01) collagen deposition by 50% (p<0.02) and also raised VEGF, TGF-B,
and Il-1 (transiently) while lowering IGF-1 to almost zero. PO2, pH, and PCO2
were unchanged [8]. In unpublished studies, we have demonstrated enhanced
superoxide flux that was present focally in cultured human endothelial cells
after the cells were exposed to nitroblue tetrazolium (Sigma) and 15 mM lactate
monomer at standard cell culture oxygen conditions of PO2, i.e. about 35mmHg.

Also in prior studies, we demonstrated that angiogenesis occurs in propor-
tion to oxygen tension. Hyperoxia more than doubled the number of ‘‘mature’’
vessels [10]. Hypoxia reducedmature vessel count to zero even when VEGFwas
implanted.

These results, taken together, strongly imply that accumulation of lactate to
the 5–10 mM level, in the presence of oxygen, is by itself, but only in the
presence of oxygen, sufficient to initiate a healing reaction, i.e., increased cell
migration, angiogenesis, proteoglycans production, and collagen synthesis and
deposition. Elevation of oxygen tension, as we have shown increases both
angiogenesis and VEGF [10, 11].

The aggregate results are made congruent by five recent discoveries all of
which point to a redox control mechanismof the lactate effect: 1) Feþþ,þþþ form
a chelate with lactate that in the presence of H2O2 enhances OH- [12]. 2) Iron-
containing structures that participate in redox reactions involvingH2O2 occur in
or on the endoplasmic reticulum [9]. In Liu’s experiments, hif-1 gene was inter-
nalized into the nucleus when H2O2 concentration was increased. The peroxide
concentrationwas proportional to the PO2. 3) Pyruvate, lactate and acetoacetate
enhance the presence of hif-1 when added to benign or malignant cells in the
presence of oxygen [13], The investigators propose that this manifests as a ‘‘feed
forward,’’ an amplification, loop. 4) As reported by Sen et al. peroxide binds to
the SP-1 site on the VEGF reporter leading to hif-1-independent VEGF produc-
tion [14], and 5) lactate diminishes NADþ thus decreasing ADPRibosylation
and activating collagen gene transcription and collagen prolyl hydroxylase
activity [15]. All of these manifestations are likely to be increased in moderate
hyperoxia. When excessively high, oxygen is also likely to become toxic due to
redox stress as has been found by Hopf [10].

These findings indicate that lactate participates in a complex redox control
system that has at least three pathways. We postulate that lactate chelates iron
ion in highly specific sites whereupon H2O2, itself derived from oxygen, is
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diverted from other functions to produce OH-, or perhaps better said, diverted

to a focal area in which redox flux is intensified. It seems likely that these sites

coincide with those found by Liu [9]. In this circumstance, lactate essentially

reverses the expected reduction of hif-1alpha and allows the cell to behave as if it

is hypoxic while other roles of oxygen, collagen prolyl hydroxylation, for

instance, remain uninfluenced and even enhanced.
Additionally, The ADPRibose system, diminished by rising lactate, activates

angiogenesis and collagen deposition. Collagen deposition supports ‘‘maturation’’

of vessels in the sense that endothelial cells, anchored by integrins to collagen, can

enlarge and withstand the pressure of circulating blood. Without collagen, new

vessels weaken and rupture as seen in scurvy (ascorbic acid depletion).
Thus, instead of lactate being merely the end of the line for anaerobic

metabolism, it becomes, by its many aerobic sources, a stimulant to increase

anaerobic metabolism as well as to activate (some) ‘‘hypoxia response genes’’

and their down stream effects such as activation of angiogenesis, collagen

synthesis and deposition, and matrix endothelial migration. Our composite

view of the overall mechanism is as follows.
Although all the steps in Fig. 9.1 are supported by one or another investi-

gator, questions remain. Among them: Does the oxidant flux stimulate VEGF

and hif at one or separate sites? Does lactate inhibit hif-1alpha decay? Does

lactate enhance the transcription of hif? Could the elevated tissue lactate found

in hyperglycemia be prominent in the causation of vascular disease?
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hif-1 α VEGF
attracts

endothelial cells
and macrophages

endothelial
tubes

collagen ANGIOGENESIS

Fe ++

Fe ++++ H2O2+
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hydroxylation
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O 2

connective
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Fig. 9.1 A provisional schema for the composite actions of lactate in the deposition of
angiogenesis and connective tissue has at least three limbs. The ADPRibosylation pathway is
on the right. The lactate diversion occurs at the level of the Fe:lactate chelate with the
diversion of hydroxyl radical toward the hif mechanism thus activating it [9]. Alternatively,
more H2O2 produces these effect by activating the VEGF promoter [14]. Note also that
addition of VEGF toMatrigel leads to vascularization and collagen formation only if oxygen
is present [10]. The pathway of hyalouranan is not known.
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9.5 Conclusions

The unique feature of lactate is that it has both aerobic and anaerobic sources;
and, therefore, widens the scope of possibilities by which angiogenesis is stimu-
lated in aerobic conditions. Its ability to increase collagen deposition (in the
presence of oxygen) also widens the scope of vessel maturation. Lactate, occa-
sioned by mechanical or chemical injury alone, may be the initial source of
angiogenic stimuli in wounds and may be a part of tumor angiogenesis in which
lactate is constitutively present.
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Activated Protein C Modulates Chemokine

Response and Tissue Injury in

Experimental Sepsis

Ganesh R. Sharma
1
, Bruce Gerlitz

1
, David T. Berg

1
, Martin S. Cramer

1
,

Joseph A. Jakubowski1, Elizabeth J. Galbreath2, Josef G. Heuer1,

and Brian W. Grinnell1

Abstract The protein C (PC) pathway plays an important role in vascular
function, and acquired deficiency during sepsis is associated with increased
mortality. We have explored the role of PC suppression in modulating early

inflammatory events in a model of polymicrobial sepsis. We show that
increased levels of organ damage and dysfunction are associated with decreased
levels of endogenous PC. Notably, animals with low PC had correspondingly
high levels of pulmonary iNOS expression, which correlated with chemokines

KC/Gro andMIP2, previously shown to predict outcome in thismodel. Treatment
with activated protein C (aPC) not only reduced the pathology score, leukocyte
infiltration and markers of organ dysfunction, but also suppressed the induc-
tion of iNOS, and the chemokine response (including KC/Gro, MIP2, IP-10,

RANTES, GCP-2 and lymphotactin), and increased apoA1. aPC treatment
also suppressed the induction of VEGF, a marker recently suggested to play a
pathophysiological role in sepsis. These data demonstrate a clear link between
low protein C and degree of organ damage and dysfunction in sepsis, as well as
the early reversal with aPC treatment. Moreover, our data show a direct role

of aPC in broadly modulating monocyte and T-cell chemokines following
systemic inflammatory response.

10.1 Introduction

Sepsis syndrome occurs from a complex host response to insult following
infection, and carries a high mortality rate [1]. In severe sepsis, the innate

immune response becomes dysregulated, resulting in a cascade of inflammatory
activation, microvascular coagulation, endothelial cell dysfunction and ulti-
mately organ failure and death (reviewed in [2]). While many soluble factors
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change during infection and sepsis, the suppression of endogenous protein C
(PC) has been associated with increased mortality and is prognostic for sepsis
and sepsis severity [3, 4]. Moreover, low protein C levels are predictive of early
death in a rat model of polymicrobial sepsis [5, 6], and clinically have been
associated with early death resulting from refractory shock and multiple organ
failure in severe sepsis [4].

In settings of thrombotic stress, the zymogen Protein C is converted to its
active form by thrombin in complex with endothelial surface thrombomodulin
(TM). Activated protein C (aPC) functions as a feedback inhibitor of thrombin
generation [7] and has receptor-mediated anti-inflammatory and cytoprotective
effects; [8–10] recent studies have also shown that aPC can inhibit leukocyte
rolling and adhesion [11, 12]. In this study we have examined early markers of
inflammation and organ function following induction of polymicrobial sepsis,
both as a function of endogenous PC suppression and treatment with aPC. Our
studies show that acquired PC deficiency in polymicrobial sepsis is highly
correlated with early activation of chemokine response, tissue infiltration and
organ damage. Moreover, treatment with aPC results in suppression of the
chemokine response and improved organ function.

10.2 Experimental Procedures

The protocol for the rat cecal ligation and puncture (CLP) model of sepsis has
been previously described in detail [5]. Sprague Dawley rats were purchased
from Harlan (Indianapolis, IN). Sham rats received identical surgery (except
for CLP) and post-operative management. All experimental methods were
approved by the Institutional Animal Care and Use Committee and were in
accordance with the institutional guidelines for the care and use of laboratory
animals. Mortality studies were as previously described [5]. Recombinant rat
PC was produced in AV12-664 cells, then activated with recombinant rat
thrombomodulin/bovine thrombin complex essentially as described previously
for human aPC [13]. Infusion syringes were pre-coated overnight with sterile
7.5% BSA, then continuous infusion of either vehicle (5% dextrose, 0.9%
saline) or recombinant rat aPC (200 ug/kg/hr in 5% dextrose, 0.9% saline)
was begun at 10 hrs post-CLP and continued until sacrifice of animals at 22 hrs
post-CLP for collection of tissue samples. This resulted in a blood level of�100
ng/ml aPC. Blood sampling of animals pre-CLP and 10 hrs post-CLP was via
retro-orbital bleed; cardiac puncture was used for the blood draw at 22 hrs post-
CLP (time of sacrifice). Clinical chemistry (alanine aminotranferease [ALT],
aspartate aminotransferase [AST], blood urea nitrogen [BUN] and creatinine
[CRE]) was performed on serum, while cytokine/chemokine analysis was per-
formed on EDTA-plasma using Rodent Multi-Analyte Profile (Rules Based
Medicine; Austin, TX), Rat ELISA kits (R&D Systems, Minneapolis, MN) or
the Rat Cytokine/chemokine Immunoassay Panel (Linco, St. Charles, MO).
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Endogenous PC levels were determined using a rat-PC ELISA as described
previously [5]. Total RNA was purified from rat tissue using RNeasy (Qiagen);
quantitative real-time PCR was performed with an ABI Prism 7900HT
Sequence Detection System.

Tissue was also collected for histopathology as previously described [14]. A
composite pathology score was derived from scoring of lung, liver and kidney as
follow. Lung pathology was scored by the number of myeloperoxidase (MPO)
labeled cells with pavementing: Grade 1 = Mild intravascular margination
(IM) of WBC; Grade 2 = Moderate IM of WBC; Grade 3 = Marked IM of
WBC; Grade 4 = Marker IM with pavementing of WBC; Grade 5 = Marked
IM with pavementing & extravascular WBC. Liver was scored by increasing
numbers of MPO labeled cells: Grade 1 = <10 / high powered field (hpf);
Grade 2 = 10–20/hpf; Grade 3 = 20–30/hpf; Grade 4 = 30–40/hpf; Grade
5=>40/hpf,. Kidney was scored by increasing corticomedullary acute tubular
necrosis (ATN): Grade 1 = proteinuria, rouleaux, individual tubular cell
apoptosis /necrosis; Grade 2 = proteinuria, rouleaux, mild focally extensive
(<10%) ATN; Grade 3 = proteinuria, rouleaux, mild multifocal (10–20%)
ATN; Grade 4 = proteinuria, rouleaux, moderate multifocal (>20%) ATN;
Grade 5 = proteinuria, rouleaux, marked multifocal to regional ATN, casts.

ANOVA was used to determine statistical significance, and multivariate
regression analysis by pairwise comparison was determined using JMP5.1 soft-
ware (SAS Institute). A p value of < 0.05 was considered significant. mRNA
changes elicited by CLP and analyzed by qPCR, were expressed in terms of
percent change relative to the control group (defined as 100%). The SEM for
ratios was derived using the delta method [15].

10.3 Results

We examined early changes in inflammatory markers and tissue pathology
following induction of systemic inflammatory response in the CLP model.
Following CLP animals were observed for 96 hrs, with early death defined as
being before 30 hrs and late death thereafter. Shown in Fig. 10.1 is a clustering
of plasma markers that differentiated outcome, from a panel of 46 cytokines
and chemokines measured 22 hrs post-CLP. Notably, low levels of endogenous
PC and APO-A1, as well as elevated levels of proinflammatory chemokines
predicted early death relative to sham animals.

We further analyzed this suppression of PC relative to known markers of
tissue injury and observed significant negative correlations between PC and the
following markers: AST r = –0.81, p < 0.0001; ALT r = –0.83, p < 0.0001;
creatinine r= –0.76, p< 0.002.We next examined the tissue pathology at 22 hrs
post CLP and observed a graded response using scoring that differentiated lung
infiltration and margination of leukocytes (Fig. 10.2A), tubular damage in the
kidney and degree of myeloperoxidase-positive cells in the liver. We observed
that the animals having low PC at 22 hrs had a higher mean pathology score
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than animals whose PC did not decrease below normal (defined as < 60% of

baseline [6]) (Low PC= 4.5þ/–0.7 vs. Normal PC= 2.6þ/–0.3, p< 0.05). We

observed significant correlations with degree of tissue pathology and the neu-

trophil chemotactic CXC chemokines MIP2 and KC/Gro (Fig. 10.2B). More-

over, the pathology score was significantly correlated with tissue injury markers

(plasma AST p < 0.008 ; ALT p < 0.01). A key factor shown to correlate with

inflammatory response, especially in acute lung injury, is inducible nitric oxide
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Fig. 10.1 Clustering of plasma markers as a function of outcome in the CLP model. The
levels of various plasma markers from the Rodent Multi-Analyte Profile were clustered in
JMP 5.1 using the Ward method. Dark blue to dark red change indicates low to high relative
levels, respectively, for each marker. (See also color insert.)
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synthase (iNOS) expression [16–18]. As shown in Fig. 10.2C, increased lung

iNOS expression was highly correlated with reduction in baseline PC level.

Moreover, the increase in iNOS was highly correlated with the increase in

both MIP2 (r =0.84, p < 0.001) and KC/Gro (r =0.80, p < 0.005).
The above data suggested a strong relationship between the level of endo-

genous PC and markers of tissue injury. To provide evidence of a causal

relationship, we administered activated PC during disease progression, to

determine any effect on tissue pathology and inflammatory mediators. As

shown in Fig. 10.3A, infusion of aPC for 12 hrs, starting 10 hrs after CLP,

significantly reduced the mean pathology score.Moreover, the mean increase in

the level of ALT (Fig. 10.3B) and AST (not shown) following CLP was sig-

nificantly reduced by aPC treatment. Treatment with aPC significantly restored

plasma apoA1 and fibrinogen levels, both of which are markers of liver syn-

thetic capacity (Fig. 10.3C). In view of apoA1’s anti-inflammatory activity [19],

blocking its suppression may play a role in aPC’s anti-inflammatory activity,

possibly complementing the suppression of the chemokine response.
An examination of changes in chemokine levels showed a significant sup-

pression of neutrophil chemotactic CXC chemokines (Fig. 10.4A) as well as the

T-cell/NK cell chemokines IP-10, RANTES and lymphotactin. We also

observed significant inhibition of OSM, MIP1a, and MIP1b (data not shown).

Of interest, aPC treatment had no significant effect on TNFa, IL-1 or IL-6 in
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this model (data not shown [5]). The up-regulation of iNOS, which correlated

highly with PC suppression and chemokine activation, was also dramatically

reduced by the aPC treatment.
Recent studies have suggested that increases in circulating levels of vascular

endothelial growth factor (VEGF) may play a pathophysiologic role in mediating

the sepsis phenotype [20]. In our ratmodel, we observed an increase in VEGF from

215 þ/–7 pg/ml to 323 þ/–35 pg/ml by 22 hrs post-CLP. We examined the
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relationship between endogenous PC and the increase in VEGF, and observed a
significant negative correlation (p< 0.0001) (Fig. 10.5A). Moreover, we observed
a significant reduction in the level of circulating VEGF with aPC treatment
(Fig. 10.5B).

10.4 Discussion

Recent studies have begun to elucidate the role of the protein C pathway in
controlling normal physiology of the vasculature and of the innate immune
system. aPC has been shown to modulate endothelial function by inhibiting cell
adhesion and apoptosis, and by promoting cell survival/angiogenesis [8, 9, 21–24].
These effects are likely due a combination of the ability of aPC to inhibit thrombin
generation, and through specific receptor-mediated signaling at the PAR-1 recep-
tor in conjunction with the endothelial protein C receptor. This receptor complex
is present not only on the endothelium, but also appears to be present on mono-
cytes, natural killer cells [11], neutrophils [25], and eosinophils [26]. Thus, the
emerging data suggest that aPC plays a key role in modulating the endothelial/
leukocyte interface in response to stress.

Our results demonstrate a clear role of the PC pathway in the tissue pathol-
ogy and early chemokine response in the CLP model. The effect of aPC was
predominately on suppression of chemokines critical for amplification of the
response to infection, and on chemokines critical for both neutrophil and T-cell
modulatory factors (reviewed in [27]). Of interest, previous studies demon-
strated that KC/Gro and MIP2 were good predictors of early death in CLP,
and we have now shown that these correlate highly with pathology in this
model, and were significantly suppressed by aPC treatment. In addition, the
high correlation of these chemokines with iNOS expression is of interest as Kim
et al. [28] have suggested that iNOSmay regulate certain chemokines, including
RANTES and MIP1a. Possibly, suppression of iNOS by aPC may be driving
the observed reduction of the chemokine response seen with treatment. Our
results also suggest that aPC suppresses VEGF in the setting of sepsis. VEGF is
known to sensitize the vasculature to the effect of cytokines, and thus likely
plays a role in enhancing the activation of the endothelium during sepsis [20]. In
light of the effect of aPC on modulating both VEGF and the chemokine
response, it is notable that chemokines can regulate vascular/angiogenic func-
tion by modulating VEGF function (reviewed in [29]).

While the cause and effect relationship of low PC and clinical outcome has
not been proven, the data presented here suggest that low endogenous PC levels
during systemic inflammatory response may be pathophysiologically related to
poor outcome. The low level of PC likely compromises the ability to naturally
generate aPC, which results in a reduction in the natural protective mechanism
of the vasculature to limit inflammatory and ischemic injury. Our data further
suggest that aPC’s ability to modulate not only coagulopathic dysfunction [4],
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but also the cascading inflammatory responses following infection, plays a key
role in reversing vascular injury, poor tissue perfusion and resulting organ
dysfunction.
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Chapter 11

Manipulation of the Affinity Between Protein and

Metal Ions by Imidazole and PH forMetal Affinity

Purification of Protein c from Cohn Fraction IV-1

James J. Lee
1
, Duane F. Bruley

2
, and Kyung A. Kang

1

Abstract Protein C (PC) is an important anticoagulant in blood plasma. Cohn
Fraction IV-1 (CFIV-1) is an inexpensive PC source but contains a large
amount of factor II (FII). Immobilized metal affinity chromatography
(IMAC) utilizes metal ions to adsorb proteins primarily via their surface histi-
dine. Two major operation parameters for IMAC are imidazole concentration
and pH: imidazole is a histidine analog and pH controls the protein surface
protonation level. The effects of these two parameters on the adsorption and
elution of PC and FII were studied for each protein individually and also
together as a mixture. For the individual proteins, low FII (16%) and high
PC (98%) adsorption were achieved at 8 mM imidazole, pH 8.0. At 11 mM
imidazole, 92% of the adsorbed FII was eluted, with only a 3% PC loss.
At 40 mM, 97% of the adsorbed PC was recovered. For the protein mixture,
very similar adsorption and elution results were obtained, but slightly greater
PC loss (16%) during elution at 11 mM imidazole. This result shows that there
is a high potential for the PC purification from CFIV-1 by appropriately
adjusting the imidazole concentration and pH in the IMAC process.

11.1 Introduction

Protein C (PC) is an anticoagulant, antithrombotic, anti-inflammatory [1,2], and
anti-apoptotic [3,4]. Therefore, PC can be a valuable therapeutic for patients
with PC deficiency, various thrombo-embolisms, advanced sepsis, and stroke [5].
Currently known PC sources are transgenic animal milk, recombinant mamma-
lian cells, and blood plasma, all of which are very expensive and not always
available. Cohn Fraction IV-1 (CFIV-1) is a by-product of the plasma fractiona-
tion process, and retains approximately 90% of the PC in plasma. CFIV-1 used
to be discarded and, therefore, is a very inexpensive PC source. Purification of

1Department of Chemical Engineering, University of Louisville, Louisville, KY 40292.
2Department of Chemical and Biochemical Engineering, University of Maryland Baltimore
County, Baltimore, MD 21250 and Synthesizer Inc., Ellicott City, MD 21043.
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PC from CFIV-1 using usual bio-purification methods, such as ion-exchange
chromatography, is difficult, if not impossible, because CFIV-1 contains various
coagulants that are structurally homologous to PC (factors II, VII, IX,
and X [6,7]; Table 11.1). Among these coagulants, factor II (FII) is the most
problematic one because of its long half-life and abundance in the source [8].
Thus, our study focus has been the separation of FII from PC.

Histidine is a strong electron-donor and has a high affinity to metal ions
(electron acceptor) [11]. The separation of FII from PC by immobilized metal
affinity chromatography (IMAC) with Cu2þ and iminodiacetic acid (IDA)
chelator has been studied by our group [12,13]. In IMAC operation, the
imidazole concentration and pH are the two major parameters used for adjust-
ing the affinity between the metal ions and the proteins [14]. Our previous study
results showed that, when no imidazole was added in the buffer, the amounts of
adsorbed PC and FII to the IMACmatrix were similar for pHs 6.0, 7.0, and 8.0.
The elution study results showed that approximately 20% of the adsorbed FII
was eluted at 15 mM imidazole, pH 6.0, without eluting PC. Here, the effect of
both the pH and imidazole concentration on the adsorption and elution of PC
and FII were characterized.

11.2 Instruments, Materials, and Methods

11.2.1 IMAC Matrix Preparation

Chelating Sepharose Fast Flow
TM

matrix with iminodiacetic acid (IDA)
(Amersham Biosciences; Piscataway, NJ) was reacted with cupric sulfate
pentahydrate (Sigma-Aldrich; St. Louis, MO) to immobilize Cu2þ, following
the manufacturer’s instruction. One mL of the settled Cu2þ immobilized matrix
was measured in a graduated cylinder and then transferred into a 15 mL
centrifuge tube (Fisher Scientific; Chicago, IL). Then the matrix was
centrifuged (Marathon 3200R; Fisher Scientific) at 4000 rpm for one minute
and the supernatant was discarded. Next, the Cu2þ immobilized matrix was
equilibrated with 10 mL of the equilibration buffer (20 mM sodium phosphate
buffer and 0.5 M NaCl) at a predetermined pH, centrifuged, and the super-
natant was discarded. The pH equilibrated matrix was pre-equilibrated with
1 mL of the equilibrium buffer at the predetermined pH and imidazole con-
centration for ten minutes. The equilibrated Cu2þ-IDA-imidazole matrix was

Table 11.1 Half-life and amount of the homologous proteins found in CFIV-1*

PC FII FVII FIX FX

Half-life (hrs) [9,10] 8 85 5.5 22 24

Amount (mg/g CFIV-1) 100 1200 30 14 270
* Modified from Rezania, et al [8].
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then divided into aliquots of 100 mL in 1.5 mL micro-centrifuge tubes (Fisher
Scientific).

11.2.2 Adsorption and Elution of PC and/or FII

For the adsorption study, 100 mL of the equilibrated Cu2þ-IDA-imidazole
matrix at predetermined conditions were reacted either with 20 mg of PC
(Innovative Research; Southfield, MI), 20 mg of FII (Innovative Research), or
the mixture of 20 mg-PC and 20 mg of FII in 200 ml of an equilibration buffer
condition to be tested, at room temperature (22–24 8C). The vial was gently
vortexed for 2 seconds and then was placed on a nutating mixer (Clay Adams1

Nutator; Becton-Dickinson; Franklin Lakes, NJ) for ten minutes, and was then
centrifuged at 4000 rpm for oneminute. The protein in the supernatant after the
adsorption reaction was quantified by ELISA. Following the protein adsorp-
tion, thematrix was washed with 400 mL of the equilibration buffer at pH 6.0 for
tenminutes and then centrifuged. The protein in the supernatant was quantified
by ELISA.

For the elution study, the protein adsorbed matrix was reacted with 400 mL
of the phosphate equilibrium buffer at a predetermined imidazole concentra-
tion and pH 6.0 for ten minutes. The matrix was centrifuged and the protein in
the supernatant was quantified by ELISA. For some cases, the elution process
was repeated more than once.

11.2.3 ELISA for PC and FII

ELISA of PC and FII were performed using the procedure described by Lee
et al [14]. EIA/RIA 96-well flat-bottom plate (Corning, NY) was first coated
with a rabbit anti-human-PC Gig (Sigma; St. Louis, MO) for PC quantifica-
tion, or goat anti-human-FII IgG (Boomed; Foster City, CA) for FII. For PC,
the plate was washed and then blocked with BSA for 90 minutes. For FII, the
plate was washed and was incubated for 90 minutes without BSA during the
blocking step. After blocking, the plate was washed; the samples were applied to
the wells vertically. The samples were diluted across the plate horizontally by
serial dilution in the dilution buffer, and then incubated for 90 minutes. Then
the plate was washed and incubated for 90 minutes with a goat anti-human-PC
IgG (American Diagnostica Inc.; Hauppauge, NY), or a mouse anti-human-
FII IgG (Enzyme Research; Southbend, IN). Next, the plate was washed and
incubated for 20 minutes with horseradish peroxidase-conjugated to a rabbit
anti-goat IgG (Sigma), or horseradish peroxidase-conjugated to a goat anti-
mouse IgG (Sigma). O-phenylenediamine dichloride (OPD; Sigma) was added
for color development, and the optical density was measured at 450 nm using an
ELISA plate reader (Bio-Rad; Hercules, CA).

11 Manipulation of the Affinity Between Protein and Metal Ions 95



11.3 Result and Discussion

11.3.1 Effect of Imidazole and pH on the Adsorption
and Elution of PC or FII

Our previous study results showed that the pH change (6�8) alone did not

affect the adsorption of either FII or PC [14]. As a next step, the adsorption

behaviors of these proteins were studied with the changes in both the imidazole

concentration between 0 and 11 mM and the pH between 6 and 8. For each

protein, 20 mg was reacted with 100 ml of Cu2þ-IDA IMAC matrix and the

amount of the adsorbed protein was quantified (Fig. 11.1).
FII adsorption decreased as imidazole concentration increased, at all pHs

[Fig. 11.1 (a)]. Also, with the presence of imidazole, as the pH increased, FII

adsorption decreased significantly. At 8 mM imidazole and pH 8.0, only 2.9 mg
(14%) of FII was adsorbed. For PC [Fig. 11.1 (b)], most of the reacted PC was

adsorbed, with little difference for the pHs and imidazole concentrations tested.

At 11 mM imidazole, the amount of adsorbed PC decreased only slightly as the

pH increased. A minimal FII adsorption with good PC adsorption was shown

at 8 mM imidazole and pH 8.0.
Our previous elution study result at pH 6.0 showed that, 4.1 mg (�20%) of FII

and less than 0.5 mg (3%) of PCwere eluted at both 15 and 20mM imidazole [14].

This time, the elution behavior of FII was studied at an imidazole concentration

range between 7 and 15 mM. For PC, a concentration between 20 and 40 mM

was studied because of its higher affinity to Cu2þ ions. As described above, after

the adsorption process at 8 mM imidazole and pH 8.0, the IMAC matrix
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Fig. 11.1 Amounts of adsorbed (a) FII and (b) PC in the IMAC matrix with the changes in
the imidazole concentration and the pH. 20 mg of FII or PC was reacted with 100 ml of Cu2þ-
IDA matrix for 10 minutes.

96 J.J. Lee et al.



retained 2.9 mg of FII and 19.8 mg of PC. The amounts of PC and FII eluted by
the buffer at various imidazole concentrations are shown in Fig. 11.2.

At 7 mM imidazole, 1.9 mg (66%) of the adsorbed FII was eluted with only
0.2 mg (1%) of PC [Fig. 11.2 (a)]. At 11 mM imidazole, the amount of eluted FII
was slightly higher at 2.7 mg (93%), with only 0.7 mg (3%) of PC eluted. At
15 mM imidazole, a similar amount of FII was eluted but 2.0 mg (10%) of PC
was also eluted. An imidazole concentration at 11 mM provided a maximal
elution of FII with a minimal PC loss.

At 20 mM imidazole, 3.6 mg (18%) of PC was eluted during the 1st elution
and 2.7 mg (14%) during the 2nd elution [Fig. 11.2 (b)], resulting in only 6.3 mg
(32%) of the adsorbed PC (19.8 mg). At 30 mM imidazole, the total amount of
PC eluted was 12.0 mg (60%). At 40 mM imidazole, the total PC recovered was
19.3 mg (97%).

11.3.2 Effect of Imidazole and pH on the Adsorption and Elution
of the Mixture of PC and FII

With the information on the behavior of individual protein PC and FII in the
IMAC process, a mixture of PC and FII at 1:1 ratio (20 mg of PC and 20 mg of
FII) was used as the source material and the IMAC process was performed.
Figure 11.3 shows the amounts of adsorbed PC and FII in the IMAC matrix at
8 mM imidazole, pH 8.0, when the protein mixture was reacted together with
the matrix.

During the adsorption process, 5.3 mg (26%) of FII was adsorbed, slightly
more than the amount adsorbed in the case with FII only (3.3 mg) [Fig. 11.3 (a)].
The amount of adsorbed PC [Fig. 11.3 (b)] was 19.3 mg (97%), similar to the
amount for the adsorption with PC only (19.8 mg). The elution process was then
performed using 11 mM and 40 mM imidazole (Fig. 11.4).
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Fig. 11.2 Amounts of eluted (a) PC and FII at imidazole concentrations of 7, 11, and 15 mM
and (b) PC at the imidazole concentrations of 20, 30, and 40 mM from the IMACmatrix with
PC or FII. The matrix adsorbed with protein at 8 mM imidazole and pH 8.0 was reacted with
400 ml of the elution buffer for 10 minutes.
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At 11 mM imidazole [Fig. 11.4 (a)], nearly 100% of the adsorbed FII was
eluted, but 3.2 mg (16%) of PC was also eluted, showing an increase from the
case with only PC (0.6 mg). After this elution step, 16.1 mg of PC was expected
to be in the matrix. The next two elutions at 40 mM imidazole removed 13.5 mg
(84%) and 1.6 mg (10%) of PC for the 1st and 2nd elution steps, respectively,
with the total of 15.1 mg (94%), slightly less than that for case with PC only
(97%) [Fig. 11.4 (b)]. The adsorption at 8 mM imidazole and pH 8.0, followed
by an elution at 11 mM imidazole for FII, and at 40 mM imidazole for PC
elution has provided an effective separation of FII from a mixture with
PC when the sample is a mixture of PC and FII at a ratio of 1:1.

11.4 Conclusions

The effect of imidazole concentration and pH on the adsorption and elution of
PC and FII in IMAC operation was studied for an effective FII separation from
PC. For the adsorption process, the imidazole concentration at 8 mM and pH
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8.0 provided a minimal FII adsorption with a maximal PC adsorption, for both
cases with FII or PC alone and with the PC/FII mixture. At a concentration of
40 mM imidazole, more than 94% of the adsorbed PCwas eluted for both cases
by eluting twice. In the IMAC process for PC purification from CFIV-1, the
separation of FII from PC may be improved by selecting the suitable imidazole
concentration and pH.

11.5 Future Study

For FII elution, the imidazole concentrations lower than 11 mMwill be studied
for less PC loss. A mixture of PC and FII at a ratio of 1:20, which is the ratio of
PC and FII in the CFIV-1, will be studied for adsorption and elution of PC
and FII.

Acknowledgment The authors thank the American RedCross (Rockville,MD) for providing
Cohn Fraction IV-1.
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Chapter 12

Separation of Factor V Leiden Molecule,

a Mutated Form of Factor V, from Plasma

of Homozygous Patient

Samim Rezania and Kyung A. Kang
1

Abstract Factor V (FV) is a coagulant in plasma. The FV molecule consists

of a heavy chain and a light chain, and Factor V Leiden (FVL) is mutated FV

at a single amino acid in the heavy chain. FVL patients are in a dangerous

hyper-coagulation state in their body. Current FVL diagnosis is done by

DNA analysis, which is expensive and time consuming. Our group has been

developing a real-time, cost effective immuno-optical biosensor for FVL

diagnosis. For the sensor development, pure FVL, which is not currently

available, is needed. Here, we have attempted FVL purification from FVL

patient’s plasma. Since plasma contains many proteins and some proteins are

structurally homologous to FV, the purification must be done by a very

specific method, such as immuno-affinity chromatography. However, an anti-

body that does not react with FV is not currently available. Because the

mutation is in the heavy chain and the amino acid sequence of the light

chain of FVL is identical to that of FV, antibodies generated against the

light chain of FV were tested for purifying FVL. Plasma was obtained from a

homozygous FVL patient. First, the plasma was pretreated by barium citrate

and polyethylene glycol 6000, to remove the vitamin K-dependent proteins,

alpha globulins, and other smaller than 6 kDa molecular weight proteins. The

yield in the process was 54%. Immuno-affinity purification of FVL from

patient plasma was then performed using an anti-FV light chain antibody

immobilized CNBr-Sepharose, and the purification yield was 25%. In sum-

mary, the antibody against the light chain of FV was able to purify the single

point mutated form of FV (FVL) from plasma with an overall yield of 14%.

The same principle can probably be used for purification of the other single

point mutated proteins.
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of Louisville, Louisville, KY 40292.

K.A. Kang et al. (eds.), Oxygen Transport to Tissue XXIX
� Springer 2008

101



12.1 Introduction

Factor V (FV) is a coagulation factor in blood plasma. It accelerates clot forma-

tion initiated by factor X in the presence of phospholipid and calcium. It consists

of a C-peptide region (Mw = 100,000), a heavy chain (Mw = 105,000), and a

light chain (Mw=74,000), and the two chains are non-covalently associated and

its total molecular weight is approximately 300,000 [1,2,3]. Activated protein C

(APC) inactivates activated FV (FVa), by cleaving the heavy chain of FVa [4] at

positions Arg306, Arg506, and Arg679. Factor V Leiden (FVL) has a single point

mutation from the arginine at the position 506 to glutamine [5]. FVLhas the same

coagulant function as FV, but due to the lack of Arg506, it is not deactivated by

APC, leading the body to a dangerous hyper-coagulating state.
FVL is the most common blood coagulation disorder, present in 3–8%of the

general US and European populations [5]. Nevertheless, FVL screening is not a

routine clinical procedure. Currently, the diagnosis is made by DNA analysis,

which is complex, expensive, and time consuming [6]. Therefore, the ultimate

goal of our study is to develop a rapid, accurate, and cost-effective immuno-

biosensor to diagnose FVL.
For this sensor development, both pure FVL molecule and antibodies

against FVL are needed, but neither is currently available. The only source

for FVL is FVL patient’s plasma. Since plasma contains several proteins

homologous to FVL, the purification of FVL from plasma should be done by

a highly specific method, such as immuno-affinity chromatography. The single

point mutation for FVL is in the heavy chain and the amino acid sequences of

the light chains of FV and FVL are identical. Here, commercially available

antibodies generated against the light chain of FV molecule were tested to

purify FVL from homozygous FVL patient’s plasma.

12.2 Materials, Methods, and Equipment

Unless otherwise specified, all the materials for different experiments were

purchased from Sigma-Aldrich (St. Louis, MO).

12.2.1 Pretreatment of Plasma

Normal human plasma was obtained from Sigma-Aldrich. Plasma was

obtained from a FVL homozygous patient (FVL plasma) by the plasmaphresis

procedure, following the IRB approved by the University of Louisville Human

Subjects Protection Program. The plasma was collected and was kept at –70 8C
until the purification process.
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Before pretreatment, normal plasmawas reconstituted using 1milliliter (mL)
DI water and the FVL plasma was thawed at 4 8C. Then, protease inhibitors,
156.6 mg of benzamidine hydrochrolide, 50 mg of soybean trypsin inhibitor,
and 25 mg of phenylmethanesulfonyl fluride per 1 liter of plasma, were added to
both the normal and patient plasma.

The plasma was then pretreated following the procedure as described by
Dahlback et al [3]. First, to remove Vitamin-K dependent proteins to reduce
the risk formation of small amounts of thrombin or other active coagulation
factors [7], 1 M barium chloride was added dropwise to plasma at a concentra-
tion of 80 mL/L-plasma, and the mixture was stirred for 1 hr. It was then
centrifuged (TJ-MI refrigerated centrifuge; Beckman Coulter; Kansas City,
MO) at 6,000 g for 10 min. 40 g solid polyethylene glycol 6000 (PEG; Alfa
Aesar; Ward Hill, MA) was added to a liter of the supernatant, was stirred for
1 hr, andwas centrifuged to remove alpha globulins, proteins smaller than 6 kDa,
and reduce the sensitivity of plasma to proteolytic enzymes [8]. Then, PEG was
added to the supernatant from the last step at a ratio of 80 g/L-supernatant. The
solution was stirred for 1 hr and centrifuged as described above. After centrifu-
gation, the supernatant was discarded and the precipitate was dissolved in Tris
buffer (pH 7.4), to a final volume of 30 mL, and was kept at –70 8C before the
immuno-affinity purification.

12.2.2 Selection of Antibody and Immuno-purification of FV/FVL

Four commercially available antibodies against the light chain of FV were
purchased from Haematologic Inc. (HTI; Essex Junction, VT), QED Inc.
(QED; San Diego, CA), Biodesign International (Biodesign; Saco, MA), and
Fitzgerald Inc. (Fitzgerald; Concord, MA). The enzyme linked immunoassay
(ELISA) for the antibody was performed as follows: Microtiter ELISA plates
(Nalgen Nunc International; Roskilde, Denmark) were coated with 2 mg/mL of
the antibodies. After blocking with 1% bovine serum albumin, FVL patient
plasma was applied and a ½ serial dilution was performed. After washing the
plate, horseradish peroxide conjugated antibody (HRP) was applied to the
wells. Then, o-phenylenediamine dichloride (OPD) solution was added
and optical density was measured at 450 nm using an ELISA plate reader
(Bio-Rad; Hercules, CA).

The two affinity chromatography matrices tested for purification were
Actigel ALDTM (Actigel; Sterogene; Carlsbad, CA) and CNBr-activated
SepharoseTM 4B (CNBr; Amersham Biosciences; Piscataway, NJ). Following
the manufactuer’s instruction, 1 mg of antibody was immobilized on 1 mL of
each matrix, and then the matrix was packed in a chromatography column
(d=0.7 cm; BioRad; Hercules, CA). The column was equilibrated with
10-column volume (CV) of 0.02 M imidazole, 5.0 mM CaCl2, 0.15 M NaCl,
pH 6 (Equilibrium/Washing buffer).
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Themethod of immuno-affinity chromatography of FV/FVL is based on the
protocol developed by Katzmman et al [9]. The regeneration protocol was
modified as described by Kang et al [10]. Briefly, 6 mL of pretreated plasma
was applied to the 1 mL anti-FV immobilized CNBr matrix, equilibrated with
equilibration buffer as described above. The adsorption was allowed for 10 min
and the column was washed with 10 CV of washing buffer. Adsorbed FV/FVL
was eluted with elution buffer containing high salt concentration (0.02 M
imidazole, 5.0 mM CaCl2, 1.2 M NaCl, pH 6.5).

12.3 Results and Discussion

12.3.1 Selection of Antibody

To select the antibody among four commercially available antibodies generated
against the light chain of FV, the relative affinities of the antibodies against
FVL (in FVL homozygous patient plasma) were measured by ELISA (Fig. 12.1).

The antibody fromHaematologic (HTI) showed the highest affinity and the one
from Fitzgerald showed the lowest. Because, the affinity of ligand is usually sig-
nificantly reduced during the immobilization process, HTIwas selected to test first.

12.3.2 Selection of Affinity Chromatography Gel Matrix

Two commercially available affinity chromatography gel matrices, Actigel and
CNBr were tested for their FV purification efficiency. Actigel and CNBr have a
5-atoms and 1-atom spacers, respectively. Our previous study results [11]

Fig. 12.1 Relative affinities of four commercially available monoclonal antibodies against
the light chain of FV to FVL plasma.
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showed that the spacer length between the antibody and the matrix can affect

the affinity of the immobilized antibody to antigen. Actigel has shown a better

performance than CNBr and, therefore, it was tested first.
The HTI antibody was immobilized on Actigel as described in the Methods

section, and the immobilization efficiency was 99.2% (Table 12.1). FV purifica-

tion performance of the matrix was then tested, using 40 mg pure FV and the

amounts of FV in various fractions were quantified by ELISA (Table 12.1). Only

2.5% of FV was washed away during the washing step, but only 1% was eluted

(Table 12.1), indicating a too high affinity between the antigen and the antibody.

Therefore, the antibody showing the lowest affinity (Fitzgerald) was tested next.

With the Fitzgerald antibody, 3.8% of the FVwas washed away and 7.5% of FV

was eluted, showing a slightly better recovery, but still very high affinity. We

attempted to further reduce the affinity by using the CNBr matrix [10].
The antibody immobilization efficiency to the CNBr matrix was 99.9%

(Table 12.1). The immuno-affinity chromatography for FV was again per-

formed. During the washing step, 5.5% and 6.1% of the FV was washed

away from the matrices immobilized with HTI and Fitzgerald, and the purifica-

tion yields were 2.7 and 30% (Table 12.1), showing that the combination of the

Fitzgerald antibody and the CNBr matrix provided the best performance.

12.3.3 FV Purification from Blood Plasma

As a next step, FV purification from normal plasma (5 mL) was studied.

Human plasma was pretreated as described in the Methods section and the

amounts of FV in each step were quantified by ELISA (Table 12.2).

Table 12.1 Performance of two commercially available immuno-affinity gel matrixes for FV
purification

Actigel CNBr

HTI Fitzgerald HTI Fitzgerald

Immobilization efficiency (%) 99.2� 0.28 99.9� 0.07

Washing (%) 2.5� 0.28 3.8� 0.07 5.5� 0.1 6.1� 0.07

Elution (%) 1.2� 0.13 7.5� 0.63 2.7� 0.21 30� 19

Table 12.2 Pretreatment of normal plasma before affinity
purification of FV

Fraction
Amount of FV
(mg)

Yield
(%)

Plasma (5 mL) 41.00

Barium citrate supernatant 40.04 98� 1

PEG-6000 I supernatant 31.40 76� 3

PEG-6000 II precipitate 20.00 49� 8
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Then immuno-affinity chromatography of FV was performed using the pre-

treated plasma, and 1 ml of the anti-FV immobilized CNBr. The amount of FV

in each process was determined (Table 12.3). Approximately 5% of FV was

washed away during the washing step. A purification yield of 25%was achieved

for the immuno-affinity chromatography of FV from plasma (Table 12.3).

Therefore, the overall FV purification yield from plasma is approximately

13% combining the yield from the pretreatment of plasma (49%) and the yield

(25%) for the immuno-affinity purification of FV. The maximum overall yield

for FV purification from plasma reported in other references is 20% [3,4,9],

confirming that our result is similar to others.

12.3.4 FVL Purification from Homozygous Patient Plasma
Using FV Antibody

Since the performance of the anti-FV immobilized CNBr for FV purification

was reasonable, the same procedure was used for FVL purification from the

homozygous patient plasma. The plasma was pretreated as described pre-

viously. The recovery of the FVL from the barium citrate adsorption, PEG

precipitation I, and PEG precipitation II was 93%, 89, and 54% (Table 12.4),

which was similar to the yields for the pretreatment of normal plasma. The

immuno-affinity purification of FVL showed a yield of 25%. The overall FVL

purification yield from patient plasma was found to be 14% combining the yield

from the pretreatment of homozygous plasma (54%) and the yield (25%) for

immuno-affinity purification of FVL, which was similar to that of FV.

Table 12.3 Immuno-affinity purification of FV from plasma using
CNBr

Amount of FV in the
source, mg

Washing,
mg (%)

Elution,
mg (%)

20 0.94 (4.7� 0.2) 5 (25� 4)

Table 12.4 Immuno-affinity purification of FVL fromFVL
homozygous patient plasma using anti-FV immobilized
CNBr

Fraction
Amount of
FVL (mg)

Yield
(%)

Plasma 165.3

Barium citrate supernatant 153.5 93� 2

PEG-6000 I supernatant 146.7 89� 1

PEG-6000 II precipitate 92 54� 5.5

Affinity chromatography 23.2 14� 2
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12.4 Conclusions

FVL is the most common hereditary, abnormal blood-coagulation disorder. To
develop a rapid and inexpensive biosensor for FVL diagnosis, FVL molecules
were purified from homozygous patient plasma. The immuno-affinity chroma-
tography of FVL was performed using antibodies against the light chain of FV.
The antibody was able to purify the single point mutated form of FV (FVL)
from plasma at an overall yield of 14%. The same principle can be used to
purify the other single point mutated proteins.

Acknowledgment The authors thank the National Institutes of Health (5 R21EB003485-02)
for the financial support, and Dr. Sharma at the Oncology Department of the University of
Louisville for his help to obtain the plasma from a homozygous patient.

References

1. C. T. Esmon, The subunit structure of thrombin-activated factor V: Isolation of activated
factor V, separation of subunits, and reconstitution of biological activity. J. Biol. Chem.
254, 964–973 (1979).

2. W. H. Kane, P. W. Majerus, Purification and characterization of human coagulation
factor V. J. Biol. Chem. 256, 1002–1007 (1981).

3. B. Dahlback, Human coagulation factor V purification and thrombin-catalyzed activa-
tion. J. Clin. Invest. 66, 583–591 (1980).

4. J. Rosing, and G. Tans, Factor V, Int. J. Biochem. 29, 1123–1126 (1997).
5. E. Castoldi, J. M. Brugge, G. A. Nicolaes, D. Girelli, G. Tans, J. Rosing, Impaired APC

cofactor activity of factor V plays a major role in the APC resistance associated with the
factor V Leiden (R506Q) and R2 (H1299R) mutations, Blood 103, 4173–4179 (2004).

6. M. Wilmer, C. Stocker, B. Buhler, B. Conell, A. Calatzis, Improved distinction of factor
V wild-type and factor V Leiden using a novel prothrombin-based activated protein
C resistance assay, Am J Clin Pathol. 122, 836–842 (2004).

7. R. J. Alexander, T. C. Detwiler, Quantitative adsorption of platelet glycoprotein G
(thrombin-sensitive protein, thrombospondin) to barium citrate. Biochem. J. 217, 67–71
(1984).

8. H. A. Donald, K. C. Ingham, Mechanism of precipitation of proteins by Polyethylene
Glycol. J. Biol. Chem. 256, 12108–1211766 (1981).

9. J. A. Katzmann, M. E. Nesheim, L. S. Hibbard, K. G. Mann, Isolation of functional
human coagulation factor V by using a hybridoma antibody. Proc. Natl. Acad. Sci. USA.
78, 162–166 (1981).

10. K. A. Kang, D. Ryu, W. M. Drohan and C. L. Orthner, Effect of matrices on affinity
purification of protein C. Biotechnol Bioeng. 39, 1086–1096 (1992).

11. S. Rezania, D. G. Ahn, and K. A. Kang, Separation of protein C from Cohn fraction IV-1
by mini-antibody, Proceedings of the Annual 2005 ISOTT meeting. Adv. Exp. Med. Biol.:
Oxygen Transport to Tissue XXVIII, 599, (Maguire, D.J., Bruley, D.F., Harrison, D.K.,
eds.), p. 125–132, 2007.

12 FVL Purification from Plasma 107



Chapter 13

A Simple Volume Related Model of Arterial Blood

Pressure Generation

Christopher B. Wolff1, Benn S. Gooch2, and James S. Douglas3

Abstract A single compartment model of the arterial circulation was used to
generate an arterial blood pressure waveform from pre-determined stroke
volume (SV) and arterial resistance (R). With fixed stroke volume and varying
resistances blood pressure waveforms showed mean values proportional to
resistance but amplitude lessening with higher pressure; the amplitude of the
hypothetical volume waveform of the arterial system was the same for all
resistance values. Where SV varied and R changed reciprocally, the waveform
when analysed with the PulseCOTM algorithm gave estimates slightly higher
than the input stroke volumes (r 0.9998; y = 0.99xþ 5.28 ml). Where SV varied
with fixed Rmean blood pressure varied with stroke volume; SV estimates were,
again, slightly higher than the input stroke volumes (r 0.9994; y= 0.986xþ 6.04
ml). Estimates of SV andR fromValsalvamanoeuvre BPwere used in themodel
to generate arterial blood pressure. SV estimates closely resembled the original
model values (r 0.988; y = 1.0802x – 3.9251). The model appears capable of
generating BP waveforms compatible with real BP waveforms since stroke
volume estimates closely resemble the original stroke volumes used in themodel.

13.1 Introduction

An algorithm, utilized commercially (PulseCOTM) to derive stroke volume from
arterial blood pressure includes, as part of the procedure, an equation for the
generalized compliance properties of the arterial tree. It is assumed that the
arterial volume, V, is related to the arterial blood pressure, P, according to
the relationship:

1Clinical Pharmacology & Anaesthetics, William Harvey Research Institute, Barts and The
Royal London, Charter House Square, London, UK, EC1M 6BQ.
2St. George’s, University of London, Cranmer Terrace, London, UK, SW17 ORE.
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V ¼ 250ð1� eð�0:0092PÞÞ (13:1)

This allows calculation of a putative arterial volume waveform. The oscillation
around its mean value is subjected to an autocorrelation manoeuvre. The derived
auto-covariance gives an objective cardiac period and its amplitude is deemed
related to the square of the stroke volume. Cardiac output values are displayed
beat-by-beat. Since subjects vary in size and in their precise arterial wall properties
a static, absolute, value of cardiac output is obtained intermittently by ‘dye’
dilution (Lithium chloride, LiDCOTM) in order to obtain an individual scaling
factor. In effect, the scaling factor (or calibration), simply adjusts the value of 250
in the equation above. The algorithm has been validated against Lithium dilution
cardiac outputmeasurement in a number of studies [1–3], and reviewedbyRhodes
and Sunderland [4]. Further within-subject/patient validation is underway.

A single compartment model is presented here which includes the above
assumption about the compliance properties of the arterial system. The input
to the system consists of stroke volume increments fed in 1/100th second at a time
and account is taken of the volume already present in the previous
1/100th second, outflow (in the previous 1/100th second) and arterial resistance.
This allows generation of an arterial blood pressure waveform. Figure 13.1 shows
the single arterial compartment diagrammatically, with a boundary at zero
pressure and another shown for the larger volume which will accompany a finite
arterial blood pressure. Details of the computations are given in the next section.

13.2 Model

Themodel arterial blood pressure is generated 1/100th second at a time. Increments
of stroke volume (v, column D in Fig. 13.2) are added to a volume compartment
(column E) to which the previous volume is added. The latest cardiac output

Fig. 13.1 The whole arterial compartment is represented as a single vessel with access from
the heart and outflow to the periphery. ‘SV in’ represents the input, which will consist of
increments adding up to the stroke volume during systole and a sequence of zeros during the
time representing diastole. Cardiac output is continuous.
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increment (‘Outflow’, column G) is subtracted from the total. The volume, V, here

is the excess above the volume of the arterial system when blood pressure is

zero (atmospheric).
Hence for the volume column:

Vn ¼ vn þ Vðn�1Þ � qðn�1Þ (13:2)

To obtain the arterial blood pressure corresponding to this volume the equation

for volume from blood pressure P (1) is reversed becoming:

P ¼ 108:7� lnð1� V=250Þ (13:3)

This is applied in columnF inFig. 13.2. For thismodel outflow, q, for each 1/100th

second is derived in column G from P/R where R is arterial resistance (column

H). The model includes starting conditions (all zeros here, in line 8) and, next,

Fig. 13.2 Starting conditions are given in an initial line (line 8 in this instance).
Equations to calculate volume (V), arterial blood pressure (P) and blood flow (q) are
present in line 9 in columns E, F and G respectively. V, P and q are calculated from
stroke volume and resistance on the basis of several simple assumptions outlined in the
text and embodied in the equations. The equations utilise stroke volumes in column D
and values for arterial resistance in column H to generate values for the excess volume
(V, above the volume at zero pressure), arterial blood pressure and cardiac output; they
are applied to successive lines of the spreadsheet. Values soon reach a steady state where
the arterial pressure oscillations and cardiac output are reproduced with every cycle (as
in lines 341 to 353).
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the first line of equations (line 9 in this example). Each row represents 1/100th
second (column C).

Cardiac output is normally expressed as l min–1 so the values in columnG for
outflow (ml per 0.01 s) are 1/6th (1000/(60 � 100)) of the usual units. Hence,
cardiac output is obtained from column G using a factor 6 to scale it up from
ml/0.01s to l min–1.

A variety of different situations will be examined:

1. A single stroke volume of 100ml will be entered into the model with different
arterial resistance values to see the effect on themodel arterial blood pressure
and excess volume.

2. A range of stroke volumes (50, 80, 100, 120 and 150 ml will be entered into
the model with the same value for arterial resistance (100 mm Hg per (ml/
0.01s)); this will be expected to lead to mean blood pressures which increase
as stroke volume increases.

3. The same range of stroke volumes will be entered into the model but with
reciprocal values of arterial resistance; this is expected to give a constant
value for the mean arterial blood pressure. For example, for 100 ml stroke
volume the resistance entered will be 100mmHg per (ml/0.01s) and for 50ml
the resistance will be 200 mm Hg per (ml/0.01s).

4. The blood pressure records from situations 2. and 3. will be analysed with the
PulseCOTM algorithm to give estimates of stroke volume and these will be
compared with the values originally entered into the model.

5. The arterial blood pressure recorded before during and after a Valsalva
manoeuvre will be analysed to give estimates of stroke volume, cardiac inter-
val and arterial resistance beat-by-beat. These values will be entered into the
model to attempt regeneration of the original blood pressure waveform.

6. The blood pressure record generated by situation 5 will again be analysed to
give beat-by-beat stroke volume estimates from the models blood pressure
output. These will be compared with the values entered into the model.

Since the situation at any given time interval (of 100th s) depends solely on the
values in the model for the present (SV) and immediately previous (100th s) time
interval the starting conditions can be finite (they don’t have to be zero); so one
can enter known values from an existing steady state after which the outcome
blood pressure will depend upon the stroke volume and resistance values
entered into the model.

13.3 Results

13.3.1 Constant SV, Varying R

The overall arterial compliance curve is depicted in Fig. 13.3 (left hand panel).
The arterial blood pressure and volume changes resulting from changing
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peripheral resistance, with a constant stroke volume of 100 ml, are shown in the
middle and right hand panels respectively.

13.3.2 Varying Stroke Volume

Arterial pressure waveforms were generated by the model with stroke volumes
varying between 50 ml and 150 ml. They were then analysed by means of the
PulseCOTM algorithm to give estimates of stroke volume which were plotted
against the original model values. The results are shown in Fig. 13.4.

Plot A shows where arterial resistance was constant (100 (mmHg/(ml/.01s))
with proportional changes in mean blood pressure; plot B shows the SV results
where resistance was changed inversely with stroke volume so that the arterial
mean pressure was constant.

Plots C and D show the differences between SV estimates from the model
blood pressure and the original SV values; the differences in ml. are shown in
C and then these are shown as a percentage of the original values in plot D.

Table 13.1 gives SV values entered in the model (‘imposed SVs’) and resis-
tances used (fixed resistances, A; reciprocally varying resistances, B). SV esti-
mates are also given.

13.3.3 A Valsalva Manoeuvre Blood Pressure Record – SV
Estimates Used in the Model

Stroke volumes and cycle lengths were estimated from arterial blood pressure
recorded before during and after a Valsalva manoeuvre (Fig. 13.5, left hand
panel). Arterial Mean BP and cardiac output were then used to calculate beat-
by-beat arterial resistance. These stroke volume and resistance values were then

Fig. 13.3 Left panel: the compliance relationship between excess arterial volume (the volume
above that where BP is zero) to the arterial blood pressure – a saturating exponential
(1) above. Middle panel: blood pressure output from the model for constant stroke volume
(SV, 100ml), with three different arterial resistances (units, mmHg per (ml. 0.01s�1)). There is
a progressive increase in mean blood pressure and in the arterial pressure oscillations as
resistance increases. Right hand panel: the volume oscillations are of constant amplitude
despite increases in the mean value; otherwise the algorithm to derive SV from blood pressure
would give different stroke volumes.
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Fig. 13.4 This shows the results of estimating stroke volume by means of the PulseCOTM

algorithm from arterial blood pressure waveforms generated by the model; the model stroke
volumes were 50, 80, 100, 125 and 150 ml. A. Varying stroke volume with a fixed resistance ;
B.Varying stroke volumewith reciprocal resistance values (seeTable 13.1). Errors are shown inC
andD, expressed as differences inml. and inD expressed in percentage terms.

Table 13.1 Stroke volumes and resistances imposed on the model and stroke volume values
derived from the resulting model blood pressure records

A B

Imposed SV
(for model) (ml)

Fixed
Resistance
(mmHg/
(ml/.01s))

Derived
SV (ml)

Reciprocal
Resistance
(inverse of SV)
(mmHg/(ml/.01s))

Derived
SV (ml)

50 100 53.0 200 53.3

80 100 84.5 120 84.4

100 100 105.1 100 104.6

125 100 129.3 80 129.1

150 100 151.4 66.7 152.7
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used to run the model thereby generating a model blood pressure record. Stroke
volumes were again estimated, this time from the blood pressure generated by the
model.

Figure 13.5 shows the original arterial blood pressure record on the left with
stroke volume estimates from it and, on the right, the model derived blood
pressure and stroke volumes estimated from it. The lower panel shows the
stroke volume estimates from the model blood pressure plotted against the
stroke volume estimates from the original Valsalva BP record.

13.4 Discussion

Themodel generates a blood pressure waveform on the basis that stroke volume
enters the model’s arterial compartment intermittently. Expansion is less than
stroke volume because of simultaneous outflow (cardiac output) at the
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Fig. 13.5 Above left: Arterial blood pressure recorded before during and after a Valsalva
manoeuvre (forced expiration against a closed airway for 10s) with stroke volumes beat by
beat, derived using a true single cycle version of the PulseCOTM algorithm (under devel-
opment). Above right: Blood pressure waveform derived by the model from stroke volume
estimates and arterial resistance calculated from the original Valsalva manoeuvre (L panel).
Again, (R panel) stroke volume estimates are shown, this time derived from the model
blood pressure. Below: The relationship between the stroke volume estimates from the
model version of the blood pressure and the estimates from the original blood pressure
(y = 1.08x – 3.925; r = 0.988).
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periphery.5 The outflow, in turn, depends upon the arterial blood pressure (BP).
The blood pressure again depends upon the extent to which the arterial volume
exceeds the volume which would be occupied at zero pressure (atmospheric).
The curvilinear pressure dependency upon this ‘excess’ volume is represented by
(1) and (its reverse) (3), the relationship illustrated in the left-hand panel of
Fig. 13.3.

The PulseCOTM algorithm, working on blood pressure waveforms generated
by the model from a wide range of stroke volumes, regenerates stroke volumes
similar to those originally put into the model (imposed volumes). Derived
volumes are around 3–4% greater than imposed volumes, presumably in some-
way due to the effect of the PulseCOTM algorithm’s inclusion of auto-
covariance of the volume converted blood pressure. The volume conversion
can be seen to compensate for reduced arterial volume expansion at higher
pressures (right hand panel of Fig. 13.3).

The similarity of derived stroke volumes to input stroke volumes underlies
the close similarity of the original and model derived arterial blood pressure
waveforms (Fig. 13.5). One obvious difference, however, is the lack of a
reflected wave in the model derived blood pressure wave-form, as illustrated
in Fig. 13.6 below. Here we see the original waveform with evidence of a
reflected wave, the model only showing a smooth descent during the diastolic
phase.

