


Legend for the front cover illustration

Andrew J. Ewald - (Scott E. Fraser Laboratory)

An early frog embryo, imaged at high-resolution using surface imaging microscopy, a novel technique first applied to
developmental biology in the Biological Imaging Center at Caltech (Ewald et al., Dev. Dynamics, 2002). In this neurula stage
embryo, the archenteron (large cavity) has formed and the blastopore has closed, thus completing the major goals of
gastrulation. Recent work from the Fraser Lab has studied the molecular control of archenteron formation and blastopore
closure and demonstrated that both processes require non-canonical Wnt signaling, acting through Dishevelled (Ewald et al.,
Development, in press). Quantitative analytical techniques, also developed in the Fraser Lab, were applied to demonstrate that
the cellular events of gastrulation are dissociable, and therefore providing a possible explanation for the observed diversity of
gastrulation mechanisms among amphibians.

Legend for the back cover illustration

Edward Coles — (Marianne Bronner-Fraser Laboratory)
Whole-mount immunohistochemistry of an E11 mouse embryo with anti- -tubulinlll (Tujl) — an early marker of
differentiating neurons. This projected z series was imaged using a Zeiss confocal microscope (Beckman Imaging Center).



Negative regulation of synaptic eIF4E by postsynaptic Pumilio

Image by Violana Nesterova, Kai Zinn and Kaushiki Menon

The cover shows accumulation of postsynaptic eIlF4E aggregates (red) adjacent to a presynaptic microtubule marker (green), at
Drosophila neuromuscular junctions (NMJs). The picture is an inverted mirror image of different neuromuscular junctions,
oriented longitudinally. In our paper we examine the synaptic function of a translational repressor, Pumilio at Drosophila
NMIJs. elF4E, is upregulated in Pumilio mutants (represented by NMJs with many elF4E aggregates in the image) and is
rescued by postsynaptic Pumilio expression (represented by NMlJs with fewer elF4E aggregates in the image). Genetic
epistasis and in vitro binding experiments indicate Pumilio regulates synaptic function by controlling translation factor e[F4E
expression.
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100, 75, 50 and 25 Years Ago

100 Years Ago: 1904

Although the name California Institute of Technology was not used until 1920, and the Division of Biology was not started
until 1928, there were biologists at Throop Polytechnic Institute, an earlier name for what is now Caltech. In 1904, Joseph
Grinnell, the most distinguished of them, joined the faculty. He was an 1897 graduate of Throop, went to Stanford for graduate
work, then joined the Throop faculty as Instructor in Natural Science in 1904. By 1906, he was Professor of Biology, but left
Throop in 1908 to become the Director of the Museum of Comparative Zoology and Professor at U.C. Berkeley. He is
considered the first important west coast mammalogist; in 1924, he first published the concept of the ecological niche.
Grinnell Mountain in the San Bernardino range is named for him.

75 Years Ago: 1929
1929 marked the first graduation of a Biology Division Ph.D. student at Caltech. The student was Albert Tyler, with a thesis
entitled "Experimental production of double embryos." He was a student in the laboratory of Professor T.H. Morgan, the
Division Chair. After his graduation he stayed in the Division, first as instructor, and then through the ranks to professor,
remaining until his death in 1968.

50 Years Ago: Biology 1954 at the California Institute of Technology
"Approximately a hundred academic staff members were responsible for the research, teaching and other activities of the
Division of Biology in its twenty-seventh year of existence. Research problems ranged all the way from the chemistry of Los
Angeles smog to investigations of the integrative mechanisms of the cerebrum...

Two Visiting Professors, Dr. Barbara McClintock of the Carnegie Institution of Washington, Cold Spring Harbor, New York,
and Dr. John B. Buck of the National Institutes of Health contributed in important ways to the teaching program of the
Division. In graduate genetics, Dr. McClintock gave a series of approximately 20 lectures, based largely on her own work in
cytogenetics of maize...

An important addition to the faculty of the Division was made in the appointment of Dr. Roger W. Sperry as Professor of
Psychobiology...

A significant step in the development of the Chemistry-Biology program at the Institute was the start of construction of the new
$1,500,000 Norman W. Church Laboratory for Chemical Biology..."

25 Years Ago: Caltech Biology Annual Report 1979

"The abstract by Hobby et al., that follows is probably the last that will appear in the Biology Annual Report on our attempts to
simulate the results obtained on the surface of Mars by the Carbon Assimilation experiment. The Viking findings, which
implied a small synthesis of organic matter from atmospheric carbon, were very surprising... The reaction was too
thermostable to be considered biological; other Viking data also make it extremely unlikely that Mars is a habitat of life."
From the abstract of Professor Norman H. Horowitz.



Thomas Hunt Morgan Professor of Biology, Edward Lewis,
Emeritus, died July 21, 2004 after a long battle with cancer.

Born May 20, 1918, in Wilkes-Barre, Pennsylvania, Lewis as an
adolescent became interested in the genetics of the fruit fly, Drosophila
melanogaster, which was already being touted as an excellent animal for
research by Caltech's Thomas Hunt Morgan. Lewis performed genetics
experiments on Drosophila while just a freshman in high school, and
after taking a bachelor's degree in 1939 at the University of Minnesota,
came to Caltech for a doctorate and remained at the Institute for the rest
of his life, save for four years in the U.S. Army Air Force during World
War 11, when he worked as a meteorologist.

A member of the California Institute of Technology faculty since
1946, Lewis spent his life working on the genetics of the fruit fly, with
special attention to the fundamental ways in which the genes relate to
embryonic development. The work had profound implications for a
basic understanding of the genetic regulation of development in humans.

In a book published on Lewis earlier this year, author and longtime
collaborator Howard Lipshitz wrote that Lewis's scientific research was
"the bridge linking experimental genetics as conducted in the first half of
the 20" century, and the powerful molecular genetic approaches that
revolutionized the field in its last quarter." Lipshitz also lauded Lewis's
much less widely known work on the understanding of radiation and
cancer, and the closely related issues concerning nuclear-weapons
testing policy.

In a campus article appearing in 1957, Lewis described his
success in causing the flies to develop with four wings (they normally
have two). "We now have a working model for picturing the genetic
control of development,” he said. His prognostication was correct, and
nearly four decades later the Nobel Committee, in awarding Lewis the
Nobel Prize in physiology or medicine in 1995, cited his triumph in
identifying and classifying "a small number of genes that are of key
importance in determining the body plan and the formation of body
segments.” The Nobel Committee also lauded Lewis for his discovery
of "how genes were arranged in the same order on the chromosomes as
the body segments they controlled.

Professor of Biology, William J. Dreyer, died April 23, 2004 after a
long illness.

A native of Kalamazoo, Michigan, Dreyer earned his B.A. degree
at Reed College in 1952 and his Ph.D. in biochemistry at the University
of Washington in 1956. After graduating, he worked as a research
biochemist at the National Heart Institute and the National Institute of
Avrthritis and Metabolic Disease before joining Caltech.

Dreyer was perhaps best known for developing an automated
sequencer that allowed researchers to quickly determine the order of
amino acids in a protein, an instrument that helped to launch the field of
biotechnology. He also proposed in the 1960s that genes could be
"reshuffled" to provide additional information for the formation of
proteins. At first controversial, the theory came into prominence after it
was confirmed by other researchers.

At a Society for Biomolecular Screening conference last year,
Caltech alum Leroy Hood credited Dreyer for mentoring his early career,
teaching him to think conceptually, and introducing him to "the
exhilaration of rapidly paced molecular immunology.” Dreyer always
emphasized two principles, he added: "Always practice biology at the
leading edge"” and "if you really want to change biology, develop new
technology for pushing back the frontiers of biological knowledge."

Dreyer authored a number of journal articles and held many
patents, including one for an immunological reagent and
radioimmunoassay and two for poly-acrylate beads that he developed
with two colleagues.

An avid pilot since 1960, Bill often flew to Baja California and
around the western United States and British Columbia. He once
remarked that his taste for flying his Cessna P210 at 15,000 feet—high
for a small plane but low for commercial aircraft—was "an allegory for
my tastes in scientific research. | like to work where research isn't too
competitive and crowded—to move beyond the current mob scene, even
if the place where | end up is lonely."




HONORS and Awards - 2004

Meyerowitz Smith Schuman

W. Bryan Smith is the winner of the Ferguson Award for the 2003-2004 academic year. This award goes to the student who
is judged by the faculty to have produced the best Ph.D. thesis over the past year. Dr. Smith performed his graduate studies in
the laboratory of Professor Erin Schuman.

His thesis work focused on mechanisms governing the spatial specificity of neuronal communication. A single neuron in the
brain may contain as many as ten thousand synaptic connections, small groups of which are independently regulated. For
example, the strength of some synapses may increase in response to a given stimulus, while synapses nearby remain
unchanged. One of the requirements for long-lasting changes in synaptic strength is that the neuron must produce new
proteins. If, as traditionally believed, all protein synthesis occurs in the cell body, neurons must ship the proteins great
distances, and with a high degree of specificity. A more plausible approach would be for neurons to produce the proteins
locally, near the synaptic sites where they are needed. Prior to Dr. Smith's work, such local, dendritic protein synthesis had not
been clearly demonstrated. Using a green fluorescent protein (GFP) reporter in a series of imaging experiments, Dr. Smith
provided definitive, visual proof that isolated dendrites of hippocampal neurons are capable of protein synthesis. His work
further showed that dopamine, an important neuromodulator, can directly affect synaptic strength in a local protein synthesis-
dependent manner.



PROFESSORIAL AWARDS 2004

James G. Boswell Professor of Neuroscience, Richard A. Andersen, received a NASA Tech Brief Award for a novel
implantable cortical neuroprosthesis device. He was elected by the neuroscientists of the American Association for the
Advancement of Science to serve on the Nominating Committee for Neuroscience from 2004-2007. He has been invited to
give a Special Lecture at the Society for Neuroscience Meeting this year and has also been invited to be a visiting professor at
the College de France, giving four lectures next year.

James G. Boswell Professor of Neuroscience, Seymour Benzer, was the recipient of the Bower Award and Prize for brain
research, Franklin Institute, Philadelphia; was presented with the Peter Gruber Foundation Award for Neuroscience, San
Diego, CA, and the Gairdner International Award for Medical Research, Toronto, Canada.

Max Delbruck Professor of Biology, Pamela Bjorkman, received the following honors and awards: The Dan H. Campbell
Memorial Lecture, Midwinter Conference of Immunologists; Southwestern Medical Foundation Distinguished Visiting
Professor Honoring Women in Science and Medicine, University of Texas at Southwestern; Keynote Speaker, 12th
International Congress of Immunology; Max Delbriick Professor of Biology.

Albert Billings Ruddock Professor of Biology, Marianne Bronner-Fraser, was the recipient of the following honors and
awards: Scientific Advisory Board—March of Dimes, 2004-present; Joint Genome Center Sequencing Review Committee,
2004-present; Harvey Lecturer, Rockefeller University, 2004; NHGRI Comparative Genome Evolution Review Committee,
2004.

Associate Professor of Biology, Raymond J. Deshaies, was appointed to the Defense Sciences Study Group of the Institute
for Defense Analysis, and was named Distinguished Lecturer, Cornell University.

Assistant Professor of Biology and Applied Physics, Michael Elowitz, was the recipient of a Searle Fellowship.
Assistant Professor of Biology, Grant J. Jensen was named a Searle Scholar.

Bing Professor of Behavioral Biology, Masakazu Konishi, was awarded the Gerard Prize, from the Society for
Neuroscience; the Edward M. Scolnick Prize in Neuroscience from McGovern Institute, MIT; the Lewis S. Rosenstiel Award
for Distinguished Work in Basic Medical Sciences, Brandeis University; and the Karl Spencer Lashley Award from the
American Philosophical Society.

Professor of Biology, Stephen L. Mayo, was elected as a member of the National Academy of Sciences.

George W. Beadle Professor of Biology and Division Chair, Elliot Meyerowitz, gave a plenary lecture at the XIX
International Congress of Genetics in Melbourne, Australia in July, 2003; and was the Duke Distinguished Lecturer at Duke
University in February, 2004. He has been selected as a Phi Beta Kappa Visiting Lecturer for the years 2004-2006. In May
2004, he was elected a Foreign Member of the Royal Society.

Professor of Biology, Paul H. Patterson, was named Distinguished Visiting Professor by the Institute of Psychiatry, King's
College, London.

Professor of Biology, Ellen Rothenberg, was awarded the 2003-2004 Biology Undergraduate Student Advisory Committee
Award for Excellence in Teaching.

Howard and Gwen Laurie Smits Professor of Cell Biology Alexander Varshavsky has received the 2005 Stein and Moore
Award from the Protein Society. He shared this award with Dr. Avram Hershko (Technion, Haifa, Israel). In 2004,
Varshavsky gave the Hofmann Lecture at the University of Pittsburgh.



The Biology Division hosted the following Wiersma Visiting Faculty in the last year:

December 3, 2003

Harvey Karten

Department of Neuroscience, UCSD

"Lettvin's bug detector — Evolution and neuromorphic
engineering: Holding the visual hierarchy map upside
down"

January 14, 2004

Marina Picciotto

Department of Psychology, Yale University School of
Medicine

"Protein kinase and protein phosphatase machinery at
synapses"

In 2004, special named lectures were presented:

NORMAN DAVIDSON LECTURE — MARCH 29, 2004
Michael Snyder

March 10, 2004

Thomas Schwarz

Children's Hospital, Harvard University

"Cellular traffic in the fly: Motors and membrane
targeting”

June 3, 2004

Cynthia Kenyon

Hillblom Center for the Biology of Aging, Department of
Biochemistry & Biophysics, UCSF

"From worms to mammals: The regulation of lifespan by
insulin/IGF signaling"

Department of Molecular, Cellular & Developmental Biology, Yale University

"Global analysis of genomes and proteomes"

KROC LECTURES

February 9, 2004

Jules Hoffman

Institut de Biologie Moleculaire, CNRS

"Recognition and signaling in the immune response of
Drosophila"

WEIGLE LECTURE — MAY 17, 2004

Stanley Korsmeyer

Dana-Farber Cancer Institute, Boston, Harvard University
"Gateways to apoptosis"

HOROWITZ LECTURES — October 13, 2003

Paul Berg

Cahill Professor of Biochemistry, Emeritus, Stanford
University School of Medicine

"One gene-one enzyme: A genomic perspective"

LEWIS SYMPOSIUM, FEBRUARY 4, 2004
Howard Lipshitz

April 5, 2004

Matthew Scott

Departments of Biology & Genetics, Stanford University
School of Medicine

"Genomic approaches to mesoderm development"

John Doebley
Genetics Department, University of Wisconsin
"The domestication of maize"

Maxine Singer
President Emeritus, Carnegie Institute of Washington
"The public fact of genetics"

Divisions of Endocrinology & Genetics, The Hospital for Sick Children

"From fruit flies to fallout: Ed Lewis and his science"

TYLER LECTURE
April 4, 2004
Joan Massague

Department of Cellular Biology, Memorial Sloan-Kettering Cancer Center

"Organ-specific metastasis genes and functions"



Photos from Keck Symposium on November 17, 2003






Biology Division Staff
Instruction and Research

Administrative



Instruction and Research Staff

Division of Biology

Elliot M. Meyerowitz, Chairman, Division of Biology
Pamela J. Bjorkman, Executive Officer for Biology
Erin M. Schuman, Executive Officer for Neurobiology

Professors Emeriti

John N. Abelson, Ph.D.

George Beadle Professor of Biology

Seymour Benzer, Ph.D., D.Sc.h.c. Crafoord Laureate
James G. Boswell Professor of Neuroscience (Active)

Charles J. Brokaw, Ph.D., Biology

John J. Hopfield, Ph.D.

Roscoe G. Dickinson Professor of Chemistry and Biology

Norman H. Horowitz, Ph.D., Biology

Edward B. Lewis, Ph.D. Nobel Laureate
Thomas Hunt Morgan Professor of Biology

Ray D. Owen, Ph.D., Sc.D.h.c., Biology (Active)

Senior Research Associate Emeritus

Roy J. Britten, Ph.D.

Distinguished Carnegie Senior Research Associate in Biology, Emeritus

John M. Allman, Ph.D.
Frank P. Hixon Professor of Neurobiology

Richard A. Andersen, Ph.D.
James G. Boswell Professor of Neuroscience

David J. Anderson, Ph.D.*
Roger W. Sperry Professor of Biology

Giuseppe Attardi, Ph.D., M.D.
Grace C. Steele Professor of Molecular Biology

David Baltimore, Ph.D.,
Nobel Laureate, Biology

Pamela J. Bjorkman, Ph.D.*
Max Delbriick Professor of Biology

Marianne Bronner-Fraser, Ph.D.
Albert Billings Ruddock Professor of Biology

Judith L. Campbell, Ph.D.
Chemistry and Biology

Professors

Eric H. Davidson, Ph.D.
Norman Chandler Professor of Cell Biology

Michael H. Dickinson, Ph.D.
Esther M. and Abe M. Zarem Professor of Bioengineering

William G. Dunphy, Ph.D.*
Biology

Scott E. Fraser, Ph.D.
Anna L. Rosen Professor of Biology

Mary B. Kennedy, Ph.D.
The Alan and Lenabelle Davis Professor of Biology

Christof Koch, Ph.D.

The Lois and Victor Troendle Professor of Cognitive and
Behavioral Biology and Professor of Computation and
Neural Systems

Masakazu Konishi, Ph.D.
Bing Professor of Behavioral Biology
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Gilles Laurent, Ph.D., D.V.M.

Lawrence A. Hanson Jr. Professor of Biology and

Computation and Neural Systems

Henry A. Lester, Ph.D.
Bren Professor of Biology

Stephen L. Mayo, Ph.D.!
Biology and Chemistry

Elliot M. Meyerowitz, Ph.D.
George W. Beadle Professor of Biology
Chair, Biology Department

Paul H. Patterson, Ph.D.
Biology

Jean-Paul Revel, Ph.D.?
Albert Billings Ruddock Professor of Biology
Dean of Students

Ellen V. Rothenberg, Ph.D.
Biology

Raymond J. Deshaies, Ph.D.*
Biology

José Alberola-lla, M.D., Ph.D.
Biology

David C. Chan, M.D., Ph.D.
Biology
Bren Scholar

Michael Elowitz, Ph.D.
Biology and Applied Physics
Bren Scholar

Shinsuke Shimojo, Ph.D.
Biology

Melvin 1. Simon, Ph.D.

Anne P. and Benjamin F. Biaggini Professor of Biological

Sciences

Paul W. Sternberg, Ph.D.*

Thomas Hunt Morgan Professor of Biology

James H. Strauss, Ph.D.

Ethel Wilson Bowles and Robert Bowles Professor of

Biology

Alexander J. Varshavsky, Ph.D.

Howard and Gwen Laurie Smits Professor of Cell Biology

Barbara J. Wold, Ph.D.
Bren Professor of Molecular Biology

Kai Zinn, Ph.D.
Biology

1 Joint appointment with Howard Hughes Medical Institute
2Undergraduate Student Advisor

Associate Professors

Bruce A. Hay, Ph.D.

Biology Biology

1 Joint appointment with Howard Hughes Medical Institute

Assistant Professors

Grant J. Jensen, Ph.D.
Biology

Athanassios G. Siapas, Ph.D.
Computation and Neural Systems
Bren Scholar

Lecturers

David S. Koos, Ph.D.
Jane E. Mendel, Ph.D.
James R. Pierce, M.D.
Stewart Scherer, M.D.

Erin M. Schuman, Ph.D.!



Christopher A. Buneo, Ph.D.
Martin Garcia-Castro, Ph.D.
Petr Hajek, Ph.D.

Gabriela Hernandez-Hoyos, Ph.D.

Toshiro Ito, Ph.D.
Joanna L. Jankowsky, Ph.D.

Elaine L. Bearer, Ph.D.
Hamid Bolouri, Ph.D.
William L. Caton I11, Ph.D.
Tobias Delbriick, Ph.D.
Igor Fineman, M.D.

Leroy Hood, M.D., Ph.D., D.Sc.h.c, D.h.c.

Shih-Chii Liu, Ph.D.
Angelique Y. Louie, Ph.D.

DIVISION OF BIOLOGY

SENIOR RESEARCH ASSOCIATES

R. Andrew Cameron, Ph.D.
Anne Chomyn, Ph.D.

lain D.C. Fraser, Ph.D.
Akiko Kumagai, Ph.D.
Jane E. Mendel, Ph.D.

Jose Luis Riechmann, Ph.D.
Ellen G. Strauss, Ph.D.

SENIOR RESEARCH FELLOWS

Ali Khoshnan, Ph.D.
David W. McCauley, Ph.D.

Mollie K. Meffert, M.D., Ph.D.

Paola Oliveri, Ph.D.
Jose L. Pefia, M.D.
Anthony P. West, Jr., Ph.D.

FACULTY ASSOCIATE
Alice S. Huang, Ph.D.

MOORE DISTINGUISHED SCHOLARS
Carl O. Paho, Ph.D.
Markus Meister, Ph.D.

VISITING PROFESSOR
Joseph Bogen, Ph.D.

VISITING ASSOCIATES

Eric Mjolsness, Ph.D.
Johannes Schwarz, M.D.
Neil Segil, Ph.D.

Ladan Shams, Ph.D.
Sandra B. Sharp, Ph.D.
Gary M. Wessel, Ph.D.
John C. Wood, M.D., Ph.D.

MEMBER OF BECKMAN INSTITUTE
Russell E. Jacobs, Ph.D.
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MEMBERS OF THE PROFESSIONAL STAFF

Cesar G. Labarca, Ph.D.
Ker-hwa (Susan) Tung Ou, M.S.
Shirley Pease, B.Sc.

Piotr Polaczek, Ph.D.
Andrew J. Ransick, Ph.D.
Hiroaki Shizuya, M.D., Ph.D.
Peter Siegel, Ph.D.

Peter Snow, Ph.D.

Julian Michael Tyszka, Ph.D.
Chiou-Hwa Yuh, Ph.D.

Zie Zhou, Ph.D.

Eugene Akutagawa, B.S.
Janet F. Baer, D.V.M.
Gary R. Belford, Ph.D.
Lillian E. Bertani, Ph.D.
Martin E. Budd, Ph.D.
Sangdun Choi, Ph.D.
Bruce Cohen, Ph.D.
Rochelle A. Diamond, B.A.
Mary Dickinson, Ph.D.
Pamela Eversole-Cire, Ph.D.
Gary M. Hathaway, Ph.D.
Suzanna J. Horvath, Ph.D.

SENIOR POSTDOCTORAL SCHOLARS

Elizabeth Haswell, Ph.D.
Helen McBride, Ph.D.
Tom Taghon, Ph.D.
Carol C. Tydell, D.V.M.
Frank Wellmer, Ph.D.

POSTDOCTORAL SCHOLARS

Satoko Adachi, Ph.D.
Bader Al-Anzi, Ph.D.
Gabriela Alexandru, Ph.D.

Catherine C. Baker, Ph.D.
Martin L. Basch, Ph.D.
Sylvian Bauer, Ph.D.
Bryan David Beel, Ph.D.
Marlene Biller, Ph.D.
Hemant S. Bokil, Ph.D.
Mark P. Boldin, Ph.D.
Christopher Brower, Ph.D.
Marina Brozovic, Ph.D.
Marina Brozovic, Ph.D.
Ted J. Brummel, Ph.D.

Holly J. Carlisle, Ph.D.
Rafael Casellas, Ph.D.
David F. Chang, Ph.D.
Mark A. Changizi, Ph.D.
Chun-Hong Chen, Ph.D.
Hsiuchen Chen, Ph.D.

Jing Chen, Ph.D.

Lili Chen, Ph.D.

Jae Hyoung Cho, Ph.D.
Mee Hyang Choi, Ph.D.
Pritsana Chomchan, Ph.D.
Todd A. Ciche, Ph.D.
Daniel John Clayton, Ph.D.
Edward G. Coles, Ph.D.
Jason David Connolly, Ph.D.
Brian Corneil, Ph.D.
Markus W. Covert, Ph.D.

Karin Crowhurst, Ph.D.
He Cui, Ph.D.

Pradeep Das, Ph.D.

Mindy I. Davis, Ph.D.
Maria Elena de Bellard, Ph.D.
Benjamin Deneen, Ph.D.
Benjamin Deverman, Ph.D.
Kamran Diba, Ph.D.
Mohammed Dibas, Ph.D.
Daniela Dieterich, Ph.D.
Xinzhong Dong, D.!
Robert A. Drewell, Ph.D.
Annick Dubois, Ph.D.

Andrew J. Ewald, Ph.D.
Maxellende Ezin, Ph.D.

Carlos 1. Fonck, Ph.D.

A. Nicole Fox, Ph.D.

Yasuko Funabiki, Ph.D.
Elizabeth-Sharon Fung, Ph.D.

Limor Gabay, Ph.D.
Alexander M. Gail, Ph.D.
Laura S. Gammill, Ph.D.
Feng Gao, Ph.D.

Lisa R. Girard, Ph.D.

Venugopala R. Gonehal, Ph.D.

Emmanuelle Graciet, Ph.D.
Bradley E. Greger, Ph.D.
Lingjie Gu, Ph.D.

Huatao Guo, Ph.D.

Chih-Ju Han, Ph.D.
Sang-Kyou Han, Ph.D.
Bridget M. Hanser, Ph.D.
Shengli Hao, Ph.D.

Wulf Eckhard Haubensak, Ph.D.
Ryusuke Hayashi, Ph.D.
Yuichiro Hayashi, Ph.D.
Wanzhong He, Ph.D.
Yongning He, Ph.D.
Marcus G.B. Heisler, Ph.D.
Andrew B. Herr, Ph.D.
Veronica F. Hinmann, Ph.D.
Kristina Holmberg, Ph.D.
Rong-gui Hu, Ph.D.

Byung Joon Hwang, Ph.D.*
Cheol-Sang Hwang, Ph.D.
Jong-1k Hwang, Ph.D.

Cristina Valeria lancu, Ph.D.
Takao Inoue, Ph.D.

Mili Jeon, Ph.D.
Seong-Yun Jeong, Ph.D.*
Changan Jiang, Ph.D.!
Henrik Johnsson, Ph.D.

Igor Kagan, Ph.D.

Pankaj Kapahi, Ph.D.

Jan Piotr Karbowski, Ph.D.
Mihoko Kato, Ph.D.

Yun Kee, Ph.D.

Bradley J. Kerr, Ph.D.
Eugenia Khorosheva, Ph.D.



Soo-Mi Kim, Ph.D.
Gary L. Kleiger, Ph.D.
Anne K. Knecht, Ph.D.
Irene Knuesel, Ph.D.
Reinhard Koester, Ph.D.
David Koos, Ph.D.
Takumi Koshiba, Ph.D.
Alexander Kraskov, Ph.D.
Nicole J. Kubat, Ph.D.
Mitsuhiko Kurusu, Ph.D.

Michelene N. Laurent, Ph.D.
Tim Lebestky, Ph.D.

Joon Lee, Ph.D.!

Vivian Lee, Ph.D.

John F. Leite, Ph.D.
Walter Lerchner, Ph.D.
Pingwei Li, Ph.D.

Wenhui Li, Ph.D.

Michael Liebling, Ph.D.

J. Russell Lipford, Ph.D.
Jeffrey A. Long, Ph.D.
Sally Lowell, Ph.D.
Wange Lu, Ph.D.

Agnes Lukaszewicz, Ph.D.
Peter Y. Lwigale, Ph.D.

Whee Ky Ma, Ph.D.
Sacha A. Malin, Ph.D.
Pasquale Manzerra, Ph.D.
Edoardo Marcora, Ph.D.
Melanie S. Martin, Ph.D.

Miguel Martin-Hernandez, Ph.D.

Thibault Mayor, Ph.D.
Kathryn L. McCabe, Ph.D.
Sean Megason, Ph.D.

Daniel K. Meulemans, Ph.D.
Takuya Minokawa, Ph.D.
Dane A. Mohl, Ph.D.
Laurent Moreaux, Ph.D.
Fraser J. Moss, Ph.D.
Yoh-Suke Mukouyama, Ph.D.*
Hans-Michael Muller, Ph.D.
Israel Muro, Ph.D.

Sam Musallan, Ph.D.

Zoltan Nadasdy, Ph.D.
Raad Nashmi, Ph.D.

Peter Oelschlaeger, Ph.D.
Colm O'Tuathaigh, Ph.D.
Jeong S. Oh, Ph.D.

Richard A. Olson, Ph.D.
Kenji Orimoto, M.D., Ph.D.!
Ochan Otim, Ph.D.

Rigo Pantoja, Ph.D.

Cyrus Papan, Ph.D.
Rachel S. Papan, Ph.D.
Sungmin Park-Lee, Ph.D.
Gentry M. Patrick, Ph.D.
Robia G. Pautler, Ph.D.
Bijan Pesaran, Ph.D.
Mathew D. Petroski, Ph.D.
Joseph J. Plecs, Ph.D.!
Joel Pomerantz, Ph.D.
Konstantin Pyatkov, Ph.D.

Xian-Feng Qin, Ph.D.
Rodrigo Q. Quiroga, Ph.D.

Anuradha B. Ratnaparkhi, Ph.D.
Daniel Rizzuto, Ph.D.

Nivalda Rodriguez-Pinguet, Ph.D.
Orma Rosenthal, Ph.D.

Benjamin D. Rubin, Ph.D.

Melissa Saenz, Ph.D.

Alok J. Saldanha, Ph.D.
Tatjana Sauka-Spengler, Ph.D.
Gary C. Schindelman, Ph.D.

Deirdre D. Scripture-Adams, Ph.D.

Sharad J. Shanbhag, Ph.D.
David R. Sherwood, Ph.D.
Nina T. Sherwood, Ph.D.
Bhavin Sheth, Ph.D.

Julia Shifman, Ph.D.
Kum-Joo Shin, Ph.D.
Patrick Sieber, Ph.D.
Timur Shutenko, Ph.D.
William Bryan Smith, Ph.D.
Irina Sokolova, Ph.D.
Elizabeth R. Sprague, Ph.D.
Jagan Srinivasan, Ph.D.!
Gurol M. Suel, Ph.D.

Greg Seong-Bae Suh, Ph.D.
Michael A. Sutton, Ph.D.
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Konstantin D. Taganov, Ph.D.
Chin-Yin Tai, Ph.D.

Andrew R. Tapper, Ph.D.
Elizabeth B. Torres, Ph.D.

W. Daniel Tracey Jr., Ph.D.
Thomas P. Treynor, Ph.D.
Qiang Tu, Ph.D.

Glenn C. Turner, Ph.D.

Cheryl Van Buskirk, Ph.D.

David W. Walker, Ph.D.
Horng-Dar Wang, Ph.D.
Lorraine R. Washburn, Ph.D.
Dai Watanabe, M.D., Ph.D.
Angela Weiss, Ph.D.
Allyson Whittaker, Ph.D.
Patrick Wilken, Ph.D.
Brian A. Williams, Ph.D.
Rachel I. Wilson, Ph.D.
Elizabeth R. Wright, Ph.D.
Shau-Ming Wu, Ph.D.

Zan-Xian Xia, Ph.D.
Peizhang Xu, Ph.D.
Xian-Zhong Xu, Ph.D.
Zhenming Xu, Ph.D.

Cain Hoi Yam, Ph.D.
Zhiru Yang, Ph.D.!
Hae Yong Yoo, Ph.D.!
Soon Ji Yoo, Ph.D.
Hao Yu, Ph.D.

Mary Yui, Ph.D.

Jin Zhang, Ph.D.

Yuanxiang Zhao, Ph.D.
Weiwei Zhong, Ph.D.
Jianmin Zhou, Ph.D.

Lisa Taneyhill-Ziemer, Ph.D.
Mark J. Zylka, Ph.D.

LJoint appointment with Howard Hughes Medical Institute

Visitors

Alejandro Bécker, Ph.D.
Libera Berghella, B.S.
Fumiko Maeda, Ph.D., M.D.
Rex A. Moats, Ph.D.
Nicola Raule, B.S.

Armando Miguel Remondes, B.S.

Jason C. Tsai, M.D.
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Meghan Adams
Oscar Alvizo®
Xavier Ambroggio
Ramzi Azzam

Magdalena Bak
Catherine Baker
Susannah Barbee
Martin Basch

Helen Holly Beale
John Bender

Jordan Benjamin
Kyle Bernheim
Rajan Bhattacharyya’
Sujata Bhattacharyya
Baris Bingol

Kiowa Bower

Bede Broome

C. Titus Brown

Seth Budick

Charles Bugg?

Eliot Bush

Michael Campos®
Ronald M. Carter
Gil Carvalho
Stijn Cassenaer
Eun Jung Choi
Gloria Choi
Gestur B. Christianson*
Gregory Cope?
Jeffrey Copeland
Robert S. Cox 1l
Laura Croal

Chiraj Dalal®

Sagar Damle

Tristan De Buysscher*
Scott Detmer

Mary Devlin?
Christopher Dionne

Jessica Edwards
Jonathan Erickson®

Alexander Farley
Shabnam S. Farivar
Jolene Fernandes
William Ford®

Nazli Ghaboosi
Anthony Giannetti’
Hilary Glidden®
Carl S. Gold*

Biology Graduate Students

Daniel Gold

Ying Gong®

Sean Gordon?

Noah Gourlie?
Johannes Graumann
Harry Green

Erik Griffin

Ming Gu*

Christopher Hart
Houman Hemmati
Gregory Henderson
Anne Hergarden
Gilberto Hernandez
Christian Hochstim
Alex Holub®
Geoffrey Hom?
Jean Huang

Po-ssu Huang?

Jun Ryul Huh

Princess Imouhueda®
Hiroshi Ito
Asha lyer

Vivek Jayaraman®

Jennifer Keeffe?
Jongmin Kim
Jane Khudyakov®
Rajan Kulkarni?
Steven Kuntz?

Christopher Lacenere
Kirsten Lassila
Brian Lee

Pei Yun Lee
Isabella Lesur?
Thomas H.C. Leung
Ben Lin

Lilyn Liu

Carolina Livi
Carole Lu

Tinh N. Luong

Angie Mah?

Davin Malasarn

Stefan Materna®

Ofer Mazor*

Daniella Meeker!
Andrew Medina-Marino

Daniel Meulemans
Anna K. Mitros®
Sarina Mohanty?
Jennifer Montgomery
Farshad Moradi'

Eric Mosser

Julien Muffat

Grant H. Mulliken!
Gavin Murphy?

Patricia Neil*
Matthew Nelson®
Dirk Neumann®
Dylan Nieman'

Elizabeth Ottesen

Maria Papadopoulou
Yao-Chun Peng
Javier Perez-Orive’
Robert J. Peters'
Alexa Price-Whelan

Juan Ramirez-Lugo
Lavanya Reddy"
Leila Reddy*
Clara Reis®
Michael Reiser!
Julian Revie?
Roger Revilla?
Adrian Rice?
Ted Ririe

Alice Robie
Tobias Rosen
Ueli Rutishauser*

Kathleen Sakamoto, M.D.
Anna Salazar
Jennifer Sanders
Shu Ping Seah
Premal Shah?
Kai Shen?
Huazhang Shen
Celia Shiau
Dong Hun Shin
Claudiu Simion
Jasper Simon
Eric Slimko!

Stephen E.P. Smith
W. Bryan Smith
Amber Southwell

Tracy Teal*
Devin Tesar
NaotsuguTsuchiya®

Luis Vazquez

Dirk Walther*

Luigi Warren

Karli Watson

Karen Wawrousek?
Jeffrey Wiezorek, M.D.
Casimir Wierzynski'
Ashley Wright
Daw-An Wu

Xinan Xiu?

Lili Yang
Hui Yu

Mark Zarnegar
Brian Zid
Eric Zollars®

'Computational and Neural Systems
“Division of Biochemistry
*Bioengineering
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Biology Research and Laboratory Staff — 2004

Stephanie L. Adams
Jennifer M. Alex, A.A.
Mary Alvarez

Armando Amaya
Jennifer Ambroggio, B.A., M.S.
Gabriel Amore, Ph.D.
Kristen Andersen
Michael Andersen
Caprece Anderson

Lilia Afonuevo

Igor Antoshechkin, Ph.D.
David Arce

Alexandra Arias, B.S.
Elena Armand, M.D.
Cirila Arteaga

Jenny Arvizu

Mary Ary

Esther Bae, B.A.
Carlzen Balagot
Darcy Ballister

Meyer Barembaum, Ph.D.
Guillermina Barragan
Carol Bastiani, Ph.D.
Ruben Bayon, B.S.
Christie Beel, B.A.
Gary Belford

Kevin Berney, A.B.
Ted Biondi, B.S.

John Bleech, B.A.
Benoit Boulat, Ph.D.
Natasha Bouey

Ana Lydia Bowman
Boris Breznan, Ph.D.
Lakshimi Bugga, M.S.
Gentian Buzi, M.S.

Ana Campos

Yun Cao

Cynthia Carlson, B.A.
John B. Carpenter, B.S.
Pilar Carrillo, B.S.
Gavin Chan

Juancarlos Chan, B.S.
Jung Sook Chang, B.S.
Jules Chen

Sherwin Chen, B.S.
Wen Chen, Ph.D.
Evelyn Cheung
Dasgupta Chiranjib
Tsz-Yeung Chiu, B.S.
Sangdun Choi

Suk Hen Chow

Sonia Collazo, M.S.
Ana Colon, AA.
Robin Condie
Stephanie Cornelison, B.S.

Christopher Cronin, B.S., M.E.

Susan Dao, B.A.

Robin Deis

John de la Cueva

Silva Delker

John Demodena, B.S.
Andrey Demyanenko, Ph.D.
Tatyana Demyanenko, Ph.D.
Elisa Denny, B.A.

Purnima Deshpande, M.S.
Kavitha Dhandapani

Prabha Dias, Ph.D.

Rhonda Digiusto, B.A.
Hongyu Ding

Ping Dong, M.D.

Andrew Dowsett, Ph.D.
Leslie Dunipace, M.A.
Janet Dyste, A.A.

Jean Edens

Maria Farkas, B.A.
Steven M. Flaherty, B.S.
Mary D. Flowers, M.A.
Michael Fontenette
Paige Fraser

Jessica Gamboa
Arnavz Garda, B.Sc.
Maggie Garrison, B.S.
Jahlionais Gaston
Cheryl Gause

Shahla Gharib, Ph.D.
Leach Gilera-Rorrer, B.S.
Michael P. Goard
Sidra G. Golwala
Martha Gomez

Abel Gonzalez
Constanza Gonzalez
Kenneth Goodrich
Blanca Granados
Hernan Granados
Rachel Gray

Lingjie Gu

Joaquin Gutierrez
Richele Gwirtz, B.S.

Yvonne Hadju-Cronin
Julie Hahn, B.S.

Atiya Hakeem, Ph.D.
Kathleen Hamilton

Parvin Hartsteen

Argelia Helguero, B.S.
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Summary: We are focusing on the evolution and
functions of the frontal lobe and particularly on a
distinctive class of neurons located in fronto-insular (FI)
and anterior cingulate cortex (ACC), the Von Economo
spindle cells, which are found in African apes and humans,
and probably comprise a phylogenetic specialization with
this clade. We are also investigating through functional
magnetic resonance imaging, the neural activity associated
with humor, which involves the areas containing these
specialized neurons. Humor involves the quick intuitive
judgment that a certain situation is discordant with
expectation. We are also investigating financial decision-
making behavior under uncertain conditions. Our study
indicates that such decisions are heavily influenced by
prior outcomes in risky choices. Since both FI and ACC
are active during risky decisions and financial loss and
may initiate changes in choices, we suspect that this
influence on behavior may involve circuitry within these
areas. Overall, we think that the Von Economo spindle
neurons may be part of the neural substrate for quick,
intuitive decisions in complex situations.

1. A functional magnetic resonance imaging

study of humor

Karli Watson, Ben Matthews~, John Allman

To complement these anatomical studies, we are
also using event-related fMRI to probe the functionality of
the spindle cell regions. We scanned normal subjects in a
3 T Siemens Trio system while they observed a series of
line drawings and rated each for funniness. This allowed
us to compare brain activation states associated with
humor, while controlling for the visual and interpretive
processing associated with viewing line drawings. As
reported previously, we found that funny versus unfunny
cartoons activate regions of the basal ganglia and
brainstem.!  These regions are associated with the
ascending dopaminergic pathway and probably underlie
the hedonic aspects of humor. In addition to past studies,
however, we also found that humor activates a distributed
frontal network that includes the frontal pole and the two
spindle cell-containing regions, anterior cingulate cortex
and fronto-insular (FI) cortex. We suggest that these
frontal regions underlie the detection and subsequent
reconciliation of incongruity that is required to evoke the
subjective sensation of humor.

In addition to employing the standard method of
analysis using general linear models (SPM2), we are using
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independent component analysis (ICA) to look at
variations in the BOLD signal. ICA has the advantage of
being data driven, as opposed to hypothesis driven, which
is conducive to the discovery of unexpected results. To
date, separation of our data into independent components
have revealed a number of spatially distinct signals
associated with the humor paradigm. Striate and extra-
striate activation are separated into different components,
as are motor, Fl, frontal pole, and temporal lobe activation.
Differences in activation profiles for the various
components may allow us to observe the interactions
among these regions.

“Undergraduate, Caltech

Reference
Mobbs, D., Greicius, M.D., Abdel-Azim, E., Menon, V.
and Reiss, A.L. (2003) Neuron 40(5):1041-1048.

2. History influences financial choice

Stephanie Kovalchik, John Allman

We have found a very interesting phenomenon in
the gambling task that depends on the past history of
gambles that influences the ability to adjust to changing
risk. Subjects choose between two decks under two
different conditions, Version A and Version B. In Version
A, $1 cards are interspersed with a some very negative
cards, so that the subject will loose money by selecting
from that deck, while the other deck contains $0.50 cards
interspersed with smaller penalties, so that they subject
will gain money be selecting from $0.50 deck. In Version
B, the $1 cards have smaller penalties so that the subject
will gain more money selecting cards from it versus the
$0.50 deck. After 60 card selections, the deck reward
structure is reversed for both versions, but the subject is
not told this, and the subject makes another 60 selections.
We found that in Version B, young subjects have a much
harder time adjusting to the change in reward than in
Version A. Thus, it was difficult for young subjects to
adjust to the fact that the predominately higher value cards
are associated with greater loss, when this was not the
initial condition for the series. The initial caution elicited
by Version A in which the subjects learned to forego the
$1 cards seemed to help them to adjust to the subsequent
change in reward structure. Elderly subjects do not show
this overconfident effect for Version A exhibited by
younger subjects. These effect of prior risk experience
may serve as a useful means to probe the functioning of
anterior cingulate and orbitofrontal cortical mechanisms
for mediating financial choice.

3. The scaling of frontal cortex in primates and

carnivores

E.C. Bush, J.M. Allman

Size has a profound effect on the structure of the
brain. Many brain structures scale allometrically, that is,
their relative size changes systematically as a function of
brain size. Here we use independent contrasts analysis to
examine the scaling of frontal cortex in 43 species of
mammals including 25 primates and 15 carnivores. We
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find evidence for significant differences in scaling between
primates and carnivores. Primate frontal cortex
hyperscales relative to the rest of neocortex and the rest of
the brain. The slope of frontal cortex contrasts is 1.18
(95% confidence interval, 1.06-1.30) for primates, which is
significantly greater than isometric. It is also significantly
greater than the carnivore

4. The Von Economo spindle neurons are
morphologically distinct from pyramidal
neurons
Karli Watson, John Allman
We developed a morphometric probe that allows

us to quantify characteristics that differentiate the Von
Economo spindle cells from other neurons. Using binary
images of nissl-stained human tissue sections, we used
Image J to determine the first and second moments of
various soma types. Graphing the feret length (longest
edge-to-edge measurement across the soma), the y-skew,
and major-to-minor axis ratio of each cell reveals a clear
separation between the pyramidal and spindle cell
populations. Future application of this probe will allow us
to unambiguously categorize spindle cells, and may be
useful for separating of other classes of neurons, as well.