Validation of PulseCOTM [4] requires further support in the individual but
the near agreement between the model and PulseCOTM (to the extent of
PulseCOTM validation to date) supports the assumptions of the model. The
assumptions made to derive the model are not new; they can be found in the
papers of Remington, Hamilton andDow [5] and Remington andHamilton; [6]
authors who, at that stage (1945), could not test their hypotheses readily with
computers as illustrated here. It is hoped that the model will be of value in
developing hypotheses concerning circulatory dynamics.
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Fig. 13.6 A short section of the early part of original Valsalva manoeuvre blood pressure
record, prior to the actual manoeuvre with the output from the model. On the left is an 8
second sequence with the presence of a dicrotic notch apparent in the original waveform
(bold). The model blood pressure lines are thinner. In the right hand panel just over 2 cycles
are shown and the dicrotic notch in the original record is more obvious. The model output
shows a smooth decay.
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Tumor, Cancer and Oncology



Chapter 14

Strikingly High Respiratory Quotients:

A Further Characteristic of the

Tumor Pathophysiome

Peter Vaupel
1

Abstract Conspicuously high respiratory quotients (RQs) are found in solid
tumors in vivo. RQs in the range between 1.29 and 1.95 neither reflect the
degree of substrate oxidation by tumor cells nor indicate the types of fuels
involved in metabolic processes. Instead, such tumor RQs most probably are
caused by (a) channeling of glycolytic end-products into lipogenesis, and by
(b) CO2 release from the tumor following extracellular buffering of Hþ-ions
by bicarbonate. Hþ-ions exported from the intracellular space into the inter-
stitial compartment titrate extracellular bicarbonate to CO2 and H2O with the
aid of the ectoenzyme carbonic anhydrase IX, which is activated at low pH.
Strikingly high (RQs) may thus be a further characteristic of the tumor
microenvironment and of the tumor (patho-)physiome, the latter quantita-
tively describing the pathophysiologic characteristics of tumor cells and solid
tumors.

14.1 Introduction

An indication of the types of fuels involved in metabolic processes is given by
the respiratory quotient: RQ = CO2 output/O2 uptake. If the fuel is pure
carbohydrate, the RQ = 1.0, for fat breakdown it is 0.7 [1,2]. In exceptional
cases, the RQ can be outside the range of 0.7 – 1.0. It becomes greater than
1.0 when excess carbohydrates are consumed, so that fat stores are built
up [1]. Moreover, extremely high RQ values are (temporarily) found in the
early stages of a voluntary hyperventilation or when metabolic acidosis devel-
ops. In these cases, respiratory CO2 output is greater than the metabolic CO2

formation, so that the RQ values briefly rise above 1.0 (in some cases to as
much as 1.5) [1].
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Enhanced lipogenesis has been described for tumor cells [3,4] and data have

recently been communicated that glycolytic end-products can be channeled into

lipogenesis in certain cancer models [5–7]. In this case, RQ values should greatly

exceed the upper end of the reference range. To test this, a critical evaluation of

in vivo data has been performed, and indeed excessively high RQ values have

been calculated for experimental tumors in vivo.

14.2 Material and Methods

RQ values have been calculated from venous-arterial CO2 concentration differ-

ences and arterio-venous O2 concentration differences under steady state con-

ditions. In vivo tumor models include experimental isotransplants in the rat [8]

and xenografted human tumors in immunodeficient rnu/rnu-rats [9,10].

14.3 Results

Taking into account steady-state arterial and venous O2 and CO2 concentra-

tions in tissue-isolated preparations, strikingly high RQ values of 1.91 have

been calculated for experimental DS-sarcomas in SD-rats, and RQ values

between 1.29 and 1.95 for xenografted human carcinomas in nude rats (see

Table 14.1).

Table 14.1 Arterial (art.) and venous (ven.) O2 and CO2 concentrations (cO2 and cCO2,
respectively), concentration differences (�c), RQ values of experimental DS-sarcoma (DS-Sa)
isotransplants in rats, and xenografted human breast and lung cancers in immunodeficient
rnu/rnu-rats. Data are compared to normal (granulation/fat) tissue using a comparable tissue-
isolated preparation. RQ = �cCO2/�cO2

Tumor

cO2

(ml/dl)
�cO2

(ml/dl) cCO2(ml/dl)
�cCO2

(ml/dl) RQ Ref.
art. ven. art. ven.

DS-Sa

(rat)

16.40 10.85 5.55 42.8 53.4 10.6 1.91 [8]

Breast Ca.

(human)

16.40 9.70 6.70 45.0 58.0 13.0 1.95 [9]

Breast Ca.

(human)

16.60 9.27 7.31 47.0 57.7 10.7 1.46 [10]

Lung Ca.
(human)

17.30 12.50 4.80 48.0 54.2 6.2 1.29 [9]

Granulation
tissue

18.47 12.77 5.70 48.0 52.2 4.2 0.74 [10]
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14.4 Discussion

In vitro studies described by Dickens and Simer [11] on tumor slices revealed

RQ values distinctly below 1.0 (RQ= 0.82 – 0.91) which were associated with a

high rate of glycolysis. These authors reasoned that in tumors, carbohydrate

oxidation is limited by a defective mechanism for oxidation of glycolysis pro-

ducts, agreeing fundamentally with Warburg’s idea of an impaired respiration

in tumor cells [12,13]. However, there are several reasons why this hypothesis no

longer seems tenable [6,7,14–16].
In contrast to Dickens and Simer [11], strikingly high RQ values are found in

experimental tumors under in vivo conditions. These data may be explained by

(at least) two mechanisms: (1) channeling of glycolytic endproducts into lipo-

genesis (i.e., conversion of carbohydrate to fat) which is known to yield RQ

values above unity, and (2) hypoxia-induced upregulation of genes that can

induce proteomic changes and that allow malignant cells to adapt to their O2-

deprived metabolic state (see Fig. 14.1).

Fig. 14.1 Hypoxia-mediated metabolic adaptation for energy preservation. Activation of
genes for glucose transporter-1 (GLUT-1 = 1) and glycolytic enzymes yields an increased
glycolytic rate. Hþ-ions produced are preferentially exported via a Naþ/Hþ-antiporter
(NHE-1 = 2) and a lactate�/Hþ-symporter (monocarboxylate transporter MCT-1 = 3)
leading to a drop in extracellular pH (pHe). Low extracellular pH activates the membrane-
bound ectoenzyme carbonic anhydrase IX (CA IX= 4). HIF-1a=hypoxia-inducible factor
1a, PHDs = prolyl hydroxylases, FIH = asparagyl hydroxylase, lac�= lactic acid.
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Over expression of GLUT-1 and of glycolytic enzymes in hypoxia facilitates
cellular glucose uptake and enhances the capacity of tumor cells to catabolize
glucose at even higher metabolic rates than those found under normoxic con-
ditions. Overproduction of lactic acid is a mandatory consequence. To survive
and proliferate, cells extrude Hþ-ions via transporters to maintain a physiolo-
gical intracellular pH, promoting extracellular acidification. The latter,
together with a HIF-1a-induced upregulation of the membrane-bound ectoen-
zyme carbonic anhydrase (CA IX), finally leads to buffering of the exported
protons by extracellular bicarbonate causing an intensified CO2 release accord-
ing to the following equation [17]

Hþ þHCO�3 ! H2Oþ CO2 (14:1)

Total CO2 output is thus greater than the metabolic formation of CO2 from
substrate oxidation. Conspicuously high RQs in solid tumors thus do not reflect
the degree of substrate oxidation in tumor cells. Besides glycolysis, an intensified
Hþ-production results from substantial ATP hydrolysis, glutaminolysis and
ketogenesis [18,19].

Experimental evidence for this latter notion are very high CO2 partial
pressures (79mmHg) and low bicarbonate concentrations (19 mmol/l) found
in the interstitial fluid of solid tumors compared to arterial blood (pCO2 = 40
mmHg, bicarbonate concentration = 23–24 mmol/l) [20,21]

14.5 Conclusions

Strikingly high RQ values have been calculated for solid tumors in vivo. Most
probably these are caused by (i) channeling of glycolytic end-products into
lipogenesis, and (ii) buffering of exported Hþ-ions from the intracellular
space to the interstitial compartment. Acidosis-mediated activation of mem-
brane-bound CA IX finally yields an intensified (‘‘non-metabolic’’) CO2 release
from the tumor tissue. Conspicuously high RQs may thus be a further char-
acteristic of the tumor pathophysiome.

In this context, the term ‘‘tumor pathophysiome’’ (in analogy to the
physiome [22,23] and tumor metabolome [24] ) is coined to quantitatively
describe the (patho-)physiological dynamics and functional behavior of solid
tumors in vivo, the quantitative evaluation and description of the tumor micro-
environment included.
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Chapter 15

Endogenous Hypoxia Markers: Case Not Proven!

Arnulf Mayer1, Michael Höckel2, and Peter Vaupel3

Abstract The pivotal role of hypoxia within the pathophysiological frame-

work of solid malignant tumors is now considered to be indisputable. The fact

that hypoxia can cause resistance to various cancer therapies and promote

malignant progression is reflected in its adverse impact on prognosis which is

repeatedly shown for various tumor entities. Knowledge in this area is based

on direct assessment of the oxygenation status using O2-sensitive microsen-

sors. However, weaknesses of this standard method are its invasiveness and

limitation to accessible tumor entities. Hypoxia-inducible factor (HIF)-1a, the
master transcriptional regulator of the hypoxic response, as well as certain

downstream genes, e.g., glucose transporter (GLUT)-1 and carbonic anhy-

drase (CA) IX, have been considered to be suitable as surrogate biomarkers of

hypoxia due to their tight regulation by O2 levels under certain, well-defined

in vitro conditions. The fact that statistical correlations between the expres-

sion of these proteins and direct pO2 measurements in the clinic have been

sporadically reported seemed to support their role as ‘‘endogenous hypoxia

markers’’. Remaining disparities were mainly attributed to the influence of

tumor heterogeneity. In a series of studies, we have addressed this question by

examining the expression of HIF-1a, GLUT-1 and CA IX in tissue micro-

areas where direct O2 measurements had previously been carried out, so that

the influence of tumor heterogeneity could be reduced to a minimum. Using

this methodology, no correlation between the expression of ‘‘endogenous

hypoxia markers’’ and direct pO2 measurements could be found. In conclu-

sion, while there may be a stringent association between these markers and the

oxygenation status under standardized in vitro conditions, this is not transfer-

able to the clinical assessment of oxygenation status in patients. The term

‘‘endogenous hypoxia markers’’ should therefore be avoided, at least in the

clinical oncology setting.

1Institute of Physiology and Pathophysiology, University of Mainz, 55099 Mainz, Germany.
2Department of Gynecology and Obstetrics, University of Leipzig, 04103 Leipzig, Germany.
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15.1 Introduction

Themicroenvironment ofmalignant tumors is characterized by extensive areas of
local hypoxia leading to therapeutic resistance [1] and hypoxia-inducedmalignant
progression [2,3]. The latter is multifactorial, being the common end result of
hypoxia-driven gene expression, mutation and clonal selection. These processes
lead to, e.g., enhanced invasive capacity [4,5], tendency tometastasize [6,7], radio-
resistance [8] and chemoresistance [9,10]. Since hypoxia is the consequence of an
inadequate and malfunctional microvasculature, hypoxic regions may addition-
ally indicate areas inaccessible to cytostatic agents and could therefore become
‘‘phenotypically’’ chemoresistant [11]. Interactions of hypoxia with other aspects
of the microenvironment (e.g., acidic extracellular pH, elevated interstitial fluid
pressure) significantly add to these phenomena. The clinical relevance of these
mechanisms is reflected in a poor prognosis in patients with hypoxic tumors of
various entities [2,12–19]. These data have been acquired using O2-sensitive
microsensors (Eppendorf pO2 histography) in the clinical setting. However,
important drawbacks of this method include its invasive nature and a limited
applicability due to its restriction to tumors accessible to needle electrodes.

Hypoxia-induced gene expression is controlled primarily by a small set of hetero-
dimerichypoxia-inducible(transcription)factors(HIFs).HIF-1wasdescribedfirst[20]
andremains themost importantprotein inthisgroup.Innormoxia,HIF-1a ishydro-
xylatedatcertainconservedprolylresidues[21,22].Conformationalchangesinducedby
this modification allow for recognition by the von Hippel-Lindau protein (pVHL),
which is part of an E3 ubiquitin ligase complex [23]. Ubiquitin labeling results in
proteasomaldegradationandthusinlowHIF-1alevelsundernormoxia.Thisdegrada-
tion process is interrupted under hypoxic conditions, since the activity of the prolyl
hydroxylases(PHDs)requiredforthisprocessisoxygen-dependent.

Manytumor-relevantmechanismsare triggeredbyhypoxia through theactionof
HIF-1targetgenes,ofwhichapprox.70arecurrentlyknown [24].Inadditiontoitsrole
intumorpathophysiology,HIF-1aanditstargetgenesGLUT-1andCAIXhavebeen
proposedas‘‘endogenousmarkers’’oftumorhypoxia.Markersofthistypewouldnot
only be able to circumvent problems associatedwith themicrosensor technique, but
wouldalsopermitoxygenation status assessment inarchival paraffinmaterial.

The association of expression levels of potential endogenous hypoxia mar-
kers HIF-1a, GLUT-1 and CA IX with the oxygenation status is well estab-
lished in vitro. The aim of the present report was therefore to review the validity
of these markers in the clinical setting.

15.2 Hypoxia-inducible Factor-1 (HIF-1)

HIF-1a protein levels in cultured cells are tightly regulated by hypoxia. Eleva-
tion of HIF-1a protein by hypoxic inhibition of PHD activity as well as
degradation following reoxygenation are both rapid processes. In HeLa cells,
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detectable levels of HIF-1a are reached within 2min of exposure to hypoxia and
exhibit a half-life of approx. 8 min upon reoxygenation [25]. The O2 concentra-
tions at which accumulation starts are below 5%, with half-maximal induction
at 1.5% and maximal at 0.5% in these cells [26]. The in vivo situation, however,
is less clear. Immunohistochemical staining of HIF-1a is typically found to
increase as a function of distance from microvessels within the tumor stroma,
but a diffuse pattern has also been observed in some cases [27]. Reported
correlations of immunohistochemical HIF-1a expression with data obtained
from electrode measurements in patients were weak [28] or even very weak [29].
This lack of a stringent association between the two assays was attributed
to tumor heterogeneity. To test this hypothesis, HIF-1a staining by
immunohistochemistry was assessed in biopsy specimens of O2 electrode tracks.
Using this methodology, both analyses were performed in almost identical
tissue microareas. No correlation between HIF-1a expression and the directly
measured oxygenation status could be found [30].

Both methodological and biological factors may help to explain this finding.
Immunohistochemical detection of HIF-1a is often performed with a biotinyl-
tyramide-based, signal-amplifying detection system [28,30–32], which is more
difficult to standardize than the conventional ABC-technique and may yield
high background staining. Immediate fixation of specimens, a necessary step
due to the rapid degradation kinetics of HIF-1a, is not always part of routine
pathology procedures. Additionally, the choice of fixation media and fixation
times has been reported to severely influence results [28].

The stabilization of HIF-1a can also be triggered by microenvironmental
factors other than hypoxia. Extracellular acidosis, a further hallmark of the
hostile tumor micromilieu, has been shown to result in inhibition of pVHL
ubiquitin-ligase activity, leading to normoxic HIF-1a stabilization [33]. Pyru-
vate and lactate, end products of glycolytic metabolism, have also been shown
to stabilize HIF-1a [34]. Both elevated [35] and lowered [36] tissue glucose
concentrations can prevent hypoxic HIF-1a stabilization.

It has long been recognized that HIF-1a expression can occur secondary to
the activation of signaling pathways by growth factors or by mutations within
these cascades [37,38]. Subsequently, increased levels of HIF-1a protein ‘‘over-
ride’’ the proteasomal degradation process and activate the transcription of
target genes. Since many growth factor genes are target genes of HIF-1a,
autocrine feedback loops are likely to be established. Indeed, this has been
shown to apply to insulin-like growth factor 2 [39]. Mutations of the VHL gene
are known to result in normoxic stabilization of HIF-1a [23], leading to tumor
formation in patients with VHL disease [40]. Activating mutations of HIF-1a
have also been described [41], as well as gene amplification [42] and stabilization
secondary to mutations of the tumor suppressor p53 [43]. Normoxic HIF-1a
degradation is also prevented in cells carrying mutations in genes for the
mitochondrial enzymes succinate dehydrogenase and fumarate hydratase [44].

This diversity of mechanisms for non-hypoxic HIF-1a induction and mod-
ulation of hypoxic HIF-1a induction is probably the reason for the findings of
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our study on cervix cancers [30] and for the weak correlations described by
others [28,29]. The individual relevance of these mechanisms is very likely
dependent not only on the tumor type but also on the genetic background of
individual tumors and possibly even cell clones within tumors.

15.3 Target Genes of HIF-1a

The possibility that target genes of HIF-1a may be suitable as endogenous
hypoxia markers whereas HIF-1a itself is not, may at first seem inconsequent.
However, in theory this may be the case owing to the fact that HIF-1a tran-
scriptional activity is a separate O2-regulated step. The hydroxylation of a
specific asparagine residue by factor inhibiting HIF (FIH) reduces the interac-
tion of HIF-1a with its transcriptional co-activators (e.g., p300/CBP). FIH-1 is
inhibited at a lower pO2 than the prolyl hydroxylases [45].

15.3.1 Carbonic Anhydrase IX (CA IX)

The gene for CA IX has been shown to be the most strongly hypoxia-
inducible of a panel of 24,504 unique transcripts on a gene array [38,46].
The induction of CA IX protein is delayed, with the highest levels being
reached after 24 hours of hypoxia. Additionally, CA IX expression has been
demonstrated to be stable for more than 96 hours after reoxygenation [38,47].
Therefore, while CA IX seems to be unsuitable as a marker of acute and
‘‘episodic’’ hypoxia, it may nevertheless prove to be useful in the assessment of
chronic hypoxia. The immunohistochemical expression pattern of CA IX is
similar to that described for HIF-1a.

Correlation of CA IX expression with oxygenation status has been reported
for cancers of the uterine cervix [48] and for non–small cell lung cancers [49].
However, other investigations were not able to confirm this [50,51], including
our own study in uterine cervix cancers [52]. As in our investigation of HIF-1a,
both O2 electrode measurements and immunohistochemistry for CA IX were
performed in identical tissue microareas. The different types of hypoxia
assessed by these methods (chronic vs. acute) may partially explain the differ-
ences seen between direct oxygenation measurements and CA IX expression.
However, since we repeatedly found – analogous to our HIF-1a study –strongly
hypoxic tumors completely devoid of CA IX staining and relatively well-oxy-
genated tumors exhibiting strong CA IX staining, the discrepancy between both
methods may be of a more general nature.

Obviously, the deregulation of HIF-1a by non-hypoxic stimuli does play a
role and the clear relevance of an additional O2-regulated step as described
above is not supported by our own findings. Since CA IX is involved in pH
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regulation, it is noteworthy that low extracellular pH has been shown to inhibit
CA IX expression under hypoxia in SiHa cells [53]. In addition to this, other
microenvironmental factors such as low bicarbonate [54] or glucose levels [47]
have been shown to have a hypoxia-independent impact on CA IX expression.
As with the HIF-1a data cited above, low glucose levels have been shown to
impede CA IX expression [47]. CA IX expression has also previously been
shown to be primarily dependent on cell density [55]

15.3.2 Glucose Transporter 1 (GLUT-1)

The immunohistochemical expression pattern of GLUT-1 is again similar to
that of HIF-1a, with the strongest staining being found at the greatest distance
from vessels within the tumor stroma and in the viable cell layers around
necrotic areas. The timescale for GLUT-1 induction is comparable to that of
CA IX, with maximum mRNA levels being reached only after 16 hours of
hypoxia in one study [54]. The hypoxia-induced GLUT-1 fraction as such
would therefore be expected to be predominantly a marker of chronic hypoxia.
Although degradation of GLUT-1 upon reoxygenation is much more rapid
than is the case with CA IX, it is nevertheless incomplete [54]. Hence, the
expression of GLUT-1 tends to be more extensive than that of CA IX [56].

A correlation between electrode measurements and GLUT-1 expression in
advanced carcinomas of the uterine cervix has been described [57]. However, this
correlationwas onlyweak (r� 0.28). Contrary to these data, in a recent analysis of
GLUT-1 expression and the oxygenation status in identical microareas, no corre-
lation between results obtained with these two methods could be found [58,59].

As was the case for HIF-1a and CA IX, the impact of hypoxia-independent
factors onGLUT-1 expressionmay be the decisive factor for the absence of a direct
correlation. Besides hypoxia, induction of GLUT-1 expression has been reported
to occur as a result of glucose depletion [60,61], and this in turn has been linked to
the induction of the unfolded protein response, [62] although the molecular
mechanisms remain unclear. Induction of GLUT-1 expression through glucose
depletion seems to be of pivotal importance in cervical cancer since glucose levels
have been shown to vary considerably in this tumor entity [63, 64]. Other examples
of non-hypoxicGLUT-1 induction are (c-MYC) oncogene activation [65], osmotic
stress [66,67] and the hormone triiodothyronine [68].

15.4 Conclusions

A role for HIF-1a, GLUT-1 or CA IX as endogenousmarkers of tumor hypoxia
is currently not supported by the available clinical data. The same is true for a
variety of other markers which could not be discussed within the scope of this
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review (e.g., VEGF [69], osteopontin [59,70], thymidine phosphorylase [71]). It

currently appears likely that direct O2 measurements and ‘‘endogenousmarkers’’

(HIF-1a and its respective target genes GLUT-1 and CA IX) assess different

aspects of the tumor microenvironment.
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Chapter 16

RAD18 Signals DNAPolymerase IOTA to Stalled

Replication Forks in Cells Entering S-phase

with DNA Damage

Shelly Kakar, Nicholas B. Watson, and W. Glenn McGregor
1

Abstract Endogenously generated reactive oxygen species and genotoxic car-
cinogens can covalently modify bases in cellular DNA. If not recognized and
removed prior to S-phase of the cell cycle, such modifications can block DNA
replication fork progression. If blocked forks are not are not resolved, they
result in double strand breaks and cell death. Recent data indicate that the
process of translesion DNA synthesis (TLS) is a highly conserved mechanism
for bypassing lesions in template DNA. Although not fully understood, in yeast
a ubiquitin ligase (RAD18) signals error-prone Y family polymerases to the
blocked fork to bypass the damage with potentially mutagenic consequences.
Homologs of the yeast proteins are found in higher eukaryotic cells, including
human.We are examining the hypothesis that RAD18 acts as a proximal signal
to Y-family polymerases to bypass damage, in a manner analogous to yeast but
with additional layers of complexity. Here we report that RAD18 accumulates
in nuclear foci after UV irradiation only in cells entering S-phase with DNA
damage. These foci co-localize with proliferating cell nuclear antigen (PCNA).
In addition, a newly described DNA polymerase, pol iota, also forms nuclear
foci in a damage- and S-phase dependent manner. These data support our
overall hypothesis that RAD18 accumulates at blocked forks and initiates the
signal to recruit TLS polymerases.

16.1 Introduction

Cellular DNA is continuously under assault by the byproducts of endogenous
metabolic processes, particularly reactive oxygen species (ROS), and from
exogenous genotoxic agents. Principal among the latter is ultraviolet radiation,
which induces DNA damage by the production of ROS as well as photoaddi-
tion products between adjacent pyrimidines. These damages distort the DNA
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and Toxicology and Department of Medicine, James Graham Brown Cancer Center,
University of Louisville, Louisville, KY 40202. SK andNBW contributed equally to this work.
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helical structure to varying degrees, and prokaryotic and eukaryotic organisms
have developed remarkably conserved mechanisms to recognize and remove
such lesions. In general, oxidized bases are removed by the base excision repair
system and larger bulky adducts are removed by the nucleotide excision repair
system with some redundancy between the two.

It was recognized several years ago that most mutations are induced in DNA
when the repair systems fail to remove DNA damage before the cells enter
S-phase [1]. It was known that the damaged bases block the highly processive and
accurate replicative DNA polymerase complexes, but themechanisms that result in
incorrect copying of the template were largely unknown. Within the last several
years, dramatic advances have afforded significant new insights into the molecular
mechanisms ofmutagenesis. Replication forks that are blocked by bulky adducts in
the DNA are resolved by error-free recombination and error-prone translesion
synthesis (TLS). The latter process is responsible for the majority of base substitu-
tions induced in the DNA. TLS is defined as the incorporation of a nucleotide
across from DNA damage followed by extension of the potentially mispaired
primer-template. Data indicate that this process is undertaken by accessory DNA
polymerases. Several such polymerases have been discovered in higher eukaryotic
cells, and several have been purified. Based on structural homology, these poly-
merases fit into one of three families: the Y-family (REV1, pol Z, i, and �), the
B-family (pol z) or the X-family (pol m, l, s, and Trf5). The cellular roles of this
universe of polymerases are not known [2]. In particular, the extent towhich each of
these polymerases participates in translesion replication most likely depends on the
structure of a particular adduct and on the sequence context. It has been suggested
that pol Z,i, and/or � inserts a base directly across from a lesion, and that pol z
extends the mispair to form a template-primer that can be extended by pol d [3].

The unrestrained activity of error-prone polymerases would lead to wide-
spread mutagenesis and genomic instability, so there are signaling mechanisms
that tightly control polymerase switching events. We are studying the cell
biology of a key regulator of this process, a ubiquitin ligase encoded by the
RAD18 gene [4]. The present studies were undertaken to examine the hypoth-
esis that RAD18 is required to signal the error-prone DNA polymerase iota to
sites of DNA replication forks stalled by damage in the DNA template. The
ultimate goal of these studies is to examine the suitability of this gene product as
a molecular target to prevent carcinogen-induced mutagenesis, and to translate
these data into a practical way to reduce the frequency of mutations and
incidence of carcinogen-induced cancers, such as those of the skin and lung.

16.2 Instruments, Materials, and Methods

16.2.1 Cells and Cell Culture

The primary fibroblast cell strain GM1604 (Coriell Institute) was originally
derived from human fetal lung tissue, and was telomerase immortalized. The
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immortalized cells (NF1604) were provided by Dr. Lisa McDaniels (University
of Texas Southwestern Medical Center, Dallas) under the terms of MTA 3025
between WGM and Geron Corporation. Cells were kept in exponential growth
in DMEM medium supplemented with 10% supplemented calf serum
(Hyclone), 2mMglutamine, penicillin (100U/ml) and streptomycin (100 mg/ml).

16.2.2 Cell Synchronization

Cells were synchronized with 500 mM mimosine for 24 h. Under these condi-
tions, inhibition of ribonucleotide reductase causes the cells to arrest in late G1

by depleting the pool of available deoxynucleotides. For studies of cells in
S-phase, the medium was replaced with fresh medium without mimosine, and
the cells were irradiated 6 h later. The percentage of cells in each phase of the cell
cycle was determined by propidium iodide staining and determination of DNA
content using a FACScan flow cytometer and the ModFit program.

16.2.3 UV Irradiation

Cells were plated at a density of 2.5� 104 cells/cm2 per well of a 24 well plate 24 h
prior to treatment. The wells also contained lysine coated coverslips (Becton-
Dickinson). Cells were irradiated inG1-phase, or in S-phase, 6 h after removal of
the mimosine block. The UV source was a Spectroline germicidal lamp, and the
flux was measured at 254 nm using a research radiometer fitted with a SED240
photodetector and aW diffuser (International Light, Newburyport,MA,USA).
Cells were washed two times with sterile phosphate buffered saline pH 7.4 (PBS),
irradiated, then fresh complete cell culture medium was added. The cells on
coverslips were fixed in methanol 2 h after irradiation.

16.2.4 Localization of Proteins

Following fixation, the cells werewashedwith 1x PBS three times for fivemin. each.
After the final wash, the cells were permeabilized with 0.2%PBST for 10min. Cells
were then blocked for 30 min. on parafilm squares in 0.2% PBST containing 10%
goat serum (GPBST) in a humid chamber at room temperature. While the cells
incubated, the primary antibody was conjugated with the corresponding Zenon
fluorescent secondary (Molecular Probes). 2 mg of mouse anti-PCNA (PC-10,
Dako) was incubated with 20 mL of goat anti-mouse Alexa-Fluor 594 for five
minutes at room temp. Similarly, 2 mg of mouse anti-RAD18 or anti-pol iota
(Abcam) were incubated with 20 mL of goat anti-mouse Alexa-Fluor 488 for five
minutes at room temp. After this incubation, 20 mL of non-specific IgG was added
to both tubes to remove any non-bound fluorescent probe. Both solutionswere then
added together into a 10% GPBST solution. Cells were incubated in the dark for
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1 hour on fresh parafilm in a humid chamber.After fluorescently labeling the cells, a
second fixation is performed with 1x PBS containing 4% formaldehyde for 15 min.
at room temperature to prevent disassociation of the secondary from the primary.
The cells were then washed 3x with PBS and mounted on slides using Slowfade
Light Antifade Kit with DAPI (Molecular Probes) for the mounting medium.
The slides were sealed with clear fingernail polish. Slides were imaged using
a Zeiss Axiovert 100M confocal microscope with 100x oil-immersion objective.
The images were analyzed with LSM 510 software.

16.3 Results and Discussion

16.3.1 Cell Synchrony

Mimosine is thought to act by inhibiting ribonucletide reductase [5]. Therefore,
the available pool of deoxynucleotide precursors is greatly reduced and the cells
arrest in G1. Note that all four deoxynucleotides are affected equally, so there are
no potentially mutagenic pool imbalances. To confirm the degree of synchrony,
we examined the percentage of cells in all four phases of the cell cycle of various
populations using flow cytometry. In Fig. 16.1A, the cells were exposed to
mimosine for 24 h, then harvested and stained with propidium iodide. The great
majority of cells (81%) had 2N DNA content, indicating that they were in G1 (or
G0). In experiments that examined cells inG1, the cells were irradiated after 24 h in
mimosine, held for 2 h in medium containing mimosine, then fixed for immuno-
histochemistry. Figure 16.1B shows the effect of removing the mimosine then

BA

G1/G0 = 81%
S = 13%

G2/M = 6%

G1/G0 = 24%
S = 76% 

G2/M = 0%

Fig. 16.1 A. Cells were synchronized with mimosine for 24 h, then harvested and examined
for DNA content with flow cytometry. 81% of the cells were in G1-phase. B. Mimosine was
removed and the cells were harvested 6 h later. Under these conditions, 76% of the cells were
in S-phase.
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harvesting the cells after 6 h in fresh medium. Under these conditions, the great
majority (76%) of cells had entered S-phase. The S-phase experiments were done
by irradiating at this point then harvesting the cells 2 h later. These data confirm
the effectiveness and lack of toxicity of mimosine under the conditions examined.

16.3.2 Subcellular Localization of RAD18

Proliferating cell nuclear antigen (PCNA) is a homotrimeric protein that acts as a
‘‘clamp’’ that tethers DNA polymerase d and � to the template. It functions in a
variety ofDNA transactions in addition to replication, notably inmismatch repair
and in the gap filling step of nucleotide excision repair. We showed that PCNA
staining increases in the cytoplasm throughout G1-phase, and is also found within
the nucleus, as expected, in cells that do not haveDNAdamage [6]. RAD18, on the
other hand is restricted to the nucleus in a diffuse pattern in such cells [7].

This pattern is reflected in cells irradiated in late G1 (Fig. 16.2, left panel). The
PCNA (red) is present most intensely in a perinuclear distribution. Nuclear
PCNA is present in small focal areas. These have been found to colocalize with
cyclobutane dimers [7], and are presumed to represent PCNA involvement in the
gap filling step of nucleotide excision repair. In contrast, RAD18 was present in
the nucleus in a diffuse pattern in cells irradiated inG1 (Fig. 16.2, green staining).

In cells irradiated in S phase (right panel), PCNA is principally in the
nucleus, and is primarily in a focal pattern. The distribution of RAD18 is
also principally in a focal pattern, which colocalizes with PCNA in the
merged image. Several Y-family DNA polymerases are known to form

Fig. 16.2 Cells were irradiated in G1 (left panel) or S (right panel) and stained 2 h later. The
cells were stained for PCNA (red), DNA (blue), RAD18 (green), and examined by confocal
microscopy. The lower right quadrant of each panel is themerged image. (See also color insert.)
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foci in the nuclei of cells entering S-phase with DNA damage [7,8]. These foci

are thought to represent stalled DNA replication forks, to which TLS

proteins have been recruited. These data are consistent with the proposed

role of RAD18, which is to signal translesion polymerases to sites of stalled

replication forks.
Figure 16.3 shows staining for cells treated exactly as those in Fig. 16.2, but

stained for pol iota instead of RAD18. In the G1 cells (left panel) the PCNA

pattern is similar to that shown in Fig. 16.2, but a cell with a more prominent

focal pattern of PCNA is illustrated. In these cells, little or no pol iota could be

demonstrated. In the S-phase cells (right panel) pol iotawas clearly demonstrated

to be in nuclear foci that colocalize with PCNA. It was organized in a focal

pattern only in cells irradiated in S-phase, and these foci colocalized with PCNA.
These results support the hypothesis that RAD18 is recruited to sites of DNA

replication forks that are stalled byUVdamage, and the protein is involved in the

subsequent recruitment of newly discovered error-prone DNA polymerases that

can complete the replication ofDNA containingUVdamage. In separate studies,

we have shown that reducing the level of RAD18 using antisense technology

prevents the formation of foci of pol iota and other Y-family polymerases.

16.4 Conclusions

RAD18 forms nuclear foci that colocalize with PCNA only in cells entering

S phase with DNA damage. These foci represent stalled replication forks, to

which translesion polymerases have been recruited. In support of this idea, pol

Fig. 16.3 Left panel, cells irradiated in G1. Pcna (red), DNA (blue), pol iota (green), lower
right quadrant, merged images. Right panel, cells irradiated in S-phase. (See also color insert.)
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iota, a newly discovered translesion polymerase, is recruited to these sites in a
RAD18-dependent manner. Recent data support a model in which RAD18
recruits a ubiquitin ligase (RAD6) to the site of the stalled replication complex.
At least one target of RAD6 is PCNA, which is ubiquitylated in a unique
linkage that serves a signaling function. A working hypothesis is that the
Y family polymerases have a higher affinity for PCNA when it is ubiquitylated
in this way, resulting in recruitment to the stalled replication complexes.

16.5 Future Study

We have found that reducing the level of RAD18 using antisense technology
greatly reduces the frequency of mutations induced by UV and chemical carci-
nogens. We are investigating the possibility that such cells may become geneti-
cally unstable by virtue of illegitimate recombination induced in cells that
cannot perform TLS. If the cells resolve the blocked forks by error-free homo-
logous recombination, and are not genetically unstable, then RAD18 may
present and attractive target for cancer chemoprevention.
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Chapter 17

Alanine in HI: A Silent Mutation Cries Out!

J. H. Shah1, D. J. Maguire1, T. B. Munce2, and A. Cotterill3

Abstract It is a widely held paradigm in molecular biology that a change in the
third base of a codon is silent in terms of expression. In this investigation, results
are presented that challenge that paradigm, at least in terms of one polymorph-
ism in KCNJ11, which is one of five genes that have been implicated in the
disorder Hyperinsulinism of Infancy. In two cohorts of Australian patients, an
uneven distribution of KCNJ11 SNP’s was observed. A silent polymorphism at
codon 190 was over-represented in the patients who responded well to medical
treatment and under-represented in those that required radical surgical inter-
vention. In an attempt to investigate this polymorphism, it was expressed in
vitro and western blot analysis showed that there were virtually no bands from
the homozygous variant samples, while strong bands were seen in normal
controls. The human genome is highly redundant in terms of tRNA species
for each amino acids but enigmatically under-represents a number of specific
codons. The polymorphism in question occurs within one such codon. We
propose that the presence of a base change at the third position of codon that
is not represented by a corresponding anti-codon within the human nuclear
tRNA leads to a decreased rate of expression of the protein.

17.1 Introduction

Hyperinsulinism of Infancy (HI) is a metabolic syndrome associated with the
unregulated release of insulin from the pancreatic beta cells, accompanied by
hypoglycaemia that is hard to control. HI is the most common form of perma-
nent hyperinsulinism of infancy. Patients usually present in the first 72 hours of
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Australia
2Pathology, Mater Health Services, South Brisbane, Queensland, 4101–Metabolic Medicine,
Mater Health Services, South Brisbane, Queensland, 4101
3Paediatric Endocrinology and Diabetes, Mater Children’s Hospital, South Brisbane,
Queensland, 4101, Australia

K.A. Kang et al. (eds.), Oxygen Transport to Tissue XXIX
� Springer 2008

145



life with symptoms of hypoglycaemia including jitteriness, nausea, vomiting
and seizures. In severe cases coma or death can occur [1]. Due to the difficulty in
controlling hypoglycaemic seizures, up to 50% of all patients suffer from long-
term neurological impairment. Management can be difficult, with treatment
aimed at maintaining euglycemia [2].

The known causes ofHI are linked to the expression, structure or function of the
ATP dependent potassium channel of the pancreatic b cells. TheK-ATP channel is
an octameric complex consisting of 4 subunits each of the sulfonyl urea receptor
(SUR1) and the inwardly rectifying subunit Kir6.2. SUR1 and Kir6.2 are encoded
by the genes ABCC8 andKCNJ11 respectively, which lie adjacent to each other at
11p15.1 [1]. Mutations in ABCC8 and KCNJ11 have been implicated in HI, with
more than a hundred mutations reported in ABCC8. The genes encoding the
enzymes Glucokinase [3] (GCK), glutatmate dehyrogenase [4] (GLUD1) and
3-Hydroxyacyl-CoA dehydrogenase [5] (SCHAD) have also been implicated in
HI. The genetic cause, however, remains unknown in up to 50% of HI patients [6].

In an effort to further understand of the genetic aetiology of HI and the
genotype-phenotype correlations of the disease, we genotyped a cohort of Aus-
tralian HI patients. The patients were segregated by the severity of their disease
and their response to treatment.Mainstreammedical therapy involves the use of
glucose and glucagon infusions coupled with diazoxide and octreotide. Those
who failed to respond to this treatment at maximal doses required a partial or
subtotal pancreatectomy to maintain euglycemia. They were assumed to have
the more severe form of the disease and constituted the surgical cohort. Those
patients who responded well to this medical treatment were assumed to have a
milder form of the disease and were classified as the medical cohort [7]. Our
genetic findings are described in Shah, J.H et al [8]. Upon sequencing KCNJ11
we identified a differential distribution of 5 polymorphisms between our two
cohorts (p<0.01), also described in Shah et al [8]. One of these polymorphisms
was theA190A [9]. aGCC toGCTat codon 190 that did not alter the transcribed
amino acid. The polymorphism was identified in 30.5% of medical patients and
74%of surgical patients. The allele frequency in 100 control subjects was 27.6%.

Nucleotide base changes are classified as silent in cases where an alteration
does not lead to a change in the amino acid sequence of a protein. These are
common, but are usually considered to have no phenotypic effect. Some studies
have shown that silent polymorphisms can have an effect on post translational
modification as well as alternate splicing [10]. In the case of the A190A poly-
morphism, we have investigated the translation process to identify a possible
link between the silent polymorphism and the disease phenotype

17.2 Hypothesis and Aims

We suggest that in some cases, such as with A190A in HI, the effect of a silent
mutation may be enhanced by the relative abundance of the tRNA species for
the codon.
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There are 42 tRNA molecules that carry anticodons specific to those that
transcribe alanine [11]. Alanine has a redundancy of 4 and is transcribed by the
codons GCC, GCG, GCT and GCA. However, there is an uneven distribution of
tRNAmolecules for each codon. An assessment of the alanine tRNApopulation in
humans (Table 17.1), revealed that there is no tRNA molecule carrying the antic-
odonGGCwhich is specific for theGCC codon that is polymorphic inHI patients.

We hypothesise that the relative abundance of specific tRNA molecules has
an impact on the efficiency of translation, thus implying that the wobble
hypothesis in translation is not always true. We propose that the efficiency of
translation is reduced in those individuals carrying the variant form of the
alanine codon at amino acid 190 in KCNJ11. Using Kir6.2 as a model, we
studied the efficiency of translation and investigated the possible role that a
reduced translational efficiency would have in the disease progression in HI.

17.3 Methodology

Six patients and one normal control were chosen for our investigations. The
patients were selected based on their genotype such thatwe had one homozygous
variant, one heterozygous and one homozygous wildtype from each cohort. The
normal control was a homozygous wildtype and was not known to have PHHI
or any other endocrine disease. Other polymorphisms were identified in the
KCNJ11 gene, however these were identical in all participants in this study.

Genotyping of KCNJ11 was carried out by PCR followed by sequencing as
described in Shah et al [8]. Initial experiments for measuring in vitro transla-
tional efficiency were undertaken using the TNT1 T7 Coupled Reticulocyte
Lysate System (Promega).

The T7 promoter sequence was ligated 5’ to the KCNJ11 promoter using
PCR. This was confirmed by sequencing. The PCR products were then purified
using the High Pure PCR purification kit (Roche) and a low melting point
agarose gel. 1 mg of the purified PCR product was introduced into the TNT
rabbit reticulocyte system as described by the manufacturer. *S35-Met was
used as described by the manufacturer. Reactions were stopped by heating to
98 8C after predetermined time intervals.

Table 17.1 Population of alanine tRNA in the
Human genome (The genomic tRNA database:
http://lowelab.ucsc.edu/GtRNAdb/)

Anti Codon. No. of tRNA in humans

AGC 28*

GGC 0#

CGC 5

TGC 9

Total 42

* Wildtype in HI; #polymorphic in HI
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Protein production in the in vitro reactions was analysed using denaturing
SDS-PAGE, autoradiography and by Western blot analysis using an antibody
raised against the N terminal of the protein (Santa Cruz antibodies). *S35-Met
incorporation was measured by using a beta scintillation counter.

17.4 Results

Protein production at the end of in vitro trancription-translation reactions were
analysedwithout specific purification. Initial results obtained fromSDS-PAGE –
autoradiography showed that there was a slight difference in Kir6.2 protein
synthesis between the patients analysed (Fig. 17.1a). Through western blotting
however, significant differences were noted. A strong band representing the
Kir6.2 protein was observed for the homozygous wildtype samples whereas
there was virtually no signal for the homozygous variants (Fig. 17.1b).

Quantitative scintillation counting for studying incorporation of *S-Met in
the patients was found to follow the same trend as the western blots. In vitro
translation using wildtype DNA showed a significantly higher rate of *S-Met
incorporation and had more protein produced compared to incorporation and
protein production in experiments using homozygous variant DNA (Fig. 17.2).
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Fig. 17.2 Measure of *S-Met incorporation in patients after an in vitro translation experiment.
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Fig. 17.1 SDS PAGE autoradiography (a) and Western Blotting (b) of in vitro translation
products. W/t –wildtype, Het – heterozygous, Hom- homozygous.
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17.5 Discussion

Our initial results indicate an apparent reduced amount of Kir6.2 protein
produced after 90 min in vitro transcription and translation. In some
experiments, a fragmented product was observed. Western blots and *S-Met
incorporation studies suggest an even more striking depletion of Kir6.2 in vitro
expression studies than autoradiography. There are several possible explana-
tions for this observation, including a decreased rate of protein production due
to the lack of directly binding tRNA species, the slower rate of Kir6.2 protein
translation could lead to of improper folding or altered pre mRNA editing.

With reference to HI, we can speculate that the presence of the polymorph-
ism reduces the rate of Kir6.2 production, and thus channel assembly. It is
however interesting to note that the GCC codon for alanine that is abnormal in
KCNJ11 seems to be the most commonly used alanine codon in the human
genome [12]. Further work will be undertaken to investigate the impact of
translational efficiency in Kir6.2 and other proteins.
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Chapter 18

Biomathematics in Cancer Detection: Simulation

of Lipogenesis in Cancer

Ping Huang, and Britton Chance1

Abstract The usual mechanisms for biochemical events are steady-state

systems without dynamic simulation. Our study is to simulate lipogenesis

from the breakdown of glucose coupled with oxidative phosphorylation in

mitochondria by using JSim (for Java Simulator) as software development

environment, which enables non-linear differential equations to be used in

a simulation giving a time course through a variety of non-steady-state condi-

tions. Glycolysis and lipogenesis coupled with oxidative phosphorylation in

mitochondria non-linear differential model is built in this paper. Simulation

and discussion on lipogenesis by carbohydrate responsive element-binding

protein (ChREBP) are given. Our model provides a potential way to analyze

the experimental databank.

18.1 Introduction

The usual mechanisms for biochemical events are steady-state systems without

dynamic simulation. We present here a mechanism based upon JSim (for

Java Simulator), which is developed by National Simulation Resource. JSim

is a software environment for scientific modeling that provides tools for devel-

opment of models, for their run-time control, and for analysis of their behavior.

JSim enables non-linear differential equations to be used in a simulation giving

a time course through a variety of non-steady-state conditions. We learn from

this of the very efficient transfer of reducing equivalents from glucose to lipid, a

pathway of some importance for lipid biosynthesis, particularly in cancer.

1Ping Huang and Britton Chance, Department of Biophysics and Biochemistry, University
of Pennsylvania, Philadelphia, Pennsylvania 19104. Corresponding authors: Ping Huang and
Britton Chance, e-mail: huangping2001@hotmail.com, chance@mail.med.upenn.edu.
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18.2 Method

The energy released by the breakdown of glucose can be used to phosphorylate

ADP, forming ATP; we see that glucose by itself generates a much smaller

amount of ATP. However, during the breakdown of glucose, a large amount of

mitochondrial NADH is produced; it is this reducing agent that dramatically

increases the amount of ATP produced. We simulate glucose metabolism to

increase ATP production.
Glycolysis as well as the lipogenic process could be easily incorporated into

our program as long as a simple quantitative kinetic description of this process

in brain and muscle is appropriate.
The pathway from glucose to pyruvate to acetyl Co-A to citrate is in the

cytoplasm and a-ketoglutarate activity is in the mitochondria, the pathway

from citrate to MalonylCoA to Palmitate to lipids can be simulated as in

Fig. 18.1. Pyruvate reduces NAD to NADH and citrate. The definitions and

units of the symbols used in the model are listed in Table 18.1. Other equations

of oxidative phosphorylation in mitochondria are in a related papers [1–5].
Glycolysis and lipogenesis non-linear differential equations are given as

following (18.1)–(18.7):

MalonylCoA

Palmitate

k_Mal = 1

k_Pal = 1

Citrate

k_Cit = 1

Lipids

Pyruvate  ,  NADH

Glucose

k_Glu = 1

Glucose-6-P

k_Pyr = 1
NADH, NAD, Pyruvate

ATP
ADP

Mitochondria

k_Pyr = 1

k_Glu6p = 1

Fig. 18.1 Pathway of lipogenesis from glucose to lipids and simulation results.
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dGlu=dt ¼ �k Glu �Glu; (18:1)

dGlu6P=dt ¼ k Glu �Glu� k Glu6P �Glu6P � k Glu6P GPGLc �Glu6P;(18:2)

dPyr=dt ¼ k Glu6P �Glu6P� k Pyr � Pyr �NAD; (18:3)

dCit=dt ¼ k Pyr � Pyr �NAD� k Cit � Cit �NADH; (18:4)

dMalCoA=dt ¼ k Cit � Cit �NADH� k MalCoA �MalCoA; (18:5)

dPal=dt ¼ k MalCoA �MalCoA� k Pal � Pal; (18:6)

dLip=dt ¼ k Pal � Pal; (18:7)

18.3 Simulation Results and Discussion

ATP hydrolysis is 700 uM/min (rest state). In the lipid biosystem, all reaction
rates are set to 1 (units are shown in Table 18.1). The initial values are shown in
Table 18.2.

The 6-minute simulation results are shown in Fig. 18.1. The breakdown of
1000uM glucose can eventually produce 450 uM lipids in 6 minutes. If we gave

Table 18.1 Definitions and units of the symbols used in the model

Symbol Definition Unit

Glu concentration of Glucose uM

Glu6P concentration of Glucose-6-P uM

Pyr concentration of Pyruvate uM

Cit concentration of Citrate uM

MalCoA concentration of MalonylCoA uM

Pal concentration of Palmitate uM

Lip concentration of Lipids uM

t time Min

k_Glu the rate of reaction : Glu! Glu6P min–1

k_Glu6P the rate of reaction: Glu6P! Pyruvate min–1

k_Pyr the rate of reaction : PyruvateþNAD!
NADHþCitrate

uM–1. min–1

k_Cit the rate of reaction : CitrateþNADH!
MalonylCoA

uM–1. min–1

k_MalCoA the rate of reaction: MalonylCoA! Palmitate min–1

k_Pal the rate of reaction: Palmitate! Lipids min–1

k_Glu6P_GPGLc the rate of reaction: Glu6P! GPGLc min–1
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2000 uM glucose as initial value, we can obtain around 900uM lipids in 6minutes.
Therefore in the case of all reaction rates being set to 1, the efficiency of transfer of
reducing equivalents from glucose to lipid is about 45%.

Also we figure out the rate of glucose-6-P breakdown to pyruvate can affect
the amount of product lipids. If the rate of glucose-6-P breakdown to pyruvate
is increased to 5/min, the breakdown of 1000 uM glucose can eventually
produce 800 uM lipids in 6 minutes, and 2000 uM glucose can eventually
produce 1600 uM lipids in 6 minutes, so the efficiency of transfer of reducing
equivalents from glucose to lipid is about 80%. The changes of other rates in the
pathway did not affect the produced lipid amount. Therefore in this mechanism
the rate of glucose-6-P breakdown to pyruvate can affect the efficient transfer of
reducing equivalents from glucose to lipid, helping us to investigate lipid
biosynthesis in cancer.

18.4 Simulation and Discussion on Lipogenesis by ChREBP

Dr. Kosaku Uyeda fromUniversity of Texas SouthwesternMedical Center has
indicated that the activation of lipogenesis by Carbohydrate responsive
element-binding protein (ChREBP) requires many complicated processes
including the activation of inactive ChREBP, localized in cytosol, by
dephosphorylation by PP2A, then ChREBP is imported into the nucleus.
mRNA synthesis requires formation of an initiation complex and binding to
DNA followed by RNA polymerase reaction. To get mRNA synthesis at high
glucose takes at least 24 hrs and an initial lag period may take at least 3–4 hrs.
So during this initiation period there are several steps involved, the activation of
ChREBP, formation of the initiation complex, and many enzyme steps in RNA
polymerase reaction. But neither the rate limiting step of the overall reaction
nor each major step are known.

We simulated glucose going from Glucose-6-P to xylulose 5-phosphate
(Xu-5-P) pathway. We changed the rate value of ribulose-5-phosphate
(Ribu-5-P) to Xu-5-P from 3/min to 12/min (4-fold increase), which stimulated
ChREBP from inactivated state (in Cytosol) to activated state (in nucleus).

Table 18.2 Initial values used in the simulation

Name Value Unit

Glucose 1000 uM

Glucose-6-P 0 uM

Pyruvate 0 uM

NADH 1000 uM

Citrate 0 uM

MalonylCoA 0 uM

Palmitate 0 uM

Lipids 0 uM
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Then the activated ChREBP signaled the enzymes of the lipogenesis
pathway.The rates on the pathway from citrate to lipids is increased accord-
ingly (4 fold). The lipogenesis by the ChREBP pathway and simulation results
are shown in Fig. 18.2, as are the dynamic flux changes. So Xu-5-P is activated
by glycolysis, and it activates the lipid biosynthesis pathway byChREBP so that
the pyruvate which we get from activated glycolysis goes into the CAC, makes
citrate, from citrate. It makes triglyceride with activation from Xu-5-P.

18.5 Conclusions

Our model provides a potential way to analyze the experimental databank by
fitting the data to our model to deduce the parameters of lipogenesis from the
breakdown of glucose coupled with oxidative phosphorylation in mitochondria
glycolysis and lipogenesis in the cancer state.
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Chapter 19

Activity of Drug Efflux Transporters in Tumor

Cells Under Hypoxic Conditions

Oliver Thews1, Birgit Gassner2, Debra K. Kelleher1, and Michael Gekle2

Abstract Tumor cells exhibit mechanisms by which chemotherapeutic drugs
can be actively pumped out of the cell (e.g., p-glycoprotein pGP, MRP1),
resulting in a multidrug resistant phenotype. Many human tumors show pro-
nounced hypoxia which can result in a local ATP depletion which in turn may
compromise the efficacy of these transporters. The aim of this study was there-
fore to assess the transport activity and expression of drug transporters under
hypoxic conditions. Prostate carcinoma cells (R3327-AT1) were exposed to
hypoxia (pO2<0.5 mmHg) for up to 24h and pump activity was determined
by an efflux assay. The results showed that exposing cells to hypoxia for 3–6 h
led to a moderate increase in pGP activity. After 24 h pGP activity was reduced
by 44% compared to control levels. Hypoxia reduced the MRP1 activity to a
lesser extent (by 25%). However, the expression of pGP andMRP1 was almost
independent of the medium pO2. In conclusion, pronounced hypoxia had only
minor effects on the activity of drug transporters with the activity decreasing
only after 12–24 h under hypoxia, possibly as a result of ATP depletion. Instead,
indirect effects of hypoxia leading to extracellular acidosis seem to have a much
more pronounced effect on pGP activity.

19.1 Introduction

Many tumors exhibit mechanisms by which chemotherapeutic agents can be
actively transported out of the cell, leading to a chemoresistant phenotype
(MDR=multidrug resistance) [1]. Up until now, a large number of these
transporters belonging to the ABC (ATP-binding cassette) family have
been identified. Clinically important representatives of this family are the p-
glycoprotein (pGP), the product of the MDR1 gene, and the multidrug resis-
tance-related protein 1 (MRP1 [1,2]. These membrane proteins are able to

1Institute of Physiology and Pathophysiology, University of Mainz, 55099 Mainz, Germany.
2Institute of Physiology, University of Würzburg, 97070 Würzburg, Germany.
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actively pump various drugs (e.g., doxorubicin, vinblastine, paclitaxel) out of
the cell and in this way can reduce the cytotoxic efficacy of these drugs [1]. At
the same time, various inhibitors of pGP have been identified (e.g. verapamil,
probenecid), which are capable of reducing the chemoresistance of pGP- or
MRP1-expressing tumor cells, at least in cell culture experiments [1,3,4].

The tumor vasculature exhibits numerous structural and functional abnorm-
alities, leading to an inadequate, chaotic perfusion thus resulting in an insuffi-
cient O2 supply to the tissue [5]. As a consequence, the mean oxygen partial
pressure (pO2) in tumors is often considerably lower than in the surrounding
normal tissue, with areas of severe hypoxia or even anoxia in vital tumor tissue
in approx. 60% of human tumors [6]. Correspondingly, tumor cells switch to
anaerobic glycolysis which is – from an energetic point of view – less effective
and result in a lack of ATP [5].

Since ABC-transporters use ATP hydrolysis as an energy source, the ques-
tion arises of whether tumor hypoxia can affect the transport efficacy of pGP or
MRP1. The aim of this study was to analyze the transport activity and expres-
sion of ABC-transporters under hypoxic conditions in vitro.

19.2 Material and Methods

19.2.1 Cell Line

The subline AT1 of the R-3327 Dunning-prostate carcinoma of the rat was used
in all experiments. Cells were grown in RPMI 1640 medium supplemented with
10% fetal calf serum (FCS) at 378Cunder a humidified 5%CO2 atmosphere and
passaged once per week. Twenty-four hours prior to the experiments, cells were
transferred to RPMI medium without FCS supplementation. The medium was
buffered with 20mM HEPES adjusted to a pH of 7.4. In hypoxia experiments,
cells were gassed with a mixture containing 95%N2 and 5%CO2 for up to 24 h.

19.2.2 MDR1 and pGP Transport Activity

In order to assess the activity of the MRP1 or the pGP, the efflux rate of a
fluorescent substrate of the respective transporter in the presence or absence of
a specific inhibitor was measured. For pGPmeasurements, cells were incubated
with rhodamine (0.5 mM, dissolved in Ringer solution) for 30 min at 378C.
Subsequently, the rhodamine-containing solution was removed, the cells
rapidly washed with PBS at 48C and then incubated with fresh rhodamine-
free Ringer solution. Samples (100 mL) of the supernatant were taken at 0, 5, 15,
and 45 min after medium exchange. The rhodamine-123 efflux rate could then
be calculated from the increase in the rhodamine-123 concentration in the
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Ringer solution as determined by fluorimetric measurements using a fluores-
cence microplate reader (Victor [2], Wallac, Turku, Finland) with excitation/
emission wavelengths of 485/535 nm. In order to determine the pGP-mediated
efflux rate, a second set of cells were primarily incubated with rhodamine-123 as
described above, but thereafter the solution was replaced by a rhodamine-free
Ringer solution containing verapamil (10 mM, dissolved in EtOH). Due to the
inhibition of pGP by verapamil, the rhodamine-efflux rate was slower. The
ratio of the efflux rate without and with verapamil was used as a measure of
the activity of the pGP-mediated efflux [7]. Measurements of the MRP1 activity
were performed in the same manner except that Calcein-AM (Invitrogen, Carls-
bad, USA; 0.1 mM, dissolved in Ringer solution) was used as the fluorescent
substrate and probenecid (2 mM dissolved in Ringer solution) as an MRP1
inhibitor.

All values obtained were normalized relative to the protein content in each
Petri dish determined with the bicinchoninic acid (BCA) assay (Pierce, KMF
Laborchemie, Sankt Augustin, Germany).

19.2.3 MRP1 and pGP Expression

The cellular expression of MRP1 and pGP was determined in a whole cell
ELISA, as described previously [8]. In brief, after cell fixation with 4% paraf-
ormaldehyde for 60 min, cells were washed with a permeabilizing buffer con-
taining 0.1% Triton X-100 and then incubated for 20 min with this buffer to
which 0.6%H2O2 had been added. After incubation with the primary anti-pGP
(C219, Signet Laboratories, Dedham, USA) or anti-MRP1 (N19, Santa Cruz
Biotechnology, Heidelberg, Germany) antibody (diluted 1:1000), respectively,
at 48C overnight, cells were washed and incubated with a secondary anti-mouse
peroxidase antibody (diluted 1:1000) for 1 h. Thereafter, cells were incubated
with a HRP-substrate (containing 0.5 mg/mL o-phenylenediamine,
11.8 mg/mL Na2HPO4 2H2O, 7.3 mg/mL citric acid and 0.015% H2O2) for
15 min and measured photometrically at a wavelength of 490 nm using a
microplate reader (Victor2, Wallac, Turku, Finland). In order to normalize
pGP-expression for the number of cells in each well, the permeabilized cells
were subsequently incubated with 0.2% trypan blue solution for 5 min, washed
with PBS, dissolved in 1% SDS and the trypan blue concentration as a measure
of cell number was determined photometrically.

19.2.4 Metabolic Parameters

The glucose and lactate concentrations of the medium were measured enzyma-
tically using standard test kits (#1447521 and #1822837; Roche-Diagnostics,
Indianapolis, USA).
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19.2.5 Statistical Analysis

Results are expressed as means� standard error of the mean (SEM). Differences

between the groups were assessed using the two-tailedWilcoxon test for unpaired

samples. The significance level was set at �=5%.

19.3 Results

Maintaining AT1 cells under pronounced hypoxia (pO2<0.5 mmHg) for up to

24 h leads to forced glycolysis as indicated by a substantial increase in the lactate

concentration of the medium up to 14.3�0.2 mmol/L (Fig. 19.1B). In parallel,

the glucose level decreased to 1.1�0.4 mmol/L after 24 h under hypoxia (Fig.

19.1A). Since our intention was to solely study the effect of hypoxia on the

transporter activity, the medium was buffered with 20 mM HEPES. For this

reason, the pH decreased only slightly to 7.18�0.01 after 24 h (Fig. 19.1C).
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Fig. 19.1 (A) Glucose and (B) lactate concentrations as well as (C) the extracellular pH in the
medium under hypoxic conditions (pO2<0.5 mmHg) for up to 24 h. Data are expressed as
mean � SEM; n: number of experiments. All values were statistically significantly different
from the values at t=0 h.

160 O. Thews et al.



The transport activity of pGP was measured by determining the rhodamine

efflux rate in the absence and presence of an inhibitor. The ratio of the efflux

without and with verapamil was used as a measure of the activity of pGP [7].

All values were normalized with respect to the pump activity under control

conditions at t=0 h. Exposing the cells to hypoxia for 3–6 h led to a moderate

(but not statistically significant) increase in pGP activity by 19–24%

(Fig. 19.2A). After 12 h under hypoxic conditions the rhodamine efflux rate

returned to control levels whereas after 24 h pGP activity was reduced by

44�15% below control levels (Fig. 19.2A). These differences in activity could

be either the result of an increase in cellular pGP-expression or a higher activity

of the pre-existing transporters. The analysis of expression showed that hypoxic

conditions over 3-6 h caused almost no change in pGP protein content (Fig.

19.2B). After 12 h, a small (however not statistically significant) increase by

19�8% in expression was seen. After 24 h the expression decreased 19�4%
below the control level.

The analysis of the multidrug resistance-related protein 1 (MRP1) showed

that hypoxic conditions for up to 6 h had almost no impact on the transporter

activity (Fig. 19.3A). Thereafter the MRP1 transport rate decreased by 24 to

28%.MRP1 expression did not change appreciably throughout the observation

period (Fig. 19.3B).
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19.4 Discussion

In the present study, the impact of hypoxia – a common phenomenon in human

tumors [6] – on the activity and expression of two drug transporting proteins

were analyzed in cell culture experiments. For this, tumor cells were exposed to

a hypoxic atmosphere (pO2<0.5 mmHg) for up to 24 h forcing glycolytic

metabolism as indicated by a rapid increase in the extracellular lactate concen-

tration (Fig. 19.1B). Since the aim of this study was to solely analyze the impact

of hypoxia and not changes due to a concomitant extracellular acidosis, the

medium was buffered so that the medium pH remained practically constant

(Fig. 19.1C). This experimental design was necessary since previous results

showed a medium pH of 6.6 (without hypoxia) to have a strong impact on the

pGP-mediated transport rate [9].
The R-3327 AT-1 cell line used is known to functionally express the

p-glycoprotein [4]. In the present study, the daunorubicin efflux from the cells

was 1.75�0.37 times slower in the presence of the pGP-inhibitor verapamil. The

cells also functionally express MRP1 as indicated by a 2.27�0.28 times lower

calcein-AM efflux rate when cells were simultaneously incubated with the

known MRP1-inhibitor probenecid. Since in more than 60% of human tumors

the oxygen supply to the tissue is insufficient [6], solid tumors often show a

pronounced glycolytic metabolism which may result in an ATP deficiency [5,10]
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For this reason, it might be expected that ATP-consuming cellular processes
such as active drug transport might be compromised. However, compared to
control conditions, pGP-activity was even higher (approx. 20%, not statistically
significant) despite the increased glycolytic metabolism (Fig. 19.2A). A reduc-
tion in the daunorubicin efflux of 44% was observed only after exposure to
hypoxia for 24 h. After this period the glucose level in the medium decreased to
1.1�0.4 mmol/L which may in turn have reduced cellular ATP formation
resulting in a reduction in pGP activity. This slight decrease in the transport
rate after 24 h was also seen for the MRP1-mediated efflux (Fig. 19.3A).
However, further measurements are necessary to analyze the cellular ATP
level after 24 h of severe hypoxia. A decrease in ATP could be responsible for
a reduction in drug transporter activity. It has been proposed that inhibition of
aerobic metabolism (leading to a dramatic decrease in ATP levels) could be a
possible therapeutic strategy for overcoming drug resistance. Xu and coworkers
[11] showed that inhibition of mitochondrial respiration leads to an increase in
the cytotoxic efficacy of various chemotherapeutic drugs, probably as a result of
a reduced pGP-activity which was attributed to a depletion of ATP.

Despite the slight increase in pGP-activity 3 to 6 h after exposure to
hypoxic conditions, the environmental hypoxia did not markedly change
pGP-expression (Fig. 19.2B) over this time interval. These results are in
accordance with previous studies showing that hypoxia/anoxia had almost
no impact on pGP expression [12,13]. Only Comerford and colleagues [14]
found an induction of MDR1 after 48 h in an O2-deprived medium. However,
in the latter study, hypoxia was defined as a pO2 in the culture medium of 20
mmHg which is not comparable to the pO2 used in the present study and
which is much higher than the pO2 found in solid-growing tumors [5,6]. The
discrepancy between the studies may be the result of differences in the cell
lines, levels of hypoxia and durations of hypoxia exposure used.

In conclusion, the results of the present study show pronounced hypoxia
(comparable to that found in solid-growing tumors) to have only minor effects
on the activity of drug transporters. The small increase in pGP activity after 3–6 h
was not the result of a change in the number of transport molecules (as indicated
by the expression measurements) but instead due to a functional modulation of
the pump. However, previous studies using the same tumor cell model clearly
demonstrated that indirect effects of hypoxia leading to extracellular acidosis
have a much stronger effect on the p-glycoprotein activity. When cells were
exposed to an extracellular pH of 6.6, the pGP-mediated transport rate was
more than doubled resulting in a significant reduction of cytotoxicity of chemo-
therapeutic drugs known to be substrates for the p-glycoprotein [9]. Insufficient
oxygen supply to tumor tissue seems to play a role in the chemosensitivity of
tumor cells although this impact seems to be indirectly mediated through the
acidic environment which develops due to tumor hypoxia.
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106906).
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Chapter 20

Antioxidants Reduce Consequences

of Radiation Exposure

Paul Okunieff, Steven Swarts, Peter Keng, Weimin Sun, Wei Wang, Jung Kim,

Shanmin Yang, Hengshan Zhang, Chaomei Liu, Jacqueline P. Williams,

Amy K. Huser, and Lurong Zhang1

Abstract Antioxidants have been studied for their capacity to reduce the cyto-
toxic effects of radiation in normal tissues for at least 50 years. Early research
identified sulfur-containing antioxidants as those with the most beneficial ther-
apeutic ratio, even though these compounds have substantial toxicity when
given in-vivo. Other antioxidant molecules (small molecules and enzymatic)
have been studied for their capacity to prevent radiation toxicity both with
regard to reduction of radiation-related cytotoxicity and for reduction of indir-
ect radiation effects including long-term oxidative damage. Finally, categories of
radiation protectors that are not primarily antioxidants, including those that act
through acceleration of cell proliferation (e.g. growth factors), prevention of
apoptosis, other cellular signaling effects (e.g. cytokine signal modifiers), or
augmentation of DNA repair, all have direct or indirect effects on cellular
redox state and levels of endogenous antioxidants. In this review we discuss
what is known about the radioprotective properties of antioxidants, and what
those properties tell us about the DNA and other cellular targets of radiation.

20.1 Introduction

There are many types of radiation damage to normal tissues. The types of
damage depend on the cells and organs being irradiated, the dose and dose
rate of the exposure, and the time after exposure that is being assayed for a
radiation effect. Many of the types of damage seen after irradiation can be
ameliorated by antioxidants. This review will outline a number of radiation-
related toxicological processes and discuss the role antioxidants might play in
affecting these processes in terms of the likely cellular types or compartments in
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Yang, Hengshan Zhang, Chaomei Liu, Jacqueline P. Williams, Amy K. Huser, and
Lurong Zhang, Department of Radiation Oncology, University of RochesterMedical Center,
Rochester, NY 14642.

K.A. Kang et al. (eds.), Oxygen Transport to Tissue XXIX
� Springer 2008
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which an antioxidant is employed. The role that different combinations of
antioxidants might play in preventing each of these individual effects will also
be explored.

20.2 Cell Components

Exposure of a cell to ionizing radiation results in the formation of free radicals
within the cell, leading to damage of cellular components. Here we will provide
some examples of how antioxidants reduce or prevent the damaging effects of
radiation at three sensitive targets in the cell, the nucleus, cellular membranes
and mitochondria.

20.2.1 Nucleus

20.2.1.1 Immediate Effects by Antioxidants

Radiation-induced DNA damage is the best studied effect of radiation. An
oxygen enhancement ratio (OER) of 2.5 to 3 in the yield of DNA damage is
observed in the presence of oxygen tensions of 5 mmHg or higher compared to
maximally hypoxic conditions (<1mmHg). In accordance with this difference in
DNA damage, there is a 3-fold difference in cell reproductive survival measured
by clonogenic assays in the presence of oxygen which is generally independent of
the phase of the cell cycle [1]. Prevention of immediate radiation-induced geno-
toxicity requires that an antioxidant be present at the time of irradiation [2]. To
be maximally effective the antioxidant must be present near the DNA and thus
must have access to the nucleus. It must be able to either, 1) react with all the
oxygen-related free radicals and detoxify them to radicals that are not them-
selves genotoxic and/or 2) effectively compete with oxygen to repair damage to
the DNA chemically through reactions with free radicals on the DNA. Thiol-
based compounds are especially good antioxidants because these compounds
are capable of both scavenging oxygen radicals and affecting chemical repair of
some forms of DNA damage with the subsequent formation of sulfur-based
radicals, which are not reactive with DNA [3]. Incorporating one or more
positive charges on the thiol-based antioxidant has the effect of changing the
proximity of the compound to the DNA [4,5]. The resulting counter-ion con-
densation between the positive charge of the thiol and the negatively charged
sugar-phosphate backbone of the DNA binds the thiol close to the DNA,
facilitating the competition of the thiol with oxygen in reactions with DNA
radicals, thereby, reducing DNA damage and increasing cell survival [5,6].

Like the synthetic antioxidants (e.g., amifostine, captopril, and NAC), anti-
oxidants derived from natural sources also exhibit dose-modifying effects on
DNA damage and cell survival when present at the time of irradiation. This
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immediate protection is mediated by the scavenging of radicals. For example,
there are a number of antioxidants, including caffeine, melatonin, flavonoids,
polyphenols, and other phytochemicals (e.g., albana), which are shown to
decrease radiation-induced damage in either plasmid or cellular DNA through
the scavenging of oxygen radicals and/or peroxides [7–12].

Uptake and distribution of antioxidants also plays a role in their dose-
modifying effects.With amifostine, there is differential uptake of the compound
in tumors and normal tissues. In tumors, the uptake is predominantly through
passive diffusion, which is slow due to the hydrophilicity of the compound [13].
This is in contrast to the dephosphorylated form of the compound, WR-1065,
which is less hydrophilic and readily crosses the tumor cell membrane. In fact,
Brown et al [14]. suggested that the hydrophilicity of the compound could be
useful for designing or selecting better differential radioprotectors. This is
supported by their work that showed increases in the therapeutic gain (ratio
of the dose reduction factors for the hematopoietic system and tumor) for
6 hydrophilic thiols, ranging from 1.59 to 2.29, in comparison to values ranging
from 0.88 to 1.59 for 5 lipophilic thiols. In normal tissues, there is active uptake
of amifostine through the polyamine transport system [15]. This active trans-
port results in a preferential uptake of the antioxidant into normal tissues as
compared to tumors [13]. Another factor that aids in the differential uptake of
amifostine into normal tissues is the higher concentration of alkaline phopha-
tases in these tissues as compared to tumors, converting amifostine to WR-
1065, which is then readily taken up by normal tissues [16]. However, the levels
and distributions of the aminothiol can vary between andwithin tissues, leading
to variations in the dose-modifying effects of this compound in irradiated
tissues [17]. These variations can be attributed to differing degrees of negative
feedback on the polyamine transport as a consequence of variable polyamine
concentrations with tissues, thereby reducing or inhibiting the uptake of ami-
fostine, and to differences in oxygen concentration within tissues [17,18]. Also,
there is a limit to which cells can take up and accumulate thiol-based antiox-
idants before the compounds become cytotoxic. For example, in several tumor
lines, concentrations of WR-1065 greater than 25–30 nmole/106 cells induced
significant cytotoxicity in unirradiated cells [19]. In-vivo these agents cause
peripheral neuropathies and hypotension [20]. Clinically speaking, although
the impact of amifostine and similar thiol-based antioxidants can theoretically
be as great as a factor of 3 in dose modification, no antioxidant reaches this
potential and few if any alter the in-vivo tolerance to irradiation by more than a
factor of 1.3 when administered at concentrations below those that elicit hemo-
dynamic- or cyto-toxicities in unirradiated controls [2,11,14].

20.2.1.2 Chronic Radioprotective Effects by Antioxidants

For many antioxidants, the impact that these compounds have on radiation-
induced damage and the biological consequences of the damage within cells and
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tissues can extend to their direct or indirect interactionwith other cellular targets.
For example, melatonin has been shown to augment the activity of glutathione
peroxidase in addition to stimulating the activity of glutathione reductase and
increasing the synthesis of glutathione (GSH); all of which are important in
reducing levels of oxygen radicals and peroxides in cells [8]. In addition, WR-
1065 has been shown to induce a delayed radioprotective effect through the
activation of the redox-sensitive nuclear transcription factor, NFkB, and
subsequent expression of the antioxidant enzyme, manganese superoxide dis-
mutase (MnSOD). Other thiols, such as captopril ([S]-1-[3-mercapto-2-methyl-1-
oxo-propyl]-L-proline), mesna (sodium-2-mercapto-ethane-sulfonate), and
NAC demonstrated similar effects to those observed for WR-1065 with respect
to increasing cell survival [21]. The involvement of NFkB in the induced expres-
sion of MnSOD was shown in experiments where pretreatment of human
microvascular endothelial cells with Helenalin, an inhibitor of NFkB, prior to
treatment with WR-1065, prevented the thiol-induced activation of NFkB and
subsequent elevation in MnSOD levels [22].

20.2.2 Membranes

The irradiation of lipid membranes is known to cause an increase in the forma-
tion of lipid radicals and peroxides that can result in damage or release of
membrane proteins [23], in addition to the liberation of products formed from
the peroxidation of lipids that subsequently react with and alter cellular com-
ponents [24]. Various natural and synthetic antioxidants are known to decrease
the peroxidation of membrane lipids. For example, pretreatment of mice with
diethyldithiocarbamate (DDTC) prior to whole body dose resulted in a two-
fold decrease in lipid peroxidation in isolated liver microsomes, as compared
with irradiated control mice [25]. In a recent study, disulfiram, a drug that is
used in treating alcohol abuse, inhibited lipid peroxidation in microsomes and
reduced lipid peroxides in whole-body-irradiated mice by 65% compared with
unirradiated controls [26]. The flavonoid, luteolin, reduced lipid peroxidation
by almost 4-fold 48 h post-radiation in comparison with radiation controls in
mouse bone marrow cells when mice were pre-treated with the flavonoid for
2 hours before irradiation [27]. In a variation on structural design, the antiox-
idant, tocopherol-monoglucoside (TMG), is a water soluble derivative of the
lipophilic parent compound, a-tocopherol. This structural modification allows
TMG to scavenge oxygen radicals, such as peroxides, superoxides, and hydro-
xyl radicals, in both water and lipid phase [28]. Additionally, the compound also
increases the levels of glutathione peroxidase (GPx) in treated cells.

It is known that the active form of vitamin E in membranes is maintained
through reactions with ascorbic acid [29]. Without this regenerative mechanism,
the active formof vitaminEwould be rapidly exhausted inmembranes. Therefore,
the optimal properties of antioxidants designed to protect cellularmembranes are,
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1) an ability to scavenge lipid radicals and react with lipid peroxides inmembranes

at concentrations that will not alter the structure or properties of the membrane,

and 2) provide for the maximum interaction of the compound with cytosolic-

reducing agents (ascorbic acid or GSH) to regenerate the antioxidant. This

strategy also necessitates the use of multiple antioxidant therapy, for example

the combination of vitamin E and vitamin C, which provide both an effective

protection of membranes and increased radioresistance in cells [30, 31].

20.2.3 Mitochondria

The mitochondrion is the cellular organelle responsible for energy generation in

the cell through the production of ATP [23]. Mitochondria, like the nucleus,

contain DNA and this DNA is required for proper mitochondrial function and

for mitochondrial replication. Replication of mitochondria occurs naturally in

non-dividing cells. The impact of radiation on mitochondrial DNA likely does

not result in changes in reproductive integrity and thus clonogenic survival,

which is perhaps why it is rarely studied. Long-term cellular health however

clearly requires cells to have a continuous supply of mitochondria for normal

functioning.MitochondrialDNAhas the advantage over nuclearDNA in that it

is present in many replicates (instead of just duplicate), can increase the number

of DNA copies in response to radiation exposure, and the mitochondria is

naturally high in antioxidant capacity [23,32]. In comparison, however, to the

nuclear DNA, nucleotide excision repair of mitochondrial DNA is lacking [33]

and repair is not efficient for specific classes of DNA damage, such as bulky

lesions, and some types of alkaline-labile sites and single strand breaks [34,35]

(Table 20.1). Also, although not yet shown, the fidelity of the repair of radiation-

induced damage at clustered sites in mitochondrial DNA is likely to be adversely

impacted in a similar fashion to clustered lesions in nuclear DNA [36–38].
A consequence of mitochondrial energy generation (ATP synthesis) is the

evolution of heat (entropy) and the production of ROS. Mitochondria have an

inherent antioxidant capacity (e.g., the interaction between GSH, GPx,

glutathione reductase [GRd], and MnSOD) to counteract much of the ROS.

Stressors, such as ionizing radiation, damage the mitochondrial function, likely

leading to additional ROS production which can overwhelm the antioxidant

capacity of the organelle. The unscavenged ROS may produce further damage

to mitochondrial components, including mitochondrial DNA, leading to

additional mitochondrial damage and ROS formation. Providing additional

antioxidant capacity to mitochondria, either through uptake of additional

antioxidant agents like vitamin E, or through increasing the levels of GSH

and mitochondrial antioxidant enzymes, can provide the necessary antioxidant

buffer to scavenge additional ROS produced as a consequence of exposure to

radiation and thereby minimize damage to mitochondria and its DNA.
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The antioxidant, melatonin, is particularly effective at protecting mito-
chondria by increasing the efficiency of oxidative phosphorylation, thereby
reducing the leakage of electrons from the electron transport chain [8]. The
reduction of electron leakage decreases the formation of ROS from these
electrons and, therefore, damage to mitochondria. Additionally, melatonin
induces the levels of antioxidant enzymes, such as GPx and, more impor-
tantly, also increases GSH levels within the cell. This latter effect can reduce
the levels of radiation-induced oxygen radicals and peroxides in mitochondria
through the increased availability of glutathione for GSH/GSSG cycling that
is used in regenerating GPx [8]. A similar redox cycle has been proposed for
WR-1065 to explain the regeneration of the thiol after it is converted to the
disulfide form following reactions with lipid peroxides in the mitochondrial
membrane. In this case, the disulfide form of WR-1065 is recycled to the
reduced state through the oxidation of GSH to the disulfide, GSSG. The
GSSG is then reduced to GSH by GRd [39].

Protection of the mitochondria can be further facilitated through the develop-
ment of antioxidants that are designed either for increased uptake intomitochon-
dria, or to increase the activity of antioxidant enzymes. Linking the positively-
charged functional group, alkyl-triphenyl-phosphonium ion, to vitamin E or

Table 20.1 Characteristic differences between DNA in the nucleus and mitochondria

Parameter Nucleus Mitochondria Advantage

Target Size Under 30,000 genes 37 genes Mitochondria

DNA/Gene
Ratio

High Low Nucleus

Oxygen
Tension

Normoxic Potentially Hypoxic Mitochondria

Repair
Capacity

>99.9% SSB and 98% DSB
repaired

Low repair Nucleus

Gene Copies One duplicate copy per cell High number of
replicates per cell

Mitochondria

Radical
Levels

Low radical environment High radical environment Nucleus

Antioxidant
Level

Moderate antioxidant
environment

High antioxidant
environment

Mitochondria

The DNA in the nucleus and mitochondria have different oxidative environments and
mechanisms for repair of oxidative damage. This leads to different temporal and functional
DNA damage responses following irradiation. Mitochondrial DNA has an advantage in the
case of radiation due to its small mass, its large number of replicates, and its naturally high
antioxidant capacity. Nuclear DNA enjoys a powerful set of enzymatically mediated DNA
repair pathways; mitochondrial DNA instead relies more on the presence of antioxidants.
Due to the lower degree of repair capability and fidelity of direct damage in mitochondrial
DNA, continuous low dose rate radiation and very late manifestation of radiation damage
might be a relative disadvantage to mitochondrial DNA compared with nuclear DNA. After
therapeutic radiation or other high dose or high dose rate exposure, early cytotoxicity is
probably not due to DNA damage of the mitochondria. There are no comprehensive studies
of late radiation toxicity to the mitochondria, so the degree to which this organelle impacts
certain radiation scenarios months or years after exposure remains unknown.
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ubiquinone (CoQ) increased the uptake of these antioxidants into the mitochon-
drial matrix [23]. However, studies to determine how this structural modification
might influence the radioprotection of mitochondria have not yet been
performed. Increasing the levels of antioxidant enzyme activity in mitochondria
has been shown to occur with the administration of SOD mimetics or through
over-expression of MnSOD by transfection of a transgene [40]. Another
approach to increasing mitochondrial content of an antioxidant is to take
advantage of the low pH outside of the inner membrane of the mitochrondrion
whereby functional groups on the compound undergo protonation to change the
charge on the molecule and, thereby, prevent the elimination of the compound
from the mitochondrion.

20.3 Apoptosis

Reactive oxygen species play a pivotal role in the initiation of apoptosis, and
antioxidants have been shown to have the ability to inhibit apoptosis. This
inhibitory effect appears to occur through a number of pathways but has as a
common result, the preservation of mitochondrial membrane integrity and the
electrochemical gradient (�P) across the membrane. It is suggested that scaven-
ging of ROS by antioxidants interferes with the initiation of apoptosis by
depleting ROS levels in cells and maintaining membrane integrity [41]. Also,
antioxidants like the water soluble vitamin E derivative, trolox, reduce both
lipid membrane peroxidation and the post-irradiation uptake of calcium,
thereby inhibiting apoptosis [42]. Reduction in lipid peroxides and decreased
apoptotic indices were also found in irradiated mice treated either with SOD or,
more effectively, with the combination of catalase and trolox [43].

Antioxidants also have the ability to affect apoptosis through inhibiting
proteins in the apoptotic cascade or modification of gene expression. By inhi-
biting the cleavage of caspase-3 and its substrate, poly(ADP-ribose) polymer-
ase, the green tea polyphenol, (-)-epigallocatechin, was found to prevent
apoptosis in HaCaT human keratinocytes when pretreated 16 h before irradia-
tion [44]. Pretreatment of human microvascular epithelial cells with WR-1065
thirty min prior to irradiation was found to down-regulate a host of genes
associated with apoptosis [45]. A greater than two-fold reduction in the expres-
sion of 12 genes was observed, including the caspases 2, 4, and 9; the cyclins A,
G1, G2, and D3; the DNA check damage/checkpoint proteins, ATM, DNA-
PK, and RAD 23B; TNF receptor 1; and FAST kinase. Also, treatment with
WR-1065 significantly reduced the accumulation of cells in an apoptotic sub-
G1 population 1–2 days following irradiation to levels that were not statistically
distinguishable (p<0.05) from non-irradiated cells. What is not clear from these
results are the relative contributions of the radical scavenging properties and the
modifying effect that amifostine has on gene expression to the observed reduc-
tion in apoptosis.
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20.4 Tissue-based Radiation Effects

Late fibrovascular effects of radiation include vascular dysfunction. Ischemia
itself injures tissue, and ischemia followed by reperfusion is thought to further
the injury through the production of a rapid burst of ROS. This rapid produc-
tion of ROS can overwhelm the antioxidant capacity of the tissue and lead to
free radical-mediated damage to all intracellular and tissue compartments [46].
This can be especially problematic under conditions of chronic ischemia where
recurrent injury to tissues is expected to occur. The involvement of chronic
oxidative stress, and concomitant production of ROS, has been suggested as a
driving force in the amplification of late radiation effects such as fibrosis,
chronic inflammation, and oncogenesis in irradiated tissues [47,48]. Conse-
quently, increasing the antioxidant capacity of the involved tissues is expected
to reduce tissue injury due toROS-mediated late radiation effects. However, the
use of antioxidants to reduce the effects of chronic ROS-mediated injury in
post-radiation treatments has not been sufficiently studied and therefore the
mechanisms by which these effects are mediated are ill-defined. Below, we
provide some examples of what is known from studies of post-radiation admin-
istration of protein and non-protein based antioxidants on late radiation effects
in tissues.

20.4.1 Inflammatory Mediators

Under conditions of chronic oxidative stress, as would be encountered in
irradiated tissues, the generation of ROS triggers an inflammatory response
through the activation of cytokines and other inflammatorymediators [49]. The
administration of antioxidants in animal and human studies has the effect of
reducing the inflammatory response through the modulation of cytokine levels
in tissues. For example, epicatechin, trans-resveratrol, and theaflavin were
shown to reduce the production of interleukin 1-b (IL-1b), tumor necrosis
factor-a (TNF-a) and interleukin-8 (IL-8), respectively, after stimulation of
an inflammatory response [50–52]. Conversely, catalase and NAC have the
ability to upregulate interleukin-10 expression which, in turn, decreased the
synthesis of other cytokines [53]. Evidence also exists suggesting the role of
antioxidants in reducing ROS and inflammation in late radiation-induced
tissue injury. Protection of late radiation-induced lung injury was observed in
mice over-expressing a transgene for human MnSOD [54]. In another
approach, increasing SOD levels through the treatment of rats 15 min prior to
irradiation and 5 days post-radiation with a SOD mimetic resulted in both a
reduction of collagen deposition in lung tissue and a 1.2–2.1 fold reduction in
transforming growth factor-b (TGF-b) 10 to 14 weeks post-radiation [55]. In a
pig model, treatment with Cu/Zn SOD or MnSOD 3 times a week for 3 weeks
post-radiation resulted in a softening and shrinkage of fibrotic tissue in a
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cutaneous radiation field that had received a single 160 Gy dose 6 months prior
to treatment with antioxidant [56]. Also in a pig model, the co-administration of
pentoxifylline [PTX] and a-tocopherol for 26weeks, after a 26week post-radiation
development of a subcutaneous fibrosis, resulted in a decrease of TGFb-1 levels in
residual scar tissue (26 weeks post-irradiation) as compared with groups receiving
pentoxifylline þ irradiation or irradiation alone [57]. In human studies, the com-
bined treatment with PTX and a-tocopherol post-irradiation appeared more
effective at reducing radiation-induced fibrotic tissue in skin than when PTX or
a-tocopherol were given alone [58]. PTX is expected to reduce reperfusion injury
and was shown in clinical studies to lower the levels of circulating bFGF (basic
fibroblast growth factor) and TNF-a toward non-irradiated control levels [59]. In
cultured fibroblasts harvested from normal or radiation-induced fibrotic human
skin, treatment of the fibroblasts harvested from fibrotic tissue with liposomal Cu/
Zn SOD resulted in increased expression ofMnSODand decreased levels of TGF-
b1, but no significant changes in the levels of these parameters were observed in
treated fibroblasts harvested from normal skin [60]. Thus, it can be seen that
strategies for increasing SOD levels in post-irradiated tissues result in the protec-
tion of the tissues from late radiation-induced effects through an apparent reduc-
tion in the ROS-mediated damage and the decreased expression of at least one
cytokine, TGF-b. Finally, the best treatment for many chronic radiation-induced
soft tissue injuries is hyperbaric oxygen. The mechanisms of action of hyperbaric
dives is not certain but includes natural induction of SOD and other antioxidants,
and is associated with inhibition of inflammation and improved tissue
vascularization.

Interestingly, cytokines can be radioprotective through induction of SOD
levels. For example, pretreatment of mice with interleukin-1 twenty hours
before receiving a lethal dose (8 Gy) of radiation was found to enhance the
radioresistance of bone marrow cells [61]. It has been suggested that one reason
for the radioprotective effect of the cytokine is the increased expression of
MnSOD in bone marrow cells that resulted from the cytokine pretreatment.
Similarly, tumor necrosis factor-a (TNF-a) has been shown to induce MnSOD
in hematopoietic stem cells with a concomitant radioprotective effect [62].

At the level of tissue vasculature, irradiation of endothelial cells results in the
increased expression of intercellular cell adhesion molecule-1 (ICAM-1). Expres-
sion of ICAM-1 contributes to an inflammatory response that mediates the
adhesion and movement of leucocytes to and through the vascular endothelium.
ROS are assumed to be involved in the increased expression of ICAM-1, pre-
sumably through the AP-1 signaling pathway [63,64]. Therefore, it is expected
that a reduction in ROS by reactions with antioxidants, for example, should
reduce radiation-induced expression of ICAM-1. However, pretreatment of
human umbilical vein endothelial cells with the thiols NAC and pyrrolidine
dithiocarbamate (PDTC) followed by a 7 Gy dose found that neither thiol
reduced the radiation-induced expression of ICAM-1 at a post-radiation time
of 48 h. Instead, thiol treatment increased expression by up to 2-fold over cells
irradiated alone [64]. In fact, just pretreatment of cells without exposure to
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radiation resulted in increased expression of ICAM-1 that was 1–2 fold higher
than cells irradiated alone within 48 h post-treatment. This latter result suggests
that these thiols can be considered, under certain conditions, as pro-inflamma-
tory agents. However, it is not knownwhether this extends to other antioxidants,
especially thiol-based antioxidants including amifostine.

20.5 Conclusion

The radioprotective effects of antioxidants and the mechanisms by which these
effects are mediated depend on the properties of both the antioxidant and the
compartment (e.g., cellular or tissue targets) where the radioprotective effects
are measured. There is a large volume of data on the radioprotective effects of
antioxidants at the cellular level, especially at the level of nuclear DNA, where
the radical scavenging by the antioxidant protects this and other sensitive
cellular targets. Many antioxidants have been shown to also protect the cell by
acting to increase cellular antioxidant capacity through their ability to elevate
the levels of natural antioxidants (e.g., GSH) and antioxidant enzymes (e.g.,
GPx, GRd and MnSOD). Interestingly, exposure to chronic, low-dose-rate
ionizing radiation can also lead to the induction of antioxidant enzymes. For
example, exposure of mice to a 0.5 Gy at a dose rate of 1.2 mGy/h for 23 days
increased the gene expression of catalase and MnSOD by a factor of 2.5 [65].
However, at higher doses of 1.0 and 1.3 Gy accumulated at the same dose rate,
gene expression either increased by only approximately 1.4 or was not signifi-
cantly different from unirradiated controls, respectively. Therefore, care is
needed in low-dose-rate studies in discerning to what extent various agents,
like antioxidants, have on modifying the levels of antioxidant enzymes. Even
so, based on what is currently known, specific chemical and/or physical proper-
ties of antioxidants can be designed to take advantage of biochemical properties
or a specific cellular target. In addition, there are a number of in vitro and in vivo
studies that show increased radioresistance in normal tissues when antioxidants
are given in combination compared with antioxidants given individually [30,31].
There are a number of hypotheses that have been suggested to explain the
enhanced radioprotective effect of combined antioxidant treatments related to
the regulation and response toROS, including the regeneration of vitamin E and
other antioxidants by vitamin C, induction of cellular antioxidant systems, and
interaction with inflammatory mediators.

The impact of radiation on the mitochondrial DNA and thus long-term
reproductive health of the mitochondria, reproduction of the cell, and on
cellular redox and energy state has not been studied in detail. The long-term
consequences of radiation may be very dependent on this mechanism of radia-
tion toxicity and may be greatly alleviated by properly designed antioxidants.

Regarding what is known about the radioprotective effects of antioxidants on
late radiation effects in tissues, especially for non-protein antioxidants, there is
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only a limited understanding of these effects at a mechanistic level. Therefore,
additional studies are needed of current and new antioxidant compounds to look at
these and other radioprotective effects in antioxidants in irradiated cells and tissues
to support rational approaches in the design of antioxidants as radioprotectors.
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Chapter 21

Anti-Cancer Effect of Resveratrol is Associated

with Induction of Apoptosis via a Mitochondrial

Pathway Alignment

Weimin Sun, Wei Wang, Jung Kim, Peter Keng, Shanmin Yang,

Hengshan Zhang, Chaomei Liu, Paul Okunieff, and Lurong Zhang1

Abstract Resveratrol, a phytoalexin found in the skin of grapes, is believed to
have multiple bioactivities including anti-cancer, anti-carcinogenesis and anti-
inflammatory. The mechanisms by which resveratrol might produce these effects
are not well understood. In this study, malignant human pancreatic cancer cells
were treated without or with resveratrol in combination with ionizing radiation
(IR), and then the mitochondrial function of treated cells was evaluated using
several standardized assays. They include the Calcein AMmethod for mitochon-
dria transition pore; the JC-1 staining method for mitochondria membrane
potential; the CM-H2DCFDA method for reactive oxygen species; and the
Annexin V/propidium iodide (PI) method for apoptosis/cell death. Our results
indicated that (1) pore function was partially intact after resveratrol, but resver-
atrol probably interfered with the accumulation of intracellular Calcein AM;
(2) depolarization of themitochondriamembranewas increased in the resveratrol
treated cells, consistent with mitochondrial dysfunction; (3) ROS was slightly
increased with resveratrol, a phenomenon that was greatly increased when this
agent was combined with IR; and (4) in parallel with the above changes in
mitochondrial and drug transport, cells treated with resveratrol showed increased
apoptosis as measured by Annexin V/PI staining. In summary, the anti-cancer
effect of resveratrol is associated with the damage of mitochondrial function that
leads to increased ROS, apoptosis, and possibly intracellular drug accumulation
via inhibition of proteins involved in multi-drug resistance (MDR).

21.1 Introduction

Resveratrol {3, 40,5-trihydroxy-trans-stilbene 5-[(1E)-2-(4-hydroxyphenyl)-
ethenyl] -1,3-benzenediol} is a small compound (molecular weight 228.24)
that can be purified from several types of plants, most commonly the skin of
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grapes [1–3]. It serves as a polyphenolic antibiotic to protect the plants (grapes,
and nuts) from pathogenic microorganisms, such as bacteria and fungi [4].

A wide range of biological activities have been ascribed to resveratrol
including anti-inflammatory, anti-oxidant, anti-platelet aggregation, cell
growth-modulation, anticarcinogenesis, anti-atherogenic, estrogen-like effects,
immuno-modulation, and chemoprevention [4–6]. Among these, there is
mounting evidence indicating that resveratrol is a promising natural compound
for cancer prevention and for treatment of a variety of human cancers [7]. The
molecular and cellular targets responsible for the anti-neoplastic effects are
unknown. Possible mechanisms include interference with intracellular signaling
pathways that regulate cell survival or apoptosis [8], cell cycle arrest, and
inhibition of several pathways for kinase activities [9]. The latter mechanism
has the potential of augmenting the response to radiation and chemotherapy.
We therefore postulate that resveratrol affects mitochondrial function and
predisposes cells to apoptosis pathways induced by radiation. We performed
studies in a pancreatic cancer model, AsPC-1: a tumor model known to be
naturally resistant to apoptosis. We found that resveratrol disrupted the mito-
chondrial function of AsPC-1 cells, and resulted in increased apoptosis and cell
death that was substantially augmented by irradiation.

21.2 Materials and Methods

21.2.1 Reagents and Cells

AsPC-1 cells were cultured in DMEM (Dulbecco’s Modification of Eagle’s
Medium) supplemented with 10% fetal bovine serum at 378C in an incubator
with 5% CO2. The resveratrol (purity 98.31%) was purchased from Xi An
Chongxin Natural Additive Company (Xi An, China). CM-H2DCFDA
{5-(and-6)-chloromethyl-2’,7’Œ-dichlorodihydro-fluorescein diacetate, acetyl
ester}, JC-1, Calcein AM, Annexin V, and propidium iodide (PI) were pur-
chased from Molecular Probes (Eugene, OR).

21.2.2 Resveratrol Treatment of Cells

Flow cytometric analyses of different mitochondrial functions were performed
using a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA). Briefly,
cells (2�105) were cultured in 6well dishes until 80% confluence, and then treated
with resveratrol at a concentration 50 mg/ml with or without 5 Gy radiation
(Shepherd Irradiator) at a dose rate of 1.85 Gy/min. Twenty-four hours later,
cells were harvested and single cell suspensions were placed separately in 6 ml
tubes with 1 ml culture media and cultured further for one hour to allow
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membrane damage occurring during the harvest process to recover. This was
followed by staining in accordancewithmanufacturer’s instructions, as described
below.

21.2.3 Analysis for Transition Pore of Mitochondria

To determine the effects of resveratrol on the activity of transition pore of
mitochondria in AsPC-1 cells, 5 ml of 2 mM Calcein AM and 5 ml of 80 mM
CoCl2 were added to 100 ml single cell suspension, incubated at 378C for 15 min,
washed once with PBS, and immediately analyzed by flow cytometer for the
percentage of green fluorescent cells. CoCl2 was used to quench the cytosolic
fluorescence so that the fluorescent intensity of Calcein AM only represented
the activities from mitochondria.

21.2.4 Analysis for Mitochondria Membrane Potential

Two mg of JC-1 in 30 ml of saline was added to 100 ml of single cell suspension
treated without or with 50 mg/ml of resveratrol and radiation. The mixtures
were incubated at 378C for 10min, washed with PBS once, and subjected to flow
cytometer analysis immediately. The percentages of cells in the high red region
or low red and high green region were measured and compared among the
different treatment groups.

21.2.5 Analysis for Reactive Oxygen Species (ROS)

100 ml of single cell suspension from each treatment was incubated with
CM-H2DCFDA (final concentration of 5 mM) at 378C for 0.5 hour. The
intensity of fluorescence was determined by flow cytometry and unstained
cells were used for subtraction of auto-fluorescence in the green emission range.

21.2.6 Analysis for Apoptosis and Cell Death

AsPC-1 cells treated with resveratrol or radiation were harvested and stained
with Annexin V for 30 min and then PI was added immediately before the flow
cytometric analysis according to the manufacturer’s instructions [10]. The
percentage of cells that were Annexin V positive and PI negative was compared
among different treatment groups.
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21.2.7 Statistical Analysis

Student’s t test was used to determine the significance between the different
treatment groups. A P value of < 0.05 was regarded as statistically significant.

21.3 Results

21.3.1 Resveratrol Allows Increased Levels of Calcein AM
to Enter the Cell

The Calcein AM assay can be used to determine both the activity of the
mitochondrial transition pore and the function of multiple drug resistance
pump (MDR). The opening of transition pore is an initial event which occurs
after cells are damaged. Calcein AM is a non-fluorescent dye that is cleaved to a
polar fluorescent molecule by cytoplasmic esterase after it passes through both
the cell and mitochondria membranes. CoCl2, is added to quench cytoplasmic
fluorescence and allows the detection of mitochondrial fluorescence if the
transition pore is closed. The result is shown in Fig. 21.1. Control, non-irra-
diated cells had little fluorescence. This indicates that the Calcein AM did not
accumulate in control cells. In contrast, irradiated cells treated with resveratrol
had high fluorescence, indicating resveratrol improved the accumulation of
Calcein AM in mitochondria and that the transition pore was intact (closed).

21.3.2 Resveratrol Depolarizes the Mitochondrial Membrane

While the transition pore was at least partially functional, more subtle dysfunc-
tion of the mitochondria was detected by measurement of its membrane

Fig. 21.1 Calcein AMAssay.
Control, non-irradiated cells
had low fluorescence
indicating poor Calcein AM
accumulation. Resveratrol
aided the accumulation of
Calcein AM in the
pancreatic carcinoma cells
(No IR: P=na; IR: P<0.05).
Radiation had no effect on
Calcein AM accumulation
in the cell or on the function
of the mitochondrial
transition pore. (n=2).
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depolarization. To determine if there was membrane dysfunction, JC-1 staining
was performed followed by flow cytometry analysis. Figure 21.2 shows that the
percentage of cells in the high green and low red region before and after
resveratrol. The green shift indicates mitochondrial membrane depolarization
in AsPC-1 cells (P<0.01). The effect of resveratrol on mitochondrial membrane
potential was not diminished by irradiation. The data suggest that resveratrol
indeed depolarizes the mitochondria membrane and that the effect produced by
a dose of 50 mg/ml resveratrol is more pronounced that that of 5 Gy radiation.

21.3.3 Resveratrol Increases the Production of ROS

To determine if resveratrol at a relatively high dose alters the production of
ROS, the CM-H2DCFDA method was used. CM-H2DCFDA passes through
plasma membrane and the acetate is cleaved by intracellular esterase and
trapped in the cytosol. The polar substrate is then oxidized to the fluorescent
form depending on the cellular redox state. The results are summarized in
Fig. 21.3. Resveratrol did not change the percentage of AsPC-1 cells in the
high fluorescent intensity region. When resveratrol was given in combination
with 5 Gy radiation, the percentage of cells in the high fluorescent intensity
region increased dramatically, indicating that the combination triggered the
production of ROS.

21.3.4 Resveratrol Triggers Apoptosis

Thedamageofmitochondriacantriggerapoptosis [11–13].AnnexinV,a35–36kDa,
Ca2þ dependent, phospholipid binding protein with a high affinity to membrane
phospholipid phosphatidylserine, shifts from the inner to the outer leaflet of the
plasma membrane during the early stage of apoptosis. The detection of early

Fig. 21.2 Resveratrol
depolarizes the
mitochondria membrane.
Resveratrol increased the
fraction of cells with a green
shift indicating
depolarization of the
mitochondria membrane
(P<0.01). Radiation had a
lesser effect (P<0.05) that
was not significantly
different than resveratrol
alone. (n=2).

21 Anti-Cancer Effect of Resveratrol 183



apoptosis was supplemented with the PI assay to exclude dead cells. Figure 21.4
shows that the percentage of apoptotic cells significantly increased with resveratrol
treatment and further increased when radiation was added. The data are consistent
with enhancement of radiation-related cell killing by resveratrol.

21.4 Discussion

In this study, we demonstrated for the first time that the resveratrol alone at
high concentration alters mitochondrial function of AsPC-1 malignant
pancreatic cancer cells, and when combined with radiation increases ROS
and apoptosis. This is also the first documentation of accumulation of
Calcein in cancer cells after exposure to resveratrol (Fig. 21.1). Calcein AM
is an MDR substrate and did not accumulate in AsPC-1 cells until resveratrol
was added. Resveratrol, therefore, might reduce pancreatic carcinoma’s resis-
tance to chemotherapy; however, the impact of red wine consumption on
chemotherapy remains unclear. In studies of MDR expression in pancreatic

Fig. 21.4 Effect of resvera-
trol on apoptosis. The
AsPC-1 cells treated with
resveratrol for 24 hours plus
5 Gy radiation were stained
with Annexin V for 30 min
and then with PI prior to the
flow cytometer analysis. The
apoptotic and dead cells
increased with the treatment
of resveratrol and further
increased upon radiation
(P <0.05). (n=2).

Fig. 21.3 Increased ROS in
resveratrol treated cells. The
cells were treated with either
vehicle alone (as control) or
50 ug/ml of resveratrol and
5 Gy radiation for 24 hours.
Resveratrol did not induce
ROS, while it did enhance
the radiation-induced pro-
duction of ROS (P<0.05).
(n=2).
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carcinoma cell lines, including AsPC-1, mRNA for both MDR1 and MDR3

was present. AsPC-1 cells also had high basal levels of MRP1, MRP3, and

MRP5 [14]. Thus, AsPC-1 and other pancreatic tumor cell lines likely owe

some of their treatment resistance to these membrane proteins. Inhibition of

these proteins by resveratrol deserves further evaluation. Resveratrol is cur-

rently being examined in clinical trials as a mitigator of normal tissue toxicity

among patients undergoing radiation or chemotherapy for malignancy. Since

some normal tissues do have MDR function, these tissues might be sensitized

by resveratrol. Consumption of red wine (containing resveratrol) among

patients undergoing radiation therapy is not contraindicated; the apoptotic

mechanism in normal tissue is seemingly not altered by resveratrol. Further

research is necessary to determine if resveratrol produces a differential

response between normal tissue and tumor.
Resveratrol alone did not increase the number of cells with high ROS, but in

combination with radiation greatly increased ROS (Fig. 21.3). The subsequent

increased apoptosis is a likely consequence of this synergistic effect on

ROS (Fig. 21.4).
While we were not able to detect dysfunction of the mitochondrial transition

pore due to failure of Calcein AM to accumulate in AsPC-1 cell, others

have reported that resveratrol modulates mitochondrial transition pore perme-

ability [15, 16]. Since several other aspects of abnormal mitochondrial functions

were detected in the current study, mitochondrial still remained to be the major

target for resveratrol induced damage. Our hypothesis is further supported by

the absence of robust caspase 8 activation but increased cytochrome C with

downstream activation of caspases 9 and 3 [7]. Thus the apoptotic signal is likely

mitochondrial rather than an extrinsic death pathway. The mechanism of

apoptosis after resveratrol, however, is complex since resveratrol-induced

apoptosis occurs only in cells expressing wild-type p53 (p53þ/þ), but not in
p53-deficient (p53-/-) cells [17].

In this study, we used a relatively high dose (50 mg/ml) of resveratrol. The

rationale for this was: (1) its biological effects are likely dose dependent; (2) high

doses are expected to be safe if the agent is to be used clinically; and (3) studies

indicate that the resveratrol concentration in red wines can reach as high as

30 mg/ml [18]. It is important to note that many studies have been performed

with resveratrol and many biological effects, both cytoprotective and cytotoxic

have been claimed. Thus, low doses of the agent may have very different effects

than the higher doses we employed.
In conclusion, this study demonstrates the impairment by resveratrol of

mitochondrial functions, particularly reduction of the membrane potential,

increase of ROS synergistically with irradiation, induction of apoptosis, and

increase of radiation induced apoptosis. Resveratrol also improved calcein

accumulation in AsPC-1 consistent with inhibition of MDR. While additional

studies are indicated, these data suggest resveratrol has a promising future as a

modulator of cytotoxic cancer therapies.
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Chapter 22

Computationally Determined Shear on Cells

Grown in Orbiting Culture Dishes

R. Eric Berson1, Matthew R. Purcell1, and M. Keith Sharp2

Abstract A new computational model, using computational fluid dynamics

(CFD), is presented that describes fluid behavior in cylindrical cell culture

dishes resulting from motion imparted by an orbital shaker apparatus. This

model allows for the determination of wall shear stresses over the entire area of

the bottom surface of a dish (representing the growth surface for cells in culture)

which was previously too complex for accurate quantitative analysis. Two

preliminary cases are presented that show the complete spatial resolution of

the shear on the bottom of the dishes. The maximum shear stress determined

from the model is compared to an existing simplified point function that

provides only the maximum value. Furthermore, this new model incorporates

seven parameters versus the four in the previous technique, providing improved

accuracy. Optimization of computational parameters is also discussed.

22.1 Introduction

The effects of hemodynamic forces on cellular responses have been studied for

more than thirty years, but the mechanisms linking cause and effect are still not

well known. Wall shear stresses are widely accepted as the primary influence

affecting characteristics of anchored cells subjected to fluid flow. Endothelial

cells, lining the interior walls of arteries and veins, experience shear exerted by

the flow of blood and become aligned and elongated with the direction of flow

and undergo other physiological and biochemical changes [1–8]. The realization

of the relationship between hemodynamic forces on the endothelium and the

origins of atherosclerosis and vascular pathology [9–14], in general, has led to

considerable attention focusing on the effects of these forces on cellular

responses. Detailed, accurate information about the fluid forces acting on

1Department of Chemical Engineering, University of Louisville, Louisville, KY.
2Department of Mechanical Engineering, University of Louisville, Louisville, KY.
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cells must be known in order to understand the cause and effect relationship
between shear stresses and endothelial responses.

Several studies have been conducted in vitro using experimental apparatus
that can provide accurately quantifiable shear stress over a cultured layer of
endothelial cells. One type involves inducing a rotating flow field over a sta-
tionary layer of cells. In this arrangement, either a flat plate or a cone rotates
over a fixed surface where the layer of cells exists. An easily calculated wall
shear stress is produced since the rotation rate of the upper plate or cone is
known as is the length of the gap between the rotating and stationary surfaces.
Another type involves flow in a chamber between two parallel plates, usually
where the width and length of the plates are much larger than the gap between
the plates. Again, wall shear stress is easily calculated based on the known flow
rate and known gap length between the two plates.

These flow devices provide an accurate means of delivering pre-determined
shear stresses to a layer of cultured cells but are limited in that only steady flow
is provided. Also, experiments must be performed consecutively rather than
simultaneously unless multiple cone-and-plate or flow chamber devices are
available. Another prevalent apparatus for providing fluid motion to cultured
cells is the orbital shaker platform. Orbital shakers are ideal for simultaneous
cell culture experiments and are widely used throughout the cell culture industry
because of their simplicity. More importantly, orbital shakers provide oscilla-
tory flow, somewhat like that experienced by pulsing fluid movement in the
human vasculature system.

Despite the prevalence and simplicity of usage, few have attempted to
employ the orbiting shaker apparatus as a means for correlating shear stresses
to cellular responses due to the complexity involved in accurately calculating
wall shear stresses exerted by the fluid. The movement of fluid in a cylinder that
derives its motion from an orbiting shaker platform will be oscillatory in nature
with a wave whose peak rotates around the cylinder at an angular velocity
corresponding to the orbital velocity of the cylinder. Those that have attempted
to correlate shear stress in a shaker flask to cellular responses have used
simplified means for estimating the magnitude of the shear.

Ley et al [15]. investigated shear-dependent adhesion of human polymorpho-
nuclear neutrophil granulocytes to endothelial cells in cone-and-plate and
orbiting shaker experiments. For simplicity, the shear stress they reported in
the orbital shaker experiments was an estimate of the maximum wall shear
stress at the bottom of the cylinder:

�! ¼ a �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

� � � � 2 � p � fð Þ3
q

(22:1)

where �! is the maximum shear stress on the bottom of the cylinder, a is the
radius of orbit, r is the fluid density, m is the fluid viscosity, and f is the
frequency of rotation. The authors did not provide a derivation or reference
for the origin of Eq. (22.1). Curiously, the equation does not include a term for
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the fluid height which is ordinarily integral to a shear stress calculation. The use
of Eq. (22.1) has become prevalent in the related literature since its introduction
and is still widely used [7,8,16,17,18,19].

Computational models that solve the Navier-Stokes equations for flow
provide a means to predict fluid dynamic properties that are difficult to or
cannot be determined experimentally. In this paper, a computational fluid
dynamic (CFD) model is employed to describe fluid behavior in a cylindrical
cell culture dish resulting frommotion imparted by an orbital shaker apparatus.
This allows for the determination of wall shear stresses imposed over the entire
area of the bottom surface of the cylinder (representing the growth surface for
cells in culture) which was previously too complex for accurate quantitative
analysis. Two preliminary cases are presented, and the maximum shear stresses
determined from these solutions are compared to Eq. (22.1). Knowledge of the
fluid dynamics inside an orbiting cylindrical cell culture dish will significantly
enhance the usefulness of simple orbital shaker apparatuses, one of the most
common in vitro cell culture apparatuses, in the study of hemodynamic effects
on cell cultures.

22.2 Computational Methods

22.2.1 Solver Description

The fluid behavior is modeled using three dimensional Navier-Stokes equations
that are solved using Fluent 6.2, a commercial software CFD solver. The solver
employs a finite-volume discretization process to numerically solve the govern-
ing equations for conservation of mass andmomentum. The general form of the
mass conservation equation is written as:

@�

@t
þr � �Vð Þ ¼ 0 (22:2)

and the momentum conservation equation is written as:

@

@t
þ �Vð Þ þ r � �VVð Þ ¼ �rPþ �gþr �rVð Þ (22:3)

Simulating flow in an orbiting cylinder requires creating a dynamic grid that
moves through space. Since Fluent can generate rotational and translational
motion but not orbiting motion, the motion must be generated by a user-
defined function which specifies the orbital frequency, orbital radius, and center
of orbit. The user-defined function is an external Cþþ language subroutine
linked to the Fluent solver. A transient solution is required since the location of
the fluid domain is changing with time. The sloshing of the fluid as a result of
themotion is a free surface flow that requires tracking of the liquid-air interface.
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The surface tracking is accomplished with the Volume of Fluid (VOF)model. In

the VOF model, the two fluids across the interface share a single set of momen-

tum equations and the volume fraction of each fluid in each computational cell

is tracked throughout the grid. Flow is treated as laminar (Reynolds numbers

= �100) and residual values reached 5e–5 or better for each iteration following

the earliest time steps.

22.2.2 Optimization of the Computational Grid

Solution accuracy depends on the level of resolution of the computational grid

which is a function of the number of computational cells in the computational

domain. However, a trade-off occurs in terms of resolution and computational

cost. High resolution, transient cases can take on the order of days and weeks to

obtain a final converged solution. To determine the optimum cell count, max-

imum shear stress on the bottom of a dish is compared for a given case over a
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Fig. 22.1 Transient motion analysis – time for fluid motion to reach steady state. (Case A: 60
rpm, 3.50 cm dish diameter;Case B: 137 rpm, 2.88 cm dish diameter; Case C:137 rpm, 0.96 cm
dish diameter).

Table 22.1 Optimization of the computational grid. Maximum shear stress as a function
of computational cell count

Cell Count 25,300 51,060 98,900 299,230 494,680

Maximum Shear Stress (dyne/cm2) 3.25 3.44 3.93 4.30 4.39
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range of cell quantities. The number of cells is increased until the magnitude of
shear shows minimal change between increasing cell counts.

Table 22.1 shows how the magnitude of shear stress varies depending on the
grid resolution for the case of a dish with a 2.4 cm diameter, a 0.108 cm initial fluid
height, a 1.2 cm radius of orbit, and rotating at 82 rpm. Cases were run with cell
counts of approximately 25,000, 50,000, 100,000, 300,000, and 500,000. The cell
count is adjusted by varying the node spacing on the grid, which eventually
determines the final cell count. The trial and error method results in cell counts
that deviate slightly from the desired value. The representative maximum shear
stress is the value after a minimum of four seconds (and 5.5 rotations) which is
longer than the time it was determined for the fluidmotion to have achieved steady
state (see Fig. 22.1). The ratio of the difference in shear stress to the difference in
cell count is smallest between the 300,000 and 500,000 cases, indicating an opti-
mum cell count of 300,000, which is the amount that will be used in all new cases.

22.3 Transient Fluid Motion Analysis

Generating the dish motion requires a transient approach. In order to set the
number of time steps in the solver, it is necessary to establish the run time
needed for the fluid motion to reach steady state. The time to reach steady state
for three cases is shown in Fig. 22.1. The three cases cover a variety of rotation
rates and dish geometries; Case A: 60 rpm and 3.50 cm dish diameter, Case B:
137 rpm and 2.88 cm dish diameter, and Case C: 137 rpm and 0.96 cm dish
diameter. The maximum shear stress on the bottom surface of the dish is again
used as the metric for describing flow characteristics.

Case B and Case C reach steady state in less than one second. Case C reaches
steady state in a little more than two seconds. Case B and Case C rotate at a rate
of 2.28 times the rate of Case A, which suggests that achieving steady state may
be more a function of the number of rotations than of time. Examining cases at
higher rotation rates may help determine this. For the cases seen here, it appears
that steady state is achieved after about two rotations. To be conservative, each
case will encompass a minimum of four rotations prior to analysis.

22.4 Case Studies

Converged solutions provide phase contours representing the fluid motion and
spatial resolution of shear stresses over the entire bottom surface of a dish, a
significant improvement over the widely used Eq. (22.1) which provides just the
maximum value without revealing any information as to the extent of the
surface coverage exposed to this shear stress value. Two cases are presented as
illustration. The first case has a dish diameter of 2.4 cm, an initial fluid height of
0.11 cm, a radius of orbit equal to 1.2 cm, and rotation rate of 82 rpm. The
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second case has a dish diameter of 3.5 cm, an initial fluid height of 0.20 cm, a

radius of orbit equal to 1.2 cm, and rotation rate of 60 rpm. The fluid properties

(viscosity and density) were treated aswater for both cases. Fig. 22.2 andFig. 22.3

show shear stress contours covering the complete bottom surface of each dish.
While significant detail is lost in the grayscale, some salient features are still

visible. The area of maximum shear stress in each contour appears as a rela-

tively small, bright area near the periphery of each dish. Figure 22.4 shows the

location of this maximum shear region relative to the leading edge of the

traveling wave, which is created by the sloshing of the fluid. As the dish travels

in its orbit, the sloshing of the fluid creates a wave with a peak that travels

around the dish at a rate relative to the rotation rate of the dish. In Fig. 22.4, the

peak of the wave is to the left. The fluid / air interface slopes downward to

the right until the fluid depth reaches a minimum at the right side of the dish.

The steepest part of this slope occurs just before the fluid reaches a minimum

depth. The image is a snapshot in time of a dish that is traveling in the counter-

clockwise direction, so this slope is referred to as the leading edge of the wave.

Underneath this leading edge, a bright spot appears corresponding to the bright

spot in Fig. 22.3. Thus, the region of maximum shear occurs just underneath the

leading edge of the traveling wave. It is intuitive that this should be the point of

maximum shear since the velocity is maintained while the liquid height is

reduced, leading to a high velocity to distance ratio.

Fig. 22.2 Shear stress contours over bottom surface of dish (dyne/cm2). [2.4 cm diameter,
initial fluid height = 0.11 cm, orbital radius = 1.2 cm, 82 rpm].
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Fig. 22.3 Shear stress contours over bottom surface of dish (dyne/cm2). [3.5 cm diameter,
initial fluid height = 0.20 cm, orbital radius = 1.2 cm, 60 rpm].

Fig. 22.4 Phase contour showing the fluid / air interface corresponding to the dish in Fig. 22.3.
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The shear along the bottom surface is plotted as a function of radius in a line
extending from the center of the dish towards the maximum shear region
(Figs. 22.5 and 22.6). Represented this way, it is easier to see the difference in
shear magnitude between the center and the periphery of the dish. In both cases,
there is at least a two-fold increase in shear from the center to the periphery, and
a steep gradient exists on both sides of the peak. The drop in shear near the side
wall of the dish is due to the no slip boundary condition imposed in the solution.
Fig. 22.5 and Fig. 22.6 clearly exposes the weakness of Eq. (22.1) when it is used
to correlate cellular responses to shear stresses in orbiting dishes: a single point
function, such as this equation, is not a valid means to describe the entire cell
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Fig. 22.5 Shear as a function of radius along the bottom surface of the dish corresponding to
the contour in Fig. 22.2.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Radius (cm)
0 0.25 0.5 0.75 1 1.25 1.5 1.75

S
h

ea
r 

S
tr

es
s 

(d
yn

e/
cm

2 )

Fig. 22.6 Shear as a function of radius along the bottom surface of the dish corresponding to
the contour in Fig. 22.3.
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culture growth area. This is in agreement with Dardik et al [19]. who noticed a
difference in shear between a single point near the center and a single point near
the periphery using optical velocimetry measurements.

Maximum shear stress as given by Eq. (22.1) is 1.89 dyne/cm2 and 3.18 dyne/
cm2, respectively, for the two cases presented here compared to 1.70 and 4.30 as
determined by our computational model. Eq. (22.1) incorporates fluid proper-
ties (viscosity and density), rotational rate, and orbital radius in its solution.
In addition to these properties, our computational model incorporates dish
geometry, fluid volume, and the effects of gravity. The two methods give a
difference in maximum shear of 11% for Case 1 and 26% for Case 2. The
additional parameters and stringent convergence criteria associated with the
new computational model likely offer a more accurate result.

22.5 Conclusion

A new computational model is presented for determining shear stress on the
bottom of a cylindrical cell culture dish that resides on an orbiting shaker
apparatus. The model provides significant improvement over an existing
method for determining shear stress in that it incorporates seven parameters
instead of four, and it provides contours of shear over the entire bottom surface
of the dish rather than a maximum value at a single point. This should enhance
the usefulness of common orbital shaker apparatuses in the study of cellular
responses to hemodynamic forces in culture.
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Chapter 23

Formation of Capillary Tube-like Structures

on Micropatterned Biomaterials

Dahai Gao, Girish Kumar, Carlos Co, and Chia-Chi Ho1

Abstract The survival of three-dimensional tissue requires a vascular network
to provide transport of oxygen andmetabolic byproduct. Here, we report a new
approach to create capillary blood vessels in vitro on biomaterials suitable
for use as scaffolds in engineering tissues. Endothelial cells were cultured
on chemical and topographical patterns of micro-sized grooves on gelatin.
Selective attachment and spreading of cells within the grooves was ensured by
microcontact printing the plateau regions with cell resistant PEG/PLA
(polyethyleneglycol-L-polylacticacid). Human microvascular endothelial cells
plated on these patterned biomaterials attached and spread exclusively within
the grooves. These topographical features promote endothelial cells to form
capillary tube-like structures. The results demonstrated that capillary structures
formed on biomaterials are useful for engineering vascularized tissues.

23.1 Introduction

Blood vessels play a key role in supplying oxygen and nutrients to tissues.
To engineer viable tissues in vitro, it is critical to engineer blood vessels to transfer
nutrients and waste to and from the engineered tissues. The differentiation of
endothelial cells to form capillary tube-like structures depends on a variety of
soluble factors such as VEGF (vascular endothelial growth factor) [1], extracel-
lular matrix molecules, and geometrical cues [2]. Previous studies have demon-
strated that microvascular endothelial cells cultured in medium containing
endothelial growth factors [3] form capillary tubes spontaneously.

To explore whether capillary tube formation can be promoted by geometric
cues, we fabricated 10 mm, 20 mm and 30 mm wide line patterns and grooves
on gelatin films by using soft-lithography and microcontact printing techni-
ques [4,5]. We explored the role of geometric confinement on the differentiation

1Dahai Gao, Girish Kumar, Carlos Co and Chia-Chi Ho, Department of Chemical
Engineering, University of Cincinnati, Cincinnati, OH, USA.

K.A. Kang et al. (eds.), Oxygen Transport to Tissue XXIX
� Springer 2008
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of human microvascular endothelial cells to form capillary structures. We
report here the effects of surface topography and spatial distribution of cell
adhesive/resistant molecules on guiding endothelial cells to assemble into capil-
lary tube-like structures.