5. The role of the frontoinsular cortex in social
cognition
Corinna Zygourakis', Ralph Adolphs?, John
Allman

The spindle cells are large bipolar neurons unique
to hominoid primates that have recently been mapped to
the frontoinsular cortex (FI) brain region. Several neuro-
imaging studies collectively suggest that the spindle cell
area in FI and adjacent cortex is responsive to "social
intention” in the form of angry faces, feelings of guilt,
violations of social norms, empathy, and cooperation. We
therefore hypothesize that FI lesions (that destroy the FI
spindle cells) may hinder subjects' ability to detect
expressions of social intention, particularly in the form of
shame, guilt, embarrassment, and empathy. To test our
hypothesis, we develop a set of film clips that depict the
social emotions of shame, guilt, embarrassment, and
empathy, as well as the primary emotions (happiness,
sadness, fear, anger, surprise, disgust). Normal and FI
lesion subjects view the film clips and answer questions
pertaining to the emotional content of the stimuli.
Skin-conductance and heart rate monitoring is also
performed while subjects view the clips. Statistical
analysis of data from FI lesion subjects and normal
subjects enables us to map the range of emotional
responses in the FI brain region. Results indicate
significant deficiencies in the lesion patients' recognition
of the social emotions, but not the primary emotions, as
compared to the normal subjects. Thus, it appears that the
FI is part of the neural circuitry that interprets social
intention.

'Undergraduate, Caltech
®HSS Professor, Caltech
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Summary: Neural mechanisms for visual-motor
integration, spatial perception and motion perception.
While the concept of artificial intelligence has received a
great deal of attention in the popular press, the actual
determination of the neural basis of intelligence and
behavior has proven to be a very difficult problem for
neuroscientists. Our behaviors are dictated by our
intentions, but we have only recently begun to understand
how the brain forms intentions to act. The posterior
parietal cortex is situated between the sensory and the
movement regions of the cerebral cortex and serves as a
bridge from sensation to action. We have found that an
anatomical map of intentions exists within this area, with
one part devoted to planning eye movements and another
part to planning arm movements. The action plans in the
arm movement area exist in a cognitive form, specifying
the goal of the intended movement rather than particular
signals to various muscle groups.

One project in the lab is to develop a cognitive-
based neural prosthesis for paralyzed patients.  This
prosthetic system is designed to record the electrical
activity of nerve cells in the posterior parietal cortex of
paralyzed patients, interpret the patients' intentions from
these neural signals using computer algorithms, and
convert the "decoded" intentions into electrical control
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signals to operate external devices such as a robot arm,
autonomous vehicle or a computer.

Recent attempts to develop neural prosthetics by
other labs has focused on decoding intended hand
trajectories from motor cortical neurons. We have
concentrated on higher-level signals related to the goals of
movements. Using healthy monkeys with implanted
arrays of electrodes we recorded neural activity related to
the intended goals of the animals and used this signal to
position cursors on a computer screen without the animals
emitting any behaviors. Their performance in this task
improved over a period of weeks. Expected value signals
related to fluid preference, or the expected magnitude or
probability of reward were also decoded simultaneously
with the intended goal. For neural prosthetic applications,
the goal signals can be used to operate computers, robots
and vehicles, while the expected value signals can be used
to continuously monitor a paralyzed patient's preferences
and motivation.

Our laboratory also examines the coordinate
frames of spatial maps in cortical areas of the parietal
cortex coding movement intentions. Recently, we have
discovered that plans to reach are coded in the coordinates
of the eye. This is particularly interesting finding because
it means the reach plan at this stage is still rather
primitive, coding the plan in a visual coordinate frame
rather than the fine details of torques and forces for making
the movement. We have also discovered that when the
animal plans a limb movement to a sound, this movement
is still coded in the coordinates of the eye. This finding
indicates that vision predominates in terms of spatial
programming of movements in primates.

Another major effort of our lab is to examine the
neural basis of motion perception. One series of
experiments is determining how optic flow signals and
efference copy signals regarding eye movements are
combined in order to perceive the direction of heading
during self-motion. These experiments are helping us
understand how we navigate as we move through the
world. A second line of investigation asks how motion
information is used to construct the three-dimensional
shape of objects. We asked monkeys to tell us which way
they perceived an ambiguous object rotating. We found an
area of the brain where the neural activity changed
according to what the monkey perceived, even though he
was always seeing the same stimulus. In other
experiments we have been examining how we rotate mental
images of objects in our minds, so-called mental rotation.
In the posterior parietal cortex we find that these rotations
are made in a retinal coordinate frame, and not an object
based coordinate frame, and the mental image of the object
rotates through this retinotopic map.

We have successfully performed functional
magnetic resonance imaging (fMRI) experiments in awake,
behaving monkeys. This development is important since
this type of experiment is done routinely in humans and
monitors the changes in blood flow during different
cognitive and motor tasks. However, a direct correlation
of brain activity with blood flow cannot be achieved in
humans, but can in monkeys. Thus, the correlation of
cellular recording and functional MRI activation in
monkeys will provide us with a better understanding of the
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many experiments currently being performed in humans.
A 4.7 Tesla vertical magnet for monkey imaging has
recently been installed in the new imaging center in the
Broad building. We will use this magnet, combined with
neural recordings, to examine the correlation between
neural activity and fMRI signals.

6. Macaque supplementary eye fields neurons

exhibit task-specific spatial tuning

B. Breznen, M. Campos, R.A. Andersen

We recorded from 86 neurons in the
supplementary eye fields (SEF) of one macaque monkey
during two tasks. We first mapped neurons' two-
dimensional receptive field (RF) in a memory saccade task.
Then we used the same grid of targets to probe the RF in
an object-based saccade task. In this task, we first cued
left or right side of an isosceles triangle and then re-
positioned it so that the previously cued side of the
triangle was spatially aligned with one of the targets on the
grid. Only 44% of the cells tuned in the memory saccade
task maintained the location of the RF in the object task.
The majority of the tuned cells either lost the tuning (36%)
or changed the location of the RF (20%). For the cells
that kept the spatial tuning we further analyzed it in
different contexts i.e., we compared the tuning for the
targets located on the left vs. right side of the object as
well as for different object orientations. Only a small
fraction of the cells kept the spatial tuning in all contexts
(7%), for the rest the tuning was present only in some
contexts. In addition to spatial tuning, SEF cells also
carried information about the target side of the object (57%
of all cells) and the orientation of the object on the screen
(22%). This information was usually superimposed in the
spatial RF in a form of a gain field: 72% of the tuned
cells were gain field modulated. We also found a small
number of cells (16% of all cells) that encoded exclusively
the object-centered location of the target. Our results show
that SEF neurons encode spatial information in a task-
specific way i.e., the same cell exhibits different spatial
tuning depending on the task. These results are in contrast
with our results from the lateral intraparietal area (LIP),
where 84% of the cells maintain their spatial RF in both
tasks. This may reflect the functional difference of the two
areas: whereas area LIP is involved in spatial
transformations underlying saccades, area SEF encodes
abstract task-specific associations.

7. Re-learning spatial representations via

Bayesian estimation

M. Brozovic, R.A. Andersen

We are studying how neurons in the posterior
parietal cortex (PPC) adjust their tuning curves as they
learn a new spatial mapping within their reference frame.
In general, parietal neurons have a preferred direction when
planning for eye or reach movements. For example, a
neuron in the parietal reach region (PRR) might have the
highest firing rate when planning to execute a 45-degree
reach (up and right) towards a visual target. We are
interested in how the tuning curve changes when an offset
is introduced into the visual feedback for the hand-target
position.

A two-layer network with non-linear transfer
functions was designed to perform reach movements
toward visual targets. The desired output of the network
was obtained using a Bayesian regression (MacKay, 1995).
The model assumed a simple Gaussian prior distribution
defined by hyper-parameter alpha. In addition the
likelihood function that described the Gaussian noise in
the target data was characterized by a hyper-parameter beta.
Network training was achieved by minimizing the error
function and updating the values of the hyper-parameters.

In the second stage of network training, we
introduced an offset in the target data while using the
previously established probability hyper-parameters as the
starting point. The effect of relearning on the
representations of space in the hidden units was examined.
The preliminary results show that in order to accommodate
the new spatial mapping, the tuning curves shift, as well
as scale with respect to their priors.

Support contributed by: NEI and the Sloan-Swartz Center
at Caltech.

8. Translation speed compensation in area

MSTd

B. Lee, B. Pesaran, Z. Nadasdy, R.A. Andersen

MSTd is involved in the computation of heading
direction from the focus of expansion (FOE) of the visual
image. We previously found that MSTd neurons adjust
their focus tuning curves to compensate for shifts in the
FOE produced by eye rotation (Bradley et al., 1996). In
addition, we found this compensation adjusts for pursuit
speed (Shenoy et al., 2001). The shift in the FOE during
pursuit eye movements is also affected by the speed of
translation. Slower translation causes a larger shift in the
FOE than faster translation. To investigate whether MSTd
neurons adjust their focus tuning curves to compensate for
varying simulated translation speeds, we recorded
extracellular responses from MSTd neurons in a Rhesus
monkey (Macaca mulatta) performing pursuit eye
movements across displays of varying translation speeds.
We found that for a given eye pursuit speed, seven of ten
focus-tuned MSTd neurons show a larger shift in their
tuning curves for slow translation speeds and a smaller
shift for fast translations speeds. These shifts align the
focus-tuning curve with the true heading and not with the
retinal position of the FOE. Since the eye is pursuing at
the same rate for varying translation speeds, this indicates
that retinal signals related to translation are used to adjust
the amount of compensation in MSTd. In a simulated
pursuit task, the gaze was fixed while the display was
swept across the visual field to create the same retinal
image as in the real pursuit task. We found that many
MSTd neurons also shift their tuning curves towards the
actual heading direction instead of aligning with the retinal
image. However the shift in the focus-tuning curve in this
simulated condition is not as great as in the real eye
pursuit condition. These results indicate that the
combination of extra-retinal signals from eye pursuit
movements and retinal cues related to translation speed is
used by MSTd to represent heading direction.
Support contributed by: NEI, J.G. Boswell Professorship,
and the HHMI Pre-Doctoral Fellowship.



9. Efficacy and adaptation in parietal local field
potentials used in a brain machine interface
for cursor control
D. Meeker, R.A. Andersen
Previous studies have indicated that spikes can

effectively be used as control signals for abstract effectors

in a brain machine interface (BMI). In this study, local
field potentials (LFPs) from a macaque were used to
control a BMI in a binary cursor-positioning task.

Recordings were made serially from 24 sites in parietal

reach region (PRR) while the monkey performed a delayed

reach to eight targets. The two targets with the largest
mahalanobis distance between the power spectral densities

(PSDs) were selected for use in the binary task, and in

order to establish baseline signal levels, the reach task was

repeated a minimum of 20 times in each of these two
directions. Using the PSDs from the preceding reach trials
to inform the prediction, a cursor was then introduced
which, providing sufficient certainty (>0.85) in the
maximum-likelihood estimate of the target location, would
become visible at the predicted target location after the
delay period. In this closed-loop brain control task, the

average performance of the BMI for each site was 71.5

10.2% correct; 16% lower than the average performance of

a spike-controlled BMI performing the same task, with

PRR signals. However, performance of the BMI did show

a trend of improvement, with 7/24 sites showing

significant improvement and steady baseline performance

by the last 50 cursor trials in the experiment, and one
showing a significant decrease in performance. The

average improvement in those sites was 6.3%.

Additionally, the mahalanobis distance between targets

after the introduction of the cursor increased on average by

20.15; 14/24 sites increased distance and 4/24 decreased.

The remaining sites did not change. These changes may

be related to a rapid adaptation and improvement in

performance seen with a spike-controlled BCI used for the
same task, and may reflect a global signal involved in the
incentive valance of the different phases of the task.

Support contributed by: DARPA and NEI.

10. Decoding trajectories in real-time from
posterior parietal cortex
G.H. Mulliken®, S. Musallam', R.A. Andersen
Recently, we successfully decoded movement intentions
using delay activity recorded from neural ensembles in
posterior parietal cortex (PPC). Here, we show that
movement trajectories can also be decoded using neural
activity from PPC. Single-unit and multi-unit activity
were simultaneously recorded from 96 microwire electrodes
implanted in the medial intraparietal sulcus (MIP) and
Area 5 of one rhesus monkey. Experimental sessions were
divided into a training segment and a closed-loop brain
control segment. During the training segment, the
monkey fixated a central cue and used a joystick to guide a
4 mm diameter (0.45 degrees) cursor to a 2 cm target
located 11 cm (12.5 degrees) from the fixation point. The
monkey was rewarded whenever the cursor was within 1.5
cm of the target for at least 100 ms. After approximately
600 training trials, a linear model of absolute cursor
position was constructed. The effective degrees of freedom
of the model were controlled using ridge regression.
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During the brain control segment, the monkey fixated a
central cue while the position of the cursor was determined
by the model prediction, independent of joystick position.
Cursor position was updated every 100 ms until either the
target was reached, a break of fixation occurred or 10 s
elapsed. Performance during brain control trials was >70%
for eight targets. The median time-to-target for successful
trials was 875 ms. Off-line analysis of motor-error tuning
suggests that PPC encodes both trajectory representation
and a cognitive, goal-oriented representation of the
impending movement. Decoding intent using motor-error
could be important when rapidly predicting large
amplitude movements.

‘Computation and Neural Systems, California Institute of

Technology

Support contributed by: NEI, DARPA, and the Boswell
Foundation.

11. Cognitive control signals for neural prosthetics
S. Musallam, B.D. Corneil, B. Greger, H.
Scherberger, R.A. Andersen
An important question in neuroprosthetic research

is what parameters can be decoded and used for prosthetic

applications. We explored whether cognitive activity not
directly related to visual input or motor output can be used
as prosthetic control signals. We recorded signals related
to movement intention during a brain control task in
which signals were recorded from the parietal cortex of
three monkeys, decoded with a computer algorithm, and
used to position cursors on a computer screen. The
intended goals and also the value of the reward the animals
expected to receive at the end of each trial were decoded
from the recordings. The monkeys' performance in this
task improved over weeks. Intentional signals extracted
from recordings that lasted for as little as 200 ms led to
performance significantly above chance. Using cognitive
signals, we can predict the reward preference (juice or
water) of the animal and the expected magnitude and
probability of reward. Similar to the parietal cortex, the
goal of the planned movement could also be decoded in
the brain control task using recordings from the dorsal
premotor cortex. These results indicate that brain activity
related to cognitive variables extracted from a small
number of neurons can be a viable source of signals for the
fast control of a neural prosthetic. The goal signals can be
used to operate computers, robots and vehicles, while the

decision variables can be used to continuously monitor a

paralyzed patient's preferences and motivation.

This work was supported by: DARPA, NEI, HFSP, ONR,

Christopher Reeves Foundation, and the Boswell

Foundation.

12. Perceptual bias in V1 neuronal responses to
ambiguous three-dimensional objects N
Z. Nadasdy, B. Pesaran, M. Saenz, C. Koch,
R.A. Andersen
We studied spike responses of V1 superficial layer
neurons in a perceptual decision task. A rhesus monkey
was trained to hold fixation during presentations of a three-
dimensional (structure-from-motion) object and to make a
perceptual decision in an alternative forced choice paradigm
while recording single cell activity. The disparity of
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constituent dots was varied from trial-to-trial to render
perceptually ambiguous or unambiguous objects. Neurons
with disparity and direction tuning were selected. We
estimated the probability with which the firing rate of a
given V1 neuron would allow an ideal observer to predict
the monkey's perceptual choice in the task. Neuronal
responses to zero-disparity (ambiguous) objects were sorted
according to the perceptual decision and the choice
probability was determined for each neuron (Britten et al.,
1996). Based on the sample of 110 neurons the
distribution of firing rate discriminability indices showed a
significant bias from zero (p<0.01) starting at ~500 ms
after the stimulus onset. The choice probability was
significantly different from by chance for 20% of the cells
and generally correlated with the perceptual report. The
long latency of the perceptual bias suggests that a
subpopulation of V1 neurons receive feedbacks from higher
visual cortical areas including MT/MST.

Professor, Division of Biology, Caltech

Support contributed by: NEI and the J.G. Boswell
Professorship.

13. Network activity in posterior parietal cortex

during decision-making for reaches

B. Pesaran, R.A. Andersen

To study the development of reach plans in PPC
under more natural conditions, we trained two monkeys to
perform a task in which they were allowed to choose where
to look and where to reach. Monkeys were presented with
three identical reach targets one of which resulted in a
reward. The reward target was assigned randomly each
trial and they made reaches to search for the reward until
they found it. We chronically implanted multielectrode
arrays in the medial bank of the intraparietal sulcus (mIPS;
64 electrodes) and area 5 (A5; 32 electrodes) in each of two
monkeys and we recorded spiking, local field potential
(LFP) activity and eye position as they performed the task.
To characterize the selection and planning process before
the first reach we used a predictive framework in which the
monkeys' choice was predicted from neural activity and we
compared these choice probabilities from spiking and LFP
activity in each cortical area. Spiking and LFP activity in
both mIPS and A5 showed strong spatial tuning for the
reach direction but had different temporal dynamics. Spike
rate in both areas and LFP activity in A5 became
significantly tuned just prior to reaching while LFP
activity in the mIPS was spatially tuned earlier during the
delay period. Decoding spike activity, we found reach
direction (1 of 8) could be most accurately decoded at reach
onset (mIPS:97%; A5:84%). This declined to chance 400
ms before the reach. Decoding LFP activity, we found
reach direction (1 of 8) could also be most accurately
decoded at reach onset (mIPS:90%; Ab5:95%).
Surprisingly, LFP activity in mIPS predicted the reach
choice up to 300 ms earlier than LFP activity in A5 or
spiking activity in either area. In summary, we find LFP
activity in mIPS predicts the reach choice earlier than
recorded spiking suggesting this area may receive top-
down inputs before computing the visual-motor
transformation or that intra-cortical activity is initiated
very early in mIPS.

Support contributed by: NIH, DARPA, and the J.G.
Boswell Professorship.

14. Motor imagery activates human parietal reach
region
D.S. Rizzuto, H.K. Glidden, I. Fineman’,R.A.
Andersen

Motor planning signals, including movement
goal location, have been recorded from macaque parietal
reach region (PRR). Creating a brain-machine interface
using motor planning signals from the human homologue
of PRR could help paralyzed and locked-in patients regain
mobility and/or the ability to communicate. Before such a
device can be implanted, however, the precise location of
human PRR must be uniquely determined for each patient.
This requires a task that elicits PRR activity in the absence
of movement. Using functional imaging in normal
subjects we found that, compared to visual fixation,
imagined pointing elicits the same pattern of activation as
real pointing. Studying seven right-handed subjects in a
blocked-design point/imagined-point/fixation task we
found that every subject exhibited activation along the
medial bank of the left (contralateral) intraparietal sulcus,
including the human homologue of PRR, as well as
bilateral activation of motor cortices. In addition, four of
the subjects exhibited increased bilateral dorso-lateral
prefrontal (DLPFC) activity, while an additional two
subjects exhibited increased DLPFC activity on either the
left or right side. These findings offer the possibility of
using functional imaging to guide the implantation of a
cortical prosthetic into the PRR of paralyzed and/or
locked-in patients.

“Department of Neurosurgery, Huntington Memorial
Hospital, Pasadena, CA

Support contributed by: DARPA, NEI, ONR, and the

Boswell Foundation.

15. Parietal reach activity during planned obstacle

avoidance

E.B. Torres, C.A. Buneo, R.A. Andersen

The generation of goal-directed motions requires
transforming perceptual goals into motor actions. A feed-
forward neural network implementation of a recent
computational theory (Torres, 2001) performs this
transformation in an intermediate geometric stage that
simulates actions by separating motion in space and time.
This action-simulation process results in two learning
periods: a geometric one, (optimization in space) and an
‘automatic’ one, (optimization in time). We are currently
exploring the role of the posterior parietal cortex (PPC) in
obstacle avoidance using a task that imposes a separation
(in time) between geometric and automatic learning.
While fixating straight ahead, two rhesus monkeys
performed center-out reaches to 10-14 targets (10-15
repetitions/target) in an instructed delay-reaching task.
Movements were performed in three alternating blocks: a
block with no obstacles (R1), an obstacle block (OBR),
and a second no obstacle block (R2). In both animals,
hand trajectories (obtained from electromagnetic sensors)
reflected the formation of new geometric strategies during
OBR: hand paths were substantially more curved for
movements near the obstacle than in either R1 or R2.



Though curved, these hand paths were highly consistent
throughout OBR while the temporal aspects of the
movements were initially highly variable but became
progressively more regular. Consistent with the changes
in planned geometric paths between blocks, most cells
(~80%) showed a strong effect of the obstacle during the
delay period (two-way ANOVA on target location and
obstacle condition, p<0.05). In addition, 50% of the
neurons showed a significant change in firing rate in late
OBR compared to early OBR (2-way ANOVA, p<0.05),
consistent with changes in the temporal aspects of the
movements. These data suggest that delay period activity
in the PPC reflects geometric aspects of reach trajectories
and may reflect temporal aspects of pending movements as
well.

Support contributed by: NEI, DARPA, J.G. Boswell,
Sloan, and the Swartz Foundations.
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Summary: We are studying the development of neural
stem cells, and interactions between developing nerves and
blood vessels. We have also begun to study the neural
circuitry for innate fear, in both flies and mice.

Stem cells are primitive, undifferentiated cells
that have the capacity both to reproduce themselves (self-
renew) and to differentiate into specialized cell types, such
as neurons or muscle cells. A fundamental problem in
neural development is to understand how the stem cells of
the nervous system produce all the different types of cells
composing the adult brain. These include different
subtypes of neurons and of non-neuronal cells called glia.
Our approach is to isolate neural stem and progenitor cells,
characterize their developmental capacities, and identify
some of the molecules and genes that control their
differentiation from outside and inside the cell. Our
principal accomplishments in recent years have been: (1)
the direct isolation of neural stem cells from uncultured
tissue and the development of an in vivo transplantation
assay for these cells; (2) the identification and functional
analysis of "master genes" that control neuronal
differentiation; and (3) the identification and functional
analysis of a new family of related master genes that
sequentially control neurogenesis and gliogenesis. We
have also pursued studies in the field of angiogenesis,
stemming from our discovery that arteries and veins are
molecularly distinct from the earliest stages of blood
vessel formation.

Isolation and characterization of neural stem cells

A fundamental issue in neural stem cell biology is to
understand how many different kinds of neurons and glia a
single stem cell can produce. We have developed
procedures to identify and isolate neural crest stem cells

directly from uncultured tissue, based on their selective
labeling by antibodies that bind specific proteins on the
cell's surface. Using these markers, we can use
fluorescence-activated cell sorting to purify the stem cells
away from the other, unwanted cell types. We can then
examine the differentiation capacities of these stem cells
by challenging them with various differentiation signals in
petri dishes or in host embryos.

In petri dishes, for example, we can ask how the
stem cells choose among their different fates: neuron, glia
or smooth muscle. Are these decisions made on
"autopilot," according to some internal genetic program, or
do they depend on the cell's local external environment?
We found that the cells choose their fate according to their
environment, and we identified several specific proteins, or
growth factors, that, when added to the culture medium,
push the stem cells to select a given differentiated fate
from their menu of options. Some factors promote
neuronal differentiation, others promote glial
differentiation, and still others promote smooth muscle
differentiation.

Master genes for neuronal and glial differentiation

We have identified several master switch genes for the
neuronal fate. Expression of these genes in stem cells is
sufficient to drive their differentiation to neurons. Are
there similar master switch genes for the glial fate?
Recently, we identified the Olig genes, a new family of
genes that are sufficient to drive the differentiation of stem
cells to oligodendrocytes, the myelin-forming glia of the
central nervous system. Independent work from the
laboratory of Thomas Jessell (HHMI, Columbia University
College of Physicians and Surgeons) has shown that Olig
genes can promote differentiation of motor neurons at
earlier stages of development. More recently, we have
shown that deletion of the Olig genes in mice prevents
differentiation of both motor neurons and
oligodendrocytes. This loss reflects a fate-conversion
event, rather than simply a failure of differentiation.
Spinal cord precursors lacking Olig genes generate certain
kinds of interneurons and astrocytes (another type of glial
cell), rather than motor neurons and oligodendrocytes.
Thus, Olig genes seem to link the choice between two
alternative subtypes of neuron to the choice between two
alternative subtypes of glia.

Novel receptors for pain-sensing neurons

Sensory neurons, which derive from the neural crest,
innervate the skin and mediate responses to touch,
pressure, heat, cold, and painful stimuli. In the course of
identifying new marker genes for these neurons, we
discovered a large family of novel genes, called Mrgs, that
encode receptors expressed on the cell surface. The Mrgs
appear to be expressed by sensory neurons and no other
cell type in the body. Although the exact molecules
recognized by these "orphan" receptors is not yet known,
they appear to be able to bind neuropeptides, short proteins
that can modulate neuronal function. An exciting
possibility is that the MRGS modulate pain sensitivity, in



which case they could prove useful as targets for new
analgesic drugs.

Identity specification and patterning of developing
arteries and veins

Several years ago, we discovered serendipitously that
arteries and veins are molecularly distinct, and that
bidirectional interactions between these two types of blood
vessels are essential for proper circulatory system
development. We have now exploited our ability to
distinguish arteries and veins molecularly to investigate
when and how these differences arise during development.
Using these tools, we have recently discovered that in
developing skin, the branching pattern of arteries, but not
veins, is aligned with that of peripheral nerves. In the
absence of nerve fibers, arteries fail to differentiate
properly. Moreover, mutations that change the branching
pattern of the nerves change that of arteries as well. These
data suggest that signals from the nerve are required for
proper arterial differentiation in the skin, and that the
branching pattern of peripheral nerves provides a
"template” to pattern the branching of arterial blood
vessels.

Neural circuits for innate fear in mice and flies

In a new initiative, we have developed a novel
experimental system to study the neural circuits that
control behavioral responses to innately fearful stimuli.
We have identified unimodal sensory stimuli that can elicit
different fear behaviors (flight or freezing) in laboratory
mice, depending on the context and/or prior experience of
the animals. We are using quantitative immediate early
gene expression analysis to map, with single-cell
resolution, the brain regions that are active in these
different behaviors. Efforts to identify genes expressed in
these regions, both constitutively and in an activity-
dependent manner, are also underway, using
oligonucleotide microarrays and laser-capture
microdissection. ldentification of molecular markers for
brain regions associated with emotional behaviors should
permit us to determine the function of these regions, by
creating transgenic animals in which the activity of
neurons in these regions can be reversibly silenced (using
techniques being developed in Professor Henry Lester’s
laboratory), as well as, to map their connectivity. These
studies should better define the neural substrates of
subjective emotional states, and ultimately may aid in a
clearer understanding of the pathophysiological basis of
affective disorders in humans, such as anxiety and
depression.

In parallel with these studies in mice, we have
initiated conceptually similar experiments in the fruitfly,
Drosophila melanogaster. Our goal is to identify simple
and robust innate behaviors, and then perform unbiased
"anatomical” and genetic screens to map the neuronal
circuits and identify the genes that control these behaviors.
This dual approach will provide an opportunity to integrate
molecular genetic and circuit-level approaches to
understanding how genes influence behavior. The
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"anatomical” screen exploits the availability of “enhancer
trap™ lines in which the yeast transactivator protein GAL4
is expressed in specific subsets of neurons, and a
conditional (temperature-sensitive) neuronal silencer gene
that prevents synaptic transmission. Currently we have
developed assays for an innate avoidance response
triggered by a conspecific putative alarm pheromone (fly
"fear"), as well as, for arousal intensity and hedonic
valence, two important axes underlying emotional states in
humans.

Grants from the National Institutes of Health and the
Pritzker Foundation supported portions of this work.

16. Lim homeodomain proteins mark
hypothalamic and amygdaloid circuits that are
involved in the expressions of innate behaviors
Gloria B. Choi, David J. Anderson
We are interested in innate behaviors, and more

specifically, we are trying to understand how the circuits in

the brain controlling these innate behaviors form during
development.

Numerous functional studies have demonstrated
that different nuclei in two brain regions, the amygdala and
hypothalamus, are involved in the expression of either
reproductive or defensive behaviors. More interestingly,
the projections from the medial amygdala to various
hypothalamic nuclei are topographically organized in such
a way that the circuitry critical for the expression of
reproductive behaviors largely remains segregated from
that controlling the behavioral output of defense.

By doing an expression screen and microarray
analysis, we found a LIM homeodomain transcription
factor, Lhx6, to be expressed in the medial amygdala
posterior dorsal (MeApd), a reproductive nucleus of the
medial amygdala. We have shown that Lhx6 marks a
population of neurons in MeApd that projects only to the
reproductive, but not to the defensive, hypothalamic nuclei
by analyzing Lhx6-PLAP knock-in mice and by
performing retrograde labeling experiments.

The medial amygdala is a major projection field
of the accessory olfactory bulb, which transmits
pheromonal information from the vomeronasal organ. In
this context, we have also demonstrated that
Lhx6-expressing neurons in MeApd respond only to
reproductive chemosensory signals, but not to defensive
ones.

Thus, Lhx6 expression marks neurons in MeApd
that respond to reproductive chemosensory cues and that
project to hypothalamic nuclei that control the behavioral
output for reproduction. We are in the process of the
making conditional knock-outs of Lhx6 in order to study
whether Lhx6 expression is necessary for setting up the
specific and topographically organized circuit from
MeApd to the various reproductive nuclei in the
hypothalamus.

Reference
Zhou, Q., Choi, G. and Anderson, D.J. (2001) Neuron
31(5):791-807.
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17. Delineating the neuronal to glial transition in
the developing spinal cord

Benjamin Deneen, David J. Anderson

Development of the nervous system (CNS) is
dependent upon the appropriate spatial and temporal
generation of the three main neural cell types: neurons,
oligodendrocytes, and astrocytes. While the spatial dorsal-
ventral combinatorial code responsible for the differing
neuronal cell types generated in the ventricular zone has
been deciphered, the mechanisms governing the temporal
switch from neuronal to glial generation remain elusive.
The goal of this study is to identify genes that control the
transition from neurogenesis to gliogenesis.

As a model for this developmental transition we
chose to utilize Olig-expressing cells, because the Olig
genes are specifically expressed in the pMN domain of the
developing spinal cord during both neurogenic and
gliogenic phases of development. In this study we utilized
an Olig2/GFP transgenic mouse in order to prospectively
isolate Olig2-expressing cells via FACS analysis from
embryonic spinal cord across this developmental interval
(E9.5 through E12.5) in 24 hr increments. Using these
methods of cell isolation, we have been able collect
sufficient numbers of cells from each timepoint to generate
cRNA probes to hybridize to Affymetrix microarrays.

We have analyzed the expression profiles of
genes that demonstrate a three-fold change in expression
between E9.5 and E12.5, and found that these genes
cluster in eight distinct groups. Among the 36,000 genes
queried, approximately 90 candidate transcription factors
were identified amongst these eight distinct clusters.
Based on the kinetics of gene expression one can make
predictions of gene function for example, genes that
increase in expression over the time-interval are likely to
promote the transition to gliogenesis, while genes that
decrease over the time-interval are likely to inhibit this
transition. As a means of functionally analyzing these
genes we have chosen to utilize electroporation into the
embryonic chick neural tube because: 1) there does not
exist a mouse culture system that can faithfully
recapitulate the sequential generation of first neurons, then
glia; and 2) chick neural developmental closely resembles
that of the mouse and provides an in vivo system in which
to examine the function of these genes.

18. The amygdala central nucleus in innate vs.
conditioned fear
Wulf Haubensak, David Anderson
Fear is a central emotion underlying defensive
behaviors across species, and in turn, represents a human
emotion that can be addressed in experimentally tractable
model systems. A prerequisite for any mechanistic
understanding of its the neuronal basis is to identify the
neuronal circuits mediating fear-related behaviors.
Numerous studies have pointed to a central role of
medial temporal lobe structures, particularly the amygdala,
in various forms of fear. Typically, these structure-
function relationships have been obtained by mapping
patterns of neuronal activity accompanying fear-associated

behaviors, and functionally validating these correlations by
surgical lesions. However, these methods are not suitable
to investigate single neuronal circuits with cellular
resolution. This is especially important when it comes to
assign function to the anatomical subregions of the
amydgdala. The amygdala central nucleus (CeA) plays a
crucial role in conditioned fear. However, its function in
innate fear and the differences in the neuronal basis of
innate and conditioned fear, remain to be elucidated.

Here, we explore a comprehensive strategy using
gene expression patterns to identify and functionally
characterize specific neuronal circuits, allowing to refine
these structure-function relationships with higher
precision. We use a combination of genes specific for
neurons within the CeA to direct, in genetically-modified
mice, the expression of genetically-encoded trans-synaptic
tracers (wheat germ agglutinin and the c-terminal fragment
of tetanus toxin) selectively to these cells to map their
circuitry. Similarly, we express inducible genetically-
encoded neuronal silencers (e.g., invertebrate chloride
channels that can be activated by drug administration;
Slimko et al., 2002), in the same cells to silence the circuit
in a temporal defined manner in behavioral paradigms for
conditioned (measuring freezing in tone/foot-shock
conditioned mice), and innate fear (measuring ultrasound
induced freezing in foot-shock sensitized mice; Mongeau
et al., 2003). Using stimuli of the same modality in both
paradigms, eventual differences can be directly traced back
to a differential processing of the two forms of fear at the
level of the CeA.

19. Identifying genes and neural correlates
underlying an innate avoidance behavior in
Drosophila

Anne Hergarden, David Anderson

The neural control of behavior is not well
understood. In order to tackle this problem, we will begin
by examining a simple and robust behavior. Drosophila
adults avoid low concentrations of carbon dioxide. This
avoidance behavior is mediated by a single type of
olfactory receptor neurons which express the putative
gustatory receptor GR21A. This dedication of a few
neurons to the perception of a single odorant molecule
leads us to the question of whether there is a simple circuit
underlying the carbon dioxide avoidance behavior. | am
interested in identifying additional neural substrates
involved in carbon dioxide avoidance. To this end, | am
reversibly silencing subregions of the fly brain by crossing
brain-specific Gal4 lines to UAS-Shibire® (Kitamoto,
2001) and testing the progeny for deficits in carbon
dioxide avoidance. | will use secondary assays including
locomotor and general olfactory assays to ensure the
specificity of the behavior and I will use a UAS-reporter
line to identify the expression pattern. | am also using
various transneuronal tracing techniques to identify the
secondary neurons involved in carbon dioxide detection as
well as, their processes. Finally, I am screening single
gene mutant collections in order to identify genes which
modulate this avoidance behavior.



20. Olig gene targets in CNS glial cell fate

determination

Christian Hochstim, David Anderson

We are interested in how progenitors in the
nervous system give rise to various types of mature
neurons and glia. The two major types of glial cells in the
central nervous system are oligodendrocytes and
astrocytes. They are generated following neurogenesis
from spatially restricted domains of the ventricular zone.
We are interested in the genetic determinants controlling
the decision of progenitors to adopt an oligodendrocyte or
astrocyte fate. At the stage of gliogenesis, the bHLH
transcription factors Oligl and Olig2 are specifically
expressed in the oligodendrocyte lineage and Olig2 is
essential for oligodendrocyte generation in the spinal cord.
Furthermore, lineage tracing in the Oligl,2 -/- homozygous
mutant spinal cord using an Olig2-GFP knockin allele
reveals GFP+ cells generate astrocytes, a fate
transformation in the absence of Olig expression. In an
attempt to identify Olig target genes involved in this fate
specification, we have performed a screen where GFP+
oligodendrocyte (+/-) and astrocyte (-/-) precursors were
FACS isolated and their mRNA expression profiles were
compared using Affymetrix mouse genome cDNA
microarrays. We are currently confirming the differential
expression of candidate genes by in situ hybridization on
tissue sections of Oligl,2 +/- and Olig1,2 -/- spinal cord, as
well as, functionally characterizing candidate genes with
interesting in situ expression. Our candidates include
novel astrocyte genes (markers), as well as, transcription
factors which are putative fate regulators.

21. Modeling "“emotional’ behavior in Drosophila

Tim Lebestky, David J. Anderson

Emotional behaviors in humans convey a positive
or negative response to a stimulus, and this response is
manifest in discrete, highly conspicuous ways, such as
stereotyped facial expressions and physiological arousal.
Although Drosophila do not present the richness of human
emotions in their behavior, they may share fundamental
molecular similarities that could allow us to dissect the
way that neural circuits function to provide graded
responses in intensity, as measured both qualitatively and
quantitatively. To this end, we are developing automated,
high-resolution behavioral assays that will allow a
reproducible characterization of graded behavioral
responses to negatively valenced stimuli, for high-
throughput genetic screens. One such assay follows the
startle effects on locomotion and escape behaviors in
response to a series of air-puffs, delivered at regular
intervals. We observe a reproducible escalation of
locomotor activity and jump-response behaviors as a
function of time and puff number. By initially screening
through mutants and collections of flies that are
conditionally silenced at specific circuits (Gal4-UAS
system), we hope to delineate the molecular mechanisms
and neural circuits involved in the generation and
modulation of such emotive responses.
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Similar to mammals, Drosophila utilizes biogenic
amines as neurotransmitters for normal neuronal function
and behavior. A serotonin transporter, dSERT, with
significant functional homology to the mammalian SERT
family has been cloned and physiologically characterized
in-vitro (Demchyshyn et al., 1994); however, there is no
genetic analysis of this, or any other aminergic transporter
in-vivo. Given the importance of this molecular family
and the successful advancement of in-vivo RNAI
techniques in Drosophila, we are currently developing
techniques to look at gain and loss-of-function conditions
in a spatially and temporally-regulated manner in adult
flies. It is our hope that by tightly controlling the gene
dosage and induction level of the RNAI, we may observe
quantifiable phenotypic differences in behaviors that may
give insights into how molecular thresholds influence the
escalation or decline of distinct internal states in adult
animals.

22. Molecular approach to studying the neuronal
circuits of innate fear

Walter Lerchner, Laurent van Trigt, David J.

Anderson

Fear is perhaps the most conserved emotion in
our evolution. The ability to associate certain situations
with fear is absolutely essential to avoid dangerous
situations. However, in our complex society it is possible
that the same mechanisms can lead to stress and anxiety
disorders. In particular a traumatic event can lead to
unspecific fear that alters the behavior in subsequent
situations.

Our lab has established a behavioral procedure in
which mice are exposed to an aversive ultrasound in their
home environment. Naive animals respond to the sound
with flight responses, i.e., active defense behavior.
However, mice that were previously exposed to a series of
foot-shocks respond to the ultrasound with freezing
(absence of movement, i.e., passive defense response) in
addition to a reduced amount of flight responses.
Subsequent studies have carefully mapped differential
neuronal activation in the central nervous system during
and following ultra-sound exposure in these two groups.

This project aims to take this effort a step further
by applying molecular biology to better understand the
neuronal circuits underlying this change in behavior. We
identified several genes with restricted expression in areas
predicted to play important roles in the circuit. We have
isolated promoters of some of these genes in order to
generate BAC transgenic and knock-in mice that will
express axonal reporters and silencing cassettes. None of
the genes identified show expression solely in the areas of
interest. Thus, the cassettes are designed to allow spatial
and temporal specificity using the promoters of two genes
with overlapping expression.

One of the genes identified encodes a yet
uncharacterized protein with homology to the urokinase
plasminogen activator receptor. It is expressed in several
areas implicated in emotional processes, which makes this
gene particularly suited for manipulation of the circuit.
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We created BAC transgenes and targeted mutations into
the start of the open reading frame of the gene in order to
silence subpopulations of neurons expressing it. The
spatial specificity of the silencing will be provided by
BAC transgenic mice using genes with overlapping
expression patterns. In addition we are studying the
function of its protein in vitro.

23. GDF7-expressing roof-plate cells mark a

sensory-restricted neural crest population

Liching Lo, David J. Anderson

Little is known about the timing, location, and
mechanisms of the sensory and autonomic lineage
segregation during neural crest development. Although
single-cell lineage tracing experiments reveal some
multipotent or lineage-restricted populations, we do not
know whether such variation is stochastic or
pre-determined, due to lack of markers. The roof plate is
required for proper development of some dorsal
interneurons. GDF7 is a member of the BMP family and
is expressed exclusively in the roof plate. Previously, we
have used a Cre-recombinase-based-fate-mapping
approach to show that Ngn2-expressing neural crest cells
are biased toward a sensory fate. However, since Ngn2 is
expressed by migrating neural crest cells, as well as by
some pre-migratory dorsal neural tube cells, we could not
determine when and where the bias occurs. In this study,
we used GDF7-Cre fate mapping to further address if early
specification of sensory fate can occur prior to emigration.
We found that GDF7-expressing roof-plate cells are
strongly biased toward a sensory, but not neuronal, fate.
Since GDF7 is expressed exclusively in the neural tube,
this is the first evidence that pre-migratory neural crest
cells are restricted to certain neuronal subtype fates
(autonomic vs. sensory). The roof plate is also a source of
signaling molecules, such as Wnts and BMPs. Previously,
we have shown by in vitro culture that high concentrations
of BMP2 promotes autonomic, while low BMP2
concentrations promotes sensory, differentiation. Using
the same in vitro culture system, we found that GDF7 does
not promote autonomic neuronal differentiation at any
concentration tested. These data suggest that GDF7 may
promote sensory lineage commitment. Taken together,
those data indicate that the GDF7-expressing roof-plate is
not only a source of fate-restricted neural crest cells but is
also a source of signals for this restriction.

24. In vivo studies of the development of the

vascular and nervous system

Yosuke Mukoyama, David Anderson

Blood vessels and peripheral nerves branch
together, and neurogenesis occurs close to blood vessels in
the hippocampus and subventricular zone in the brain.
However, their functional relationship remains poorly
understood. Recently, we have shown that the pattern of
arterial branching is determined by that of the nerve in the
embryonic limb skin. Moreover, the fact that nerves
secrete vascular endothelial growth factor (VEGF), which
stimulates arterial differentiation in vitro, suggests that

nerves may function to induce arteries, but not veins
through VEGF. We are currently investigating VEGF
involvement in vivo by examining conditional VEGF
knockout mice that completely lack VEGF expression in
peripheral nerves. The mutants show severe defects in
arterial differentiation in the limb skin. This observation is
consistent with our in vitro studies, suggesting that VEGF-
A is involved in arterial differentiation.