23.2 Materials and Methods

23.2.1 Materials

Gelatin from porcine skin was purchased from Sigma (St. Louis. Mo). PDMS
(Sylard 184) was obtained from Dow Corning (Midland, MI). Bovine serum
albumin (BSA) fluorescein conjugate was purchased from Molecular Probes
(Eugene, OR). (PBS) solution (137mM NaCl, 2. 7 mM KCl, 10mM KH2PO4,
10mMNaHPO4, and 10 mMNaOH) was prepared from PBS pellets purchased
from Sigma. Microvascular endothelial cell growth medium and fetal bovine
serum (FBS) were purchased from Cambrex Bioscience (Walkersville, MD).

PEG-PLA (polyethyleneglycol-L-polylactic acid) was synthesized by the
following method. 0.05 mM of Poly(ethylene glycol) monomethyl ether
(mPEG-5000, Mn�5000 Da) and 69 mM of 3,6-dimethyl-1,4dioxane-2,5-
dione (lactide) were each dried by azeotropic distillation from toluene and
combined with additional toluene. Following the addition of tin (II) ethyl
hexanoate, the mixture was heated at reflux for 4 hours at which time the
solvent was removed by distillation. The resulting solid mass was taken up a
small amount of methylene chloride, then added drop-wise to ether, causing
mPEG-PLA to precipitate as an oily solid (58%) that was isolated by suction
filtration. PEG with aMw less than 50,000 can be excreted from the kidneys [6].

23.2.2 Microfabrication of the SiliconMaster Pattern and Transfer
of the Topological Patterns onto PDMS

Micropatterns with parallel grooves 60 mm wide and ridges of varying widths
(10, 20, and 30 mm) were fabricated on silicon wafers using standard photo-
lithographic techniques. From this silicon master pattern, complementary
PDMS replicas were formed by pouring PDMS pre-polymer (mixed in a
10:1 ratio with a crosslinking catalyst) over the Si master and cured at 56 8C
for 2 h. The PDMS replicas were used as stamps in subsequent microcontact
printing steps or as molds to form topographical patterned gelatin films.

Flat gelatin films were prepared on glass slides by spreading uniformly
0.1 mL gelatin solution in 0.05 M acetic acid over an area of 18.75 cm.2

Topographical patterned gelatin films were prepared by adding gelatin solu-
tions (0.05 M acetic acid) drop wise to the PDMS substrates. After drying, the
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gelatin film was crosslinked by 2% glutaraldehyde solution for 10 min. The
cross-linked gelatin film was then immersed in 0.2% sodium borohydride
solution for 30 min to quench the autoflurescence [7]. The gelatin film was
soaked in deionized water overnight before seeding cells.

23.2.3 Chemical Patterning of Non-adhesive PEG-PLA Regions

Microcontact printing was used to pattern PEG-PLA over gelatin. The PDMS
stamp was first cleaned with ethanol and then air-dried. 20 mL PEG-PLA was
dropped onto the stamp. After drying, patterns of PEG-PLA were then trans-
ferred onto gelatin films by microcontact printing. Gentle pressure was applied
to ensure conformal contact between the stamp and gelatin film. After 15 s, the
stamp was removed from the gelatin and the substrate was air-dried.

A flat PDMS stamp was used to pattern topographical gelatin films. Only
the plateau regions of the gelatin film were covered by PEG-PLA upon contact
printing. Spatial control of protein adsorption onto the PEG-PLA-patterned
gelatin films was confirmed by incubating the substrates with BSA fluorescein
conjugate and visualized using a Nikon TE-2000 inverted microscope.

23.2.4 Culture of Endothelial Cells

Human microvascular endothelial cells (HMVEC-d, purchased from Cambrex
Bioscience,MD) were cultured in endothelial basal medium containing 5% fetal
bovine serum, 1 mg/mL of hydrocortisone, 10 mg/mL of epidermal growth
factor (EGF), 10 mg/mL of bovine brain extract, 50 mg/mL of gentamycin,
and 50 mg/mL of amphotericin-B under 5% CO2. Prior to incubation with the
micropatterned biomaterials, cells were dissociated from the culture dish with
trypsin, resuspended in endothelial basal medium containing 10% serum, and
allowed to attach onto micropatterned gelatin films(4�104 cells/cm2).

23.2.5 Immunostaining and Image Analysis

After 72 hours of incubation, the attached cells were stained using cell tracker
green (1 mM, Molecular Probes, Inc., Eugene, OR) for 30 minutes. For vWF/
CD31 immunofluorescence staining, cells were fixed by formaldehyde and
permeabilized for 15 min with 0.1% solution of Triton X-100 before incubation
with primary antibody vWF and CD31 for 40 min. Secondary antibody Alexa
Flor 546 goat anti-rabbit IgG, Alexa Fluor 488 goat anti-mouse IgG andDAPI
were then added for 45 min.
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Fluorescent microscope images were acquired using a SPOT II CCD camera

(SPOT Diagnostic Instruments Inc., version 3.5.1, Sterling Heights, MI) and

analyzed with Metamorph (Universal Imaging, version 6. 0r4, Westchester,

PA) image analysis software. Confocal images were acquired using a Zeiss

LSM 510 laser scanning confocal microscope and analyzed with LSM Image

Browser software.

23.3 Results and Discussion

Figure 23.1 shows the procedures used to create micropatterns on the flat (Fig.

23.1A) and topographical patterned (Fig. 23.1D) gelatin films. Patterned

PDMS stamps with designed micro-grooves (10 mm, 20 mm and 30 mm) are

inked with cell resistant PEG-PLA and stamped directly onto flat gelatin film

by microcontact printing. Figure 23.1B shows a phase contrast micrograph of a

flat gelatin film patterned with a series of 20 mmwide lines. The 60 mmwide lines

Fig. 23.1 Schematic of the approach used for preparing flat and topographical patterned
gelatin films. A). Procedure used to create micropatterns on flat gelatin films. B). Phase
contrast images of a patterned flat gelatin film. The 60 mm wide lines were covered by PEG-
PLA. C). Selective adsorption of BSA fluorescein conjugate on flat gelatin films. D). Proce-
dure used in fabricating topographically patterned gelatin films. E). Cross-section confocal
image of a topographical patterned gelatin film.
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separating the 20 mm wide lines were coated with PEG-PLA. BSA selectively

adsorbs to the 20 mm lines that were not coated with PEG-PLA (Fig. 23.1C).
Topographical gelatin films were molded from the PDMS mold with

reversed features. After gelatin dried in 608C oven for 4 hours, gelatin film

was peeled off from PDMS mold and cross-linked with glutaraldehyde. After

drying, the gelatin film was patterned by a flat PDMS stamp inked with PEG-

PLA. Only plateau regions of the filmwere covered by PEG-PLA and form cells

resistant area (Fig. 23.1D). The groove depth of the topographical gelatin films

was 4.6�0.2 mm (Fig. 23.1E).
To demonstrate the efficacy of patterned PEG-PLA gelatin film to control

the spatial distribution of cells, human microvascular endothelial cells were

seeded on the patterned films. Figure 23.2 shows the phase contrast images of

endothelial cells on PEG-PLA patterned flat (A-C) or topographical patterned

(D-F) gelatin with varying line width. Cells selectively attach and spread along

the 10, 20 and 30 mmwide lines. The width of the 10 mm lines can accommodate

a single cell, while 30 mm wide lines can accommodate two cells side by side.

A CB

D E F

Fig. 23.2 ABC). Endothelial cells on 10 mm, 20 mm, and 30 mmwide lines on flat gelatin film
after 3 days. D EF). Endothelial cells on 10 mm, 20 mm, and 30 mmwide lines on topographical
patterned gelatin films after 3 days.
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After 3 days, the endothelial cells form capillary tube-like structures in 10 mm
and 20 mm wide lines on flat gelatin films (Fig. 23.3A and 23.3B). No capillary
structure was observed on 30 mm wide lines.

Endothelial cells grown on topographical patterned gelatin films form capil-
lary structures in 20 mm and 30 mm grooves. No capillary structure was found in
10 mm grooves.

23.4 Conclusions

We have reported here a new approach to control spatially protein adsorption
and cell attachment on flat and topographical patterned gelatin films. The
patterned gelatin films are stable and have the ability to confine effectively
endothelial cells in line patterns. Patterned flat gelatin films formed capillary
structures on 10 mm and 20 mm lines while cells on topographical patterned
gelatin films form capillary structure on 20 mm and 30 mm grooves. Our results
show that under identical medium conditions, cell spreading on patterned
substrates can determine whether endothelial cells differentiate to form capil-
lary tube-like structures.

Fig. 23.3 Capillary tube formation by human microvascular endothelial cells. Confocal
microscopic images of CMFDA stained cells when viewed in a horizontal (top) or a vertical
(bottom) cross section. Endothelial cells form capillary tube-like structures on 10 (A) and 20
mm (B) wide lines on flat gelatin films after 3 days. Endothelial cells form capillary tube-like
structures on 20 (C) and 30 mm (D) wide lines on topographical patterned gelatin films after
3 days.

204 D. Gao et al.



Acknowledgment The authors would like to thank the National Institute of Health
(HL-084648) for the financial support of this work.

References

1. K.H. Plate, P. Warnke, Vascular endothelial growth factor. J. Neurooncol. 35(3), 363–370
(1997).

2. L.E. Dike, C.S. Chen, M. Mrksich, J. Tien, M. George, Geometric control of Switching
Between Growth, Apooptosis, and Differentiation During Angiogenesis Using Micropat-
terned Substrates, In Vitro Cell Dev. Biol. Anim. 35, 441–448 (1999).

3. J. Folkman, C. Haudenschild, Angiogenesis in vitro, Nature 288, 551–556 (1980).
4. G. Kumar, Y. Wang, C.C. Co, C.C. Ho, Spatially controlled cell engineering on bioma-

terials using polyelectrolytes, Langmuir 19(25), 10550–10556 (2003).
5. C.C. Lin, C.C. Co, C.C. Ho, Micropatterning proteins and cells on polylactic acid and

poly(lactide-co-glycolide), Biomaterials 26(17), 3655–3662 (2005).
6. T. Yamaoka, Y. Tabata, Y. Ikada, Distribution and tissue uptake of poly(ethylene glycol)

with different molecular weights after intravenous administration to mice, J. Pharm. Sci.
83, 601–606 (1994).

7. C. Job, L. Lagnado, Calcium and protein kinase c regulate the actin cytoskeleton in the
synaptic terminal of retinal bipolar cells, J. Cell. Biol. 143(6), 1661–1672 (1998).

23 Formation of Capillary Tube-like Structures on Micropatterned Biomaterials 205



Part VI

Bio-Instrumentation



Chapter 24

Error Analysis of Finite-Spectral-Linewidth

Illumination in Optical Oximetry Systems

Joseph L. Hollmann1 and Charles A. DiMarzio2

Abstract Multi-spectral systems consisting of a small number of wavelengths
are increasingly using light emitting diodes (LEDs) to reduce the overall costs of
the system. However, LEDs typically have broad spectral bandwidths and
cannot be modeled as having a single discrete wavelength. This paper puts
forth a simple model to analyze the effects of using LEDs to illuminate a single
layer of homogenous tissue. Monte Carlo simulations are used to approximate
photon propagation through a semi-infinite turbid medium oximetry system
using two light emitting diodes with broad spectra for varying oxygen satura-
tions. The results are then compared against diffusion solutions for narrow-
band illumination at the same two center wavelengths.

24.1 Introduction

Pulse oximetry was initially developed in the mid-1930s [1]. In its simplest form,
tissue is illuminated with two light sources in both the visible and near infrared
(NIR) spectrums. Typically the wavelengths are chosen so one is less than, and
the other is greater than the isosbestic wavelength (around 800 nm) [2]. The
signals’ pulsatile components are then filtered and analyzed. Initially, pulse
oximeters were designed to monitor signals due to the cardiac cycle which
manifests itself primarily in the arteries [1] now some also monitor signal
changes due to the respiratory cycle, which primarily affects the veins. Typi-
cally, the Modified-Beer Lambert’s Law or some variant of it is used to find the
oxygen saturation for the pulsatile signal.

Typical pulse oximeter illumination wavelengths are centered at 660 nan-
ometers (nm) and between 880 and 940 nm [3]. For the purposes of this paper,
we shall utilize illumination sources centered at 660 nm and 904 nm to analyze

1RBC Product Development, Lenexa, Kansas, 66215.
2Northeastern University, Department of Electrical and Computer Engineering, Boston,
Massachusetts, 02115.
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the performance of commonly available oximeters; we will also develop the
methodology for doing so at other wavelengths.

The basic operating principals of the pulse oximeter have remained largely
unchanged even as the hardware used to acquire the measurements has evolved.
One of the hardware changes that requires a second look is the evolution from
lasers to light emitting diodes (LEDs) for illumination sources. This change is
occurring for several reasons: cost, eye safety and the simplicity of the biasing
circuit design are examples.

A laser provides narrow illumination spectral width, whereas the full width
half max spectrum of an LED ranges from 20 nm in the visible range to 40 nm in
the NIR region; the absorption coefficient of hemoglobin can change signifi-
cantly in this range. However, Beer’s Law assumes a single absorption
coefficient for each illumination source. Although this is a valid approximation
for lasers it may not be accurate for LEDs. This is especially so in portions of the
spectrum where the gradient of the absorption spectrum is steep.

24.2 Theory

If oxygenated and deoxygenated hemoglobin are assumed to be homogenously
distributed throughout tissue and are the primary absorbers, the absorption of
the tissue at a given wavelength is given as
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Fig. 24.1 Specific absorption of oxy (solid line) and deoxy hemoglobin (dashed line) versus
wavelength.
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�aðlÞ ¼ �oxyðlÞSo þ �deoxyðlÞð1� SoÞ
� �

Hb½ � (24:1)

where [Hb] is the hemoglobin concentration, So is the fraction of oxygenated

hemoglobin and �oxy and �deoxy are the molar absorption coefficients of oxyge-

nated and deoxygenated hemoglobin, respectively. A graph of the molar

absorption coefficients over the wavelength range 650 nm–1000 nm can be

found in Fig. 24.1.
If each illumination source is monochromatic, Eq. (24.1) would be enough to

describe the absorption of light by the tissue. However, this assumption is not

met by LEDs. Analyzing the graph in Fig. 24.1 it is easy to see the deoxygenated

hemoglobin spectrum has a relatively steep gradient in the wavelength range of

650–730 nm. This may present a problem if the amount of deoxygenated

hemoglobin is low.

24.3 Illumination Source

The LED light sources will be modeled as having Gaussian spectral envelopes:

one centered at 660 nm with a 20 nm BW and the other at 904 nm with a 40 nm

BW. The full width-half max (FWHM) of a Gaussian curve is related to the

standard deviation (�) by

� ¼ 2:3548 � FWHM (24:2)

The power spectral density at discrete wavelengths is given as

PlðlÞ ¼
Pinput

s
ffiffiffiffiffiffi

2p
p exp �ðl� lcÞ2

.

2s2
� �

(24:3)

where lc is the center wavelength of the LED’s spectral envelope. The total

power of the LED, Pinput, is given by

Pinput ¼
Z

l hi

l lo

PlðlÞdl; (24:4)

where PlðlÞis the LED power per wavelength. The limits of integration, lhiand
llo, are the maximum and minimum wavelengths of the LED’s spectral band-

width (BW), respectively. For the purposes of our simulations, the LED’s

spectral envelope encompassed wavelengths up to one BW away from the

center wavelength. The laser beam was modeled as emitting a single discrete,

wavelength centered at either 660 or 904 nm.
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24.4 Tissue Model

To evaluate the difference between the narrow band and broadband model the

pulse oximeter was simulated as being on the ear lobe. The earlobe is simulated

as a 5 mm thick infinite slab with a normally incident, infinitesimally narrow,

collimated light beam incident on one side and a 1 mm diameter circular

detector on the other side of the lobe. Figure 24.2 shows the geometry. The

blood vessel in the figure represents the arterial flow.
The microvasculature and cartilage in the ear lobe was modeled as a homo-

genousmedium (as shown in Fig. 24.3). Varying the hemoglobin concentrations

in the tissue simulated the diastolic and systolic pressures in the microvascula-

ture of the earlobe.
When the microvasculature was at its minimum volume or diastolic state, the

hemoglobin concentration was 0.12 milliMolar (mM) with low oxygen satura-

tion. After the pulse, at the microvasculature’s maximum or diastolic volume, the

concentration is doubled with the addition of highly oxygenated hemoglobin. A

table of values for the diastolic and systolic pressures can be found in Table 24.1.
Thescattering coefficient for the earlobe was chosen to be 400 cm–1 at 660 nm

and 350 cm–1 at 940 nm [4]. The anisotropy factor was 0.8. Since the scattering

coefficient changes gradually with wavelength, it was assumed to be unchanging

over the bandwidth of the LEDs. It should be noted that if both illumination

S
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0.1 cm

Ear Lobe
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[Hb]Fig. 24.3 Homogenous
model of the earlobe where
So is the average oxygen
saturation of the ear and
[Hb] is the total hemoglobin
concentration.
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Fig. 24.2 Earlobe model
where [Hbp] and [Hbt] are
the molar concentration of
hemoglobin and Spo and Sto
are the pulsatile and tissue
oxygen saturation,
respectively.
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wavelengths were chosen closely together, they could be modeled as having a

single scattering coefficient.

24.5 Propagation of Light

Beer’s law describes the propagation of light through a non-scattering medium.

However, it does not accurately describe the effects of scattering. Since most

tissues, including the earlobe, are highly scattering Monte Carlo simulations

were used. A Monte Carlo simulation propagates light through a turbid med-

ium with tissue simulating optical properties using a weighted random walk.

For this work theMulti-Layer Monte Carlo program (MCML) was utilized [5].
The MCML program was run with 1 million photons for each wavelength.

The program outputs the transmission in spatially resolved probability (T). If

we assume a 1 mW input, the output has units of mW/cm2. The power incident

on the detector is therefore solved for by integrating the output power over the

area of the detector or

PdetectorðlÞ ¼
Z

:5cm

�:5cm

Z

:5cm

�:5cm

PinputðlÞTðx; yÞdxdy: (24:5)

However, MCML assumes radial symmetry and provides an output in cylind-

rical coordinates, so the power incident on the detector is,

Pdetector lð Þ ¼ 2p
Z

0:5cm

0

Pinput lð Þ�Tð�; lÞd� (24:6)

where � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

:

The result provides the spectrally resolved power at the detector.

Table 24.1 List of oxygen saturations and the resulting measured power for systolic and
diastolic pressures

Measured Power (mW)

Diastolic Systolic
[Hb]= 0.12 mM [HB] = 0.24 mM

65% 75% 82.5% 87.5%

Broad Band 660 7.8392e-005 1.1337e-004 5.3160e-005 7.4098e-005

904 1.4857e-004 1.4318e-004 4.2293e-005 4.1030e-005

Narrow Band 660 8.6977e-005 1.2214e-004 5.4018e-005 7.4855e-005

904 1.5063e-004 1.4915e-004 4.0397e-005 4.1481e-005
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To calculate the power at a detector due to a LED, the integral of the

Gaussian weighted values of Pdetector(l) was computed.

Ptotal ¼
Z

l hi

l lo

PdetectorðlÞTðlÞdl (24:7)

The spectrum ofPðlÞwas simulated by discrete contribution with a spacing of 2

nm. The calculated Ptotal for a laser illumination source was given by Pdetector

since it is monochromatic. For the integrations in Eqs. 24.6 and 24.7, Simpson’s

numerical quadrature was employed [6].
The calculated Pdetector values were utilized for the inverse problem to find

the pulsatile oxygen saturation using Modified Beer-Lambert’s law

Spo ¼
�904deoxyR� �660deoxy

�660oxy � �660deoxy � R �904oxy � �904deoxy

� � (24:8)

where

R ¼
ln Pdiastolic

total ð660Þ
.

P
systolic
total ð660Þ

� �

ln Pdiastolic
total ð904Þ

.

P
systolic
total ð904Þ

� � : (24:9)

24.6 Results and Discussion

Table 24.1 shows the absolute reflectance measurements for two hemoglobin

concentrations with various oxygen saturations. As mentioned above, the power

measured at the detector for laser illumination was calculated using Eq. 24.6 and

the power for the LED was calculated using (7. It should be noted that the error

between themeasuredLEDand laser power is largest at low saturations. From the

discussions abovewe can see this is expected. As the amount of deoxy-hemoglobin

increases so does the effect of the gradient along the illumination spectra.
The oxygen saturations were calculated for a diastolic oxygen saturation of

75% and a pulsatile saturation of 90% and 100%. Table 24.2 displays the

resulting error in oxygen saturation calculations as calculated by Eq. 24.8.
It is important to note that the inverse oxygen saturations do not match the

actual oxygen saturations. This is due to the scattering properties of the med-

ium; however, these effects are normally calibrated out by taking test data over

several subjects. It is important to note that the narrow band and broadband

calculations are within a few percent of each other.
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24.7 Conclusion

As discussed, most pulse oximeter algorithms assume a monochromatic illumi-
nation source when solving for the oxygen saturation in tissue. A narrow
bandwidth source such as a laser can be approximated as a monochromatic
source; however a broadband LED cannot. This paper addressed the issue of
utilizing LEDs in pulse oximetry applications.

This analysis was done for a pulse oximeter on a simulated earlobe. The
spectrally resolved power was then propagated through the earlobe using
Monte Carlo simulations. The LEDs’ spectral envelopes were modeled as
Gaussians and used to solve for the power arriving at the detector with Eq.
24.6. It should be noted that any arbitrary spectral envelope can be utilized.

The simulated absolute power was then solved for each LED and laser
illumination source and the results were displayed in Table 24.1. The absolute
power measurements were then utilized to calculate the oxygen saturations
shown in Table 24.2. The results show the error associated with a broadband
LED is minimal within physiological conditions.

However, there are other possible error sources associated with utilizing
LEDs, which have not been analyzed here; such as uncollimated light. The
simulations utilized assumed the light illuminating the tissue was collimated, an
assumption more closely met by lasers. Future work will merge the analysis
conducted in this paper with an examination of the error associated with
utilizing uncolimated light sources.
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Chapter 25

Changes in the Attenuation of Near Infrared

Spectra by the Healthy Adult Brain During

Hypoxaemia Cannot be Accounted for Solely

by Changes in the Concentrations

of Oxy- and Deoxy-Haemoglobin

Martin M. Tisdall1, Ilias Tachtsidis2, Terence S. Leung2,

Clare E. Elwell2, and Martin Smith1

Abstract It has been suggested that changes in oxidised cytochrome c oxidase
concentration ([oxCCO]) measured using cerebral near infrared spectroscopy
(NIRS) may be algorithm artefacts. We examine the change in near infrared
(NIR) attenuation by the healthy adult brain (n=10) during hypoxaemia. Broad-
band spectroscopic data were collected during normoxia, and hypoxaemia. The
UCLn algorithm was used to fit (a) oxy- (HbO2) and deoxy-haemoglobin (HHb)
spectra (2 component fit), and (b) HbO2, HHb and oxidised-reduced cytochrome c
oxidase difference spectra (3 component fit) to themean change inNIR attenuation
between baseline and hypoxaemia. The sum of squares of the residuals was
100�10–7 OD2 for the 2 component fit and 8�10–7 OD2 for the 3 component fit,
and the two sets of residuals differed from each other (p=0.0003). We compare
experimental and simulated data and suggest that the 2 component residuals
indicate a change in [oxCCO]. Changes in near infrared attenuation by the healthy
adult brain during hypoxaemia cannot be accounted for solely by changes in oxy-
and deoxy-haemoglobin concentrations. Including [oxCCO] in the algorithm
improves its fit quality. These data suggest that changes in cerebral cytochrome c
oxidase redox occur during hypoxaemia and that they can be detected using NIRS.

25.1 Introduction

The use of near infrared spectroscopy (NIRS) to measure changes in the optical
characteristics of living tissue was first described by Jöbsis in 1977 [1]. NIRS
makes use of the fact that biological tissue is relatively transparent to light
between 700–900 nm, thus allowing interrogation of structures beneath the

1Department of Neuroanaesthesia and Neurocritical Care, The National Hospital for
Neurology and Neurosurgery, Queen Square, London, UK.
2Department of Medical Physics and Bioengineering, University College London, London, UK.
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tissue surface [1]. Light passing through biological tissue is subject to multiple
scattering interactions, and this complicates the interpretation of the intensity
of detected light. However, if light lost due to scattering is assumed to remain
constant, and the average pathlength of light through tissue is known, the
modified Beer-Lambert law can be used to convert change in light attenuation
to absolute change in chromophore concentrations [2].

In both animals and humans, NIRS has been used to measure change in
concentrations of oxy- (�[HbO2]), and deoxy-haemoglobin (�[HHb]) and
oxidised cytochrome c oxidase (�[oxCCO]) [3–5], however controversy still
remains as to the validity of the measured �[oxCCO] [5].

Cytochrome c oxidase (CCO) is the terminal electron acceptor of the mito-
chondrial electron transfer chain and catalyses over 95% of oxygen metabo-
lism. The reduction of dioxygen provides the proton motive force to drive
aerobic adenosine triphosphate synthesis [6]. The difference spectrum between
the oxidised and reduced forms of CCO has a distinct band in the near infrared
(NIR) region, with a broad peak located around 830 nm [1]. Assuming the total
concentration of CCO remains constant, changes in the CCO signal represent
changes in the CCO redox state. The CCO signal is an attractive target for
clinical monitoring, as it offers the potential to provide a non-invasive marker
of the adequacy of mitochondrial oxygen delivery.

However, detection of changes in the CCO signal is complicated by the fact
that the concentration of CCO in the brain is approximately one order of
magnitude less than that of either oxy- or deoxy-haemoglobin [7]. This raises
the possibility that measured �[oxCCO] might simply be an artefact produced
by the algorithms, used to convert measured attenuation changes into chromo-
phore concentration changes, being unable to adequately separate the CCO and
haemoglobin signals [5]. Furthermore, controversy remains as to the degree of
hypoxaemia required to produce changes in CCO redox state.

Despite these issues, �[oxCCO] has been shown to correlate with nuclear mag-
netic resonance 31P spectroscopy measured reduction in phosphocreatine and
nucleoside triphosphate in an animalmodel of cerebral ischaemia [8], and in cardiac
surgery in humans it has been shown to predict adverse neurological outcome [4].

In this study we measure the change in NIR light attenuation by the healthy
human brain during hypoxaemia using a broadband NIR spectrometer. We
analyse the residual errors produced by the fitting procedure for the conversion
of light attenuation into chromophore concentrations in order to determine if
the change in NIR attenuation can be accounted for solely by �[HHb] and
�[HbO2], or whether �[oxCCO] must also be considered.

25.2 Materials and Methods

This study was approved by the Joint Research Ethics Committee of the
National Hospital for Neurology and Neurosurgery and the Institute of
Neurology. We studied 10 healthy subjects (7 male, 3 female, median age
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32 years, range 30–39). Broadband spectrometer (BBS) optodes were placed

3.5 cm apart in a black plastic holder, and fixed to the right side of the

forehead in the midpupilary line. Light from a stabilised tungsten halogen

light source was passed through 610nm long-pass and heat absorbing filters,

and transmitted to the head via a 3.3 mm diameter glass optic fibre bundle.

Light incident on the detector optode was focused via an identical fibre

bundle onto the 400 mm entrance slit of a 0.27 m spectrograph (270M,

Instruments SA, France) with a 300g/mm grating. NIR spectra between

650 and 980 nm were collected at 1Hz on a cooled charge coupled device

detector (Wright Instruments, UK) giving a spectral resolution of �5 nm. An

oximeter probe (Novametrix Medical Systems Inc., USA) measured arterial

oxygen saturation (SaO2). A modified anesthetic machine delivered gas to the

subject via a mouthpiece. Inspired oxygen concentration (FiO2) was mea-

sured using an inline gas analyser (Hewlett Packard, UK). The study com-

menced with five minutes monitoring at normoxia. We then added nitrogen

to the inspired gases to induce a gradual fall in SaO2 to 80% and, immedi-

ately after this was achieved, the FiO2 was returned to normoxia for five

minutes. This cycle was repeated three times.
The points just prior to the start of each hypoxaemia (baseline), and at the end

of each hypoxaemia (hypoxaemia), were identifiedmanually using the SaO2 data.

At each of the two points the mean of the preceding ten seconds of data was

taken.Data from the three experimental cycleswere averaged to givemean values

for SaO2 and NIR light intensity at baseline and hypoxaemia for each subject.

Optical pathlength was calculated using second differential analysis of the 740nm

water feature [9]. Change in NIR attenuation was then calculated from:

�A ¼ log10 Ibase
�

Ihypox
� �

(25:1)

where �A=change in attenuation from baseline to hypoxaemia, Ibase= light

intensity at baseline and Ihypox=light intensity at hypoxaemia measured in units

of optical density (OD). The UCLn algorithm [10], a multiple regression analysis

utilising the Beer-Lambert law was then used to fit chromophore extinction

coefficients, corrected for the wavelength dependence of the optical pathlength

[11], to the group mean change in attenuation, using 120 wavelengths between

780 and 900 nm. Chromophore specific extinction coefficients were downloaded

from the medical physics UCL website [12]. First, only oxy- (HbO2) and deoxy-

haemoglobin (HHb) spectra (2 component fit – Eq. (25.2) and then HbO2, HHb

and the oxidised-reduced CCO difference spectra (oxCCO) (3 component fit –

Eq. (25.3)) were fitted to the group mean change in attenuation. After interpola-

tion of the residuals to the spectral resolution of the BBS (5 nm), the sums of the

squares of the residuals from these two analyses were calculated, and the dis-

tributions of the two sets of residuals were compared.
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where�[HHb],�[HbO2] and�[oxCCO]are changes in the concentrationsofoxy-,
and deoxy-haemoglobin and oxidised cytochrome c oxidase in mM, PL=path-
length in cm, E is the specific extinction coefficient of the subsequent chromophore
in OD/mM/cm and �A is the change in attenuation, at wavelengths li to lj.

We then produced a simulated attenuation spectrum calculated using
assumed �[HHb], �[HbO2] and �[oxCCO] and their respective specific extinc-
tion coefficients, and ignoring change in attenuation due to other chromo-
phores, using Eq. (4). We fitted a 2 component model to this spectrum and
compared the resultant residuals with those from a 2 component fit to the group
mean experimental spectrum. 2 component fits to the experimental and simu-
lated data for each individual were then compared.

�AðljÞ ¼ PLf�½HbO2� � "HbO2
ðljÞ þ�½HHb� � "HHbðljÞ

þ�½oxCCO� � "oxCCOðljÞg ð25:4Þ

Statistical analysis was carried out using SAS software (v8.2, SAS Institute,
USA) and p values <0.05 were considered significant. Group changes between
baseline and hypoxaemia were compared using Wilcoxon signed rank test and
the distributions of the residuals from the various fitting procedures were
compared using a 2 sample Siegel-Tukey test [13].

25.3 Results

Results are presented as median (interquartile range). The median time of
hypoxia required to reach an SaO2 of 80% was 4.48 mins (3.92 to 5.04). During
the study SaO2 fell from a baseline value of 99.0% (98.2 to 99.2) to 82.4% (80.1 to
84.7) at the end of hypoxaemia (p=0.002) (Fig. 25.1). Note that due to the ten
second averaging window this median SaO2 is higher than 80%. There was no
change in optical pathlength between baseline and hypoxaemia (p=0.23). Group
mean change in attenuation from baseline to hypoxaemia is shown in Fig. 25.2

The residuals from the 2 and 3 component fits to the group mean experi-
mental spectrum differed from each other (p=0.0003) (Fig. 25.3). The sum of
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the squares of the residuals was 100�10–7 OD2 for the 2 component fit to the
experimental spectrum and 8�10–7 OD2 for the 3 component fit to the experi-
mental spectrum. There was no difference between the residuals from the
2 component fits to the experimental and simulated spectra (p=0.61)
(Fig. 25.3). The 2 component fits to the experimental and simulated data for
each subject are shown in Fig. 25.4. In eight out of the ten subjects, there were
no differences between the two sets of residuals (p>0.05).

25.4 Conclusions

The quality of a multiple regression fit can be determined by assessing the
residuals of the fitting procedure. The better the fit the smaller will be the sum
of the square of the residuals, with the perfect theoretical fit having residuals all
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Fig. 25.1 Boxplot showing arterial oxygen saturation data at baseline and hypoxaemia.
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Fig. 25.2 Groupmean change in near infrared attenuation between baseline and hypoxaemia.

25 Changes in Near Infrared Attenuation by the Brain 221



equal to zero. Furthermore, any residuals which are present should be
randomly distributed around zero. The presence of residuals which are not
randomly distributed suggests that there is a component missing from the
fitting analysis.

The residuals from the 2 component fit to the group mean experimental
spectrum do not appear independent and show a broad peak located around
830 nm which is similar to the oxCCO difference spectrum. This suggests that
the attenuation of NIR spectra by the healthy human brain during hypoxaemia
cannot be accounted for solely by �[HHb] and �[HbO2]. When the 3 compo-
nent model is used, to also fit for �[oxCCO], the sum of the squares of the
residuals is reduced and the residuals appear random, thus improving the fit.
The simulated spectrum assumes that �[HHb], �[HbO2] and �[oxCCO] are
occurring and that no other chromophores are causing a change in optical
attenuation. The residuals from the 2 component fit to this spectrum are
those that would be expected from the 2 component fit to the experimental
data if �[HHb], �[HbO2] and �[oxCCO] were occurring in the brain during
this hypoxaemic challenge. The residuals from the 2 component fit to the
experimental spectrum do not differ from those resulting from the 2 component
fit to the simulated spectrum. This strongly suggests that �[oxCCO] is
occurring and this accounts for the residuals from the 2 component to the
experimental data.

There is no statistical difference between the individual 2 component fits to
the experimental and simulated data in eight out of ten of the individual
subjects. This demonstrates the optical effect of �[oxCCO] at the individual
as well as the group level. In the two subjects who exhibited differences between
the residuals to the experimental and simulated data, the simulated residuals are
very close to zero. This results in a very low dispersion in the residuals to the
simulated data. It is possible that in these two individuals the physiological
challenge was insufficient to produce a significant change in �[oxCCO].
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Fig. 25.3 Residuals from 2 and 3 component fits to group mean change in near infrared
attenuation between baseline and hypoxaemia and 2 component fit to simulated spectrum.
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Fig. 25.4 Residuals from 2 component fits to change in near infrared attenuation between
baseline and hypoxaemia (- -) and 2 component fit to simulated spectrum (—) for each
individual subject. Two subjects had significant differences between the two sets of residuals
(marked with *).
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We postulate, therefore, that changes in cerebral CCO redox state occur
during moderate hypoxaemia, and that we can detect these changes using non-
invasive BBS. We suggest that one should fit the oxidised-reduced CCO differ-
ence spectra when using NIRS to monitor the brain during hypoxaemia. It has
been suggested that NIRS algorithms using a small number of discrete wave-
lengths are less capable of separating the HbO2, HHb and oxCCO signals.10

This broadband spectroscopy dataset collected using multiple wavelengths will
allow us to test various sets of wavelengths in order to determine which subsets
perform best.

We are currently using BBS to study changes in human cerebral CCO redox
state occurring after traumatic brain injury. This measurement may be able to
provide clinically relevant information with which to guide neuroprotective
treatment of acute brain injury on the neurocritical care unit.

Acknowledgment MMT is aWelcomeResearch Fellow, GrantNo 075608. IT is supported by
UCL/UCLH Trustees.
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Chapter 26

Assessment of Oxygenation and Perfusion

in the Tongue and Oral Mucosa by Visible

Spectrophotometry and Laser Doppler

Flowmetry in Healthy Subjects

D.B. Singh1, G. Stansby2, and D.K. Harrison1

Abstract Use of Visible Light Spectrophotometry (VLS) and Laser Doppler

Flowmetry (LDF) is currently being studied by the authors to assess the

viability of tissue margins in colon resection and to assess mucosal oxygenation

in the colon. Thus, as a preliminary study it was necessary to evaluate whether

there is any systematic inter-probe variability of the measurements by VLS and

LDF. The oral mucosa was used as a model.

Methods SO2 with VLS (WhitlandResearch RM200) and blood flowwith LDF

(Moor Instruments DRT4) were measured at 10 sites each on the tongue and

oral mucosa of 10 healthy volunteers at 0, 6 and 24 hours using 3 different

probes for VLS and 2 probes for LDF.

Results The results showed that the SO2 measurements by VLS using the

different probes on the tongue and mucosa were significantly correlated

(P<0.05). SO2 values at 6 hours were significantly higher than at 0 and

24 hours (P<0.05) in all but one case. SO2 measurements were not correlated

with LDF. LDF measurements by the 2 probes were correlated significantly

(P<0.05) but the standard deviations were very large.

Conclusions SO2 measurements on the oral mucosa are reproducible. Due to

the large variations in LDF, VLS is likely to be themore clinically useful tool for

identifying mucosal ischaemia

26.1 Introduction

A clinical study is currently being undertaken by the authors on the use of

Visible Light Spectrophotometry (VLS) and Laser Doppler Flowmetry (LDF)

to assess the viability of tissuemargins in colon resection. Adequate tissue blood

flow and oxygenation are known to be essential for anastomotic healing

1University Hospital of North Durham, Durham, UK.
2Northern Vascular Unit, Freeman Hospital, Newcastle upon Tyne, UK.

K.A. Kang et al. (eds.), Oxygen Transport to Tissue XXIX
� Springer 2008

227



following colorectal resections in both animal and human clinical studies [1].
In a comparison of colonic pouch-anal and conventional straight end-to-end
anastomosis, the microcirculation at the site of the anastomosis in the pouch
was shown to be better preserved, as measured by higher tissue blood flow, than
at the end of the conventional straight anastomosis [2]. This may account for the
reported lower rates of leakage with a colonic J pouch reconstruction following
low anterior resection [3].

A further study is also assessing mucosal oxygenation in the colon by VLS,
during colonoscopy, for diagnosing bowel ischaemia.

The technique of lightguide spectrophotometry to measure tissue oxygen
saturation has been validated for use in assessing microvascular blood flow in
skin in peripheral vascular disease and has been shown to be of clinical use in
defining the levels of amputation in patients with peripheral arterial disease [4].
Use of VLS to assess tissue oxygen saturation (SO2) in the colon is a relatively
new procedure [5]. In the current clinical studies different configurations of
probes are being used for the measurements of SO2 and LDF in the luminal
surface and serosal surface of the bowel. Thus, as a preliminary study it was
necessary to evaluate whether there is any systematic inter-probe variability of
the measurements by VLS and LDF. Similarly, it was necessary to establish the
range and reproducibility of normal values for mucosal SO2 and to investigate
whether there were any diurnal variations. The oralmucosawas used as amodel.

26.2 Aim

The main aim of this study was to evaluate whether SO2 measurements by
different probes as measured by spectrometry are reproducible and whether
there is any inter-probe variability. The reproducibility of Laser Doppler Flux
measurements was also evaluated.

26.3 Materials

The visible light spectrophotometer used was aWhitland Research RM200 SO2

monitor. A Moor Instruments DRT4 was used for Laser Doppler flux
measurements.

Three types of probes (2 endoscopic catheter probes and 1 surface probe)
were used for SO2 measurements by VLS. Endoscopic catheter probes, 4 metres
in length, had outer diameters of 2.1mm and 1.35mm (Moor Instruments, UK,
DP6sd). The endoscopic probes used in this study were side delivery ones which
meant that the light was emitted and received from the side within 5mm of the
tip rather than the end. These probes are specifically designed for laser Doppler
fluxmeasurements, but with the help of an adaptor (manufactured with the help
of Moor Instruments, UK) it was possible to use the same probes for SO2
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measurements. The surface probe used is a standard probe by Whitland
Research used for measuring SO2. An external light source was used with the
catheter probes in the form of a halogen lamp (400watts) as the LED light
source in the spectrophotometer was not sufficiently powerful for the catheter
probe. For the surface probe we used the spectrophotometer’s in-built light
source. In order to eliminate systemic spectral effects such as lightguide trans-
mission characteristics, variations in photodiode array sensitivity and the dif-
ferent light sources used, a dark and white balance was carried out with each
probe prior to measurement.

Two types of probes were used for LDF measurements – one endoscopic
catheter probe with outer diameter 2.1mm (Moor Instruments DP6asd) and a
surface probe (Moor Instruments, DP1T-V2).

26.4 Methods

Ten healthy volunteers were recruited for the study after securing ethical
approval from the Local Research Ethics Committee. Participants with
known medical conditions and smokers were excluded from the study. SO2

with VLS (Whitland Research RM200) and laser Doppler flux (Moor Instru-
ments DRT4) were measured on the tongue and oral mucosa at 0, 6 and
24 hours. The three types of probes described above were used for VLS. The
endoscopy catheter probe with outer diameter 2.1 mm and surface probe
(DP1T-V2) were used for LD flux measurements. Measurements were taken
with each probe at 10 points both on the tongue and oral mucosa at 0, 6 and
24 hours and the mean values recorded. Participants were requested not to have
any hot drinks for at least an hour before the measurements were taken.
An ambient temperature of 22–238C was maintained throughout the
measurements.

26.5 Results

The median age of the participants was 43 (range 37–63) years with 7 females.
The results showed that the SO2 measurements by VLS using the different
probes on the tongue and mucosa (Table 26.1) were significantly correlated
(P<0.05).

Bland and Altman [6] analysis of the original data showed that 95% of the
difference between the small catheter and surface probes were within 2 standard
deviations (SD). For the large catheter and surface probes, 90%of the difference
were within 2SD. However, this raw data may contain bias due to differences
between the probes because of physical factors such as lightguide diameter. In
order to investigate whether this systematic bias could be corrected, regression
analysis was carried out whereby the surface probe was considered as the
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standard. The correlations are shown in Figs. 26.1 and 26.2. The appropriate

regression equations shown in the figures were used to ‘‘calibrate’’ the SO2 values

measured using the catheter probes against the surface probe values. After the

corrections, further Bland and Altman [6] plots showed that the measurements

using all 3 probes were in agreement (Figs. 26.3 and 26.4). Ninety five percent of

the differences were within 2 standard deviations.
The measurements from all probes were combined and produced mean (SD)

SO2 values for the tongue at 0, 6 and 24 hrs of 78.5 (10.0)%, 81.7 (7.7)%and 78.9

(6.3)% respectively. Corresponding figures for oral mucosa were 82.6 (6.6)%,

85.8 (5.4)% and 84.4 (4.4)% (Table 26.3).
SO2 measurements were normally distributed, so the Student t-test was used

to analyse any differences between 0, 6 and 24 hours values in the tongue and

mucosa. The analysis showed significant differences between tongue and muco-

sal SO2 across all times (except at 0 hours) with mucosal SO2 being higher. SO2

values at 6 hours were significantly higher than at 0 and 24 hours (P<0.05) in all

but one case.

Table 26.1 Mean SO2 % in tongue and mucosa by different probes at 0, 6 and 24 hours

TongueMean SO2 ( SD) % MucosaMean SO2 ( SD) %

0 hour 6 hours 24 hours 0 hour 6 hours 24 hours

Large catheter
probe

81.8
(5.6)

85.3
(4.3)

83.2
(3.6)

85.8
(4.0)

87.8
(3.3)

87.3
(3.1)

Small catheter
probe

75.3
(9.2)

79.8
(8.3)

75.3
(7.0)

80.3
(6.6)

84.6
(5.6)

81.4
(3.6)

Surface probe 81.2
(5.6)

81.2
(5.8)

80.7
(2.6)

82.2
(5.1)

83.5
(3.9)

83.8
(2.9)

y = 0.5131x + 43.397
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50

55

60

65

70

75

80

85

90

95

100

50 60 70 80 90 100
Surface probe SO2 %

L
ar

g
e 

C
at

h
et

er
 p

ro
b

e 
S

O
2 

%

Fig. 26.1 Correlation between surface and large catheter SO2 probes.
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Fig. 26.2 Correlation between surface and small catheter SO2 probes.
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Fig. 26.3 Bland Altman plot for surface and small catheter SO2 probes.
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SO2 measurements were not correlated with LDF. LDFmeasurements using
the 2 probes (Table 26.2) were correlated significantly (P<0.05) but the standard
deviations were very large. For the purpose of data analysis we considered the
surfaceDoppler probe as the standard and applying the correlation we corrected

the values measured with the catheter probe. The corrected flux also had a high
standard deviation (163.3).

26.6 Discussion

This study confirms that after calibration of the catheter probes against the
surface probe, the physiological SO2 measurements by three different probes

are in agreement as 95% of the differences between the probes were within 2 SD
and are within clinically acceptable limits. For the catheter probe a 400W
external light source was used to achieve an adequate signal. This loss is partly
be due to the adaptor used to connect the Laser Doppler probe to the spectro-

photometer. Further significant losses were experienced when using the small
diameter catheter probe and the quality of the spectra obtained was poor. For
this reason, the small catheter probe has been discontinued from use in our
further clinical work. The difference in mean SO2 for oral mucosa at 0 and
6 hours was statistically significant but the actual difference was only 3%,which

would not be clinically significant. Friedland et al [5]. showed in their study that
the colon SO2 decrease by 40% on induction of ischaemia. Fournell et al [8].
hypothesized that an SO2 value below 60% probably mark the threshold for
mesenteric ischaemia.

Table 26.3 Mean SO2 and Flux values on the tongue and mucosa at 0, 6 and 24 hours

Time

Tongue
Mean SO2

(Std Dev)%

Mucosa
Mean SO2

(Std Dev)%

Tongue
Mean Flux
(Std Dev)

Mucosa
Mean Flux
(Std Dev)

0 hour 78.5 (10.0) 82.6 (6.6) 282.77 (100.98) 371.84 (106.57)

6 hours 81.7 (7.7) 85.8 (5.4) 332.31 (170.41) 412.81 (158.75)

24 hours 78.9 (6.3) 84.4 (4.4) 317.29 (79.3) 386.2 (91.9))

Table 26.2 Mean Laser Doppler Flux in tongue and mucosa measured by different probes at
0, 6 and 24 hours

Tongue
Mean flux (SD)

Mucosa
Mean flux (SD)

0 hour 6 hours 24 hours 0 hour 6 hours 24 hours

Surface probe 339.1
(74.7)

312.0
(76.4)

312.0
(61.6)

362.9
(54.9)

364.5
(90.4)

397.6
(109.4)

Large catheter
probe

218.0
(42.3)

263.5
(63.4)

255.3
(26.3)

271.3
(40.2)

292.9
(54.1)

269.5
(19.8)
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Laser Doppler flux measurements on the tongue and oral mucosa were

highly variable. There was no correlation between SO2 and LDF. This poor

correlation can be explained by the fact that SO2 does not change significantly

until perfusion becomes much lower than any values measured in this study

(Caddick et al) [7]. The measurements using the surface probe were higher than

with the endoscopic probe at all times and sites. Even after correction of the

difference by applying the correlation, the differences between these two probes

were high with a SD of 144.5. There is a possibility that this difference may be

due to the side viewing configuration of the catheter probe. Even with only

slight rotation, the port would look away from the tissue, thus giving a low

reading.

26.7 Conclusions

The results indicate that SO2 measurements on the oral mucosa are reproduci-

ble, and values recorded using different probes are comparable. Due to the large

variations in LDF, VLS is likely to be the more clinically useful tool for

identifying mucosal ischaemia.
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Chapter 27

Cerebral Tissue Oxygen Saturation Calculated

Using Low Frequency Haemoglobin Oscillations

Measured by Near Infrared Spectroscopy

in Adult Ventilated Patients

Terence S. Leung1, Martin M. Tisdall2, Ilias Tachtsidis1, Martin Smith2,

David T. Delpy1, and Clare E. Elwell1

Abstract Oxy- (HbO2) and deoxy- (HHb) haemoglobin signals measured by near
infrared (NIR) spectroscopy over the human frontal lobes frequently contain
respiratory and low frequency oscillations (LFOs). It has been suggested pre-
viously that venous oxygen saturation (SvO2) can be calculated from these respira-
tory oscillations. In this paper, we investigated the use of a Fourier transform
based algorithm to calculate an oxygen saturation measure known as SoscO2

which may be a close estimate of the underlying SvO2. SoscO2 was calculated
using three different frequency ranges, (1) respiratory oscillations only, (2) LFOs
only, and (3) both respiratory oscillations and LFOs. At each frequency range
SoscO2 was calculated using either (1) the modified Beer-Lambert law (MBL) or
(2) spatially resolved spectroscopy (SRS). In total six different measurements of
SoscO2 were investigated here. Experiments were performed in six adult ventilated
patients with traumatic brain injury. The patients’ inspired oxygen fraction (FiO2)
was raised in two hyperoxic phases. The calculated SoscO2 values were compared
with other cerebral oxygenationmeasures including an intraparenchymal catheter
based brain tissue oxygen tension (PbrO2) and the NIR based tissue oxygenation
index (TOI). It was found that the SoscO2 calculated using the combined respira-
tory and LFO frequency range and the SRS method resulted in the highest
detection rates of hyperoxic changes. Thismeasure of SoscO2may provide a viable,
continuous, non invasive, bedside measure of cerebral venous oxygen saturation.

27.1 Introduction

Measurements of cerebral SvO2 using non-invasive NIRS have previously been
discussed in the literature. The central idea is to identify changes in blood
volume which can be attributed to the venous compartment and then to

1Department of Medical Physics and Bioengineering, University College London,
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2Department of Neuroanaesthesia and Neurocritical Care, The National Hospital for
Neurology and Neurosurgery, Queen Square, London, UK.
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calculate SvO2 based on the relative proportion of�[HbO2] and �[HHb] within
those changes. In adults and neonates, changes in venous blood volume can be
initiated through head tilting [1] or jugular vein occlusion [2,3]. They can also be
associated with respiration [4–6] which is one of the main focuses in this work.
Respiration influences cardiovascular activities such as heart rate, stroke
volume, arterial pressure, venous pressure and blood flow [7]. Strictly speaking,
respiratory oscillations are associated with both arterial and venous blood
volume changes. However, since the veins are much more compliant than the
arteries [8], it is expected that these oscillations occur predominantly within the
venous compartment [6]. In this study, all patients were being ventilated using
intermittent positive pressure, in which, inspiration generally causes an
increase in intrathoracic pressure leading to a reduction of venous return and
an increase in peripheral blood volume [5]. The patients’ ventilation rates were
between 10 and 14 breaths/min (0.17 and 0.23 Hz).

Other types of oscillation often found in the cerebral haemodynamic signals
(�[HbO2] and �[HHb]) in healthy humans occur at a frequency of around
0.1 Hz and are termed either vasomotion-waves or spontaneous low frequency
oscillations [9–12]. In this paper, we have adopted the term low frequency
oscillations (LFOs). Similar oscillations can also be found in arterial blood
pressure and heart rate [13,14] and are known as Mayer-waves which are
generally thought to be generated by baroreflex activity [15].

In this paper we describe a cerebral oxygen saturation measure which utilises
these respiratory and low frequency oscillations.We have termed this saturation,
SoscO2 with the subscript ‘‘osc’’ indicating the oscillatory basis of the signals. The
aim of this paper is to investigate whether SoscO2 can be used to measure cerebral
SvO2. We compare our SoscO2 value with other cerebral oxygenation measures
suchTOI and PbrO2 during a hyperoxic study in six adult ventilated patients with
traumatic brain injury. TOI is a mixed arterial and venous oxygen saturation
measurement that is also dependent on the arterial to venous volume ratio (which
in the brain is assumed to be 1:3). Another cerebral oxygenation measurement,
which is invasive, and often used in the care of traumatic brain injury patients on
the intensive care unit, is PbrO2 which provides a local partial pressure of oxygen
in the extra-cellular fluid of the brain tissue and reflects the availability of oxygen
for aerobicmetabolism.As suchPbrO2 can be thought of as reflecting the balance
between oxygen delivery and consumption [16].

27.2 Methods

27.2.1 Experiments

The study was approved by the Joint Research Ethics Committee of the
National Hospital for Neurology and Neurosurgery and the Institute of
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Neurology.We studied six adult ventilated patients with traumatic brain injury.

AnNIRmonitor (NIRO300, Hamamatsu Photonics KK.) was used to measure

�[HbO2], �[HHb] and TOI in the less injured frontal lobe. PbrO2 was mea-

sured using a Licox PMO catheter inserted in the peri-contusional brain tissue.

Arterial oxygen saturation (SaO2) was measured using a pulse oximeter

(Novametrix) placed on the finger. During the study, FiO2 was increased so

that comparisons could be made between the baseline and two hyperoxic levels.

We investigated which of the cerebral oxygenation measures, namely SoscO2,

TOI and PbrO2, could detect an increase (1) from baseline to hyperoxic phase 1,

and (2) from hyperoxic phase 1 to 2. Baseline FiO2 was determined by the

minimum level required to produce an arterial partial pressure of oxygen (paO2)

larger than or equal to 13 kPa. After 30 minutes of baseline, FiO2 was increased

to 60% for 60 minutes (phase 1) and then 100% for 60 minutes (phase 2), before

being returned to baseline for a further 30 minutes. If baseline FiO2 was larger

than 60% then phase 1 was omitted.

27.2.2 Theory

An algorithm based on the Fourier transform of the data was used to estimate

SoscO2:

SoscO2 ¼

P

i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PHbO2
i½ �

p

P

i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PHbO2
i½ �

p

þ
P

i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PHHb i½ �
p � 100% (27:1)

where PHbO2[i] and PHHb[i] are the power spectral densities (PSD) of the

�[HbO2] and �[HHb] signals, and the index i corresponds to different

frequency ranges. Three frequency ranges have been used here, (1) the LFO

range: from 0.018 to 0.1 Hz, (2) the ventilation/respiration range: a bandwidth

of 0.02Hz around the ventilation/respiration frequency (different in each

patient) and (3) the combined LFO and ventilation/respiration range: from

0.018 to 0.3 Hz.
The NIR spectrometer used in this work (NIRO300) is able to make

measurements based on both the modified Beer Lambert law (MBL) and

spatially resolved spectroscopy (SRS) [17]. The SRS measurements

(i.e. k[HbO2] and k[HHb] where k is a constant accounting for scattering)

have previously been shown to be more sensitive to intracerebral changes

than those based on MBL [18]. Two versions of SoscO2 can thus be calculated,

using either theMBL (SoscO2
MBL) or the SRS (SoscO2

SRS) in the three frequency

ranges previously mentioned. The SRS version of SoscO2 was calculated simply
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by using k[HbO2] and k[HHb] in calculating PHbO2[i] and PHHb[i] in equation
(27.1). In total six versions of SoscO2 were calculated for each set of data.

27.2.3 Data Analysis

To implement equation (1), the �[HbO2]/�[HHb] (for MBL) or k[HbO2]/
k[HHb] (for SRS) signals were first linearly detrended over 10 minutes. Their
power spectral densities PHbO2[i] and PHHb[i] were then estimated using the
Welch spectral estimation method with a 1024 point Fast Fourier Transform,
50% overlap and a 1024 point Hanning windowing function. Subsequently,
SoscO2 was calculated using Eq. (27.1). Each 10 minute block of data resulted
in one value of SoscO2. Each calculation was then repeated on a block of data
with the same length but shifted along by 1 minute. Altogether ten SoscO2

measurements were calculated for each phase (baseline, hyperoxic phase 1
and 2). For hyperoxic phases 1 and 2, the initial 20 minutes of data after the
increase of FiO2 were excluded to allow for stabilisation. The ten measure-
ments from each patient were used to calculate the individual mean value
in each phase. One averaged value of PbrO2 and TOI was obtained per
10-minute block for each parameter and 10 values (separated by 1 minute)
were calculated for each phase.

27.3 Results

In the baseline phase, the mean value of FiO2 was measured at the mouth to be
32�5% (range: 24 – 39%). In the first hyperoxic phase, FiO2 was raised and the
mean value wasmeasured as 58�1% (range: 56 – 59%). In the second hyperoxic
phase, FiO2 was raised further and the mean value was measured as 96�3%
(range: 90 – 98%).

In this study, we found consistently strong LFOs at around 0.02 Hz in the
�[HbO2] and �[HHb] signals in all our patients with brain injury. The fre-
quency was lower than those reported previously for healthy human subjects [9].

Using spectral analysis, we often found high peaks in the LFO frequency
range in the �[HbO2] and �[HHb] amplitude spectra. The existence of a strong
�[HHb] spectral peak is most interesting. It is expected that the LFOs in
�[HbO2] and �[HHb] are both due to blood volume and possibly flow changes
in the arterial and venous sites. Arterial blood is highly oxygenated at around
98% which means that the amplitude of the �[HHb] LFOs should be very low
in the arterial site. The strong LFOs found in �[HHb] are therefore most likely
to arise from venous changes. Examples of the �[HbO2] and �[HHb] signals
and their amplitude spectra are shown in Fig. 27.1.

238 T.S. Leung et al.



The groupmean and standard deviation of SoscO2, TOI and PbrO2 for all the

patients were calculated from the individual means (Table 27.1). Table 27.2

shows the number of patients whose SoscO2, TOI and PbrO2 show statistically

significant increases (1) from baseline to hyperoxic phase 1, and (2) from

hyperoxic phases 1 to 2, based on the ten measurements in each phase. As

mentioned earlier, there are six versions of SoscO2 in total each being calculated

using the same method as described above.

27.4 Discussion

The mean values of the six versions of SoscO2 were between 55 and 71% in the

baseline phase. These values are comparable to SvO2 measured in a study in

which the mean of the jugular venous saturation of normoxic subjects (n=6)

was measured as 69% [19]. All patients were in a stable condition when the

studies were carried out and it is assumed that the cerebral metabolic rate of

oxygen (CMRO2) was constant during the experiment. In the first hyperoxic

phase, SaO2 was increased from 98 to 100% and the underlying SvO2 was also

expected to increase because of a stable metabolic rate. A small increase in

dissolved oxygen in the plasma should also increase the underlying SvO2. In the
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Fig. 27.1 Time series and amplitude spectra of the �[HbO2] and �[HHb] signals.
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Table 27.1 Group means and standard deviations of SaO2, TOI and SoscO2 (6 versions) in the three phases of the hyperoxic experiments (n=6)

SaO2(%) TOI(%) SoscO2
MBL(%) SoscO2

SRS(%)

LFO
range

Resp. range LFO &
Resp.Range

LFO
range

Resp.range LFO &
Resp.Range

Baseline 98�1 67�11 64�10 63�14 59�7 59�5% 58�7% 55�3%
HyperoxicPhase 1 100�1 69�13 67�10 64�11 61�8 63�6% 59�7% 58�4%
Hyperoxic Phase 2 100�1 71�15 67�7 65�11 61�5 63�5% 62�8% 60�4%
LFO range: 0.018–0.1 Hz
Resp. range: Respiratory frequency with a bandwidth of 0.02 Hz
LFO & Resp. range: 0.018–0.3 Hz
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Table 27.2 Number of patients (detection rate %) showing statistically significant increases (t-test, p<0.05) over the previous phase (n=6)

PbrO2 TOI SoscO2
MBL SoscO2

SRS

LFO range Resp range LFO & Resp.range LFO range Resp range LFO & Resp.range

From Baseline to

Hyperoxic Phase 1

6 (100%) 4 (67%) 6 (100%) 2 (33%) 5 (83%) 4 (67%) 2 (33%) 6 (100%)

From Hyperoxic
Phase 1 to 2

6 (100%) 5 (83%) 2 (33%) 1 (17%) 3 (50%) 2 (33%) 3 (50%) 5 (83%)

LFO range: 0.018–0.1 Hz
Resp. range: Respiratory frequency with a bandwidth of 0.02 Hz
LFO & Resp. range: 0.018–0.3 Hz
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second hyperoxic phase, FiO2 was raised further. Although SaO2 was fully

saturated at 100%, there should be a small increase in dissolved oxygen in the

plasma and hence an increase in the underlying SvO2. Therefore, any increase in

SoscO2 during hyperoxic phase 1 to 2 is likely to represent this increase in SvO2.
Table 27.2 shows that PbrO2 increased in all patients during both hyperoxic

phases, indicating an increased oxygenation at the tissue level. It is interesting to

note however that other cerebral oxygenation measures such as TOI and SoscO2

do not always increase. As shown in Table 27.2, TOI increased from the base-

line to hyperoxic phase 1 in only 4 out of 6 patients. This could be due to the fact

that vasoconstriction occurred during hyperoxia which in turn lowered the

arterial to venous volume ratio. While the underlying SaO2 and SvO2 may

both slightly increase, the overall effect could be a lowered TOI. The same

mechanism could also explain the fact that TOI increases from hyperoxic phase

1 to 2 in only 5 out of 6 patients.
The six versions of SoscO2 performed differently in the hyperoxic tests.

Despite previously being used in both adults and neonates [3,5], SoscO2 based

on the respiratory frequency range (both MBL and SRS versions) had low

detection rates in the two hyperoxic phases as shown in Table 27.2. In fact, not

all patients exhibit strong respiratory oscillations. In two patients, the spectral

peaks at the respiratory frequency were very weak (just above the noise floor) in

the �[HbO2]/�[HHb] (and k�[HbO2]/k[HHb]) PSDs.
By comparison, SoscO2 based on the LFO frequency range has higher detec-

tion rates (both MBL and SRS versions) in the two hyperoxic phases. This

could be due to the fact that there are consistently higher spectral peaks in the

LFO range in the �[HbO2]/�[HHb] and k�[HbO2]/k[HHb] PSDs for all

the patients and all phases.
Relatively high detection rates in the two hyperoxic phases were achieved by

SoscO2 based on the combined respiratory and LFO range. In particular, those

using SRS have the highest detection rates (100% for hyperoxic phase 1 and

83% for phase 2) compared with TOI and other versions of SoscO2. This may be

explained by the fact that SRS measurements have been shown to have a higher

sensitivity to intracerebral changes [18]. It is possible that SoscO2 is dominated

by the venous blood and is thus less susceptible to changes in the arterial to

venous volume ratio.
In this preliminary analysis, we have taken the empirical approach that SoscO2

can be calculated using Eq. (27.1). The use of this equation however has not been

fully justified in this paper, especially for the LFOs. Previous studies [5–6] have

shown that this equation is only valid when the �[HbO2] and �[HHb] oscilla-

tions (both respiratory and LFO) are caused by blood volume change alone. As

shown in Fig. 27.1, the�[HbO2] and�[HHb] LFOs are sometimes out of phase,

suggesting that a blood flow change may also have occurred, violating this

assumption. However we found that the SoscO2 values obtained in our studies

consistently fall within the expected range of venous saturation values. We are

currently working on a theoretical model to explain the behaviour of the
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�[HbO2] and �[HHb] LFO signals which may in turn improve the calculation
of SoscO2 as an estimate of the underlying SvO2.
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Chapter 28

Biosensor for Diagnosing Factor V Leiden,

A Single Amino Acid Mutated

Abnormality of Factor V

Yongjie Ren, Samin Rezania, and Kyung A. Kang
1

Abstract Factor V Leiden (FVL) is an abnormality with a single amino acid
mutation of Factor V (FV) and is the most common, hereditary blood coagula-
tion disorder. FVL is currently diagnosed by DNA analysis, which takes a long
assay time, high cost, and a specially trained person. We are developing a rapid,
accurate, and cost-effective biosensing system to quantify both FV and FVL in
blood plasma, to diagnose FVL and also to evaluate the seriousness of the disease
status. This system is based on a sandwich immuno-reaction on an optical fiber.
To produce the monoclonal antibody against only FV or only FVL without
cross-reacting with the other molecule and with a higher probability, a 20 amino
acid sequence (20-mer) of FV or FVL around the mutation region was injected
into mice and then hybridoma cell lines specific to each 20-mer were selected.
When these antibodies were tested with native FV or FVL molecules, they were
found to be cross-reacting with the other molecules, but some with higher affinity
to FV (FV preferred) and some to FVL (FVL preferred). Using these antibodies,
two different sensors were developed: FV preferred and FVL preferred sensors.
These two sensors allowed us to quantify FV and FVL in plasma with a max-
imum error of 4%. The plasma levels of both molecules provide us not only FVL

diagnosis but also the level of the seriousness. The same principles may be used
for developing diagnostic tools for other diseases with a single point mutation.

28.1 Introduction

Factor V (FV) is an essential factor of the blood coagulation cascade [1]. Its
molecular weight is 330 kDa and it is composed of a heavy chain (MW=105 kDa)
and a light chain (MW = 71�74 kDa). When the gene for the arginine at the
position 506 (R506Q) on the heavy chain of FV is mutated and replaced
with glutamine, FV loses the cleavage site for activated protein C (APC;

1Yongjie Ren, Samin Rezania and Kyung A. Kang, Department of Chemical Engineering,
University of Louisville, Louisville, KY 40292, USA.
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anticoagulant) [2]. This mutation (i.e., factor V Leiden; FVL) prevents APC from
the efficient inactivation of FV and facilitates overproduction of thrombin, leading
to excess fibrin generation and blood clotting [3].

FVL is the most common hereditary blood coagulation disorder in the
United States. It is present in 5% of the Caucasian population and 1.2% of
the African American population [7]. FVL increases the risk of venous throm-
bosis 3–8 folds for the heterozygous and 30–140 folds for the homozygous
individuals [7]. Currently, the FVL diagnosis is made by DNA analysis or by
the clotting test that measures the degree of prolongation of plasma clotting
time after the addition of APC [3]. DNA analysis is, however, expensive and
time-consuming, and the clotting test is not specific only for FVL.

The fiber optic biosensing system is a rapid, accurate, and cost-efficient
method to detect the level of the specific protein in plasma [4, 9, 10, 11]. This
method performs a sandwich assay on the surface of an optical fiber.

Here, a fiber optic biosensing system for FVL diagnosis is presented.

28.2 Materials, Instruments and Methods

28.2.1 Materials and Instruments

For biosensing: The fluorometer (Analyte 2000) and the quartz fibers used for
sensors were from Research International (Monroe, WA). Factor V and a
monoclonal antibody against FV light chainwere purchased fromHaematologic
Tech. (Essex Junction, VT) and another monoclonal antibody against FV light
chain was from Fitzgerald (Concord, MA). The homozygous patient plasma
was obtained from a FVL homozygous patient, following approval by the
University of Louisville Institutional Review Board (IRB). Alexa Fluor1 647
(AF647) was purchased from Invitrogen (Carlsbad, CA). ImmunoProbeTM

Biotinylation Kits, avidin, hydrofluoric acid, phosphate buffered saline
(PBS), triethylamin, �-maleimideobutyric acid N-hydroxysuccinimide ester,
(3-mercaptopropyl) – trimethoxysilane were from Sigma-Aldrich (St. Louis,
MO). FV free plasma was from American Diagnosica Inc. (Stamford, CT).

For enzyme linked immunoassay (ELISA): Bovine Serum Albumin (BSA)
and o-phenylenediamine dihydrochloride (OPD) tablet were from Sigma-
Aldrich. Fc specific, horseradish peroxidase-conjugated rabbit anti-mouse
IgG was from Jackson ImmunoResearch Laboratories, Inc. (West Grove,
PA). The ELISA plate reader was from Bio-Rad (Hercules, CA).

28.2.2 Methods

For biosensing by fiber optic sensing system:All sensors were prepared following
the protocol established by previous researchers [4, 9, 10, 11]. Briefly, the
antibody against FV or FVL (18MAb) that we have developed using 20-mers
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was immobilized on the fiber surface by the avidin-biotin linkage and then the
fiber is enclosed in a sensing chamber. When a sample is injected into the
chamber, the FV/FVL molecule in the sample is captured by the 18MAb.
After washing the fiber surface to remove unbound bio-molecules, the antibody
against FV light chain (28MAb) conjugated with AF647 is applied to the
sensing chamber. After the sandwich complex is formed, the excitation light is
applied to the sensor and the emitted fluorescence is measured by a fluorometer.
The fluorescence intensity is correlated with the amount of FV/FVL in the
sample. Regarding the sample and 28MAb incubation time, for testing affinity
of the generated antibodies, 10 and 10 minutes (10/10 min.) were used. For
sensing analytes, 3 and 2 minutes (3/2 min.) were used.

For ELISA: To test the affinity of the antibodies generated, ELISA was
performed as follows: 96 wells of an ELISA plate (Dow corning, NY) were
coated with 100 ml of FV in plasma (2 mg-FV/ml-FV free plasma) or 100 ml of
homozygous FVL plasma (2 mg/ml). First, the well surface was blocked with
250 ml, 1% BSA each well for 90 minutes at room temperature, then 100 ml of
anti-FV antibodies (1 mg/ml) was applied on the first column wells and the
½ serial dilution was performed. After incubation at 378C for 90 minutes,
100 ml of 1:1000 Fc specific, HRP conjugated rabbit anti-mouse IgG was applied
for 20 minutes at 378C. After washing the plate and adding 100 ml of OPD
solution to eachwell, the platewas incubated at room temperature for 30minutes,
and then the optical density was measured at 450 nm by the ELISA reader.

28.3 Results and Discussion

28.3.1 Production of 18MAb Against FV and FVL

Currently, neither pure FVL molecule nor the antibody against FVL without
cross-reacting with FV is available. Generating antibodies specifically against a
single point mutation site of a molecule is extremely difficult. To increase the
probability for generating antibodies specifically against the mutation site, the
20 amino acid sequences (20-mer) of FV or FVL around the mutation site were
generated (Fig. 28.1) [8]. The 20-mers were then conjugated with a carrier
protein, the conjugated molecules were injected into mice, and the hybridoma
cell lines were generated [9, 12]. The resulting antibodies were first screened with
the 20-mers and those with high affinity to FVL molecules without cross-
reacting with FV were selected, and vice versa.

FV 20-mer: H-I-C-K-S-R-S-L-D-R-R-G-I-Q-R-A-A-D-I-E-Q-NH2  
FVL 20-mer: H-I-C-K-S-R-S-L-D-R-Q-G-I-Q-R-A-A-D-I-E-Q-NH2  

Fig. 28.1 The amino acid sequence of 20-mers for FVandFVL (themutation sites are in bold).
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The screened monoclonal antibodies were then tested with native FV mole-
cules and homozygous FVL plasma by ELISA [Fig. 28.2(a)]. They were found
to have some cross-reactivity with the other molecule. However, some had
higher affinity with FV and some with FVL. The affinities of these antibodies
were also tested as the 18MAb for the sensing system, and a commercial anti-
body against the FV light chain was used as the 28MAb. For the biosensor, the
experiments was performed for the sample 5 mg FV/FVL in 1 ml plasma and the
sensor also showed the cross-reactivity [Fig. 28.2(b)]. Interestingly, the anti-
body 5G3 had a higher affinity for FV in ELISA but it shows the highest relative
affinity for FVL (FVL: FV = 2.17). The antibody 1D4 shows the highest
relative affinity for FV (FV: FVL = 2.55), consistent with the ELISA result.
Therefore, the antibody 5G3 and 1D4 are selected to be 18MAbs for the FVL
and the FV preferred sensors, respectively.

28.3.2 Sensing Performance of the FV and FVL Preferred Sensors

Heterozygous patients have both FV and FVL molecules in their blood.
Quantifying both FV and FVL in their plasma provides information on the
degree of the abnormality. First, the FV and the FVL preferred sensors were
tested for their behaviors for FV or FVL, separately in the sample, with the
physiological range of 0�15 mg/ml-plasma (Fig. 28.3). For both FV preferred
and FVL preferred sensors, the relationships between the analyte concentration
and the signal intensity were linear. For the FV preferred sensor, the slope of the
standard curve for FV was 9.3, which is higher than the slope of FVL 6.8, as
expected [Fig. 28.3(a)]. For the FVL preferred sensor, the slopes were 8.6 for
FVL and 5.4 for FV [Fig. 28.3(b)].

Next, the response of these sensors was studied for a mixture with both FV
and FVL molecules. The FV preferred sensor was tested for a sample with both
FV and FVL but at a constant FVL concentration (8 mg/ml) [Fig. 28.4(a)]. The
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signal intensity of the mixture was linear with the change in the FV concentra-

tion, with the slope of 8.9, which is 96% of that for FV only (9.3) [Fig. 28.3(a)].

The signal intensity of the y intercept was 54.4, the same for 8 mg/ml of FVL

only. In other words, the signal intensity of the mixture was found to be the

addition of the signal intensities by FV and by FVL, showing that FVL

molecules in a sample do not affect the affinity of FV for the FV preferred

sensor. Figure 28.4(b) confirms that FV molecules in the sample do not affect

the affinity of FVL in FVL preferred sensor, either. In summary, the FV and the

FVL molecules in a sample contribute to the sensor signal intensity indepen-

dently, without interfering with each other.
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28.3.3 Quantification of FV and FVL in Blood Plasma Sample

Since our sensors may not detect FV and FVL molecules exclusively, a mathe-
matical manipulation is needed for the quantification of these two molecules in a
sample. The relationship between the two sensor signal intensities and the con-
centrations of FV and FVL molecules in a sample can be expressed as follows:

SI1 ¼ A1CFV þ B1CFVL (28:1)

SI2 ¼ A2CFV þ B2CFVL (28:2)

where, SI is the signal intensity (pA) generated by a sensor; A is the slope of
the standard curve for FV, in pA/(mg/ml); B is the slope of the standard curve
for FVL, in pA/(mg/ml); C is the concentrations of FV or FVL in the sample, in
mg/ml; Subscripts 1 and 2 represent FV preferred and FVL preferred sensor,
respectively. The concentrations of FV (CCFV) and FVL (CCFVL) can be, there-
fore, expressed as Eq. 28.3 and Eq. 28.4, respectively.

CFV ¼
SI2
B2
� SI1

B1

A2
B2
� A1

B1

(28:3)

CFVL ¼
SI2
A2
� SI1

A1

B2
A2
� B1
A1

(28:4)

The sensing system is composed of one FV preferred sensor and one FVL
preferred sensor. A summary of the assay for FV and FVL is shown in Fig. 28.5:

Obtain standard curves for FV and
FVL using FV preferred and FVL
preferred sensors (Figure. 28.3) 

Obtain values A1, A2, B1, B2 and
store them in the data analyzing

program, for later use 

Apply the sample with unknown amounts of FV
and FVL to the sensing system

Calculate CFV, CFVL by Eqs. 28.3 and 28.4 using the
signals (SI1, SI2) and stored values (A1, A2, B1, B2)

Obtain the signals, SI1 and SI2 from the FV and
the FVL preferred sensors 

Fig. 28.5 A schematic diagram describing the procedure for obtaining the amount of FV and
FVL in a sample, using our sensing system. The part within a dashed line is the actual protocol
for an assay.
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First, the parameters need to be obtained from the standard curves of the samples
of FV or FVL, and stored in the system; then the actual assay for an unknown
sample will be performed as described in the block framed by a dashed line. The
total assay time is about 8 minutes.

As an example, a mixture of 5 mg of FV and 6 mg of FVL in 1 ml plasma was
tested by our sensing system (Table 28.1). As can be seen from the table, the FV
and FVL in the sample were quantified with a relative error less than 5%.

28.4 Conclusions

The amino acid sequences of FV and FVL are different by only one amino acid.
In order to increase probability for generating antibodies specific only to FV or
only toFVL, 20-mers around themutation site for eachmoleculewere used in the
hybridoma cell generation. Two antibodies with a higher affinity to FV and to
FVL were selected as 18MAb for the FV and the FVL preferred sensors, respec-
tively. For a sample containing both FV and FVL, the total signal intensity was
found to be the addition of the signals by FV and by FVL. The signals from these
two sensors were used to quantify FV and FVL in a plasma sample accurately
with an error of only 4%. Also, an entire assay can be completed within 10
minutes. This system is a rapid and cost-effective tool for FVL diagnosis.

The system can also be used for the diagnosis of factor V deficiency. The
same principles may be applied for developing diagnostic tools for other dis-
eases with a single point mutation.

Acknowldgment The authors thank theNational Institutes ofHealth (5R21EB003485-02) for
the financial support, and Dr. Sharma at the Hematology and Oncology Department of the
University of Louisville for obtaining the plasma from a FVL homozygous patient.

Table 28.1 An example of the quantification of FV and FVL in a sample. (a) the parameters
of the FV/FVL sensing system and (b) the sensing result of an example

(a)

A [pA/(mg/ml)] B [pA/(mg/ml)]

SI (pA) from
measurement
#1

SI (pA) from
measurement
#2

FV preferred sensor 9.3 8.6 89.5 79.5

FVL preferred
sensor

6.8 5.4 83.0 69.5

(b)

Actual

concentration
(mg/ml)

Calculated

concentration
(mg/ml)

Relative error

(%)

FV 5 4.8�0.1 –4

FVL 6 5.8�1.1 –3
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Chapter 29

Scanning Laser Ophthalmoscope-particle

Tracking Method to Assess Blood Velocity

During Hypoxia and Hyperoxia

Kristen Lorentz, Astrid Zayas-Santiago, Shanti Tummala,

and Jennifer J. Kang Derwent1

Abstract The main objective was to evaluate a Scanning Laser Ophthalmoscope
(SLO) based particle tracking method as a means of quantitative assessment of
retinal blood velocity and vessel diameter changes in response to hypoxia and
hyperoxia. Retinal blood velocities were measured by tracking fluorescent
microspheres (1.0 mm diameter) in anesthetized adult pigmented rats. Velocities
were calculated based onmicrosphere position changes and the recording frame
rate. Hypoxia was induced by inspiring a mixture of nitrogen and air and
hyperoxia was induced by inspiring 100% oxygen. Average blood velocities
during hypoxia obtained for arteries, veins, and small vessels (diameter< 40 mm)
were 39.9 � 9.9, 34.9 � 2.7, and 8.8 � 1.8 mm/sec, respectively, whereas during
hyperoxia, the average blood velocities obtained were 23.7� 6.2, 28.2� 2.7, and
7.6 � 0.7 mm/sec. Hypoxia was found to increase the diameters of arteries by
25% but did not change the diameters of veins; whereas, hyperoxia was found to
decrease their diameters by 25% and 18%. Changes detected in vessel diameter
and blood velocity suggest that the level of oxygen tension alters retinal hemo-
dynamics. Dynamics of retinal hemodynamics in response to hypoxia and
hyperoxia can be assessed using the SLO imaging method.

29.1 Introduction

Many ailments of the eye, including macular degeneration and retinopathy, are
related to aberrant blood flow within the ocular vasculature [1–4]. The devel-
opment of an effective non-invasive technique to measure circulation in vivo in
the eye would have a profound impact on assessments of pathophysiology of
the ocular circulation, of pathologic vulnerability and of pharmacological
treatments of the eye. A direct visualization of retinal vasculature and blood

1Kristen Lorentz, Astrid Zayas-Santiago, Shanti Tummala, and Jennifer J. Kang Derwent,
Department of Biomedical Engineering, Illinois Institute of Technology, Chicago, IL 60616.
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flow makes the eye an ideal system, but measurement through thin retina
(�250 mm) and coupled with limited noninvasive tools has made assessment
of retinal hemodynamics difficult.

Use of a scanning laser ophthalmoscope (SLO) as a noninvasive tool to track
particulate flow in the eye is a promising potential technique to assess retinal
hemodynamics [5–9]. Direct observation of particulate flow in vivo is possible
with an SLO because it allows visibility of fluorescently-labeled cells and other
fluorescent particles introduced into the system. Particle dynamics can be
tracked and velocities can be calculated. An advantage of this method is that
it is non-invasive and it allows to track particles from various different size
vessels and retinal regions. The main objective of this study was to test the
sensitivity of the SLO imaging technique in detecting changes in blood velocity
and vessel diameter resulting from induced hypoxia and hyperoxia.

29.2 Materials and Methods

29.2.1 Experimental Procedure

Five male pigmented Long Evans rats weighing approximately 300–400 g were
used in this study. The animals were treated in accordance with the ARVO
Statement on the Use of Animals in Ophthalmic and Vision Research. Initial
anesthesia was induced with isoflurane and long-term anesthesia was main-
tained with urethane (800 mg/kg loading dose; 75 mg/kg h maintenance dose).
The femoral vein was cannulated with polyethylene tubing (PE-50) for delivery
of fluorescent microspheres and maintenance doses of urethane. The femoral
artery was also cannulated with PE-50 tubing to allow periodic measurement of
arterial blood gas parameters. The animal was paralyzed with pancuronium
bromide (Pavulon; 0.3mg/kg loading dose; 0.2 mg/kg h maintenance dose) and
artificially ventilated. Pupils were dilated with a drop of 2.5% phenylephrine
hydrochloride and 1% atropine sulfate and a topical anesthetic 0.5% propar-
acaine hydrochloride was applied to the eye. Artificial tears were periodically
applied tomaintain moisture of the eye. A zero-diopter clear silicon contact was
placed on the eye prior to image acquisition.

The commercially availableHeidelbergRetinaAngiogram (HRA,Heidelberg
Engineering, Vista, CA) was used to acquire images of retinal vessels of the eye.
Depth discrimination was achieved by scanning the inside of the eye with either
an argon ion (488 nmwavelength) or infrared diode (795 nmwavelength) laser in
combination with highly selective filters. Heidelberg Eye Explorer (HEE) soft-
ware automatically digitized live recordings into either 256� 256-pixel or 512�
512-pixel images as well as video. A video frame rate of 20.5 per second was used
to record particle-tracking movies, typically in a field view of 308.
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Yellow-green 1-mm-diameter polystyrene micropsheres (505 nm maximum

absorption and 515 nm maximum emission, Molecular Probes, Eugene, OR)

were injected intravenously (0.02–0.06 ml/kg) as tracer particles to measure

velocity. Retinal blood velocities were obtained in arteries, veins, and small

vessels. ‘‘Small vessel’’ is representative of any vessel with a diameter less than 40

mm. Directional flow of fluorescent microspheres and vessel characterization

were determined based on examination of infrared reflectance (IR) and fluor-

escein angiogram (FA) images of the microsphere paths. IR and FA images

were taken before and after each alteration of O2 gas level in the inspiration

mixture and a microsphere FA video was acquired for 2–5 minutes during each

altered state. At the end of the experiment, a fluorescein injection (0.1 ml/kg)

was intravenously administered to obtain the retinal vascular map.
The inspired gas mixture was altered by adding N2 to air to give 10% oxygen

(hypoxia) and by administering 100% O2 (hyperoxia). Approximately five

minutes after the onset of an episode, an arterial blood gas sample was taken

to confirm either hypoxia or hyperoxia. Microsphere FA movies were acquired

approximately ten minutes after the onset of each episode. The animal was

given sufficient time to recover from each episode before altering the oxygen

level to induce a different oxidative state.

29.2.2 Data Analysis

Vessel diameter measurements were obtained from IR images using the HEE

software. Blood velocity measurements were obtained by exporting FA movie

frames with traceable microspheres into a custom written MATLAB1 pro-

gram. Velocities were calculated by multiplying the distance (millimeters) tra-

versed by the microspheres and the acquisition frame rate (20.5 per second) to

obtain instantaneous velocity (millimeters per second). All flows were assumed

to be planar, a reasonable assumption given that the SLO only acquires images

from a thin region at any given time. Accordingly, as particles exited the plane

of focus, they became blurry and disappeared from view [10]. A distance scale

was determined by using the width of the image acquisition frame (in milli-

meters, measured via the HEE software) and the number of pixels. The distance

traveled by a particle was converted from a pixel length to a length in milli-

meters using this scale. Overlaying several consecutive FA microsphere images

on an angiogram image allowed assignment of velocity values to particular

vessel types. Because distinguishing between small arterioles and post-arteriolar

capillaries was somewhat subjective, these vessels were both characterized as

‘‘small vessels’’. Likewise, small venules and pre-venule capillaries were also

characterized as ‘‘small vessels’’. Artery and vein measurements were taken

from the central branches, which radiate symmetrically outwards from the
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optic disk. Generally 6–9 arteries and 5–8 veins comprised the outward-extend-
ing vessel ‘‘spokes’’ of the rat retina.

29.3 Results

29.3.1 Normoxia

The purpose of this experiment was to determine the feasibility of SLO particle-
tracking as an investigative tool to detect small changes in ocular blood flow.
Different oxidative states were used to measure the degree of changes in retinal
blood velocity with this proposed method. The area of interest was identified
with IR images, and then control microsphere FA movies were obtained.
Immediately after the injection of microspheres, circulation of particles was
extremely pronounced. However, after several minutes of recirculation the
population notably decreased, making it easier to track individual particles.
Groups of multiple spheres circulating together were not uncommon, especially
within the larger vessels. Once the travel sequence images were identified, each
frame was individually exported to MATLAB1 and distance traveled was
measured. Approximately ten measurements were taken in each vessel type
during normoxia to represent an average blood velocity, and measurements
were restricted to a 7.7�7.7 mm2 area superior to the optic disk in order to limit
regional velocity variation.

Diameters of blood vessels were measured from IR images with the HEE
software. Mean vessel diameter measurements are displayed in Table 29.1.
Three diameter measurements were taken along the vessel length and averaged
to represent the mean diameter of that particular vessel. Diameters of small
vessels were too small to be measured accurately using the HEE software.

29.3.2 Hypoxia

The level of hypoxia was confirmed by an arterial blood sample taken 5 minutes
after the onset of 10% hypoxia and the average PaO2 was 32.7 � 5.2 mm Hg.
The effects of 10%hypoxia on blood vessel diameters are readily observed in IR
images. As shown in Table 29.1, hypoxia resulted in a statistically significant

Table 29.1 Mean blood vessel diameters measured during normoxia, hyoxia and hyperoxia

Vessel Type

Blood Vessel Diameter (mm) (mean � SD)

Normoxia (n=5 rats) Hypoxia (n=3 rats) Hyperoxia (n=5 rats)

Artery 0.08 � 0.01 0.10 � 0.01 0.06 � 0.01

Vein 0.11 � 0.01 0.11 � 0.01 0.09 � 0.01
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increase of approximately 25% in arterial diameters (P <0.05, n=3; paired

t test), whereas the changes in venous diameter were small or almost none.
After the onset of hypoxia, blood velocities in each vessel also exhibited

an increasing trend. Figure 29.1A shows average velocities (approximately

10 measurements for each animal) obtained ten minutes after the onset of
hypoxia from arteries, veins, and small vessels of three rats. On average, arterial

velocities during hypoxia increased by 19% (P = 0.038; paired t test), while
venous and small vessel velocities increased by 14% and 15%, respectively (P=

0.033 and P=0.037; paired t test).

29.3.3 Hyperoxia

The average PaO2 measured during hyperoxia was 349 � 146 mm Hg (n=5

rats). Due to an inadequate arterial blood sample, a pulseoximeter was used to
monitor the blood oxygen in one of the animals. In contrast to hypoxic effects,

after 10 minutes into the onset of hyperoixa, pronounced constriction of the
retinal artery is visible. Overall, hyperoxia resulted in statistically significant

vessel constriction of approximately 25% in arteries and 18% in veins (P<0.05
and P<0.05, n=5 respectively; paired t test) (Table 29.1).

Similar to the normoxia and hypoxia procedures, approximately ten velo-

city measurements were made in each animal during hyperoxia. Overall,
hyperoxia decreased blood velocity (Fig. 29.1B). On average, the arteries

decreased by 17% (P = 0.046; paired t test) and the veins and small vessels

decreased by 18% and 16%, respectively (P = 0.001 and P = 0.015). During
extreme cases of hyperoxia (PaO2 greater than 430 mm Hg), visibility of

microspheres in arteries and small vessels severely decreased, almost to the
point of total disappearance.
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Fig. 29.1 A:Average bloodvelocity changes obtained fromartery, vein, and small vessels during
normoxia (black bars) and hypoxia (graybars). B:Average blood velocity changes obtained from
artery, vein, and small vessels during normoxia (black bars) and hyperoxia (gray bars).
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29.4 Discussion

29.4.1 Normoxia

The major objective of this study was to evaluate the SLO particle-tracking

method by measuring the response of retinal blood velocity to changes in

arterial PO2 in the retinal circulation. Microspheres were chosen as the

tracer instead of fluorescently labeled cells for several reasons in this study.

Microspheres are readily available, bright, uniform tracer particles, whereas

fluorescent blood cells involve time-consuming labeling procedures and exhibit

less bright and less-uniform fluorescence. Also, while systemically circulating

microspheres are biologically inert and pose minimal toxicity hazards [10],

excessive fluorescent cell-labeling can lead to adverse effects on biological

functions and behaviors of some cells [11]. One of the main concerns about

using microspheres is that they are different from red blood cells with regard to

their rigidity, size, and shape [9].
In order to address the validity of microspheres as tracers, we compared our

results to previously reported blood velocity measurements obtained from

either laser Doppler velocimetry or SLO systems (Table 29.2). With our

method, we obtained an average velocity of 30.5 � 4.4 mm/sec in arteries with

a mean diameter of 80 � 10 mm. This average arterial velocity is similar to

values obtainedwith the laser Doppler velocimetry in humans [2,12] as well as in

cats [13]. For veins with a mean diameter of 110 � 10 mm, we obtained an

average velocity of 34.2 � 6.3 mm/sec. This value is somewhat higher than

Grunwald et al [2]. but similar to that of Williamson and Baxter[ 12]. Our

central artery and vein velocities are higher than Wajer et al [9]. who used

FITC-labeled red blood cells and an SLO to measure the velocities. This

difference may be due to the smaller blood vessel size that velocities were

Table 29.2 Comparison of blood velocity measurements

Authors Method

Arteries Veins Capillaries

Velocity
(mm/sec)

Diameter
(mm)

Velocity
(mm/sec)

Diameter
(mm)

Velocity
(mm/sec)

Grunwald
et al. [2]

Bidirectional
Laser
Doppler

29� 9 108� 12 17� 4 152� 14 N/A

Williamson&
Baxter [12]

Color Laser
Doppler

31–102 Central 38–58 Central N/A

Wajer et al. [9] RBCs/SLO 15.5� 0.5 46.7 14.5� 3.9 55.6 4.8� 1.7

Nagaoka

et al. [13]

Bidirectional
Laser
Doppler

33.7� 2.5 84� 3 N/A N/A N/A

This study Microspheres/
SLO

30.5� 4.4 80� 10 34.2� 6.3 110� 10 9.0� 1.3
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measured from in theWajer et al [9]. study (artery diameter of 46.7 mm and vein
diameter of 55.6 mm). When we compared our ‘‘small vessel’’ (diameter < 40
mm) velocity to Wajer et al. (2000), our mean velocity of 9.0 � 1.3 mm/sec fell
between the arteriole/venule and capillary velocities reported byWajer et al [9].
A further study is planned to investigate the similarity and difference of tracers.

Onemajor difference between our work and previous studies is that a different
SLO unit was used tomake themeasurements. Previous works have usedRoden-
stock SLOs andmicroscopes with video capability attachments [7–10,14,15]. The
Rodenstock SLO system has a different field of view (408) and uses NTSC video
output. One advantage ofRodenstock SLO over ourHRASLO is a higher frame
rate, thus allowing for more frames to be used in the analysis. However, agree-
ment of our data with the previous work suggests that it is reasonable to use the
HRA SLO to record measurements of blood velocity and vessel diameter. No
modification of HRA SLO was done to image rat retina vasculature and to
obtain microsphere movies, making it a potential clinical tool. The digital ima-
ging of our HRA is an advantage in that it will remove an additional step of
converting video output to digital format in the data analysis. Our data also
suggest that microspheres are a reasonable tracer to use for assessment of retinal
hemodynamics. Given the positive aspects of SLO particle-tracking method, we
believe that this technique can be adopted for a clinical use.

Based on mean vessel diameter and blood velocity, it is also possible to
calculate volumetric blood flow rate. For an artery with a diameter of 80 mm
and blood velocity of 30.5 mm/sec, the flow rate is 9.2 mL/min along the vessel.
For a vein diameter of 110 mm and velocity of 34.2 mm/sec, the flow rate is
19.5 mL/min in this study.

29.4.2 Hypoxia and Hyperoxia

Altering O2 inspiration had measurable effects on retinal blood vessel diameter
and blood velocity. Hypoxia increased both vessel diameter and blood velocity
in our experiment. This is consistent with previous work in hypoxia [16,17]. A
decrease in blood oxygen leads to vasodilation and increased blood flow to
maintain oxygen supply to the retinal cells. Various factors such as nitric
oxide, adenosine, and prostanoids have been implicated in the control of
blood flow [18–20]. Our measurement method is sensitive enough to detect the
changes under hypoxia, and further studies are planned to investigate whether
intercellular molecules, such as nitric oxide, play a role in controlling retinal
blood flow. In response to hyperoxia, both vessel diameter and blood velocity
decreased in our experiments. In contrast to hypoxia, as PO2 increases during
hyperoxia, retinal vessels constrict thus reducing retinal blood flow.Our data are
in agreement with previous studies of hyperoxia [21–23].

To our knowledge, this is the first paper to demonstrate the changes in blood
velocity and vessel diameter using the HRA unit in response to hypoxia and
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hyperoxia. Our measurement technique is sensitive enough to detect small

changes in blood velocity and would be a valuable clinical tool for assessing

retinal hemodynamics. This technique can be further developed to non-invasively

measure retinal blood flow changes due to retinal vascular diseases such as retinal

occlusions or diabetic retinopathy.
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Abstract Cardiovascular diseases (CVDs) have been the leading threat to
human life. An effective way for sensitive and accurate CVD diagnosis is to

measure the biochemical markers released from the damaged myocardial cells
in the bloodstream. Here, a multi-analyte, fluorophore mediated, fiber-optic

immuno-biosensing system is being developed to simultaneously and rapidly
quantify four clinically important cardiac markers, myoglobin, C-reactive pro-

tein, cardiac troponin I, and B-type natriuretic peptide. To quantify these
markers at a pico-molar level, novel nanoparticle reagents enhancing fluores-

cence were used and signal enhancement was obtained as high as �230%.
Micro-electro-mechanical system (MEMS) was integrated to this system to

ensure a reliable and fully-automated sensing performance. A point-of-care,
automatic microfluidic sensing system for four cardiac marker quantification

was developed with the properties of 3 cm sensor size, 300 mL sample volume,
9-minute assay time, and an average signal-to-noise ratio of 35.

30.1 Introduction

Cardiovascular diseases (CVDs), especially the acute myocardial infarction
(AMI; commonly known as heart attack), have been the top killers for human

beings [1]. Rapid and accurate diagnosis of CVDs is, therefore, critically impor-
tant to save lives. This can be realized by rapid, sensitive, and accurate quanti-

fication of cardiac markers released from injured cardiac muscles. Creatine
Kinase-MB (CK-MB), myoglobin (MG), and cardiac troponin I (cTnI) are

important markers for early diagnosis of a heart attack [2]. B-type natriuretic
peptide (BNP) and C-reactive protein (CRP) are crucial markers for the diag-

nosis of congestive heart failure (CHF) and acute coronary syndromes (ACS)
and also for the accurate prognosis after an AMI insult [3–4]. Our effort is

1Department of Chemical Engineering, University of Louisville, Louisville, KY 40292.
2Department of Electrical and Computer Engineering and Computer Science, University of
Cincinnati, Cincinnati, OH 45221.
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focused on developing a highly sensitive, reliable, and user-friendly, point-of-
care sensing device, utilizing nanoparticle reagents and micro-electro-mechan-
ical-system (MEMS) technique.

The main challenge in developing a biosensor is the low concentrations of
biomarkers in biofluid (very often only a few tens of pico-moles and less) at the
early stage of disease [5]. Since our sensing is interrogated by fluorescence,
fluorescence enhancement can improve the sensitivity. Nanogold particles
(NGPs), possessing strong plasmon polariton fields on the surface, can reroute
lone-pair electrons (normally contributing self-quenching) of a fluorophore to
NGPs, resulting in fluorescence enhancement [6–7]. Some biocompatible solvents
were also found to enhance fluorescence, by shifting the fluorophore excitation/
emission wavelengths and/or increasing the number of trans carbon double bonds
[6–7]. To maximize the enhancement effect, NGPs and solvents were combined,
forming nanogold particle reagents (NGPRs). According to our previous results
[7], the mixture of 5 nm sized NGPs coated with 2-nm thick self-assembled
monolayer (5nmNGP-SAM2nm) in 1-butanol has shown to be an excellent
enhancer.

MEMS technique improves the performance of biosensors by providing micro-
fabrication tools, the consistency in operation, and compactness, as well as mass
production capability. For a reliable and fully automated sensing performance with
a minimal system size, MEMs was integrated to our sensing system.

In this paper, a sensitive and accurate cardiacmarker sensing systemwith the
application of NGPR and MEMS is reported. With this system, simultaneous
four-cardiac marker quantification was completed in 9 minutes at an average
signal-to-noise (S/N) of 35.

30.2 Materials, Instruments, and Methods

30.2.1 NGP, Solvent and NGPR-Related Study

The 5 nm nanogold particles coated with tannic acid (Ted Pella, Redding, CA)
and 16-mercaptohexadecanoic acid (MHA; Sigma/Aldrich, St. Louis, MO)
were used to synthesize 5nmNGP-SAM2nm by self-assembling MHA on the
NGP surface [6]. For the butanol based NGPR, 5nmNGP-SAM2nm was then
dispersed in pure 1-butanol (Sigma/Aldrich).

30.2.2 Cardiac Marker Sensors and Assay Protocol

Human BNP was purchased from Bachem (Torrance, CA). Monoclonal IgG
against human BNP, was from Strategic Biosolutions (Newark, DE). Human
cTnI,MG, and CRP, and their respective monoclonal antibodies were obtained
from Fitzgerald Industries (Concord, MA). Plasma samples with cardiac
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markers were prepared by adding a known amount of cardiac markers to the
emulated human plasma. The emulated plasma is 103 mg/ml human serum
albumin (HSA; Sigma/Aldrich) in the PBS buffered solution [8]. The fluoro-
phore, Alexa Fluor1 647 (AF647; max. excitation/emission wavelengths, 649/
666 nm), was from Invitrogen (Carlsbad, CA). Four cardiac marker biosensors
were constructed, following the protocol established by Tang et al [5]. The
fluorometer with four sensing channels (Analyte 2000TM) was from Research
International (Monroe, WA). Briefly, the monoclonal antibody (18Mab)
against the respective marker is immobilized on the optical fiber surface via
streptavidin-biotin bond and the sensor is encased in a chamber. During the
assay, the sample is injected to the sensing chamber. The target marker binds
specifically to the 18Mab on the sensor surface. After the sample incubation,
unbound molecules are washed away from the sensing chamber. Next, the
fluorophore tagged, second monoclonal antibody (fluorophore-28Mab) is
applied to the sensor. When the surface immobilized fluorophores are excited
by the laser light, the emitted fluorescence is detected by the fluorometer. For
the sensing with NGPR, NGPR is applied before the sample incubation for the
baseline [6]. NGPR is also applied after the incubation of fluorophore-28Mab
and sensor washing. The fluorescence signal difference between the baseline and
after the sandwich complex formation is correlated to the analyte concentration
in the sample. Here, the enhancement is defined as the increase in the fluores-
cence signals by using NGPR divided by the fluorescence from same sample
without using NGPR (control).

30.2.3 Microfluidic Sensing System Utilizing MEMs

To generate micro-turbulence inside the sensing chamber, bumps (or baffles)
were added on the upper and bottom sides of the microchamber (i.e., serpentine
microchannel). The sensing module with the serpentine microchannels as well as
the microchannel network were microfabricated as described by Sohn, et al [9].
The computer software LabVIEWTM (version 7.1) and a data acquisition card
DAQ (USB-6008, 8 inputs, 12 bits, 10 ks/s, multifunctional I/O, National
Instruments; Austin, TX) were used to control all electronic parts in the flow
control unit. Electronically controllable micro-solenoid pump (12 v, 50 mL per
stroke, 2 W) and 7 micro-solenoid valves (12 v, 280 mW, Lee Co.; Westbrook,
CT) were for the automatic flow control. A drive circuit with a power plug, a
power switch, and a power LED were customized by our research group.

30.3 Results and Discussion

Our fluorophoremediated, fiber-optic immuno-sensor is a highly sensitive detec-
tion tool and, therefore, it can be used for various human disease diagnosis/
prognosis [5,8,10]. In our study for the quantification of BNP in plasma (without
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using any enhancers), the sensitivity of our system was found to be two orders of

magnitude higher than that of enzyme-linked immunosorbent assay (ELISA)

(data not shown). However, for rapid cardiac marker quantification, especially

for BNP and cTnI, due to their extremely low concentrations in plasma at an

early disease stage, additional sensitivity improvement was needed.

30.3.1 Cardiac Marker Sensing Using NGPR

As previously stated, 5nmNGP-SAM2nm in 1-butanol was found to be an

excellent fluorescence enhancer. Its enhancement effect was, therefore, tested

for a 3-cm BNP sensor. Figure 30.1a shows the sensing performance of BNP

sensor with and without the NGPR. With the NGPR, the signal intensity was

found to be 410%greater than that withoutNGPR. This NGPRwas also tested

with four cardiac marker sensors encased in a four-microchannel sensing mod-

ule (Fig. 30.1b). The sample was the mixture of four cardiac markers in the

emulated human plasma. The concentration of each marker was selected to be at

its lower limit in the sensing range, because this is the condition requiring the

enhancement the most. Results showed that NGPR is able to increase the signal

intensities of BNP, cTnI, MG, and CRP sensors by 60, 50, 180, and 230%,

respectively. In general, the signals from the sensors for the markers with higher

concentration ranges (MG, 4–40 nM; CRP, 5.6–56 nM) were enhanced more

than those for the sensors with lower concentration markers (BNP, 26–260 pM;
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cTnI, 31–310 pM). The reason for different enhancement levels should be
studied further.

30.3.2 Cardiac Marker Sensing Chamber with Microfabricated
Serpentine Structure

For biosensors utilizing surface reaction, effective analyte mass transport from
bulk media to sensor surface is important for a rapid assay. Convective applica-
tion of liquid samples/reagents to the sensor surface was proven to improve the
sensitivity [10]. However, reasonable flow rates without damaging the micro-
channels of the sensing system are in a laminar flow range and limit the analyte
transport, especially for the sample with a very low analyte concentration [5].
Well-designed microchannels that can create local turbulence facilitate the ana-
lyte transport to the surface better [8]. For this purpose, a series of bumps/baffles
were microfabricated on the inner surface of the microchannel (serpentine
microchannel, Fig. 30.2a and b). Out of various bump configurations that we
have tested, the half-circular bump series, with the dimensions of 1200 mm
diameter, 400 mm height, and 1200 mm spacing between two adjacent bumps,
were found to be very effective [8]. The sensing performance of 3-cm BNP and
MG sensors was studied for the effectiveness of this serpentinemicrochannel and
the results were compared with those from the channels without bumps (capil-
lary microchannel; I.D.=1400 mm). These two molecules were selected for the
test because BNP has a low analyte sensing range (26�260 pM) andMG, a high
range (4,000�40,000 pM). For BNP sensing (Fig. 30.2c), serpentine microchan-
nel presented approximately 30�90% higher signals than the capillary micro-
channel. For MG sensor, only a slight signal increase (0�6%) was exhibited
(Fig. 30.2d), probably because, due to its high sensing range, MG is not mass
transport limited.

30.3.3 Sensing Operation Utilizing MEMS

Automation of sensing system operation is important for the assay consistency,
reliability in operation, and user-friendliness. In the multi-cardiac marker sen-
sing system, MEMS technique was implemented for the automatic flow control
unit (Fig. 30.3ab). An electronically controllable micro-pump and seven micro-
valveswere used to deliver the sample and reagents to the sensingmodule and the
microchannel network. The automatic control of the micro-pump, micro-valves,
fluorometer, and other electronic parts were done by a customized LabVIEW

TM

code with an easy and simple interface. Therefore, a MEMS based biosensing
system was developed for simultaneous, quantitative measurement of the four
cardiac markers (Fig. 30.3c). Using this automated sensing system, for all four
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sensors, the S/N ratio in average was doubled from 18 to 35, with signal
intensities similar to those by the manual operation. In addition, with the
micro-fabricated flow network, the sample volume required for each assay
decreased from 1 mL to 300 mL.

In order for our sensing system to be used for a rapid diagnosis of diseases,
especially for AMI, a shorter assay time is highly desired. Here, the sensing
performance of four cardiac marker sensors in our serpentine sensing module
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Fig. 30.2 (a) Schematic diagram of the serpentine microchannel and (b) its actual side view.
[Structure: a series of half-circular bumps at 600 mm radius, 400 mm height and 1200 mm
spacing between bumps and 1.4�1.4 mm square cross-section]; the sensing performance of (c)
BNP and (d) MG sensors using capillary microchannel ( ) and serpentine microchannel ( ).
[Experimental conditions: 3-cm sensor, 3/4 minutes for sample and AF647-28Mab incuba-
tion, flow velocity at 1.2 cm/sec, NGPR, 5nmNGP-SAM2nm in 1-butanol , automatic
sensing.]; and (e) a four-channel serpentine sensing module.
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(Fig. 30.2e), was studied with changes in the incubation times for the sample

and the AF647-2oMab, by the new assay protocol with NGPR. Plasma samples

with four markers at their lower concentration limits (e.g., 0.1 ng/ml BNP,

0.7 ng/ml cTnI, 70 ng/ml MG, and 700 ng/ml CRP) were incubated for 1, 2 or

3 min, at a constant incubation time of 4 min for the AF647-2oMab mixture

(Fig. 30.4a). Results of BNP and cTnI sensors were shown in one figure

(Fig. 30.4a1), while MG and CRP in another figure (Fig. 30.4a2), because of

their similar sensing ranges. For cTnI (Fig. 30.4a1, �) and MG (Fig. 30.4a2, (),

the signal intensities increased sharply only after 2 min. From the results of four

sensors, 3 min seems the optimal reaction time for the assay. Although the

signals for all sensors may increase after 3 min, the signal intensities at 3 min

were all high with high S/N ratios. Similarly, the effect of the AF647-28Mab

incubation time (1, 2, 3, or 4 min) on sensing performance was studied with a

constant sample incubation time of 3 min. All four sensors showed a similar
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Fig. 30.3 Automatic sensing system: (a) Schematic diagram and (b) the top view of the actual
microfluidic sensing unit: imbedded microchannel network, micro-pump, micro-valves, ser-
pentine sensing module; (c) The entire sensing system including the laptop computer with
LabVIEW control panel, microfluidic flow control/sensing unit with serpentine sensing
module, fluorometer with four detection channels.
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signal profile with the increase of the AF647-28Mab incubation time (Fig. 30.4b).
At 3 min, the signal increase was slowly tapered, indicating 3 min is sufficient.

In a sum, with the application of NGPR and MEMS, the four cardiac
marker biosensing can be completed within 9 minutes (3, 3, and 3 min for
sample incubation, AF647-28Mab incubation, and all other times such as
sample/reagent delivery, sensor washing and regeneration, respectively) with a
3-cm sensor size, and a high S/N ratio of 35.

30.4 Conclusions

AMEMS based, multi-analyte, point-of-care biosensing system was developed
to simultaneously quantify four important cardiacmarkers in blood plasma. To
improve the sensitivity for analytes, fluorescence enhancing NGPR was
applied. The sensitivities of BNP, cTnI, MG and CRP sensors increased by
60%, 50%, 180% and 230%, respectively. A serpentine sensing chamber was
microfabricated to improve the analyte mass transport and the structure
improved the sensitivity well, especially for the analyte with low concentration.
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Fig. 30.4 The effects of reaction time for (a) sample and (b) AF647-28Mab on the sensing
performance. [Experimental conditions: four cardiac markers at their lower limit of sensing
ranges; sensor size, 3 cm; flow velocity, 1.2 cm/sec; NGPR, 5nmNGP-SAM2nm in 1-butanol;
serpentine sensing module; automatic sensing.]
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MEMS technology was also incorporated to the system for a reliable detection
and user-friendly operation. The sensing consistency of the system (S/N ratio)
was doubled, the assay time became 9 min and the sample volume decreased to
300 mL.

OurMEMS based, multi-analyte biosensing device can be used for quantify-
ing disease-representing multi-biomarkers, rapidly, accurately, and user-
friendly.
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Chapter 31

Tumor-specific Nano-entities for Optical

Detection and Hyperthermic Treatment

of Breast Cancer

Hanzhu Jin
1
, Bin Hong

1
, Sham S. Kakar

2
, and Kyung A. Kang

1

Abstract The ultimate goal of this study is to develop a tumor-specific
multi-functional, nano-entity that can be used for both cancer detection and
treatment. Low heat (42�458C) hyperthermia is an effective cancer treatment
method with little side effect. Magnetic nanoparticles, such as Fe3O4, can be
heated by alternating electromagnetic (AEM) fields at well selected frequencies,
without heating normal tissue. Nanogold particles (NGPs) are effective optical
absorbers and also excellent fluorescent enhancers. Therefore, coating gold on
Fe3O4 particles can enhance the optical contrast as well as keeping the
particle property for hyperthermia. Indocyanine green (ICG), a FDA approved
fluorophore, has a very low quantum yield, and its fluorescence can be enhanced
by linking ICG to gold-coated Fe3O4 nanoparticles. Luteinizing hormone releas-
ing hormone (LHRH), which has high affinity to breast cancer, can be used for
tumor-specific targeting. Our study results showed: Fe3O4 particles at a size
range of 10�30 nm can be heated well by an AEM field at a rate of 188C/
wt%-minute; the fluorescence of ICG was extensively enhanced by NGPs;
LHRH-coated gold nanoparticles provided as much cancer specificity as
LHRHalone. Combining these properties in one entity, i.e., LHRH/ICG linked,
gold-coated Fe3O4 nanoparticles, can be a tumor-specific nano-agent for optical
detection and electro-magnetically induced hyperthermia for breast cancer.

31.1 Introduction

Low heat hyperthermia (42�45 8C) is an effective cancer treatment method with
very little side effect [1,2]. At this temperature range, the enzymes needed for
tumor growth/ survival become deactivated and, with repeated low heat
treatments, the tumor is gradually destroyed [3]. Magnetic nanoparticles have
been considered to deliver heat to the tumor via an alternating electromagnetic

1Department of Chemical Engineering.
2Department of Medicine, University of Louisville, Louisville, KY 40292.

K.A. Kang et al. (eds.), Oxygen Transport to Tissue XXIX
� Springer 2008
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(AEM) field [4,5]. One of the most frequently used particles for this purpose is
Fe3O4 nanoparticles [6,7], although previous applications may not have neces-
sarily been tumor specific. Gold is very effective NIR absorber at a nano size
and, therefore, coating gold on Fe3O4 particles is expected to enhance the NIR
contrast, as well as keeping the heating property for hyperthermia [8,9]. In
addtion, nanogold particles (NGPs) are chemically inert and their surface can
easily be functionalized for other bio-entities.

Fluorophores can also be very effectively used as optical contrast agents [10].
One of the most widely used fluorophores in the NIR range for humans is
Indocyanine green (ICG; excitation/emission maxima: 780/830 nm). Neverthe-
less, ICG has a very low quantum yield (only 0.012 in whole blood) [11]. Hong
and Kang [12] have demonstrated that NGPs, when placed at an appropriate
distance from a fluorophore, can significantly enhance the fluorescence emis-
sion. Therefore, the fluorescence of ICG may be enhanced by linking ICG on
the gold-coated Fe3O4 particles via a spacer at a predetermined length.

The diameter of a usual capillary blood vessel is approximately 7 mm [13].
Nano-sized particles are much smaller than capillaries, and therefore are easily
circulated in blood vessels. The surface of our proposed nano-entity can be
functionalized with tumor-specific anti-receptors to reduce the systemic toxicity,
when it is applied to the body. Luteinizing hormone releasing hormone (LHRH) is
a peptide of 10 amino acids (pGlu-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-Pro-Gly-
NH2) [14]. LHRH spontaneously reacts with the surface of nanometal particles
by its N-terminal amine group via its self-assembling nature [15]. Many cancer
types, including breast cancers, express receptors for LHRH [14, 16, 17]. In
contrast, most visceral organs do not express LHRH receptors, or express only
at a low level. Researchers have demonstrated that the breast cancer cells can be
targeted through their high affinity LHRH receptors present on the cell mem-
brane [15].

In this paper, optical/thermal properties of gold-coated Fe3O4 nanoparticles
were investigated. A preliminary study of adding fluorescence property to this
nano-entity, by linking ICG to the NGPs, was also conducted. Also, LHRH
was linked to the surface of NGPs, and the binding affinity of the particles to
the mouse gonadotrope cell line (LbT2), which expresses high levels of LHRH
receptors, was measured and compared with that of free LHRH.

31.2 Materials and Methods

31.2.1 Measurement of the Thermal Properties of Gold-coated
Fe3O4 Nanoparticles

Gold coated Fe3O4 nanoparticles (core size: 10�20 nm; gold layer thickness:
4�7 nm) were provided by Dr. Shi at the University of Cincinnati, OH. To test
the effect of a gold layer on the heating performance of Fe3O4 nanoparticles,
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Fe3O4 or gold-coated Fe3O4 nanoparticles were uniformly mixed with agar gel
(2.15wt% agar in water: weight percentage) at a concentration of 1wt% of
particles. The mixture containing the particles at a volume of 4 ml was placed
into a glass test tube of 1.6 (diameter) � 10 (length) cm, and solidified at room
temperature. The AEM field was generated at 450 KHz and 5 KW by an AEM
generator (MKII-5; Taylor-Winfield induction Company; Brookfield, OH). The
AEM applicator (induction heater coil) was made of a copper tube at 0.5 cm
diameter that formed a coil of three turns, at a dimension of 2 cm (diameter) �
3 cm (height). The glass tube containing the sample was then placed inside the
induction heater coil and the AEM field was applied for a predetermined period.
The sample temperature wasmeasured by a digital thermometer (Traceable1, All
QA product; Belmont, NC) before and after the application of the field.

31.2.2 Measurement of the Optical Properties of Gold-coated
Fe3O4 Nanoparticles

Optically breast-tissue-like, experimental models at a dimension of 24� 14� 5 cm
were constructed following the procedure described by Jin and Kang [18]. The
absorption and scattering properties of the model were adjusted by India ink
(Design Higgins1; Sanford Co., Bellwood, IL) and skimmed milk (Kroger Co.,
Cincinnati, OH). Agar (Sigma-Aldrich, St. Louis, MO) was used for the mechan-
ical property of the experimental breast model. Breast tumors usually have higher
absorption than normal breast tissue [19]. Therefore, for the tumor model without
the contrast agent, the absorption coefficientwas adjusted to be 4 times higher than
that of the breast model. For the particle accumulated tumor models, Fe3O4 or
gold-coated Fe3O4 nanoparticles were added at a concentration of 0.1wt% to the
same ingredient of the breastmodel. Each tumormodel ingredient, while it was still
in liquid phase, was injected into an empty oval, Vitamin E capsule shell (1.5� 1.0
� 1.0 cm; National Vitamin Company, LLC; Las Vegas, NV). Once the filling of
the capsule was solidified, the capsule was placed in the breast model solution at a
predetermined depth. After the solidification of the breastmodel, the surface of the
model was scanned using the optical fibers of the NIR time resolved spectroscopy
(TRS) instrument, as described by Honar and Kang [20]. Obtained TRS spectra
were converted to the frequency domain by Fourier transformation [21].

31.2.3 Cypate Fluorescence Signal Enhancement
by Nanogold Particles

Cypate (M.W.=705), an ICGderivative with a carboxylic group, was provided by
Dr. Achilefus from the Department of Radiology, Washington University School
ofMedicine. Protein A (PA;�1 nm) linkedNGPs at sizes of 5 (5nmNGP-PA) and
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10 nm (10nmNGP-PA) were purchased from Ted Pella (Redding, CA). Streptavi-
din (SA: �3 nm) linked NGPs at a size of 10 nm (10nmNGP-SA) were obtained
from Sigma-Aldrich (St. Louis,MO). The thickness of the protein (PA or SA) layer
on NGPs was estimated using the software, HyperChem 7.0 (Hypercube, Inc.;
Gainesville, FL). For the reaction between the carboxylic acid of Cypate and the
amine group of PA or SA, ethanol and N,N0-Dicyclohexylcarbodiimide (DCC;
Sigma-Aldrich, St. Louis, MO) were used as a solvent and a catalyst, respectively.
Cypate and DCC were dissolved in a minimal amount of ethanol, and then the
mixture was immediately transferred to 1 mL NGP solution, stirring it at 48C for
5 hours. After the reaction, Cypate linkedNGPswere separated from the unreacted
molecules by a dialysis tube [DispoDialyzer1 (Molecular cut off: 25KD); Spectrum
Laboratories, Inc.; Rancho Dominguez, CA]. The concentration of Cypate in the
final product was measured at 780 nm by UV/Vis Spectrophotometer (DU1 520,
Beckman Coulter, Inc., Fullerton, CA). The Cypate linked NGPs were mixed with
the experimental breast model ingredients and the mixture was injected into an
empty Vitamin E capsule shell as a tumor model. The tumor model was placed in
the experimental breast model at a predetermined depth as described in Section 2.2.
The surface of the breast model was then scanned with the source (788 nm) and
detector probes of NIR-TRS instrument to measure the fluorescence contrast
generated by Cypate or Cypate linked NGPs. For fluorescence detection, a long
pass filter (cut-off wavelength: 830 nm; BþW 093 IR 830 nm; Schneider Optics,
Inc.; New York, USA) was placed between the detector fiber and the detector to
allow passing the fluorescence generated by the fluorophore withminimal detection
of source light (788 nm).

31.2.4 LHRH Linked NGPs for Breast Tumor Targeting

LHRH (MW = 1311.45; Sigma-Aldrich; St. Louis, MO) was coated on the
surface of 10 nm sized NGPs. After the coating, a dialysis tube was used to
remove unbound LHRH. The solution containing LHRH coated NGPs was
adjusted to pH 9.0 using 0.1 mM sodium carbonate solution. Then, various
concentrations of LHRH or LHRH linked NGPs were applied to the mouse
gonadotrope cell line (LbT2) expressing LHRH receptors. After four hours,
cells were lysed and assayed for luciferase activity using Luciferase Assay Kits
(Promega Bioscience, Inc, San Luis Obispo, CA) [22].

31.3 Results and Discussion

31.3.1 Gold-coated Fe3O4Nanoparticles as Optical/Thermal Agent

Our previous study results [23] showed that Fe3O4 nanoparticles at size 5�60
nm are heated well in the AEM field at a frequency of 450 KHz and a power of
5 KW, without heating any tissue components. For the same wt%, the particles
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at a size range of 10–30 nm were heated the best among the particle size tested.
Fe3O4 nanoparticles are reasonably good near infrared (NIR) absorbers. But
NGPs at a size range of 10�250 nm are even stronger NIR absorbers, and gold
has other advantageous properties for multi-functional uses. Gold coated
Fe3O4 nanoparticles were, therefore, considered.

31.3.1.1 Effect of Gold Layer on Heating Performance

of Gold-coated Fe3O4 Particles

The effect of the gold layer on the heating of Fe3O4 nanoparticles was studied.
Either Fe3O4 (10�20 nm) or gold-coated Fe3O4 nanoparticles (gold layer thick-
ness: 4�7 nm) in the range of 0.1 � 1 wt% were added to 4 ml of agar gel. The
samples were placed in a glass tube and the AEM field was applied at 450 KHz
and 5 KW for 2 minutes. Figure 31.1 shows the temperature increase of the
samples containing the Fe3O4 particles, with (?) and without (?) gold coating. For
both samples, the heating was linearly proportional to the particle concentration.
The temperature increases for both were approximately at a rate of 15�188C/
wt%– particles perminute, indicating gold coating has little effect on the heating.

31.3.1.2 Effect of Gold Layer on NIR Contrast Enhancement

by Gold-coated Fe3O4 Particles

As a next step, the optical contrast was studied for a tumor model (absorption
4 times of normal tissue), a model containing Fe3O4 particles (0.1wt%), or a
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Fig. 31.1 The effect of a gold layer on the heating performance of Fe3O4 nanoparticles by
AEM field. [Experimental conditions: Fe3O4 nanoparticle size: 10�20 nm; gold layer thick-
ness: 4�7 nm; AEM frequency: 450 KHz; Power: 5 KW; heating time: 2 min.]
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model with gold coated Fe3O4 particles (0.1wt%). Since Fe3O4 or gold-coated
Fe3O4 nanoparticles are mixed with the same ingredients of the breast model,
the absorption contrast is created only by the particles. Each tumor model was
placed 1 cm deep in the breast model and the optical contrast was measured by
the NIR-TRS instrument, in transmittance. The measurements were performed
at an interval of 1 cm on an area of 5.0 � 5.0 cm immediately above the tumor
model. The tumor model [Fig. 31.2(a)] generated a maximum absorption con-
trast of 2.5 dB. The contrast by Fe3O4 nanoparticles was 2 dB [Fig. 31.2(b)],
indicating that Fe3O4 is an effective contrast agent. For the gold-coated Fe3O4,

a maximum contrast observed was 3 dB [Fig. 31.2(c)], which is greater than
those by the Fe3O4 nanoparticles or by the tumor model.

31.3.2 Fluorescence Contrast Enhancement by NGP
Linked Cypate

Cypate (an ICG derivative) was considered to be linked on the gold-coated Fe3O4

nanoparticles to add a highly effective fluorescent contrast property to our entity.
As an initial attempt to enhance the fluorescence ofCypate, Cypatewas linked to 5
or 10 nmNGPs (eventually gold-coated Fe3O4 particles) via Protein A (PA: 1 nm)
or Streptavidin (SA: 3 nm), and their fluorescence was compared to that of Cypate
only (Fig. 31.3). Cypate concentration for this experiment was 30 mM. For all
cases, the fluorescence signal was enhanced by 300 � 900 times of that by Cypate
alone. The fluorescence signal by Cypate linked via PA spacer and NGP size of
5 nm showed the best enhancement by 900 times.