In vivo mechanisms controlling differentiation
and self-renewal of neural stem cells in the peripheral and
central nervous system (PNS and CNS) remain unclear.
We are currently establishing in vivo approaches to address
these questions using mouse-chick chimerae. Since we
have isolated PNS stem cells (neural crest stem cells) and
have identified molecules that determine their
differentiation fates in vitro, in vivo function of the
molecules will be tested by transplanting cultured neural
crest stem cells in which gain- and loss-of-function are
manipulated. We are also establishing direct
transplantation of prospectively isolated CNS progenitors
into chick spinal cord, to address their differentiation
capacities. The expression of bHLH transcription factor
Olig2 marks population(s) in the ventricular zone spinal
cord that generate motor neurons (MNSs) in the earlier stage
and oligodendrocytes (Oligos) in the later stage. We are
interested in the cellular mechanisms controlling the
transition from neurogenesis to gliogenesis occurs.
Freshly isolated Olig2" cells from E9.5 (a stage for MNs)
or E13.5 (a stage for Oligos) mouse spinal cord have been
directly transplanted into the chick spinal cord, and their
neurogenic and gliogenic potentials tested. This direct
transplantation allows us to ask fundamental questions
about whether there is a common precursor/stem cell to
MNs and Oliogs in the spinal cord.

25. Molecular mechanism underlying neurogenic
capacity

Kenji Orimoto, David J. Anderson

Neural crest stem cells (NCSCs) can differentiate
into autonomic neurons, Schwann cells and myofibroblasts
in response to BMP2, GGF2/Notch ligands, and
BMP2/TGF-Bs, respectively.  Accordingly, NCSCs
possess neurogenic, gliogenic, and myofibroblastogenic
capacities, as well as self-renewal capacity. When NCSCs
are treated with Notch ligands for 24 hr, they completely
lose their ability to differentiate into neurons, even in the
presence of BMP2, while they still maintain the abilities to
differentiate into Schwann cells and myofibroblasts under
the appropriate instructive cues.

Mashl plays a pivotal role in induction of
autonomic neurons initiated by BMP2. Potential
candidates for neurogenic capacity are defined as genes
that are present in NCSCs, and promote Mash1-mediated
neurogenesis triggered by BMP2. Since the robust
induction of Mashl by BMP2 is greatly reduced when
NCSCs are pre-treated by Notch ligands, neurogenic
capacity could be inactivated by Notch signaling. It is
presumed that there is cross talk between the BMP and
Notch signaling cascades. To get a better understanding of



molecular mechanism of differentiation of autonomic
neurons, Affymetrix microarray analysis was conducted to
compare gene expression profiles of Notch-activated
NCSCs and corresponding the control NCSCs.

The data are currently being analyzed using
multiple statistical platforms, including Affymetrix MAS
and Rosseta Resolver systems. To validate the difference
in expression of identified genes, quantitative RT-PCR
assays will be performed using the original RNA sources.
To test the functional involvement of candidate genes in
cell fate regulation, gain-of-function and loss-of-function
(RNAI system) assays will be conducted using lentivirus-
mediated gene expression system. To examine the
spatio-temporal regulation of expression, in situ
hybridization will be employed.

The genes identified as gene clusters enriched in
stem cells are further analyzed to see whether they are
functionally involved in Mashl induction and neuronal
differentiation initiated by BMP2. The genes identified as
clusters enriched in non-neuronal progenitors could be
downstream targets directly affected by the Notch
signaling cascade, as well as early markers for Schwann
cell progenitors.

26. EphrinB2 in peripheral endothelial cells is
essential for the proper embryonic vessel
development
Donghun Shin, David J. Anderson
EphrinB2 conventional knockout and endothelial-

specific knockout mice show the same angiogenesis
defects during embryonic development. EphrinB2 is
expressed in heart endocardial cells as well as in peripheral
endothelial cells, and both mutants show heart defects as
well as peripheral angiogenesis defects in head, trunk and
yolk sac. It is not clear whether the peripheral
angiogenesis defects in the mutant reflect a local
requirement for ephrinB2 signaling, or rather may be
secondary to the heart defects.

We generated a novel Cre line by inserting an
EGFP-Cre fusion construct into a novel gene that is
expressed in peripheral arterial endothelial cells, but not in
endocardial cells. Using this Cre line and a conditional
ephrinB2 allele, we have deleted ephrinB2 in peripheral
endothelial cells but not in heart endocardial cells. Half of
the conditional ephrinB2 mutants show severe
angiogenesis defects as well as, heart defects at E9.5 and
other conditional mutants show the angiogenesis defects in
yolk sac without heart defects at E10.5. This difference
may stem from variation in Cre activity which we
observed in Cre:Rosa26R double heterozygous embryos
by p-gal expression pattern. By careful analysis in the
heart, we found out that the novel Cre line has Cre activity
in outflow tract endocardial cells, although it does not have
activity in atria and ventricular endocardial cells.
Therefore, we are not sure whether the severe heart defects
and the angiogenesis defects seen in the conditional
mutants at E9.5 are caused by ephrinB2 deletion in
peripheral endothelial cells, or by deletion in heart outflow
track endocardial cells. To address this issue, we are

37

trying to delete ephrinB2 in heart outflow tract endocardial
cells, but not in peripheral endothelial cells, using other
Cre lines active only in heart outflow tract endocardial
cells. However, data from the conditional mutants having
angiogenesis defects without the heart defects at E10.5
suggest that the peripheral angiogenesis defects in
ephrinB2 mutants may not be secondary to the heart
defects. These data support a local role for ephrinB2 in the
angiogenic remodeling of the peripheral vasculature during
embryonic development.

217. An innate avoidance behavior is dictated by a

specific olfactory circuit in Drosophila

Greg S.B. Suh, Allan Wong", Anne Hergarden,

Jing Wang’, Seymour Benzer, Richard Axel’,

David J. Anderson

We have developed a novel behavioral paradigm
for an innate avoidance response in Drosophila. This
paradigm involves avoidance of a putative "alarm"
substance (AS) emitted by flies subjected to stress.
Responder flies were given a choice in a T-maze between
a fresh tube and a conditioned tube in which a set of
emitter flies was previously traumatized. Most responders
choose the fresh tube; Performance Index typically falls
between 95 and 80 under optimal conditions. Gas
chromatograph/mass spectrometry and respirometer
analyses indicated that CO2 is a component of the AS.
Flies exhibit avoidance responses to CO2 in a dosage-
dependent manner. We next sought to functionally map
olfactory circuits mediating avoidance response to CO2.
Flies in which a genetically-encoded, calcium-responsive
indicator (GCaMP) was expressed throughout the antenna
lobe revealed that a single pair of the ventral-most
glomeruli, known as V, are activated by CO2. Moreover,
functional inactivation of the GR21D1+ sensory neurons
which project to the V' glomerulus using UAS-Shibire"
(see below) was sufficient to abolish the avoidance
response to CO2. We have independently mapped groups
of neurons essential for the avoidance response to the AS
by carrying out an unbiased neuronal inactivation screen
using the Gal4 x UAS-Shibire® system. Flies bearing a
Gal4 enhancer trap and a UAS-Shibire® were assayed in
the behavior paradigm at the non-permissive temperature
(30°C) and were compared to their performance at the
permissive temperature (21°C). We have screened ~250
Gal4 enhancer trap lines and identified five lines defective
in this assay, but retained normal olfactory responses to
various odorants and locomotive activities. In one of the
five lines, ¢761, the avoidance response to CO2 is also
defective at the non-permissive temperature and the Gal4
is expressed in the V glomerulus, innervated by GR21D1+
neurons. The Gal4 of c761 is expressed in a larger
population of neurons in the antenna compared to
GR21D1+ neurons, which is consistent with the fact that
c761 bearing UAS-Shits failed to respond to both CO2 and
the AS.
“Columbia University
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28. Axonal tracers targeted to the MrgD locus
reveal that nociceptive (pain-sensing)
information is carried by molecularly distinct
and parallel neuronal circuitry
Mark J. Zylka, David J. Anderson
We recently identified a large family of G

protein-coupled receptors, called Mas-Related Genes
(Mrgs). Several of these genes are expressed in subsets of
small-diameter nociceptive (pain-sensing) neurons. To
determine what role these genes and sensory circuits play
in pain signaling, we generated several MrgD knock-out
mouse lines where the coding region of MrgD was
replaced with EGFP-F (farnesylated EGFP) or hPLAP
(human placental alkaline phosphatase) axonal markers
and the doxycycline-inducible transcription factor
rtTA-M2. By studying axonal projections in these
animals, we found that MrgD® neurons terminate
exclusively in the epidermis as free-nerve endings. MrgD*
neurons do not innervate any other known targets of
nociceptive neurons such as hair follicles, blood vessels, or
visceral organs. MrgD" fibers comprise 70% of the free-
nerve endings in the epidermis, with CGRP" fibers
representing the remaining 30%. Centrally, MrgD" and
CGRP" fibers terminate in adjacent but non-overlapping
lamina in the spinal cord. These neuroanatomical studies
indicate that cutaneous nociceptive stimuli are conveyed
by two molecularly distinct and parallel pain circuits.
Currently, we are using the knocked-in copy of rtTA, in
combination with TRE-driven transgenes, to inducibly
silence and/or ablate the circuitry defined by MrgD
expression. These selective molecular and cellular
manipulations will permit us to uncover the functional and
behavioral significance for parallel cutaneous pain
circuitry in mammals.
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Summary: Our group uses Drosophila as a model system
in which to identify and characterize genes involved in
behavior, aging, and neurodegeneration. The high degree
of homology between the fly and human genomes forms
the basis of a strategy for understanding the corresponding
human genes. Three behavioral paradigms are currently
under investigation. One is a model of nociception that
bears much resemblance to human pain, with mutants such
as painless representing an entry into a molecular genetic
analysis of this phenomenon. The second is an alarm
response, in which flies subjected to vibration emit an odor
that induces avoidance by other flies, which is being
studied in collaboration with Professor David Anderson's
group. The third is a genetic analysis of appetite and
obesity.

To study the genetics of aging, we use a single-
gene approach to screen for mutants with enhanced
longevity, and analyze the functions of the genes involved.
For instance, the mutant, methuselah, extends the average
lifespan of Drosophila by some 30%, and also provides
increased resistance to different stresses.

The methuselah protein is related to G protein-
coupled receptors of the secretin receptor family, and has a
unique N-terminal ectodomains. In collaboration with
Professor Bjorkman's group, the crystal structure of the
ectodomains was solved at 2.3 A resolution. The structure
represents one of only a few available three-dimensional
structures of GPCRs. It reveals a folding topology likely
to be conserved in Mth-related proteins, and contains a
potential ligand-binding site in the form of a shallow
interdomain groove with a solvent-exposed tryptophan, the
only tryptophan residue in the ectodomains. Antagonists
that reduce the effective activity of the receptor would be
expected to mimic the defect in methuselah, thus possibly
extending lifespan. In collaboration with Professor
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Richard Roberts' group, a library of peptides was
generated, from which a subset was selected that show
very high binding affinity to Mth protein. In collaboration
with Dr. Anthony West, of the Bjorkman group, we have
produced monoclonal antibodies to the protein, and
expression of mth in cultured cells shows localization of
the protein at the cell membrane. We are using such
cultures, along with the small peptides as putative ligands,
to test for G-protein activation in a suitable reporter
system.

Exposure of flies to 100% oxygen causes early
death, and we have found that an early-induced event is
local disruption of mitochondrial structure in the form of
internal "swirls." These also accumulate in normal aging,
and their formation can be suppressed by mutations in the
methuselah gene. Other mutants, such as hyperswirl, are
unusually sensitive to oxygen, and display large numbers
of swirls. Analysis of such mutants may provide clues to
primary mechanisms of oxidation damage.

Dietary caloric restriction extends lifespan in
various organisms, and we are investigating that
phenomenon in Drosophila, as well as the role of steroid
hormones and bacterial flora. We have developed
biomarkers to monitor the progress of aging during
lifetime, and have shown that lifespan can be extended by
simple feeding of a drug which alters the balance of
induction and repression of different sets of genes.

29. Genetics and circuitry of nociception

W. Dan Tracey, Seymour Benzer

We have recently described a paradigm for
studying nociception in Drosophila. In response to the
touch of a probe heated above 38°C, Drosophila larvae
produce a stereotypical rolling behavior, unlike the simple
avoidance response to an unheated probe. In a genetic
screen for mutants defective in this noxious heat response,
we identified the painless gene. This year, we have begun
to characterize the properties of other mutants identified in
the screen. For example, one mutant lacks fine filopodial
projections on a subset of multidendritic neurons. In
addition, we have performed a new screen with the goal of
identifying the brain circuitry required for Drosophila
nociception. In this screen, a collection of some 400
neuronal GAL4 driver lines were crossed to a line
(UAS-Shi®) that causes GAL4-dependent, temperature-
inducible neuronal inactivation. At the non-permissive
temperature, neuronal subsets expressing the GAL4 driver
become inactivated due to the dominant action of the Shi®
gene. The larval progeny were raised to non-permissive
temperature, then tested with a noxious heat probe for the
rolling response. From this screen, we identified 30 lines
that do not show the rolling response at the non-permissive
temperature. The patterns of expression of these lines in
the larval nervous system will be investigated to identify
the circuitry that controls the rolling response.
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30. Circuit analysis of an innate avoidance

behavior in Drosophila

Greg S. Suh', Allan Wong? Anne Hergarden®,

Richard Axe?, Seymour Benzer, David J.

Anderson®

We have developed a novel behavioral paradigm
for an innate avoidance response in Drosophila. This
paradigm involves avoidance of a substance emitted by
flies subjected to stress, called Drosophila Stressed
Odorant (dSO). Responder flies are given a choice in a
T-maze between a fresh tube and a conditioned tube in
which a set of emitter flies was previously traumatized.
Most responders choose the fresh tube; the performance
index typically falls between 85 and 95% under optimal
conditions. Gas chromatograph/mass spectrometry and
respirometer analysis indicated that CO, is a component of
dSO, and flies exhibit avoidance response to CO, in a
dosage-dependent manner. We next sought to functionally
map olfactory circuits mediating the avoidance response to
CO,. Flies in which a genetically-encoded, calcium-
responsive indicator (GCaMP) was expressed throughout
the antennal lobe revealed that a single pair of the ventral-
most glomeruli, known as V, are activated by CO,.
Moreover, functional inactivation of the GR21A+ sensory
neurons which project to the V glomerulus, using
UAS-Shi® was sufficient to abolish the avoidance response
to CO,. We have independently mapped groups of
neurons essential for the avoidance response to dSO by
carrying out an unbiased neuronal inactivation screen
using the Gal4/UAS-Shi® system. Flies bearing a Gal4
enhancer trap and UAS-Shi® were assayed in the behavior
paradigm at a non-permissive temperature (30°C),
compared to their performance at a permissive temperature
(21°C). We have screened ~250 Gal4 enhancer trap lines
and identified five lines defective in this assay, but retain
normal olfactory responses to various odorants and normal
locomotive activity. In one of the five lines, c761, the
avoidance response to CO, is also defective at the non-
permissive temperature. In that strain, Gal4 is expressed in
the V glomerulus, which is innervated by GR21A+
neurons. The Gal4 of ¢761 is expressed in the antenna in a
larger population of neurons than the GR21A+ neurons,
consistent with the fact that c761 bearing UAS-Shi® failed
to respond to either CO, or dSO.
Columbia University
“Biology Graduate Student, Caltech
*Biology Professor, Caltech

31. Isolation and characterization of mutations
that cause obesity and excessive feeding in
Drosophila

Bader F. Al-Anzi, Seymour Benzer

There is a strong correlation between fat content
and the ability of a fly to resist starvation. One, therefore,
can select for mutant obese flies based on their ability to
resist starvation. Potentially obese flies should survive
while all others die, making it possible to screen thousands
of mutagenized flies in a relatively short time.
Approximately 22,000 mutagenized males were tested, out

of which 36 males passed the first starvation trial and were
used to establish mutant lines. To date, eight of those lines
exhibit bona fide starvation resistance that is associated
with an increase in their lipid content. Histological studies
have also shown that this increase in the lipid content is
associated with an increase in both fat cell size and number
in those mutants as compared to wild type.

Many behavioral and metabolic abnormalities,
such as excessive feeding, low activity level, and
metabolic shift towards fatty acid synthesis, can cause
obesity. We are using behavioral and biochemical assays
to determine the underlying defects that are responsible for
the obese mutant phenotypes. These include feeding rate,
metabolic rate, level of activity, fat cell count, and level of
de novo fatty acid synthesis.

The use of Drosophila in obesity research may
help determine whether appetite and body weight
regulation have underlying biological mechanisms that
have been conserved throughout the Metazoa, as has been
shown to be the case for genes that regulate such
behavioral phenomena as learning and the circadian clock.

32. Genetic and pathological analysis of oxygen
toxicity in Drosophila

David W. Walker, Seymour Benzer

Mitochondrial dysfunction and reactive oxygen
species have been implicated in aging and in a wide range
of age-related diseases. ldentifying primary events that
result from acute oxidative stress may provide targets for
therapeutic interventions to minimize aging. Previously,
we reported a striking initial pattern of mitochondrial
degeneration in the flight muscle under conditions of
oxygen stress or aging: the cristae within individual
mitochondria become locally rearranged, in a "swirl.” We
have further characterized the phenomenon and
demonstrated that, under hyperoxia, cytochrome c
undergoes a conformational change manifested by display
of an otherwise hidden epitope. The conformational
change is correlated with widespread apoptotic cell death
in the flight muscle, as revealed by in situ TUNEL
labeling.

We are currently focusing our attention on the
pathological consequences of mitochondrial dysfunction in
the Drosophila central nervous system. In a genetic
screen, we isolated the mutant hyperswirl (hys), which is
dramatically short-lived and displays a striking
mitochondrial pathology. To determine whether
mitochondrial decay in hys results in neurodegeneration,
the brains of hys flies were examined by toluidine blue
staining of semithin plastic sections for light microscopy.
hyperswirl mutant brains develop vacuoles in the medulla
and lamina. To determine whether brain degeneration in
hys proceeds through an apoptotic mechanism, brains from
hys and age-matched controls were subjected to TUNEL
staining. A dramatic increase in TUNEL-positive nuclei
was observed in the brains of 10-day-old adult hys mutants
relative to age-matched controls, suggesting that
mitochondrial dysfunction may result in cell death through
an apoptotic mechanism. We are using a range of



antibodies to identify the neuronal subtype that undergoes
degeneration in hyperswirl. At the same time, we are
testing the ability of other genes to protect against
apoptotic cell death in hys and in normal flies exposed to
hyperoxia.

33. The role of Apolipoprotein D in normal and
pathological aging in Drosophila

Julien A. Muffat, David W. Walker, Seymour

Benzer

Human Apolipoprotein D (hApoD) is upregulated
350% in the CSF of patients with Alzheimer’s disease.
The protein appears to be secreted by astrocytes and other
reactive glial cells, and is recruited to sites of neuronal
injury and amyloid deposition. As ApoD and its homologs
are small hydrophilic molecules capable of carrying a
single hydrophobic ligand (such as cholesterol), they may
play a role in neuronal maintenance and survival, either by
carrying trophic factors or essential building blocks of cell
membranes.

Drosophila Glial Lazarillo (Glaz) shares 40% of
its protein sequence with hApoD. Preliminary results of in
situ hybridization in adult Drosophila indicate that thoracic
muscles and the nervous system are the main organs
expressing Glaz. We have shown that 10-fold
overexpression of the Glaz gene, using the UAS/GAL4
bipartite system, results in 30% longer lifespan for
Drosophila. This overexpression also enhances stress
resistance, as assessed by starvation, dessication, heat
shock or hyperoxia. Such flies also contain 20% less fat
than controls. By the use of various tissue-specific driver
lines, we observed that overexpression in vertical muscles
and parts of the nervous system is sufficient to produce the
beneficial effects.

34. Enhancement of Drosophila longevity by
exogenous bacteria

Ted Brummel, Alisa Ching®, Laurent Seroude?,

Anne F. Simon®, Seymour Benzer

We have discovered that the presence of bacteria
during the first week of Drosophila adult life can enhance
longevity. Analysis of this effect in a panel of long-lived
mutants revealed a range of responses. Most behaved in a
manner similar to wild-type flies. However, the long-lived
ecdysone receptor mutant, EcR****® was found to be little
affected by the presence of bacteria. A second long-lived
strain, DJ817, showed an exaggerated benefit. Since the
presence of bacteria might alter nutrition, we measured
food intake in the presence and absence of bacteria, but
observed no differences.

Late in life, bacteria were found to accelerate
mortality. To understand how bacteria modulate the
various stages of lifespan, we are using a biochemical
approach aimed at identifying specific molecules that may
positively impact longevity, combined with conventional
microbiological methods to determine the bacterial
composition within Drosophila cultures.

'Grad Student, Caltech
“Queens University Kingston, Ontario, Canada
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35. Peptide modulators of Methuselah, a G
protein-coupled receptor associated with
extended lifespan
William W. Ja', Anthony P. West?>, Pamela J.
Bjorkman®, Seymour Benzer, Richard W. Roberts*
Mutation in the methuselah (mth) gene results in a

30% increase in average lifespan and enhanced resistance

to a variety of stresses, including starvation and hyperoxia.

Mth is a G protein-coupled receptor (7 transmembrane

structure) with an ~25-kDa, N-terminal ectodomain.

Previously, using mRNA display of large random libraries,

our laboratory isolated peptides that bind the Mth

ectodomain. These peptides demonstrated high affinity to
the ectodomain, with dissociation constants from 15 to

60 nM. A low-resolution crystal structure of a Mth

ectodomains:peptide complex revealed that the peptide

binds at a putative interaction site between the
extracellular loops and the ectodomains of Mth. As GPCR
signaling is generally transduced through movements of
the transmembrane domains, the structural data suggest
that the peptides could act as modulators of Mth signaling.
Recently, Cvejic et al. (2004) published the

discovery of Stunted, a natural agonist for Mth; a

eukaryotic cell line stably expressing Mth was used in a

calcium-signaling assay to isolate agonists from

fractionated fly lysates. Using this assay, we have
determined that a number of our in vitro selected peptides
act as antagonists of the Mth signaling by Stunted. The
most potent peptides exhibit submicromolar 1Csq values.

The application of these peptides toward the synthetic

extension of Drosophila lifespan is currently being tested.

'Graduate Student, Chemistry, Caltech

“postdoctoral Scholar, Bjorkman Lab, Caltech

*Professor of Biology, Caltech

*Assistant Professor of Chemistry, Caltech

Reference
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36. Lifespan extension of Drosophila by reduction

of polyamines

Brian M. Zid, Pankaj Kapahi, Seymour Benzer

Polyamines are small, ubiquitous polycations that
are essential for normal growth. We discovered two
defects in spermidine synthase, an enzyme in the
polyamine biosynthetic pathway, that have increased
lifespan in Drosophila. Ornithine decarboxylase (ODC),
which is upregulated in many types of cancer, is the rate-
limiting enzyme in the polyamine biosynthetic pathway.
We have found that overexpression of gutfeeling, the
Drosophila homolog of antizyme, an ODC inhibitor, also
increases lifespan, and the long-lived mutants showed
lower polyamine levels.

Polyamine levels were also found to be lower
with dietary restriction and reduction of flux through the
growth-promoting nutrient sensing TOR pathway. Tissues
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from dietary-restricted mice also showed reduced
polyamines, indicating an evolutionarily conserved
mechanism in which polyamines may be a link between
dietary restriction and nutrient-sensing growth pathways.

37. A screen for mutants that modulate lifespan
upon nutritional changes in Drosophila

Pankaj Kapahi, Gil Carvalho, Seymour Benzer

Reduction of calories to 30-40% less than
consumed ad libitum by rodents increases both maximum
and mean lifespan by >50%. Dietary restriction (DR) has
been shown to extend lifespan in various species, including
C. elegans, D. melanogaster, S. cerevisiae, and Mus
musculus. On the other hand, overnutrition in humans is
linked with Type Il diabetes, cardiovascular and
neurodegenerative diseases, some cancers, and increased
mortality rate. In order to understand the genetic factors
that modulate lifespan, we undertook a screen for
Drosophila mutants that are hypersensitive to a rich diet.

We found that reduction of the concentration of
yeast extract in the fly food produces an effect on lifespan
similar to that seen in rodents upon caloric restriction. We
set up food with varied levels of yeast extract, keeping
constant other diet components (5% sucrose, 0.5% agar,
and 8% cornmeal). "Overnutrition" is defined as 5% or
greater yeast extract (hiY), We find a dose-dependent
increase in body size with increase in yeast extract. As in
the mouse experiments, we also see an accompanying
decrease in reproduction, measured by the number of eggs
laid per female. These results agree with the hypothesis
that there is a tradeoff between somatic maintenance and
reproduction, which may arise due to competitive
allocation of nutrients.

We discovered that, on hiY (but not on lowY),
certain mutant fly strains failed to develop to adulthood.
We have named these mutants creosote (ceo), after Mr.
Creosote, a character in Monty Python's "The Meaning of
Life,"” who explodes upon overeating. This provides a
sensitive paradigm in which to screen for drugs and genes
that suppress the toxic effects of overnutrition. Among P-
element insertion lines, we have isolated five such strains,
which fall into at least two complementation groups. To
examine the effects on adult lifespan of these mutations,
we raised ceo homozygotes to adulthood on 1% yeast
extract food, then placed them on hiY. They suffered over
70% decrease in lifespan, whereas on 1% yeast extract
food, their lifespans were only slightly less than the
normal. Characterization of the genes involved is in
progress.

38. A longevity mutant involving the pentose

phosphate pathway

Horng-Dar Wang, Seymour Benzer

An EP mutant EP(2)2456, isolated by screening
for resistance to both oxidative stress (paraquat) and
starvation, displayed extended lifespan at 25°C. Both
phenotypes are recessive; the heterozygote lacks both the
stress resistance and life extension. To eliminate possible
effects of genetic background, the mutant was outcrossed

ten times with control w''*® flies, and a homozygous EP

line was established. The outcrossed EP line retained the
phenotypes of stress resistance and life extension. Plasmid
rescue of the outcrossed EP mutant revealed that there was
only one EP element, and that it remained in the original
insertion site. RT-PCR and Northern blotting indicated
reduced expression of the ribose-5-phosphate isomerase
(rpi) gene near the EP insertion. The enzyme is involved
in the pentose phosphate pathway of glucose metabolism.
We generated P-element excision lines, and some showed
decreased expression of rpi. We are in the process of
checking whether those with lowered rpi expression have
enhanced stress resistance and increased lifespan. Flies
transgenic for RNAI of rpi will be tested to confirm the
phenotypes. We measured food intake for the long-lived
EP mutant and w™*® controls, and found them to be very
similar, indicating that caloric restriction does not account
for the life extension of the mutant.  Further
characterization of the EP line is in process.

39. Identifying the tissue responsible for the

female longevity bias in Drosophila

David W. Walker, Seymour Benzer

In most animal species, including humans, the
female is longer lived. In the United States, the mean life
expectancy of women is almost seven years greater than
for men. The underlying mechanisms governing the
female survival advantage remain unknown. To examine
which tissues are involved, we generated male flies with
different regional patterns tissue feminization, using the
transformer gene, the product of which is known to
feminize cells in a dominant and autonomous fashion. The
system involves two transgenic lines, one being a UAS-
transformer line in which the female version of the sex
determination gene transformer (tra) is placed under the
control of the upstream activating sequence (UAS) of the
yeast transcription factor GAL4, the second being a GAL4
line which expresses GAL4 in a tissue-specific pattern.

Using a panel of enhancer trap lines with different
patterns of Gal4 expression, we examined the longevity of
males expressing transformer in various tissues. Some of
the partially transformed males lived as much as 18%
longer than control flies heterozygous for UAS-tra or the
GAL4 enhancer trap. We are characterizing the precise
patterns of expression to identify those tissues that are
critical for this lifespan extension.
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Summary: The Kennedy lab studies molecular
mechanisms of synaptic regulation in the central nervous
system. Memories are stored in the brain through long-
lasting changes in the strength of synapses between
neurons. These changes are triggered when the synapses
are used to perceive the object or event being remembered.
Regulation of synaptic strength may also underlie mood
changes and is important for minute-by-minute
information processing. Some neurotransmitters, such as
glutamate and acetylcholine, which activate ligand-gated
ion channels, can also initiate long-lasting biochemical
changes that change synaptic strength. Excitatory
synapses contain signaling protein complexes at the
postsynaptic membrane, within a structure called the
postsynaptic density (PSD). We are interested in the
structure and functional organization of these signaling
complexes and their roles in synaptic plasticity.

We have used cell biological, microchemical and
molecular genetic methods to identify the protein
components of the PSD fraction purified from brain
(Kennedy, 1997, 2000). These include the scaffold
molecule PSD-95; the NR2B subunit of the NMDA-type
glutamate receptor; Ca’*/calmodulin-dependent protein
kinase 1l (CaM kinase 11); a Ras GTPase-activating protein
called synGAP; a putative adhesion molecule, densin-180;
a myosin motor termed myosin V or "dilute myosin"; and a
septin molecule, cdc10. By now, most of the major
proteins in the PSD fraction have been identified. In
addition, sequencing and assembly of the human and
mouse genomes are nearly finished, providing us with a
complete "parts list" for signaling complexes. This is an
exciting time, because we can turn our attention to the task

of understanding how proteins are organized at the synapse
and how they function together as a signaling machine.

One important synaptic signaling complex
assembles around the cytosolic tail of the NMDA receptor.
This complex includes many of the proteins that we found
in the postsynaptic density. Activation of the NMDA
receptor leads to influx of calcium and activation of CaM
kinase 11. It is well known that disruption of the CaMKI|I
gene leads to derangement of synaptic regulation. CaMKII
can phosphorylate the protein synGAP, and may regulate
its location or activity at synapses, but the function of
SynGAP is unknown. We used homologous recombination
in embryonic stem cells to create mutant mice in which the
SynGAP protein is deleted, and have used the mutant mice
to establish some of the influences of synGAP on brain
development and function.

In conjunction with our biochemical and cell
biological experiments, we are using computer simulations
and measurements of rapid Kinetics to study the Kinetics
and interactions of signaling pathways in the tiny
postsynaptic spine. The complex signaling machinery at
the synapse integrates a variety of signaling influences and
determines the "set-point" of synaptic strength at
individual synapses. Many important signaling reactions
are triggered by calcium influx into the postsynaptic spine,
and result in phosphorylation of proteins, eventually
leading to changes in synaptic strength. We have initiated
a collaboration with scientists at the Salk Institute to build
computer simulations of the flux of protein
phosphorylation events in spines in the hippocampus. We
will use the program MCell to implement stochastic
simulation methods that model the position and behavior
of immaobilized signaling molecules within the spine. We
will formulate our quantitative understanding of each
protein and reaction in a signaling scheme, and assemble
these into a complex kinetic simulation in MCell. We will
then generate testable predictions about the flow of protein
phosphorylation events in excitatory spines and dendrites,
under conditions of calcium influx that cause changes in
synaptic strength. Our ultimate goal is to create
simulations that will illuminate our understanding of
biochemical information coding at different types of
synapses in the brain. Predictions arising from the
simulations will be tested experimentally by measuring the
time-course and spatial distribution of phosphorylation of
CaMKII and other phosphorylated synaptic molecules
under a variety of physiological conditions. This effort
will lay the groundwork for understanding the behavior of
highly interconnected signaling pathways at the synapse.

References
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40. Role of synGAP in spine maturation

Luis E. Vazquez, Margaret Hainline

This year we found that synapse formation and
spine maturation are accelerated by ~2 days in neurons
cultured from mice in which synGAP has been deleted by
homologous recombination (synGAP ko's). In the mutant
cultures, spines are well developed by day 10 in vitro (10
DIV); whereas in wild-type cultures, dendritic filopodia
have not yet developed into spines. This knockout
phenotype can be rescued (i.e., spine maturation reversed)
by introduction of recombinant wild-type synGAP on day
9 in vitro. In contrast, mutation of either of two of
synGAP's functional domains renders it unable to rescue
this phenotype. SynGAP contains a GTPase-activating
domain (GAP) that can inactivate Ras, and a terminal
(T/SXV) domain that binds to PSD-95 holding it in the
NMDA receptor complex. Introduction of synGAP with a
mutation in the GAP domain or a deletion of the (T/SXV)
domain into synGAP ko neurons does not rescue the
knockout phenotype, indicating that both domains play a
role in control of spine maturation. Since the T/SXV
domain serves to localize synGAP close to PSD-95 and the
NMDAR, this result suggests that both loss of GAP
activity and mislocalization of synGAP within the spine
microdomain can result in deregulated Ras activity.

41. A role for synGAP in regulating neuronal

apoptosis

Irene Knuesel, Abigail Elliot

SynGAP may play an important role in coupling
NMDA-type glutamate receptor activation to signaling
pathways downstream of Ras. Mice with a homozygous
deletion of synGAP die in the first few days after birth.
Therefore, to study the functions of synGAP, we used the
cre/loxP recombination system to produce conditional
mutants in which synGAP is eliminated during the first
three weeks after birth. In these mice, loss of synGAP can
be detected after ~ one week, and its magnitude is variable.
The resulting phenotypes fall into two groups. Mutant
mice in which the level of synGAP protein is reduced to 20
—-25 % of wild type die at 2 - 3 weeks old. Mice in which
the levels remain higher than ~40% of the wild type level
survive and remain healthy. In all of these mice, however,
an abnormally high number of neurons in hippocampus
and cortex undergo apoptosis as detected by caspase-3
activation. The level of caspase-3 activation in neurons
correlates inversely with the level of synGAP protein
measured at 2 and 8 weeks after birth, indicating that
neuronal apoptosis is enhanced by reduction of synGAP.
These data show that synGAP plays a role in regulation of
the onset of apoptotic neuronal death.

42, Signal transduction in SynGAP mutant mice
Pat Manzerra
SynGAP is a synaptic Ras GTPase-activating
(GAP) protein identified in our lab, which is enriched in
the postsynaptic density fraction prepared from rat
forebrain. SynGAP is associated with the NMDA receptor
complex through its interaction with PSD-95. We have
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hypothesized that, by catalyzing inactivation of Ras,
synGAP down regulates NMDA receptor-mediated
signaling, in particular, the Ras-mediated activation of
ERK/MAP kinase. To gain more insight into the functions
of synGAP in vivo, our lab used homologous
recombination to generate mice in which the gene
encoding synGAP is deleted. Although the homozygous
mutant mice die a few days after birth, primary neuronal
cultures prepared from cortex and hippocampus of the
mutants live in culture as long as wild-type neurons. We
found that the initiation and magnitude of ERK activation
is unaltered following the stimulation of NMDARs in
neurons cultured from SynGAP mutants compared to those
cultured from wild-type litter mate controls. However,
activation of ERK is prolonged following stimulation of
NMDARs in the synGAP mutants. Currently, we are
comparing Ras-mediated signaling through other receptors
in mutant cultures to determine the receptor signaling
specificity of synGAP function.

In addition, given the role of synGAP in
regulating NMDA receptor-mediated signaling, we also
investigated the possibility of an effect of the synGAP
mutation in in vitro models of pathological neuronal cell
death. We found that synGAP mutant cultures are less
susceptible than wild-type cultures to cell death initiated
by over stimulation of NMDA receptors, but not to cell
death initiated by over stimulation of AMPA-type
glutamate receptors. These studies support the hypothesis
that synGAP is a key molecule regulating NMDA
receptor-mediated signaling through Ras, and cell death.

43. Activation of Ca?/calmodulin-dependent
protein kinase Il (CaMKII) by concentrations
of Ca?" and calmodulin present in vivo
Mee-Hyang Choi, Vladan Lucic”

In preparation for the construction of simulations
of postsynaptic signal transduction through the NMDA
receptor, we are investigating activation of CaMKII by
Ca®* and calmodulin at concentrations in the range that are
likely to be encountered in postsynaptic spines at or near
the postsynaptic density. This year we used fluorescence-
binding and enzymatic assays to show that, as predicted by
physical chemical considerations, the apparent affinity of
calmodulin for Ca?* is increased dramatically in the
presence of its target protein, CaMKII. For example, in
the presence of .28 uM CaMKII and 12 uM calmodulin,
activation and autophosphorylation of CaMKII can be
initiated by addition of as little as .35 uM-free Ca**, a
concentration well below the range of Kp's for binding of
Ca’* to calmodulin in the absence of target proteins. The
cooperativity of Ca**-binding induced by the presence of
CaMKI|, at the concentrations described above, results in a
steep Ca”" activating curve with half maximal activation at
~0.5 uM Ca®* and maximal activation at ~3 pM. Thus,
activation of CaMKII is likely to occur in the spine at
much lower effective Ca®* concentrations than previously
believed.

“Present address: Max Planck Institute for Biochemistry,

Munich, Germany
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44. Activation of CaMKII by calmodulin mutants
with specific Ca®*-binding sites removed
Mee-Hyang Choi, Julia Shifman”, Stefan Mihalas
As Ca”* enters the postsynaptic spine, each

molecule of calmodulin (CaM) binds Ca* ions

stochastically. Calculations indicate that most of the free

CaM will bind up to two Ca?" ions at its carboxyl end that

has two binding sites with a higher affinity for Ca** than

the two sites located at the N-terminus. Under conditions
present in the spine, only a small proportion of free CaM
will have all four Ca**-binding sites filled. The existence
of a cooperative effect on Ca”*-binding in the presence of
the target protein CaMKII (see abstract 43) implies that

CaM with less than four Ca®* bound has a significant

affinity for CaMKII. In order to appropriately simulate the

competition for Ca’*-bound CaM that occurs among
different target proteins following influx of Ca®" into the
spine, we need to know the bindlng constants for binding

of CaM to CaMKII when two Ca”" are bound at the C-

terminal sites on CaM, and at the N-terminal sites. In

collaboration with the Mayo lab, we used state-of-the-art
protein design methods to develop two mutant CaMs that
bind Ca®* only at the N terminus (CaM-2N) or only at the

C terminus (CaM-2C), retaining the closed, apo- structure

at the mutated terminus. Both of these mutants can bind to

and activate CaMKII when Ca?" is present, although they
require higher concentrations of both Ca®* and CaM than

WT. We tested a range of conditions similar to those

present in spines (3-10 uM mutant CaM, and 1-10 pM-free

Ca®). We observed activation of CaMKII under these

conditions by both mutants, although, as expected, CaM-

2C activated CaMKII at lower concentrations of both Ca?*
and CaM than did CaM-2N.

“Steve Mayo Laboratory, Caltech

45. Quantitative model of calcium binding to

calmodulin in spines

Stefan Mihalas

To begin to explore how CaM can differentially
activate Ca*"-triggered cascades we have constructed a
model of Ca®* binding to CaM under conditions thought to
exist in postsynaptic spines. We constructed a simple
model of Ca®* dynamics in a spine incorporating the Ca**
buffering characteristics measured by Sabatini et al. (2002)
Neuron 33:439. This model generates Ca’* microdomains
in the spine in which the concentration of Ca®* varies with
time and distance from the postsynaptic density during
depolarization of the membrane. We are interested in
modeling binding of Ca?" to CaM, which has two higher
affinity Ca*"-binding sites at its carboxyl end, and two
lower affinity sites at its amino-terminal end. Successive
binding of Ca®" to each binding site occurs as diagrammed
in Fig. 1. From the four-measured macroscopic affinity
constants of Ca?" for CaM and from equilibrium equations
describing the 12 binding sequences shown below, we
calculated the microscopic affinity constants of Ca?* for
each individual binding site on CaM. We can use these
affinities to calculate the proportions of CaM., (where
¢=0-2, n=0-2 bound Ca*" ions at the C and N termini of

CaM, respectively) at given concentrations of Ca®* and
CaM. When we use the measured macroscopic constants
for free CaM as the starting point, the CaM,, species
predominates through most of the range of concentrations
of Ca®" in spines, with the fully bound species CaM,,
becoming significant only at the highest Ca*
concentrations. However, the presence of Ca’/CaM-
dependent protein kinase Il (CaMKII) increases the
apparent affinities of CaM for Ca**. Therefore, we devised
a strategy to determine the range of concentrations of each
CaM,, bound to CaMKII at given Ca?* concentrations, and
to determine how the presence of CaMKII influences the
apparent affinities of CaM for Ca?*. We use published
values of macroscopic off rates for unbinding of Ca*" from
CaM in the presence and absence of CaMKII to calculate
an estimated range of microscopic on and off rates of Ca?*
binding to CaM when it is bound to CaMKII. We then use
similar methods to calculate a range of microscopic on and
off rates for binding of CaM., to CaMKIl from the
equations for thermodynamic equilibrium of the
Ca®*/CaM/CaMKII system. Our goal is to add a model of
CaMKII activation into these simulations so that we can
test predictions of the combined models. \We are presently
experimentally determining parameters that we need to
accomplish this goal.

Figure 1: Successive binding of Ca®* to C-terminal and
N-terminal sites on calmodulin.

CaM2c
N\

CaM2C I“

CaliC /
CaMiNIC CdMENE‘C
N Vi

/ N\

CaMD/
Y

CaMiN / /,,Lamzmc
A

46. Phosphorylation of synGAP by CaM Kkinase 11

does not inhibit its activity

Jeong Oh

Our lab previously reported that phosphorylation
of synGAP by CaM kinase Il inhibits its GTPase-
activating activity (1). This year we found that synGAP
activity is, in fact, not directly inhibited by
phosphorylation by CaM kinase Il. The experiments
presented in the previous paper involved two successive
enzymatic reactions. In the first, synGAP in the
postsynaptic density was prephosphorylated by CaM
kinase 1 in the presence of Ca”*, calmodulin, and 0.1 mM
ATP. Phosphorylated PSD fractions were then assayed for
ras GTPase activating activity (GAP activity).
Pyrophosphate, a potent inhibitor of phosphatases in the
PSD fraction, was added to the GAP assay to preserve the
phosphorylation state of synGAP. Because of a fault in the
design of the experiments, controls were not included in
which both ATP and pyrophosphate were present in GAP



assays containing nonphosphorylated synGAP. We have
now found that the combination of residual ATP (30 uM)
from the prephosphorylation reaction and 6 mM sodium
pyrophosphate is sufficient to inhibit the GAP activity of
synGAP. No additional inhibition is produced by
phosphorylation of synGAP by CaM Kkinase Il. The error
was reinforced by an experiment shown in the paper that
indicated inhibition of synGAP activity was blocked when
inhibiting antibodies against CaM kinase Il were included
during the prephosphorylation reaction. We cannot
reproduce blockade of synGAP inhibition by these
antibodies. We published a correction (2) and indicated
that the paper would be more appropriately titled "A
synaptic Ras-GTPase activating protein phosphorylated by
CaM kinase 11."
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Summary: Research in the laboratory of Professor
Christof Koch focuses on three areas: (1) biophysics of
computation in single neurons; (2) understanding visual
selective attention and visual consciousness at the
neuronal, behavioral and computational levels; and (3)
studying the role of attention, working memory and
awareness in associative fear conditioning in humans and
mice. For more details and all publications, see
http://www.klab.caltech.edu.

Research carried out in our group as part of a
program called "Biophysics of Computation” studies how
the biophysics, synaptic architecture, and dendritic
architecture of individual neurons subserve information
processing. This research has been summarized in a
textbook, Biophysics of Computation: Information
Processing in Single Neurons, by C. Koch and published
by Oxford University Press in 1999. To what extent do
neuronal noise sources (thermal noise, channel noise, noise
due to synaptic background firing, and so on) limit signal
detection or signal reconstruction at the level of individual
neurons?  What are the biophysical mechanisms
underlying neuronal computations? How do neurons
multiply? How complex are single nerve cells? What is

the code used to transmit this information? Analytical
work, backed up by detailed computer simulations of nerve
cells based on electrophysiological data from our
experimental collaborators at the Hebrew University in
Jerusalem (ldan Segev and Yosef Yarom) and elsewhere,
is used to generate experimentally verifiable predictions.
With Guyri Buzsaki at Rutgers, we are investigating the
relationship between extra- and intracellular spike
waveforms and with Tomaso Poggio at MIT we are
identifying ways in which single neurons can implement
specific neuronal operations, such as the MAX operation.
We continue to analyze the variability, and selectivity of
single- and multi-unit firing activity and local field
potentials from recordings in the medial temporal and
frontal lobes in human patients and in monkey's visual
cortex.

Understanding complex information-processing
tasks, in particular the action of selective, visual attention
(both saliency-driven bottom-up as well as task-dependent,
top-down forms) requires a firm grasp of how the
problems can be solved at the "computational™ level, and
how the resulting algorithms can be implemented by the
known architecture of the visual cortex and associated
subcortical areas. We use analytical methods, coupled
with detailed computer simulations of the appropriate
circuitry in the primate visual system, to study how these
neuronal networks control selective visual attention and
gaze and how they give rise to motion perception, object
discrimination and detection (in collaboration with
Tomaso Poggio at MIT and Laurent Itti at USC). The
resulting algorithms are being applied to problems in
image analysis and machine vision. Researchers in our
laboratory study visual perception in the presence and
(near)-absence of selective visual attention, as well as our
ability to classify and distinguish two-dimensional visual
patterns using psychophysical techniques in normal
subjects. We are complementing these studies using
noninvasive fMRI imaging (with our 3.4 T scanner) under
the identical stimulus protocols to investigate such
questions as object recognition with and without spatial
selective attention, as well as orientation and face-specific
adaptation. Our laboratory continues to collaborate with
Itzhak Fried at UCLA in recording single units from
multiple electrodes in the medial temporal cortex of awake
patients during visual perception, recognition and change
detection.

We continue to collaborate with Francis Crick
(Salk) to develop a neurobiological framework to
understand how subjective feelings (in particular,
conscious visual perception) can arise in the mammalian
forebrain. This two decade-long research program has
found its way into a book for a general scientific audience,
The Quest for Consciousness: A Neurobiological
Approach, by C. Koch and published by Roberts and
Company in 2004. In order to make experimentally
verifiable progress on the mind-brain problem, it will be
critical to interfere deliberately, transiently, rapidly and
reversibly with groups of genetically identifiable forebrain
neurons in experimental animals. In collaboration with



David Anderson (Caltech), Henry Lester (Caltech) and
Michael Fanselow (UCLA), we have developed an
associative fear-conditioning paradigm in both mice and
normal human subjects. We are investigating the role of
working memory, attention and awareness in acquiring
delay versus trace conditioning in both species and in
identifying their underlying neuronal representations, with
a particular focus on the anterior cingulate cortex (with
Ray Dolan’s group at University College in London).

47. Intrinsic subthreshold noise in cultured

hippocampal neurons

Kamran Diba, Henry Lester", Christof Koch

lon channels open and close stochastically. The
fluctuation of these channels represents an intrinsic source
of noise that affects the input-output properties of the
neuron. We combined whole-cell measurements with
biophysical modeling to characterize the intrinsic
stochastic and electrical properties of single neurons as
observed at the soma. We measured current and voltage
noise in 18-day post-embryonic cultured neurons from the
rat hippocampus, at various sub- and near-threshold
holding potentials in the presence of synaptic blockers.
The observed current noise increased with depolarization,
as ion channels were activated, and its spectrum
demonstrated generalized 1/f behavior. Exposure to TTX
removed a significant contribution from Na channels to the
noise spectrum, particularly at depolarized potentials, and
the resulting spectrum was now dominated by a single
Lorentzian (1/f*2) component. By replacing the
intracellular K+ with Cs*, we demonstrated that a major
portion of the observed noise was due to K* channels. We
compared the measured power spectral densities to a 1-D
cable model of channel fluctuations based on Markov
kinetics. We found that a somatic compartment, in
combination with a single equivalent cylinder, described
the effective geometry from the viewpoint of the soma.
Four distinct channel populations were distributed in the
membrane and modeled as Lorentzian current noise
sources. Using the NEURON simulation program, we
summed up the contributions from the spatially distributed
current noise sources and calculated the total voltage and
current noise. Our quantitative model reproduces
important voltage-and frequency-dependent features of the
data, accounting for the 1/f behavior, as well as the effects
of various blockers.
“Professor of Biology, California Institute of Technology

48. Subthreshold voltage noise of rat neocortical
pyramidal neurons

Gilad Jacobson’, Kamran Diba, Anat Yaron-

Jakoubovitch”, Yasmin Oz", Christof Koch, Idan

Segev’, Yosef Yarom”

Neurons are noisy elements. Noise arises from
both intrinsic and extrinsic sources, and manifests itself as
fluctuations in the membrane potential. These fluctuations
limit the accuracy of a neuron’s output but have also been
suggested to have a computational role under various
scenarios. Here we present a detailed study of voltage
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amplitude and spectrum at the soma of layer V-V
pyramidal neurons of the rat neocortex in slice preparation.
We focus on the contribution of synapses and Na’
conductance to the voltage noise and demonstrate that
voltage noise increases non-linearly as the cell depolarises
(from 0.4 mV SD at -75 mV to 1.2 mV SD at -55 mV).
The increase in voltage noise was accompanied by an
increase in the cell impedance, due to voltage-dependence
of Na* conductance (the negative slope conductance at the
subthreshold voltage regime). This impedance increase
accounts for about 70% of the voltage noise increase. The
increase in voltage noise and impedance is restricted to the
low-frequency range (0.2-2 Hz) in the presence of synaptic
activity. Synaptic noise dominates the high-frequency
range (> 5 Hz), having little effect on the cell impedance in
our preparation. The results imply that ion channel noise
has a significant contribution to membrane voltage
fluctuations at the subthreshold voltage range, and that Na”*
conductance plays a key role in determining the amplitude
of this noise by acting as a voltage-dependent amplifier of
low-frequency transients.

“The Interdisciplinary Center for Neural Computation, The

Hebrew University, Jerusalem 91904, Israel

49. Backpropagating action potentials in dendrites

with stochastic ion channels

Kamran Diba, Christof Koch, Idan Segev”

Stochastic ion channels are a source of variability
for signal transmission in neuronal membranes. The
thermal environment of neurons results in randomly
occurring changes in the conformation of gating proteins.
This stochasticity can potentially limit the faithfulness and
reproducibility of electrical signal transmission through the
membrane. In this paper we numerically simulate the
effects of stochastic ion channels on the backpropagation
of action potentials into the dendrites of a reconstructed
layer 5 pyramidal neuron. We find that in most instances,
there is little variation in timing or amplitude for a single
backpropagating action potential. However, for trains of
action potentials, variable backpropagation can occur.
Additionally, we report that dendritic Ca®* spike
generation can be susceptible to channel variability.
“The Interdisciplinary Center for Neural Computation, The

Hebrew University, Jerusalem 91904, Israel

50. A learning rule for local synaptic interactions
between excitation and shunting inhibition
Chun-Hui Mo, Ming Gu, Christof Koch
The basic requirement for direction selectivity is a

non-linear interaction between two different inputs in

space-time. In some models, the interaction is
hypothesized to occur between excitation and inhibition of
the shunting type in the neuron’s dendritic tree. How can
the required spatial specificity be acquired in an
unsupervised manner? We here propose an activity-based,
local learning model that can account for direction
selectivity in visual cortex based on such a local veto
operation and that depends on synaptically-induced
changes in intracellular calcium concentration. Our
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biophysical simulations suggest that a model cell with our
learning algorithm can develop direction selectivity
organically after unsupervised training. The learning rule
is also applicable to a neuron with multiple direction
selective subunits, and to a pair of cells with opposite
direction selectivities and is stable under different starting
conditions, delays and velocities.

51. Modeling extracellular electrical stimulation of
unmyelinated axons by symmetric bipolar
current pulses
Roberto Valerio, Christof Koch
The overall research question is a biophysical

one. To understand at the quantitative level, the effect that

a symmetric bipolar current pulse, delivered through an

extracellular electrode, has on the firing properties of

unmyelinated axons embedded into a resistive medium.

Surprisingly, this question has never been addressed using

a biophysical detailed model. It is, however, of increasing

interest to both the clinical as well as the neuroscience

community, as direct neuronal stimulation with such
electrodes is increasingly being used to move from mere
correlation to causation. Theoretical models of neural
excitation are essential for the interpretation of

experimental studies of the nervous system and provide a

quantitative method for the design of electrodes and

stimulus paradigms for functional electrical stimulation.

One of the main questions to answer is over what electrical

current range can such cortical microstimulation trigger

spikes? To investigate this, we used the single cell
simulator NEURON as well as Matlab code. After
modeling the axonal membrane with the standard

Hodgkin-Huxley membrane patch model, we computed the

minimum extracellular electrode current needed to get an

action potential in an infinite axon for different values of
three parameters under study. In particular, we studied the
functional dependency of the minimum electrode current
from axon diameter, electrode-axon distance and stimulus
pulse width. The underlying three-variable function turned
out to be approximately separable in the first two
variables, and its essential behavior can be captured by a
potential function of simple rational and polynomial
expressions. As far as we know, ours is the first attempt to
characterize in a systematic way the excitation thresholds
of unmyelinated nerve fibers when symmetric bipolar
current pulses are applied extracellularly. Given the high

interests in these results, this project should lead to a

significant scientific publication.

52. A synaptic mechanism for computing the

maximum of two inputs

UIf Knoblich, Christof Koch

The MAX function has been postulated to play an
important role in object recognition in visual cortex
(Riesenhuber and Poggio 1999). It is thought to be
essential in order to achieve selectivity and invariance
found in complex cells in visual cortex. Recently, evidence
for the presence of single cells which compute a soft-MAX

operation has been found in cat primary visual cortex
(Lampl et al., 2004).

We investigated a model of a synaptic mechanism
to perform this computation utilizing both excitatory and
inhibitory synaptic conductances for each input. We
assume that each input gives rise to an excitatory as well as
an inhibitory postsynatic potential which is created through
an interneuron. Due to the nonlinear response properties
of the interneuron, the ratio of excitatory to inhibitory
input increases with increasing input. This causes the
membrane potential to saturate at different levels at the
postsynaptic site.

Combining two of these inputs results in a
membrane potential that closely resembles the potential
induced by the larger of the two inputs ("soft-MAX")
because of the local interaction of the excitatory and
inhibitory inputs.

This model provides a good fit for the
intracellular measurements in a population of complex
cells found in cat primary visual cortex. According to the
model, saturation occurs at the synapse but not in the cell's
soma. This prediction should be easily testable and will
guide future experiments.

Reference

Lampl, I., Ferster, D., Poggio, T. and Riesenhuber, M.
(2004) J. Neurophysiol.

Riesenhuber, M. and Poggio, T. (1999) Nat. Neurosci.
1019-1025.

53. Model of extracellular potential illustrates
factors contributing to the waveform of single
unit recordings in vivo
C. Gold, D. Henze", G. Buzsaki", Christof Koch
We use the Line Source Approximation (Holt and

Koch, 1999) to model the extracellular voltage waveform
shape and magnitude resulting from the spiking activity of
individual neurons. We compare simultaneous intracellular
and extracellular recordings of CAL neurons recorded in
vivo (Henze et al., 2000) with model predictions for the
same cells reconstructed and simulated with
compartmental models. The model includes ionic channel
properties and densities based on data collected in studies
of CA1 pyramidal cells in vitro (Ina, Ik, Id, Ic, la, Im, lahp,
In, I, Ir, It, 1h), along with passive membrane properties
that incorporate a detailed spine distribution. We tuned the
parameters of the channel model in order to match the
simulation to the recordings for all pyramidal cells for
which complete histology was available (N=8). The model
illustrates how the different components of the membrane
current combine to create the variety of features seen in
single unit recordings, as well as the role played by the
position of the recording electrode with respect to the cell.

“Center for Molecular and Behavior Neuroscience,

Rutgers University

Reference
Holt, G.R. and Koch, C. (1999) J. Neurosci. 6:169-184.



Henze, D.A., Borhegyi, Z., Csicsvari, J., Mamiya, A,
Harris, K.D. and Buzaki, G. (2000) J. Neurophysiol.
390-400.

54. Unsupervised spike detection and sorting with

wavelets and super-paramagnetic clustering

R. Quian Quiroga, Z. Nadasdy, Y. Ben-Shaul”

This study introduces a new method for detecting
and sorting spikes from multi-unit recordings. The method
combines the wavelet transform, which localizes
distinctive spike features, with super-paramagnetic
clustering, which allows automatic classification of the
data without assumptions such as low variance or Gaussian
distributions. Moreover, an improved method for setting
amplitude thresholds for spike detection is proposed. We
describe several criteria for implementation that render the
algorithm unsupervised and fast. The algorithm is
compared to other conventional methods using several
simulated data sets whose characteristics closely resemble
those of in vivo recordings. For these data sets we found
that the proposed algorithm outperformed conventional
methods.
“ICNC, The Hebrew University, Jerusalem, Israel

55. Invariant visual representation by single
neurons in the human brain

R. Quian Quiroga, L. Reddy, G. Kreiman®, C.

Koch, I. Fried?

We can easily recognize a person or object even if
shown from different angles or under strikingly different
conditions. How neurons in the brain are capable of
achieving this invariant representation is still unclear and
has lead to different hypotheses, mainly based on
theoretical arguments. In this study we address this
question by analyzing the responses of neurons in the
human medial temporal lobe to different presentations of
several individuals and objects. Using a recently proposed
spike sorting, we extracted single-unit and multi-unit
activity from intracranial recordings in the temporal lobe
of epileptic patients candidates who are candidates for
surgery. From a total of 64 micro-wires, usually located in
the hippocampal structure and adjacent areas, it was
possible to isolate between 40 and 80 simultaneously
recorded units per experiment. For each patient, we first
analyzed single- and multi-unit responses to presentations
of about 100 different pictures, comprising famous and
non-famous people, animals, landmarks, objects, etc. We
selected those images for which at least one unit showed a
significant response and in subsequent experimental
sessions, we presented different views of those individuals
or objects. We observed highly selective neurons that
were activated by different presentations of a single
individual or object, with very few or no responses to the
other presentations. Noteworthy, these responses were in
many cases limited to bursts of 5 to 10 spikes in a very
limited time range. These results point towards a sparse
and invariant representation of individuals by neurons in
the human temporal lobe.

"Massachusetts Institute of Technology
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2UCLA Medical School, Department of Neurosurgery

56. Single-trial event-related potentials with
wavelet denoising

R. Quian Quiroga, H. Garcia”

The application of a recently proposed denoising
implementation for obtaining event-related potentials at
the single-trial level is shown. We study its performance
in simulated data as well as in visual and auditory event-
related potentials. For the simulated data, the method
gives a significantly better reconstruction of the single-trial
event-related responses in comparison with the original
data and also in comparison with a reconstruction based on
conventional Wiener filtering. Moreover, with wavelet
denoising we obtain a significantly better estimation of the
amplitudes and latencies of the simulated ERPs.

For the real data, the method clearly improves the
visualization of both visual and auditory single-trial event-
related potentials. This allows the calculation of better
averages, as well as the study of systematic or
unsystematic variations between trials. Since the method
is fast and parameter free, it could complement the
conventional analysis of event-related potentials.

“Raul Carrea Institute for Neurological Research, FLENI.
Montaneses 2325. 1428 - Buenos Aires, Argentina

57. Towards real-time unsupervised spike sorting

via template matching

Casimir Wierzynski, R. Quian Quiroga

The extraction and segregation of spiking activity
from recordings of extracellular potentials is a
longstanding problem in electrophysiology [1]. Quian
Quiroga et al., have recently demonstrated [2] a novel and
effective strategy using wavelet coefficients and super-
paramagnetic clustering (SPC) [3] for unsupervised spike
sorting. In this work we investigated techniques for
adapting this algorithm for use in real-time applications.
To this end, we devised a template-matching scheme that
first uses SPC to form templates for each category of spike
in a training phase, then classifies new spikes by matching
them to the nearest template. We compared six
combinations of spike features sets (time and wavelet
domain) and distance metrics (Euclidean, Mahalanobis,
and nearest neighbor) according to their accuracy on
simulated spike data and their computational load. We
found combination of features sets and distance metrics
such that this template matching is nearly as accurate as
SPC and several orders of magnitude faster. Such schemes
could therefore be useful in real-time spike sorting
applications involving hundreds of simultaneous channels
or in embedded systems.

References

[1] Lewicki, M.S. (1998) Network: Computation in
Neural Systems 9(4):R53-R78.

[2] Quian Quiroga, R., Nadasdy, Z. and Ben-Shaul, Y.
Neural Computation. In press.

[3] Blatt, M., Wiseman, S. and Domany, E. (1996) Phys.
Rev. Lett. 76:3251-3254.
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58. Selectivity of local field potentials in the
human brain

Alexander Kraskov, Rodrigo Quian Quiroga,

Christof Koch, Itzhak Fried”

We started to investigate local field potentials in
the human temporal medial lobe. The recordings are done
from the brain of epileptic patients in collaboration with
Dr. Itzhak Fried, UCLA. The main goal of this project is
to characterize the selectivity of the LFP’s to different
image categories (e.g., photos of faces versus pictures of
landmark buildings) or to individual images and to study
the relationship between the selectivity of single and multi
units and the LFPs. That is, if we record from a neuron
that shows great selectivity of faces or even to the face of a
single individual, will the LFP recorded from the same
electrode also show such selectivity or a different one?
This would be important for practical purposes since
recording LFPs is much easier and more robust to
electrode movement that picking up spiking activity from a
single neuron. Stimulus selectivity in the LFP would also
reveal spatial clustering of neurons, that is, the fact that
neurons with similar stimulus selectivity (e.g., to faces)
cluster in space.

We are interested in extracting specific
information from the LFPs and therefore we choose
continuous wavelet transform method to explore time and
frequency structure of LPFs. This method allows us to
consider selectivity in individual frequency bands
(standard  electroencephalographic frequency bands
5,0, a, B, y) and in different time intervals (well known
peaks of evoked responses).

We started from the analysis of power spectrum
that looks quite smooth and has and 1/f* appearance with
average o about 1.9. Moreover, in many electrodes we
found significant oscillations in different frequency bands
(e.g., 6, ).

As a preliminary result we found selectivity to
animal category in the electrodes that were also selective
according to single and multi units.

“UCLA Medical School, Department of Neurosurgery

59. A detection theory account of change detection

Patrick Wilken", Wei Ji Ma

Previous studies have suggested that visual short-
term memory (VSTM) has a storage limit of
approximately four items. However, the type of high-
threshold model (HTM) used to derive this estimate is
based on a number of unattractive assumptions, and has
been criticized in other experimental paradigms (e.g.,
visual search). Here we report findings from nine
experiments in which VSTM for color, spatial frequency
and orientation was modeled using a signal detection
theory (SDT) approach. In Experiments 1-6, two arrays
composed of multiple stimulus elements were presented
for 100 ms with a 1500 ms ISI. Observers were asked to
report in a yes/no fashion whether there was any difference
between the first and second arrays, and to rate their
confidence in their response on a 1-4 scale. In
Experiments 1-3 only one stimulus element difference

could occur (T = 1) while set size was varied. In
Experiments 4-6, set size was fixed while the number of
stimuli that might change was varied (T = 1, 2, 3, 4).
Three general models were tested against the ROCs
generated by the six experiments. In addition to the HTM,
two SDT models were tried: one assuming summation of
signals prior to a decision, the other using a max rule. In
Experiments 7-9 observers were asked to directly report
the relevant feature attribute of a stimulus presented 1500
ms previously, from an array of varying set size. Overall
the results suggest that observers encode stimuli
independently and in parallel, and that performance is
limited by internal noise, which is a function of set size.
“Otto von Guericke Universitat, Fakultat fir
Naturwissenschaften, Universitatplatz 2, D-39106
Magdeburg, Germany

60. Humans segregate and integrate auditory and

visual signals in a statistically optimal fashion

Ladan Shams”, Wei Ji Ma

Like most animals, humans are endowed with
multiple sensory modalities. This attribute poses the
nervous system, at any instant, with the eminent problem
of estimating which sensory signals have been caused by
the same source and should be integrated, and which have
been caused by different sources and should be segregated.
We report that the rule used by the nervous system for
combining and segregating auditory and visual signals is
statistically optimal. These results provide the first
unifying account for the entire spectrum of cue
combination, ranging from no integration, to partial
interactions, to complete fusion. Our findings also show
that a well-known auditory-visual illusion is indeed an
epiphenomenon of this general, statistically optimal
strategy.
“Department of Psychology, University of California, Los

Angeles, CA

61. Neural mechanisms underlying temporal
aspects of conscious visual perception

Wei Ji Ma, Fred Hamker”, Christof Koch

The purpose of this project has been to study
fundamental aspects of the time course of visual
perception using computational models. In particular, we
focused on the phenomenology of feature inheritance, a
form of backward masking in which a target stimulus
bequeathes a property to a later mask stimulus. This
illusion, and its variations, can elucidate why the brain
does not always perceive the time course of events in
accordance with physical reality, and which neural
mechanisms may underlie it.

Our answer to this question is that the brain
engages in a form of hypothesis testing, in which input is
tested against a template, i.e., an expectation of what the
input will be like. When no template is present, it is
created from the input, but in an inert fashion. In this way,
the target feature — in our model the orientation of a briefly
flashed bar — can influence the mask feature. We arrive at
this conclusion by carefully examining the different



parameter domains in the illusion. For some parameter
values, temporal integration of the stimuli occurs, leading
to the percept of a superposition of the two. For others, the
percept is feature inheritance. Finally, in the limit of long
durations, perception should reflect the physical course of
events veridically. These conditions, plus known aspects
of perception, such as a threshold on neural activity before
a stimulus can be perceived, constrain our model. We
model hypothesis testing through a multiplicative
interaction, in which the population activity pattern
corresponding to the template gets multiplied cell by cell
(that is, orientation by orientation) with the bottom-up
activity. We argue that this does not necessarily involve
feedback into early visual areas; previous authors had
claimed such feedback to be pivotal.
“Allgemeine Psychologie, Psychologisches Institut II,
Westf. Wilhelms-Universitat, Fliednerstrasse 21, 48149
Munster, Germany

62. Face adaptation is reduced by binocular
suppression

Farshad Moradi, Christof Koch, Shinsuke

Shimojo”

When two dissimilar images are presented to
corresponding regions of each eye, one image suppresses
the other one from visual awareness. Binocular-
suppression has little effect on the build-up of several
visual aftereffects (tilt aftereffect, translational motion
aftereffect, grating adaptation). Thus, invisible stimuli can
penetrate some level of cortical visual processing.
However, the global motion aftereffect is reduced in
magnitude by rivalry suppression. Here, we used
configural adaptation to images of human faces to
investigate whether high-level aftereffects are suppressed
by rivalry. Human fMRI and monkey electrophysiological
studies demonstrate that rivalry modulates activity in
cortical areas involved in processing faces and objects,
although there is evidence from human fMRI that
perceptually invisible images still can affect those areas.
Participants were trained to identify four individuals.
Different identity strengths were created by morphing the
original stimuli with an average face. We demonstrated
that four seconds of adaptation in the non-dominant eye
significantly shifts the psychometric function. Suppression
was induced during adaptation by presenting a moving
pattern to the dominant eye. Observers monitored the
visibility of the face by holding a key down. When the
adapting face was perceptually suppressed for less than 3
sec, the aftereffect was comparable in magnitude to the
control condition. However, when the adaptor was
invisible for more than 3 sec, there was no shift in the
psychometric function (p<0.01). This indicates that the
neural mechanisms underlying configural adaptation to
faces depend, at least in part, on perceptual awareness.
“Professor of Biology, Caltech

53

63. Neural correlates of preattentive face-gender

discrimination

Leila Reddy, Farshad Moradi, Christof Koch

Recently, fMRI studies have reported that activity
in the Fusiform Face Area (FFA) is reduced or eliminated
in the absence of attention. In these studies, an "attended"
condition (where subjects make a behavioral report on face
images) is compared to an "unattended" condition where
another task is performed and the faces are behaviorally
irrelevant. It is unclear, however, how activity correlates
with behavioral performance (since there is no required
performance for unattended faces), and thus if the
observed decrease in activity is purely due to the lack of
top-down attention or if it is explained by the behavioral
irrelevance of the faces. Recently, using a dual-task
paradigm, we showed that the attentional cost associated
with face-gender discrimination is minimal. When
subjects reported the gender of a peripherally presented
face while performing an attentionally engaging task at
fixation, their performance suffered but little compared to
when attention was available. In this condition, minimal
attentional resources are available to the peripheral face,
but it remains behaviorally relevant. Thus we are in a
position to determine how neural activity varies with
behavioral performance and attentional modulation. We
use fMRI to examine the effects of attention on brain
activation using the dual-task paradigm. Preliminary
results show that FFA activity is mostly unaffected by
whether subjects perform the face task alone (peripheral-
task condition) or in conjunction with the central task
(dual-task condition). Interestingly, the activity is
decreased in the "central-task" condition when the faces
are still present but are behaviorally irrelevant. This latter
result is consistent with previous reports: neural activity is
affected by the behavioral relevance of stimuli. In
addition, however, the fact that FFA activity is maintained
in the dual-task condition indicates that attentional
manipulation per se leaves both performance and neural
activity unaffected.

64. Visual awareness and the neural correlate of

orientation selective adaptation

Constanze Hofstoetter”, Farshad Moradi, Christof

Koch

We used fMRI to investigate orientation selective
adaptation (OSA) in visual cortex and its correlation with
visual awareness.  Psychophysical studies have
demonstrated that OSA does not require visual awareness,
and hence it presumably originates in early visual areas.
Seven participants viewed high-contrast grating patterns in
a 3T scanner (EPI, TR=2s, TE=30ms). The visual display
was divided into seven regions (co-centric rings covering
the upper visual field). Corresponding retinotopic maps
for each ring were determined using separate localizers
(two runs) for each participant in the occipital lobe. Each
ring was composed of a grating (of either 45 or 135 deg
stripes, random width 0.1-2 deg) which flickered at 2.5 Hz
and flipped its orientation every 30-50s (10 runs*6
flips/ring). Participants were asked to monitor the rings
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and report those that flipped. On average, they missed the
change in orientation in more than half of the trials due to
crowding and flickering that masked changes in
orientation, in particular for the peripheral rings. When
correctly reported, the change in orientation was
accompanied by a small but highly significant increase in
BOLD signal (0.15+-0.02%, p<1.2e-8). This increase may
reflect the transient associated with the change in
orientation, or it may signal that a subpopulation of
neurons that are not adapted is being stimulated. However,
when the observers failed to notice the change in
orientation, there was no increase in activity (0.007+-
0.02%). In the few trials that the location of the change
was misperceived, there was a significant increase in the
activity at the reported location. These findings indicate
that the increase in BOLD activity in early visual cortex
can reflect the consciously perceived change, a signal
presumably originating in higher stages. These results
imply that attention and awareness are important
confounding factors in fMRI adaptation studies.

YInstitute of Neuroinfomatics, ETH/University of Zurich,

Zurich, Switzerland

65. Absence of visual awareness does not affect the
formation of negative afterimages

Constanze Hofstoetter , Christof Koch, Daniel C.

Kiper”

Researchers set out only recently to tackle the
neural correlates of consciousness (NCC) by scientific
means. One promising strategy has been to study
conditions during which a visual stimulus is present, but
observers fail to perceive it. The key question is what type
of information processing occurs in the absence of visual
awareness. Investigating this issue allows us to gain
insight into those sites that mediate conscious visual
perception.

Visual aftereffects, i.e., visual traces observed
after prolonged exposure to an adapting stimulus, offer a
powerful tool to approach this question. Various
techniques have been employed to investigate if
aftereffects can be induced by perceptually invisible
stimuli. Here we present a novel technique exploiting the
phenomenon of motion-induced blindness (MIB; Bonneh
et al.,, 2001). In MIB, salient target stimuli become
intermittently perceptually suppressed when superimposed
on a moving background. We aimed to determine whether
suppression of a visual stimulus by MIB has any effect on
the strength and duration of the negative afterimage it
induces.

Subjects had to report on their perception of two
moderate-intensity yellow squares during the adaptation
phase. Subsequently, they were asked to rate the intensity
and persistence of the negative afterimages that were
induced by these adapting stimuli. In MIB trials, the
yellow squares were presented superimposed on a cloud of
moving blue dots and thereby became intermittently
perceptually invisible. In "playback™ trials no moving
background was present, but the squares were physically

removed mimicking the subjects’ local percept in the
previous MIB trial.

Our results show that the persistence and intensity
of negative afterimages are determined entirely by the
physical, not the perceptual exposure to an adapting
stimulus. This implies that visual awareness of the
adapting stimulus is not required for the generation of
afterimages. Therefore, the neural substrate responsible
for the formation of negative afterimages must precede
that supporting visual awareness for these stimuli. This
finding is consistent with assigning the formation of
afterimages solely to low-level processes, such as the
adaptation of cells in the retina and LGN. Our results
strengthen the hypothesis that neural activity early in the
visual system is not sufficient for conscious perception.
They also demonstrate that the NCC occur at distinct
stages in the visual hierarchy.

“Institute of Neuroinfomatics, ETH/University of Zurich,
Zurich, Switzerland

Reference
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66. Non-local cortical interactions help determine

where to look in natural scenes

Robert J. Peters, Asha lyer, Laurent Itti", Christof

Koch

Recent research (Parkhurst et al., Vis. Res. 2002)
showed that a model of bottom-up visual attention can
account in part for the spatial positions of locations fixated
by humans while free-viewing complex natural and
artificial scenes. That study used a definition of salience
based on local detectors with coarse global surround
inhibition. Here, we use a similar framework to
investigate the roles of a variety of non-linear interactions
known to exist in the visual cortex, and of eccentricity-
dependent processing. For each of these, we added a
component to the salience model, including richer
interactions among orientation-tuned units, both at spatial
short-range (for clutter reduction) and long-range (for
contour facilitation), and a detailed model of eccentricity-
dependent changes in visual processing. Subjects free-
viewed naturalistic and artificial images while their eye
movements were recorded, and the resulting fixation
locations were compared with the models' predicted
salience maps. We found that the proposed interactions
indeed play a significant role in the spatiotemporal
deployment of attention in natural scenes; about half of the
observed inter-subject variance can be explained by these
different models. This suggests that attentional guidance
does not depend solely on local visual features, but must
also include the effects of non-local interactions. As
models of these interactions become more accurate in
predicting behaviorally relevant salient locations, they
become useful to a range of applications in computer
vision and human-machine interface design.
usc
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67. What do we see when we glance at a scene?

Asha lyer, Fei Fei Li', Pietro Perona®

What exactly do we see when we glance at a
scene? And does what we see change as the glance
becomes longer? We asked naive subjects to report what
they saw in briefly presented photographs. Our subjects
received no specific information as to the content of each
stimulus, and were asked to report what they saw in free-
form text. Thus, our paradigm differs from previous
studies where subjects were either cued before a stimulus
was presented, and/or were probed with multiple-choice
questions. Our experiment consisted of two stages. First a
group of 22 native English-speaking subjects were shown
100 novel gray-scale photographs foveally. The
photographs contained a broad sample of indoor and
outdoor real-life scenarios. Each presentation time was
chosen at random from a set of seven possible times (from
27 ms to 500 ms). A perceptual mask followed each
photograph immediately. After each presentation subjects
reported what they had just seen as completely as possible.
In the second stage, another group of sophisticated
individuals who were not aware of the goals of the
experiment were instructed to score each of the
descriptions produced by the subjects in the first stage.
Individual scores pertained to specific attributes,
representing different categories of content. For example,
scores were ascribed for attributes such as edges, contours,
shapes, colored patches (reflecting sensory data); urban,
rural, forest, ocean, household rooms, etc. (reflecting
scene-related information); furniture, vehicles, trees, rocks,
roads, bridges, etc. (reflecting inanimate object-related
information); mammals, birds, aquatic life,
presence/gender/identity of people, etc. (reflecting animate
object-related information); these were a small subset of
the attributes assessed. We find that sensory data is
reported before object recognition or scene identification.
Object- and scene-related information was reported with a
similar timecourse. The presence of animals and people
were reported early, often with display times below 50 ms.
Scene recognition and slightly coarser than entry-level
object categorization were accurately performed within
100 ms.
Graduate Student, Electrical Engineering, Caltech
*Professor, Electrical Engineering, Caltech
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68. Biasing the percept of ambiguous visual

stimuli

Melissa Saenz, Christof Koch

Ambiguous visual stimuli evoke unstable percepts
that spontaneously alternate between different
interpretations over time. In a recent report (Leopold et
al., 2002) this percept was stabilized, even frozen, onto a
particular interpretation when the ambiguous stimulus was
presented intermittently rather the continuously. Here we
report that intermittent viewing can also destabilize an
ambiguous percept - reliably inducing a perceptual reversal
with every stimulus onset. The ambiguous figure used
here was a structure-from-motion rotating cylinder
presented 5 deg in the periphery. This 2-D pattern of
moving dots yields a strong percept of a 3-D cylinder
whose direction of rotation spontaneously reverses
between two opposing interpretations (in this case, up or
down) during continuous viewing. The cylinder stimulus
was shown for on-times of 1 sec separated by blank-times
in which only the fixation point was present. The duration
of the blank-time (0, 200, 400, 800, 1600, or 3200 ms) was
varied in separate blocks. After blank-times of 200ms the
percept typically reversed with every stimulus onset, while
for gap times of 3200 ms the percept was more likely to
stay the same (replicating the previously reported freezing
effect). For intermediate blank-times, there was a smooth
transition between the “reversing” and "freezing"
phenomena. This pattern was highly consistent across
subjects (n=10) and also occurred when the stimulus was
presented foveally. The phenomena may thus reveal the
involvement of two different visual memory systems
operating over different time scales. Further experiments
revealed that both the reversing and freezing effects can be
evoked even when the stimulus changes location (moving
to the opposite visual hemifield) with each onset. This
suggests that perceptual reversals are not driven simply by
local sites of motion adaptation, but may reflect
competition between global object interpretations.
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69. Binding ""hardwired™ vs. “arbitrary' feature

conjunctions

Rufin VanRullen

Binding is often referred to as the process by
which basic features of an object are conjoined within the
focus of attention to allow recognition. We have
previously argued, however, that certain high-level
"objects" can be recognized outside the focus of attention.
We proposed that binding exists, in fact, under two forms.
The visual system heavily relies on 'hardwired' binding
whereby relevant objects and feature conjunctions are
selectively coded by dedicated neuronal populations (e.g.,
faces, animals, color-orientation conjunctions). Attention
is not required for this form of binding, but must
sometimes be engaged to resolve spatial competition
within a receptive field. Without such ‘hardwired'
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selectivities, binding of arbitrary feature conjunctions can
still occur but necessitates attention (e.g., bisected two-
color disks, randomly rotated letters). Here we verify that
the first postulated form of binding (‘hardwired’) is indeed
preattentive, but only parallel when stimuli are reasonably
separated: under dual-task conditions where full attention
is unavailable, a single peripheral animal, face or color-
orientation conjunction can be recognized, but will suffer
from the addition of a second distracting stimulus (natural
scene, face, etc.), only if it is placed in the vicinity of the
target stimulus. In other words, the 'hardwired binding'
problem might be receptive-field specific. This is
confirmed by a second experiment in which two
simultaneous masked stimuli must be compared. The SOA
is chosen so that a similar stimulus in isolation is easily
identified. With animal vs. non-animal scenes, human
faces or color-orientation conjunctions, this comparison
task can be performed with well separated but not with
neighboring stimuli. In contrast, bisected disks or
randomly rotated letters cannot be compared even at large
spatial separations (see Figure). Thus, while ‘'arbitrary’
binding always requires attention, 'hardwired' binding only
does when receptive field competition occurs.
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Figure: Performance of the comparison task for four
different visual discriminations (upright vs. inverted faces,
animal vs. non-animal scenes, rotated L vs. T, bisected
disks), and two stimulus separations (‘far,’ ‘close’). The
'synthetic' stimuli on the right cannot be discriminated in
parallel, whatever the inter-stimulus separation. On the
other hand, the 'natural’ discriminations on the left are
easily performed with well-separated stimuli, but suffer a
‘local binding problem' when the stimuli to be compared
lie too close.

single-stimulus discrimination performance

70. The attentional requirements of face

recognition

Lavanya Reddy, Christof Koch, Pietro Perona”

The attentional requirements of a face recognition
task were investigated using two paradigms. With the
dual-task paradigm, we found that subjects were able to
recognize famous faces remarkably well even in the
near-absence of attention. A recent study has
demonstrated the existence of neuronal populations
selective to particular faces: perhaps the existence of these
selectivities is what allows face recognition to occur in the
absence of attention. On the contrary, the same face
recognition task in the Rapid Serial Visual Presentation
(RSVP) method led to an "attentional blink." The apparent
contradiction in the two sets of results suggests that the
two paradigms might be testing different kinds of
attention: this lays a foundation for further investigation of
the differences between spatial and temporal modes of
attention.
“Professor, Electrical Engineering, Caltech
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71. Clutter effects in visual search: Human

psychophysics

Lavanya Reddy, Rufin VanRullen, Christof Koch

Recent experiments from the Koch lab have
revealed that categorization of an isolated natural scene or
object could be performed in the near absence of attention
(Li et al., 2002; Reddy et al., 2004). Surprisingly, the
same tasks were performed poorly in visual search
conditions where a target must be detected among multiple
distractors. We have proposed that for these natural scenes
and objects, parallel visual search performance — the
hallmark of preattentive processing — might be impaired by
receptive fields clutter (VanRullen et al., 2004). To
demonstrate this, we used a modification of the visual
search paradigm in which we varied parametrically the set
size (number of elements presented) and the inter-stimulus
distance (an inverse measure of clutter). We found that,
only in the case of a task involving natural target objects
(face photographs), decreasing clutter could yield
significant performance improvements in visual search (in
fact, sensitivity was found to increase by more than 50%
for each 1° increase in inter-stimulus distance). This result
is a significant first step in bridging the gap between
attentional requirements recorded on isolated stimuli (dual-
task) and those estimated from cluttered displays (visual
search). Further, it provides a human psychophysics
counterpart to the electrophysiological experiments of
DiCarlo, investigating clutter effects in visual cortex.
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Figure 1. In four different tasks, representing the various
possible outcomes of visual search and dual-task
experiments, we varied parametrically the set size (number
of elements presented) and the amount of clutter (as
assessed by the inter-stimulus distance). For only one of
these tasks (upright vs. inverted faces) does decreasing
clutter lead to a dramatic improvement in visual search
performance. This result is a critical step to understanding
why natural objects can be processed preattentively when
presented in isolation (e.g., dual-task) but not in cluttered
displays (e.g., visual search).

- set size: 2—O—
inter-stimulus distance (degrees) 33—

72. Continuous flash suppression

Naotsugu Tsuchiya, Christof Koch

Visual illusions that produce perceptual
suppression despite constant retinal input, such as
binocular rivalry (BR) or flash suppression (FS), are potent
tools to study the neural correlates of consciousness.
However, the duration and timing of perceptual
suppression in BR are difficult to control, and FS attains
only short duration of suppression, too short to produce
aftereffect. Furthermore, FS requires pre-adapting period,
which makes it impossible to use in studies that require
complete perceptual unawareness. Here, we introduce
Continuous Flash Suppression (CFS). With CFS, we can
control the timing of suppression and suppress stimuli for
long duration (> several minutes) without subjects noticing
the suppressed stimuli at all. We used several categories
of figures (Gabor patches and angry faces) as suppressed
stimuli and other categories as continuously changing
dominant stimuli (Gabor patches of different orientations,
random textures consisted of small color rectangles, gray
or color neutral faces, scrambled faces). Both stimuli were
presented at the fovea (10x10 deg, with a stereoscope, 50
cm from the display). The dominance duration of
suppressed stimuli during a 60s trial was the observation
variable. As the contrast and saliency of suppressed
stimuli decreases, dominance duration of the suppressed
figure decreases. As suppressed stimuli are low-pass
filtered, the dominance of the suppressed figure decreases.
ISI between dominant stimuli is crucial; in general, short
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ISI (<1 sec) produces strong and prolonged suppression.
Under a wide range of parameters, a stimulus that usually
dominates about 30s in a 60s BR trial can be suppressed
completely (i.e., Os dominance in 60s trial). We report a
classical human fear conditioning study that utilized CFS.
Subjects could report their on-going subjective visibility of
figures during 2s stimuli presentation, while they tried to
associate electrical shocks with angry face stimuli that
were completely masked by CFS.

73. Awareness in fear conditioning
Naotsugu Tsuchiya, McKell Carter, Christof
Koch

We studied the relationship between the degree of
human fear conditioning using skin conductance response
and the degree of CS-US contingency awareness using on-
line report of shock expectancy. Our protocol was similar
to that in Carter et al., (2003) unless specified. We
compared the relationship between delay (n=8) and trace
group (n=7) using a differential conditioning protocol.
Subjects had to indicate their shock expectancy by moving
their eyes along an axis on the monitor. In the trace group,
the correlation coefficient r was 0.81 (p<0.05), while r was
0.47 (p>0.2) in delay. Thus, trace conditioning
demonstrates a significant dependence on awareness while
delay conditioning does not. We also used a within-
subject paradigm, where trace/delay differential
conditioning was employed within a single experiment.
Using three auditory CSs, we confirmed our previous
results: r=0.64 (p<0.03) in trace while r=0.18 (p>0.5) in
delay (n=12 for each). We then tried to replicate
unconscious fear conditioning with fear-relevant CSs,
hypothesizing that unconscious conditioning would be
stronger in delay because it was less dependent on
awareness. To have enough time to monitor on-line
awareness via key press, we presented a fear-relevant CS
in one eye, while showing to the other eye neutral images
that were replaced every 100 ms for 2 seconds. This 10 Hz
flickering stimulus reliably suppressed the contralateral
stimulus from awareness, acting as a "continuous flash
suppression.” None of the 13 subjects became aware of the
contingency (on-line expectancy p>0.2) or noticed the
presence of the suppressed fear-relevant CS at any of 78
trials (verbal report). Under these conditions showing no
on-line expectancy or no perception of fear-relevant CS
picture, no delay conditioning (p>0.2) was observed.
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74. Prefrontal activity covaries with explicit
knowledge of CS/US contingency in human
aversive conditioning
Ronald McKell Carter
We sought to address the neural representation of

explicit and implicit knowledge. Our experimental

approach involved using BOLD fMRI to ascertain the
neural substrate underlying contingency awareness during
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delay and trace human aversive conditioning. Four
abstract images were randomly assigned to one of four trial
types: delay CS+, trace CS+, or one of two unpaired
baseline stimuli (CS-) during concurrent aversive delay
and trace conditioning. CS+ trials were reinforced with a
mild electric shock (US) 50% of the time. Forty-four slice
tilted axial images were acquired using a 3T head-only
scanner. Subjects were asked to indicate their shock
expectancy by pressing one of three buttons (shock, unsure
or no shock). Skin conductance (SC) and expectancy
responses for each trial were then used as parametric
regressors of conditioning. Analyses of fourteen subjects
were conducted as the conjunction of trace and delay
conditioning and reinforced and non-reinforced trials.
Results comparing hemodynamic activity for
CS+ > CS-trials replicate the majority of activity
demonstrated by human fMRI studies of aversive
conditioning. Bilateral middle frontal gyrus (DLPFC)
BOLD responses were correlated with accurate online
shock expectancy to differing degrees that reflected the
subject's ability to accurately describe the CS/US
relationship using a second assessment of explicit
knowledge (post-experimental questionnaire). These
results are consistent with previous imaging work in the
related areas of cognitive re-assessment and working
memory. Para-hippocampal and amygdala BOLD
responses correlated with the amplitude of normalized skin
conductance responses on each trial in a manner reflecting
the strength of conditioning (as measured by the average
CS+,CS- skin conductance response difference).