Cypate or Cypate linked NGPs was then mixed with the breast model
ingredients at a Cypate concentration of 5 mM, and the mixture was filled into

(a) (b) (c)

Fig. 31.2 Contrasts by (a) a tumor model (b) a model with 0.1wt% of Fe3O4, and (c) a model
with 0.1 wt% of gold-coated Fe3O4, placed 1 cm deep in the breast model; by NIR-TRS at the
wavelength of 788 nm in transmittance; modulation frequency analyzed at 100 MHz. The
black dashed ellipsoids indicate the tumor model size and position. The arrows indicate a
maximum absorption contrast.
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the Vitamin E capsules as tumor model. The tumor model was, then, placed at
1 cm depth in the breast model, and the breast model was scanned using the
NIR-TRS instrument at 788 nm excitation wavelength in reflectance. Figure
31.4 shows the fluorescence contrast enhancement of Cypate via Protein A
linked 5 nm gold (5nmNGP-PA), Protein A linked 10 nm gold (10 nmNGP-
PA), or Streptavidin linked 10 nm gold (10nmNGP-SA).With a constant spacer
length by PA, the fluorescence enhancement was similar for both 5 and 10 nm
NGPs, approximately 1.3 times enhancement. For the NGP size at 10 nm, using
SA spacer provided more effective enhancement (2.2 times) than PA spacer
(1.3 times).

Compared to the result of free NGP-fluorophore solution (Fig. 31.3), the
results in the experimental breast model showed much less enhancement. One
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Fig. 31.4 Fluorescence contrast enhancement by Cypate linked PA coated 5 nm gold (5
nmNGP-PA), PA coated 10 nm gold (10 nmNGP-PA), or SA coated 10 nm gold (10 nmNGP-
SA) compared to the contrast by Cypate alone.
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Fig. 31.3 Fluorescence signal enhancement by Cypate linked PA coated 5 nm gold
(5nmNGP-PA), PA coated 10 nm gold (10 nmNGP-PA), or SA linked 10 nm gold
(10nmNGP-SA) compared to Cypate alone.
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possible reason could be that Cypate linked NGPs may be interacting with the

ingredients of the experimental breast model. Another reason could be that the

fluorescence light generated by Cypate is highly scattered by a turbid media like

our experimental breast model, and the scattered fluorescence signal is mea-

sured by a single photon counting system (NIR-TRS instrument). Further

investigation is on going. The range of the fluorescent contrast by Cypate linked

NGPs was 10�17 dB, which is much higher than the absorption contrast

(�3 dB). This result demonstrates that the feasibility of linking Cypate on the

gold-coated Fe3O4 nanoparticles to enhance Cypate fluorescence. Currently,

further investigation for optimizing NGP size and spacer length to maximize

Cypate fluorescence enhancement is being performed.

31.3.3 Affinity of LHRH to Receptor with/without
Linking to NGPs

As an initial test for using LHRH as a tumor targeting agent, LHRHwas linked

to NGPs or Fe3O4 nanoparticles (eventually LHRH will be linked to gold-

coated Fe3O4 nanoparticles). The binding affinity of LHRH linked NGPs was

studied. The mouse gonadotrope cell line (LbT2) expressing LHRH receptors

was plated on 6-well plates. 24 hours after plating, cells were transfected

with reporter gene construct CRE-Luciferase (1 mg/well), as described by

Kakar et al [22]. After another 24 hours, the medium was replaced with serum

free medium and the cells were incubated for 60 minutes, followed by treatment

of cells with various concentrations of free LHRH or LHRH linked NGPs, for

four hours. LHRH-linked NGPs showed a similar binding affinity (about

0.1 nM) to the native LHRH peptide, suggesting that the LHRH conjugated

NGP retains its binding affinity.

31.4 Conclusions

From the studies performed on optical/thermal properties of gold-coated Fe3O4

nanoparticles, it is concluded that: the gold layer on iron oxide nanoparticles

enhanced the NIR absorption at 788 nm; gold-coated Fe3O4 particles showed

the same heating performance as non-coated ones in AEM field, indicating that

the gold layer has almost no negative effect on the heating performance of the

nanoparticles; Cypate linkedNGPs via streptavidin spacer (�3 nm) have shown

twice higher fluorescence contrast than ICG alone in our experimental breast

model system. The binding affinity of LHRH linked NGPs was found to be

similar to the LHRH alone, indicating that LHRH retains its binding affinity

after being bound to NGPs.
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Future studies include linking LHRH and Cypate on gold-coated Fe3O4

nanoparticles as a prototype of a multi-functional nano-entity and then testing
the optical/thermal properties and binding affinity of conjugated LHRH.
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Chapter 32

LHRH Receptor Targeted Therapy

for Breast Cancer

S.S. Kakar1, H. Jin2, B. Hong2, J.W. Eaton1, and Kyung A. Kang 2

Abstract Breast cancer remains the most common cancer among women,
with an estimated 212,920 new cases and 40,970 deaths in the United States
in 2006. The present work extends the studies of nanoparticles targeted to
the luteinizing hormone-releasing hormone (LHRH) receptor which is over-
expressed in breast, ovarian, endometrial and prostate cancer cells. In con-
trast, LHRH receptors are not expressed, or expressed at a low level in most
visceral organs. In our studies, we conjugated Fe3O4 nanoparticles (20–30 nm)
with [D-Trp6]LHRH (Triptorelin), a decapeptide analog of LHRH currently
used for treatment of sex-hormone-dependent tumors. Conjugation of [D-
Trp6]LHRH to Fe3O4 particles retained its binding affinity and biological
activity for the LHRH receptor. Treatment of two separate breast tumor cell
lines (MCF-7 and MDA-MB231) with these conjugated nanoparticles resulted
in 95–98% cell death and loss of viability within 24 h whereas no change in
cell proliferation or cell apoptosis was observed in cells treated with equal
amounts of either [D-Trp6]LHRH or unconjugated Fe3O4 nanoparticles.
These studies provide critical and important information regarding use of
LHRH receptor targeted therapy for breast cancer.

32.1 Introduction

Cancer is a complex disease that affects millions of people worldwide.
Currently, one in four deaths in the United States is due to cancer. This
disease affects diverse tissues and organs including colon, prostate, lung and
breast. Breast cancer is the most common cancer among women with an
estimated 212,920 new cases and 40,970 deaths in 2006 [1]. Although the
death rate from breast tumors has been reduced by the introduction of breast

1Department ofMedicine and James Graham Brown Cancer Center, University of Louisville,
Louisville. KY 40202.
2Department of Chemical Engineering, J.B Speed School of Engineering, University
of Louisville, Louisville. KY 40202.

K.A. Kang et al. (eds.), Oxygen Transport to Tissue XXIX
� Springer 2008
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screening mammography and adjuvant therapies, more efficacious treatment

modalities are needed. The primary treatment modality for breast cancer is

cytoreductive surgery followed by adjuvant chemotherapy, radiotherapy, or

both [2]. This strategy is successful in the majority of patients, however it is

always accompanied by cytotoxicity to normal organs and tissues. Successful

chemotherapy is also hindered by intrinsic or acquired resistance of breast

cancer cells.
An alternative to standard chemotherapies involves more direct targeting of

cancer cells using agents specifically directed to binding sites on cancer cells.

Several different targets have been explored, including carbohydrates, lectins,

receptor ligands and antibodies. Usually, ligands which recognize these targets

are coupled with low molecular weight anti-neoplastic drugs. However, a new

class of potential anticancer agents has appeared in recent years – nanoparticles –

which hold promise for improved cancer detection and treatment. Some of these

applications include iron-based nanoparticles which may permit magnetic drug

targeting, hyperthermia, magnetic field-assisted radio nucleotide therapy and

magnetic resonance imaging (MRI) contrast enhancement. To meet application

requirements, nanoparticles are generally coated with various functional surface

layers to increase residence time in circulation but there has been little

work aimed at the strategies for preferential delivery of these nanoparticles to

tumors.
In the present work, we exploited LHRH receptors for targeting of nano-

particles because these receptors are overexpressed in a variety of tumors

including breast, ovarian, endometrial, prostate, and melanoma, and not

expressed in a detectable level in most visceral organs. We are targeting this

receptor using [D-Trp6]LHRH (Triptorelin), a decapeptide analog of LHRH.

In addition, LHRH is inexpensive compared to the most frequent used ligands

and humanized monoclonal antibodies.
Luteinizing hormone-releasing hormone (LHRH), also known as gonadotropin-

releasing hormone (GnRH), is a hypothalamic decapeptide (p-Glu-His-Trp-Ser-

Tyr-Gly-Leu-Arg-Pro-Gly-NH2). Based on studies from our laboratory and

others, it became clear that high affinity LHRH receptors are overexpressed in

most of the tumors analyzed to date and treatment of tumor cells with LHRH

agonists and antagonists results in reduction in tumor cell growth and proliferation

in vitro (see ref [3] for review). However, such antiproliferative affects of LHRH

analogs are moderate (15–20% inhibition after three to four days of treatment),

making LHRH analogs not particularly useful for the treatment of breast cancer.

Our investigations are based on the idea that we might be able to employ

nanospheres displaying analogs of LHRH to effect selective delivery of these

nanospheres to breast tumors, thereby sparing normal, non-cancerous cells from

unnecessary exposure. In support of this general concept, Schally and his

colleagues developed cytotoxic analogs of LHRH containing doxorubicin or

derivatives of doxorubicin and showed inhibition of proliferation of various

tumor cell lines and tumor growth in nude mice [4].
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Recently, Dharap et al. [5] and Zhou et al. [6] have investigated breast
tumor specific targeting using LHRH peptide to deliver anti-cancer drugs for
cancer treatment or magnetic nanoparticles for enhancing magnetic resonance
imaging (MRI) contrast [7]. Their results showed that the use of LHRH
peptide as targeting moiety substantially enhances the uptake of the anti-
cancer drugs or magnetite nanoparticles (20 nm) in tumors, with much less
accumulation in liver or kidney compared to magnetic particles alone. In their
studies, magnetite nanoparticles were conjugated with LHRH and intrave-
nously injected to female mice bearing carcinogen initiated tumors. After 20
hr, the distribution of the nanoparticles was examined in tumor, liver and
kidney. No studies were performed to analyze the effects on tumor growth or
regression by these investigator [6]. Most of the un-conjugated particles
(55.5%) were found in the liver, while those conjugated with LHRH were
found primarily in the tumors (59.1%) and in pulmonary metastases of the
tumors (20.3%), confirming the high specificity of targeting achieved by
LHRH derivitization.

32.2 Materials and Methods

32.2.1 Cross Linking of an LHRH Analog to Fe3O4 Particles

The clinically used LHRH analog [D-Trp6]LHRH (Triptorelin) has an
amino acid sequence of p-Glu-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-Gly-NH2.
It can be coupled to the surface of appropriately prepared magnetite nano-
particles via its N-terminal amine group. To conjugate [D-Trp6]LHRH (MW
= 1311.45) to nanoparticles, 10 mg of magnetite particles (20-30 nm from
Alfa Aesar, Ward Hill, MA) were treated with 3 ml of 28% NH4OH
solution in a glass bottle coated with silicone for 2 h. The hydroxylated
particles were then centrifuged and washed three times with H2O followed
by three washes with methanol. The particles were dried at 658C for 1 h.
Two ml of toluene was added to the particles and sonicated for 1–2 min and
sparged with N2 for 5 min. Ten ml of (3-aminopropyl)trimethoxysilane
(APTS) was added to the mixture and incubated at 408C for 2 h. The
mixture was centrifuged and particles were washed three times with toluene.
Particles were resuspended in 10 ml H2O. To this, 15.6 mg of dicyclohex-
ylcarbodiimide solubilized in 50 ml of ethanol was added. To this mixture, 1
mg of [D-Trp6]LHRH solubilized in 3 ml of PBS was added, mixed and
incubated for 2 h. The mixture was centrifuged to collect the [D-Trp6]LHRH
conjugated particles and washed [6]. Unconjugated [D-Trp6]LHRH was mea-
sured in the supernatant. The conjugated particles were resuspended in 1%
BSA/PBS buffer solution to a final volume of 5.0 ml (Fig. 32.1). The amount of
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[D-Trp6]LHRH conjugated to particles and amount of particles was determined
as described by Zhou et al [6].

32.2.2 Cross Linking of an LHRH analog to Gold Coated
Fe3O4 Particles

For control experiments, gold nanoparticles (NGP) were conjugated with
[D-Trp6]LHRH as described by Aslam et al.8 Briefly, nanogold colloids coated

with surfactant tannic acid was adjusted to pH 9.0 using 0.1 M sodium carbo-

nate solution in the silicone coated glass bottle. One mg of [D-Trp6]LHRH was
dissolved in 1 ml of H2O and immediately transferred to gold colloid, and the

mixture was intensively vibrated at 48C for one h. Tannic acid on the NGP

surface was then replaced with [D-Trp6]LHRH and [D-Trp6]LHRH linked
NGP (LHRH-NGP) were formed (Fig. 32.1). LHRH-NGP were collected by

centrifugation at 10,000 RPM for 10 min. Particles were washed three times

with H2O and resuspended in 1% BSA PBS buffered solution to a final volume
of 5.0 ml. The amount of [D-Trp6]LHRH linked to NGP was calculated as

described above.

32.2.3 Cell Culture

Breast tumor cell lines (MCF-7 and MDA-MB231) were obtained from

American Type Tissue Culture (ATCC) (Rockville, MD). Mouse pituitary
gonadotrope cell line LbT2 was obtained from Dr. Pamela Mellon, (Univeristy

of California, SanDiego, CA). The cell lines were cultured according to the

suppliers’ recommendations in 10% fetal calf serum (FCS) at 378C in an atmo-
sphere of 5% CO2 in humidified air. The cell lines were subcultured on routine

basis every 3–4 days.

Fig. 32.1 Scheme of the reaction between hydroxylated Fe3O4 particles (A) or gold (NGP)
coated Fe3O4 particles (B) and [D-Trp6] LHRH.
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32.2.4 Determination of Binding Affinity of LHRH
Conjugated Nanoparticles

The binding affinity of LHRH-NP to LHRH receptor and activation of
LHRH receptor was determined as described previously [9,10]. For this
purpose, we used a mouse pituitary gonadotrope tumor cell line (LbT2)
that expresses high levels of high affinity LHRH receptors [10,11]. The
cells were transfected with CRE-Luc reporter construct as described pre-
viously [10]. The reporter construct (CRE-luciferase) is used for the mea-
surement of cAMP response element (CRE) activation. It contains four
copies of a CRE enhancer element fused to luciferase cDNA (pCRE-Luc
plasmid, Stratagene, La Jolla, CA). This reporter construct is commonly
used to determine the activation of G-protein coupled receptors such as
LHRH receptor in response to ligand binding resulting in change in intra-
cellular cAMP levels leading to activation of lucifierase activity [12]. After
overnight transfection of cells, the medium was replaced with serum free
medium for 4 h. Cells were treated with various concentrations of [D-
Trp6]LHRH, LHRH-NP or NP. After 6 h of treatment, the cells were
lysed and luciferase activity was assayed. IC50 value was calculated as
described previously [10].

32.2.5 Treatment of Breast Tumor Cells with LHRH-NP
and Determination of Cell Death

Breast tumor cells (MCF-7 and MDA-MB231) were plated in 6-well plates.
After 24 h, the FCS-containing medium was replaced with serum-free medium.
After 2 h, the cells were treated with various concentrations of LHRH analog
[D-Trp6]LHRH, LHRH-NP or NP for 15 min. The cells were rinsed twice with
PBS and 1.0 ml of medium containing 1% FCS was added to each well. The
cells were incubated at 378C for overnight and examined under an Olympus
microscope for cell survival and morphological changes. To quantitate the cell
number, we fixed the cells with 10% formaldehyde and then stained the cells
with 1% crystal violet. Following thorough rinsing in PBS, the cells were
examined microscopically.

32.2.6 Cell Viability Assay

To determine the effect of LHRH-NP on breast tumor cell proliferation and
cell survival, we performed cell viability assays. We plated breast tumor cells
(MCF-7 and MDA-MB231) that express LHRH receptors [13,14] in 96-well
opaque plates. After 24 h, the medium was replaced with serum-free
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medium. Cells were incubated at 378C for 2 h and then treated with various

concentrations of free [D-Trp6]LHRH, LHRH-NP or nanoparticles (NP)

for 15 min. The amount of LHRH bound to the nanoparticles was adjusted

to a concentration equivalent to free [D-Trp6]LHRH and final concentration

of nanoparticles was 0.002–0.02 mg/ml. After 15 min of treatment,

the medium was aspirated and cells were rinsed twice with PBS. One

hundred ml of medium containing 1% FBS was added to each well and the

cells were incubated at 37 8C in the incubator. After 48 h of treatment,

cells were equilibrated to room temperature for 30 min, 100 ml of CellTi-

ter-Glo reagent from the kit (Promega, Madison, WI) was added to cells.

The cells were incubated for 10 min and luminescence was recorded by

Luminometer.

32.2.7 Cell Membrane Integrity Assay

To determine the cytotoxic effect of LHRH-NP on breast tumor cells, we used

CytoTox-OneMembrane Integrity Assay kit from Promega. This assay is based

on the release of lactate dehydrogenase (LDH) from cells with damaged mem-

branes. Cells were plated in 96-well opaque plates and treated with [D-

Trp6]LHRH, LHRH-NP or NP as described above. To measure LDH release

in the medium, after 48 h of treatment of cells, 100 ml of CytoTox-One reagent

from the kit was added to cells containing 100 ml of growth medium and

incubated at room temperature for 10 min. To each sample 50 ml of stop

solution was added and mixed. Fluorescence was measured using spectrofluo-

rometer (Molecular Devices) with an excitation wavelength of 560 nm and an

emission wavelength of 590 nm.

32.2.8 Determination of Release of Iron from Fe3O4

Particles at Low pH

Finally, we investigated the possibility that nanoparticle-induced cytotoxicity is

mediated by iron released from the magnetite particles in the acidic and

cysteine-rich interior of the lysosomal compartment. To test the hypothesis

that LHRH conjugated nanoparticles release iron in lysosomes, we incubated

1 mg of LHRH conjugated or non-conjugated magnetite beads suspended in

500 ml of 20 mMTris and 2 mM cysteine. In one case the pH was adjusted to 7.4

whilst in the other the pH was lowered to 4.5 to mimic intralysosomal pH. The

supernatant was sampled at 1, 4 and 24 hours and ’free’ iron was determined

using the ferene S reaction [15].
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32.3 Results and Discussion

32.3.1 LHRHConjugated Nanoparticles Bind to LHRHReceptors
with High Affinity and Activate the Production of cAMP

Fe3O4 or gold nanoparticles conjugatedwith the LHRHanalog [D-Trp6]LHRH

showed high binding affinity. To determine the binding affinity and activation of

LHRH receptor by LHRH conjugated nanoparticles, we transfected LbT2 cells
with pCRE plasmid followed by treatment of cells with [D-Trp6]LHRH,

LHRH-NP or NP. Treatment of cells with [D-Trp6]LHRH or LHRH-NP

showed activation of LHRH receptor resulting in an increase in production of

intracellular cAMP which was measured by activation of CRE to drive lucifer-

ase. Using this latter as a surrogate marker for LHRH receptor occupancy, the

binding affinity (IC50 value) for [D-Trp6]LHRH conjugated magnetite particles

was found to be similar to free [D-Trp6]LHRH (0.1 nM), suggesting that the

LHRH analog bound to magnetite nanoparticles retained its normal affinity for

the receptor and its biological activity. Similar results were obtained when gold

coated particles (LHRH-NGP) were used for conjugation, suggesting that con-

jugation of [D-Trp6] to Fe3O4 or gold coated Fe3O4 did not lose its binding

affinity for the LHRH receptor or its biological activity to induce intracellular

signaling. Binding affinity of [D-Trp6]LHRHor conjugated particles was similar

to our earlier studies [9,10].

32.3.2 Effect of LHRH-NP on Breast Tumor Cell Survival

To determine the effect of LHRH-NP particles on breast tumor growth and

survival, we treated the MCF-7 and MDA-MB231 cells with various concen-

tration of free [D-Trp6]LHRH, LHRH-NP or NP as described in materials and

methods. Cells after treatment were examined microscopically. As shown in

Fig. 32.2, treatment of both MCF-7 cells with LHRH-nanoparticles caused

substantial dose-dependent cell death compared to cells treated with vehicle,

free [D-Trp6]LHRH or uncoated nanoparticles. Maximum cell death (95–98%)

was observed with conjugated LHRH-nanoparticle concentration of 0.5 mM to

1 mM(particle concentration=0.01–0.02mg/ml). Similar results were obtained

when MDA-MB231 cells were used. Staining of cells with crystal violet showed

similar results confirming that LHRH conjugated nanoparticles induce cell

death in breast tumor cells (Figs. 32.3 and 32.4). In contrast HEK293 cells

that do not express LHRH receptor [16] showed no change in cell proliferation

or cell survival when treated with free [D-Trp6]LHRH, LHRH-NP or NP.

Therefore, cell death induced by LHRH-NP is specific and is achieved through

LHRH receptors present on breast tumor cells.
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Fig. 32.3 Effect of treatment of MCF7 cells with LHRH-NP on cell survival. MCF7 cells
were treated with [D-Trp6]LHRH, LHRH-NP or NP. After 24 h of treatment cells were
stained with crystal violet and examined under a microscope and photographed. Nanoparti-
cles concentration (mg/ml) and corresponding LHRH concentration are indicated.

Fig. 32.2 Treatment of breast tumor cells (MCF7) with Fe3O4-LHRH nanoparticles. MCF7
cells were treated with [D-rp6]LHRH, LHRH-NP, NP. After 24 h of treatment cells were
examined under a microscope to examine death and morphological changes. Nanoparticles
concentration (mg/ml) and corresponding LHRH concentration are indicated.
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32.3.3 Effect of LHRH-NP on Breast Tumor Cell Proliferation

To quantitate the effect of LHRH-NP on breast tumor cell proliferation, we

performed cell viability assays. This method is based on quantitation of intra-

cellular ATP which reflects the metabolic activity of control and treated cells.

Using this surrogate measure of cell viability, we found that both MCF-7 and

MDA-MB231 cells are efficiently killed (95–98%) when treated with LHRH-

NP at a final concentration of [D-Trp6]LHRH of 0.5 mM or 1 mM. In contrast

very few cells were killed when treated with free [D-Trp6]LHRH or NP alone.

No change in cell proliferation or cell survival was observed when gold coated

LHRH conjugated Fe3O4 particles were used for treatment, suggesting that loss

of cell viability (cell death) achieved by LHRH-conjugated Fe3O4 particles is

due to cellular cytotoxicity induced by Fe3O4.

32.3.4 Effect of LHRH-NP on Breast Tumor Cellular Toxicity

Binding of LHRHor its analog results in desensitization of LHRH receptors and

internalization of the ligand-receptor complex (endocytosis) (see ref 3 for review).

In lysosomes, LHRH is released from the receptor and most of the LHRH

receptors undergo proteolytic degradation (although some receptors may be

recycled to the plasma membrane. Once within the lysosomal compartment,

Fe3O4 might be released, thereby, inducing cellular cytotoxicity. To determine

Fig. 32.4 Effect of treatment of MDA-MB231 cells with LHRH-NP on cell survival.
MDA-MB231 cells were treated with [D-Trp6]LHRH, LHRH-NP or NP. After 24 h of
treatment of cell were stained with crystal violet and examined under a microscope and
photographed. Nanoparticles concentration and corresponding LHRH concentration
are indicated.
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the extent of cytotoxicity caused by LHRH-NP, we performed cytotoxicity

assays using the CytoTox-One system from Promega. This method is based on

the measurement of lactate dehydrogenase (LDH) release from cells which

reflects loss of plama membrane integrity. After treatment of cells with LHRH-

NP for 48 h, cytotoxic assay was performed as described in materials and

methods. There was a dose-dependent cell death as indicated by LDH release.

Such effects of LHRH-NP were observed to be dose dependent. No cytotoxic

effects were observed when cells were treated with free [D-Trp6]LHRH or NP

alone.

32.3.5 LHRH-Conjugated Fe3O4 Nanoparticles Release Iron
at Low pH

Finally, we are entertaining the possibility that nanoparticle-induced cytotoxicity

is mediated by iron released from the magnetite particles in the acidic and

cysteine-rich interior of the lysosomal compartment. In brief, we earlier found

that in normal cells almost all redox active iron is located within lysosomes [17,18]

and that the lysosomal iron derives from the continuous ’autophagocytosis’ of

ferruginous intracellular material such as mitochondria and ferritin. Further-

more, this iron pool seems most important in mediating oxidant-induced cell

death (which can involve reactive oxygen species produced by normal mitochon-

drial metabolism). Most importantly, iron- and oxidant-mediated cell death

involves lysosomal rupture as the first event, followed by activation of the classical

apoptotic cascade [19]. To indirectly test the hypothesis that LHRH conjugated

nanoparticles might release iron within the lysosomes, we incubated 1 mg of

LHRH conjugated or non-conjugated magnetite beads suspended in 500 ml of
20 mMTris and 2 mM cysteine. In one case (A) the pH was adjusted to 7.4 whilst

in (B) the pH was lowered to 4.5 to mimic intralysosomal pH. The supernatant

was sampled at 1, 4 and 24 hours and ’free’ iron was determined using the ferene S

reaction [15].Note the absence of iron release at neutral pH (or, at least, the failure

of ’loose’ iron to appear in the supernatant). In contrast, Fe3O4 nanoparticles

incubated at low pH showed substantial free iron in the supernatant (Table 32.1),

Table 32.1 Release of free iron from LHRH-NP or NP

SUPERNATANT Fe CONTENT (nmol)

SAMPLES 1 h 4 h 24 h

Nano particles @ pH 7.4 0* 0* 0*

LHRH-nanospheres @ 7.4 0* 0* 0*

Nano particles @ pH 4.5 3.06 5.46 8.66

LHRH-nanospheres @ pH 4.5 1.51 2.92 5.56

* Below limits of detection
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suggesting that the release of free iron fromLHRH conjugated and unconjugated
Fe3O4 particles at acidic pH which may promote cell death.

32.4 Conclusions

Our results clearly define that conjugation of the LHRH analog [D-Trp6]LHRH
to Fe3O4 nanoparticles retains normal LHRH receptor binding affinity and
biological activity. Our studies also demonstrate that treatment of breast
tumor cells (MCF-7 and MDA-MB 231) with LHRH-NP specifically induces
cytotoxicity leading to cell death and loss of cell viability. Incubation of LHRH-
conjugated and unconjugated particles release free iron at pH 4.5 (intralysoso-
mal pH). The effect of LHRH conjugated Fe3O4 nanoparticles on tumor growth
and metastasis in vivo remains to be tested.
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Chapter 33

Saturation of Hemoglobin in Intracranial Arteries

is Similar in Patients with Hemodynamically

Relevant and Irrelevant Stenosis of the Internal

Carotid Artery

U. Jensen1, S. Wolff2, K. Alfke2, K. Börsch1, O. Jansen2, and R. Stingele1

Abstract The aim of this study was to establish if patients with hemodynami-
cally relevant or irrelevant stenoses of the extracranial internal carotid artery
have different intracranial arterial oxygen saturation as measured by transcra-
nial pulse oximetry using near infrared spectroscopy.

Patients with unilateral stenosis�70% according to North American Symp-
tomatic Carotid Endarterectomy Trial (NASCET) were included. Hemody-
namic relevance was assessed using ultrasound criteria. Transcranial
spectroscopy recordings were taken before and after surgical or interventional
treatment of the stenosis. Optodes were placed bilaterally on the intact fronto-
parietal aspect of the skull. Oxygen saturation and diversion angle alpha from
the hemoglobin plane were measured.

There were no significant differences regarding arterial oxygen saturation
between the two groups. Oxygen saturation ranged from 0.910 � 0.08 to 0.957 �
0.028 in the subgroups (all values asmean� S.E.). These values are consistent with
previous studies and theoretical values. In smokers we found a significantly shifted
diversion angle from the hemoglobin plane to the negative side. This indicates the
presence of an absorber other than oxy- and desoxyhemoglobin in the optical field.

We conclude that transcranial pulse oximetry cannot distinguishbetweenpatients
with hemodynamically relevant and irrelevant stenosis of the internal carotid artery.
However it seems to be capable of distinguishing smokers from non-smokers.

33.1 Introduction

Transcranial pulse oximetry (TCO) using near infrared spectroscopy (NIRS) is
a method used to detect desaturation of hemoglobin in the arterial vessels of the
brain. It was demonstrated that it detects failure of collateral blood flow in

1Department of Neurology, University of Kiel, Schittenhelmstr. 10, 24105 Kiel, Germany.
2Section of Neuroradiology, University of Kiel, Schittenhelmstr. 10,24105 Kiel, Germany.
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K.A. Kang et al. (eds.), Oxygen Transport to Tissue XXIX
� Springer 2008

299



patients with impaired blood supply [1]. We tested the possiblity to assess the

hemodynamical relevance of stenosis of the internal carotid artery (ICA).

Additionally we investigated the influence of smoking on the near infrared

pulse oximetry.

33.2 Material and Methods

33.2.1 Near Infrared Spectroscopy

With each cycle of the heart there is a pulsatile change of blood volume in the

intracranial arteries. Venous vessels and capillaries do not change their volume.

This leads to a pulsatile change in infrared absorption since hemoglobin is a

strictly intravascular near infrared chromophore [2]. The pulsatile changes of

blood volume lead to pulsatile changes of NIR-absorbance that were measured

at 3 wavelengths with 10 Hz acquisition frequency. A plot of the absorption

values against each other is given in Fig. 33.1. Each datapoint represents a triple

of absorption values at one point in time. In such a three wavelength-plot,

absorption changes in time along a straight line. The straight lines in Fig. 33.1

represent the theoretical absorption values with saturation 1 and 0, respectively.

These theoretical lines span a plane in the 3-D plot (termed hemoglobin plane)

that contains all absorption values that can be explained by any arterial oxygen

905 nm

769 nm

HbH

HbO

850 nm

Fig. 33.1 Oxygen saturation of 0.89 recovered from a recording of a patient. Note the two
vectors for desoxy- (HbH) and oxyhemoglobin (HbO) spanning the hemoglobin plane.
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saturation. The line resulting from the linear fit of the measured absorption
values is analyzed in two ways: First, the projection of the line onto the
hemoglobin plane is used to calculate the arterial oxygen saturation, as
described before (1). Second, the angle formed by the measured line with the
hemoglobin plane (alpha) is calculated to quantify how well the observed
absorption values are explained by oxy- and deoxy-hemoglobin in the optical
field. If pulsatile absorption changes are due to these absorbers only the angle
alpha is 0. An angle alpha 6¼ 08 means that other absorbers than oxy- or
desoxyhemoglobin are present intraarterially.

As a first step the received scattered clouds of datapoints had to be reduced
to the main vector. This was done by principal component analysis [3]. The
second step required a coordinate system transformation. Graphically it
included stretching and rescaling of the hemoglobin plane [4]. The last step
was a recovery of the oxygen saturation by trigonometric calculation using Eq.
(33.1) in which b represents the angle formed by the main resulting vector and
the new x-axis of the coordinate system.

Saturation ¼ 1þ tan bð Þð Þ�1 (33:1)

For details regarding the different steps and the technique itself see literature
on TCO using NIRS [1,2].

Additionally a goodness of fit (GOF) using multiple correlation was calcu-
lated for every recording [5]. It ranges between 0 and 1 and is an indicator for the
quality of the recording. A goodness of fit of 1 indicates a perfect measurement
with no diversion of the datapoints from the main vector formed in 3D-space
during the recording. A GOF of 0 indicates a bad measurement with no
correlation of the scattered datapoints over time.

33.2.2 Apparatus

TCO using NIRS (OXYMON spectroscope, University of Nijmegen, three wave-
lengths: 769, 850, 905 nm, 10 Hz sampling frequency, 2 channels) was used. TCO
was performed before and after angioplasty with stent or surgery. Optodes were
placed over both hemispheres simultanously. Source-detector distance was 55mm.
Patients were asked not to speak, move, and to breathe normally and external
conditions were kept constant during the recording. Each recording consisted of an
arterial saturation and an angle alpha. The received signals were bandpass-filtered.

33.2.3 Subjects

The 21 patients with unilateral extracranial stenosis of the ICA were examined.
Inclusion criteria were a symptomatic stenosis � 70% according to NASCET.
Stenosis were categorized prospectively in hemodynamically relevant (group 1)
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and irrelevant (group 2) stenosis according to ultrasound criteria. Features
assessed by ultrasoundwere bloodflow velocity in the ipsilateral middle cerebral
artery and the presence of collateral bloodflow. After the treatment patients
were again evaluated by ultrasound to rule out restenosis or insufficient treat-
ment. In addition patients were categorized as smokers and non-smokers to
assess the possibility to detect the presence of carboxyhemoglobin in the optical
field. Participants were informed in oral and written form about the nature of
the study. Informed consent was obtained from all participants and the experi-
ment was approved by the local Ethical Committee.

33.3 Results

Only measurements with a GOF � 0.9 were taken into account. All patients
were treated successfully. Values are given as mean� S.E. In group 1, 9 patients
(? = 9, age: 67.22 � 6.83 years) were included before and 6 patients (/ = 6,
age: 66.17� 6.46 years) after treatment. In group 2, 10 patients (? =9, / =1,
age: 67.8 � 9.21 years) were included before and 10 patients (same group) after
treatment. 16 patients (? = 15, / = 1, age: 67.19 � 8.09 years) were included
before and after treatment. 6 smokers and 13 non-smokers could be identified.

No statistically significant differences were found between group 1 and
group 2, before and after the treatment and between the affected and unaffected
hemisphere (p > 0.05, all comparisons with Wilcoxon-Mann-Whitney U-test,
see Table 33.1).

All smokers’ hemispheres (n= 22) had a smaller angle alpha (–0.291� 3.78)
compared to non-smokers’ hemispheres (n = 48, 1.38 � 3.738, p < 0.05). This
difference was present in all hemispheres (�1.325 � 3.558, 2.6 � 3.068,
p < 0.001), affected (�2 � 2.278, 2.8 � 1.898, p < 0.001) and not-affected
hemispheres (-0.645 � 4.648, 2.4 � 3.998, p < 0.05) in smokers (n = 12, n = 6)
and non-smokers (n = 26, n = 13) but only before the treatment. After the
treatment this difference disappeared (p > 0.05, all comparisons with
Wilcoxon-Mann-Whitney U-test).

33.4 Discussion

Our results show that TCO is not able to distinguish hemodynamically relevant
from irrelevant stenosis of the ICA if this dichotomization is performed using
ultrasound criteria. We conclude that oxygen saturation in patients with hemo-
dynamically relevant and irrelevant stenosis of the ICA is similar. Previous
studies using this method showed decreased oxygen saturation in intracranial
arteries in situations with bad collateral blood supply [1]. Therefore TCO can be
regarded as a method sensitive to failure of collateral blood supply. The values
of intracranial oxygen saturation are consistent with theoretical values and
values found in previous studies in healthy volunteers and patients with stenosis
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Table 33.1 Results of the subgroups for oxygen saturation and angle alphay

Group 1 before Group 2 before Group 1 after Group 2 after

affectedz normal{ affected normal affected Normal affected Normal

sO2 0.94�0.05 0.91�0.08 0.95�0.05 0.92�0.06 0.94�0.04 0.94�0.04 0.95�0.04 0.96�0.03
alpha 1.33�2.67 2.39�4.56 1.24�3.44 0.59�4.15 0.83�3.48 1.4�2.97 -0.6�3.67 0.21�4.89
y: angle alpha in degrees
z: affected side
{: not affected side
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of the ICA but intact collateral blood supply [1,6,7]. In the patients presented
here collateral blood supply was still sufficient to allow for normal intraarterial
situations. Smokers have a smaller angle alpha. This can be explained by larger
amounts of carboxyhemoglobin in the blood of smokers [8]. The probable cause
of the normalisation after the treatment is the drop of concentration of carbox-
yhemoglobin due to less tobacco consumption during hospitalisation.
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Chapter 34

A Three-tiered Approach for Calibration

of a Biosensor to Detect Estrogen Mimics

Sarah A. Andres, D. Alan Kerr II, Stefanie B. Bumpus, Traci L. Kruer,

Joshua W. Thieman, Irina A. Smolenkova, and James L. Wittliff1

Abstract A three-tiered approach was developed to determine the influence of

a chemically-diverse group of compounds exhibiting estrogen mimicry using

recombinant human estrogen receptor (rhER) activity to calibrate a receptor

protein-based biosensor. In the initial tier, a ligand competition array was

developed to evaluate compounds inhibiting [3H]estradiol-17b binding to

rhER. Each of six different concentrations of [3H]estradiol-17b was mixed

with increasing concentrations of an unlabeled putative mimic. Each of these

mixtures was incubated with a constant amount of rhERa and then receptor-

bound [[3H]estradiol-17b was measured. This array protocol analyzes ligand

binding affinities of hERa with a potential inhibitor over the entire range of

receptor protein saturation.
When either hERa or hERb binds to an estrogenic ligand, the receptor

monomer forms both homo- and hetero-dimers. Then the ligand-receptor

dimer complex activates transcription by associating with an estrogen response

element (ERE), which is a specific DNA sequence located upstream of estrogen-

responsive genes. The second tier for ligand evaluation utilized an electrophore-

tic mobility shift assay (EMSA), which was performed with an ERE sequence

labeled with [a[32]P]dATP and incubated with rhER in the presence or absence

of unlabeled ligand. ERE-hER complexes were separated by electrophoresis

and analyzed using phosphor imaging technology.
To assess biological effects of an estrogen mimic on expression of an

ER-target gene, a yeast cell-based bioassay was constructed with recombinant

DNA technology using Saccharomyces cerevisiae. Each of these engineered

yeast cells contained a rhERa expression plasmid (YEpE12) and a separate

reporter plasmid (YRG2) containing an ERE sequence upstream of a

b-galactosidase reporter gene. Incubation of these yeast cells with an estro-

genic compound allows formation of ligand-hERa complexes, which
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recognize the ERE sequence regulating b-galactosidase expression. Estrogenic
compounds, which were evaluated as calibrators for ligand-based and ERE-

based biosensors, elicit varying responses in each of the three tiers of the

protocol.

34.1 Introduction

Estrogen plays a crucial role beginning with conception and continuing through

normal development, as well as in many health-related events, e.g., prevention

of cardiovascular diseases, osteoporosis and treatment of cancer [1,2]. Many

substances in the environment, such as phytoestrogens and mycoestrogens, as

well as man-made therapeutic estrogens and certain industrial pollutants, may act

as estrogen mimics [3,4]. Exposure to endocrine disrupting compounds has

recently emerged as a major public health concern due to potentially hazardous

effects through their interaction with steroid hormone receptors and their target

pathways. Determination of the extent of estrogen mimicry by environmental

compounds is essential to estimate risk/benefit ratios in both human and animal

populations.
An evanescent biosensor (EndotectTM) was developed jointly with IA, Inc./

Threefold Sensors (Ann Arbor, MI) for screening compounds exhibiting

potential estrogen mimicry effects [5–7]. This biosensor utilizes laser-based

fiber optics with Cy5-labeled recombinant human estrogen receptor-a
(rhERa) as a probe for either ligand or estrogen response element-based

fibers. Calibration of the biosensor by independent methodologies, e.g, ligand

binding and ERE recognition, as well as biological response is necessary to

insure accuracy of mimic detection. The long-term objective is to utilize the

biosensor to identify molecules with either hormone-stimulating or disrupting

properties before human exposure so that rational assessment of risk/benefit

ratios may be evaluated.

34.2 Methods

34.2.1 Expression of Human Estrogen Receptor-�

Saccharomyces cerevisiae strain BJ3505, transformed with expression vector

YEpE12 containing the hERa gene, was expressed as an ubiquitin fusion under

the control of a CUP1 promoter [8,9]. Lysates were separated into pellet and

extract containing hERa by centrifugation at 40,000 rpm for 45 min at 48C and

purified by various modes of chromatography.
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34.2.2 Ligand Competition Array

A ligand competition array performed in both the presence and absence of a

compound suspected of estrogen mimicry was employed [10]. Each of six differ-

ent concentrations of [[3H]estradiol-17b was mixed with increasing concentra-

tions of a putative mimic, and the mixture was incubated with rhERa for 16 hr at

48C. Then receptor-bound [[3H]estradiol-17b was measured in a scintillation

counter. Each curve describing the binding isotherm (Fig. 34.1, B-H) represents

results from assays in which an unlabeled candidate mimic were added to

increasing concentrations (a-f) of [3H]estradiol-17b. Curve A represents total

binding of [3H]estradiol-17b to both receptor and non-receptor proteins in the

absence of unlabeled candidate competitor. Curve I represents radiolabeled-

ligand binding in the presence of excess unlabeled diethylstilbestrol, which serves

as a measure of low affinity, non-specific binding (i.e., the control). By solving

differences in binding curves (A-H), specific binding capacities and affinities of

[3H]estradiol-17b were calculated in the presence of unlabeled test compound

from an array of binding isotherms. This allowed identification of the activity of

an estrogen mimic, as well as detection of mimic-induced alterations in affinity

constants of [3H]estradiol-17b binding using Lundon One-Site1 and GraphPad

Prism1 software (calculations I & II). Calculation III designates experimental

results used to directly generate ligand competition curves with Lundon Com-

pete1 and GraphPad Prism1 software. The IC50 value of an unlabeled test

compound was used to estimate relative affinity according to the following

equation:
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III, Competition Analysis
• Analyzed with Compete® & Prism® software

I , Ligand Titration
Analysis (Control)

II, Ligand Titration
Analysis (with competitor)

• Both Analyzed with OneSite®

& Prism® Software

Fig. 34.1 Schematic of the ligand competition array protocol for analyzing competition of a
candidate compound for the human estrogen receptor. Adapted from Raffelsberger and
Wittliff [10].
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Kdunknown ¼ Kdreference � IC50unknownð Þ=IC50reference (34:1)

34.2.3 Electrophoretic Mobility Shift Assays

Double-stranded ERE sequences (i.e., VitA2, pS2, h-fos, jun and cathepsin D),
were radiolabeled using DNA Polymerase I Large (Klenow) fragment in 1X
Klenow buffer (Promega), 5% b-mercaptoethanol (Sigma), 750 mM dCTP,
dGTP and dTTP (Promega) and 1.25 mM [a[32P]dATP (800 Ci/mmol, Perkin
Elmer) [8,9]. Each reaction was incubated at 378C for 30 min, followed by
gravity-flow separation through a NICK column (Amersham). Poly (dI-dC)
(50 ng, Amersham), 10 mMKCl & 1% glycerol were added to 40 mMTris-HCl
buffer, pH 8.0, containing 500 mM PMSF and 10 mM monothioglycerol [8,9].
rhER preparations were incubated with a candidate estrogen mimic for 30 min,
48C. Labeled ERE was then added to each reaction and incubated overnight at
48C. Electrophoresis was performed as described previously using non-dena-
turing PAGE with 0.5x TBE running buffer [8,9]. Gels were dried and exposed
to phosphor screens (Perkin Elmer) overnight, and bands representing
[32P]ERE-protein complexes and free [32P]ERE were visualized, quantified
and analyzed using a Cyclone Storage Phosphor System with OptiQuant1

software (Perkin Elmer).

34.2.4 Cell-based Bioassay

Saccharomyces cerevisiae (BJ3505) containing both a plasmid encoding hERa
(YEpE12) and a reporter plasmid (YRG2) containing an ERE driving the
expression of b-galactosidase (Fig. 34.2) were grown in YNBD medium with-
out tryptophan in an orbital shaker at 308C overnight in a 100 ml culture [1,11].
The following morning rhER expression was induced with 100 mMCuSO4, and
the culture was divided into 5ml mini-cultures, each of which was treated with a
test compounds for 4 hr. Mini-cultures were then centrifuged, and each pellet
was resuspended in Z-Buffer (50 mM Na2HPO4/NaH2PO4 buffer pH 7.0, 10
mM KCl, 1 mM MgSO4 and 50 mM 2-mercaptoethanol), and the cell density
was measured in a spectrophotometer at 600 nm. Cells were then lysed by
addition of 0.4% N-lauroyl sarcosine in Z buffer. b-Galactosidase activity
was determined after addition of 2.6 mg/ml ONPG. When sufficient yellow
product had formed, reactions were terminated by the addition of 625 mM
Na2CO3. Reactions were analyzed in a spectrophotometer at wavelengths of
420, 550 and 600 nm. Miller units were calculated with the following equation:

U ¼ 1000� OD420ð Þ � 1:75�OD550ð Þ½ �f g= tð Þ � vð Þ OD600ð Þ½ � (34:2)
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Where: t = time of reaction (min)
v = volume of culture in assay (ml)
OD600 = cell density at the start of assay
OD420 = combination of absorbance by ONP & light scattering by cell

debris
OD550 = light scattering by cell debris

34.3 Results and Discussion

When a compound is selected as a calibrator candidate for the biosensor, it is
evaluated initially in the ligand competition array. This allows analyses of

ligand binding capacities over the entire range of steroid hormone receptor
saturation. A series of ligand binding isotherms is developed for each
concentration of competitor candidate and analyzed independently for specific

binding to rhERa. Then competition curves are created at each concentration
of [3H]estradiol-17b (Fig. 34.3) over a broad range receptor saturation. As

shown in Fig. 34.3, the Ki value determined at 0.35 nM [3H]estradiol-17b
(below saturation) was comparable to that observed at 2.5 nM [3H]estradiol-
17b, which represents a saturating concentration of labeled ligand. Each compe-

tition curve is analyzed independently and binding affinities for the competitor
candidate are calculated using data obtained from each curve (Fig. 34.4). These

ligand-binding affinities of calibrator estrogen mimics are then correlated with
sensor-gram data obtained from the biosensor using the ligand-based optic fiber.

The next tier for evaluating a calibrator candidate utilizes both ligand- and
DNA-binding characteristics of rhERa. Briefly, ligand association with rhERa
allows the complex to interact with ERE sequences appearing upstream of
estrogen responsive genes encoded in DNA. Assessment of a compound’s

YEpE12

Cup1 UB hER

hER-E2

Estradiol-17ß 

ERE ß-Gal

Transcription

Putative E2 Mimic

β-Gal

hER
protein

YRG2

CuSO4

?

Fig. 34.2 Schematic of the yeast cell-based bioassay for analysis of an estrogen mimic.
Adapted from Wittliff and Raffelsberger, 1995.
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influence on these binding activities is required to calibrate the biosensor and

ERE-based optic fiber. Figure 34.5 shows alteration in rhERa-ERE complex

migration due to association of the receptor protein with tamoxifen, an man-

made, pharmacologically-active estrogen mimic [1,2]. While certain estrogen

mimics induce a downward shift in the migration profile, indicating a more

compact conformation of the rhER-ERE complex, other mimics induce an

upward shift indicative of a less compact conformation. Results such as those

shown in Fig. 34.5A and B may be quantified using the densitometric profiles,

which also reflect rhER-ERE complex differences with and without a compe-

titor candidate. Titration results of estrogen mimic-hERa complexes with an

ERE sequence, when compared to that of estradiol-liganded ER-ERE

TAMOXIFEN / [3H]ESTRADIOL-17β
0 1 10 100 1000
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Fig. 34.4 Representative graph depicting the results from eight independent competition
analyses of tamoxifen inhibition of [3H]Estradiol-17b to rhERa. Each point represents the
collective results from an experiment performed with the ligand competition array. Note that
the affinity calculated from this analysis is slightly different from that of the individual
analyses.
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complexes, allows estimation of relative binding affinities for calibration of the

ERE-based optic fiber of the biosensor.
The cell-based bioassay encompasses the activities of the entire estrogen recep-

tor transcriptional complex, including ligand binding to the rhERa protein, its

associationwith the ERE sequence, recruitment of transcription factors, aswell as

the expression of a target gene [1,2]. The yeast cell expression system, described in

Fig. 34.2, provides transcriptional machinery that is highly conserved between

mammals and Saccharomyces, and therefore is considered relevant to the

+ Tam -Tam

A B

Fig. 34.5 Representative EMSA results illustrating the different migration of the ER-ERE
complex in the presence (A) and absence (B) of tamoxifen. Migration is quantified in the
densitometric profile on the right. Peak A represents the ER-ERE complex in the presence of
tamoxifen, while peak B represents the complex without ligand. Peak C (not shown on gel) is
utilized as an alignment control between lanes on the EMSA gel.

U
nt

re
at

ed
Ve

hi
cl

e

 1
nM

 E
st

ra
di

ol
-1

7β
1 n

M
 E

st
ro

ne
10

 n
M

 E
st

ro
ne

1 n
M

 E
th

yn
yl

 E
st

ra
di

ol

1 n
M

 C
ou

m
es

tr
ol

10
 n

M
 C

ou
m

es
tr

ol
1 n

M
 T

am
ox

ife
n

10
0 n

M
 T

am
ox

ife
n

0
10
20
30
40
50
60
70
80
90

100
110

%
 o

f 
β-

G
al

ac
to

si
d

as
e 

In
d

u
ct

io
n

 b
y 

1 
n

M
 E

st
ra

d
io

l-
17

β

Fig. 34.6 Representative
analysis of five known
estrogenic compounds using
the cell-based bioassay.

34 A Three-tiered Approach for Calibration of a Biosensor 311



examination of the human estrogen response mechanism [9,11]. Addition of
known estrogenic compounds to the growth media allows formation of
liganded-hERa complexes, which subsequently associate with the ERE sequence
regulating expression of the b-galactosidase reporter gene. Figure 34.6 illustrates
the relative effects of five known estrogenic compounds [1–4] compared to the
activity of estradiol-17b. Results shown correlate with the known properties in
vivo of these compounds to induce gene transcription in mammals [1]. This cell-
based bioassay provides essential results for calibration of the biosensor and
confirms the results obtained with the estrogen mimic candidate from of the
ligand competition array and the EMSA experiments.

34.4 Summary and Conclusions

A three-tiered approach using recombinant human ER-based analyses was
employed for calibration of a fiber-optic biosensor that will be used to identify
estrogen mimics in environmental samples. Each tier evaluates a specific mode
of ER action, such as ligand binding, ERE sequence recognition and induction
of transcriptional activity. Using ligand competition arrays, apparent dissocia-
tion constants of mimic candidates were generated and utilized to calibrate
ligand-based fiber measurements. EMSA results using rhERa in the presence
and absence of mimic candidate identified ligands that altered rhER-ERE
complex migration, which may be correlated with biosensor measurements
using the ERE-based fiber. Results from the cell-based bioassay were used as
a confirmation of estrogen mimicry derived from the ligand competition array
and EMSA, as well as determined alterations in target gene expression induced
by a suspected estrogenmimic. Collectively, this three-tiered approach provides
a broad spectrum of analyses for biosensor calibration to ensure its utility in
detecting and characterizing compounds with estrogenic activities.
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Chapter 35

Biosensors for Detecting Estrogen-like Molecules

and Protein Biomarkers

James L. Wittliff1, Sarah A. Andres1, Traci L. Kruer1, D. Alan Kerr II1,

Irina A. Smolenkova1, and Judith L. Erb2

Abstract A novel evanescent-based biosensor (EndotectTM, ThreeFold Sen-
sors, Inc.) was developed with laser-based fiber optics using fluorescent dye-
labeled recombinant human estrogen receptor-a (rhERa) and hERb as probes.
A three-tiered approach evaluating various steps in the formation of the estro-
gen-receptor complex and its subsequent activity was developed for instrument
calibration to detect estrogen mimics in biological samples, water and soil.
Using this approach, binding affinities and activities of certain known estrogen
mimics were determined for their use as calibrator molecules. Results indicated
rhERa and rhERb may be employed as probes to distinguish estrogen mimics
with a broad range of affinities. In addition, application of the biosensor for
detecting DNA-binding proteins in human tissue extracts was demonstrated.
The later studies suggest the biosensor may be used as a clinical laboratory tool
for assessing tumor marker proteins.

35.1 Introduction

Estrogen mimics used in clinical management of breast cancer and osteoporo-
sis, e.g. Tamoxifen and Raloxifene respectively, mediate their therapeutic
effects through direct interaction with estrogen receptor proteins. Determina-
tion of the extent of estrogen mimicry by new generations of these drugs as well
as estrogenic compounds encountered in the environment (endocrine disruptor
compounds, EDCs) is essential to estimate risk/benefit ratios.

The effects of putative EDCs on the reproductive functions of human and
animal species has become an area of intense concern [1]. The Environmental
Protection Agency (EPA) has been mandated by Congress to develop a plan for
testing some 87,000 chemicals known to be present in the environment to

1Department of Biochemistry &Molecular Biology, Institute forMolecular Diversity &Drug
Design, University of Louisville, Louisville, KY USA.
2IA, Inc./ThreeFold Sensors, Ann Arbor, MI, USA.

K.A. Kang et al. (eds.), Oxygen Transport to Tissue XXIX
� Springer 2008
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determine their potential for producing endocrine disruption. In response to
this mandate, the Endocrine Disruptor Screening and Testing Advisory Com-
mittee (EDSTAC) was created by the EPA and has issued recommendations for
a multi-tier screening program to be executed on 15,000 chemicals beginning in
1999. Tier 1 screening involves assessment of the effects of test compounds on
estrogen receptor mediated functions. Additional EDC activities may be due to
cancer therapeutics, such as tamoxifen, which was designed to exert endocrine
disrupting effects, useful in treating certain reproductive cancers [2]. A thor-
ough understanding of the mechanisms by which each type of effect occurs is
required in order that informed regulatory decisions may be made, and useful
new drugs may be developed for treating reproductive cancers.

Evidence supporting an aggressive testing program for endocrine disruptors
suggests that the reproductive functioning of both animal and human species is
being adversely affected and that environmental exposure to chemicals is likely
to be involved [1]. In response to this need, a novel biosensor (EndotectTM,
ThreeFold Sensors, Inc.) was developed to identify compounds in biological
samples which contained EDCs, such as estrogen mimics [3–5].

The physical principles of operation of the sensor instrument are explained in
detail in previous publications [3–5]. The biosensor technology utilizes an
evanescent field generated on the surface of an optical fiber held in a cartridge.
The fiber surface possesses covalently-linked molecules (e.g., steroids, ERE
sequences, antibodies), to which the molecules of interest are attracted. In the
case of the biosensor described, this is either Cy5-labeled recombinant hERa or
hERb proteins. When the fluorophore-labeled molecules are attracted to the
ligand on the fiber surface, the fluorophore will be excited by the evanescent
field upon binding. Because of the nature of the evanescent field [3–5], fluor-
ophore-labeled molecules in the surrounding solution are not excited, thus
kinetic analyses becomes possible.

35.2 Methods

35.2.1 Biosensor

The essential feature of the fiber-optic evanescent biosensor is confinement of
fluorescence sensing to the immediate surface of an optical fiber. It takes
advantage of the evanescent field produced by total internal reflection of light
propagating within the fiber, as described by Hirchfield [6]. Figure 35.1A
illustrates the ligand-based optic fiber, in which estrone-1-glucuronide (E1g)
has been chemically attached to the fiber surface. Recombinant hER, acting as
the probe for the biosensor, was fluorescently labeled by incubation with Cy5
(Amersham Pharmacia Biotech) for 30 min, and separation of Cy5-hER from
free Cy5 was performed using a 10DG gravity flow column (Biorad). Cy5-
labeled hER is used as a probe in solution, which flows through the cartridge
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around the optical fiber. When bound to the ligand E1g on the fiber surface, the

evanescent field excites fluorescence of Cy5-hER. In solution, E1g exhibits an

affinity for rhERawith an apparent Kd value of 2.5� 10[–9M[3]. Figure 35.1B

illustrates the estrogen response element (ERE)-based optic fiber, in which

Vitellogenin A2 ERE (50-GATCCGTCAGGTCACAGTGACCTGATG-30)
is bound to the optic fiber in a system similar to that of the ligand-based fiber.

A three-tiered approach was developed with hERa and hERb consisting

of 1) ligand titration and competition arrays [7], 2) gel mobility shift and super-

shift assays [8,9] and 3) yeast cell-based bioassays [10] with various known

estrogen mimics for instrument calibration to detect suspected estrogen mimics

in biological samples, water and soil. The therapeutic tamoxifen associated with

recombinant hERa (Fig. 35.2) with lower affinity (Kd = 0.8–2 � 10–7 M) than

that of hERb (Kd = 3–7 � 10–8 M). Using this approach, binding affinities of

other calibrator substances were determined: 4-Hydroxytamoxifen- 2–4� 10–10

M; Clomiphene- 2–5 � 10–7 M; Ethynylestradiol- 2–5 � 10–10 M; Nafoxidine-

1–3 � 10–8 M; and Raloxifene- 3–8 � 10–10 M.
For calibration of the ERE-based fiber, the second tier approach was

employed using electrophoretic mobility shift assays (EMSA) to identify hER

or other proteins that may bind to ERE sequences located upstream of estrogen

receptor target genes. Double-stranded ERE sequences (i.e., VitA2, pS2, h-fos,

jun, cath D), were labeled with [a [32] P]dATP (Perkin Elmer) [8,9]. EMSA

reactions were performed in 40 mM Tris-HCl buffer, pH 8.0, containing 500

1.2 mm ID/1.5 mm OD Glass Capillary Tube

Low index of refraction coating
covered by black polyimide

Inlet Tube (19 guage)

400µ optical fiber

Flow Outlet

B.A.

~80 µl Sample volume

Fig. 35.1 Schematic of biosensor cartridge illustrating the ligand-based (A) and ERE-based
(B) optic fibers.
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mM PMSF and 10 mM monothioglycerol [8,9]. rhER and tissue extract pre-
parations were incubated with labeled ERE overnight at 48C. Electrophoresis
was performed as described previously [8,9] using 0.5x TBE running buffer.
Gels were dried and exposed to phosphor screens (Perkin Elmer) overnight, and
bands representing [[32] P]ERE-protein complexes and free [ [32] P]ERE were
analyzed using a Cyclone Storage Phosphor Systemwith OptiQuant1 software
(Perkin Elmer).

These results and others using the three-tiered approach for calibration indicate
recombinant hERa and hERb isoforms may be employed as biosensor probes to
distinguish therapeutic estrogenmimics with a broad range of affinities. Currently
we are investigating the detection of these and other estrogen mimics using both
the ligand-based and the ERE-based fibers with the biosensor with a focus on
ascertaining their endocrine-activating and endocrine-disrupting activities.

35.3 Results and Discussion

The biosensor utilizes either a ligand-based or an ERE-based optic fiber to
detect estrogen-like compounds in various solutions [3–5]. Figure 35.3A illus-
trates the association of Cy5-labeled recombinant hER with the ligand-based

Fig. 35.2 Schematic of plasmid expressing recombinant human estrogen receptor-a (YEpE12)
in yeast cells. Adapted from Wittliff et al. 1993 [11].
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fiber producing an increase in fluorescence as detected by the sensor. The
ligand-based fiber allows detection of estrogenmimics present in a test solution,
which compete for the Cy5-labeled recombinant hER and create a decreased
fluorescence. Figure 35.3B illustrates the competition of a test solution for the
ERE fiber. The upper curve represents loading of unliganded Cy5-labeled
hERa, while the lower curve represents the reaction of Cy5-labeled hERa
with an estrogen mimic in a test solution creating diminished fluorescence
detected by the sensor. The sensogram results are converted to relative binding
affinities using the results of known estrogens and mimics from the three-tiered
calibration approach (Table 35.1).

Using the ERE-based fiber-optic biosensor, protein molecules recognizing
hormone response element sequences, such as hERa and hERbmay be detected
in extracts. The sensograms in Fig. 35.4A indicate the presence of ERE-binding
proteins since addition of extracts prepared from two human reference samples
decreased Cy5-hERa binding to the ERE fiber. Curves a and b represent two
reactions showing association of uncompeted Cy5-hERa (control) with the
ERE sequence bound to the optical fiber. Curve c represents a reaction in
which an extract of a reference myometrium specimen exhibited 36% inhibition

Table 35.1 Comparison of Kd values of binding of various estrogen mimics to rhERa
calculated from biosensor data and those obtained by standard radioligand binding methods

Competitor Kd obtained from biosensor Kd obtained from radioligand binding

estradiol-17ß 2�10–10 M 1.1�10–10 M

estrone 2�10–8 M 1.8�10–8 M

estriol 2�10–8 M 3.1�10–8 M

DES 2�10–10 M 1.8�10–10 M

zearalenone 2�10–8 M 3.6�10–8 M

tamoxifen 2�10–9 M 1.1�10–9 M

Note: All first digits of the sensor data are 2, because solutions used to determine Kd consisted
of concentrations of test compounds which were 2 times some power of 10.
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compared to that of the control. Curve d represents a reaction in which an
extract of a reference breast cancer specimen exhibited 68% inhibition.