75. Detection and tracking of objects in

underwater video

D. Walther, D.R. Edgington”, C. Koch

For oceanographic research, remotely operated
underwater vehicles (ROVSs) routinely record several hours
of video material each day. Manual processing of such
large amounts of video has become a major bottleneck for
scientific research based on this data. We have developed
an automated system that detects and tracks objects that
are of potential interest for human video annotators. By
pre-selecting salient targets for track initiation using a
selective attention algorithm, we reduce the complexity of
multi-target tracking, in particular of the assignment
problem. Detection of low-contrast translucent targets is
difficult due to variable lighting conditions and the
presence of ubiquitous noise from high-contrast organic
debris ("marine snow") particles. We describe the
methods we developed to overcome these issues and report
our results of processing ROV video data.
“Monterey Bay Aquarium Research Institute
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76. Is bottom-up attention useful for object

recognition?

U. Rutishauser, D. Walther, C. Koch, P. Perona”

A key problem in learning multiple objects from
unlabeled images is that it is a priori impossible to tell
which part of the image corresponds to each individual
object, and which part is irrelevant clutter which is not
associated to the objects. We investigate empirically to
what extent pure bottom-up attention can extract useful
information about the location, size and shape of objects
from images and demonstrate how this information can be
utilized to enable unsupervised learning of objects from
unlabeled images. Our experiments demonstrate that the
proposed approach to using bottom-up attention is indeed
useful for a variety of applications.
“Professor, Electrical Engineering, Caltech
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77. On the usefulness of attention for object
recognition

Dirk Walther, Ueli Rutishauser, Christof Koch,

Pietro Perona”

Today's object recognition systems have become
very good at learning and recognizing isolated objects or
objects in images with little clutter. However,
unsupervised learning and recognition in highly cluttered
scenes or in scenes with multiple objects are still
problematic. Faced with the same issue, the brain employs
selective visual attention to select relevant parts of the
image and to serialize the perception of individual objects.
In this paper we demonstrate the use of a computational
model of bottom-up visual attention for object recognition
in machine vision. By comparing the performance of
David Lowe's recognition algorithm with and without
attention, we quantify the usefulness of attention for
learning and recognizing multiple objects from complex
scenes, and for learning and recognizing objects in scenes
with large amounts of clutter.

“Professor, Electrical Engineering, Caltech
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78. Unsupervised learning and control provide

ambient intelligence to smart buildings

U. Rutishauser, J. Trindler, R. Douglas

Buildings are changing their nature from static
structures of bricks and mortar to dynamic work and living
environments that actively support and assist their
inhabitants. These new buildings are expected to behave
intelligently. Engineering such a system poses a number
of challenges. Decisions must be made in near-real time.
The system must have a way to interact with its users to
obtain feedback. On the other hand, it should not intrude



on the user. In this article we particularly highlight the
problem from a machine-learning perspective.
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Summary: Our group has become small after the
departure of six members during the last two years. Kazuo
and Yasuko Funabiki returned to Kyoto University and
Yuichiro Hayashi joined Kazuo as an assistant. Teresa
Nick is now an assistant professor at the University of
Minnesota and Anthony Leonardo is a postdoctoral fellow
in the laboratory of Markus Meister at Harvard. Anthony
has received a Helen Hay Whitney Fellowship and also a
Young Investigator Award from the International Society
for Neuroethology. Ben Arthur is a postdoctoral fellow in
the laboratory of Ron Hoy at Cornell University.

Our research projects on songbirds and owls
continue. Postdoctoral fellow Dai Watanabe, an expert in
both molecular biology and neurobiology, and Gene
Akutagawa work on the mechanisms of central auditory
gating. Gene's expertise in histology has revealed new
connections between the song control system and other
parts of the brain. These connections may explain the
relationships between sleep and neuronal responses to the
bird's own song. In zebra finches, neurons within the song
control system respond to the birds' own song only when
the bird is asleep or under anesthesia.

We have four people working on the owl's
auditory system. Space-specific neurons in the owl's
midbrain respond selectively to sound coming from a
particular direction, because they are tuned to specific
combinations of interaural time and level differences,
which define the owl's auditory space. We previously
showed that the space-specific neuron multiplies
postsynaptic potentials from the time and level processing
pathways. Jose Luis Pefia now finds that the rule of
multiplication applies even when the input from the time
pathway is greatly reduced. Bjorn Christianson and Jose
are working on another mathematical process that the owl's
brain performs. Lucia and Jose are finding basic
physiological differences between the auditory pathway
that goes to a terminal in the midbrain and the one that
goes to the thalamus in the owl. They find few neurons
that satisfy the definition of space-specific responses in the
thalamus. Sharad Shanbhag has been assembling and
testing a new electrode-drive system for recording from
the behaving owl.

79. Nucleus Uvaeformis controls auditory
responsiveness of HVC in the zebra finch song
system

Yuichiro Hayashi

Songbirds learn their vocalizations in their
early-stage of life. Neurons of the vocal motor pathway of
songbirds convey neural signals for song production and
respond to auditory stimuli only when the bird is silent,
asleep or under anesthesia. This behavioral state-
dependent modulation or gating has been observed in
nucleus HVC and its efferent target RA. We have recently
shown that auditory response of NIf, a major source of
auditory input to HVC, is also modulated by behavioral
state. This result indicates that NIf relays the behavioral
state-dependent change of auditory responses of other
nuclei in the vocal motor pathway. One candidate
controlling this modulation (gating) is thalamic nucleus
Uvaeformis (Uva) that projects to both NIf and HVC. To
understand how this gating of auditory responses occurs,
we tested whether stimulation of Uva affects HVC activity
or not. Electrical stimulation of Uva in the anesthetized
bird completely inhibited both ongoing and auditory
activity in HVC. Interestingly, the inhibition caused by
single brief (100 ms) stimulation of Uva lasted ~1 min, and
then the spontaneous and auditory activity of HVC
gradually recovered. The result supports the idea that Uva
controls the gating of auditory activity in the vocal motor
pathway.

80. Running cross-correlation in the owl's nucleus
laminaris

Gestur Bjorn Christianson, José Luis Pefia

The response of nucleus laminaris neurons of
barn owls is tuned to interaural time difference (ITD).
These and similar neurons in mammals are thought to
perform a running (local) cross-correlation between neural
signals encoding binaural auditory stimuli. However, the
theoretical significance of the local nature of this
computation has never been fully examined. We derived
an analytic expression of the running cross-correlation of
arbitrary stimuli in terms of the Fourier series, and tested
the predictions of this theory.

Laminaris neurons respond in a phase ambiguous
manner, where ITDs separated by integer multiples of the
period of the stimulating frequency elicit similar
responses. When a broadband noise stimulus is used, the
response is similarly ambiguous for ITDs close to the
characteristic delay (CD) of the neuron. However, as the
difference between the ITD and the CD increases, the rate
of response gradually declines and the frequency of
oscillation of the ITD curve drifts. The existence, time-
scale, and magnitude of this effect are consistent with the
predictions of the running cross-correlation model, which
attribute it entirely to the effective frequency tuning of the
neuron. The relationship between the ITD tuning and the
effective frequency tuning of the neurons was studied
using both iso-intensity frequency stimulation and reverse
correlation techniques. Frequency tuning properties could



be derived entirely by the ITD curves of the neurons, and
vice versa.

81. Frequency convergence in the auditory
thalamus of the owl

Maria Lucia Pérez, José Luis Pefia

The owl's forebrain and optic tectum contain
"space-specific neurons" that are selective for the direction
of sound propagation. Their spatial receptive fields result
from the sensitivity to combinations of interaural time
(ITD) and intensity differences across frequency. The
neural pathways that lead to the thalamic and tectal
representation of auditory space are separate, before
receptive fields tuned to a unique and restricted area of
space are synthesized. The first nuclei of these pathways
are the nucleus ovoidalis (OV) and the external nucleus of
the inferior colliculus (ICx), respectively. Both receive
projections from the lateral shell of the inferior colliculus
(ICIs) but are not interconnected. Whereas the map of
auditory space of ICx has been extensively studied, little is
known about how auditory spatial cues are combined in
single neurons of the thalamic pathway.

We examined how OV neurons responded to
ITDs in different frequency bands. Of the neurons tuned
to ITD (n=194), those broadly tuned to frequency (n=94)
responded preferentially to only one value of ITD, when
the stimulus was broadband. However, their selectivity to
ITD as measured with tones varied for different
frequencies, in contrast to space-specific neurons of the
tectal pathway. Although the owl's brain can encode time
at high frequencies, some OV neurons showed ITD
sensitivity restricted to the low frequency bands. We used
tracers to identify the ICls neurons that project to the
forebrain and tectal pathways. Dextran-amine tracers were
injected in OV and ICx. Brain sections were examined
with a confocal microscope. No double-labeled cells were
found in ICls.

Our electrophysiological findings suggest that the
integration of frequency and ITD by space-specific
neurons is different in the two pathways. The anatomical
tracing indicates that ICx and OV receive projections from
different midbrain neurons.

82. Robustness of multiplicative processes in

auditory spatial tuning

José Luis Pefia, Masakazu Konishi

The space-neurons of the owl's external nucleus
of the inferior colliculus are selective for the direction of
sound sources. They are tuned to particular pairs of
interaural time (ITD) and level (ILD) differences, which
define the horizontal and vertical coordinates of auditory
space, respectively. Mathematical analyses show that the
amplitude of postsynaptic potentials in these neurons is a
product of two components that vary with either ITD or
ILD. The study of how this computation works for
different input levels requires an independent control of
the input. Since the owl's auditory system uses a process
similar to cross-correlation for detection of ITD, addition
of random noise to correlated signals reduces the output of
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the ITD processing pathway. By varying the degree of
binaural correlation we could accurately and reversibly
change the amplitude of the ITD component of
postsynaptic potentials in the space-specific neurons.
Multiplication worked for the entire range of postsynaptic
potentials created by manipulation of ITD.

83. Miniature microdrive for chronic recording in

barn owls

Sharad Shanbhag

The barn owl is an ideal model system for
studying the behavioral and neural mechanisms of
auditory localization. Over the past 30 years, much work
has been done to characterize this behavior as well as
understand the neural mechanisms of auditory
localization. However, most studies have been performed
on owls that are either restrained or anesthetized. In order
to better understand the neurophysiology of auditory
localization during behavior, we have developed a
miniature motorized microdrive system to enable
recording of neurons from awake, behaving owls. The
assembled microdrive is a cylinder 10 mm in diameter
and 22 mm high. Each of three miniature DC brushless
motors (Micro Position Systems, Biel-Bienne,
Switzerland) is coupled to a threaded drive shaft using
miniature gears with a 1:1 ratio. Rotation of the drive
shafts causes linear motion of the electrodes carried by
shuttles threaded onto the drive shafts. A modified Sutter
MP-285 motor controller (Sutter Instruments, Novato,
CA) is used to drive the motors and allows positioning of
the electrode in 5 um steps. Maximum travel distance for
each electrode is 14 mm that allows recording from
deeper midbrain and brainstem auditory structures of the
owl. The assembled drive with motors, electrodes and
connectors weighs 10 g, well within the carrying
capability of the owl. Electrodes may be replaced by
removing the top cap and driving the shuttles up and out
of the drive, eliminating the need to remove the
microdrive from the animal if the drive is chronically
implanted in the owl. In addition to our use in owls, the
drive is also suitable for use in larger rodents and other
vertebrate species.
Special thanks to Susumu Kitamura and the J. Morita
Company for fabricating the drive and drive components.
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Summary: We are interested in information coding in the
brain and in the design principles of circuits involved in
processing sensory information. We are particularly
interested in understanding the role of time,
synchronization and oscillations in information coding and
in relating the biophysical properties of neurons and
synapses to the function of the networks in which they are
embedded. We therefore study the cellular, synaptic and
network aspects of neural processing. We focused our
research this year on the olfactory system of insects
(antennal lobes and mushroom bodies, circuits analogous
to the vertebrate olfactory bulbs and anterior/posterior
piriform cortices), using locusts, Drosophila and
honeybees as primary model systems. Our work combines
experimental (behavioral, electro-physiological and two-
photon imaging), and modeling techniques and aims at
understanding functional aspects of brain circuits design
and the rules of information coding used by the nervous
system.

84. Intensity versus identity coding in the locust

olfactory system

Vivek Jayaraman, Mark Stopfer

We examined the encoding and decoding of odor
identity and intensity by neurons in the first and second
relays of the olfactory system of the locust, the antennal
lobe and the mushroom body, respectively. Changes in
odorant concentration led to changes in the firing patterns
of individual antennal lobe projection neurons (PNs),
similar to those caused by changes in odor identity, thus
potentially confounding representations for identity and
concentration. However, when these time-varying
responses were examined across many PNs, concentration-
specific patterns clustered by odor identity, resolving the
apparent confound. The principal neurons in the
mushroom body — Kenyon cells (KCs) — had very sparse

identity-specific responses with varying degrees of
concentration invariance. The tuning of KCs to identity
and concentration and the patterning of their responses are
consistent with piecewise decoding of their PN inputs over
oscillation-cycle length epochs.

References
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85. Olfactory memory and physiology of the
dorsal paired medial neurons of Drosophila

Glenn C. Turner, Rachel I. Wilson, Gilles Laurent

We are investigating the changes in neural
representations that accompany learning and memory in
Drosophila, using electrophysiological and behavioral
approaches. Flies can learn to associate a particular odor
with a reinforcer such as footshock or bitter taste.
Retention of this olfactory memory may require the
activity of the Dorsal Paired Medial (DPM) neurons
(Waddell et al., 2000), a pair of bilaterally symmetric cells
that innervate the mushroom body, a structure known to be
involved in olfactory memory in insects. DPM activity is
thought to be required for enduring changes of synaptic
output strength from the intrinsic mushroom body neurons
(Kenyon cells) onto postsynaptic targets called a/b/g-lobe
neurons. These changes are presumed to cause behavioral
avoidance of odors paired with the reinforcer.

To determine what might activate DPM during
learning, we examined DPM responses to olfactory and
gustatory stimuli. We observe both odor- and taste-evoked
excitatory responses. Whole-cell patch-clamp recordings
from the DPM cell body indicate it is a non-spiking neuron
that responds to odors and tastes with graded potentials
comprising a rapid initial depolarization and a more
prolonged decay. The olfactory responses do not appear to
depend on the hedonic quality of the odor: DPM responds
to all odors tested, including odors that are attractive and
those that are aversive to naive flies. Because DPM
arborizes in the mushroom body, its responses may be
used to monitor collective KC output. To determine
whether learning alters DPM activity, we are examining
responses in flies trained to associate a specific odor with
footshock using the T-maze apparatus. Our goal is to
assess whether persistent activity in DPM and/or a
measurable potentiation of input synapses to DPM are
evoked by this behavioral learning paradigm.

Reference
Waddell, S. et al. (2000) Cell 103:805-813.

86. Combined two-photon laser scanning
microscopy and electrophysiological recording
in insect brain
Laurent Moreaux, Gilles Laurent
We are investigating the correspondence between

neuronal activity (spike time series and sub-threshold

synaptic signals) and intracellular molecular calcium
signals in Drosophila central olfactory neurons by



combining in vivo intracellular electrophysiological
recording and calcium imaging by two-photon laser
scanning microscopy. The goal is to understand the
encoding and representation of odors in the early olfactory
system (antennal lobe) and more precisely to understand
the mismatch between previous calcium imaging data
obtained by the Axel and Misenbdeck labs and the
electrophysiological data obtained by the Laurent lab. The
calcium imaging data indicate that antennal lobe output is
identical to afferent input; the antennal lobe is proposed to
act as a simple relay. By contrast, physiological data
indicate that antennal lobe output is distributed in space
and in time, and thus, profoundly transformed in this
network. We should be able to elucidate this question by
examining the degree of correlation between calcium
signals (using a fluorescent intracellular calcium indicator)
and afferent input and spikes from the output neurons of
the antennal lobe (using whole-cell recording). Our
preliminary results seem to indicate that calcium imaging
represents both afferent synaptic input and spike output
from the principal neurons; this could be due to the high
calcium permeability of central nACh receptors and to the
dominance of this mode of calcium entry over voltage-
gated channels activated by action potentials.

87. Adaptive odor processing in the honeybee

Benjamin Rubin

One of the primary goals of systems neuroscience
is to understand how the brain encodes and processes
information about the world and uses it to produce
adaptive behaviors. To achieve this goal, we have chosen
to study the honeybee olfactory system, since both the
anatomy and physiology of the olfactory system, as well as
behaviors guided by the olfactory system, are well
characterized and amenable to experimentation. In the
honeybee as in other insects, odors are transduced by
receptor neurons that are located in the antennae and
project to the antennal lobes (ALs). In the ALs, different
odors are represented by overlapping but distinct
spatiotemporal activity patterns. Stimulated AL projection
neurons undergo relatively slow periods of excitation and
inhibition and also tend to oscillate synchronously on a
faster timescale, and as a result, each odor activates a
dynamic ensemble of active neurons whose membership is
updated at each cycle of the 20-30 Hz oscillations (Stopfer
et al., 1997). We are currently using tetrodes to record
from ensembles of AL neurons in order to assess the
population responses to a set of related odors.

Recordings from putative single units reveal
spontaneous and odor-induced activity that is comparable
to intracellularly recorded antennal lobe neuronal activity.
These recordings will be used to test whether the
population responses to different odors diverge over time
as they do in the zebrafish, a finding that has been
hypothesized to reflect processing adapted to facilitating
accurate discrimination among similar odors (Friedrich
and Laurent, 2001). The recordings are also being
conducted in conjunction with ongoing proboscis
extension response conditioning experiments, in which
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honeybees are trained to form an association between and
odor and a sucrose reward. While imaging experiments
have shown that responses to the rewarded odor are
selectively enhanced following learning (Faber et al.,
1999), it remains unclear how the dynamic responses of
populations of individually recorded AL neurons will have
changed. These experiments will be used to test the
hypothesis that AL responses adapt to reflect the
behavioral relevance of odors; in other words, that the
population responses to similarly conditioned (i.e., two
rewarded) odors will converge more (or diverge less) than
the responses to odors differentially conditioned (i.e., one
rewarded and one unrewarded) odors.
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88. Ensemble processing of odor sequences and

overlaps in the locust antennal lobe

Bede Broome, Vivek Jayaraman, Gilles Laurent

Odors evoke complex sequences of activity in
antennal lobe projection neurons (PNs), the insect analogs
of mitral/tufted cells. These PN activity patterns evolve
over hundreds of milliseconds, are consistent from trial to
trial, and contain information about odor identity and
concentration. However, in natural settings, olfactory
systems are often confronted with the task of identifying
odor blends or multiple odorants that are received in short
temporal succession. How does stimulus history affect the
PN ensemble response, and how do PNs encode
temporally overlapping patterns of odor input? To address
these questions, we presented two odors at 12 different
time delays relative to one another, while recording
extracellular multi-single-unit activity from ensembles of
up to 25 PNs and the local field potential elicited by PNs
in a downstream processing center, the mushroom body.
We observed that ensemble PN responses, as seen in
correlations and visualized using locally linear embedding,
capture properties of odor sequence stimuli not seen in
individual PN responses. Using multiple discriminant
analysis, we were able to classify PN ensemble response
vectors at individual time points and reveal the time scales
at which PN representations evolve to match stimulus
changes. PN representations were classified as the binary
mixture only in certain overlap periods, and matched those
of the second odor presented only for some initial
conditions. We predict that these conditions would also be
relevant for the insect's perception of odor sequences.

References

Perez-Orive, J., Mazor, O., Turner, G.C. et al. (2002)
Science 297(5580):359-365.

Stopfer M., Jayaraman, V. and Laurent, G. (2003) Neuron
39(6):991-1004.



64

89. Associative memory and olfactory

representation

S. Cassenaer, G. Laurent

An identified honeybee neuron, VUMmMXx1,
appears to encode the reward stimulus in conditioning
experiments (Hammer, 1993). VUMmx1 endogenously
responds to sucrose, and activating the cell during odorant
presentation subsequently gives rise to proboscis extension
in response to the odorant alone. VUMmMXx1 projects to the
antennal lobe (AL), the mushroom body (MB) and the
lateral protocerebral lobe, and injection of the VUMmXx1
transmitter octopamine in the AL and MB can also replace
sucrose as the unconditioned stimulus (Hammer and
Menzel, 1998). One interpretation of these behavioral
experiments is that olfactory representations in the AL and
MB could be changed by newly formed associations
between odors and sucrose stimuli mediated by VUMmx1.

Neurons analogous to VUMmx1 that project to
the AL and to the MB have been identified in the locust as
well (Braunig, 1991). We characterize how olfactory
representations in the locust are affected by pairing
odorant presentation with direct activation of these cells or
with injection of octopamine.
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90. Cytoarchitecture of an insect olfactory system

Sarah Farivar, Gilles Laurent

The insect mushroom body (MB) receives and
processes olfactory information. The MB is a highly
conserved structure, found in all but a few insect species
and has been shown to be a relevant area in learning and
memory of olfactory information. The functional
properties of the intrinsic cells of the MB, the Kenyon cells
(KCs), has been extensively studied and their integrative
properties are starting to be understood. To help decipher
their role in odor processing, we are studying the
morphology of these cells, in an effort to map the ways in
which these cells sample information from the upstream
olfactory relay, the antennal lobe. Using data from
electrophysiology and intracellular dye fills of both KCs
and the projection neurons of the antennal lobe, we are
characterizing these cells based on their own morphology,
the morphology of the underlying structures, and the cells'
connectivity to one another. We have thus far identified
previously undescribed MB features and divisions and also
identified some specific KCs within those regions.

91. Characterization of odor-evoked dynamics in

the insect antennal lobe

Ofer Mazor, Gilles Laurent

The antennal lobe (AL) is the first site of
olfactory processing in the locust brain. It contains two
main neuron types: inhibitory local neurons (LNs) and

excitatory projection neurons (PNs), which form the only
output. The AL responds to a 1 sec odor stimulation with
a dynamic pattern of activity that includes a 20-30 Hz
global oscillatory response combined with slower patterns
of excitation and inhibition (100s of msec long) in PNs.
These slower dynamics are neuron- and odor-specific.

We used silicon probes to record the simultaneous
extracellular responses of 5-20 PNs to "square" odor
pulses. We find that for long odor pulses (6-10 sec) the
slow dynamics in PNs are strongest in the first 2 sec after
odor onset and again just after odor offset (N=246 PN-odor
pairs). For the remainder of the odor presentation, each
PN reaches a steady firing rate that differs from odor to
odor and is typically different from its baseline rate.

PNs synapse directly onto Kenyon cells (KCs).
Extracellular recordings from KCs under the same
conditions reveal strong odor-specific responses during the
periods of onset and offset dynamics, and weaker
responses while the PN responses were more stable. This
suggests that the dynamic portions of the PN responses are
better suited to driving KC activity.

Currently, we are studying the PN population
onset response in light of what we already understand
about the transfer of information from PNs to Kcs (1).
Specifically, we are interested in quantifying the trial-to-
trial variability in population firing patterns, as well as the
speed at which the population response changes over the
course of a single trial. We are also delivering odor pulses
of different durations to test how the offset dynamics
depend on odor duration, and how they interact with the
onset response in a short (300-1000 ms) odor pulse.
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92. Functional connectivity between antennal lobe
projection neurons and mushroom body

Kenyon cells in the locust

Ron A. Jortner, Gilles Laurent

The antennal lobe (AL), the first relay of the
locust olfactory system, is a network of ca. 1000 excitatory
(PN) and inhibitory (LN) neurons, which generates odor-
evoked oscillatory firing encoding odor identity and
concentration. The mushroom body (MB), the next relay
in the system, consists of ca. 50,000 Kenyon cells (KC),
which encode odor information using sparse, precisely
timed firing. While it is anatomically and physiologically
well established that PNs synapse onto KCs, much remains
unknown about the properties of individual connections
and the statistics of connectivity. Understanding these
properties would contribute to our understanding of the
transformation in neural coding schemes between the AL
and the MB.

In this study, we examine the functional
connectivity between PNs and KCs using
electrophysiological tools. We simultaneously record the
membrane potential of a single KC using an intracellular



electrode and action potentials of multiple single-unit PNs
using tetrodes. We then compute the correlations between
the PN firing and the KC membrane potential (spike-
triggered averaging) during spontaneous activity. Using
this approach, we have been able to find PN-KC pairs
where the KC shows an average membrane potential
deflection immediately following the PN action potentiall,
indicative of a synaptic connection between them. These
putative EPSPs had an average amplitude of 65+/-30
microvolts (mean+/-SD), and a delay of 6.2+/-2
milliseconds from the PN spike, in accordance with the
previously measured conductance delay of PN axons. The
EPSPs could usually not be seen in the raw KC traces, due
to background activity. We are presently working to
quantify the connectivity distribution between the PN and
KC populations.

93. Two-photon imaging with genetically
expressed calcium sensors in the Drosophila
brain

Vivek Jayaraman

We are trying to understand the
neurophysiological basis of a recently developed system of
imaging with genetically-expressed calcium sensors in the
Drosophila brain. The expression of the sensor, a calcium-
sensitive fluorescent protein named G-CaMP (1), can be
restricted to genetically-defined populations of neurons,
which are then imaged using a laser scanning two-photon
microscope (2,3). Interpreting the images of brain activity
produced using such methods is however, problematic.
For example, one group using G-CaMP in the antennal
lobe has suggested that projection neurons (PNs) are rather
narrowly tuned to odors, and that their responses directly
reflect the uniglomerular input they receive from their
olfactory sensory neurons (OSNSs) (2). This is in contrast
to work in the Laurent lab suggesting that PNs are more
broadly tuned, consistent with a transformation of OSN
input by the antennal lobe circuitry (4). A different group
using G-CaMP expressed in Kenyon cells has claimed that
odors evoke sparse, stereotyped and spatially-restricted
responses in the mushroom body of flies (3). This finding
is consistent with locust electrophysiological data from the
Laurent lab (5). In both sets of imaging experiments,
however, it is unclear what electrophysiological signal the
imaging signal being measured corresponds to. It is
conceivable that the sparseness and narrow tuning seen in
these imaging experiments is a result of the relatively high
threshold of activation of G-CaMP. It could also be that
the calcium transients being imaged correspond more to
synaptic input than the opening of voltage-dependent
calcium channels, making the correlation of imaging signal
with neuronal spiking highly nonlinear.

In our experiments, we will simultaneously image
G-CaMP expressing neurons and record their physiology
using intracellular and cell-attached techniques. This will
allow us to establish the correlation between physiology
and G-CaMP signal. We are also interested in the
potential changes in the G-CaMP fly's behavior and
G-CaMP-expressing neuron's activity that might be
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produced by the presence of a sensor that likely affects
calcium buffering in the cell. To investigate this issue, we
are doing behavioral and electrophysiological experiments
comparing wild-type flies to G-CaMP-expressing flies.
Assuming that flies expressing G-CaMP do not show any
abnormalities in behavior or in neuronal physiology, and
once we have a clear understanding of the
electrophysiological underpinnings of the G-CaMP signal,
we plan to use the sensor to help understand odor-evoked
responses of populations of neurons in the early areas of
the fly olfactory system.
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94. Nonlinear changes in neuronal ensemble
responses evoked by varying odor ratios in
mixtures

Kai Shen, Gilles Laurent

Odor perception is largely synthetic. It involves
the formation of unique representations from which the
components cannot be easily segmented. In their natural
habitat, animals usually experience odor mixtures (e.g.,
flower fragrances). It is thus likely that neural
representations of odor mixtures involve nonlinear
interactions, such that the representation of a mixture is not
a simple combination of the representation of its
components.  While this notion is supported by
observations both at the level of olfactory receptor neurons
and in behavioral studies, its mechanisms are only
beginning to be explored experimentally in the olfactory
brain. We examined the encoding and decoding of odor
components within mixtures by neurons in the antennal
lobe and the mushroom body, first and second relays,
respectively, of the locust olfactory system. We recorded
the multi-single-unit activity of ensembles of projection
neurons, (PNSs), the principal cells of the antennal lobe, and
Kenyon cells, (KCs), the intrinsic cells of the mushroom
body, while presenting 2-, 3-, and 4- mixtures of
monomolecular odors. We examined the change in PN
ensemble responses as we systematically varied the ratio
of concentrations of the different components of the
mixture. Applying principal component analysis for
dimensionality reduction of the PN ensemble
spatiotemporal response patterns, we observed that
responses to different mixtures formed distinct clusters and
varied in a nonlinear manner with odor ratio. While using
locally linear embedding to visualize the time-varying
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dynamics of the PN ensemble, we also found that at certain
ratios, the response trajectories changed abruptly from
being more similar to the representation of one odor
component to another. Finally, we examined the degree to
which these transformations were mirrored in the
responses of the targets of the PNs in the mushroom body,
the KCs.

95. Search for connectivity patterns

Maria Papadopoulou

The organization of the flow of information in the
insect olfactory system is fairly well understood: odorant
receptors are expressed in the olfactory receptor neurons
(ORNSs) in the antenna, which connect to projection
neurons (PNs) in the antennal lobe (AL); these cells in turn
project to Kenyon cells (KCs) in the mushroom body (MB)
and cells in the lateral horn (LH). However, the precise
cell-to-cell connectivity from one stage of the circuit to the
next has not yet been determined. This information is,
however, important for a better understanding of the
computations involved in olfactory processing.

An interesting aspect of the locust olfactory
system is the transformation between representations in
AL and MB. PNs in the AL have more broadly tuned odor
responses than KCs in the MB that are far more selective;
essentially, we see a transformation from a dense
representation in the AL to a sparse one in the MB (1,2).
Olfactory memories are stored in the MB; a sparse code
could reduce overlap between individual odor
representations and facilitate memory formation and
retrieval (2). Critical to an understanding of how this
sparseness is achieved is the convergence ratio between
PNs and KCs, and the synaptic weights of PN-KC
connections (3). Labeling connected pairs of PNs and KCs
would allow wus to perform simultaneous
electrophysiological recordings and address the latter
issue.

Tracing individual pathways could also help
resolve the connections of PNs with LH neurons. One
group has shown that PNs innervating the same
glomerulus in the fly system have similar axonal
projection patterns in the LH (4), arguing for a topographic
map from the AL to the LH. Labeling connected PNs and
LH neurons would help determine if, indeed, that is the
case.

In an effort to address the above questions, we
use a tracer, biotinylated dextran amine (BDA), which
crosses synapses predominantly in the anterograde
direction. BDA is a transynaptic tracer that is used
extensively as an anterograde tracer in other model
organisms (rat, mouse, chick embryo), but has not hitherto
been used in insects. The general approach we take is to
inject the tracer in the locust antenna, where it would be
taken up by the ORNs and label connected PNs and higher
order neurons. Another transynaptic tracer under
consideration is wheat germ agglutinin (WGA). Here, the
advantage lies in the fact that it can be genetically
engineered in the fly and could therefore, be selectively

expressed under the promoter of a neuron expressing a
specific odorant receptor.

Once the basic labeling mechanism works, we
plan to use a fluorescently-tagged tracer to identify pairs of
synaptically-connected cells for simultaneous
electrophysiological recordings.
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Summary: We continue our work on ion channels,
receptors, and transporters. We have continued to analyze
several strains of knock-in mice generated in our
laboratory for two ligand-gated channels, the nicotinic a4
receptor and the serotonin 5-HT3 receptor. The nicotinic
receptor work is enhanced by a promising new strain,
Leu9'Ala. This work has generated interesting insights
into nicotine addiction, neurodegenerative disease, and
epilepsy. Strains that contain GFP tags on their nicotinic
receptors, and that duplicate mutations underlying human
epilepsies, are under construction. The epilepsy mutations
in nicotinic receptors are also under study in oocyte
expression systems. We have also started to explore the
possible role of the a7 nicotinic receptor in Alzheimer's
disease, again using mouse models. The hypersensitive 5-
HT3 receptor knock-in mice have generated insights into
murine urologic syndrome.

Our work on selective silencing of mammalian
neurons has generated a promising set of techniques and
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reagents based on ligand-activated chloride channels. We
are now developing "proof of concept” transgenic mouse
strains.

We continue our joint work with the Dougherty
group, in Caltech's Chemistry Division, on aspects of ion
channel structure-function. We have brought novel
techniques to these studies, including mass spectrometry
and fluorescence. We work on unnatural amino-acid
mutagenesis. We have now studied the
cation-gt interaction that helps agonists bind to several
cys-loop receptors. We have now extended unnatural
amino-acid incorporation to mammalian cells.

With the Dougherty group and with Neurion
Pharmaceuticals in Pasadena, we have started to analyze
the binding of blocking drugs to the hERG potassium
channel, also using unnatural amino acid mutagenesis.
The channel is important because it underlies many
instances of drug-induced long-QT syndrome. We are also
beginning unnatural amino acid experiment on G protein-
coupled receptors.

We collaborate with both Dougherty and Doug
Rees, also in the Chemistry Division, on bacterial ion
channels of known atomic-scale structure. We gathered
data at bandwidths more than an order of magnitude
greater than usual; but some gating transitions are still too
fast to measure. We are seeking the origin of voltage
sensitivity in the MscS channel.

Our work continues on quantitative aspects of
transporter function, primarily measured with fluorescence
and with knock-in mice. We are using fluorescence to
analyze the mobility of GABA transporters. As an
interesting side benefit of the GABA transporter knock-in
mouse, we have generated and analyzed a knockout mouse
for the same molecule.

The late Norman Davidson led a subgroup
working on aspects of synaptic plasticity, particularly
those that depend on A kinase stimulation. Members of
this subgroup are now analyzing their data and preparing
papers for publication.

Our group's home page has additional up-to-date
information, images, and notices of positions. It's at
http://www.cco.caltech.edu/~lester.

96. Using physical chemistry to differentiate
nicotinic from cholinergic agonists at the
nicotinic acetylcholine receptor
Amanda L. Cashin’, E. James Petersson’, Henry
A. Lester, Dennis A. Dougherty”

Membrane receptors constitute the majority of
pharmaceutical targets, but a paucity of high resolution
structural data inhibits efforts to produce detailed insights
into drug-receptor interactions. For the nicotinic
acetylcholine receptor (NAChR), crystal structures of the
ACh binding protein (AChBP) have proved useful, but the
functional relevance of the interactions suggested by these
structures must still be determined. We show that a
physical chemistry approach, combining high precision
chemical manipulations of the receptor with quantum
mechanical calculations, can make these determinations.
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In particular, we establish that two agonists — nicotine
(Nic) and ACh - use different noncovalent binding
interactions to activate the nAChR. ACh uses a cation-n
interaction to Trp a149, while Nic employs a hydrogen
bond to a backbone carbonyl in the same region of the
agonist binding site. The highly potent nicotine analogue
epibatidine (Epi) achieves its high potency by taking
advantage of both the cation-n interaction and the
backbone hydrogen bond. In addition, modeling suggests
that an unconventional aromatic C—HeeO=C hydrogen
bond further augments the binding of Epi. These studies
illustrate the subtleties and complexities of the interactions
between drugs and membrane receptors and establish a
paradigm for obtaining detailed structural information.

“Division of Chemistry and Chemical Engineering, Caltech

97. Tyrosine residues that control binding and
gating in the 5-HT; receptor revealed by
unnatural amino acid mutagenesis
Darren L. Beene', Kerry L. Price’, Dennis A.
Dougherty", Sarah C.R. Lummis®
The mechanism by which agonist binding triggers

pore opening in ligand-gated ion channels is poorly
understood. We have used unnatural amino acid
mutagenesis to introduce subtle changes to the side chains
of tyrosine residues (Tyr141, Tyr143, Tyrl53 and Tyr234),
which dominates the 5-HT3 receptor-binding site.
Heterologous expression in oocytes, combined with
radioligand binding data and a model of 5-HT
computationally docked into the binding site, has allowed
us to determine which of these residues are responsible for
binding and/or gating. We have shown that Tyr 143 forms
a hydrogen bond that is essential for receptor gating but
does not affect binding, while a hydrogen bond formed by
Tyrl53 is involved in both binding and gating of the
receptor. The aromatic group of Tyr234 is essential for
binding and gating, while its hydroxyl does not affect
binding but plays a steric role in receptor gating. Tyrl41
is not involved in agonist binding or receptor gating, but is
important for antagonist interactions. These data,
combined with a new model of the non-liganded 5-HT3
receptor, lead to a mechanistic explanation of the
interactions that initiate the conformational change leading
to channel opening. Thus, we propose that the entry of 5-
HT into the binding pocket causes displacement of Tyr143
and Tyr153, and results in the formation of new hydrogen
and other bonds; these provide both the torsional force and
the energy required to trigger the conformational change
leading to channel opening. Similar rearrangements may
trigger gating in all Cys-loop receptors.

'Division of Chemistry and Chemical Engineering, Caltech

Department of Biochemistry, U. Cambridge, Tennis Court

Road, Cambridge, CB2 IGA

98. The ligand-binding site of serotonin in the

MOD-1 receptor

Tingwei Mu”, Dennis A. Dougherty”

We continued to study the ligand binding sites for
the neurotransmitter serotonin (5-HT) in the MOD-1
receptor of C. elegans. Previously we identified that the
primary ammonium group of serotonin makes a strong
cation-n interaction with Trp 226 of MOD-1. To further
confirm this idea, the unnatural tethered agonists approach
was performed at position 180 and 226. The tethered
agonists would simulate the effect of the agonists, and the
ion channel would be spontaneously open after the
incorporation, which could be blocked by the channel
blocker. The tethered agonists of Tyr-O-3-P and Tyr-O-3-
Q were incorporated into the positions of 180 and 226, and
picrotoxin was used as the channel blocker to test the
tethered agonist efficiency. Tyr-O-3-P at position 226
gave the highest efficiency, suggesting that the primary
ammonium group of serotonin was near position 226.
Recently the crystal structure of acetylcholine binding
protein (AChBP) was determined, which is homologous to
the extracellular domain of the Cys-loop superfamily.
Therefore, we applied homology modeling to build the
extracellular domain of MOD-1 by using AChBP as the
template. HierDock was used to predict the binding site of
serotonin into MOD-1. The canonical cation-wt interaction
between serotonin and Trp 226 was demonstrated. The
primary ammonium group of serotonin was sandwiched
between the aromatic side chains of Tyr 180 and Trp 226,
and it formed a hydrogen bond with the main chain
carbonyl group of Tyr 180. Two novel hydrogen bonds
between the hydroxyl group of serotonin and Asn 223 and
between the indolic amino group of serotonin and GIn 228
were also identified from the docking result. This is the
first vivid binding pattern of serotonin in the MOD-1
receptor. Currently we are developing the method of the
combination of the unnatural amino acid mutagenesis and
the different agonist effects to test the docking model.
“Division of Chemistry and Chemical Engineering, Caltech

99. Temporal control of protein phosphorylation

with caged amino acids

E.J. Petersson’, D.A. Dougherty”, H.A. Lester

Phosphorylation of serine, threonine, and tyrosine
residues is a ubiquitous and dynamic post-translational
protein modification that results in a wide variety of
alterations in protein function. Traditionally, changes in
phosphorylation have been controlled by applying drugs to
upregulate kinases or downregulate phosphatases.
However, these methods are inherently limited by the rate
of the phosphorylated protein's interaction with the
regulatory proteins. This prevents any precise kinetic
analysis of the downstream effects of phosphorylation.
We have established a set of caged amino acids that can be
photolyzed to turn on kinase or phosphatase activity site
specifically with ms/s time resolution. In a "proof-of-
principle™ experiment, we have incorporated 1 and 2 into
full-length mVVASP protein and shown that we can control



the phosphorylation state of the protein at S153 by
decaging.
“Division of Chemistry and Chemical Engineering, Caltech
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100. Probing the muscarinic type-2 acetylcholine
receptor binding site through incorporation of
unnatural amino acids

Michael M. Torrice”, Dennis A. Dougherty”

The G-protein-coupled receptor (GPCR) family
of transmembrane proteins is a target for many
pharmaceuticals. The muscarinic type-2 acetylcholine
receptor (M,AChR) belongs to the aminergic class of
family A GPCRs. Previous work in this group on the
nicotinic acetylcholine receptor has shown that the cationic
acetylcholine (ACh) was bound through a cation-nt
interaction with a conserved Trp residue. Studies on the
M,AChR binding site will focus on understanding the
roles of conserved anionic and aromatic residues in
binding cationic amine ligands.

Incorporation of unnatural amino acids into the
M,AChR will allow for chemical-scale studies of the
receptor binding site. A series of fluorinated Trp amino
acids will be incorporated at W6.48 and W7.40 to probe
the existence of a cation-m interaction. The unnatural
amino acid, nitro-alanine (NO,-Ala), will be synthesized
and incorporated at D3.32 to probe electrostatic
interactions between receptor and ligand, as suggested in
the literature. NO,-Ala is isosteric to Asp, but lacks a net-
negative charge. Preliminary studies incorporating 5, 7-
difluoro Trp (F,W) at the conserved aromatic residues.
W6.48 and W7.40, have shown that W7.40 is the possible
site of a cation-r interaction between M,AChR and ACh.
“Division of Chemistry and Chemical Engineering,

California Institute of Technology

101. Improving nonsense suppression
suppressing eRF-1 with sSiRNA

Joanne Xiu', Dennis A. Dougherty?
Introducing unnatural amino acids into proteins
by nonsense suppression has proven to be an effective and
powerful tool to study protein structure-function
relationships on the chemical scale. This strategy has
greatly facilitated structure-function studies of a series of
membrane-bound ion channels. This project reported

by

attempts to increase nonsense suppression efficiency in
Xenopus laevis oocytes and human embryonic Kidney
(HEK) cells using RNA interference to target eukaryotic
release factor 1 (eRF1). Multiple 21-nt chemically
synthesized small interfering RNA molecules targeting
different positions of either Xenopus eRF1 or human eRF1
were introduced into oocytes or HEK cells, respectively.
The changes of eRF1 mRNA level of both cell lines were
monitored by reverse transcription PCR (RT-PCR or RNA
PCR). In Xenopus oocytes, the expression of mouse
muscle nAChR produced in a nonsense suppression
experiment was monitored using two-electrode voltage
clamp electrophysiology. In HEK cells, the expression of
EGFP produced by nonsense suppression was observed by
fluorescent microscopy. Preliminary results demonstrate
degrading eRF1 by RNAI to be a promising strategy to
improve nonsense suppression efficiency, particularly in
HEK cells.

'Graduate Student, Biochem. & Mol. Biochem., Caltech
“Division of Chemistry and Chemical Engineering, Caltech
102. Incorporation of unnatural amino acids into
NMDA receptors expressed in mammalian
cells

Kiowa S. Bower", Dennis A. Dougherty”

Methods have been developed to successfully
incorporate unnatural amino acids into channels expressed
in mammalian cells (Monahan et al., 2003). We plan to
develop these methods further and use them to study the
function of NMDA receptors in mammalian cells. We will
to assess the effectiveness of our method for the study of
NMDA receptors using unnatural amino acids already in
our possession to alter the Mg®* block properties of the
receptor. Changes in the Mg®* 1C50 will be measured to
assess the effect of these unnatural amino acids. If
successful, we will examine aspects of ligand binding and
gating in the NMDA receptor.

“Division of Chemistry and Chemical Engineering, Caltech
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Reference
Monahan, S.L., Lester, H.A. and Dougherty, D.A. (2003)
Chem. Biol. 10:573-580.

103. Synthesis of cysteine-S -methoxycoumarin
(Cys(MC)):  An additional fluorescent
unnatural amino acid candidate for nonsense
suppression methodology
Rigo Pantoja, E. James Petersson”

A new fluorescent unnatural amino acid candidate
is being added to our repertoire. The synthesis of
4PO-cysteine-methoxycoumarin cyanomethyl ester (4PO-
Cys(MC)-OCH,CN) is complete. 4P0O-Cys(MC)-
OCH,CN is suitable for coupling to 5'-phospho-2-
deoxycytidylyl-(3',5"-adenosine (dCA), which we will
then ligate to the THG73 suppressor tRNA. Coupling
reactions between Cys(MC) and dCA have been carried
out. Successful coupling has been observed by UV
absorption spectroscopy which yields a 260 nm/345 nm
ratio of 2.2. Upon further confirmation of the unnatural
amino acid-dCA product with high resolution mass
spectrometry we will ligate it to the tRNA. Then, the 4PO-
Cys(MC)-tRNA species will be utilized with nonsense
suppression methodology to incorporate Cys(MC) into the
Lue47 site of Shaker K* ion channel. The Shaker K" ion
channel is homotetramer, thus, four Cys(MC) should be
incorporated per ion channel. Incorporating four
fluorescent unnatural amino acids per channel will afford
us a relatively high fluorescence signal which is necessary
since suppressed protein expression levels can be orders of
magnitude lower than standard heterologous expression
levels. The voltage-dependent Shaker K™ ion channel has
been characterized extensively by our group and others,
making it an attractive candidate for characterizing
fluorescent unnatural amino acids.

“Division of Chemistry, Caltech
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104. Single-cell electroporation of CHO-K1 cells

with YPF cDNA

Rigo Pantoja

Single-cell electroporation (SCE) is potentially an
ideal technology for unnatural amino acid mutagenesis.
While transient many-cell electroporation techniques have
significantly advanced the application of unnatural amino
acid mutagenesis of ion-channels expressed in mammalian
cells, 5 uL of precious reagents are still required for each
transfection event, and often only a single cell from each
dish is used per electrophysiology experiment (Monahan et
al., 2003). SCE requires only nanoliters for
electroporating several dozen cells in a session, effectively
using 100 times less material. In an effort to determine the
feasibility of SCE for unnatural amino acid mutagenesis
we have carried out preliminary work. This was made
possible by using a patch-clamp microscope set-up. The
power supply used was a factory beta-unit Axoporator lent
to us by Axon Instruments (Foster City, CA). The
Axoporator is a stand-alone unit with programmable
voltage-pulse stimulus protocols and real-time pipette
current and resistance readouts prior to and during
electroporation. Therefore, electroporation parameters can
be quickly optimized for varying reagents and cell types.
Thus, we used the Axoporator to independently
electroporate fluorescein dye and YFP cDNA into
CHO-K1 cells. The specific voltage pulse protocol
consisted of a pulse train with a pulse amplitude of -7.5 V
and 1 ms duration. The pulse train was applied for a total
time of 1.5 sec at a 200 Hz frequency. The parameters
selected are similar to those reported in the literature.
Fluorescence microscopic inspection of the dye in the cells
was performed immediately, whereas YFP expression
could be confirmed 12 hours after stimulus. YFP
expression was also inspected 48 hours after
electroporation, and approximately 66 % (n = 24) of the
cells yielded YFP fluorescence. We will next turn out
attention to determining whether SCE can be used to
transfect the required reagents for unnatural amino acid
mutagenesis.

105. Micro-electroporation of HEK 293 cells with
the human ether-a-go-go related gene hERG1A
subunit
Fraser J. Moss
Improper function of the human ether-a-go-go

related K* channel (hERG1, KCNH2) prolongs the cardiac

action potential, resulting in long-QT syndrome. hERG
dysfunction can be caused by congenital mutations that
prevent proper insertion of the channel into the cell

membrane, as well as by certain prescription drugs (e.g.,

terfenadine, cisapride, moxifloxacin) that block the hERG

channel as a side effect of their therapeutic action. We are
investigating these causes of hERG dysfunction through
unnatural amino acid (UAA) mutagenesis that specifically
targets residues underlying drug blockade or trafficking
defects. We are assessing hERG activity in mammalian
expression systems rather than Xenopus oocytes, because
test substances can accumulate in the oocyte yolk,



resulting in significant variability and error in potency
estimates. Furthermore, oocytes are maintained at 18°C,
and temperatures below 37°C have been shown to rescue
trafficking defects in some hERG mutants. As a prelude to
studies with UAAs, we have successfully expanded the use
of micro-electroporation as described by Monahan et al.
(2003) to transiently transfect HEK 293 cells with the
hERG1A subunit. Four 120 V pulses of 50 ms duration
are sufficient to transfect 2.5 ug of wild-type hERG1A
cDNA. Optimizing the technique to transfect cDNA
expands the Monahan method which utilized mRNA.
Distinctive hERG1A currents are detected by whole-cell
patch clamp electrophysiology 48-72 h after transfection.
Ongoing experiments will demonstrate that microporation
can co-transfect a hERG1A amber mutant and suppressor
tRNA aminoacylated with the natural residue to rescue the
wild-type phenotype. Simultaneously, we will
demonstrate that microporation can deliver unnaturally
aminoacylated tRNAs to suppress hERG1A amber
mutants. Additionally, we are developing new tRNA
suppressor molecules derived from the human serine
amber suppressor (HSAS) tRNA. We have demonstrated
that by removing or inverting the HSAS variable arm we
have developed orthogonal tRNAs to suppress amber
codons in ion channel subunit mMRNA when they are
chemically aminoacylated. We hypothesize that the
mammalian origin of these tRNAs may help improve
suppression efficiency in mammalian cells.

Reference
Monahan, S.L., Lester, H.A. and Dougherty, D.A. (2003)
Chem. Biol. 10:573-580.

106. A fluorophore attached to nicotinic
acetylcholine receptor M2 detects productive
binding of agonist to the ad site
David S. Dahan®, Mohammed 1. Dibas, E. James
Petersson’, Vincent C. Auyeung, Baron Chanda?,
Francisco Bezanilla?, Dennis A. Dougherty”

To study conformational transitions at the muscle
nicotinic acetylcholine (ACh) receptor (nAChR), a
rhodamine fluorophore was tethered to a Cys sidechain
introduced at the $19' position in the M2 region of the
nAChR expressed in Xenopus oocytes. This procedure led
to only minor changes in receptor function. During
agonist application, fluorescence increased by (AF/F)
~10%; and the emission peak shifted to lower
wavelengths, indicating a more hydrophobic environment
for the fluorophore. The dose-response relations for AF
agreed well with those for epibatidine-induced currents,
but were shifted ~100-fold to the left of those for ACh-
induced currents. Because (i) epibatidine binds more
tightly to the ay binding site than to the a.d site and (ii)
ACh binds with reverse site selectivity, these data suggest
that AF monitors an event linked to binding specifically at
the ad subunit interface. In experiments with flash-applied
agonists, the earliest detectable AF occurs within ms, i.e.,
during activation. At low [ACh] (< 10 uM), a phase of AF
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occurs with the same time constant as desensitization,
presumably monitoring an increased population of agonist-
bound receptors. However recovery from AF is complete
before the slowest phase of recovery from desensitization
(time constant ~250 s), showing that one or more
desensitized states have fluorescence like that of the
resting channel. That conformational transitions at the
ad-binding site are not tightly coupled to channel
activation, suggests that sequential rather than fully
concerted transitions occur during receptor gating. Thus,
time-resolved fluorescence changes provide a powerful
probe of NAChR conformational changes.
'Division of Chemistry and Chemical Engineering, Caltech
’Department of Physiology and Department of
Anesthesiology, David Geffen School of Medicine,
University of California, Los Angeles

107. Fluorescent mapping of conformational

dynamics in nicotinic receptors

Mohammed I. Dibas

The mechanism that couples agonist binding and
channel gating in the nicotinic receptors is still unknown.
However, recent studies hypothesized that agonist binding
induces series of conformational changes leading several
loops of the N-terminus domain to interact with the
TM2/TM3 loop and gate the channel. Using simultaneous
fluorescent and voltage clamp technique, we will explore
the conformational dynamics and associated environmental
changes induced by agonist binding. We performed
individual cysteine substitutions on several residues in the
N-terminus domain of the muscle nicotinic a, and B,
subunits {Loop2 (a;V43, o E45, 3,E45), Loop 5 (0 A96,
a;D97, a,G98), Loop 7 (a1F135, a,F137), Loop 8/9
(ayF170, 0,G174, o, W176), Pre-TM1 domain (c.;Q208,
a1R209, (11L210, [31R219, B1R220, Blezl)}
Additionally, we mutated individual residues in the
TM2/TM3 loop of the a; subunit (0;S248, a,5249,
;A250, a;C*Ins 250, o;VV251, @ ;C*Ins252, o;P252,
a1L.253, a;G255) to cysteine. Using two-electrode voltage
clamp (TEVC) electrophysiology, we will characterize the
functional effect of cysteine substitution in the muscle
nicotinic receptors. Based on the structural data available
in the literature, all cysteines introduced in the N-terminus
and the TM2/TM3 domains should be accessible in the
absence and presence of agonist. We will test the
accessibility of these cysteine residues to the fluorescent
dye sulforhodamine methanethiosulfonate (MTSR) and
thereafter we will conduct simultaneous voltage and
fluorescent measurements on labeled oocytes injected with
the cysteine mutants. Our goal is to determine the nature
of conformational changes induced by agonist binding
within loops 2, 5, 7 and 9, the Pre-TM1 domain and the
TM2-TM3 loop.
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108. FRET analysis of molecular motion at the

channel gate in nicotinic receptors

Mohammed I. Dibas

Recent structural studies hypothesized that the
TM2 domains, which form the channel gate in nicotinic
receptors, may rotate in response to agonist binding.
Using fluorescence resonance energy transfer (FRET), we
will measure the intersubunit distance changes in the TM2
domains during gating and desensitization. We initially
measured FRET signals between GFP (green fluorescent
protein) genetically engineered into the y subunit TM3-
TM4 loop and sulforhodamine methanethiosulfonate
(MTSR) tethered to the 19' residue in the  subunit TM2
domain. In preliminary studies, oocytes expressing
afatec-mTsryYered receptors showed a 1.5 % decrease in
GFP (donor) fluorescence in the presence of MTSR
(acceptor) during agonist application. In the absence of
MTSR during agonist application, we observed a slight
increase in GFP fluorescence. Therefore, our initial
studies suggest that the decrease in GFP fluorescence is
due to energy transfer to MTSR during agonist exposure.
More importantly, our FRET studies suggest that the 19'
residue may rotate in response to agonist binding. Future
FRET experiments will focus on determining the FRET
angular dependence on 6, the angle between the transition
moments of GFP (donor) inserted into the y subunit
TM3-TM4 loop and MTSR (acceptor) tethered to several
residues in the f§ subunit TM2 domain (15', 17' and 19").
Subsequent studies will focus on studying FRET signals
between y-GFP and MTSR attached to the TM2 domains
of other subunits.

109. FRET studies of cross-inhibition between P2X
and nicotinic channels

Raad Nashmi, James Fisher’, David N. Bowser’,

Baljit S. Khakh”

ATP-gated P2X channels and ACh-gated
nicotinic channels exhibit functional interactions when
expressed either in heterologous coexpression systems or
at endogenous levels in neurons: co-activation of both
channel types results in responses that are smaller than the
predicted sum of the individual components. This lack of
summation is termed cross-inhibition. We have now
extended previous work on cross-inhibition to P2X2 and
a4p2 nicotinic channels, and used electrophysiology,
fluorescence resonance energy transfer (FRET) and total
internal refection fluorescence (TIRF) microscopy between
CFP and YFP-tagged channels to probe mechanisms.
Co-activation resulted in currents that deviated from the
predicted current by 38.9+4.3%, and this and other
electrophysiological properties were consistent with
occlusion of the nicotinic component. We measured FRET
efficiency (e) of 34+6% for P2X, channels labelled on
their C termini with CFP and YFP, and 24+3% for a4p2
channels labelled with CFP ($2) and YFP (a4) within the
M3-M4 intracellular loop (Nashmi et al., 2003). We
measured strong FRET between CFP or YFP labelled
P2X, and a4p2 channels when the cognate acceptor or

donor fluorophore was on the 2 subunit (e = 23+6 and
26+3%), but weak or no FRET between P2X2 and o442
channels when the acceptor (e=10%) or donor (e=0%)
fluorophores were on the a4 subunit. These data suggest a
closer spatial relationship between the C-terminal tails of
P2X, subunits and the M3-M4 loops of B2 subunits, than
between P2X, C termini and the M3-M4 loops of a4
subunits. The relationship between this apparent spatial
arrangement and cross-inhibition will be considered, along
with detailed analysis of FRET between P2X, and a4f2
nicotinic channels in HEK293 cells and cultured neurons.

Support: MRC, EMBO, HFSP, TRDRP, NIH (NS-11756)

“MRC Laboratory of Molecular Biology, Cambridge, CB2
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110. Mechanisms of nicotine-induced functional
upregulation of a4-containing nicotinic
receptors

Raad Nashmi, Sheri McKinney, Cesar Labarca,

Purnima Deshpande

Chronic levels of nicotine exposure as found in
smokers or in experimental rodents administered nicotine
results in elevated levels of nicotinic acetylcholine
receptors (NAChRs). However, mRNA levels of a variety
of nicotinic receptors, including a4 and $2, remain
unchanged in the CNS. A decrease in turnover rate or
increased assembly of nAChRs may be the principal cause
of upregulation. It is unclear how nicotine mediates this
effect; therefore, we study the signaling pathways
responsible for nicotinic receptor upregulation.
Transfection of wild-type ventral midbrain neurons (1-2
weeks in culture) with fluorescently-tagged a4 and 2
NAChR subunits (a4-YFP and p2-CFP) displayed
increased receptor expression in dendrites 24 hr following
1 uM nicotine incubation. There was also increased
Forster resonance energy transfer (FRET) between
a4-YFP B2-CFP subunits in the soma of nicotine-treated
neurons as compared to controls, indicating increased
receptor assembly. In addition, fura-2 measurements were
done on ventral midbrain neurons (21 d in culture) from
E14 WT mice or from knock-in mice heterozygous for the
Leu9'Ala (L9'A) mutation in the a4 nAChR subunit, which
confers nicotine hypersensitivity. Nicotine dose-response
relations showed that the L9'A neurons have a lower ECsg
(0.12 vs 4.9 uM) and a ~four fold larger response than WT
neurons. Nicotine was applied to L9'A neuronal cultures
for 3 d at 10 nM, which selectively activated only
a4(L9'A) containing receptors. There was a significant
increase in ACh (100 uM for 2 sec) mediated Ca®" influx
in nicotine treated neurons (181 + 23% of influx in control
cultures). The PKC inhibitor bisindolymaleimide I (500
nM), chronically coapplied with nicotine, partially
prevented this increased Ca®* influx (to 140 + 37%). We
plan to examine the contribution of other signaling
pathways in the upregulation of nicotinic receptors by
pharmacological inhibition of specific kinases during
nicotine incubation. In conclusion, chronic nicotine
resulted in increased functional Ca®* influx through o4



containing receptors, and this may be mediated, in part,
through activation of the PKC signaling pathway.

111. Fluorescently-tagged a4 nicotinic receptor
knock-in mice

Raad Nashmi, Purnima Deshpande, Cesar

Labarca, Julian Revie

In order to examine the localization patterns of a4
nicotinic acetylcholine receptor (NAChR) subunits in the
CNS we fused fluorescent proteins to the M3-M4
intracellular loop of the a4 nAChR subunit. We have
tested the cDNA of this construct in transfected midbrain
neurons and HEK 293T cells and obtained near normal
functional expression, ACh pharmacological sensitivity
and subcellular targeting. We produced analogous
fluorescently-labeled o4 nAChR genomic targeting
constructs and made significant progress in producing
three lines of knock-in mice. We generated the following
genomic targeting constructs: a4-YFP, a4L9'A-YFP, and
a4-CFP. Recently, chimera pups were born from the
a4-YFP and a4-CFP lines. Blastocyst injections for the
nicotine hypersensitive a4L9'A-YFP line are planned.

Using quantitative fluorescence microscopy we
will examine the localization of a4 nAChRs in the CNS.
We will initially perform immunohistochemistry using an
antibody against the a4 nicotinic receptor subunit in wild
type, a4-YFP, a4L9'A-YFP, a4-CFP, and a4 knock-out
(negative control). We will examine whether the
localization patterns between WT and the fluorescently-
tagged a4 knock-ins are similar and the expression levels
are comparable. Expression levels will also be examined
with Western blots. Developmental expression patterns of
a4-YFP, a4-CFP and a4L9'A-YFP will be examined at
E10, E15, E20, P1, P10, P20, and P60.

We will examine changes in a4 expression and
assembly with chronic nicotine throughout the CNS.
Osmotic pumps delivering nicotine at 4 mg/kg/hr or saline
(controls) will be implanted subcutaneously in knock-in
mice. Mouse brains will be sectioned (at days 0, 1, 2, 4,
and 8) and examined using laser scanning confocal
microscopy for altered expression levels and subcellular
targeting. Fluorescence resonance energy transfer (FRET)
will be performed in (a4-YFP)(a4-CFP) mice receiving
either nicotine or saline to examine whether nicotine alters
subunit assembly of nicotinic receptors. In conclusion, we
hope that the findings of this study will allow an accurate
temporal and spatial mapping of a4 nicotinic receptor
expression in the CNS and the effects of chronic nicotine
exposure.

112.  The ADNFLE mutations do not enhance Ca*
block of a4f2 neuronal nicotinic receptors
Nivalda O. Rodrigues-Pinguet, Thierry J.
Pinguet”, Bruce N. Cohen
We previously showed that rat homologs

(04S252F, a4+L264, 04S256L, p2V262L, p2V262M) of

five nicotinic mutations linked to autosomal dominant

nocturnal frontal lobe epilepsy (ADNFLE) inhibit Ca®*
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potentiation of the a4p2 acetylcholine (ACh) response. To
study the molecular mechanism underlying this inhibition,
we co-expressed these mutations with one in the amino-
terminal domain a4(E180Q) that eliminates the positive
allosteric effects of Ca?*. If the ADNFLE mutations
inhibit Ca®* potentiation by enhancing a4p2 Ca®* block,
then Ca?* should block the a4(E180Q):ADNFLE double
mutant ACh response more than it blocks the a4(E180Q)
single mutant ACh response. Consistent with this
hypothesis, 2 mM Ca”" reduced the peak a4(E180Q)p2 1
mM ACh response by 10 = 1% (n = 4) and, the
a4(E180Q:+L264)p2 and a4 (E1800Q)f 2(V262M)
responses by 50 + 2% (n = 4), an enhancement of block
consistent with the effects of the corresponding single
ADNFLE mutations on o4p2 Ca’* potentiation. In
contrast, 2 mM Ca* did not inhibit the
a4(E180Q:S252F)p2 1 mM ACh response and it reduced
the a4(E180Q:S256L)p2 response by only 10 + 4% (n =
8). Hence, these two ADNFLE mutations inhibit Ca?*
potentiation by interfering with the positive allosteric
effects of Ca®. Finally, 2 mM Ca* reduced the
a4(E180Q)p2(V262L) 1 mM ACh response by 30 + 5% (n
= 6), too small an enhancement of block to account for the
effects of the corresponding single ADNFLE mutation on
a4p2 Ca®* potentiation. Thus, either (1) the different
ADNFLE mutations inhibit a4p2 Ca®* potentiation by two
different molecular mechanisms or, (2) they all inhibit
a4p2 Ca?* potentiation by interfering with the positive
allosteric effects of Ca®* but the a4+L264, p2V262L, and
p2V262M mutations interact additionally with the
a4(E180Q) mutation to convert Ca** into a negative
allosteric modulator.

“Luxtera, Inc, Carlsbad, CA, USA

113. Nicotine activation of a4* receptors is
sufficient for reward, tolerance and
sensitization
Andrew R. Tapper, Sheri L. McKinney, Raad
Nashmi, Johannes Schwarz!, Purnima
Deshpande, Cesar Labarca, Paul Whiteaker?,
Michael J. Marks?, Allan C. Collins?

The identity of nicotinic receptor subtypes
sufficient to elicit both the acute and chronic effects of
nicotine associated with dependence is unknown. Exon 5
of the mouse a4 nicotinic receptor gene was replaced with
an altered exon harboring a single codon mutation,
Leu9'Ala in the pore forming M2 domain, rendering a.4*
receptors hypersensitive to nicotine. At nicotine
concentrations lower than those effective on wild-type
neurons, mutant midbrain neurons are excited in cultures
and in slices; and chronic exposure (3-4 d) to low-dose
nicotine upregulates nicotine responses in midbrain
cultures. Conditioned nicotine-induced reinforcement
behavior occurs in hypersensitive animals at doses 50-fold
lower than the optimal doses for wild-type animals. In
addition, nicotine-induced temperature effects are
attenuated after several single daily low-dose i.p.
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injections, indicating the development of tolerance. Daily
low-dose nicotine injections also produce sensitization of
locomotor behavior. Thus, low-dose nicotine
administration to the a4*-hypersensitive cells and animals
mimics experiments with a hypothetical perfect
ad*-selective agonist, but with the precise
pharmacodynamics of nicotine itself; and nicotine
activation of a4* receptors is sufficient for reward,
tolerance, and sensitization.
'Department of Neurology, University of Leipzig, 04103,
Germany
%Institute of Behavioral Genetics, University of Colorado,
Boulder, CO 80309

114. Functional expression studies of a4-containing
nicotinic receptors with a Leu9'Ala gain of
function mutation
Carlos Fonck, Michael Marks", Paul Whiteaker",
Cesar Labarca, Raad Nashmi, Sheri McKinney,
Nivalda Rodrigues-Pinguet, Bruce Cohen, Allan
C. Collins”

The most important nicotinic acetylcholine
receptor subtype, in terms of agonist sensitivity, abundance
and widespread brain distribution, appears to be the one
formed by a4 coassembled with 32 subunits. We have
generated knock-in mice containing a Leu9'Ala mutation
in the a4 subunit of nicotinic receptors, which increases
receptor sensitivity to agonists such as nicotine and
acetylcholine (ACh). In addition to studying the behavior
of the L9'A mice, we are also interested in understanding
the mechanisms that control the functional expression of
these hypersensitive receptors. To further characterize the
mutation, nicotine and/or ACh responses were measured
in: a) voltage-clamped Xenopus oocytes expressing mouse
a4L9'AB2 and a4p2 receptors; b) thalamic primary cell
cultures obtained from heterozygous (het) and
homozygous (hom) L9'A mouse embryos; and c)
synaptosomes made from cortex and thalamus of het and
hom L9'A mice. In oocytes, the ECsos of the nicotine and
ACh concentration-response relationships showed a 30-
fold decrease in L9'A compared to WT receptors. At
saturating concentrations of nicotine, the maximal mutant
and WT nicotine responses were similar. Fura 2-loaded
cell cultures derived from L9'A embryos were ~15-25
times more sensitive to nicotine- and ACh-induced
increases in intracellular Ca** compared to WT. L9'A cells
also displayed a 4-fold larger Fura 2 response than WT
cells at saturating nicotine concentrations. Synaptosomes
made from L9'A thalamus and cortex were 5-10 times
more sensitive in the ACh-induced ®**Rb* efflux assay
compared to WT. At saturating ACh concentrations,
interestingly, synaptosomes obtained from hom L9'A mice
had a marked reduction (70 %) in ®Rb* efflux compared to
WT. In conclusion, hypersensitive a4L9'A-containing
receptors are expressed in L9'A mice but factors such as
host cell type, developmental stage, and/or subcellular
distribution appear to affect the level of functional L9'A
expression.

“Institute of Behavioral Genetics, University of Colorado,
Boulder, CO 80309

115. Enhanced expression of L9'S mutant nAChR
in adult mice increases the loss of midbrain
dopaminergic neurons
Johannes Schwarz*, Sigrid C. Schwarz', Oliver
Dorigo?, Alexandra Stuetzer', Cesar Labarca,
Purnima Deshpande, Jose S. Gil%, Arnold J.
Berk?, Henry A. Lester
Knock-in mice expressing hypersensitive L9’S a4

nicotinic receptors (NAChR) display dominant neonatal

lethality and a dopaminergic deficit in embryonic
midbrain.  Heterozygous L9’S mice that retain the
neomycin selection cassette express low levels of the
mutant allele and are viable and fertile. Analyses of adult
brains of these surviving heterozygous mice also show

mild deficits of dopaminergic neurons but rather increased

than decreased spontaneous locomotion.
We removed the neomycin cassette in adult
animals via helper-dependent adenovirus (HDA)-mediated
cre recombination. Locomotion was altered before and
after amphetamine application in L9'S HDA-cre injected
animals, while there was no effect in L9'S HDA-control or
littermate wild-type (WT) mice injected with either virus.
Immunocytochemical analyses revealed a marked loss of
dopaminergic neurons in L9'S HDA-cre injected mice
compared to controls. 20-33 days post-injection there was
expression of YFP in many neurons and few glial cells at
the injection site.
HAD-mediated gene transfer into the midbrain
induced sufficient functional expression of cre in
dopaminergic neurons to allow for postnatal recombination
and a subsequent increase of L9'S mutant nAChR
expression, which led to cholinergic toxicity of
dopaminergic neurons.
'Department of Neurology, University of Leipzig,
Liebigstr. 22a, 04316 Leipzig, Germany

*Molecular Biology Institute and Department of
Microbiology, Immunology and Molecular Genetics,
University of California, Los Angeles, CA 90095, USA

116. Enhanced expression of L9'S mutant nAChR
in adult mice using transgenic expression of
inducible cre
Johannes Schwarz', Sabine Gehre!, Cesar
Labarca, Henry A. Lester
Knock-in mice expressing hypersensitive L9'S a4

nicotinic receptors (NAChR) display dominant neonatal

lethality and a dopaminergic deficit in embryonic
midbrain.  Heterozygous L9'S mice that retain the
neomycin selection cassette express low levels of the
mutant allele and are viable and fertile. Adult excision of
the neomycin cassette induces a Parkinsonian phenotype
and dramatic degeneration of substantia nigra
dopaminergic neurons.

We have constructed a transgenic mouse that
expresses cre fused to a mutated ligand-binding domain of
the estrogen receptor. When a synthetic agonist binds to



this receptor, cre can enter the nucleus and mediate
cre-dependent recombination.  Expression of this
cre-ERT2 gene is restricted to catecholaminergic neurons
via control of a 9 kb fragment of the rat tyrosine-
hydroxylase promoter.

Several positive founder mice have been
identified. Expression of the transgene has been identified
using PCR and RT-PCR. Currently transgenic mice are
mated with heterozygous L9'S mice and young adult mice
are being treated with the synthetic estrogen receptor
agonist tamoxifen. Spontaneous locomotor behavior and
the number of dopaminergic neurons in substantia nigra
will be assessed shortly.

We hope that these double transgenic mice
represent a useful animal model to test treatment strategies
aimed at protecting dopaminergic neurons from
excitotoxic degeneration.

'Department of Neurology, University of Leipzig,
Liebigstr. 22a, 04316 Leipzig, Germany

117. Use of hypersensitive a4 mice to study the role
of a4 in the hippocampus

Irina V. Sokolova

Heterozygous Leu9'Ala knock-in mice expressing
hypersensitive nicotinic acetylcholine receptors (nAChR)
a4 subunits were used to study the effect of nicotine on
neuronal membrane currents. In patch-clamp experiments
using coronal brain slices, perfusion with nicotine (1 uM)
on the background of MLA (10 nM) induced a long-lasting
increase of the frequency of spontaneous IPSCs by
51+30% of baseline (15 min after nicotine washout) in
about half of CA1 pyramidal neurons. This effect of
nicotine in Leu9'Ala mice was comparable to that in the
wild-type mice (33+8% increase of baseline IPSC
frequency 15 min after nicotine washout). Perfusion with
nicotine on the background of MLA (10 nM) did not affect
the holding currents of the voltage-clamped CA1l
pyramidal neurons and stratum radiatum (SR)
interneurons. Local application of nicotine over neuronal
cell bodies (using a glass micropipette and a Picospritzer)
also produce no effect on the holding currents in these
types of hippocampal neurons as well (six experiments on
each type of neurons).

However, in about half of the stratum lacunosum
moleculare (SLM) interneurons in Leu9'Ala, but not in the
wild type, preparations local application of nicotine
produced a negative deflection of the holding membrane
current. The nicotine-induced current resulted from a
direct effect of nicotine on a4-containing NAChRs, since it
was not blocked by the glutamate receptor antagonist
kynurenic acid (2 mM), GABAA receptor antagonists
picrotoxin (100 uM) and gabazine (20 uM) and glycine
receptor antagonist strychnine (2 uM), but was completely
and reversibly blocked by DHBE (2 uM). Maximum
response to nicotine was observed at concentrations of
nicotine >=10 uM and constituted 102+18 pA. At
concentrations <10 uM, responses to nicotine declined
proportionately to nicotine concentration (506 pA at 5
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uM and 26+8 pA at 2 uM nicotine). Morphological
studies of nicotine-responsive interneurons suggested a
possible role they might play in modulation of pyramidal
neuron excitability and hippocampal population
oscillations.

118. Preparation of constructs for 2 ADNFLE
mutations and p2-XFP fusion proteins

Cesar Labarca, Raad Nashmi, Purnima

Deshpande

These constructs were prepared for generation of
knock-in mice by homologous recombination in ES cells.

ADNFLE mutations: A 6.3 kb fragment of
129SvJ B2 genomic DNA (from Jim Boulter) containing
exon 5 was extended at the 3' end with a 3.7 kb fragment
prepared by PCR from 129 SvJ ES cell genomic DNA.
The 10 kb fragment was inserted into the EcoRI-Kpnl site
of pKO Scrambler V907 vector (Lexicon-Genetics). The
V22'L and V22'M mutations were introduced by site
directed mutagenesis using the Quick Change protocol
(Stratagene). A neomycin resistance cassette flanked by
loxP sites was inserted 176 bp downstream from exon 5
for positive selection. A diphtheria toxin A chain cassette
was inserted in the Rsrll site of pKO to provide negative
selection. Arms of homology on both sides of the
mutation are about 4 kb.

XFP fusion proteins: The same 10 kb fragment
of 2 genomic DNA in pKO, with the neomycin resistance
and diphteria toxin selection cassettes, was used to prepare
these constructs. CFP with an upstream c-myc tag was
introduced in frame into the PpuMI restriction site, which
is in the M3-M4 intracellular loop of p2, at aminoacid
position 381. YFP with an upstream HA epitope tag was
introduced in frame into the PpuMI site. Insertion of the
fluorescent protein at that position does not seem to affect
the function of the receptor. Fluorescently-tagged AChR
receptors containing yellow (YFP) and cyan (CFP)
fluorescent proteins incorporated into that site resemble
wild-type receptors in maximal responses to ACh, dose-
response relations, ACh-induced Ca?* influx, and somatic
and dendritic distribution when expressed in human
embryonic kidney (HEK) 293T cells and cultured
midbrain neurons.

Reference
Nashmi et al. (2003) J. Neurosci. 17:11554-11567.

119. RGS9-deficient mice show abnormal
involuntary movements following application
of dopamine agonists
Jana Ebert', Petra Seyffarth', Maja Jungnitsch®,
Melvin I. Simon, Henry A. Lester, Johannes
Schwarz*

Drug-induced abnormal involuntary movements

(AIM) can cause considerable dysfunction in patients with

Parkinson’s disease receiving levodopa treatment or

patients receiving neuroleptic therapy. The

pathophysiology of these movement disorders is to a large
extent unclear. Alterations of striatal dopamine-
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D2-receptors (DRD2) signaling very likely contribute to
their pathogenesis since both agonists and antagonists of
DRD?2 can cause drug-induced AIM. Regulator of G-
protein signaling 9 (RGS9) is expressed in the brain
exclusively in medium spiny striatal projection neurons
and belongs to the family of Ga GTPase accelerating
proteins increasing the OFF kinetic of DRD2 signaling.
We have previously shown that reserpinized- or
haloperidol-treated RGS9-deficient mice show profound
AIM when challenged with quinpirole or apomorphine.

In this study we investigated the frequency and
severity of AIM following various doses of apomorphine,
quinpirole, SKF 38393 or levodopa in untreated and
haloperidol-treated RGS9-deficient mice and their wild-
type littermates. We showed that RGS9-deficient animals
without pretreatment with dopamine-depleting or DRD2-
blocking agents displayed significantly more dystonic
posturing and jerky limp movements compared to their
wild-type littermates after application of high doses of
quinpirole or apomorphine. Following pretreatment with
haloperidol these differences were more pronounced. The
DRD1 agonist SKF 38393 did not elicit abnormal behavior
or differences in behavior between genotypes, confirming
that RGS9 selectively dampens DRD2 signaling.

We conclude that physiological expression of
RGS9 is necessary for motor control following stimulation
of DRD2. Alterations in expression of this gene could
provide a molecular explanation and a novel drug target
for drug-induced AIM.

'Department of Neurology, University of Leipzig, Germany

120. Interaction of the a7 acetylcholine receptor

with the Alzheimer's amyloid peptide

Joanna Jankowsky

Several reports in the recent literature have
revealed a potential interaction between the amyloid-f
peptide (Ap) of Alzheimer's disease and the a7 nicotinic
acetylcholine receptor. The reports suggest that the AP
peptide, found as aggregates throughout the brains of
patients with Alzheimer's disease, can bind to and inhibit
the activity of the a7 ion channel. The relative importance
of this interaction in the pathogenesis of Alzheimer's
disease is not yet known, however, the abundance of the
a7 receptor in the forebrain and its ability to modulate the
strength of synaptic transmission in multiple
neurotransmitter systems suggest that any decrease in .7
activity could have a large impact on neuronal function.

We have begun to investigate the interaction of
ApB with the a7 receptor using several different
approaches. Initially, we have used Xenopus oocytes to
express the a7 receptor in vitro and examine the
conditions required for the reported AP interaction.
Specifically, we would like to address whether the receptor
sensitivity crosses species (human-mouse), whether it is
dependent on the aggregation state of the peptide, and
whether external calcium plays any role in the a7 response
to AB.

An alternative approach we have begun towards
understanding the role of this interaction in Alzheimer's
disease will use genetically engineered mice to study the
rate of amyloid aggregation and neuronal loss in animals
that either lack the a7 receptor (knock-out) or which
express a (knock-in) hypersensitive mutation. The a7 null
and hypersensitive strains will be crossed to transgenic
animals that express a mutated form of amyloid precursor
protein (APP). These APP transgenic mice overproduce
the Ap peptide and develop an aging-associated amyloid
pathology much like the human patients. The matings to
the a7 strains can take several generations to complete,
after which mice with the desired genotype need to be
aged for up to nine months. The second generation of
crosses is already underway and offspring with the needed
genotypes are now being identified.

121. Investigating trafficking and mis-trafficking of
fluorescently-labeled GABA transporter,
mGAT-1

Fraser J. Moss, Joanna L. Jankowsky

We intend to understand the density, intracellular
processing, PDZ interactions, trafficking, and possible
dimerization of the GABA transporter mGAT1, by
studying knock-in mice carrying fusions between mGAT1
and fluorescent proteins. Our laboratory has already
generated an MGAT1-GFP strain and described its use to
identify GABAergic interneurons in both tissue sections
and in culture and to quantify the membrane density of
MGAT1 protein in presynaptic boutons. Unfortunately,
biochemistry determined most of the GFP-tagged GAT1
protein did not actually insert into the neuronal membrane
like the wild-type animals, but resided within the
cytoplasm 100 A below of the membrane surface. Re-
examination of our construct determined that fusing GFP
to the C-terminal of mGAT1 probably masked motifs
important for the delivery of the mGAT-1 molecule into
the plasma membrane, in particular the last three amino
acids that resemble a class |1l PDZ-interacting domain. We
therefore, generated a new set of fluorescent constructs
that added the C-terminal of the human GAT1 after the
fluorophore. The lengths of added hGAT1 C-terminal
varied from 3 to 45 residues, the goal being to identify the
minimum number needed to restore wild-type trafficking.
[*H]-GABA uptake assays were performed on mouse
neuroblastoma N2a cells transiently transfected with each
construct. We found that uptake by fluorescently-labeled
MGATL is restored to wild-type levels by the addition of
the 8 h GAT1 C-terminal residues. Intriguingly, addition
of the 15 to 28 C-terminal residues allowed greater uptake
than wild-type mGAT1, while addition of 45 residues has
the same diminished function as our original knock-in
fusion protein. These data indicate that although the last
eight amino acids are important for driving membrane
insertion of MGATL, other regulatory elements in the
GAT1 C-terminus also modulate mGAT1 GABA uptake in
vitro.  Future work will further characterize the
+8 mGAT1 fusion proteins and generate the next iterations
of fluorescent mGAT1 knock-in mice.



122. Visualization of mGAT1 incorporation in
boutons using total internal reflection
fluorescence microscopy
Princess Imoukhuede
This project aims to understand the density,

intracellular processing, trafficking, and possible
dimerization of the GABA transporter mGATL1. To this
end, our model system is cerebellar cultures from knock-in
mice carrying fusions between mGATL1 and fluorescent
proteins (XFP, where G = green; C, cyan; Y, yellow). In
collaboration with Dr. Robert Chow of the University of
Southern California, we are testing the hypothesis that
GATL1 is carried on unique vesicles. Such vesicles will be
characterized by watching fusion events and quantifying
the amount of mMGAT1 molecules within vesicles using
evanescent wave-total internal reflection fluorescence
(TIR-FM) microscopy. EF/TIR-FM is best used to detect
movements of fluorescently-labeled molecules within
~100 nm of the cell surface. We performed a systematic
series of preliminary experiments to find a substrate that
allows the membrane to approach the glass slide within
100 nm. Once cell-substrate conditions were optimized we
turned our attention to perform imaging studies. We
induce trafficking events by applying a translocation
cocktail to the cell imaging media and use TIR-FM to
monitor the resulting vesicle movement on and off the
membrane. Next, we will use cultures at various ages,
post-plating, in order to monitor pre- and post-vesicle
fusion.

123. Postsynaptic mechanisms are essential for
forskolin-induced potentiation of synaptic
transmission
Irina V. Sokolova, Norman Davidson
It has been demonstrated that stimulation of

protein kinase A (PKA) results in an enhancement of

synaptic transmission in the hippocampus and other brain
areas. Although postsynaptic AMPA-specific glutamate
receptors are among potential PKA targets, analysis of
electrophysiological experiments using classical quantal
analysis attributes the effect of PKA activation to
presynaptic mechanisms.  To further investigate
mechanisms of the PKA-mediated potentiation of synaptic
transmission we used rat hippocampal embryonic cultures.
Paired recordings under the perforated patch demonstrated
that treatment with forskolin for 15 min produced long-
lasting potentiation of evoked EPSCs (eEPSCs) mediated
by the cCAMP/PKA pathway. eEPSC amplitudes increased
to 240 £ 10 % of baseline after 15 min of forskolin
treatment (early potentiation). eEPSCs declined upon
forskolin washout but stabilized at a potentiated level
about 10 min after the start of washout. Potentiation
remained for at least 85 min after forskolin washout and
constituted 152 =+ 7% of baseline (late potentiation).

Disruption of presynaptic processes with the whole-cell

and internal solution containing PKA inhibitor peptide did

not affect early potentiation in all five experiments. Late

potentiation persisted in three of five experiments with the
presynaptic neuron under the whole-cell configuration. In
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contrast, postsynaptic whole-cell recording impaired early
potentiation and abolished late potentiation. The
enhancement of miniature current frequency produced by
forskolin in the perforated patch configuration was
attenuated when recorded using the whole-cell
configuration. When the effect of dendritic filtering of
mEPSCs was minimized by using low-density neuronal
cultures, forskolin also induced an increase of mEPSC
amplitudes in the perforated patch, but not in the whole-
cell, experiments. As demonstrated with Western blot,
forskolin treatment produced phosphorylation of the
AMPA receptor subunit GIuR1 at Ser 845, an amino acid
residue specifically targeted by PKA. Potentiation of
eEPSCs was not activity dependent and persisted under
non-stimulated conditions. NMDA receptor blockade did
not abolish forskolin-induced potentiation. In summary,
we demonstrated that forskolin-induced potentiation of
eEPSCs was mediated by postsynaptic mechanisms, which
includes phosphorylation of AMPA receptors at the site
targeted by PKA.

124. On-resin assembly of a linkerless
lanthanide(l11)-based luminescence label and
its application to the total synthesis of site
specifically labeled mechanosensitive channels
Daniel Clayton, Christian F.W. Becker', George
Shapovalov?, Gerd G. Kochendoerfer*
Lanthanide(lll)-based chelates are used

increasingly for spectroscopy applications, in particular

Luminescence Resonance Energy Transfer (LRET), due to

the unique long-lived luminescence properties of the

chelated ions. LRET is a type of luminescence assay
where a lanthanide donor (Tb*" or Eu®*) transfers energy to
an organic fluorescent acceptor in a distance-dependent
manner, thus yielding static or dynamic distance
information. For the purpose of using an LRET approach
to study the structure and function of mechanosensitive
channels, a synthesis strategy for the on-resin assembly of
luminescent lanthanide chelates from commercially
available compounds was developed. Advantages of this
novel approach include the absence of spacers between the
metal ion and the attachment site, and compatibility with
typical chemical protein synthesis protection schemes.
Methoxycoumarin-labeled lysine and tris(t-butyl)-DOTA
were consecutively coupled with high efficiency to a free
amino group in otherwise fully protected peptide segments
using standard peptide synthesis methods. Addition of
stoichiometric amounts of Tb* to the modified, cleaved
and purified peptides yielded the desired lanthanide
chelate. To assess the luminescent properties of the

resulting protein constructs after reconstitution into a

TFE/water mixture (4:1) the methoxycoumarin ring of the

label was excited at 336 nm resulting in an emission

spectrum typical of Th*" with a luminescence lifetime of

0.67 ms. Incorporation of this label into a chemically-

synthesized, full-length mechanosensitive channel of large

conductance (MscL) of E. coli and subsequent
reconstitution into vesicles resulted in a functional
mechanosensitive channel of comparable conductance to
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the wild-type channel. However, this channel required
increased suction to gate and exhibited more flickery
activity at the fully open state than observed previously for
recombinant or biotinylated synthetic Ec-MscL. The
location of the probe close to the backbone of this protein
may provide precise information about conformational
changes during channel opening from LRET studies.
'Gryphon Therapeutics, 600 Gateway Blvd., South San
Francisco, USA
“Division of Biology and Division of Physics, Math, and
Astronomy, California Institute of Technology

125. Studies on the voltage dependence of the
mechanosensitive channel of small
conductance (MscS)

Lori W. Lee, Steven A. Spronk, Dennis A.