The degree of inhibition by a tissue extract determined from a sensogram
(e.g., Fig. 35.4A) is being calibrated against the results of the same sample
obtained by EMSA (e.g., Fig. 35.4B). Preliminary evaluation suggests a good
qualitative relationship between measurements taken by the two methods.
However, considerably more analyses of various tissue extracts will be required
to establish a quantitative relationship. This is due to the physically different
conditions of the ERE-binding reactions, i.e., soluble ERE sequences in the
EMSA compared to covalently-bound ERE sequences on the optical fiber.
Experiments addressing the latter relationship are in progress with the goal to
use the biosensor to detect as well as quantify these new biomarker proteins.

Further examination of these activities in human tissue extracts by EMSA
revealed the presence of several species of ERE-binding proteins that appear to
be unrelated to human estrogen receptor. As shown in Fig. 35.4B, reference
tissue extracts exhibited varied abundance of these novel ERE-binding proteins
that migrated more rapidly than that of intact recombinant human ERa.
Furthermore, certain cytosols contained ERE-binding protein species with dif-
ferent migration properties (e.g., lanes 13). Levels of expression of ERE-binding
proteins were determined by scanning each lane of the EMSA gels and using
OptiquantTM imaging software for quantification after normalization for the
total protein content [8,9]. There was no apparent correlation between the level
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Fig. 35.4 (A)Representative sensogramdemonstrating the presence of ERE- binding proteins
in extracts of human reference samples of breast tissue. Curves a and b represent loading of
Cy5-labeled hERa alone on the ERE-based optical fiber. Curves c and d represent loading
of recombinant hERa in the presence of protein extracts of human reference specimens of
myometrium (c) and breast cancer (d), showing the decrease in binding indicative of
ERE-binding proteins in the tissue preparations. (B) EMSA gel pattern showing migration
and distribution of various ERE-binding proteins (ERE-BP) in extracts of five different
(lanes 1–5) breast cancers compared to that of recombinant human ERa (rhERa), confirming
the results from biosensor measurements.
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of ERE-binding protein and the amount of estrogen receptor in a reference tissue

extract, suggesting these proteins recognizing ERE sequences are unrelated to
estrogen receptor proteins. Although preliminary, results using super-shift

assays of human tissue extracts incubated with monoclonal antibodies prepared
against specific epitopes located in various functional domains of rhERa and
rhERb indicated these ERE-binding proteins are not related to known human

estrogen receptor isoforms [12].

35.4 Summary and Conclusions

As demonstrated, the biosensor was employed in a laboratory setting to analyze
compounds known to express estrogen-like properties, as well as in a practical

setting to detect the presence of estrogen mimics with suspected endocrine dis-
rupting activities in lake water, in which deformed frogs were identified [4,5].
Analyses are easily and rapidly performed on extracts to determine the presence

of hormone mimics and EDCs in various samples, such as industrial waste,
foodstuffs, hospital waste, and ground water. Biosensor instrumentation, optic
fiber composition and fluorescent probe selection may be modified readily to

analyze other types of molecular interactions including kinetics of ligand-recep-
tor association and dissociation of candidate drugs. Furthermore, our research

demonstrated that hormone response element-based fibers may be used as a
discovery tool for detecting novel DNA-binding proteins with potential to
serve as cancer biomarkers.

The long-term goal of our research is directed toward an understanding of
the mechanisms of action by which chemical compounds and ligands exert their

influences on receptor-mediated signal transduction. This includes the devel-
opment and testing of an instrument and methods for screening environmental

chemicals for endocrine disrupting potential [1], as a result of their participation
in hormone-controlled pathways. Estrogens and certain of their mimics
(e.g., phytoestrogens and therapeutic estrogen mimics) appear to influence the

rates of association and dissociation of estrogen receptors-a and -b with their
cognate accessory proteins (co-activators and co-repressors) as well as the
composition of the transactivation complex in the ERE and promoter regions

of responsive genes [1]. A new generation of instrumentation is being developed
to address these complex issues using a FRET-based evanescent fiber optic
sensor (J.L Erb, J. Downward & J.L. Wittliff, unpublished) that provides real

time kinetic measurements reflecting association and dissociation of receptors
with co-regulatory proteins, response elements and ligands.
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Part IX

Modeling and Analysis of Metabolism
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Chapter 36

Muscle Oxygen Uptake Differs from Consumption

Dynamics During Transients in Exercise

Nicola Lai1,3, Nakisha Syed1, Gerald M. Saidel1,3, and Marco E. Cabrera1,2,3

Abstract Relating external to internal respiration during exercise requires
quantitative modeling analysis for reliable inferences with respect to metabolic
rate. Often, oxygen transport and metabolism based on steady-state mass
balances (Fick principle) and passive diffusion between blood and tissue are
applied to link pulmonary to cellular respiration. Indeed, when the work rate
does not change rapidly, a quasi-steady-state analysis based on the Fick prin-
ciple is sufficient to estimate the rate of O2 consumption in working muscle.
During exercise when the work rate changes quickly, however, non-invasive in
vivo measurements to estimate muscle O2 consumption are not sufficient to
characterize cellular respiration of working muscle. To interpret transient
changes of venous O2 concentration, blood flow, and O2 consumption in work-
ing muscle, a mathematical model of O2 transport and consumption based on
dynamic mass balances is required. In this study, a comparison is made of the
differences between simulations of O2 uptake and O2 consumption within
working skeletal muscle based on a dynamic model and quasi-steady-state
approximations. The conditions are specified under which the quasi-steady-
state approximation becomes invalid.

36.1 Introduction

During exercise, oxygen transport and metabolism within muscle in healthy
and disease states (e.g., heart failure and diabetes) can be studied under
various experimental protocols with non-invasive measurements. Measure-
ment methods include pulmonary O2 uptake by indirect calorimetry, muscle
oxygenation by near-infrared spectroscopy and microvascular oxygenation by
phosphorescence quenching. Muscle O2 consumption (UO2m) during a fast
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transient change (e.g., exercise) cannot be directly evaluated by measuring

oxygen uptake in the lungs (VO2p). Consequently, a mathematical model is

needed to relate these variables. Often, a quasi-steady-state model (e.g., Fick

principle) is used to analyze dynamic responses at the onset of exercise in

order to quantify relationships between the oxygen uptake, blood flow, and

O2 concentration dynamics in the capillary bed (or index of extraction) within

muscle [1–3]. Although this method is strictly applicable only under steady-

state conditions [4], it could provide a reasonable approximation under some

conditions [5]. More generally, interpretation of non-invasive measurements

related to O2 transport and metabolism in tissue can be made using dynamic

mass balances if the tissue volume can be determined. Nevertheless, this has

limitations also. At the microvascular level, the volume of tissue supplied with

oxygen by the blood vessels is uncertain. Furthermore, in a macroscopic tissue

volume, the heterogeneous spatial distribution and temporal variation of

blood flow and O2 concentration in tissue can have a significant effect

on the interpretation of measurements. In this study, simulations using a

quasi-steady-state model [3] and those using a multi-compartment dynamic

model [6] are compared to experimental measurements during exercise. The

effect of changes in muscle blood flow on the dynamic responses of venous

oxygen concentration was investigated during exercise assuming specific

dynamics of muscle O2 consumption.

36.2 Methods

We consider oxygen transport and consumption in muscle to occur in a system

of perfectly mixed blood and tissue compartments (Fig. 36.1) as developed

previously [6]. In the blood compartment, the oxygen concentration C(t)

changes with time depending on flowQm(t) through the capillary bed of volume

mQ ( t )
T
venC

T
artC

UO2m(t), Muscle O2 Consumption

F F
ven tisPS (C -C )⋅

2

T T
2m m art ven

Muscle O  Uptake

VO =Q (t) (C -C )⋅
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MUSCLE

CAPILLARY

TISSUE

Fig. 36.1 Oxygen consumption and transport in skeletal muscle.
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Vcap and diffusion between blood and tissue with rate coefficient PS according
to the dynamic mass balance:

Vcap
dCT

ven

dt
¼ Qm tð Þ CT

art � CT
ven

� �

� PS CF
ven � CF

tis

� �

(36:1)

where CT
j and CF

j represent the total and free oxygen concentrations in compart-
ment j, which are related by nonlinear equations [6]. In the tissue compartment, the
oxygen concentration C(t) changes with time depending on the rates of diffusion
between blood and tissue cells and oxygen consumption in muscle UO2m(t):

Vtis
dCT

tis

dt
¼ PS CF

ven � CF
tis

� �

�UO2mðtÞ (36:2)

At steady state, these equations can be combined to yield the Fick principle
for oxygen uptake of skeletal muscle:

VO2m ¼ Qm CT
art � CT

ven

� �

¼ PS CF
ven � CF

tis

� �

¼ UO2m (36:3)

In response to a step increase in work rate, the oxygen consumption has
typically an exponential response [3]:

UO2mðtÞ ¼ UOBL
2m þ�UO2m 1� expt0�t=�UO2m

h i

(36:4)

Also, the blood flow has two phases (I, II) with different amplitudes and time
constants [3]:

Qm tð Þ ¼ QBL
m þ�Qm;1 1� exp t0�tð Þ

�

�Qm;l

� �

þ�Qm;2 1� exp t0þTD2�tð Þ
�

�Qm;11

� �

(36:5)

To simulate the oxygen concentration dynamics of skeletal muscle to a step
change in work rate from baseline (BL), we must specify initial conditions at t0:
CF

ven t0ð Þ ¼ CF;BL
ven ;CF;BL

tis t0ð Þ ¼ CF;BL
tis . Responses of venous oxygen concentration

were simulated between two steady states assuming different values of muscle
volume (Vm) engaged during exercise with different dynamic changes of blood
flow in muscle. The differential equations of the model were solved numerically
using a robust algorithm for stiff systems [7].

For comparison with the results of Ferreira [3], we used the same initial
conditions, muscle blood flows (�Qm,I and �Qm,II), and oxygen consumption
time constant �UO2m

¼ 30sð Þ. Except for the parameter values in Table 36.1,
values of other model parameters were obtained from previous studies [6].

Following Ferreira [3] we chose values for the arterial oxygen concentration,
CT

art, and free oxygen concentrationC
F;BL
ven . The free oxygen concentration intissue

was determined based on PO2=25 mmHg. The value of PS was computed from
Eq. (36.3) at steady state.
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Table 36.1 Initial conditions and model parameters

CF;BL
ven [mM] CF;BL

tis [mM] CF;BL
art [mM] PS [L min–1]
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of blood flow dynamic on the dynamic response of the venous O2 concentration obtained with
quasi-steady-state and dynamic model.
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36.3 Results

The effects of various blood flow time profiles on venous oxygen concentration
for a specific oxygen consumption dynamics are simulated.

Figure 36.2 shows dynamic changes in phase I ofmuscle blood flow (Fig. 36.2a)
and corresponding dynamic responses of venous oxygen concentration
(Fig. 36.2b). The dynamic response of the venous oxygen concentration is faster

Blood flow time constants

Model Simulations

Ferreira3 et al.

τQm,II  =  25s

τQm,II  =  30s

τQm,II  =  45s

τQm,II  =  25s

τQm,II  =  30s

τQm,II  =  45s

–30 0 30 60 18090 120 150
0

1

2

3

4

5

6
(a)

M
us

cl
e 

B
lo

od
 F

lo
w

 [L
m

in
–1

]

Time [s]

–30 0 30 60 18090 120 150
Time [s]

τQm,II

(Vm  =  0L)

(b)

τQm,II

(Vm  =  15L)

4

2

6

8

10

12

14

C
ve

n 
[m

l O
2 

10
0m

L–1
]

T

T
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of blood flow dynamic on the dynamic response of the venous O2 concentration obtained with
quasi-steady-state and dynamic model.
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when the transient term (i.e., rate of oxygen change) is negligible (Vm�0L) than
when it is significant (Vm=15L). The overshoot of the venous oxygen concentra-
tion is greater with a smaller muscle volume and with a shorter time constant of
phase I (�Qm,1). Evenwhen the time constant of phase I is long, the dynamics of the
venous oxygen concentration depends on the muscle volume.

Figure 36.3 shows dynamic changes in phase II of muscle blood flow
(Fig. 36.3a) and corresponding dynamic responses of venous oxygen concentration
(Fig. 36.3b). The dynamic response of the venous oxygen concentration is faster
when the transient term is negligible (Vm�0L) than when the transient term is
significant (Vm=15L). The undershoot of the venous oxygen concentration is
greater with a smaller muscle volume and with a longer time constant of phase II
(�Qm,1I). Even when the time constant of phase II is small, the dynamics of the
venous oxygen concentration depends on the muscle volume.

36.4 Discussion

Model simulations of the time response of venous oxygen concentration in
working skeletal muscle were obtained with a dynamic computational model
for quasi-steady-state (e.g., negligible muscle volume) and transient conditions.
The simulations under quasi-steady-state conditions are equivalent to those of
Ferreira [3], who applied a steady-state (Fick principle) analysis.

With a larger muscle volume, a change of muscle blood flow has less effect on
the time profile of the venous oxygen concentration. In any case, an overshoot
in venous oxygen concentration can occur during phase I of muscle blood flow
as reported in human exercise studies [8]. Corresponding to simulations in
venous oxygen concentration during phase II of muscle blood flow, experi-
ments with rat muscle contractions show a similar undershoot response [9]. In
these studies with diabetic rats where the disease induces a mismatch between
oxygen delivery and oxygen consumption, an undershoot can occur in micro-
vascular O2 pressure at the onset of exercise.

Based on the Fick principle, the red blood cell flux (or oxygen delivery)
and microvascular O2 pressure measurements are used to compute oxygen
consumption in the diabetic state [2]. This simplified analysis shows a mismatch
between oxygen delivery and oxygen consumption, which accounts for the
observed undershoot in microvascular O2 pressure. Correct interpretation of
this mismatch requires quantitative analysis with a more general dynamic
model to determine the effect of muscle volume in the transient term of the
oxygen balance. Furthermore, a dynamic model is essential to analyze the
response of microvascular oxygen pressure in muscle at the onset of contraction
in heart failure [10] and aging [11], where O2 delivery is impaired.

Generally, venous oxygen concentration during exercise depends on the rate
of oxygen mass accumulation within muscle that results from a dynamic inter-
play of convection, diffusion, and metabolism. Consequently, the dynamics of
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muscle oxygen uptake and muscle oxygen consumption differ during transient
changes in exercise [6]. In this regard the extent of muscle involvement (i.e.,
muscle volume), which is often uncertain (especially at the microvascular level),
plays a relevant role during exercise.

The more general dynamic model applied in this study consists of spatially
lumped, dynamic mass-balance equations. A special case of this dynamic model is
the quasi-steady-statemodel, which is commonly used to analyze oxygen exchange
in capillary blood and in tissue of the working muscle. Although this dynamic
model of oxygen consumption in skeletal muscle [6] is sufficient for some purposes,
modifications are needed to reflect more physiological conditions. For example,
the product of permeability and surface area should be a function of blood flow
due to the capillary recruitment occurring at the onset of exercise [12]. Further-
more, this dynamic model assumes an exponential function to describe cellular
oxygen consumption [13]. While this simple expression is sufficient to make some
inferences about dynamic responses, key metabolic processes should be incorpo-
rated into the model to provide a mechanistic basis for oxygen consumption
dynamics. For this purpose, future models should incorporate substrates and
enzymes participating inmitochondrial oxidative phosphorylation during exercise.

The dynamics of the oxygen concentration in blood depend on the spatial
distribution and temporal variation of the variables such as blood flow and
hemoglobin oxygen saturation that affect convective and diffusive transport of
oxygen in themicrocirculation. Although these effects are not directly measurable
duringmuscle contraction [14], more general models have been applied to account
for heterogeneities of blood flow and oxygen consumption of the muscle [15–18].

In conclusion, physiological relations between oxygen transport and con-
sumption within skeletal muscle during exercise require a model based on
dynamic mass balances for oxygen in blood and tissue. Such a model can be
used together with non-invasive or minimally invasive experiments to study
capillary oxygen exchange during an exercise stimulus where active muscle,
convection and diffusion have a significant effect. This could contribute to
quantifying changes associated with aging in healthy subjects, as well as with
potential pathological alterations of oxygen transport and metabolism in
unhealthy subjects suffering from diabetes and heart failure [19].
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Chapter 37

Modeling Oxygenation and Selective Delivery

of Drug Carriers Post-Myocardial Infarction

Bin Wang2, Robert C. Scott1, Christopher B. Pattillo1,

Balabhaskar PrabhakarPandian2, Shankar Sundaram2,

and Mohammad F. Kiani1

Abstract An anatomically realistic mathematical model of oxygen transport in
cardiac tissue was developed to help in deciding what angiogenic strategies
should be used to rebuild the vasculature post myocardial infarction (MI).
Model predictions closely match experimental measurements from a previous
study, and can be used to predict distributions of oxygen concentration in
normal and infarcted rat hearts. Furthermore, the model can accurately predict
tissue oxygen levels in infarcted tissue treated with pro-angiogenic compounds.

Immunoliposome (IL) targeting to areas of inflammation after MI could
provide themeans bywhich pro-angiogenic compounds can be selectively targeted
to the infarcted region. The adhesion of model drug carriers and immunolipo-
somes coatedwith antibody to P-selectinwas quantified in aMI ratmodel. Anti-P-
selectin coatedmodel drug carriers showed a 140%and 180% increase in adhesion
in the boarder zone of theMI 1 and 4 hours post-MI, respectively. Circulating for
24 hrs, radiolabeled anti-P-selectin immunoliposomes showed an 83% and 92%
increase in targeting to infarcted myocardium when injected 0 and 4 hrs post-MI,
respectively. Targeting to upregulated adhesion molecules on the endothelium
provides a promising strategy for selectively delivering compounds to the infarct
region of the myocardium using our liposomal based drug delivery vehicle.

37.1 Introduction

Chronic cardiac failure (CCF) following myocardial infarction (MI) is a major
health problem of epidemic proportions. A transmural MI involves a loss of
necrotic cardiomyocytes and a proteolysis of extracellular matrix, vasculature
and nerves. Subsequent tissue repair restores structural integrity at the infarct
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site; it does not involve a significant regeneration of cardiomyocytes. Of neces-
sity, rebuilt myocardium must include a vascular network able to nourish it
under diverse metabolic demands. This raises two questions: how and when to
regrow a neovasculature at the infarct site.

When to regrow neovasculature? We have applied recently developed tech-
niques in the field of tumor biology to quantify microvascular morphology and
oxygenation at the infarct site and determined the optimal time for growing new
tissue [1]. A mathematical model of oxygenation in myocardial tissue is being
presented here to help resolve this question. A provisional neovasculature
appears within 7–14 days afterMI, which is not able to deliver sufficient oxygen
to avoid regions of hypoxia. At 3–4 weeks post-MI, a dense collagen network
has developed which leaves little space to accommodate the newly growing
cardiomyocytes [2]. It appears the optimal time to regrow myocardium and its
supporting vascular network may be within the first 14 days post-MI.

How to regrow neovasculature? Targeted delivery of pro-angiogenic com-
pounds (e.g. VEGF) to the infarct site, using a new targeted drug delivery
approach developed in our laboratory [3], can significantly enhance angiogenesis
in post-infarct tissue. The inflammatory cascade is upregulated during the
development ofmyocardial infarction [4, 5]. The endothelium becomes activated
and increases its expression of receptors that bind ligands on the leukocytes. The
up-regulated expression of endothelial cell adhesion molecules in the scar pro-
vides a potential avenue for targeting drugs to the infarct tissue similar to that
developed in our laboratory to target drugs and/or other molecules to inflamed
tissue [3, 6–8]. In this manner, the MI induced up-regulation of an endothelial
cell adhesion molecule(s) within the diseased tissue is used as a target to deliver
therapeutic agents (drugs, genes, etc.) selectively to the scar, see Fig. 37.1.

VEGF has been shown to augment perfusion through neovascularization
post-MI [9–11]. However, systemic administration of VEGF has many
observed and potential side effects [12, 13]. Many of these side effects can be
circumvented through a targeted drug delivery approach in which the drugs can
be preferentially targeted to the scar via the upregulation of various adhesion
molecules in the scar tissue.

A targeted drug delivery system was developed to target drugs (e.g. pro-
angiogenic compounds) to infarct myocardium. Liposomes coated with target-
ing ligands to adhesion molecules (immunoliposomes) upregulated on the

CAMS 

Fig. 37.1 The proposed scheme for delivering drugs to infarcted tissue.

334 B. Wang et al.



surface of endothelium in the infarct regions were selectively delivered to the

infarct regions.
Based on the experimental study [1], a mathematical model was developed

and validated, to study oxygen transport from a capillary network in normal

areas of infarcted heart, MI area, and losartan treated MI heart. This mathe-

matical model can be used to guide the regrowth of the neovasculature using

targeted drug delivery system.

37.2 Methods

37.2.1 Animal Model of Myocardial Infarction

As described previously [1], a rat model of myocardial infarction was used. In

brief, following induction of anesthesia with isoflurane, an anterior transmural

MI was created by ligation of the left coronary artery with silk ligature. A series

of novel techniques from tumor biology were adapted to quantify the compo-

nents and functionality (i.e., ability to deliver oxygen) of the scar vascular

network at 1–4 weeks following MI. This combination of fluorescent and

immunohistological stains was then used to define the distribution of distances

from cells to the nearest anatomical or perfused vessel.

37.2.2 Mathematical Model of Myocardial Oxygenation
in MI Rat Heart

A two-dimensional model of the physiological oxygen transport in tissue was

developed using the finite volume Computational Fluid Dynamics code, CFD-

ACEþ (ESI-CFD, Huntsville, AL) software on a standard desktop personal

computer. It enables steady-state as well as transient analysis in realistic

geometries. The CFD code uses fast and efficient numerical methods tailored

to solve physiological transport problems in realistic geometries. The method

was based on a continuous representation of the tissue around the vessels. All

elements (myocyte, vessel wall, interstitial space) in this continuous system were

assumed to represent a homogeneous combination of tissue types in this

method. This provides a fast and efficient way of determining the effect of

changes in oxygen concentration and vessel density on a macroscale in both

normal and diseased myocardium. In addition, this was useful in quantitatively

analyzing our experimental data. This was done by comparing the model with

the experimental data derived previously from the EF5/Cy3 intensity cross

section images of infarcted rat heart.
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37.2.2.1 Vascular Geometry

The microvascular network geometry of the myocardium is derived from the
perfused vessel image taken from the cross-section of heart tissue in rats obtained
in previous experimental studies [1]. The outline of every vessel was obtained at
the exact anatomic position and size in the rat heart. Vascular geometries were
also obtained by randomly eliminating capillaries from an experimentally
obtained normal heart microvascular network such that its capillary density
would match that of experimentally obtained MI rat heart. The results from
these simulated networks were compared with those from experimentally
obtained vascular geometries. By randomly eliminating the capillaries, we can
test what role vascular distribution per se plays in oxygenation of MI tissue, and
we can use this vascular geometry to determine what level of vessel density is
needed in the tissue to maintain normal function in cardiomyocytes.

37.2.2.2 Mathematical Model Validation

To determine if our mathematical model can also successfully predict improve-
ments in tissue oxygenation by various pharmaceutical interventions, we
validated this mathematical model using the vascular geometry from losartan
treatedMI rats to simulate the resulting changes in tissue oxygenation.We have
shown that losartan, an AT1 receptor antagonist, significantly improves
perfusion and reduces tissue hypoxia [1].

37.2.2.3 Transport Equations

Assuming no perfusion and fixed concentration of available oxygen at the vessel
interface, the mass conservation equation for oxygen transport in the tissue
reduces to

@Co2

@t
¼ Do2r2Co2 � Vo2 consumptionð Þ (37:1)

where t= time, Do2= oxygen diffusivity in tissue, Co2 = molar concentration
of oxygen, and Vo2 is the metabolic sink term.

Oxygen consumption was assumed to be homogeneously distributed within
the homogeneous tissue according to Michaelis-Menten Kinetics

Vo2 ¼ Vo2 Mð Þ �
Co2

Co2 þ KMð Þ (37:2)

where VO2(M) is defined as the maximal rate of oxygen consumption, CO2 is
oxygen concentration in the tissue and KM is the effective Michaelis-Menten
constant [14]. Matrix-based, stiff kinetics solvers were employed for the
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reaction kinetics. A second-order central differencing method was used for
spatial interpolation of concentration variables and Euler time integration
was employed. The model results were then compared to the experimental
data previously derived from the EF5/Cy3 image (which shows the hypoxia
levels) intensities of the infarcted rat heart.

37.2.2.4 Boundary and Initial Conditions

The vessels served as an inlet with the condition of fixed initial oxygen concen-
tration and a zero flux at the external tissue boundary was imposed based on
consideration of symmetry. Therefore, the only flow of oxygen into the tissue
components was by diffusion due to the gradient of the oxygen concentration.

The model is used to predict the long-term, steady state distribution of
oxygen in the tissue. As an initial condition, oxygen concentration everywhere
in the tissue was set at zero; steady state tissue oxygen concentration was then
calculated based on the balance of the vascular source and tissue metabolic
sinks.

37.2.3 Targeted Delivery of Model Drug Carriers
and Immunoliposomes

Model drug carriers (2mm red and blue fluorescent polystyrene microspheres)
were used to show that particles can be targeted to MI tissue. We use model
drug carriers to show ‘‘proof of concept’’ because they are cheaper and easier to
use [15, 16]. The particles were coated with protein A via passive adsorption
by incubating the particles in a 0.1M NaHCO3, pH 9.2 buffer containing
300 mg/ml protein A at room temperature for over an hour. The particles
were then washed, incubated in a blocking buffer (Hank’s balanced saline
solution with 1% human serum albumin), washed and incubated with mAbs
to anti-P-selectin diluted in blocking buffer. After 1 hour incubation, the mAb
coated particles were washed and stored in the blocking buffer prior to use. The
mAbs to anti-P-selectin were purchased commercially (e.g. R6D Systems;
Minneapolis, MN). Particles were separated from solutions by centrifugation.
After a predetermined amount of time post-MI, antibody coated model drug
carriers (2 � 108 microspheres of each color) were injected via tail vein and
allowed to circulate in the blood stream for 1 minute. The animal was eutha-
nized and the heart was quickly removed and washed with a saline solution. The
heart was quickly frozen and sectioned (10 mm thick). Images were taken in both
the border zone (directly adjacent to the necrotic band in left ventricle wall) and
non-infarcted myocardium (taken from right ventricle wall) with two different
fluorescent filters (one for red fluorescing antibody coated model drug carriers
and one for green fluorescing IgG coated model drug carriers).
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Clinically relevant drug carriers (radiolabeled immunoliposomes) bearing
mAbs to anti-P-selectin [3] were used to show that drug carriers can be targeted
to MI area via upregulated adhesion molecules on the surface of scar endothe-
lial cells. These liposomes are small (50–100 nm) and long circulating with a
surface chemistry that is well-suited for immune tagging. The initial character-
ization of liposomal formulation, surface ligand density, and drug release
profile were also performed. After warm 50mM H2CO3 (carbonate) buffer @
pH 7.0 at 40 8C, 3 mL of this buffer were added. Then solution was vortexed for
3 minutes at 40 8C and extruded @ 800 nm � 5, then 400 nm � 5 followed
finally by 200 nm � 10. Phosphate assay was performed. 2-IT was added at 20
fold to Ab (buffer used is now pH 8.0) for 60minutes@ room temperature (RT)
following this use a molar ratio of 40:1 maleimide:Ab [17]. This solution was
centrifuged at 14K for 10minutes in amicrocone vial then flipped in the vial and
spun at 4k for 5 minutes. Then resuspend the Ab in the carbonate buffer @ pH
7.0. It was immediately added to liposomes and incubated at 48Covernight, on a
shaker set on low speed. The success of the mAb coupling procedure was tested
by quantifying the adhesion of immunoliposomes to endothelial cell mono-
layers in a parallel plate flow chamber as described [8, 18].

Radiolabeled immunoliposomes, 0.1 mL at a concentration of 10 mM, were
injected via a tail vein and allowed to circulate for a predetermined amount of
time. Afterwards, blood was flushed from the animal by injecting saline with a
syringe into the left ventricle of the animal and making a small opening with
micro-scissors in the right ventricle. The organs, blood, and heart tissue were
removed as previously described. The tissue was processed as previously
described for measurement in the scintillation counter.

37.2.4 Statistical Analysis

One way analysis of variance with planned contrasts was used to determine
significant differences among experimental groups. Kolmogorov-Smirnov Test
(StatGraphics Plus, Manugistics Inc.) was used to compare frequency distribu-
tions. P<0.05 was considered to be statistically significant.

37.3 Results

As shown in Fig. 37.2, throughout the 1–4 weeks post-MI, the progressive and
significant increase in measured tissue hypoxia observed experimentally was
successfully predicted by our mathematical model. From our previous study [1],
the optimal time to regrow and/or rebuild myocardium and its supporting
vascular network is before 14 days post-MI. Our mathematical model indicates
that 2 weeks post-MI 29% of the myocardium is severely hypoxic
(PO2<1.25 mmHg) and that a 220% increase in vessel density is required to
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ensure that no areas of the myocardium are severely hypoxic. Previously we

have shown that losartan, an AT1 receptor antagonist, significantly improves

perfusion and reduces tissue hypoxia [1]. Our model successfully predicted the

changes in oxygenation induced by losartan treatment in infarcted tissue

(Fig. 37.3).
We have investigated the adhesion of polystyrene microspheres (used as

model drug carriers) coated with a mAb to anti-P-selectin to the vascular

endothelium of rat scar and adjacent normal tissue. Figure 37.4 shows that in

the scar a large number of anti-P-selectin conjugatedmicrospheres adhere to the

scar microvasculature while no IgG coated microspheres adhere to the same

region. These results are summarized in Fig. 37.5 indicating a 3-fold increase in

adhesion of anti-P-selectin coated microspheres in the infarcted region

compared to normal myocardium.
The accumulation of radiolabeled anti-P-selectin coated immunoliposomes

in the infarcted tissue was compared with the accumulation of the radiolabeled

anti-P-selectin coated immunoliposomes in the remaining non-infarcted tissue
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at different time periods post-MI. Anti-P-selectin coated immunoliposomes
injected immediately post-MI and allowed to circulate for 24 hours showed a
significant (P = 0.01) increase in adhesion (83%) to the infarct region as
compared to the non-infarcted myocardium (Fig. 37.6). Anti-P-selectin coated
immunoliposomes injected 4 hours post-MI and allowed to circulate for
24 hours showed a significant (P = 0.04) increase in adhesion (92%) to the
infarcted region as compared to the non-infarcted myocardium (Fig. 37.6).
These findings indicated that anti-P-selectin mAb can be used to selectively
target infarct tissue post-MI using our liposomal drug carrier. In a smaller
group of animals (n = 3), anti-P-selectin coated immunoliposomes were
injected immediately post-MI and allowed to circulate for only 4 hours. This
experiment showed a significant (P = 0.03) but small increase in adhesion
(34%) to the infarcted region as compared to the non-infarcted myocardium
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Fig. 37.5 Anti-P-selectin coated model drug carriers were found to adhere preferentially to
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Fig. 37.4 Anti-P-selectin
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(Fig.37. 6). These observations indicate that this innovative technique can be

used to target drug carriers to select tissue via the up-regulation of adhesion

molecules expressed on endothelial cells in response to MI.

37.4 Discussion

We have developed a series of experimental and mathematical techniques to

characterize vascularity, perfusion, and levels of hypoxia of the scar vascular

network up to 4 weeks post-MI in rats [1]. Utilizing microvascular anatomy of

cardiac tissue based on available morphometric images, our model can be used

to predict distributions of oxygen concentration in normal and infarcted rat

hearts, as well as in infarcted tissue treated with pro-angiogenic compounds

such as losartan. From the minimum oxygen concentration myocytes need to

maintain their normal function, we can calculate the number of new perfused

vessels needed in the heart to avoid tissue hypoxia, guiding our work of

rebuilding vascular networks and myocardium. Our findings indicate that the

optimal time to regrow and/or rebuild myocardium and its supporting vascular

network is before 14 days post-MI.
Selectively targeting pro-angiogenic compounds in the infarcted myocar-

dium represents an innovative approach for rebuilding damaged tissue. Our

findings indicate that anti-P-selectin coated model drug carriers and liposomes
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can be preferentially targeted to infarcted regions in the myocardium post-
MI. Utilizing the liposomal drug carriers, the upregulation of P-selectin due
to inflammation and hypoxia can be used to deliver various compounds
(e.g. pro-angiogenic agents such as VEGF) to diseased tissue. We observed a
significant accumulation of clinically relevant anti-P-selectin coated immuno-
liposomes in the infarct region within the first 24 hours post-MI. These findings
could have significant clinical implications in that delivering a 100–200%
increased dose of a drug to the diseased area with no increase in the dose to
normal tissue could yield a large benefit to the patient without an increase in
side effects of the drug.

The development of a minimally invasive treatment for regenerating lost
vasculature after a myocardial infarction would be very beneficial in our
attempt at long term treatment of heart disease. This treatment could provide
a neovasculature for other treatments (e.g. stem cells) which are limited by the
lost blood flow after the onset of an MI. We are currently developing a
methodology by which pro-angiogenic compounds can be selectively delivered
to post-MI tissue.
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Chapter 38

Hypobaric Hypoxia Reduces GLUT2 Transporter

Content in Rat Jejunum more than in Ileum

Elaine M. Fisher1, Xiaoyan Sun2, Bernadette O. Erokwu2,

and Joseph C. LaManna2

Abstract To define some of the specific cellular effects of chronic hypoxia on
the small intestine, we measured the concentration of glucose transporter
2 (GLUT2) at two sites, the jejunum and ileum. Wister rats were subjected to
21-day normoxia (n=6) or to continuous 21-day hypobaric hypoxia
approximately 0.5 ATM (n=5). Western blot analysis was performed and the
abundance of GLUT2 protein was quantified as relative densitometric units
and normalized to actin. GLUT2 content was similar in the jejunum and ileum
under normoxic (jejunum = 0.65� 0.13 mean�SD; ileum = 0.56� 0.22 OD;
mean difference 0.09, p=0.09) and hypoxic conditions (jejunum= 0.56� 0.14
OD mean� SD; ileum = 0.58� 0.16; mean difference �0.01, p =0.42).
GLUT2 decreased by 14% of the mean normoxic jejunal levels whereas ileal
GLUT2 was slightly increased. A maximum decline in weight of 15% occurred
at day 4 followed by a blunted rate of weight gain for rats in the hypoxic group.
Thus, sustained exposure to hypobaric hypoxia reduced the availability of
GLUT2 for glucose transport in the jejunum. Regulating small intestinal con-
tent of glucose transporters may be an important mechanism for tissue adapta-
tion to chronic hypoxia. This finding provides initial insight into hypoxic
tolerance of the gut to chronic hypobaric hypoxic exposure.

38.1 Introduction

The gut is an important contributing organ for maintaining whole body glucose
homeostasis during normal physiological adaptation. Likewise, it plays a sig-
nificant role in the protective, restorative, and pathological response to oxida-
tive challenge. At altitudes greater than 4300 meters carbohydrate metabolism
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is impaired [1]. Acute anorexia, nausea and vomiting, weight loss, and malaise.

Roberts (1996) and others have described an increase in basal glucose uptake,

hyperinsulinemia, alterations in catecholamine concentrations, and increased

cortisol during acute exposure to altitude (2–7 days) [2]. Thus, the short-term

regulation of glucose may be controlled primarily by changes in insulin and

stress activation of the hypothalamic-pituitary-adrenal axis and less under the

influence of the metabolic rate [3]. Continued exposure to altitude (7–28 days)

however, has been characterized by a return of plasma glucose to baseline (sea

level) or lower values and a reduction in the metabolic rate [4]. These changes

suggest different regulatory pathways are in effect for short versus long-term

control.
While studies have reported on whole body glucose transport, few studies

have reported the effect on glucose transport beyond the acute phase at altitude.

The body’s dependence on glucose as a major energy source at altitude led us to

examine the hypoxia induced response on the glucose transport system in the

small intestine to sustained hypobaric hypoxia. Approximately two-thirds of

glucose absorption in the intestine is by carrier-mediated facilitated diffusion.

Glucose transport protein 2 (GLUT2), the most abundant transporter in the

small intestine, is a high capacity transporter that exhibits low receptor speci-

ficity, hence, versatility in the type of hexose sugar transported (glucose, fruc-

tose, galactose) [5]. Histological differences along the small intestine suggest

absorption may vary by site (jejunum and ileum); therefore, we partitioned the

small intestine to account for potential differences. We measured the concen-

tration of GLUT2 at two major absorptive sites in the small intestine, the

jejunum and ileum, to define some of the specific cellular effects of sustained

hypobaric hypoxia on glucose transport.

38.2 Methods and Materials

38.2.1 Animal Preparation

Eleven male, Wistar rats were fed standard rat chow with unlimited access to

food and water. Rats were weighted on day 1, 2, 4, 12, 19, and 21. Rats in the

normoxic group were kept at room atmosphere condition throughout protocol.

Animals in the hypoxic group (n=5) were placed in hypobaric chambers for

21 days at a constant pressure of 0.5 ATM, except for up to one-hour twice

weekly as needed to change cages. For comparison, 0.5 ATM (380 mm Hg) is

the equivalent of exposure to approximately 10% oxygen at 1 ATM. At the end

of 21 days, deep anesthesia was induced with 3-5% isoflorane, followed by

immediate decapitation, and tissue retrieval. Institutional approval was

obtained prior to initiating experiments.
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38.2.2 Tissue Retrieval and Processing

The jejunum was excised approximately 1/3 of the way down the length of the
small intestine and at the terminal ileum, 2.5 cm proximal to the cecum. Because
rats were used for more than one experiment, they were not fasted and food was
found in the intestine. Excrement was freed from the intestine by making a
longitudinal cut in the intestine and flushing with 48C phosphate buffered saline
solution (PBS). Tissues were blotted, immediately frozen in liquid nitrogen, and
stored at –808C until analysis.

Total protein content was isolated from the jejunum and ileum. Intestinal
membrane proteins were solubilized in RIPA buffer (50mMTris HCL pH8, 150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA,
and 1 mM Na3VO4), supplemented with one protease inhibitor cocktail tablet
(Roche) per 10 mL RIPA. Tissues were homogenized and rotated for 2 hours in
the cold room. Tissue lysates were cold centrifuged at 14,000 rpm for 30 minutes
and supernatants were collected. Protein concentrations were determined by
Bradford protein assay with bovine serum albumin as the standard (Bio-Rad).

38.2.3 Western Blot Analysis

Samples were diluted with 2XLaemmli buffer and boiled at 1008C for 5minutes.
Seventy-five micrograms of total protein were loaded per lane onto a 10%
sodium polyacrylamide gel and electrophoresed. Gel proteins were electro-
blotted onto a nitrocellulose membrane (75 minutes at 100V). The membrane
was blocked for 1 hour with 7.5% nonfat milk and incubated in 7.5% nonfat
milk overnight at 48C with polyclonal rabbit C-terminus GLUT2 antiserum
diluted 1:1000 (Santa Cruz Biotechnology Inc., Santa Cruz, CA). The mem-
brane was washed with TBST (TBSþ 0.1% Tweens; 10 minutes � 3) followed
by 1 hour incubation at room temperature with a secondary antibody, donkey-
anti-rabbit IgG (1:7000). A positive control, human whole cell lysate - glioblas-
toma was used to verify the GLUT2 band location (sc-2411; Santa Cruz
Biotechnology Inc., Santa Cruz, CA). An enhanced chemiluminescence
detection system (ECL kit, Amersham) was used to visualize the primary
antibody immunoreactive protein bands.

38.2.4 Statistical Methods

The abundance of GLUT2 protein was quantified as relative densitometric
units and normalized to actin. Data are reported as mean � SD. A paired
t-test was used to compare sites (jejunum, ileum) at condition (normoxia,
hypoxia). The level of significance was defined as p� 0.05.
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38.3 Results

38.3.1 General Observations

Hypoxic rats were initially less active than their normoxic counterparts. On
visual examination of the small intestine of hypoxic rats at 21-days, it appeared
smaller in lumen diameter with greater vascularity and a bloodier dissection
than the small intestine of normoxic rats. Stool was present in the intestine of
both normoxic and hypoxic rats indicating the animals were eating.

38.3.2 Effect of Hypobaric Hypoxia on Animal Weight

Initial weights were comparable for normoxic and hypoxic rats (range, 201–209
vs. 204–214 g). A maximum decline of 15% from baseline body weight occurred
for hypoxic rats on day 4 followed by a blunted rate of weight gain when
compared to the normoxic group (range, 253–311 g vs. 302–350 g) (See Fig. 38.1).

38.3.3 GLUT2 Concentration in the Jejunum and Ileum

GLUT2 presented primarily as a tightly spaced doublet at 62 kDa or on
occasion as a single GLUT2 band depending on the antiserum or exposure
combination used. For analysis purposes, the entire doublet was included when
present. Similar concentrations of GLUT2were found in the jejunum and ileum
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under both normoxic (0.65� 0.13 OD, mean� SD and 0.56� .22; mean differ-

ence 0.09, p = 0.09) and hypobaric hypoxic conditions (0.56 þ 0.14 OD,

mean� SD and 0.58þ 0.16; mean difference 0.01, p = 0.42) (See Fig. 38.2).

The jejunum to ileum ratio under normoxic conditions was 1.2� 0.3 which fell

to 1.0� 0.2 during hypoxia.
Figure 38.3 represents a comparison of jejunal GLUT2 and ileal GLUT2

content under the conditions of normoxia and hypobaric hypoxia at 21-days.

While not statistically significant, a consistent observation on blots revealed a

decline in jejunal GLUT2 with hypoxia. GLUT2 decreased to 14% of mean

control jejunal levels. Conversely, a small increase (< 3%) in ileal GLUT2 was

detected.
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38.4 Discussion

Exposure to a continuous 21 day simulated high altitude of approximately
5300 m resulted in a decline in GLUT2 content in the jejunum while a small
increase in ileal GLUT2 was noted. The lack of a substantial difference in ileal

GLUT2 may relate to our choice of sample site. To avoid misidentification of
tissue between the jejunum and ileum, we sampled from the terminal ileum
which may play a lesser role in glucose absorption. The maximal decline in
weight loss experienced by rats during acute hypoxia followed by the blunted
rate of weight gain when compared to normal controls is consistent with
changes reported in the literature.

Glucose homeostasis differs for acute versus prolonged hypoxic exposure at
altitude. Acute hypoxic exposure (4300–5500 m) is characterized by increased
plasma glucose uptake and hyperinsulinemia, the presence of these two findings
is suggestive of insulin resistance [4]. Other studies examining the neurohormo-
nal stress response to acute changes at altitude report transient increases in
sympathetic activity and cortisol, with no change in growth hormone. These
acute findings suggest mechanisms for the initial changes in glucose are directly
regulated by insulin and other stress related hormones, and indirectly
influenced by changes in metabolism [6].

Alterations in glucose uptake, insulin release, catecholamines, and cortisol
stabilized between 7–10 days of altitude exposure suggesting different
mechanisms are responsible for regulating glucose homeostasis for long-
term control. With more prolonged exposure to altitude, stabilization of
plasma glucose levels at or slightly below sea level values were noted [2].
Previously reported plasma glucose levels at 21-day hypobaric hypoxic con-
dition were 9.4 � 1 mM, a return toward baseline levels of 9.3 � 1.4 mM [7].
Plasma glucose is regulated by the liver. The down-regulation we saw in
GLUT2 transporters in the jejunum as well as the decline in the jejunal:ileal
ratio during hypoxia may be that metabolism is a necessary signal for changes
in the transport of glucose across the enterocyte and into the circulation.
Diamond and Ferraris hypothesized the number of glucose transporters must
be matched to metabolic demand to achieve a maximal effective transport of
glucose to the blood. Down-regulation may be adaptive to balance the cost of
biosynthesis and maintenance of GLUT2 transporters with changing meta-
bolic demand. Alterations in absorption and transport of glucose as related to
metabolism may be explained as: the change in metabolism produces changes
in intracellular glucose concentration thereby altering the concentration gra-
dients that determine the facilitated component of transport. While a reduc-
tion in metabolic rate seems a likely mechanism, one study examining GLUT
transport in heart and skeletal muscle after 28-days of hypobaric hypoxia,
reported no change in metabolic enzymes or oxidative capacity (lactate
dehydrogenase, pyruvate kinase, hexokinase, citrate synthase, malate dehy-
drogenase) with hypobaric hypoxia [8].
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The longer time period for adaptation may allow for other adjustments to
occur in glucose regulation but at present the mechanisms are unknown. For
example, activation of apoptotic and/or inflammatory pathways may signal the
down-regulation of GLUT2 protein content. Other pathway changes to opti-
mize the use of glucose during chronic hypobaric hypoxia may also occur. Our
measurement of GLUT2 using Western blot analysis provided no insight into
the efficiency of carrier function in relation to the metabolic state. Therefore, it
remains unknown whether adaptation in glucose transport at altitude is in
response to the metabolic state or from other triggered pathways.

The down-regulation we noted in GLUT2 to a sustained hypobaric hypoxic
stimulus does not hold for all tissue-specific glucose transporters. Dill and
colleagues (2001) reported a persistent elevation of GLUT4 in the heart, while
in the soleus and plantaris muscle they demonstrated an initial increase in
GLUT4 content (7 day) followed by a return to control levels at 28 day
hypobaric hypoxia. When cardiac GLUT1 (a second glucose transport protein
present in heart tissue) was evaluated, this transporter responded in a manner
similar to GLUT2 changes in the small intestine. An increase in GLUT1
transporter occurred at 7 days followed by a decline toward baseline by 28
days. Thus, glucose transporter content is regulated by the duration of exposure
to hypobaric hypoxia as well as by a tissue-specific response [8].

In conclusion, chronic exposure to hypoxia reduced the concentration of the
glucose transporter GLUT2 in the jejunum with little effect on GLUT2 content
in the ileum. Hypobaric hypoxic-induced alterations in basal glucose transport
capacity may serve as a protective mechanism against ischemia. Regulating
small intestinal content of glucose transporters may be an important mechan-
ism for tissue adaptation to chronic hypoxia. This finding provides initial
insight into hypoxic tolerance of the gut to chronic exposure.
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Chapter 39

Modeling Oxygen and Carbon Dioxide

Transport and Exchange Using a Closed

Loop Circulatory System
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Abstract The binding and buffering of O2 and CO2 in the blood influence their
exchange in lung and tissues and their transport through the circulation. To
investigate the binding and buffering effects, a model of blood-tissue gas
exchange is used. The model accounts for hemoglobin saturation, the simulta-
neous binding of O2, CO2, H

þ, 2,3-DPG to hemoglobin, and temperature
effects [1,2]. Invertible Hill-type saturation equations facilitate rapid calcula-
tion of respiratory gas redistribution among the plasma, red blood cell and
tissue that occur along the concentration gradients in the lung and in the
capillary-tissue exchange regions. These equations are well-suited to analysis
of transients in tissue metabolism and partial pressures of inhaled gas. The
modeling illustrates that because red blood cell velocities in the flowing blood
are higher than plasma velocities after a transient there can be prolonged
differences between RBC and plasma oxygen partial pressures. The blood-
tissue gas exchange model has been incorporated into a higher level model of
the circulatory system plus pulmonary mechanics and gas exchange using the
RBC and plasma equations to account for pH and CO2 buffering in the blood.

39.1 Introduction

The exchange of O2 and CO2 between the tissue and vasculature depends on
adequate delivery and removal of these gases. Oxygen delivery begins with
inhalation of ambient air into the airspaces of the lung, transport to the blood
from the alveoli, transport through the arterial system, and then exchange
between the blood and the peripheral tissue. In a closed circulatory system,
venous blood returns to the lungs where CO2 is expired. Quantifying O2 and
CO2 transport requires accounting for their solubility in plasma, RBCs
and tissue as well as their binding and release from the hemoglobin (Hb) in
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the RBCs and, in addition, for O2 only, its binding to myoglobin in tissue.
Hemoglobin dissociation curves were developed that described the fraction of
O2 and CO2 bound to Hb in the steady state as a function of PO2, PCO2, pH,
2,3-DPG and temperature [1]. These expressions were used to describe the
steady state transport of O2 and CO2 as well as H

þ and HCO3
- in a blood-tissue

exchange model with convective transport and axial diffusion in the capillary
along with exchange and metabolism in the surrounding tissue region [2].

The model presented in this study accounts for ventilatory exchange between
outside air and lung alveoli, exchange with alveolar capillary blood, convective
transport in arteries, the exchange in tissue capillaries and arterioles, and return
of venous blood to the lungs. The model describes transport of O2 and CO2 to
tissue as influenced by respiration rate, composition of inspired gas, Hþ and
CO2 production and O2 consumption in tissue and buffering in the blood.

A feature of biophysical interest but modest physiological importance is the
persistence of disequilibria between plasma and RBC PO2 due to the higher
velocities of RBC than plasma. This difference in velocity exists in all regions of
the vasculature but is at a maximum in the microcirculation. Bloch [3] observed
the existence of a layer of plasma close to the vessel wall, which he called the
peripheral plasma layer. The average ratio of total layer thickness to vessel
inside diameter was 1:4 in the 5-10 mm capillariies in Bloch’s study, which agrees
with more recent observations of the endothelial surface layer seen by Vink and
Duling [4]. Because this layer is close to the capillary wall the velocity of the
plasma in that region is slower than the centerline axial velocity of the RBCs.
To quantify the relative velocity ratio of RBC to plasma we have looked at
indicator dilution studies that document the mean transit time of RBC-tagged
versus plasma-tagged indicators by Goresky [5]. Goresky showed that the mean
transit time of RBCs was on the order of 2/3 of that of the plasma through the
entire hepatic vasculature.

39.2 Description of the Model

39.2.1 Lung-Blood Exchange Region

The lung module is composed of three serial compartments [6]: a low compli-
ance compartment representing the oral/nasal cavity and the cartilaginous air-
ways, a moderately compliant compartment characterizing the collapsible
bronchial airways and a high compliance compartment resembling the alveolar
space. In the model, the lung can be ventilated by positive pressure or by
periodic chest expansion reducing intrapleural pressure, both resulting in bi-
directional airflow and inflation and deflation of the lung. Convective flow
between compartments is modeled as pressure-driven flow through a resistance.
Equations for convective and diffusive transport of oxygen and carbon dioxide
between adjacent lung compartments are similar to those used in previous
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models [6]. Each lung compartment is assumed to be well-mixed. The alveolar

compartment exchanges respiratory gases with the plasma region of a blood-

tissue exchange unit [2], which contains a region of red cells surrounded by a

plasma region. The inhaled partial pressure of each species is a model input.

39.2.2 Blood-Tissue Exchange Region

Figure 39.1 shows a previously described one-dimensional blood-tissue

exchange model [2]. The lumen of a permeable vessel is divided into a flowing

core of RBCs surrounded by a plasma sleeve. Hemoglobin binding is repre-

sented in the RBC region by the invertible hemoglobin dissociation expressions

[1]. The exchange vessel endothelial barrier is treated as purely passive and is

surrounded by an interstitial fluid layer giving access to parenchymal cells. In

the parenchymal cells, where myoglobin buffers O2, oxygen is consumed and

CO2 is produced in accord with the respiratory quotient: RQ= moles CO2 per

mole O2 and a specified metabolic rate. Each region is axially-distributed, exhi-

biting concentration gradients from entrance to exit but well-mixed radially, and

is represented by a 1-dimensional partial differential equation. Interregional

conductances, defined by the permeability surface area product (PSx), can be
adjusted to accommodate slow diffusional processes. Axial diffusion or disper-

sion (Dx) smoothes the axial concentration gradients.
The ratio of RBC to plasma velocity in the blood tissue exchange region was

calculated using experimental morphometric data on intramyocardial arterioles

Outflow: O2 , CO2 , HCO−
3 , H+

Inflow: O2 ,CO2 , HCO−
3 , H+

Plasma (pl)

Interstitial
Fluid (isf)

Parenchymal
Cell (pc)

PScap

PSrbc

V′rbc

V′pl

Red Blood
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Fig. 39.1 Blood-tissue exchange unit showing red blood cell, plasma, interstitial fluid, and
parenchymal cell regions, convection of RBC and plasma, solute transport between regions,
the PSs, axial diffusion, binding, and buffering within regions. Bicarbonate buffering occurs
in all regions. Each region is axially-distributed and radially well-mixed.
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and venules fromKassab et al [7]. and the reduction in hematocrit as a function
of vessel diameter documented by Lipowsky [8]. In our model we have repre-
sented the blood tissue exchange region as the arterioles and capillaries smaller
than 100 mm in diameter because studies by Duling and Berne [9] show sig-
nificant oxygen loss in the precapillary arterioles. For porcine coronary branch-
ing trees of Kassab, flow through the blood tissue exchange region has a relative
velocity ratio, vRBC/vpl, of 1.2 to 1.9. Therefore an intermediate value of vRBC/
vpl, was taken as 1.5 in lung and tissue exchange regions.

39.2.3 Arterial and Venous Convective Regions

Lung capillary blood is carried through nonexchanging convective conduits
(left atrium, left ventricle, aorta, arteries) to the tissue. RBC-plasma solute
exchange continues. Red cell-plasma concentration differences persist when
their velocities differ. Metabolism is zero, but buffering reactions continue.
Values of the ratio of RBC to plasma velocity in the arteries and veins were
taken to be 1.1 and 1.05 respectively, though the choice of these numbers is
dependent on the range of diameters represented.

39.2.4 Numerical Methods and Simulation Procedures

Numerical methods are those described previously [10] using a Lagrangian
sliding fluid element algorithm. Other partial differential equation solvers (Mac-
Cormack, TOMS 731) are also available under the JSim simulation system.
Parameter values in this model were those used previously [2] with a few
exceptions. The flow rate is allowed to range from 5 L/min at rest to 25 L/min
during exercise. Also the permeability surface area product for the RBCs
(PSRBC) has been recalculated according to experimental evidence [11] to reflect
the combination of a small hindrance to permeation of its membrane and the
times required for binding and unbinding. The hemoglobin equations incor-
rectly assume instantaneous equilibration instead of taking several
milliseconds. The lung model described here is similar in structure to the
model by Lutchen et al. [6].

39.3 Results and Discussion

Two cases are examined in this study. The first concerns respiratory gas trans-
port during normal and elevated ventilation, perfusion, and metabolism. For
normal levels, the parameters are respiratory rate of 12 breaths/min, tidal
volume of �500 ml driven by 10 mmHg of inspiratory positive pressure at the
mouth for 2 seconds and inspired air with PO2 = 150 and PCO2 = 0 mmHg.
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Blood flow was set to �5 L/min and metabolic rate was adjusted so pulmonary
end-capillary blood partial pressures of O2 and CO2 were�100 and�40mmHg
while venous values were 70 and 45 mmHg. The end tidal PO2 was 105 and PCO2

was 34 mmHg. The second case focuses on the equilibration of O2 between
plasma and RBCs upon entering the arterial region and the effect of the relative
velocity difference between plasma and RBCs on equilibration. To investigate
the equilibration, the plasma partial pressure of oxygen is increased from 25 to
100mmHg and the transient effects are observed. To investigate the effect of the
relative velocity difference, a pulsed increase in plasma PO2 is applied at the
upstream end and the difference between the plasma and RBC PO2 is quantified
along the length of the arterial region.

39.3.1 Respiratory Gas Transport

Figure 39.2 shows that the breathing cycle causes a cyclical variation in the partial
pressures of O2 and CO2 in bronchiolar and alveolar air and in capillary plasma.
Dispersion along the airways dampens the magnitude of the fluctuations. The
partial pressure of CO2 in plasma is almost unaffected by the ventilatory cycle
because it is buffered by the large bicarbonate pool in the blood.

To load the red blood cell (RBC) with oxygen, oxygen moves from the well-
mixed alveolar space through the plasma and into the RBC as the red blood cell
moves along the length of the capillary. The relative speeds of these processes

Fig. 39.2 Displays the partial pressures of O2 and CO2 in the plasma region of the blood (pl),
the alveoli (alv), and the collapsible airways (bronch).
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cause an axial and radial oxygen gradient to be established in the pulmonary
capillary.Under normal conditions (given above), a large gradient between the
plasma and RBC appears as the blood enters the capillary and disappears after
the plasma and RBC have traveled �40% of the capillary length (Fig. 39.3).
However, if the normal ventilation (Falv,0) and perfusion (F0) rate are both
increased 3-fold (to offset a corresponding increase in tissue O2 metabolism),
the initial gradient between plasma and RBC increases and the two regions only
equilibrate after traversing �80% of the capillary length. A 5-fold increase in
ventilation and perfusion causes the two blood components to never equilibrate
while in the pulmonary capillary.

39.3.2 Disequilibrium Between pO2 in Plasma and RBCs in Arteries

When RBC and plasma velocities are equal then equilibration across the RBC
membrane occurs rapidly with a time constant governed by PSRBC/Vpl. In
contrast, when vRBC/vpl > 1 there is a continuing disequilibrium. To show
this, the arterial module is isolated from the rest of the closed loop model
and beginning with equilibrated PO2 at 25mmHg the plasma PO2 is increased
to 100 mmHg while leaving the RBC PO2 unchanged. The relative velocity is
given a value of 1.5 to illustrate the relative disequilibrium. In this simulation
the concentration front has traveled about 7 cm. before the RBC and plasma
concentrations equilibrate. Beyond this, the RBCs near the wavefront of

Fig. 39.3 Oxygen partial pressure gradients between the plasma and red blood cell (�PO2) at
end-exhalation for a normal ventilation rate (Falv,0) and blood flow (F0) and when ventilation,
blood flow, and metabolism are increased by 3-times and 5-times the normal rates. �PO2 =
PO2 (plasma) � PO2 (RBC).
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heightened plasma PO2, having taken up O2, advance in the central stream
ahead of the plasma front and release O2 into the plasma where the PO2 is still
25 mmHg. This process of RBCs taking upO2 behind the plasma front and then
releasing it to raise the plasma PO2 continues. In Fig. 39.4 are shown plots of the
�PO2 across the RBC membrane as a function of position along the aorta at 4
times, a tenth of a second apart after the step increase in plasma PO2 at x = 0
and t = 0. Initially the �PO2 is �75 mmHg, but is quickly dissipated as plasma
O2 enters the huge sink of the RBC Hb. Then as the RBCs that have taken up
oxygen from the plasma advance ahead of the depleted plasma layer, they have
a slightly higher PO2 than that in the plasma that had entered the tube before the
pulsed increase and therefore lose oxygen to the plasma. The peak in �PO2

travels at vRBC = 25 cm/s. This peak �PO2 is very small because the carrying
capacity for O2 in plasma is so small compared to that of RBC. The �PO2 is
larger when RBCs are fully loaded as they travel through a region where oxygen
is consumed in tissue; it is high when PScap is high compared to PSRBC and low
in the reverse situation. It is relevant to the interpretation of plasma PO2 as
measured by oxygen-dependent phosphorescent probes [12].

39.4 Conclusions

We have linked together a series of blood-tissue gas exchange models with a
model of gas transport in the lung to describe respiratory gas exchange between
the lung and tissue via circulating blood. We illustrated that changes in

Fig. 39.4 Difference in partial pressure of O2 between RBC and plasma along vessel length
for a Gaussian shaped pulsed increase in plasma PO2 at the vessel entry. The four curves
represent the pulse at four different times.
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metabolism causing increases in CO2 production and O2 consumption can be
compensated by simultaneous increases in ventilation and perfusion. O2 gradi-
ents between the plasma and red blood cell can persist along the length of the
pulmonary capillary and in the arterial system because RBCs have higher
velocities than plasma. The model is ideally suited for investigating questions
concerning the integrative effects of pulmonary ventilation, chemical binding
kinetics, vascular transport, and tissue metabolism on whole body respiratory
gas exchange.
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Abstract Regulation of brain metabolism and cerebral blood flow involves
complex control systems with several interacting variables at both cellular and
organ levels. Quantitative understanding of the spatially and temporally hetero-
geneous brain control mechanisms during internal and external stimuli requires
the development and validation of a computational (mathematical) model of
metabolic processes in brain. This paper describes a computational model of
cellularmetabolism in blood-perfused brain tissue, which considers the astrocyte-
neuron lactate-shuttle (ANLS) hypothesis. The model structure consists of neu-
rons, astrocytes, extra-cellular space, and a surrounding capillary network. Each
cell is further compartmentalized into cytosol and mitochondria. Inter-compart-
ment interaction is accounted in the form of passive and carrier-mediated trans-
port. Our model was validated against experimental data reported by Crumrine
and LaManna, who studied the effect of ischemia and its recovery on various
intra-cellular tissue substrates under standard diet conditions. The effect of
ketone bodies on brain metabolismwas also examined under ischemic conditions
following cardiac resuscitation through our model simulations. The influence of
ketone bodies on lactate dynamics on mammalian brain following ischemia is
studied incorporating experimental data.