Dougherty

The mechanosensitive channel of small
conductance (MscS) acts as a safety valve for cells under
osmotic stress by responding to stretching of the cell
membrane. It is characterized by a conductance of 1 nS.

Gating of MscS is also voltage modulated. The molecular

basis of its voltage sensitivity remains elusive, but the

crystal structure of MscS from the Rees group suggests
that several arginines may play a role. We aim to
determine the role of these arginines, specifically arginine

46, in voltage sensitivity using mutational analysis coupled

with molecular dynamics simulations. Single-channel

electrophysiological analysis of the Arg46Ala mutant of

E. coli MscS is under way. Furthermore, Arg46Ala-MscS

does not exhibit voltage desensitization/inactivation as

seen with wild-type E. coli MscS. Molecular dynamics
simulations suggest that Arg46 mutants are insensitive to
voltage. They suggest that wild-type MscS behaves
differently in the presence or absence of a voltage, but

Arg46Ala-MscS does not.  Our experimental and

computation results may test the hypothesis that arginine

46 plays a role in the voltage sensitivity of E. coli MscS.

126. Gating transitions in bacterial ion channels

measured at 3 ps resolution

George Shapovalov’, Henry A. Lester

lon channels of high conductance (>200 pS) are
widespread among prokaryotes and eukaryotes. Two
examples, the E. coli mechanosensitive ion channels
Ec-MscS and Ec-MscL, pass currents of 125 - 300 pA. To
resolve temporal details of conductance transitions, a
patch-clamp setup was optimized for low-noise recordings
at a time resolution of 3 us (10-20 times faster than usual).
Analyses of the high-resolution recordings confirm that
Ec-MscL visits many subconductance states and show that
most of the intersubstate transitions occur more slowly
than the effective resolution of 3 us. There is a clear trend
toward longer transition times for the larger transitions. In
Ec-MscS recordings, the majority of the observed full-
conductance transitions are also composite. We detected a
short-lived (~20 ws) Ec-MscS substate at 2/3 of full
conductance; transitions between 2/3 and full conductance
did not show fine structure and had a timecourse limited

by the achieved resolution. Opening and closing
transitions in MscS are symmetrical and are not preceded
or followed by smaller, rapid currents (“anticipations" or
"regrets"). Compared with other, lower-conductance
channels, these measurements may detect unusually early
states in the transitions from fully closed to fully open.
Increased temporal resolution at the single-molecule level
reveals that some elementary steps of structural transitions
are composite and follow several alternative pathways,
while others still escape resolution. High-bandwidth, low-
noise single-channel measurements may provide details
about state transitions in other high-conductance channels;
and similar procedures may also be applied to channel- and
nanopore-based single-molecule DNA measurements.

“Division of Biology and Division of Physics, Math, and

Astronomy, California Institute of Technology
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Summary: Much of the research in this laboratory
involves the study of interactions between the nervous and
immune systems. Using knockout (KO) mice and over-
expression in vivo with viral vectors, we are exploring the
role of neuropoietic cytokines in PNS and CNS injury and
repair, Alzheimer's disease and inflammation. Also in the
context of neuroimmune interactions, we are investigating a
mouse model of mental illness based on the known risk
factor of maternal influenza infection. We are also testing
potential therapies for Huntington’s disease (HD), using
intracellular expression of antibodies, and manipulating
NFkB activity. An additional project involves the study of
the mechanism of behavioral stress and melanoma tumor
progression.

Cytokines are diffusible, intercellular messengers
that were originally studied in the immune system. Our
group contributed to the discovery of a new family that we
have termed the neuropoietic cytokines, because of their
action in both the nervous and hematopoietic/immune
systems. We have demonstrated that one of these
cytokines, leukemia inhibitory factor (LIF), can coordinate
the neuronal, glial and immune reactions to injury. Using
both delivery of LIF in vivo and examination of the
consequences of knocking out the LIF gene in mice, we
find that this cytokine has a powerful regulatory effect on
the inflammatory cascade, both within and outside the
nervous system. Moreover, LIF can regulate neurogenesis
following injury. We find that LIF is a critical regulator of
astrocyte and microglial activation following stroke, seizure
or trauma, and this cytokine also regulates inflammatory
cell infiltration, neuronal and oligodendrocyte death, gene

expression, as well as the production of new neurons from
stem cells following injury. These results highlight LIF as
an important therapeutic target. We are also examining the
role of LIF in a transgenic mouse model of Alzheimer's
disease to determine its effects on inflammation and cell
proliferation, as well as on plaque formation and removal.

Cytokine involvement in a new model of mental
illness is also being investigated. This mouse model is
based on findings that maternal viral infection can increase
the likelihood of schizophrenia or autism in the offspring.
We are using behavioral, neuropathological, molecular and
brain imaging methods to investigate the effects of
maternal influenza infection on fetal brain development
and how this leads to altered behavior in adult offspring.

We are utilizing intracellular antibody expression
to block the toxicity of mutant huntingtin (Htt), the protein
that causes HD. We have produced single chain antibodies
(scFvs) that bind to various domains of Htt, and these can
either exacerbate or alleviate Htt toxicity in cultured cells,
acute brain slices, and in a Drosophila HD model. Work
has begun on delivering these scFvs in mouse models of
HD. We have also implicated the NFkB signaling
pathway in the pathogenesis of HD, and identified several
steps in this signaling cascade as potential therapeutic
targets.

127. Maternal influenza infection is likely to alter
fetal brain development indirectly: The virus
is not detected in the fetus
Limin Shi, Nora Tu, Paul H. Patterson
Epidemiological studies have shown that maternal

infection can increase the risk for mental illness in the
offspring. In a mouse model of maternal respiratory
infection with influenza virus, the adult offspring display
striking behavioral, pharmacological and histological
abnormalities. Although influenza primarily infects the
respiratory system, there are reports of viral mRNA and
protein in the fetus of infected pregnant animals. To
determine the extent of viral spread following maternal
respiratory infection in our mice, we used RT-PCR to
assay various maternal and fetal tissues for the influenza
MRNASs Na, NS2, NuP and MP. While maternal lungs
exhibit uniformly very strong signals, maternal blood and
placenta are only rarely positive, while fetal brains are
negative for these viral RNAs. This evidence suggests that
the effects of maternal infection on fetal brain
development are indirect, probably involving the maternal
inflammatory response.

128. Maternal viral infection and mental illness:
Gene expression changes in the brains of adult
offspring

Benjamin E. Deverman, Limin Shi, Paul H.

Patterson, Jeff Gregg®

Schizophrenia and autism are complex
developmental disorders that are influenced by both
genetic and environmental factors. A number of studies
indicate that maternal respiratory viral infection increases
the incidence of schizophrenia and autism in the offspring.



To understand how maternal infection affects
neurodevelopment, we infect pregnant mice with influenza
virus and assess the offspring for behavioral and
neuropathological abnormalities. In previous studies, the
we have reported that the adult offspring of infected
mothers display a number of behavioral abnormalities that
are consistent with mental illness. In order to obtain an
unbiased overview of the molecular changes that may
underlie these behavioral abnormalities, we are using
Affymetrix arrays to compare gene expression in several
brain regions taken from the adult offspring of mothers
exposed to influenza during pregnancy as well as control
offspring. Preliminary results identify several alterations
in gene expression that are consistent with those observed
in microarray experiments performed on RNA from the
postmortem brains of schizophrenic patients, as well as a
number of interesting changes not previously reported. In
addition, several of the changes involve genes that have
been linked to susceptibility to schizophrenia. We are now
confirming our findings using quantitative, real-time RT-
PCR, in situ hybridization, and/or immunostaining.
Findings from this study may aid in our understanding of
how genes and environmental factors such as maternal
infection interact to alter neurodevelopment in a manner
that leads to mental illness.

'MIND Institute, U.C. Davis

129. The maternal inflammatory response and its
effects on the neurodevelopment and behavior
of the offspring
Benjamin E. Deverman, Paul H. Patterson
Adult mice born to mothers infected with

influenza virus at E9.5 (mid-gestation) have abnormalities
in behavior and brain histology that are consistent with
those seen in patients with schizophrenia or autism. These
abnormalities are likely caused by the maternal
inflammatory response to the viral infection as we find that
the offspring of mothers injected at E9.5 with poly(l:C), a
synthetic dsRNA that elicits an inflammatory response
similar to viral infection, exhibit pre-pulse inhibition
deficits similar to those observed in the offspring of
influenza-infected mothers. Furthermore, using sensitive
RT-PCR techniques, we have been unable to detect
evidence of direct viral infection of the fetus. To better
understand the mechanism by which the maternal
inflammatory response can influence neurodevelopment,
we are injecting poly(l:C) into pregnant mice at different
times during gestation. Because the onset of the cytokine
response to poly(l:C) is much more rapid and the duration
of the response is shorter than the response to influenza
inoculation, we are using poly(l:C) as a tool to dissect the
critical time periods during which the fetal brain is most
sensitive to activation of the maternal inflammatory
response. Specifically, we are looking for correlations
between the timing of the cytokine response and the
presence of the behavioral and neuropathological
abnormalities we observe in the offspring of influenza-
infected mice.

81

130. Production of maternal and fetal cytokines in
response to influenza infection or
administration of synthetic dsSRNA
Wendy Xu', Benjamin E. Deverman, Stephen
Smith, Paul H. Patterson
Significant epidemiological evidence suggests

that there is an increased incidence of schizophrenia and

autism in the offspring of women exposed to respiratory
viral infection during particular times during pregnancy.

In a mouse model based on these findings, the adult

offspring of mothers exposed to influenza during

pregnancy exhibit several behavioral and
neuropathological abnormalities that are consistent with
those observed in schizophrenia and autism. Moreover, at
least one of these abnormalities is also seen in the adult
offspring of mothers injected with poly(l:C), a dsSRNA that
elicits an inflammatory response similar to that induced by
influenza infection. The inflammatory response to viral
infection is mediated by the numerous cytokines, many of
which could have profound effects on fetal brain
development. Therefore, we are measuring cytokine
induction during the inflammatory response to influenza
virus and poly(I:C) in both maternal and fetal tissues in an
effort to determine which cytokines may be responsible for
the behavioral and neuropathological abnormalities. We
are assessing cytokine levels in the fetal brain, the
placenta, and in the maternal serum and lungs using
RT-PCR, ELISA and multiplex methods.
'Caltech undergraduate student

131. The effect of maternal influenza infection on

neurobehavioral development of the offspring

Natalia Malkova, Paul H. Patterson

On the basis of epidemiological evidence
indicating that maternal influenza infection leads to an
increased risk of schizophrenia and autism in the offspring,
a mouse model has been developed in which the pregnant
mother receives a respiratory infection of human influenza
virus at mid-gestation. At birth, the offspring display no
signs of encephalopathy or direct viral infection. They do,
however, display neuropathology at birth and in adulthood,
including reduction in neocortical and hippocampal
thickness, pyramidal cell atrophy and reduced levels of
reelin. To assess how this model relates to autism, the
early behavioral development of pups born to influenza-
infected mothers is being studied. One assay involves the
repeated ultrasonic vocalizations that are observed when
infants are separated from their mothers or social
companions. This early vocalization response is strongly
conserved in evolution as an affective and communicative
display, most likely because of its survival value in
eliciting maternal search and retrieval responses, nursing
and caretaking. We are also utilizing a mother-recognition
test to assess the affinity of pups born to infected mothers
for their mothers versus other lactating females.
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132. Patterns of brain activity in the adult offspring
of mice born to influenza-infected mothers
Natalia Malkova, Ming-Ji Fann, Paul H.
Patterson
There is suggestive evidence that brain circuitry is
altered in the schizophrenic brain. Imaging studies have
also highlighted abnormalities in the responses of the
brains of autistic subjects to various sensory stimuli. We
have begun a project to investigate the brain circuitry in
our mouse model of mental illness. The approach is to
map the patterns of activation induced by various sensory
stimuli in the brains of adult mice born to infected
mothers. These patterns can then be compared to those of
mice born to normal mothers, who do not display the
abnormal behaviors or neuropathology observed in the
mice born to infected mothers. Mapping global neuronal
activity is being done histologically using antibodies
against a number of immediate early gene proteins and
members of MAP kinase pathways. Early results indicate
that selective brain areas respond strongly to the sensory
stimulation provided in the acoustic startle response test.
It will also be of interest to compare the responses of the
control and experimental mice to dopaminergic and
glutaminergic drugs, as these transmitter systems are the
focus of most of the pharmacological studies of
schizophrenia.

133. Do cytokines mediate the effects of maternal

infection on fetal brain development?

Stephen Smith, Jennifer Li*, Limin Shi, Paul H.

Patterson

Influenza respiratory infection of pregnant mice
causes behavioral abnormalities in their offspring
consistent with those seen in schizophrenia and autism.
We also have evidence that these changes in fetal brain
development are due to the maternal anti-viral response
rather than to direct viral infection of the fetus. We are
testing the hypothesis that certain cytokines produced by
the mother are responsible for altering fetal brain
development. The approach is to: (i) determine which
cytokines are induced in the maternal circulation by
respiratory infection; (ii) attempt to mimic the effects of
infection by injecting these cytokines in non-infected
pregnant mice; and (iii) block the effects of maternal
infection on the offspring by injecting pregnant mice with
anti-cytokine antibodies or use pregnant cytokine knockout
mice. One of the prominent cytokines upregulated by
infection is interleukin-6 (IL-6). Preliminary evidence
indicates that maternal injection of IL-6 leads to adult
offspring with deficits in prepulse inhibition.
'Caltech undergraduate student

134, Effects of LIF on adult neural stem cells in

normal and APP23 mice

Sylvian Bauer, Paul H. Patterson

In the adult brain, newly generated neurons are
incorporated in the olfactory bulb (OB) and the
subgranular zone of the hippocampus. This neurogenesis
can be modulated in vivo by exogenous growth factors,

which can promote neuronal replacement after injury. We
have previously shown that leukemia inhibitory factor
(LIF) is necessary in vivo for the lesion-induced
proliferation of neuronal progenitors that regenerate
olfactory sensory neurons in the adult mouse (Bauer et al.,
2003, J. Neurosci. 23:1792-1803). We are now asking if
LIF regulates neurogenesis in the normal adult brain and in
the context of a chronic neurodegenerative condition,
using APP23 mice, a model of Alzheimer's disease. Adult
C57BI/6J and APP23 mice received a single
intracerebroventricular injection of recombinant
adenovirus expressing either LIF or LacZ.
Bromodeoxyuridine (BrdU) was then injected i.p. once
daily (100 mg/kg) for seven days, and the animals were
perfused two weeks after the first BrdU injection. Our
results thus far show that adenoviral delivery of LIF
strongly represses neurogenesis in the SVZ-OB system by
reducing cell proliferation and neuronal differentiation in
the SVZ, while increasing the formation of astrocytes. In
contrast, cell proliferation is increased in the cortex and
periventricular areas, where more newly generated
astrocytes are detected. In addition, a strong induction of
brain inflammation is seen in mice injected with the LIF
adenovirus, suggesting that the majority of proliferating
cells could be microglia. The extent of neurogenesis in the
hippocampus is currently under investigation.

135. Leukemia inhibitory factor and senile plaques

in Alzheimer's mice

Andrea Vasconcellos', Sylvian Bauer

Plaques containing amyloid-p (Ap) peptide are a
key feature of Alzheimer's disease (AD) neuropathology.
AD also involves an inflammatory response mediated by
activated microglia, which have phagocytic function and
release cytokines. Here we examine the effect of leukemia
inhibitory factor (LIF), a cytokine up-regulated in AD
brains, on plaque size and density in the brains of
transgenic mice expressing a mutant form of amyloid
precursor protein (APP) that causes AD in humans. These
transgenic APP mice (APP23) were treated with
exogenous LIF through the delivery of a recombinant
adenovirus vector (LIF-AdV) to the cerebral ventricles.
Control mice were injected with an adenovirus coding for
the gene LacZ (LacZ-AdV). Staining for Af in the frontal
cortex of APP mice reveals a decreased amyloid burden in
LIF-treated brains. Quantification of amyloid burden in
the cortex and hippocampus at various times after
adenovirus injection will help elucidate the action of LIF.
In addition, we are investigating the role of LIF in the AD
inflammation in these APP mice.
'Caltech undergraduate student

136. Using leukemia inhibitory factor (LIF) to
prevent secondary cell death after spinal cord
injury
Bradley J. Kerr, Paul H. Patterson
Injury to the mammalian spinal cord is

accompanied by a delayed, secondary wave of

oligodendrocyte apoptosis that arises several days after the



initial injury. This apoptosis occurs in white matter tracts
undergoing Wallerian degeneration distant to the injury
epicenter. Delayed oligodendrocyte death represents a
significant clinical impediment for recovery from spinal
cord injury as it may contribute to lesion expansion,
chronic demyelination and impairment of axonal
conductance in pathways spared from the initial damage.
One treatment strategy is to deliver trophic factors to the
injured spinal cord to support oligodendrocyte survival. A
strong candidate to support oligodendrocyte survival after
spinal cord injury is the pleitropic cytokine, leukemia
inhibitory factor (LIF). In vitro, LIF potentiates the
differentiation and survival of oligodendrocyte precursors,
and can also prevent oligodendrocyte apoptosis in response
to growth factor removal or in response to cytotoxic
challenge such as the addition of interferon-y. More
recently, in vivo studies have demonstrated that LIF is
effective in preventing oligodendrocyte death in a mouse
model of multiple sclerosis, Experimental autoimmune
encephalomyelitis (EAE). We, therefore, asked whether
systemic delivery of LIF could ameliorate oligodendrocyte
death in a mouse model of spinal cord injury. We find that
daily administration of LIF inhibits apoptosis and
promotes oligodendrocyte survival after spinal cord injury.
Interestingly, however, this effect does not appear to be
mediated by a direct action of LIF on oligodendrocytes but
rather via microglia/macrophages, which results in
augmented expression of another trophic factor capable of
supporting oligodendrocytes survival, insulin-like growth
factor 1 (IGF-1).

137. The role of leukemia inhibitory factor in the

regulation of the response to seizure

Kristina H. Holmberg

Our group previously found that the cytokine
leukemia inhibitory factor (LIF) is induced in astrocytes in
response to seizure. | have used pilocarpine to induce
seizure in LIF knockout (KO) mice to test the hypothesis
that LIF regulates astrocyte, microglial and neuropeptide
responses to seizure in the hippocampus. Compared to
wild type (WT), the LIF KO mouse displays reduced
astrocyte and microglial activation following seizure.
Moreover, LIF KO mice show dramatically altered
neuropeptide Y (NPY) expression in response to seizure.
There is also a sexual dimorphism in the responses of the
LIF KO mice. Small differences are seen in the seizure
responses between WT and LIF KO in expression of NPY
receptor and brain-derived neurotrophic factor as well.
However, galanin, known to increase following seizure,
shows only minor differences between WT and KO mice.
Thus, LIF is required for normal glial responses to seizure
and, as in the peripheral nervous system, LIF regulates the
expression of certain CNS neuropeptides in vivo.
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138. Single chain antibodies to dissect the biological

functions of mutant huntingtin

Ali Khoshnan, Jan Ko, Viviana Gradianaru®,

Paul H. Patterson

Huntington's Disease (HD) is caused by
expansion of a polyglutamine stretch in the N-terminus of
the protein, huntingtin (Htt). Expression of this mutant Htt
results in selective death of neurons in the striatum and the
cortex. Large nuclear aggregates and amyloid-like
complexes containing Htt are observed in post-mortem
tissues.  Elucidating the mechanism of neuronal
dysfunction caused by mutant Htt and devising molecular
strategies for blocking its toxic effects are the goals of this
project. We generated eight monoclonal antibodies
(mAbs) that recognize the expanded polyglutamine
(polyQ) domain, the polyproline (polyp) domains, or the
C-terminus of exon-1 of Htt (HDx-1). We have cloned the
complementary DNAs of the antigen binding regions of
several of these mAbs and have assembled recombinant
single chain antibodies (scFvs). Intracellular expression of
the MW7 scFv targeted to the polyP domains of Htt
reduces cell death caused by expression of mutant Htt in
cultured cells, in brain slices and in a Drosophila HD
model. In contrast, expression of two scFvs recognizing
the polyQ domain exacerbates mutant Htt toxicity. Studies
are in progress to explore the therapeutic potential of MW7
in @ mouse HD model. Anti-polyQ scFvs are being used
as reagents to understand the molecular mechanism of Htt
aggregation.
'Caltech undergraduate student

139. Interaction of mutant huntingtin with the

NF-xB pathway

Ali Khoshnan, Erin Watkin, Jan Ko

Transcriptional dysregulation by mutant
huntingtin (Htt) protein has been implicated in the
pathogenesis of Huntington's disease (HD). We have
found that mutant Htt activates NF-kB pathway. Mutant
Htt physically associates with IKKy, a regulatory
component of the IkB kinase complex (IKK). In cultured
cells, this interaction results in the activation of IKK,
leading to the phosphorylation and degradation of the
inhibitory protein lkBa. These findings have in vivo
relevance, as striatal extracts from HD transgenic mice
have higher levels of IKK than extracts from control mice,
and activated NF-kB is found in the nucleus of striatal and
cortical neurons in the HD mice. Binding to IKKy is
mediated by the expanded poly-glutamine stretch in
mutant Htt, and is augmented by the proline-rich motifs of
Htt. Expression of IKKy promotes mutant Htt aggregation
and nuclear localization. Conversely, a N-terminally
truncated form of IKKy, which interferes with IKK
activity, blocks Htt-induced NF-xB activation and reduces
the toxicity of mutant Htt in cell culture and in an acute
brain slice model of HD. Toxicity is also inhibited by
expression of a mutant F-box deleted E-3 ubiquitin ligase,
(AF-BTRCP), which specifically blocks degradation of IxB
inhibitory proteins. Thus, aberrant interaction of mutant
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Htt with IKKy, and subsequent NF-kB activation, may be
important for HD pathology. Studies are in progress to
understand the interplay between mutant Htt protein, the
IKK complex and signaling pathways that are influenced
by these interactions.

140. Anti-Htt antibodies as possible therapeutics for

Huntington's disease

Amber L. Southwell, Ali Khoshnan, Paul H.

Patterson

Huntington's disease (HD) is a progressive
neurodegenerative disorder characterized by chorea,
dementia and selective degeneration of striatal neurons.
The autosomal dominant mutation responsible for HD is
an expansion of a CAG repeat coding for polyglutamine in
exon 1 of the huntingtin (Htt) protein. Our group has
generated single chain monoclonal antibodies that bind Htt
and can be expressed intracellularly (intrabodies). The
MW1 and two intrabodies, directed against expanded
polyglutamine, increase mutant Htt-induced aggregation
and cell toxicity in culture. MW?7, an intrabody directed at
a pair of polyproline stretches in Htt, decreases mutant
Htt-induced aggregation and cell death. This effect has
been demonstrated in cell culture, acute brain slices (with
Peter Reinhart at Duke), and in a Drosophila model of HD
(with George Jackson at UCLA). The therapeutic potential
of MW7 will next be tested in a mouse model of HD. An
inducible MW?7 transgenic mouse will be generated using
the tet-off system. This mouse can then be crossed to the
R6/2 mouse HD model. Region-specific tTA transgenic
mice can eventually be used to determine the importance
of MW?7 treatment in specific brain areas. Temporal
control of MW7 expression with doxycycline can be used
to compare treatment in pre- and post-symptomatic mice.
Once temporal and brain regional information is available,
adult HD mice can be treated with MW7 using gene
therapy. We have generated an adeno-associated viral
vector coding for MW7 and IRES-GFP. This virus will be
injected into the striatum, cortex or ventricles of pre- and
post-symptomatic mice. The mice will then be tested for
changes in their behavioral and histological phenotypes.
We will also test protein transduction as a therapeutic
option. We have generated an expression vector coding
for MW7 fused to pep-1, a protein transduction domain.
This fusion protein will be injected intracranially or
systemically in pre- and post-symptomatic mice. The mice
will then be tested for changes in their behavioral and
histological phenotypes. Insights acquired through these
experiments may contribute to the generation of
therapeutics for HD.

141. The effect of behavioral stress on immune

surveillance and melanoma progression

Jennifer Montgomery, Paul H. Patterson

We are investigating the relationship between
stress, the immune system and melanoma tumor
progression. We have found that a paradigm of alternating
rotational stress, restraint and cold-water swimming raises
the stress hormone corticosterone while avoiding

habituation.  In these FVB and C57BL/6 mice,
corticosterone-binding globulin does not change with
stress, indicating that the increased corticosterone in the
experimental animals is free to activate the hypothalamic-
pituitary-adrenal axis. In addition, we have assayed the
cytokines IL-18, TNF-a, IL-6 and IFN-y, as they have
been implicated in the stress response as well as in
melanoma growth in culture. We find no changes in the
serum concentrations of these cytokines, and so are
currently investigating the levels of these cytokines in the
hypothalamus, spleen and liver. The same stress protocol
is also being applied to a new mouse model of melanoma
that is based on the genetics of human tumors. In this
transgenic model, cutaneous melanoma occurs
spontaneously at a predictable time point, allowing us to
study the disease in situ as it naturally progresses. We are
monitoring the timing of tumor onset and cytokine levels
in mice that undergo behavioral stress and comparing them
to control mice that remain unstressed. In addition, we are
investigating the effect of this stress protocol on
subcutaneously implanted melanoma tumors. We are also
beginning experiments that use systemic injection of
synthetic glucocorticoids in place of behavioral stress.
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Summary:  Synapses, the points of contact and
communication between neurons, can vary in their size,
strength and number. These differences in synapses and
their ability to change throughout the lifetime of the animal
contributes to our ability to learn and remember. We are
interested in how synapses are modified at the cellular and
molecular level. We are also interested in how neuronal
circuits change when synapses change their properties.
We conduct all of our studies in the hippocampus, a
structure known to be important for memory in both
humans and animals. We use molecular biology,
electrophysiology and imaging to address the questions
detailed below.

A major focus of the lab concerns the cell
biological mechanisms that govern modifications at
individual synaptic sites. In particular, we are interested in
the idea that dendritic protein synthesis and degradation
may contribute to synaptic plasticity. We are also
interested in mMRNA and protein trafficking during synaptic
plasticity.

We are also examining the role of the cadherins
family of cell adhesion molecules in synaptic plasticity.
Several labs have shown that cadherins are localized to
synapses in the hippocampus. Earlier, we demonstrated
that function-blocking cadherin antibodies or peptides can
prevent long-term potentiation, without interfering with
basal synaptic transmission. We hypothesize that cadherin
bonds may be sensitive to local fluxes in extracellular
calcium imposed by action potential activity. We are now
examining the molecular mechanisms by which cadherins
influence synaptic strength and the involvement of

cadherins in the formation and maintenance of synapses,
using fluorescence resonance energy transfer and
endocytosis assays

142. Dendritic spine motility:  Analysis and

experiments

Shreesh P. Mysore, Michael A. Sutton

Dendritic spine motility has recently received
significant attention in neuroscience research. It has been
shown to be influenced by several molecular pathways and
is correlated with synaptic activity, sensory input
manipulations, and LTP induction. However, in most
cases, changes in motility are reported in subsets of
imaged spines by identifying gross changes in
morphology. There is thus a need to develop a systematic
scheme to analyze the motility of large numbers of spines,
across different treatment conditions, and in an unbiased
manner. This will enable the use of spine motility as an
assay system between treatments, and facilitate
investigations into motility mechanisms. We are
developing an analysis scheme to rigorously quantify
morphological dynamics in large sets of spines. We
measure spine characteristics along the dimensions of size,
shape, and position, and use these to define motility
measures. We then track motility at two time scales - slow
and fast - and thereby investigate the morphological
behavior of spines under different conditions. This scheme
has been validated using time-lapse fluorescence
microscopy experiments in cultured hippocampal neurons
with treatments that produce known effects (e.g., blocking
motility with the actin-disrupting agent Cytochalasin D).
We are currently using the scheme to investigate the roles
of spontaneous neurotransmitter release, and also of cell-
adhesion molecules in the regulation of motility.

143. The mechanism of neuronal activity-dependent
regulation of surface N-cadherin
internalization
Chin-Yin Tai
The cadherins are a family of Ca’*-dependent

cell-cell adhesion molecules found at neuronal synapses

and cellular junctions. Structural studies of several
cadherin proteins show that they form zipper-like homo-

oligomers via their extracellular domains. N-cadherin, a

member of the classic cadherin family is highly expressed

in brain and localized at synaptic contacts. Synaptic
plasticity is often associated with morphological changes
at the old synaptic contacts, as well as formation of new
contacts, raising the possibility that cadherin turnover
plays an important role in regulating these events.

However, little is known about the spatial and temporal

dynamics of surface cadherin turnover at the synapse. |

have embarked on a series of biochemical and microscopic
experiments to address this issue.

| have determined the kinetics of N-cadherin
internalization and recycling by surface biotinylation
experiments in cultured hippocampal neurons, and have
found N-cadherin undergoes a rapid shuttling in and out of
the plasma membrane. Within one hour, the majority of



surface N-cadherin is internalized, and within 10 minutes,
almost all the internalized N-cadherin is back to the
surface. Recently, N-cadherin has been found to co-purify
with the N-methyl-D-asparate (NMDA) receptor
supercomplex, suggesting a role for the NMDA receptor-
mediated activities in the regulation of N-cadherin
turnover.

Indeed, when neurons are briefly treated with
NMDA (20 uM, 3 min), a NMDA receptor agonist, the
rate of N-cadherin internalization is dramatically reduced.
In addition, when the NMDA receptor is blocked by the
antagonist APV, the rate of N-cadherin internalization
returns to the non-treated level. In the future, 1 will
determine the specificity of this NMDA receptor-
dependent regulation and perform antibody live-labeling
experiments to address the spatial control of N-cadherin
internalization.

144, Miniature synaptic events regulate local
protein synthesis in dendrites of hippocampal
neurons
Michael Sutton, Nick Wall
Although it is now well established that neuronal

dendrites are capable of mRNA translation, the signals that

regulate dendritic protein synthesis are still largely
unknown. We have demonstrated that, in the context of
chronic activity blockade, miniature synaptic events

(mEPSPs) potently regulate protein synthesis in the

dendrites of cultured hippocampal neurons. Using a GFP-

based protein synthesis reporter (a Sindbis viral vector in
which the coding sequence for a destabilized,
myristoylated GFP is flanked by the 5' and 3' UTR of
a-CAMKII) in combination with time-lapse confocal
microscopy, we examined dendritic protein synthesis from

9-12 hr after chronic activity blockade (1 uM TTX).

When the impact of mEPSPs are chronically blocked by

the glutamate receptor antagonists CNQX and APV

(TTX+Block), an increase in reporter synthesis in both

proximal and distal dendrites is observed (relative to

controls). When mEPSPs are permitted (TTX alone),
however, a marked decrease in protein synthesis is
observed in both of these compartments. Acute
application of CNQX and APV (+TTX) 9 hr after pre-
incubation in TTX alone produces a rapid increase in
reporter synthesis in both proximal and distal dendrites,
suggesting that in the absence of evoked synaptic
transmission, mEPSPs tonically inhibit dendritic protein
synthesis. Similarly, blocking spontaneous vesicle release
with botulinium toxin A (BoNT/A; 100 nM) when cells
were pre-treated chronically (7 hr) with TTX alone also
stimulated dendritic translation, providing parallel
evidence that mEPSPs tonically inhibit dendritic protein
synthesis. Finally, the acute effects of BoNT/A were
occluded by chronic mini blockade (TTX+Block),
suggesting that the increase in dendritic protein synthesis
observed in each case derives from blocking mEPSPs.

These results reveal a previously unknown role for

miniature synaptic events in regulating dendritic protein

synthesis in neurons. The spatial resolution and
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mechanisms of translational regulation by mEPSPs are
currently being investigated.

145. Functions of Pumilio in the development and
synaptic plasticity of hippocampal neurons
Changan Jiang
Pumilio is the founding member of the Puf-family

of translational repressors. In Drosophila, it represses the
translation of target mRNAs by binding to their 3'-
untranslated regions (3'-UTR) and recruiting two other co-
repressors, Nanos and Brain-tumor. Recent studies
showed that Drosophila pumilio mutants have defects in
dendrite morphogenesis and long-term memory,
suggesting that it functions in neuronal development and
synaptic plasticity. To study the functions of pumilio in
mammalian neurons, we have cloned rat pumilio
homologues, rPuml and rPum2. Northern blot analysis
shows both pumilios are expressed in rat hippocampal
neurons, with rPum2 as the dominant form.
Immunostaining of cultured hippocampal neurons revealed
that Pumilios are mainly present in the RNA granules,
suggesting that it may play a role in the packaging and
targeting of dendrite-localized mMRNAs. Suppression of
rPum2 expression by siRNA leads to a dramatic decrease
of dendritic spine density, while overexpression of rPum2
increases spine density. These results suggest that rPum2
plays an important role in spine formation and/or
maintenance. Currently, we are examining whether rPum2
performs this function by transporting spine development-
related mMRNAs and whether it is essential for neuronal
activity-induced morphological changes of spines.

146. The structural basis for an allele-specific
deficit in regulated secretion of brain-derived
neurotrophic factor (BDNF) at hippocampal
synapses
Noah M. Gourlie
BDNF rapidly enhances synaptic transmission

when secreted at hippocampal synapses in response to
activity. However, a genetic variant (G196A, Val66Met)
of BDNF in primates is secreted at significantly lower
levels than its wild-type counterpart. Human population
studies by others indicate associations between this variant
(Met66-) of BDNF and obsessive-compulsive disorder,
anorexia nervosa, bulimia nervosa, and specific
deficiencies in memory. The current study aims to
determine which molecular interactions along the
regulated secretory pathway are altered by the single
amino acid substitution, and how their alteration may
impair secretion.

Secondary structural calculations and specificity
considerations identified subtilisin-kexin isozyme 1/site 1
protease (SKI-1/S1P) as a promising target molecule for
investigation. To assess the necessity of proBDNF
cleavage by SKI-1 for regulated secretion, an uncleavable
mutant (R54A, Val66) of proBDNF was generated.
Collaboratively with Changan Jiang, | am employing
lentiviral delivery constructs to observe, by confocal
microscopy, the differential trafficking of three distinct
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proBDNF proteins at near-endogenous expression levels:
Val66-, Met66-, and R54A-proBDNF, each appended with
Venus yellow fluorescent protein.

Furthermore, an altered affinity of Met66-
proBDNF for the SKI-1 protease relative to Val66-
proBDNF may manifest differential competitive effects on
the processing of SKI-1's other substrates: the sterol
regulatory element binding proteins (SREBPS),
prosomatostatin, and the endoplasmic reticulum stress
factor, ATF6. To examine this possibility, the SREBP-
initiated cholesterol biosynthesis pathway of hippocampal
neurons is being tested during lentiviral expression of
either Val66- or Met66-proBDNF, by assaying the cells'
recovery from cholesterol depletion.

147. Visualization of cadherin-cadherin association

in living cells

Eric Mosser

Classic cadherins, in particular N- and
E-cadherins, are expressed and localized at synaptic sites
of the adult rat hippocampus and involved in LTP.
Cadherins exhibit Ca**-dependent adhesion: the removal
of Ca?* from the extracellular solution results in a loss of
adhesion. Thus, it is possible that changes in extracellular
Ca’* associated with synaptic activity may alter cadherin-
cadherin interactions. We are attempting to visualize
cadherin-cadherin associations at cell-cell junctions with
the eventual goal of monitoring hippocampal synapses
during synaptic activity. This will enable us to determine
if synaptic activity and plasticity affects cadherin dynamics
and synaptic structures. To visualize cadherins in living
cells, we have utilized a transposon-mediated random GFP
insertion technique to create E-cadherin constructs with
ECFP or EYFP variants inserted on a flexible linker at
various sites on the extracellular domain in mouse L cells.
ECFP can act as a fluorescence resonance energy transfer
(FRET) donor for EYFP and FRET will be used to
visualize the 'trans' homophilic interactions between
cadherins on adjacent cells in co-cultures, or the 'cis'
interactions between cadherins on cells expressing both
FRET donor and acceptor cadherin constructs. We have
demonstrated FRET between ECFP- and EYFP-labeled
cadherins in HEK 293 cells transiently expressing both
donor and acceptor constructs. We have created stable
lines of L cells (which are known to express no or very
low levels of endogenous cadherins) expressing either the
ECFP- or EYFP-cadherin fusions. Viral vectors will be
prepared for expression of these constructs in neurons.
Cadherin containing one GFP variant will be expressed in
presynaptic neurons, while cadherin containing the other
GFP variant will be expressed in postsynaptic neurons.
FRET will then be used to detect these exogenous
cadherins and their homophilic interactions between pre-
and postsynaptic cells in differing conditions. In
particular, we will examine the effects of synaptic activity
and varying extracellular calcium concentrations on
cadherin-cadherin dynamics. Surprisingly little is known
about the cadherin homophilic interaction; hopefully this
approach will not only allow us to learn something about

cadherin's role in the synapse but also shed some light on
the basic nature of this interaction.

148. A novel approach for the identification of
locally synthesized proteins in neuronal
dendrites
Daniela C. Dieterich”, A. James Link*, David A.
Tirrell, Johannes Graumann®, Geoff Smith?
Activity-dependent local protein synthesis in

dendrites is required for different forms of long-lasting

plasticity, like long-term potentiation or depression (LTP
or LTD). Many components of the translational machinery
can be found in postsynaptic density fractions and are
localized beneath postsynaptic sites on dendrites.

However, only a limited number of dendritically translated

proteins have been identified so far, like the microtubule-

associated protein 2 or the o subunit of the

Ca’*/calmodulin-dependent protein kinase Il. Here we

describe a novel approach to isolate and identify the

translation products in neuronal dendrites, as well as to
determine the quantitative translational capability of
dendrites upon synaptic stimulation. The identification of
further dendritically synthesized proteins according to
different stimuli promises to offer a more thorough
understanding of synaptic plasticity at the molecular level.

To isolate and identify dendritically synthesized proteins

we use a new and unique protein tagging technique in

combination with multidimensional chromatography mass
spectrometry, known as MudPIT.

The protein tagging is based on a copper-
catalyzed azide-alkyne ligation using the azide-group
bearing non-canonical amino acid azidohomoalanine
(AHA) and a biotinylated alkyne-ligand. AHA serves as a
surrogate for methionine during protein synthesis, thereby
delivering new chemical functionality to these proteins.
Protein-incorporated AHA can subsequently be
biotinylated by treatment with biotin-PEO-
propargylamide, a tris(triazolyl)amine ligand and CuBr.
Thus, the biotinylated proteins can be purified for
subsequent mass spectrometry analysis by avidin
chromatography. To exclude any contamination with
somatically synthesized proteins, newly synthesized
proteins from either rat brain synaptoneurosomes or
isolated dendrites of hippocampal cultures will be
analyzed. Synaptoneurosomes are a biochemical fraction
enriched with translation-active synaptic terminals, but
devoid of somata and nuclei. Isolated dendrites will be
obtained from a special culture system using polycarbonate
nets to separate dendrites from cell bodies.

In a series of pilot experiments we have shown,
that AHA can be incorporated into newly synthesized
proteins of cultured hippocampal neurons (div 12-14). In
control experiments where AHA was replaced with
methionine, no biotinylated proteins were recovered
following avidin chromatography. In a first tandem mass
spectrometry analysis of avidin-purified proteins from
AHA-treated whole-cell lysates of neuronal cultures more
than 200 proteins could be identified. Next steps will
involve the generation of new biotinylated alkyne-tags,



which allow for either a specific proteolytic cleavage of

avidin-bound proteins or a second biotin-independent

purification to enhance the specificity of this technique.
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149. Dopaminergic stimulation of local protein

synthesis activates silent synapses

W. Bryan Smith, Shelley R. Starck®, Richard W.

Roberts?, Erin M. Schuman

Dopamine is an important modulator of neuronal
function, critically involved in such diverse behavioral
phenomena as motivation, addiction, Parkinson's disease,
and schizophrenia. While the effects of dopamine in
addiction and pathology have been the focus of intense
investigation, the mechanisms underlying the
dopaminergic modulation of glutamatergic synaptic
plasticity are poorly understood. Recent experiments
implicate the dopaminergic pathway in a variety of
learning and memory tasks, including spatial memory in
rats, operant conditioning in Aplysia, and working memory
in primates.

In the hippocampus, dopaminergic signaling
acting via the cAMP-PKA pathway is thought to play a
key role in protein synthesis-dependent forms of synaptic
plasticity. The molecular mechanisms by which dopamine
influences synaptic function, however, are not well
understood. Using a green fluorescent protein (GFP)-
based reporter of translation, as well as a fluorescein-
conjugated puromycin molecule as reporter of endogenous
protein synthesis, we have shown that dopamine D1/D5
receptor activation stimulates local protein synthesis in the
dendrites of cultured hippocampal neurons. Furthermore,
we identify the GIuR1 subunit of AMPA receptors as one
protein upregulated by dopamine receptor activation. In
addition to enhancing GIuR1 synthesis, dopamine receptor
agonists increase the incorporation of surface GIuR1 at
synaptic sites. The insertion of new GluRs is accompanied
by an increase in the frequency, but not the amplitude, of
miniature synaptic events. Interestingly, both effects (the
increased surface GIuR1 and increased mini frequency) are
blocked by inhibitors of protein synthesis, as well as an
NMDA receptor antagonist. Together, these data suggest a
local protein synthesis-dependent activation of previously
silent synapses as a result of dopamine receptor
stimulation.
Graduate Student, Chemistry, Caltech
ZAssistant Professor, Chemistry, Caltech

89

150. Synaptic plasticity and the ubiquitin-

proteasome system (UPS)

G.N. Patrick

The availability of proteins likely plays an
important role in synaptic function and plasticity. Protein
synthesis has been clearly shown to play a role in synaptic
plasticity; however, little is known about the potential role
of ubiquitin-mediated protein degradation. We have
recently shown that acute proteasome activity is required
for agonist-mediated internalization of AMPAR in
hippocampal neurons. Our recent endeavors have been to
characterize the temporal and spatial requirements for
proteasome activity in hippocampal neurons. Using time-
lapse confocal microscopy and a degradation reporter
where ubiquitin is fused to green fluorescent protein (GFP)
through an N-terminal ubiquitin fusion domain (UFD)
linkage, we have followed the activity of the proteasome in
a temporal and spatial manner as monitored by GFP
fluorescence.  Biochemical analysis in COS7 and
hippocampal neurons has shown that the degradation
reporter is not only recognized and degraded by the
proteasome, it is also competent for ubiquitination.
Agonist of glutamate receptors stimulate the degradation
of the reporter. In contrast, inhibitors of the proteasome
block the degradation of this reporter. In addition, the
degradation and/or accumulation of the reporter at
synapses are evident in our live-imaging and post-hoc
immuno-labeling with synaptic markers. These studies are
intended to provide spatial and temporal information on
how the ubiquitin-proteasome system might regulate the
development, maturation, and continued remodeling of
mammalian synapses.