40.1 Introduction

The onset and recovery from cardiac arrest has been associated with loss of
neurologic function. Ischemia leads to the loss of intracellular cerebral
metabolites and increased lactate in brain. Ischemia and onset of reperfusion
have been associated with lactate accumulation in brain. The restoration of
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neurological function is related to the ability of the brain to recover after an
ischemic event. The extent of restoration is dependent upon many variables.
Energetics is one such variable that is known to play a major role in the degree
of outcome. It is known that anaerobic glycolysis, as a result of an ischemic
event, is associated with the accumulation of extra-cellular lactate in brain
tissue. Understanding the relationship between glucose metabolism, its com-
partmentation, and energetics can help discern the mechanism responsible for
cellular damage during oxidative stress. Theories have been proposed in an
attempt to explain these relationships.

One of the widely accepted theories, the ‘‘classical’’ view is still considered by
many to be the underlying mechanism explaining brain metabolism. This theory
proposes that glucose is taken up by both neurons and astrocytes (review [1]),
where it is completely oxidized in both cell types through the aerobic (tricar-
boxylic acid cycle) and anaerobic (glycolysis) biochemical pathways. Evidence
supporting this suggests that glucose is transported to the neurons by the GLUT
transporter system and is readily available to the neurons [2,3]. This is contrary to
an alternate view point, referred to as the Astrocyte-Neuron Lactate Shuttle
(ANLS), which says that lactate is the primary energy substrate to neuron
produced through the metabolic pathways in the astrocyte.

In the early 1990s, it was suggested that lactate produced anaerobically in the
astrocyte is shuttled through the extra-cellular space to the neuron as its
principal energy substrate (ANLS) [4,5]. They proposed that the lactate trans-
port from the astrocyte to the neuron is based on a demand based regulatory
mechanism. This theory was thought to unify the coupling between brain
activity and the astrocytic-neuronal metabolism providing an additional
perspective in the metabolic modeling of the brain.

Dienel and Hertz [6] observed that the production of lactate increases in the
brain under certain conditions and that it is important that lactate be cleared
from the cells where it has been produced (due to the redox mechanisms of
NAD/NADH). However, they seem to disagree with the theory that lactate is
re-accumulated and used as a neuronal fuel. Gjedde et al. [7] stimulated the
neuron at different degrees and found that neurons in the baseline condition
sustain no net import of pyruvate or lactate in vivo. The changes in metabolism,
in fact, are linked to the additive increase in the efferent and afferent activity of
the brain. A critical review of the ANLS suggests that the possibility of lactate
being used as a fuel by brain cannot be completely ruled out owing to the
heterogeneity of the cells, however, this scenario is limited to certain conditions
such as hypoglycemia [1].

More recently, Aubert et al. [8,9] presented a model, an extension of their
previous models. They modeled the brain as comprised of four compartments.
The brain was artificially stimulated and they studied the flux of lactate in the
sub and extra-cellular compartments. Based on their model, they show that
ANLS holds well in the control and excited conditions of the neurons. They
explain that the two theories do not contradict each other; rather seem to work
concomitantly in explaining the mechanism of metabolism. Using [13] C NMR
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methodology, Hyder et al. [10] emphasize the importance of the contribution of

the astrocyte metabolism of glucose to total glucose metabolism.
It is viewed that brain relies solely on glucose supplied by the periphery for its

metabolism and also has little anaerobic capacity with only enough glycogen

storage for twominutes of glycolysis during oxygen deprivation [11,12]. Experi-

mental evidence strongly indicates that oxidation of alternate energy substrates

such as ketone bodies supplement glucose metabolism in brain during

conditions of starvation [12,13]. The utilization of ketone bodies by brain

during insufficient glucose supply seems logical since the brain’s survival is

vital. However, the relative percent of ketone bodies used as an oxidative

substrate remains unclear but is thought to be dependent on the duration of

ketosis and the transporter capacity. It has been reported that the influx of

ketone bodies in the brain depends on the blood concentration of the beta

hydroxybutyrate and the activity of the monocarboxylate transporter [14].

Studying ketone body metabolism is an approach to testing other metabolic

models since their transporter and compartmentalization are different than

glucose, but are likely to be similar to those of lactate.
It has been proposed that the long associated fear of ketosis is exaggerated

and state that ketone bodies may provide a better source of energy per brain per

unit oxygen [15]. Ketone bodies have been theorized to decrease cell death in

neurologic and genetic disorders like Alzheimer’s and Parkinson’s disease.

Ketone bodies have been able to protect neurons in culture and this suggests

that the altered energy metabolism in the mitochondria contributes to the

patho-physiology of the brain diseases [16]. It has been suggested that ketone

bodies are produced by astrocytes and then used together with the lactate

produced by the astrocytes to sustain neuronal oxidation [17]. Recently,

the effect of ketones on neurons for glutamate toxicity on a rat model was

examined [18]. They found that pre-treating the hippocampal cell of a mouse

with acetoacetate and b-hydroxybutyrate had a protective effect against gluta-

mate toxicity.
Recently, the effect of chronic hypoxia was investigated, during ketosis

induced by diet on the lactate and ketone levels in the tissue [19]. They devel-

oped a rat model of ketosis by feeding a high fat diet (no carbohydrate) to study

glucose and ketone metabolism in brain. In their chronic hypoxic study, they

did not find any elevation in the lactate levels due to the adaptation in rat brain,

unlike their study for acute hypoxia [20]. However, the chronic or acute hypoxic

conditions were found not to interfere with the induced ketosis. The authors

found a sustained increased level of ketones in the plasma and the tissue. It was

suggested that ketones alter glucose metabolism possibly through the inhibition

of glycolysis or by increased lactate disposal.
Based on the different perspectives on brain metabolism, a comprehensive

model of brain that addresses the major bio-chemical pathways is needed. Such

a model would facilitate the prediction of trends that are typically challenging

to gather experimentally. The basic assumption for this model is that part of the
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lactate required for sustaining the activity of the neuron is derived from the
extra-cellular space supplemented at times by the glycolysis in the neuron.

In this study, the effect of ketone bodies on lactate dynamics following the
onset of ischemia induced by cardiac arrest was investigated. The hypothesis of
this study was that carbon flux balances would shift towards an increase in flux
rates coming from themetabolism of ketone bodies with a proportional decrease
in the flux of lactate coming from the astrocyte, as predicted by astrocyte-neuron
lactate shuttle (ANLS). We validate our model against the experimental data
obtained from the study of Crumrine and LaManna [21], and then examine
through our model the profiles of lactate and redox (NAD/NADH). This
analysis was thought to be valuable to understanding the clinical significance
of ketone bodies toward cerebral energymetabolism during ischemic conditions.

40.2 Model Formulation

Although physiologic modeling of the brain began more than a decade ago, the
existing models are either incomplete or neglect the necessary compartmenta-
lization of the various domains within and outside the cellular domain. This
could be due to the difficulty in simulating the metabolic dynamics in the brain
due to various constraints. With this considered, we developed a new

Fig. 40.1 Model diagramof neuro-vascular unit representing various interacting compartments
in brain which include: cytosol, mitochondria, extra-cellular space and blood compartments.
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multi-domainmathematical model including some of themajor pathways of the
neuron in the mammalian brain. The approach of this model was to validate it
with existing in vivo experimental data and then predict physiologic responses
which might be difficult to measure experimentally.

Based on the block diagram that shows the components of this model
(Fig. 40.1), compartmentalization of the model was formulated with different
parameters and concentrations. Flux balances were developed andmass balances
of the substrates were formulated as a system of ordinary differential equations
representing dynamics of the metabolites. A characteristic neuron cell was
modeled into four distinct domains: cytosol, mitochondria, extra-cellular space
and the blood compartment. Inter-domain transport exists among the compart-
ments, which could be passive diffusion or carrier-mediated.

40.3 Metabolic Model Components

The model presented in this paper examines the dynamics of 42 key
bio-chemical species in brain tissue. The regulators/controllers (NADþ,
NADH, ATP, ADP and Pi) participate in facilitating energy transfer and
metabolic regulation. The dynamic mass balance of any species ‘‘j’’ in the
blood, transported between the blood and the extra-cellular space can be
written as:

Vb
dCvj

dt
¼ Q Caj � Cvj

� �

� jb�xc; j (40:1)

where Vb is the blood volume, Q is the blood flow rate, Cvj (t) is the venous
blood concentration of j, Ca j (t) the arterial blood concentration, and J b-x c, j is
the flux from blood to extra-cellular space. The net reaction rate of species ‘‘j’’ in
a domain ‘‘x’’, Rx j, can be written as the difference between rate of production
of ‘‘j’’, Px j and the rate of utilization of ‘‘j’’, Ux j.

Rxj ¼ Pxj �Uxj ¼
X

n

k¼1
�k;j�k;j �

X

m

k¼1
�j;k�j;k (40:2)

where is the reaction flux of species k forming species j, b k, j is the corresponding
stoichiometric coefficient, n is number of reactions forming j from k, and m is
the number of reactions forming k from j. The general form of an equation in
our model is:

E1 E2

A + B C + D
ð40:3Þ
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The corresponding reaction flux is assumed to follow a modified Michaelis-
Menten form22 as:

�a�b;c�d ¼
Va�b;c�dCaCb

Va�b;c�d þ CaCb

PS�

�� þ PS�

� �

RS�

v� þ RS�

� �

(40:4)

where Ka-b, c-d and V a-b, c-d are theMichaelis-Menten coefficients specific to the
reaction process. In this model, the two coupled controllers are the phosphor-
ylation state PSþ = CATP/CADP and the redox state RSþ = CNADH/ CNAD,
PS– = 1/PSþ and RS– = 1/RSþ (for reactions with reverse kinetics). The
corresponding controller coefficients m� and n � can vary with each specific
reaction process. The derivation and the details of this equation can be found in
the cited paper [22].

40.4 Results

In this section, the dynamics of lactate are analyzed during a 30-min ischemia.
The qualitative trends of the model results are compared to the trends observed
by Crumrine and LaManna [21] who studied lactate dynamics amongst other
metabolites during an onset of 30-min ischemia. Figure 40.2 compares our
model simulations for tissue lactate trends against the experimental data.
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Fig. 40.2 Comparison of the trends of tissue lactate concentration observed in the experimental
data ( ) gathered [21] (in the cortex of the brain) and model-simulated data (dashed line)
generated (in cytosol of the neuron) by the model for ischemia induced over 30 min
(no recovery). Plot shows normalized levels of lactate with respect to baseline values.
(Normalization refers to ratio of experimental data andmodel predictions to their corresponding
baseline values).
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Crumrine and LaManna measured the concentration of tissue lactate in the

cortex of the brain tissue which includes lactate in the neuron, astrocyte and the

extra-cellular space.
On the other hand, the mathematical model differentiates lactate levels in the

cytosol (of the neuron), the extra-cellular space and the plasma. Hence, a quali-

tative reproduction of the profiles was expected to be a reasonable validation.
A unique feature of the mathematical model is its ability to describe com-

partmentalization such that the responses of controllers/modulators within

specific domains can be predicted and thus different pathways can be analyzed

inmore detail. Figure 40.3 shows the dynamics of the normalized NAD/NADH

ratio in the different intra-cellular compartments. We observe a markedly

different dynamic behavior in each compartment. It can be seen that the

dynamics of the controllers in the mitochondria have a shorter characteristic

time as compared to that of the cytosol.
In Fig. 40.4, the dynamic responses to ischemia are analyzed by following the

tissue lactate levels in the standard and ketogenic diets as a function of time. The

concentration values are normalized with respect to the tissue lactate concen-

tration baseline value (standard diet condition). It can be seen that, in response

to ischemic conditions, the lactate concentration corresponding to the ketotic

conditions, exhibits a different dynamics than that observed for standard diet

conditions. The lactate levels for ketotic conditions remain below the lactate

levels corresponding to the standard diet conditions. This suggests a possible

coupling of ketone body metabolism to glycolysis by regulation.
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ischemia induced over 30 min (no recovery) in the neuron. Plot shows normalized dynamic
responses up to 5 min (5–30 min truncated).
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40.5 Discussion and Conclusions

There exist many constraints to studying intact brain metabolism and we realize
that an approach to understanding this is through modeling technologies based
on in vivo and in vitro data. Most of the current literature on modeling in the
brain does not take into account, the possible competition by other fuels at the
transport level or the feedback even redox mechanisms. Our model aims at
accommodating different aspects of the currently existing theories. This would
enable understanding other components which should in theory be testable by
the existing models. Hence, this model provides a building block that would
serve as a tool towards explaining and testing different theories as well as in
incorporating new concepts obtained from newly acquired data. Anyone who
wishes to access the model presented in this paper, should contact Dr. Jorge
E. Gatica (j.gatica@csuohio.edu) for the latest update of the model.

Using the methodology applied for flux balance analysis, our model predic-
tions for lactate were validated under standard diet conditions against similar
experimental conditions from Crumrine and LaManna. The hypothesis of this
study was that carbon flux balances would shift towards an increase in flux rates
coming from the metabolism of ketone bodies with a proportional decrease in
the flux of lactate coming from the astrocyte (as predicted by astrocyte-neuron
lactate shuttle). Under the state of ketosis, as a result of feeding a ketogenic diet,
our model predictions show a relatively lower accumulation in lactate levels
during ischemia than under standard diet conditions. This profile suggests that
there is a loose coupling of ketone body metabolism to glucose metabolism in
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Fig. 40.4 Comparison of the concentrations of tissue lactate in the standard and ketotic
conditions for ischemia (concentrations in m-mol g–1ww min–1).
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the neuron-astrocyte unit, possibly at the level of glycolysis. Furthermore,
ketone body metabolism in brain can be theorized to regulate glycolysis under
basal and increased energy demands via a feedback mechanism possibly at the
level of citrate.

We anticipate that this work would provide a foundation for further under-
standing ischemia in the brain under ketotic conditions. Future work would
include incorporating blood flow response and metabolite dynamics following
ischemia reperfusion.
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Chapter 41

Cerebral Blood Flow Adaptation

to Chronic Hypoxia

Haiying Zhou1,3, Gerald M. Saidel1,3, and Joseph C. LaManna2,3

Abstract Exposure of rats to mild hypoxia initially increases cerebral blood

flow (CBF) as much as two-fold which maintains the arterial oxygen delivery

rate. Several days after continued hypoxia, CBF decreases toward its baseline

level as the blood oxygen carrying capacity is increased through increased

hemoglobin content [1]. Evidently, CBF regulation and the oxygen carrying

capacity of blood are correlated. To quantitatively analyze the CBF control

mechanisms associated with chronic hypoxia, a mathematical model was devel-

oped that describes the concentration dynamics of O2 and CO2 transport and

metabolic processes in blood and brain tissue. In capillary blood, species trans-

port processes were represented by a one-dimensional convection-dispersion

model with diffusion between blood and tissue cells in the cortex and brain

stem. Three possible control mechanisms for CBF in response to chronic

hypoxia were analyzed: 1) local PO2 change in cerebral tissue; 2) reduced

blood flow associated with elevated blood viscosity from increased Hct;

3) neurogenic input from O2 receptors in the brain stem. Our hypothesis is

that increased PO2 in the brain stem is the signal for the return of CBF to its

baseline condition. This PO2 increase results from an increase in arterial oxygen

carrying capacity and a decrease in local energy metabolism.Model simulations

quantify the relative contributions of each of these control mechanisms during 4

days of hypoxic exposure. These simulations are consistent with experimental

data that show CBF returns to its baseline even though the cerebral cortical

tissue remains hypoxic as indicated by increased levels of the transcription

factor Hypoxia Inducible Factor-1 (HIF-1).

1Department of Biomedical Engineering, 2Department of Anatomy, 3Center for Modeling
Integrated Metabolic Systems, Case Western Reserve University, Cleveland, 44106.
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41.1 Introduction

In mammals (e.g., humans and rats), cerebral blood flow (CBF) increases in

response to acute hypoxia [2,3]. The variables that control cerebral circulation
are still unclear. Cerebral blood flow in humans does not increase significantly
until arterial oxygen partial pressure (PaO2) decreases below 60 mmHg.
According to Brown et al., [4] arterial oxygen content is the major determinant
of CBF in humans. In rats, CBF initially increases as much as two-fold in

response to hypoxia. As the hypoxic exposure continues, CBF decreases to
normoxic baseline in one week and hematocrit increases to restore arterial
oxygen concentration (CaO2) [1,5]. Both the experiments suggest CBF and
CaO2 are correlated and PaO2 may not have a direct effect on CBF regulation.

The relationships between arterial oxygen content and cerebral blood flow
are different under hypoxia and hemodilution conditions. When CaO2 is
decreased, the CBF response is greater in hypoxic animals [6]. This suggests

that tissue PO2 rather than CaO2 is the predominant factor in controlling CBF.
According to Jones et al., [7] CBF is controlled by a mechanism that monitors
cerebral O2 consumption and CaO2, which implies that tissue PO2 controls
blood flow locally as needed for metabolism.

During hypoxia, CBF and blood viscosity appear correlated, but the rela-
tionship ceases when viscosity is high [4]. After accounting for the effects of

arterial oxygen content, however, blood viscosity is not a significant factor in
CBF regulation. Experiments were performed to separate the effect of arterial
oxygen content and hematocrit (Hct) on CBF regulation [8]. At constant PaO2

and CaO2, CBF falls after hematocrit is increased by transfusion with red blood
cells that contain pure methemoglobin (MHb). Based on this experiment, both
CaO2 and Hct are important in CBF regulation.

In rats, hypoxic excitation of the rostral ventrolateral medulla (RVLM) of

the brainstem increases cortical blood flow [9,10]. When the projection effect
from RVLM was blocked, the CBF response to normocarbic hypoxia
(FIO2 =10%) was decreased by more than 50%, and CBF response to hyper-
carbia was unchanged. It was implied that neurons of the rostral ventrolateral
medulla were oxygen detectors that can globally elevate cerebral blood flow in

response to hypoxia. In response to hypoxia, energymetabolism decreases within
brain stem regions involved in respiratory and cardiovascular control [11].

Three possible primary mechanisms may be involved in the regulation of the
cerebral blood flow response to chronic hypoxia (4 days): 1) local PO2 change in
cerebral tissue (viz., cortical PO2); 2) reduced blood flow associated with
increased Hct that produces higher viscosity; 3) neurogenic input (PO2) from
O2 receptors in the brain stem. To distinguish and predict the effect of these

mechanisms, a mathematical model is needed that can interpret experimental
data. To quantitatively analyze the CBF control mechanisms associated with
chronic hypoxia, a two-compartment (cortex and brain stem) mathematical
model was developed. In capillary blood, species transport processes was

372 H. Zhou et al.



represented by a one-dimensional, convection-axial dispersion model with
diffusion between blood and tissue cells in the cortex and brain stem. Within
the local cortex and brainstem tissues, the concentrations were represented by
an average.Model simulations quantify the relative contributions of each of the
three control mechanisms during 4 days of hypoxic exposure.

41.2 Methods

41.2.1 Model Description

A model (Fig. 41.1) has been developed to study global CBF regulation during
hypoxia. From dynamic mass balances of the cortex (C) and brain stem (S) with
distinct metabolic rates, O2 concentrations are described (Eq. 41.1). The species
concentration distribution in the capillary blood from arteriole to venule is
represented by a one-dimensional convection-axial dispersion model (Eq. 41.2),
in which D is the dispersion coefficient and Vib is the capillary blood volume.
The effect of hemoglobin on transport processes is included. This model takes
into account the species transport flux (J) between capillary blood and tissue,
which depends on the partial pressure differences between the blood and tissue.
In the tissue, the species concentration dynamics depend on the mass transport
flux between tissue and blood, and metabolic (consumption or production)
rate. Since an increase in Hct causes an increase in the effective surface area
for O2 transport [12], the corresponding O2 and CO2 transport coefficients are
functions of Hct.

Cortex

Arteriole

PSO2

PCO2
CCO2

CCCO2

Brain Stem CSO2
CSCO2

QC

QS

CCbO2, CCbCO2

CSbO2, CSbCO2

J

J

Mc,O2

MS,O2

Capillary

Fig. 41.1 System diagram showing the interaction between cortex and brain stem. Mi,O2

(i=C,S) : oxygen consumption rate in cortex and brain stem; PiO2: O2 partial pressure in
tissue; CiO2,CiCO2: O2 and CO2 concentration in tissue; CibO2,CibCO2: O2 and CO2 concen-
tration in tissue capillary blood.
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dCiO2

dt
¼
Z

Vab

0

Jdv�Mi;O2; i ¼ C;Sð Þ (41:1)

@CibO2

@t
¼ �Qi

@CibO2

@v
þD

@2CibO2

@v2
� J (41:2)

The expressions (Eqs. 41.3,41.4) for control of cerebral blood flows to cortex

(QC) and brain stem (QS) incorporate the three mechanisms mentioned above.

PCO2 and PSO2 are O2 partial pressures in the cortex and brain stem. The

subscript ‘‘0’’ means baseline value (e.g., Hct0 is the baseline hematocrit).

QC ¼ QC0Hct0 1þ a 1� PCO2=PCO20ð Þ þ b 1� PSO2=PSO20ð Þ½ �=Hct (41:3)

QS ¼ QS0Hct0 1þ b 1� PSO2=PSO20ð Þ½ �=Hct (41:4)

The general behavior of these controllers is similar. When cortical PCO2 and/

or the brain stem PSO2 decreases, CBF increases; when Hct increases, CBF

decreases.

41.2.2 Model Simulations

To simulate the experimental data and predict responses, the model equations

were solved numerically. Values of most model parameters were taken from the

accepted ranges in previous studies of the rat brain (see Table 41.1). Metabolic

rate in the cortex is assumed constant. The O2 and CO2 transport coefficients

were estimated by matching the model outputs to tissue PO2 and PCO2 data

under normoxia. The values of parameters in CBF controller were chosen to

generate the expected CBF response under hypoxia (see Table 41.1). The control

signal from the brain stem is assume to occupy more than 50% [11]. The

normoxic steady state of PaO2=100 mmHg and PaCO2 =40 mmHg could be

reached by model simulation starting from arbitrary initial conditions. Energy

metabolism in brain stem decreases as PSO2 decreases in response to hypoxia.

Table 41.1 Parameters in the model

Hct0

Qc0, QS0

ml/100g/
min

Mc,O2, MS,O2

mlO2/100g/
min

Vcb,
Vsb ml/
100g

a
mmHg–1

b
mmHg–1

Dl2/
min

PCO20,
PSO20

mmHg

0.46 120 8.4 3.4 1.0 1.5 5�10–4 15
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Cerebral blood flow in response to chronic hypoxia is simulated by changing
arterial O2 and CO2 partial pressures (PaO2, PaCO2) and Hct. Initially, PaO2

decreases quickly from 100 to 40mmHg, but as the hypoxic exposure continues,
PaO2 slowly increases to 45 mmHg because of hypoxic hyperventilation.
Also, PaCO2 decreases quickly from 40 to 30 mmHg. Based on the data of
Xu et al., [1]. Hct increases as a mono-exponential function (Eq. 41.5) with time
constant � ¼ 127:5h

Hct ¼ 0:46þ 0:22 1� e�
t
�

� �

(41:5)

41.3 Results and Discussion

Model simulation of CBF responses in cortex and brain stem to 4 days of
hypoxic exposure are shown in Fig. 41.2. Initially, CBF in cortex increases by
85% (from 120 to 220 ml/100g/min), then decreases slowly to 130 ml/100g/min
at the 4th day of hypoxia. Of the initial cortical CBF response, 70% is caused by
decreased brain stem PO2. Initially in the brain stem, CBF increases by 70%
and then decreases to a similar level as CBF in cortex at the 4th day of hypoxia.

In response to hypoxia, PO2 in cortex tissue decreases quickly from 15 to 8
mmHg, then increases slowly to 11 mmHg (Fig. 41.3). In the brain stem, PO2

decreases quickly to 11 mmHg, then increases slowly to 13 mmHg. The smaller
PO2 change in brain stem is due to the metabolism change during hypoxia.
Arterial O2 concentration (CaO2) decreases from 9.4 to 7.2mMat the beginning
of hypoxia because PaO2 decreases. As Hct increases, O2 concentration
increases to 9.7 mM.
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Fig. 41.2 Responses of CBF in cortex and brain stem to 4 days of hypoxia (-5-0 hour:
normoxic baseline; 0–100 hour: hypoxia).
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By examining the values ofCBF andCaO2 during the entire hypoxic exposure,
simulations show that oxygen delivery is higher than under normoxic condition.
Initially, oxygen delivery increases from the normoxic 0.25 to 0.35 ml O2/g/min,
then slowly declines to 0.3 ml O2/g/min.

After 4 days of hypoxia, even though CaO2 has already recovered to the
normoxic level, PO2 in the cortex and brain stem are still less than their
normoxic values. This is a consequence of a small transport partial pressure
difference between blood and tissue. This simulation is consistent with the
experimental measurements by Chávez et al., [13] with HIF-1 as an indicator
of tissue hypoxia. HIF-1 initially rose and then fell to about half of the
maximum after 7 days, then returned to normoxic level after 21 days. After 4
days of hypoxia, cortical and brain stem PO2 still can produce an increase CBF.
This is offset, however, by the elevated Hct which can decrease CBF by 20% so
that the combined effects yield CBF close to the normoxic level.

41.4 Conclusions

The aim of this model is to investigate the cerebral blood flow (CBF) during
chronic hypoxia (4 days).The simulation shows that the CBF dynamic response
can be explained by the combined effect of tissue PO2 (cortex and brain stem)
and hematocrit (Hct). The initial (minutes) increase of CBF in cortex and brain
stem in response to hypoxia is due to decreases in cortical tissue PCO2 and brain
stem PSO2. CBF gradually decreases from the initial increase to the normoxic
baseline in response to chronic hypoxia (4 days). This renormalization of CBF
is caused by higher Hct: 1) higher Hct causes increase in PCO2 and PSO2; 2)
higher Hct directly decreases CBF (via increased viscosity).
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Fig. 41.3 Responses of PO2 in cortex and brain stem to 4 days of hypoxia.
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Chapter 42

Mitochondrial Dysfunction in Aging Rat Brain

Following Transient Global Ischemia

Kui Xu, Michelle A. Puchowicz, Xiaoyan Sun, and Joseph C. LaManna1

Abstract Aged rat brain is more sensitive to reperfusion injury induced by

cardiac arrest and resuscitation. The mitochondrial respiratory chain, the

major source of free radicals during reperfusion, is likely to be the target of

lipid peroxidation. Previous work has shown a higher mortality and lower

hippocampal neuronal survival in older rats. 4-hydroxy-2-nonenal (HNE), a

major product of lipid peroxidation, was found to be elevated in cortex and

brainstem after resuscitation. In this study we investigated the acute changes

of mitochondrial function in aging rat brain following cardiac arrest and

resuscitation; the effect of an antioxidant, alpha-phenyl-tert-butyl-nitrone

(PBN) was also tested. Fischer 344 rats, 6 and 24-month old, were subjected

to cardiac arrest (7–10 minutes) and allowed to recover 1 hour after resuscita-

tion. Mitochondria of cortex and brainstem were isolated and assayed for

respiratory function. Compared to their respective non-arrested control

group, 1h untreated groups (both 6 month and 24 month) had similar state

3 (ADP-stimulated) but higher state 4 (resting state) respiratory rates. The

respiratory control ratio (state 3/state 4) of cortex in the 1h untreated group

was 26% lower than the non-arrested control group; similar results were

found in brainstem. The decreased mitochondrial respiratory function was

improved by PBN treatment. HNE–modified mitochondrial proteins were

elevated 1h after resuscitation, with an evident change in the aged. Treatment

with PBN reduced the elevated HNE production in mitochondria of cortex.

The data suggest (i) there is increased sensitivity to lipid peroxidation with

aging, (ii) mitochondrial respiratory function related to coupled oxidation

decreases following cardiac arrest and resuscitation, and (iii) treatment with

antioxidant, such as PBN, reduces the oxidative damage following cardiac

arrest and resuscitation.

1Kui Xu, Michelle A. Puchowicz, Xiaoyan Sun, and Joseph C. LaManna, Department of
Anatomy, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, OH 44106,
USA.
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42.1 Introduction

Transient global brain ischemia induced by cardiac arrest and resuscitation
results in reperfusion injury associated with oxidative stress [1]. We have pre-
viously shown that aged rats are more sensitive to reperfusion injury induced by
cardiac arrest and resuscitation. Higher mortality and lower hippocampal
neuronal survival were found in the older rats [2]. 4-hydroxy-2-nonenal
(HNE), a major product of lipid peroxidation, was found to be elevated in
cortex and brainstem after resuscitation [3]. An antioxidant, alpha-phenyl-tert-
butyl-nitrone (PBN) [4], improved the outcome following cardiac arrest and
resuscitation [2]. The cellular mechanism that contributes to the age-related
changes in brain aerobic capacity remains to be discerned. Mitochondria are
both a major source and target of free radicals during insult of oxidative stress.
Modification of mitochondrial proteins by lipid peroxidation products HNE,
have been described to decrease oxidative capacity [5]. Oxidative damage is
therefore likely to play a role in the decline of mitochondrial function [6]. With
aging, increased susceptibility to oxidative stress is known to lead to declined
mitochondrial function, especially following an ischemic-reperfusion insult [5].
In this study we investigated the effects of aging on mitochondrial function in
brain following cardiac arrest and resuscitation. Mitochondrial oxidative capa-
city was assessed by measuring respiratory rates (state 3/state 4) from freshly
isolated mitochondria. Western blot analysis was used to detect HNE-modified
mitochondrial proteins. We hypothesized that an antioxidant treatment with
PBN in the aged rats would result in improved mitochondrial function follow-
ing cardiac arrest and resuscitation by attenuation of lipid peroxidation.

42.2 Methods and Materials

42.2.1 Animal Preparation

Male Fischer 344 rats (6- and 24-month-old) were purchased and allowed to
acclimate in the animal facility at Case Western Reserve University for one
week before being utilized. Surgical procedures for each experiment were as
follows: [7] anesthesia was induced by isoflurane (2.5% isoflurane, 70%N2O in
O2) and maintained with 1–2% isoflurane, 70% N2O in O2 through a nasal
cone. Cannulae were placed in: (i) Ventral tail artery using polyethylene tubing
(PE-50, 0.023" i.d., 0.038" o.d.) for the purpose of monitoring of systemic
arterial blood pressure and to obtain samples for blood gas, plasma glucose
and lactate determinations (ii) External jugular vein into the right atrium using
a Silastic catheter (0.025" i.d., 0.047" o.d.) for administration of drug. After
surgery, the rats were allowed to recover for at least 1 hour while restrained in
plastic cages. Throughout the experiment, the body temperature was
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maintained at 378C by an infrared heat lamp (250W, 45 cm above the body)
regulated by feedback from a rectal probe.

42.2.2 Induction of Total Cerebral Ischemia in Rat

Reversible total cerebral ischemia was achieved using a cardiac arrest and
resuscitation model [7]. Cardiac arrest was induced in the conscious rat by
rapid sequential intra-atrial injection of d-tubocurare (0.3mg) and ice-cold
KCl solution (0.5 M; 0.12 ml/100g of body weight). Resuscitation was initiated
5minutes after arrest following orotreacheal intubationwith a 14-gauge catheter
attached to a rodent ventilator (100% O2, tidal volume: 10cc/kg, respiratory
rate: 80 breaths/min). Simultaneous chest compressions and the infusion of
normal saline (0.5 ml/min) were given until a spontaneous heartbeat returned.
Epinephrine (4–10g) was given intravenously to establish a mean blood pressure
greater than 80% of the pre-arrest value, at which point the animal was con-
sidered to be resuscitated (7–10 min ischemia). Ventilation was then adjusted to
�30% O2 and 70% N2O, depending on the normal range of blood gas, until
spontaneous respiration was regained. For the PBN-treated rats, PBN (100 mg/
kg) was infused intravenously immediately after resuscitation for 60 minutes.
The untreated rats were given normal saline for the same period of time.
Non-arrested rats went through the same surgical procedures except cardiac
arrest. Non-arrested controls and resuscitated rats (1 h post-resuscitation) were
decapitated and brains were removed for further process.

42.2.3 Isolation of Brain Mitochondria

Brain mitochondria were isolated using a method previously described with
slight modifications [8]. In brief, tissue of cortex (whole layer, bilateral,
0.7–1.0g) and brainstem (�0.3g) were dissected (see Fig. 42.1 below) and rinsed

Fig. 42.1 Dissection of cortex and brainstem (gray-shaded area) of a rat brain.
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in ice-cold isolation buffer (200 mM Mannitol, 70 mM Sucrose, and 5.0 mM
MOPS, pH 7.4). The tissue was blotted dry, freed of visible blood vessels, then
weighed and minced thoroughly. The tissue was suspended in isolation buffer
(10 ml/g tissue) containing defatted bovine albumin (BSA, 0.2%) and EDTA
(0.2 mM) and then treated with the protease Subtilisin A (5mg/g), for 30 second
with light shaking. The suspension was then homogenized with a Teflon pestle
(4 strokes). The homogenate was then centrifuged at 4 8C. The resulting
mitochondrial pellet was washed (x2) with isolation buffer, centrifuged and
resuspended to a final protein concentration of approximately 25 mg/ml and
10 mg/ml, cortex and brainstem, respectively.

42.2.4 Measurement of Mitochondrial Respiratory Rates

Oxidative rates were assessed by measuring oxygen consumption using a
polarographic system consisting of a Clark-type electrode in the presence of
the substrates glutamate plus malate [8]. The NADH-linked oxidative rates
(state 3: ADP-stimulated; state 4: resting state, ADP-limited) were then calcu-
lated (natom oxygen/min/mg protein). The respiratory control ratio (RCR) was
determined (state 3 / state 4). ADP-to-oxygen (ADP/O) ratios (nmol ADP per
nanoatom O) were calculated as previously described.

42.2.5 Detection of HNE-Modified Mitochondrial Protein

Western blot analysis was used to detect HNE-modified mitochondrial protein.
Samples of mitochondria were prepared by addition of isolation buffer contain-
ing 1 mM dithiothreitol and 1 mM phenylmethylsulfonyl. Samples (100 mg of
protein) were electrophoresed on 10% SDS-polyacrilamide gels. The proteins
on the gels were transferred to nitrocellulose membranes then incubated with
5% skim milk blocking buffer for 1 hour (room temperature). HNE modified
proteins were detected by incubating the membranes with a 1:500 dilution of
polyclonal anti-HNE antibody (Calbiochem) overnight (48C) followed by incu-
bation with horseradish peroxidase-conjungated anti-rabbit IgG (1:5000) for 1
hour (Jackson ImmunoResearch). The primary antibody immunoreactive pro-
tein bands were visualized using enhanced chemiluminescence detection system
(ECL kit, Amersham).

42.2.6 Statistical Methods

All values were represented as mean� S.D. Statistical analyses were performed
using SPSS v13.0 for Windows. Group comparisons are made by one-way
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analysis of variance (ANOVA) using t-test. Significance was considered at the

level of p < 0.05.

42.3 Results

42.3.1 Mitochondrial Respiratory Function

To determine the effect of aging on the overall mitochondrial oxidative

capacity following cardiac arrest and resuscitation, we measured polarogra-

phically, oxygen consumption in the presence of the substrates of glutamate

plus malate. As seen in Table 42.1, there were no significant differences in state 3

oxidative rates between 6-month and 24 -month-old rat brain mitochondria

(cortex and brainstem) under all conditions. However, in brainstem, the state

3 oxidative rates in the 24-month-old rat brains were decreased in both

conditions (22% and 17%, non-arrested and 1 h recovery groups, respec-

tively), compared to the 6-month-old. The state 4 rates in cortex and brain-

stem were significantly higher at 1 h recovery compared to their respective

non-arrested controls (6 and 24-month-old). In both the cortex and brain-

stem, there appeared to be no aging effect on the state 4 respiratory rates

(non-arrested and 1 h recovery), acutely. In both age groups, the respiratory

control ratios in cortex and brainstem were significantly lower at 1 h recovery

compared to non-arrested controls. Since the state 3 oxidative rates were

similar, the lower respiratory control ratios were as a result of higher state 4

rates. There were no differences in ADP/O in any conditions or between age

groups (Table 42.1).
Figure 42.2 shows the RCR in the 24-month group (cortex and brainstem),

non-arrested, 1 h recovery-untreated and 1 h recovery-PBN treated. The data

show a decrease of 26% in cortex and 28% in brainstem, compared to the values

of non-arrested controls. PBN treatment resulted in similar RCR values to the

non-arrested baseline.

42.3.2 HNE Detection in Isolated Mitochondria of Brain

HNE-modified proteins were detected by Western blot analysis in isolated

mitochondria from of cortex in 6 and 24-month-old rats. HNE adduct forma-

tion was observed within the molecular weight range of 65 to 110 kDa, with

intense bands at 1h recovery in both age groups compared to the non-arrested

controls (Fig. 42.3). The increase of HNE production was more evident in the

aged group. The elevated levels of HNE adducts were reduced with PBN

treatment in the 24-month group.
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Table 42.1 Respiratory properties of rat brain mitochondria. Values are mean � standard deviation

Age (mos) Condition n State 3 (nO/mg/min) State 4 (nO/mg/min) RCR ADP/O

Cortex 6 Non-arrested 5 338.4 � 34.5 29.0 � 3.0 11.7 � 1.0 2.1 � 0.3

6 1 h recovery 3 313.1 � 16.8 34.9 � 2* 9.0 � 0.1* 2.4 � 0.3

24 Non-arrested 4 317.0 � 34.4 27.5 � 2.7 11.5 � 0.8 2.2 � 0.3

24 1 h recovery 3 287.8 � 51.2 34.2 � 1.3* 8.5 � 1.0* 2.2 � 0.1

24 PBN-treated 3 302.5 � 71.9 28.3 � 8.8 10.9 � 1.2 2.5 � 0.4

Brainstem 6 Non-arrested 5 319.7 � 40.0 27.4 � 3.9 11.9 � 2.2 2.3 � 0.3

6 1 h recovery 3 297.7 � 31.7 35.2 � 1.2* 8.5 � 0.8* 2.3 � 0.4

24 Non-arrested 4 248.3 � 39.0 25.5 � 2.7 9.7 � 1.1 2.2 � 0.1

24 1 h recovery 3 246.8 � 33.8 35.1 � 1.3* 7.0 � 0.8*x 2.3 � 0.1

24 PBN-treated 3 278.5 � 66.4 28.5 � 4.9 9.7 � 0.7 2.3 � 0.2

RCR, respiratory control ratio; ADP/O, ADP-to-oxygen ratio. * indicates significant difference (t-test, p<0.05) from the pre-arrest value in the same
age group. xindicates significant difference (t-test, p<0.05) between the untreated and PBN-treated groups.
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42.4 Discussion

This study focused on the early recovery phase from cardiac arrest. Our data

showed that at 1 h recovery following cardiac arrest and resuscitation in both

young and old rat brain RCR are decreased. This was evident by increased state
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Fig. 42.2 Respiratory control ratio (RCR) in mitochondria isolated from cortex and brain-
stem of 24-month- old rats, non-arrested control (n= 4), untreated (n= 3) and alpha-phenyl-
tert-butyl-nitrone (PBN)-treated rats (n = 3). Values are mean� S.D., * indicates significant
difference (t-test, p<0.05) from the values of non-arrested controls. x indicates significant
difference between (t-test, p<0.05) the untreated and PBN-treated group.
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4 rates and not decreased state 3 rates. These data indicate that ischemic
reperfusion injury acutely affects mitochondrial oxidative function through
uncoupling. Furthermore, the HNE–modified mitochondrial proteins were
elevated 1 h after resuscitation and were more apparent in the aged rats
compared to the younger rats, suggesting that mitochondria in aged brain are
more susceptible to damage as a result of lipid peroxidation. The data also show
that with PBN treatment, there was improved mitochondrial respiratory func-
tion and reduced HNE modified mitochondrial proteins, possibly through free
radical scavenging properties of PBN. The importance of this work is to provide
information which may aid in potential therapeutic strategies aimed at early
phase treatment in brain towards oxidative stress induced damage following
cardiac arrest and resuscitation.
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Chapter 43

Measurement of Cerebral Tissue Oxygenation

inYoungHealthyVolunteersDuringAcetazolamide

Provocation: A Transcranial Doppler and

Near-Infrared Spectroscopy Investigation

Ilias Tachtsidis1, Martin Tisdall2, David T. Delpy1, Martin Smith1,

and Clare E. Elwell1

Abstract Recent advances in near-infrared spectroscopy (NIRS) allow mea-
surements of absolute tissue oxygen saturation (TOI) using spatially resolved
spectroscopy (SRS), while enabling better depth sensitivity. However concerns
remain regarding the relative contribution of the extracranial circulation to the
cerebral NIRS TOI signal. In this study we investigated this during a period of
selective rise in cerebral blood flow (CBF) produced by the administration of
acetazolamide (ACZ) in 10 healthy volunteers. A two channel spectrometer
(NIRO 300, Hamamatsu Photonics KK) was used to measure absolute cerebral
TOI over the frontal cortex using the SRS technique using an optode spacing of
5 cm and 1.5 cm for channel 1 and 2 respectively. After ACZ administration we
were able to observe a significant increase in the velocity of middle cerebral
artery (Vmca, measured with the transcranial Doppler (TCD)) which was accom-
panied by an increase in TOI as monitored by the NIRO 300 with an optode
spacing of 5 cm but not with an optode spacing of 1.5 cm. Furthermore a direct
relationship was seen between the Vmca and the TOI measured at 5 cm optode
spacing. This work suggests that using this commercialNIRS instrumentwith an
optode spacing of 5 cm one is able to detect the intracranial changes.

Keywords: Near-infrared spectroscopy � Brain oxygenation � Brain blood flow
� Acetazolamide

43.1 Introduction

Near-infrared spectroscopy (NIRS) has been widely used to evaluate changes
in cerebral oxygenation and blood volume non-invasively. The technique
involves near-infrared emitting and detecting optical probes placed on the
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scalp, transmitting light through cerebral as well as extracerebral tissues, such
as skin, cranial bone, and cerebrospinal fluid (CSF). It is obvious that the
position and volume of the interrogated tissue will depend on the position
and spacing of the source and the detection fibres and results from mathema-
tical modelling of light transport in tissue suggest that the average penetration
depth of the detected near-infrared (NIR) light in the tissue increases with probe
separation [1–3]. As a result, it is believed that oxygenation changes in deeper
tissues of the brain can be detected with large optode spacing [4,5].

Recent advances in NIRS technology allow measurements of absolute tissue
oxygen saturation (TOI) using spatially resolved spectroscopy (SRS) [6], while
enabling better depth sensitivity [7]. However concerns remain regarding the
relative contribution of the extracranial circulation to the cerebral NIRS TOI
signal. The aim of this study was to investigate whether cerebral tissue oxygena-
tion monitored using spatially resolved NIRS reflects changes in intracranial
haemodynamics. This was done by monitoring the NIR derived cerebral tissue
oxygenation signal using two different inter-optode spacings during a period of
selective rise in cerebral blood flow produced by the administration of acetazola-
mide (ACZ).

43.2 Method

43.2.1 Subjects

After local ethics committee approval and written informed consent, 10 healthy
volunteers (7 men and 3 women; age 27 to 33 years; mean 29.6 years) took part
in this study.

43.2.2 Instrumentation

Figure 43.1 shows a schematic of the experimental set up.Middle cerebral artery
flow velocity (Vmca) was measured in the basal right middle cerebral artery using
a transcranial Doppler ultrasonography instrument (Pioneer Nicolet Biomedi-
cal Inc). After artery identification a permanently fixed 2-MHz probe was used.
The envelope velocity was collected at 50Hz sampling rate and the mean Vmca

was calculated every second using a trapezoidal integration function (MatLab
Mathworks Inc).

A two channel continuous wave near-infrared spectrometer (NIRS), with a
sampling rate of 6 Hz (NIRO 300, Hamamatsu Photonics KK) was used to
measure absolute cerebral TOI over the frontal cortex using the SRS technique.
The optodes were placed on the forehead (taking care to avoid the midline
sinuses) and were secured in position by using an elastic bandage. The optodes
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for Channel 1 were placed over the right frontal lobe with an optode spacing of
5 cm; this measurement of TOI was termed ‘Head TOI’. The optodes for
Channel 2 were placed over the left frontal lobe with an optode spacing of
1.5 cm. This measurement of TOI was termed ‘Superficial TOI’. Optical
attenuators were used where necessary to optimise the signal to noise ratio.

Skin blood perfusion in the forehead was measured with a laser Doppler
system (Moor Instruments). The laser Doppler probe was placed on the left
forehead at the height of the eyebrows. The laser Doppler flux signal (the
product of skin blood concentration and erythrocyte velocity) was collected
continuously with a sampling rate of 50 Hz.

End tidal CO2 (EtCO2) was measured continuously (1Hz sampling rate) with
nasal prongs (HP Merlin). Mean blood pressure (MBP) was monitored using
the Portapres1 system, which uses small finger cuffs to continuously and non-
invasively measure the blood pressure waveform.

43.2.3 Procedure

Fiveminutes resting baseline data were recorded. All volunteers were then given
1 g of ACZ. ACZ was injected intravenously over a 2 minute period with
the subject resting in a semi-recumbent position. Monitoring continued for
20 minutes post ACZ administration.

43.2.4 Analysis

The data from all instruments was collected and resampled to 1 point per minute
(0.016 Hz) using a cubic interpolation function (MatLab Mathworks Inc.).

PC 1

NIRO 
300

5 cm 1.5 cm

CHANNEL 1 CHANNEL 2PC 2

Transcranial 
Doppler

Laser Doppler
FLUX

Systemic 
Monitoring

Synchronisation

EMITTER

DETECTOR
DETECTOR

Fig. 43.1 Schematic representation of the experimental set up showing also the placement of
the probes on the forehead.
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This optimised data handling without losing the temporal resolution of the ACZ
response. Data was then normalised to the start of the ACZ injection. Figure
43.2 shows typical data from one volunteer during the 25 minute study.

Group data is presented as mean � standard deviations. All p values were
calculated for two-tailed tests of significance, and differences were considered
statistically significant from baseline at p<0.05. Correlations between variables
were analysed using the Pearson coefficient.

43.3 Results

Group summary data is shown in Fig. 43.3. Mean Vmca before the ACZ
injection was 48.6� 28.1 cm/s; the maximum increase in velocity was
21.8� 10.3 cm/s which was equal to a mean increase of 51� 17% (p<0.01
from baseline). The mean Vmca at the end of the study was 63.3� 30.6 cm/s.
The mean Head TOI before the ACZ injection was 70.1� 3.5%; the maximum
increase was 1.8� 2.4% (p<0.05 from baseline). The EtCO2 at baseline was
5.1� 0.6 kPa; the maximum decrease was 0.8� 0.5 kPa (p<0.01 from baseline)
which was reached 20 minutes after the injection.

No statistical differences were seen in the laser Doppler perfusion signal, the
mean blood pressure and the mean Superficial TOI.
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The relationship between the group mean percentage changes in Vmca and

the mean cerebral Head TOI changes show a significant association (r=0.77,

p<0.01), no correlation was seen with the Superficial TOI. These results are

shown in Fig. 43.4.
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43.4 Discussion

In this study a significant rise in the Vmca and Head TOI were observed after

ACZ injection (see Table 43.1). These results are similar with a previous study

from Kaminogo et al.[8] who found a mean increase in Vmca of 44% and in

regional cerebral oxygenation of 5.4% using the INVOS-3100 spectrometer

(Somanetics Corp).
Skin blood flow and the Superficial TOI did not show any significant rise after

the ACZ injection. These results agree with the study of Kohri et al. [9] who

observed a significant increase in the head tissue oxygenation (optode distance

4 cm) of 2.4% but no increase in the superficial tissue oxygenation (optode

distance 2 cm) using a combination of a spatially- and time-resolvedNIRS system.
The changes in the Head TOI were not as large as the changes seen in the

Vmca signal. This may be because the NIRS TOI signal represents a combina-

tion of arterial, capillary and venous oxygen saturation and volume data (1).

Cranial NIRS interrogates amulti-compartmental system of arteries, arterioles,

capillaries, venules and veins; the NIRS TOI, is the average ratio of oxygenated

to total tissue haemoglobin concentrations in all these compartments. In order

to investigate the origins of the Head TOI signal it is useful to simplify the above

multi-compartmental system and it is usual to consider just two compartments,

one arterial and one venous, with a typical arterial:venous volume ratio Va:Vv

of 25–75% in a healthy adult brain.[10] By considering the definitions of arterial

oxygen saturation (SaO2=[HbO2]art/[HbT]art) and venous oxygen saturation

(SvO2=[HbO2]ven/[HbT]ven), where [HbO2] is oxygenated haemoglobin and

[HbT] is the total haemoglobin, we have:

TOI ¼ SaO2 �
Va

Va þ Vv
þ SvO2 �

Vv

Va þ Vv
(43:1)

One now can replace SvO2 in (1) by considering the definition of the Fick

equation[11] shown below:

SvO2 ¼ SaO2 �
CMRO2

k � CBF � Hb � 10�2
� � (43:2)

where CMRO2 is the oxygen consumption (in ml of Oxygen/min), k is the

oxygen combining power of Hb (�1.306 ml of Oxygen/g of Hb) and CBF is

Table 43.1 Maximum mean changes for all the volunteers

Maximum Changes (Mean �SD)

�Vmca (%) 51�17.1
�EtCO2 (KPa) �0.8�0.5
Head �TOI (%) 1.8�2.4
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cerebral blood flow (in ml/min) and Hb is the haemoglobin (in g of Hb/dL of

blood). Therefore:

TOI ¼ SaO2 �
Vv

Va þ Vv

� �

� CMRO2

k � CBF � Hb � 10�2
� �

 !

� 100% (43:3)

Equation 43.3 demonstrates the direct relationship of the NIRO 300 TOI

signal with the arterial/venous volume ratio, oxygen consumption and the

indirect relationship with CBF.
ACZ is a selective inhibitor of carbonic anhydrase, which reversibly catalyses

the conversion of CO2þH2O$H2CO3. It therefore causes an increase in the

Hþ, HCO3
– and CO2 concentrations in the extracellular fluid of the brain,

which are assumed to be the stimuli for the increase in CBF [12]. Bearing in

mind (3) and with the knowledge that ACZ markedly increases CBF without

any changes in oxygen consumption [13] or arterial oxygen saturation, it is

possible that an increase in the venous volume ratio will attenuate the increase

in TOI resulting from the rise in CBF. Furthermore each of the cerebral

haemodynamics compartments has different saturations and volumes which

may respond differently to ACZ causing a possible change in the Va:Vv.

43.5 Conclusions

After ACZ administration we were able to observe a significant increase in CBF

(measured with the transcranial Doppler) which was accompanied by a small

increase in absolute tissue oxygenation as monitored by the NIRO 300 with an

optode spacing of 5 cm but not with an optode spacing of 1.5 cm. Furthermore a

direct relationship was seen between the changes in Vmca and the Head TOI. This

work suggests that using this commercial NIRS instrument with an optode spacing

of 5 cm one is able to detect the intracranial changes. Further experimental work is

needed to determine the relationship between TOI, CBF, CBV and CMRO2 .
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Chapter 44

Measurement of Frontal Lobe Functional

Activation and Related Systemic Effects:

A Near-Infrared Spectroscopy Investigation

Ilias Tachtsidis, Terence S. Leung, Laurence Devoto,

David T. Delpy, and Clare E. Elwell1

Abstract Near-infrared spectroscopy (NIRS) has been used to measure
changes in cerebral oxy- and deoxy- haemoglobin (�[HbO2], �[HHb]) in
response to functional activation. It has been previously reported that during
functional activation of the motor cortex heart rate increases. The aim of this
study was to investigate systemic changes during functional activation of the
frontal cortex. The responses to anagram presentations with varying difficulty
(4-Letters and 7-Letters) over a 6 minute period were recorded. A Hamamatsu
NIRO 200 NIRS system recorded �[HbO2] and �[HHb] using the modified
Beer Lambert law (MBL) and tissue oxygenation index (TOI) employing spatial
resolved spectroscopy (SRS) over the left and right frontal hemisphere. Mean
blood pressure (MBP) and heart rate (HR) were measured continuously. Nine
young healthy volunteers (mean age 23) were included in the analysis. Signifi-
cant task related changes were observed in both the NIRS and systemic signals
during the anagram solving with increases in [HbO2] and [HHb] accompanied
by changes in MBP and HR. The [HbO2] and [HHb] signals measured over the
frontal region were found to have a varying association with the MBP signal
across different volunteers. The effect of these systemic changes on measured
NIRS signals must be considered

Keywords: Near-infrared spectroscopy, Frontal lobe activation, Anagrams

44.1 Introduction

Near infrared spectroscopy (NIRS) has been widely used to investigate haemo-
dynamic changes which occur in response to functional activation of specific
regions of the cerebral cortex [1]. With conventional continuous wave NIRS

1Medical Physics and Bioengineering, University College London, Malet Place Engineering
Building, Gower Street, London WC1E 6BT.
Corresponding author: Ilias Tachtsidis, e-mail: iliastac@medphys.ucl.ac.uk

K.A. Kang et al. (eds.), Oxygen Transport to Tissue XXIX
� Springer 2008
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systems it is not possible to determine exactly where the changes in attenuation
have taken place within the illuminated tissue A general assumption is usually
made that the changes seen in oxyhaemoglobin (HbO2) and deoxyhaemoglobin
(HHb) which are coincident with the period of stimulation originate from the
cortical layers. We have previously reported that significant changes in heart
rate occur during a finger tapping protocol for activation of the motor cortex in
adults [2]. NIRS is increasingly being used to monitor the haemodynamic
response to cognitive tasks by making measurements over the frontal and
prefrontal regions [3–5]. It is possible that some mental tasks used in these
studies may elicit a systemic response which may affect the measured NIRS
signals. The aim of this study was to investigate the systemic changes during
functional activation of the frontal cortex by measuring heart rate and mean
blood pressure during anagram solving in adult volunteers.

44.2 Method

44.2.1 Subjects

Nine healthy male volunteers all right handed with English as their first
language (age 20–25 years; mean 22.9 years) took part in this study.

44.2.2 Instrumentation

A continuous wave near-infrared spectrometer with a sampling rate of 6 Hz
(NIRO 200, Hamamatsu Photonics KK) was used to measure changes in tissue
oxygenation index (TOI) using spatially resolved spectroscopy and [HbO2]) and
[HHb] using the modified Beer-Lambert law. The optodes from the dual
channel system were placed on the left and right forehead respectively (taking
care to avoid the midline sinuses) and were shielded from ambient light by using
an elastic bandage and a black cloth. An optode spacing of 4cm was used and
the differential pathlength factor (DPF) applied was 6.26 [6]. A Portapres1

system (TNO Institute of Applied Physics) was used to continuously and
non-invasively measure mean blood pressure (MBP) and heart rate (HR)
from the finger.

44.2.3 Procedure

All the volunteers were positioned in a sitting position. After 2 minutes of
baseline rest measurements activation started with a minute period of solving
4-Letter anagrams (15 anagrams, 4 seconds per anagram) which was followed
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by a minute period of solving 7-Letter anagrams (6 anagrams, 10 seconds per

anagram). Each period was repeated a total of three times, with the study

ending after a 2 minute rest period (total study time 10 minutes). In this study

solving an anagram was defined as producing one coherent word using only the

letters from another (e.g. golf–flog; disease–seaside).

44.2.4 Analysis

The NIRS haemoglobin signals were first detrended to remove the slow drift,

then all the signals including MBP and HR, were low pass filtered at 0.08 Hz to

minimise the effects of other signal components. The filtering was carried out by

a 5th order low pass Butterworth digital filter in forward backward directions to

avoid introducing a phase delay (MatLab Mathworks Inc). The filtered signals

from each volunteer were ensemble averaged over the repetition cycles (per

volunteer two rest periods, three 4-Letter periods and three 7-Letter periods).

Changes in total haemoglobin concentration ([HbT]) were calculated from the

sum of changes in [HbO2] and [HHb].
A ‘Student t-test’ was used to assess the significance of the responses (the

threshold of significance was set at p<0.05 from baseline). Correlations

between variables were analysed with the Pearson correlation model.

44.3 Results

44.3.1 Activation Results

Figure 44.1 shows the grand average of the NIRS, MBP and HR data from all

nine volunteers during the entire ten minute test. The response to stimulation

was calculated as the difference between the average of 10 seconds worth of

baseline rest data, and the average of 10 seconds of data 20 seconds after the

onset of the 4-Letter anagram solving period and the 7-Letter anagram solving

period respectively. These changes are shown in Table 44.1. There was a

significant change in [HbO2], [HHb] and [HbT] between rest and the 4-Letter

anagram solving period and between rest and the 7-Letter anagram solving

period. There was no significant difference in the NIRS signals between the 4-

Letter anagram solving period and the 7-Letter anagram solving period. The

systemic signals (MBP and HR) also showed a significant difference between

rest and the 4-Letter anagram solving period and between rest and the 7-Letter

anagram solving period.
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Fig. 44.1 Grand averaged responses from all nine subjects of NIRS haemoglobin signals and
systemic measurements for the 10 minute study period.
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Table 44.1 Response of NIRS signals over the left and right brain frontal regions and MBP
and HR during 4- and 7- Letter anagram solving. Data from nine volunteers is presented as
means�SD. (t-test *p<0.01; yp<0.03; zp<0.05)

4-Letters - Rest 7-Letters - Rest

LH RH LH RH

�[HbO2] (mmoles/1) 2:48 �2:42* 2:41�1:72* 2:19�2:48* 2:30�1:76*
�[HHb] (mmoles/1) �0:28�0:46z �0:38�0:33* �0:46�0:48* �0:44�0:30*

TOI(%) �1:03�3:20 �0:29�1:22 0:03�2:01 0:25�1:30
�[HbT](mmoles/1) 2:19�2:69y 2:03�1:92* 1:73�2:76z 1:86�1:92*
MBP (mmHg) 4:6�4:1* 4:8�3:2*
HR (beats/min) 7:7�5:2* 3:5�3:0*
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Fig. 44.2 Individual correlation coefficients betweenMBP and [HbO2] andMBP and [HHb]
for each subject.
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44.3.2 Inter-Subject Correlation

The [HbO2] and [HHb] signals measured over the frontal region were found to
have a varying association with the MBP signal across different volunteers.
In order to investigate this we calculated the correlation coefficient between the
filtered [HbO2] and MBP and [HHb] and MBP for both hemispheres in all
subjects. These results are shown in Fig. 44.2.

44.4 Discussion

In this study we demonstrated significant changes in NIRS variables ([HbO2],
[HHb] and [HbT]) measured over both the right and left frontal region between
rest and a 4-letter anagram solving period and between rest and a 7-letter
anagram solving period. Furthermore, in the group data, we observed a
significant increase from rest in both MBP and HR during periods when the
subjects were solving the 4 and 7 letter anagrams. We have found that the
haemoglobin changes measured by NIRS during frontal lobe functional activa-
tion were in some volunteers significantly correlated with the systemic changes
in MBP and HR.

Given that the anagram task involves both language and spatial processing it is
reasonable that the response is not lateralised. A previous study by Chance et
al.[7] describes a robust prefrontal oxygenation signal in response to anagram
solving which also appears to be bilateral. To minimise the likelihood of move-
ment artifact or non stimulation related changes, we chose in this study not to ask
the subject to provide the answers to the presented anagrams and we were there-
fore unable to score the subjects’ performance on the task and determine whether
the systemic changes were related to this level of performance.

To our knowledge this is the first report of simultaneous measurements of
MBP and NIRS variables during a functional activation task of the frontal
cortex. In a previous study we reported an increase in heart rate during a finger
tapping task in adult volunteers [2]. Obrig et al [8]. measured arterial blood
pressure and heart rate in three subjects during visual stimulation (annular
checkerboard alternating at 8 Hz) and found a coherence between arterial
blood pressure and [HbO2] at frequencies coinciding with the heart rate and
spontaneous low frequency oscillations (centred around 0.1 Hz), but made no
specific comment about activation related changes in the systemic variables.

Nearly all studies of task-specific activation using functional neuroimaging
rely on the existence of a close coupling between regional changes in brain
metabolism and regional cerebral blood flow, sometimes referred to as
activation-flow coupling or neurovascular coupling. Regional haemodynamic
changes are used as a surrogate marker for changes in regional brain function
that occur due to changes in metabolism during excitatory or inhibitory neuro-
transmission, both of which are energy consuming processes. The relatively
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high correlation coefficient found in some subjects in this study between [HbO2]
and MBP and [HHb] and MBP suggests a centrally mediated mechanism that
might play a role in the overall functional haemodynamic changes seen in the
brain in these individuals during stimulation. Caution therefore should be taken
when analysing the cerebrovascular response of the activated brain due to the
unknown haemodynamic contribution from the systemic alterations occurring
during stimulation.

Acknowledgment Thanks to theMIAS-IRC and theMedical Physics group of the Institute of
Physics for travel support (IT) and the Clinical Research & Development Committee of
RF&UCMS/UCLH Charitable Trustees (IT).
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