151. A proteasome-sensitive connection between

PSD-95 and GluR1 endocytosis

Baris Bingol

Synaptic transmission at excitatory synapses can
be regulated by changing the number of synaptic glutamate
receptors (GluRs) through endocytosis and exocytosis.
The endocytosis of GluRs has recently been shown to
require the activity of the ubiquitin proteasome system
(UPS): proteasome inhibitors or dominant-negative forms
of ubiquitin block the ligand-stimulated internalization of
GluRs. We have examined whether PSD-95 is a potential
target of the UPS. Following neurotransmitter stimulation,
PSD-95 levels are negatively correlated with the
magnitude of internalized GIuR1 in individual neurons.
Neurotransmitter stimulation also results in a proteasome-
dependent decrease in dendritic PSD-95. Consistent with
the idea that PSD-95 degradation is important for GIuR
internalization, overexpression of PSD-95 can inhibit
neurotransmitter-stimulated GIuR1 endocytosis. If PSD-
95 is a direct target for proteasomal degradation, then the
polyubiquitination of PSD-95 is expected. Using
experimental conditions that favor the detection of
polyubiquitination, however, no ubiquitination of PSD-95
was detected. These results suggest that the indirect
regulation of PSD-95 levels by the proteasome contributes
to ligand-stimulated GIuR endocytosis.
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152. The direct entorhinal cortical input to area
CA1 of the hippocampus is required for the
consolidation of a long-term spatial memory
Miguel Remondes
The hippocampus and its associated medial

temporal lobe structures are required for the formation,
consolidation and retrieval of episodic memories. Most
theories of hippocampal-dependent memories invoke an
interplay between the hippocampus and the cortex,
although the nature and identity of the cortical inputs are
poorly understood. Using selective electrolytic lesions, we
examined the role of the direct entorhinal projection
(temporoammonic-TA) to hippocampal area CA1 in short-
and long-term spatial memory in the Morris water maze.
As shown by others animals that received complete
hippocampal lesions prior to training exhibited impaired
short-term memory for the target quadrant in the maze.
Animals that received restricted TA lesions, however,
showed no deficit in short-term memory; their
performance was indistinguishable from sham-lesioned
controls. When tested four weeks after training, sham-
lesioned animals exhibited long-term memory for the
target; in contrast, the TA-lesioned animals no longer
showed significant target quadrant preference. The
establishment of many long-lasting memories requires
a process called consolidation, which involves the
exchange of information between the cortex and
hippocampus. The disruption of long-term memory by the
TA lesion could reflect a requirement for TA input for the
acquisition of long-term memory, or, alternatively, could
reflect a requirement for TA-conveyed cortical input for
the consolidation of long-term spatial memory. To
distinguish between these two possibilities, we trained
animals, verified the acquisition and retention of spatial
memory after a 24 hr delay period, and then subjected a
subset of these trained animals to TA lesions. TA animals
still exhibited a deficit in their ability to identify the target
quadrant when examined four weeks later. Animals for
which the TA lesion was delayed by three weeks, however,
showed significant preference for the target quadrant,
indicating that the memory had already been adequately
consolidated at the time of the lesion. These results
indicate that, following learning, ongoing cortical input
conveyed by the TA path is required to consolidate long-
term spatial memory.

153. Single-unit neural correlates of visual
recognition memory in the human
hippocampus-amygdala complex
Ueli Rutishauser, Adam Mamelak
The hippocampus has long been implicated in

memory encoding; its role in retrieval and recognition,

however, is unclear. Neurons coding for familiarity and
novelty are thought to be an important part of memory
retrieval. We investigated the properties of human medial
temporal lobe (MTL) neurons using in vivo recordings
from intracranial depth electrodes implanted in epilepsy
surgery patients. Specifically, we investigated: i) whether
MTL neurons respond to visual stimuli; and ii) whether

neuronal activity predicts novelty/familiarity. To
accomplish this, we developed a technique for recording
and separating large numbers of single cells from the
extracellular signal that we record while we ask patients to
perform visual psychophysical experiments. We are able
to cleanly separate a large number of simultaneously
recorded single cells. This allows us to correlate behavior
with single-unit neuronal activity. We find three largely
distinct sub-populations of neurons that have one of the
following properties: i) respond to visual stimuli (are
visually responsive); ii) signal novelty; or iii) signal
familiarity. On average, 30 percent of human hippocampal
neurons clearly signal novelty or familiarity, while only
about 10 percent are visually responsive. Most visually
responsive neurons do not indicate novelty/familiarity of
the stimulus. We further find two encoding strategies:
some neurons encode novelty with a significant firing rate
increase, whereas others encode novelty with a significant
firing rate decrease. These findings suggest that the
human MTL is involved in the processing of visual
stimuli. Contrary to previous functional MRI studies,
these findings suggest that the human hippocampus is part
of the visual recognition memory system.
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Summary: We continue to examine the dynamic/adaptive
nature of human visual perception — including its
crossmodal, representational, sensory-motor,
developmental, emotional, and neurophysiological aspects.
Using a variety of methods including eye tracking, EEG,
fMRI and MEG, we also examine how exactly peripheral
sensory stimuli, neural activity in the sensory cortex, and
the mental experience of perception are related to each
other.

(1) We continue to focus on various visual
situations with perceptual ambiguity in order to dissociate
between stimulus-driven and "mentally constructed"
aspects of perception. For instance, we have shown that a
visual transient tends to lead to a flip between bistable
percepts. In another study, we showed evidence of steady-
state feature misbinding, where color and motion are
misbound in the visual periphery due to strong binding in
the fovea. This is to our knowledge the first solid evidence
of stable feature misbinding even with attention and
against knowledge. These findings help us to understand
how the brain integrates different visual inputs/clues to
attain stable perceptual interpretation of the world.

(2) Following our earlier work indicating that
dynamic gaze shift (and perhaps orienting response in
general) is a somatic precursor of conscious preference
judgment, we extended the analyses in two directions.
First, we analyzed pupilary responses while the subject
was engaged in the same two-alternative, forced-choice
preference task on faces. As a result, while gaze shift was
selectively correlated with their subsequent preference
judgment, pupilary response tended to be correlated more
generally with their attention. This finding is quite
opposite to the conventional knowledge about these two
types of bodily responses. Second, we measured ERPs
while the subject was engaged in the same preference task,
and found that there is strong coherence of neuronal
activity localized in the left lateral-medial frontal lobe and
limited in the lower gamma range of frequency.
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(3) We continue our work applying TMS
(Transcranial Magnetic Stimulation) to the visual cortex of
alert normal subjects, to reveal neural mechanisms
underlying conscious visual perceptual experience. In the
latest study, we have demonstrated that after one has seen
a flashed visual object, administration of dual-pulse TMS
to the occipital cortex causes portions of the object to be
seen again. We surmise that neurons which were
previously activated by visual stimuli are more excitable
by TMS, possibly due to residual neural activity. This
paradigm has turned out to provide a unique opportunity to
assess how exactly the visual cortical activity brings about
the content of our perceptual experience. In yet another
study using TMS, we have provided the first evidence for
causal relationship between neural activity of PPC (the
posterior parietal cortex) and the coordinate transformation
that is necessary to maintain visual constancy across
saccadic eye movements.

(4) We continue our effort to understand auditory-
visual integration in both adults and in infants. In adult
ERP study, we found a surprisingly early (<150 ms from
the onset of A-V stimuli) evidence of non-linear
interaction between these two sensory modalities, which is
consistent with behavioral reaction-time data. In infants,
we provided a systematic full-set data, for the first time in
the field, of how auditory, visual, and auditory-visual
processing develop in the first year of life. Against
commonsensical notion, we found surprisingly rich and
complicated patterns of interaction between the modalities
in the early period of human life.

154. Perceptual-binding and persistent pre-
attentive surface segregation

Farshad Moradi, Shinsuke Shimojo

Visual input is segregated in the brain into
subsystems that process different attributes such as motion
and color. At the same time, visual information is
perceptually segregated into objects and surfaces. Here we
demonstrate that perceptual segregation of visual entities
based on a transparency cue precedes and affects
perceptual binding of attributes.

Adding an irrelevant transparency cue
paradoxically improved the pairing of color and motion for
rapidly alternating surfaces. Attributes are registered over
the temporal window defined by the perceptual persistence
of segregation, resulting in asynchrony in binding.
Attention is necessary for correct registration of attributes
in the presence of ambiguity.

Reference
Moradi, F. and Shimojo, J. Vision Res. In press.
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155. Perceptual alternation induced by visual
transients

R. Kanai®, Farshad Moradi, Shinsuke Shimojo,

F.A.J. Verstraten”

When our visual system is confronted with
ambiguous stimuli, the perceptual interpretation
spontaneously alternates between the competing
incompatible interpretations. The timing of such
perceptual alternations is highly stochastic and the
underlying neural mechanisms are poorly understood.
Here, we show that perceptual alternations can be triggered
by a transient stimulus presented nearby. The induction
was tested for four types of bistable stimuli: structure-
from-motion, binocular rivalry, Necker cube, and
ambiguous apparent motion.  While underlying
mechanisms may vary among them, a transient flash
induced time-locked perceptual alternations in all cases.
The effect showed a clear dependency on the adaptation to
the dominant percept prior to the presentation of a flash.

These perceptual alternations show many
similarities to perceptual disappearances induced by
transient stimuli (Kanai and Kamitani, 2003; Moradi and
Shimojo, 2004). Mechanisms linking these two transient
induced phenomena are discussed.

“U. Utrecht, The Netherlands

Reference
Kanai, R., Moradi, F., Shimojo, S. and Verstraten, F.A.J.
Perception. In press.

156. How early does the brain "know" what it
likes? Evidence from pupilometry

Claudiu Simion, Shinsuke Shimojo

It has been reported that pupil size is positively
correlated with stimulus attractiveness. While it is a well-
known effect which makes some professional poker
players wear eye shades when they play, little is known
about the temporal dynamics of this reflexive reaction.

We analyzed the pupil size of observers while
they were inspecting pair of stimuli for the purpose of
making two-alternative forced-choice decisions about
them. They had to indicate which face was more attractive
(face-like), which face was rounder (face-round), which
face was less attractive (face-dislike) or which of two
Fourier-descriptor generated shapes was more attractive
(Fourier-like). The trials were terminated by the observers'
choice. Meanwhile, we measured the pupil size using the
Eyelink2 system.

We compared the change in pupil area (averaged
over fixations) when observers moved their gaze from
their subsequent choice to the non-choice stimulus, when
they switched from non-choice to choice, and when they
made adjacent fixation on the same stimulus. In the face-
like and Fourier-like conditions, the pupil size significantly
increased from non-choice to choice, while there was no
change in size in the opposite direction. In the face-round
task we found no significant change in any direction, while
in the face-dislike task we found the opposite result, a size

increase only when switching from choice (disliked) to
non-choice (liked).

We have shown recently that the brain needs the
assist of the orienting system to make a decision of
preference (gaze cascade effect, Shimojo, et al., 2003).
There, an increasing gaze bias towards choice was
revealed as early as 1 sec before decision in all conditions,
reflecting the contribution of the orienting behavior to the
decision making process. However, pupilary responses
may be an even better indicator of preference, because
unlike the gaze bias, they are correlated with attractiveness
regardless of task.

157. Orienting behavior robustly contributes to
preference decision-making

Shinsuke Shimojo, Claudiu Simion

We have revealed a "gaze cascade effect”
(Shimojo, et al., 2003) as an illustration of the mechanism
of preference decision-making. It refers to a tendency of
gaze being gradually biased towards choice, interpreted as
indicating a contribution of the orienting behavior to
preference decisions. The present study tests the
robustness and generality of the effect and interpretation in
two particular conditions.

First, observers were shown the same face pairs
twice, with an inter-session delay of one day and had to
decide which face was more attractive. Approximately
80% of all the decisions were identical from one session to
the next. We show a gaze cascade effect in both sessions
and in the reversed decision trials when analyzed
separately. We confirm thus that the gaze cascade
accompanies the decision process even when implicit or
explicit memory of a past decision exists, suggesting that
preference formation, not memory consolidation, needs the
assist of gaze for functioning.

Second, we evaluate the contribution of the
orienting behavior to preference decisions by minimizing
the cognitive input. Observers chose the more attractive
face in a pair while only being able to see through a small
gaze-contingent window, thus visualizing at most one
facial feature at a time, with no configural information. If
the cascade effect was the result of an early attractiveness
bias in the face pairs, this task should not show it at all.
Instead, we found a cascade effect of similar size, but four
times longer (earlier onset) then when observers could see
the whole face. This confirms that the smaller the
cognitive input in a preference decision, the larger the
assist of the orienting behavior in making a choice.

Altogether, the results are consistent with our
model, in which cognitive and orienting inputs feed into a
decision module and are integrated over time until the
signal passes a "consciousness threshold" for the decision
to be made.



158. Gaze, decision processes and cortical
activation: A joint eye tracking/EEG study

Claudiu Simion, Joydeep Bhattacharya’, Shinsuke

Shimojo

Using eye tracking, we reported (VSS02) a gaze
bias towards choice in several 2AFC tasks involving
human faces and abstract shapes. The gaze bias translated
in a progressive increase in the likelihood that the future
choice is inspected, culminating with a significant (>80%)
bias prior to decision; this bias, termed the "gaze cascade
effect"” was incorporated in a model where orienting
behavior (gaze) plays an active role in preferential
decisions.

We investigated the neural basis of such decision
processes by simultaneous recordings of multivariate EEG
signals and eye tracking, while subjects inspected pairs of
faces or abstract shapes. Four separate conditions were
considered, where subjects had to decide: 1) Which face
was more attractive; 2) which face was less attractive; 3)
which face was rounder; and 4) which shape was more
attractive. A passive-viewing condition was included,
where subjects inspected faces with for future recognition.
Wavelet-based time-frequency analysis revealed the
dynamics of middle and high frequency band (14-70 Hz)
activity. Significant increases from pre-stimulus intervals
were found in the gamma frequency band (>30 Hz) in
prefrontal regions; this effect was mostly pronounced in
the last second before decision. Stronger gamma band
neural responses were found in the face attractiveness task,
compared to the other 2AFC tasks, whereas minimal
increase during the passive condition was noted.
Moreover, left hemispheric lateralization was found in the
last 400 ms before decision in the face attractiveness task.
Contrarily, activity in the beta and gamma frequency bands
decreased during the same time period during the
"rounder” and "less attractive" tasks.

This suggests that the "more attractive™ task is
functionally distinct from the other two tasks, maybe
because it naturally links orienting and liking, while the
others involve top-down suppression and control.

“Current address: Austrian Academy of Sciences, Vienna,
Austria

159. Steady state misbinding of color and motion

Daw-an Wu, Shinsuke Shimojo

When you see a red ball rolling across the floor,
the ball's redness, roundness and motion appear to be
unified and inseparably bound together as features of the
ball. But neurophysiological evidence indicates that visual
features such as color, shape and motion are processed in
separate regions of the brain. Theoretically, this may pose
a "binding problem" for the brain, which must re-assemble
the separate feature information to produce the unified
perceptions we experience in everyday life. Previous
investigations of the binding of basic visual features
required the use of stimuli with brief presentation times or
rapidly changing features to induce errors or inefficiencies.
The confounds of memory, expectation and task strategy
have led some to contend that the binding problem does
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not actually exist. We present a misbinding illusion which
persists despite continuous and attentive viewing. This
illusion solidifies the evidence for the existence of a
binding problem, and induces individually identifiable
instances of mishinding suitable for neurophysiological
investigation.

The illusion is seen in stimuli containing two
sheets of random dots, where one sheet is moving up and
one is moving down. The sheets contain dots of two
colors such that the central and peripheral portions of the
stimuli combine color and motion in opposite fashions.
On the upward-moving sheet, dots in the center are red and
dots in the periphery are green. On the downward-moving
sheet, dots in the center are green and dots in the periphery
are red. (online demo available on the Shimojo Lab
website, http://neuro.caltech.edu). Observers gazing at the
center of the display perceive peripheral dots erroneously:
they "bind" color and motion in the wrong combination.
The entire display therefore appears to be covered by a
sheet of red dots that are moving upwards and a sheet of
green dots that are moving downwards.

Reference
Wu, D.A., Kanai, R. and Shimojo, S. (2004) Nature
429:262.

160. Transcranial magnetic stimulation reveals the
content of post-perceptual visual processing

Daw-an Wu, Shinsuke Shimojo

We have found that after one has seen a flashed
visual object, administration of dual-pulse TMS to the
occipital cortex causes portions of the object to be seen
again. Furthermore, after one watches a flash-lag display,
perceiving the position of the flash erroneously,
subsequent TMS causes the flash to be seen again, but in
the correct position (Wu and Shimojo, VSS '02). We
surmise that neurons that were previously activated by
visual stimuli are more excitable with respect to TMS,
possibly due to residual neural activity. Here we use TMS
to reveal the visual content of unknown neural activity,
building a spatio-temporal map of post-perceptual visual
processing. We find that signals in the intensity and color
channels have different rates of decay, and can be
independently activated by TMS, causing the signals to be
artificially segregated and merged.

Exp. 1) We flashed full-screen colored spatial
frequency gratings followed by TMS after a delay; varying
grating orientation, delay, and stimulator coil position.
Subjects outlined the region in which they saw the grating
re-appear, and then adjusted the display's brightness and
color saturation to match their percept; verbal comments
were tape-recorded. Subjects saw distinct regions that
contained the colored grating, solid color, or uncolored
gratings, often all in the same trial. As the delay between
visual stimulus and TMS increases, the elicited percept
declines both in brightness and size. However, the effect
is still present beyond 2 sec. Regions drawn were
elongated parallel to the gratings. Moving the coil caused
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the regions to expand or shrink, but did not shift their
centers systematically.

Exp. 2) We flashed full-screen monochromatic
gratings followed by full-screen homogeneous color
flashes, followed by TMS; varying orientation and delays.
Subjects reported that patches of solid color and
monochrome grating would be elicited by TMS. Where
they overlapped, they would appear overlaid or
transparent. Under certain conditions, the luminance
grating and color percepts would merge, and a colored
grating would be seen.

161. Human parietal cortex remaps cue-priming
effect across saccades: Cortical location and
dynamics assessed by transcranial magnetic
stimulation
Ryusuke Hayashi, Richard Andersen®, Shinsuke
Shimojo
Some coordinate transformation from the

retinotopic (RET) frame to a non-retinotopic frame is

necessary to keep our visuospatial perception constant
across eye movements (we will group all non-RET frames
as environmental (ENV)). Here, we applied dual-pulse
transcranial magnetic stimulation (TMS) to the posterior
parietal cortex (PPC) in healthy human observers to
disrupt the coordinate transformation process during cue-
primed tasks involving saccadic eye movements. We
assessed the cue-priming effect by measuring reaction time

(RT) to a target after external cue presentation. Observers

were required to move their eyes in the interval between

cue and target and to judge whether the same-colored
target was left or right by pressing buttons. By comparing

RTs between the two conditions, (1) the target presented at

the ENV same/RET different location relative to the cue

location; and (2) the target presented at the ENV
different/RET same location, one can determine whether
priming mainly affects either the RET or the ENV
coordinate systems. The results of the behavior without

TMS show that priming is yoked to the ENV frame rather

than the RET frame. We then TMS the PPC during the

same tasks, testing nine parietal scalp sites, two saccade
directions (left and right) and three TMS timings (0 ms,

100 ms and 200 ms after the saccade onset) to investigate

the spatio temporal aspects of the process. We found that

TMS delivered to the right PPC at 100 ms after the onset

of a leftward saccade effectively causes the priming to

shift reference frame from the ENV frame to the RET
frame, indicating that the locus of priming is represented in
the RET coordinate and updated with eye movements to fit
with the ENV coordinate. The activity of a particular PPC
area at a specific time is therefore vital for integrating the
eye signal with the RET representation of primed location.

The most effective TMS location to disrupt the remapping

process may correspond to the human homolog of the

monkey LIP.

“Professor, Division of Biology, Caltech

162. Significant audio-visual interaction for

spatially congruent stimuli

Patricia Neil', Aman Chawla®®, Joydeep

Bhattacharya®*, Shinsuke Shimojo

Studies on auditory and visual interactions
encompass a wide range of tasks and methodologies
(electrophysiology, functional imaging, psychophysics),
sometimes resulting in seemingly conflicting conclusions.
Direct comparison of results from different experimental
paradigms can be difficult when the stimuli, tasks, and
analytical approaches differ from study to study. Animal
studies have shown that spatially and temporally congruent
visual and auditory stimuli produce an enhanced neural
response in multisensory neurons of the superior
colliculus, whereas incongruent stimuli produce either
suppression or no change in neuronal response. A similar
behavioral response has been found in humans, where
congruent visual and auditory stimuli produce reduced
response latencies in target localization. Attempts to
localize where in the brain congruent and incongruent
multisensory interactions occur have largely focused on
the roles of temporal properties and arbitrary or learned
connections, such as linguistic properties. In this study,
we investigate the role of spatial congruency in
multisensory interaction in adult human subjects (n=11)
using both multi-channel EEG signal recordings and
saccade analysis. The auditory stimuli were short bursts of
white noise; visual stimuli were single vertical lines of
three red LEDs. The auditory and visual stimuli were
presented either separately or synchronously at the same or
different spatial location. Subjects were required to
identify the spatial location of the target by directing their
gaze. The audio-visual interaction was studied by
comparing the sum of the visual and auditory event-
related-potential (ERP) responses to audiovisual ERPs.
The results revealed strong audio-visual interaction with
earliest onset latency of 150 ms for spatially congruent
stimuli but no such consistent audio-visual interaction was
found for spatially incongruent stimuli. Although a
multitude of cortical regions showed temporally sustained
interaction, the earliest effect was found in anterior frontal
regions that might influence the posterior sensory-specific
areas by possible feedback projections. These results,
altogether, demonstrate that the spatial coincidence can
significantly modulate the neuronal information processing
in the modality-specific regions in the human brain, thus
mediating multi-sensory interaction, an essential
requirement for a unitary behavioral response.
'Computation & Neural Systems, Caltech
’Department of Electrical & Computer Eng., Cornell

University, Ithaca, NY, USA
®Division of Biology, Caltech, Pasadena, CA, USA
“Comm. for Scientific Visualization, Austrian Academy of
Sciences, Vienna, Austria



163. Development of multisensory spatial

integration and perception in humans

Patricia A. Neil', Christine Chee-Ruiter,

Christian Scheier, David J. Lewkowicz®, Shinsuke

Shimojo

Previous studies have shown that adults respond
faster and more reliably to bimodal compared to unimodal
localization cues. The current study investigated for the
first time the development of audiovisual (AV) integration
in spatial localization behavior in infants 1-10 months of
age. We observed infants' head and eye movements in
response to auditory, visual, or both kinds of stimuli
presented either 25 or 45 degrees to the right or left of
midline. We found that infants younger than four months
of age responded similarly to unimodal and bimodal
stimuli. Although older infants were found to respond
faster to bimodal stimuli than to auditory stimuli for
certain eccentricities and ages, the fastest bimodal
response latencies were not reliably different from visual
response latencies at the same eccentricities. As such, we
found no behavioral confirmation that the nonlinear cross-
modal integration found in adults is present in infants
under 10 months of age. This finding is consistent with
neurophysiological findings from multisensory sites in the
superior colliculus of infant monkeys showing that
multisensory enhancement of responsiveness is not present
at birth but emerges later in life. Finally, we found
age-dependent position and modality effects on response
latency.
'Computation & Neural Systems, Caltech
“Florida Atlantic University, USA
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Summary: Our research focuses on the study of
information processing across networks of neurons, with
emphasis on the neuronal mechanisms that underlie
learning and memory formation. Many lines of evidence
suggest that the process of memory formation occurs by
gradual integration of recently learned information into
distributed cortical networks through the interactions
between cortical and hippocampal circuits. However, the
direct experimental investigation of these interactions has
been difficult since, until recently, simultaneous chronic
recordings from large numbers of well-isolated single
neurons were not technically feasible. These experiments
became possible with the advent of the technique of
chronic multi-area tetrode recordings in freely behaving
rodents. Using this technique we monitor the simultaneous
activity of large numbers of cortical and hippocampal cells
during the acquisition and performance of memory tasks,
as well as during the sleep periods preceding and following
experience.

Tracking neuronal activity across different
behavioral and brain states is important as memory
formation is believed to occur over several stages, with the
encoding of mnemonic information in hippocampal
networks occurring during active exploratory behavior,
and the gradual consolidation of memories in neocortical
sites occurring under the influence of hippocampal activity
during off-line periods, such as sleep. Consistent with this
idea, brain activity during these different brain states is
drastically different, with each state marked by a
characteristic combination of network oscillations.

Our research efforts concentrate on analyzing the
structure of cortico-hippocampal interactions in the
different brain states and on characterizing how this
structure is modulated by behavior, how it evolves
throughout the learning process, and what it reflects about
the intrinsic organization of memory processing at the
level of networks of neurons. Our efforts also focus on
studying the role of sleep in memory consolidation by
characterizing the structure and experience-specific
changes of cortico-hippocampal patterns in different stages
of sleep. Our experimental work is complemented by
theoretical studies of network models and the development
of tools for the analysis of multi-neuronal data.

164. Cortical phase-locking to hippocampal theta

oscillations

Evgueniy Lubenov, Thanos Siapas

During awake behavior hippocampal activity is
marked by the presence of pronounced 4-10 Hz LFP
oscillations known as theta oscillations." It has been
known that the firing of hippocampal neurons
preferentially occurs during particular phases of the theta
rhythm, an effect known as theta phase-locking.?** We
showed that the firing of prefrontal cortical cells is also
phase-locked to the hippocampal theta rhythm, even in the
absence of local cortical theta oscillations.” This result is
surprising because the hippocampal theta oscillations are
recorded several millimeters away from the cortical
recording sites, and is an example of a property in one
brain area that can only be robustly analyzed in relation to
electrophysiological activity in a different brain area. We
developed quantitative tools that enabled us to fully
establish and analyze cortical theta phase-locking
properties and their non-stationarities. Our current efforts
focus on characterizing how these properties are
modulated by behavior. Since oscillations reflect the mode
of activation of the local circuitry and impose strong order
in the patterning of network activity, phase-locking may
provide a powerful framework for deciphering the
organization and functional role of cortico-hippocampal
interactions.
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165. Cortico-hippocampal interactions during slow-
wave sleep
Evgueniy Lubenov, Ming Gu, Hiroshi Ito, Jason
Rolfe, Casimir Wierzynski, Thanos Siapas
Hippocampal activity during SWS is
characterized by large-amplitude irregular local field
potential (LFP) fluctuations interspersed with transient fast
oscillations known as ripples (~ 200 Hz).! In contrast to
these high-frequency burst patterns in the hippocampus
during SWS, neocortical activity during these periods is
organized into lower-frequency oscillations®®*, the most
characteristic of which are known as sleep spindles.
Spindle waves are oscillatory patterns in the 7-14 Hz
frequency range that last 1-5 seconds and occur with a
remarkable global coherence across thalamic and
neocortical areas. We previously demonstrated that there
exists a strong correlation between the onset of
hippocampal ripples and neocortical spindle waves, even
though these oscillatory events are characterized by very



different frequencies and durations and occur in very
different brain areas.” Furthermore, this relationship is
reflected in the patterns of firing of cells around those
events. These results suggest that cortico-hippocampal
communication in SWS is not uniform across time but is
structured in identifiable discrete episodes characterized by
the co-occurrence of hippocampal fast oscillations and
cortical slower spindle oscillations. Our current work
focuses on characterizing the precise patterns of cortical
and hippocampal firing around the spindle-ripple episodes,
and on analyzing the relationship of these patterns to
previous experience-specific activation of the same
networks during awake behavior.
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Summary: Our overall focus is on the molecular
mechanisms of axon guidance and synaptogenesis in
Drosophila. Our approach combines genetics, molecular
biology, biochemistry, and cell biology. We are especially
interested in cell-surface and signal-transduction proteins
that function in growth cones, presynaptic terminals, and
their postsynaptic partners.

Receptor tyrosine phosphatases and axon guidance:
Genetics of receptor tyrosine phosphatases. In the
1990s, we showed that four receptor-linked protein
tyrosine phosphatases (RPTPs) are selectively expressed
on CNS axons and growth cones in the Drosophila
embryo, and that these RPTPs regulate motor and CNS
axon guidance during embryonic-development. RPTPs are
likely to directly couple cell recognition via their
extracellular domains to control of tyrosine
phosphorylation via their cytoplasmic enzymatic domains.
The extracellular regions of the fly RPTPs all contain
immunoglobulin-like (1g) and/or fibronectin type I11 (FN3)
domains, which are usually involved in recognition of cell-
surface or extracellular matrix ligands. Their cytoplasmic
regions contain either one or two PTP enzymatic domains.
The fly genome encodes six RPTPs.

We have performed a detailed characterization of
the genetic interactions among five of the six RPTPs. We
find that each growth cone guidance decision in the
neuromuscular system has a requirement for a unique
subset of RPTPs. In some cases the RPTPs work together,
so that defects are only observed when two or more are
removed. In other cases, however, phenotypes produced
by removal of one RPTP are suppressed when a second
RPTP is also absent. Our results provide evidence for
three types of relationships among the RPTPs: partial
redundancy; collaboration; and competition (Sun et al.
(2001) Mol. Cell. Neurosci. 17:274-291) (see Ratnaparkhi
abstract). We have also recently obtained mutants lacking
expression of the sixth, and apparently final, RPTP,
DPTP4E, and are investigating their phenotypes.

Searching for RPTP substrates. It is difficult to identify
PTP substrates biochemically because PTPs usually do not
display strong specificity in vitro. One current approach is
to perform yeast two-hybrid screens with 'substrate-trap'

versions of DPTP10D, DPTP69D, and DPTP99A. We
introduced a constitutively activated chicken Src tyrosine
kinase into the yeast together with the PTP ‘bait’
constructs, in the hope that it would phosphorylate relevant
substrate fusion proteins made from cDNA library
plasmids. The screen should also recover non-substrate
interacting proteins that may form complexes with the
RPTPs in vivo. We have identified several classes of
clones whose interactions with the substrate-trap RPTPs
are dependent on coexpression of the tryosine kinase,
suggesting that they may be substrates. We are currently
analyzing these further to determine which ones are likely
to be of interest for the future (see Bugga abstract).

Searching for RPTP ligands, and development of a new
method for identification of Drosophila cell-surface
proteins. We have conducted several mammalian COS
cell expression screens to attempt to identify ligands
and/or coreceptors for the fly neural RPTPs, so far without
success. This has been a major problem in the RPTP field;
indeed, in vivo ligands for RPTPs have not been identified
in any system. In order to understand how RPTPs regulate
axon guidance, it is essential to know when and where they
engage ligands, and how ligand-binding affects enzymatic
activity and/or localization.

Our current approach to identifying ligands is
based on our observation (Aloisia Schmid, unpublished;
see Zinn abstract) that fusion proteins in which the
extracellular domains of RPTPs are joined to human
placental alkaline phosphatase (AP) can be used to stain
live Drosophila embryos. Each of four fusion proteins
(DLAR-AP, DPTP69D-AP, DPTP10D-AP, DPTP99A-
AP) binds in a specific manner to the embryonic CNS.
Most of the observed staining is on CNS axons. We are
now screening a 'deficiency (Df) kit' of ~200 fly lines, each
of which lacks a specific region of the genome, by staining
homozygous Df embryos from each line with each of the
fusion proteins. This method should identify the genomic
regions encoding each of the RPTP ligands (see Fox
abstract). We have already identified Dfs that contain
genes required for DLAR-AP staining, and have
tentatively defined the gene encoding the putative DLAR
ligand.

We are also developing a novel method for
expressing the entire repertoire of fly cell-surface proteins
on the surfaces of transfected mammalian cells. Cells
expressing this collection of cell-surface proteins can be
screened using RPTP-AP fusion proteins in order to
identify and characterize ligands. We will also generate
monoclonal antibodies (mAbs) to these cell-surface
proteins, and we have developed an approach which
should allow us to directly clone the genes encoding the
proteins recognized by these mAbs without any
biochemical purification or screening of expression
libraries. These genes and mAbs should be of interest in
understanding axon guidance, as well as other processes
that occur during fly-development.



Genes controlling axon guidance and synaptogenesis in
the larval neuromuscular system. The 32 motor neurons
in each hemisegment of a Drosophila embryo innervate 30
muscle fibers, and each motor axon extends along a
stereotyped route and always targets the same fiber. Motor
growth cones reach their muscle targets during late
embryogenesis and then gradually mature into presynaptic
terminals. These synapses continue to expand and change
as the larva grows, because their strengths must be
matched to the sizes of the muscle fibers they drive. The
pattern of Type | neuromuscular junction (NMJ) synapses
in the third instar larva is simple and highly stereotyped,
with boutons restricted to specific locations on each
muscle fiber.

We devised and executed a gain-of-function
(GOF) screen of live larvae to find genes involved in axon
guidance and synaptogenesis in this system (Kraut et al.
(2001) Current Biology 11:417-430). Our screen
identified 41 'known genes' (those with published mutant
alleles) and 35 'new genes' for which high-level neuronal
expression produces axonal/synaptic phenotypes. We
assembled published phenotypic data on the 'known genes,’'
and examined larval neuromuscular LOF phenotypes for
some of them ourselves. These results showed that at least
3/4 of the 'known genes' are important for nervous system
development or function in wild-type flies. An analysis of
homology relationships displayed by the 'known gene' and
'new gene' sets suggests that most of the 'new genes' will
also have neural loss-of-function (LOF) phenotypes. The
products encoded by the 76 genes identified in our screen
include kinases, protein and lipid phosphatases, GTPases,
guanine nucleotide exchange factors (GEFs), GTPase-
activating proteins (GAPs), ATPases, cell-surface
receptors, RNA-binding proteins, transcriptional
regulators, and a variety of other molecules likely to be
involved in protein trafficking, modification, and
degradation.

We have initiated further study of a number of
genes identified in the screen that are defined by existing
mutations. pumilio (pum) encodes an RNA-binding
protein that shuts down translation of specific mRNAs by
binding to their 3' untranslated regions. We found that
Pum protein is expressed in a small subset of CNS
neurons, and pum LOF mutations alter motor axon
guidance in the embryo. Pum protein is also localized to
NMJs in third instar larvae, and is primarily postsynaptic.
pum LOF larvae have NMJs that do not grow in a normal
manner. Postsynaptic Pum regulates expression of a
translation initiation factor, elF-4E, which is localized to
postsynaptic aggregates; thus, in pum mutant larvae we
observe a dramatic increase in the number and size of elF-
4E aggregates. Pum protein binds directly to the 3'UTR of
elF-4E mRNA (see Menon abstract). We are also
investigating aggregation of Pum protein (Salazar
abstract).

Robo2 is a cell-surface protein that mediates
growth-cone repulsion from sources of its ligand Slit. We
find that Robo2 overexpression alters the migration of
sensory neuron cell bodies in the peripheral nervous
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system (PNS), and LOF mutations in Robo family genes
also affect PNS cell migration.

'New' genes identified by the screen, and by an
earlier GOF embryonic screen conducted by Qi Sun, a
former graduate student, include a number of molecules
involved in protein trafficking in neurons. We have
investigated two of these thus far. Spastin encodes an
AAA-ATPase that is the ortholog of human spastin, a gene
mutated in the disease autosomal dominant spastic
hemiplegia. AAA-ATPases are a class of proteins that
form multimeric complexes that regulate a variety of
protein trafficking events within the cell, including vesicle
sorting, protein degradation, and microtubule dynamics.
There are about 30 such proteins encoded in the fly
genome. We made LOF mutations in the spastin gene, and
found that these produce synaptic defects. Mutant adults
cannot fly or jump (see Sherwood abstract).

Beached/Blue cheese is a huge protein that is
closely related to the human protein whose loss causes
Chediak-Higashi syndrome, a lethal disease affecting
lysosomes and related organelles (see Wright abstract
#175). We are undertaking a systematic study of the ‘new
genes' by making transgenic RNA. lines, so that we can
knock out expression of each gene in a defined set of cells
(Jeon abstract).

166. Searching for RPTP substrates

Lakshmi Bugga

We are looking for proteins that interact with
Drosophila neuronal RPTPs-10D, 69D, 99A and 52F. To
attempt to achieve stable binding of the RPTPs to a tyrosine
phosphorylated substrate, we have used 'substrate-trap’
mutants of the RPTPs, which can bind to substrates but do
not catalyze dephosphorylation, instead remaining bound to
substrate in a stable complex.

To isolate RPTPs in a complex with their target
substrates, we are using yeast two-hybrid system. We
constructed plasmids encoding GAL4 DBD/RPTP bait
proteins and introduced them into yeast together with fly
cDNA libraries encoding GAL4AD-cDNA fusion proteins.
We also introduced a plasmid containing a constitutively
active form of chicken c-Src, driven by a constitutive yeast
promoter. The bait (with or without src) and prey (cDNA)
hybrid proteins are transformed into separate yeast mating
strains (A and alpha) that contain three reporter genes-
Adenine, Histidine, and LacZ, and also an auxotrophic
marker. Positive interactions are detected by selecting on
plates lacking the auxotrophic marker and screening for
reporter expression.

Our screen with all four DPTPs resulted in several
positive clones - about 15 genes that interact with either of
the four DPTPs. We eliminated some of these genes that
are either bait-independent or not specific to the interacting
RPTP. We identified seven genes that interact specifically
with a given DPTP, four of these genes as potential
substrates based on Src dependence. Of the seven genes
four are known genes - Tartan (a cell adhesion molecule
expressed in embryonic CNS and PNS), Cysteine string
protein (a chaperone protein expressed in larval
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neuromuscular junction and adult brain), Xmas-2 (a RNA-
binding protein that is involved in spermatogenesis,
oogenesis and embryogenesis) and BEST:LD07122 (a
DNA-binding protein). Of the three unknown genes, one is
rich in proline residues and also has proline motifs which
are known to bind to SH3 domains. RNA in situ with this
gene showed expression in the embryonic CNS. We are
currently testing these interactions in vitro by transient
transfection experiments with Drosophila cell line-S2 cells
and finding out the expression of rest of the unknown genes
by RNA in situ, and looking for double mutant phenotypes
with DPTP and tartan mutant flies.

167. Syndecan is a candidate ligand for the

Drosophila RPTP Dlar

Nicki Fox

The structural similarity of receptor protein
tyrosine phosphatases (RPTPSs) to receptor tyrosine kinases
(RTKS) has led to the hypothesis that ligands might also
modulate receptor protein tyrosine phosphatase (RPTP)
activity, as they do with RTKs. To date, most RPTPs are
"orphan receptors" as their physiologically relevant ligands
are unknown. The identification of ligands for RPTPs is
crucial for better understanding of the exact mechanisms
by which RPTP signaling affects the growth cone.

We have identified a candidate ligand, Syndecan
(Sdc), for one Drosophila RPTP, Dlar. Dlar is known to
affect axon guidance decisions in the embryonic
neuromuscular system, as well as the visual system. Dlar
is necessary for normal development, as flies null for Dlar
do not survive to adulthood. While it is well established
that Dlar is an important player in development, proteins
that interact upstream of Dlar have not been identified.

Sdc is a heparan sulfate proteoglycan (HSPG) that
consists of an extracellular core protein to which heparin
sulfate side chains are attached. HSPGs have been
implicated in axon guidance in other systems.

Dlar and Sdc genetically interact, as lowering Sdc
levels results in an enhancement of the characteristic Dlar
intersegmental nerve b (ISNb) bypass phenotype. Sdc
appears to act as a ligand, rather than a co-receptor, for
Dlar, which is expressed in axons. Overexpression of Sdc
in the muscles, but not the neurons, causes an axon
guidance phenotype. This phenotype is suppressed by
removing Dlar function. We are in the process of
producing recombinant Sdc for use in biochemical assays,
including co-immunoprecipitations and Biacore
experiments, to elucidate the biochemical properties of
Dlar-Sdc interaction.

168. Identification of genes involved in axon
guidance and synaptogenesis by transgenic
RNAI

Mili Jeon, Kai Zinn

To identify genes that control axon guidance and
synaptogenesis, a gain-of-function (GOF) screen was
conducted in the lab. The screen identified genes whose
overexpression in neurons caused abnormal development
of the neuromuscular system. The screen utilized the EP

misexpression module, which consists of a P-transposable
element that contains multiple copies of the UAS element
linked to a basal promoter sequence. The UAS element is
the recognition sequence for a yeast transcription factor
GAL4. When an EP is inserted in the appropriate
orientation upstream of a gene, GAL4 directs high
expression of this gene by binding to the UAS elements in
the EP module and initiating transcription.

The GOF strategy was chosen in order to increase
the sensitivity of the screen and minimize the problem of
genetic redundancy. However, because high levels of
expression of genes that are not normally expressed in
neurons can cause nonspecific guidance and synaptic
defects, another method was necessary to identify those
genes that have direct roles in these processes. To this
end, we targeted a handful of genes for loss-of-function
(LOF) analysis using transgenic RNAi. The genes we
selected were among the 35 'new' genes identified from the
screen that showed no reports of alleles in the Fly Base.
We also chose these genes based on their strong GOF
phenotype, expression in the wild-type nervous system by
in situ hybridization, and whether these genes encoded
molecules that were of interest to us.

Transgenic RNAI utilizes the GAL4-UAS
transactivating system described above to express dsRNA
from inverted repeat sequences. DNA constructs carrying
UAS elements and inverted repeat sequences of a target
gene are injected into embryos to make transgenic flies.
We have generated multiple transgenic lines for seven
different genes. We initiated characterization of these
lines by crossing to different driver lines that will express
dsRNA in neurons or muscles. Initial results show that
three of the constructs show neuronal driver or muscle
driver-specific lethality, one that shows lethality with both
neuronal and muscle drivers, and three that show no
lethality with either drivers. We are currently analyzing
the embryonic and larval preparations for axon guidance
and synaptogenesis defects in these crosses.

169. Characterization of receptor tyrosine
phosphatase DPTP4E

Mili Jeon, Alice Schmid”, Kai Zinn

Among the six known receptor tyrosine
phosphatases (RPTP) in the fly genome, Ptp4E is the last
remaining RPTP to be characterized. Ptp4E and Ptp10D
mutant animals are fully viable and do not show any
detectable CNS or motor axon guidance defects.
However, animals that are doubly mutant for Ptp4E and
Ptp10D die during the embryonic-to-larval transition stage.
These embryos when labeled with antibodies against Fas |1
show a disorganized CNS, where the longitudinal axons
appear wavy with breaks and show invasion of one axon
bundle to its neighboring tracks.

Previous detailed genetic analysis carried out in
the lab revealed that Ptp10D and Ptp69D are required for
proper axon guidance in the embryonic CNS. Ptpl0D;
Ptp69D mutants have axons that abnormally cross the
midline, suggesting that these two genes are normally
required for repulsion of growth cones from the midline.



The secreted protein Slit expressed in the midline glia
mediates repulsion by binding to the Robo receptors in
growth cones. PtplOD and Ptp69D genetically interact
with robo, slit and comm, indicating that the RPTPs signal
through these genes and act as a positive regulator of
Slit/Robo repulsive signaling.

We want to investigate the role of Ptp4E in the
CNS by analyzing double and triple mutant combinations
with Ptpl0D and Ptp69D. To better characterize the
guidance phenotypes, we are collaborating with Alice
Schmid to label single neuroblasts with Dil, and visualize
by confocal microscopy, the axon tracks of the progenitor
neurons. This will allow us to characterize guidance errors
at much higher resolution and will help us understand the
breaks and disorganization we see in the Fas Il stained
CNS. In addition to genetic interaction studies, we are
raising monoclonal antibodies against PTP4E. In contrast
to other RPTPs that are exclusively expressed in the
nervous system, in situ hybridization experiments by
others showed that Ptp4E mRNA is expressed in the
nervous system, as well as in the developing gut. The
expression studies of Ptp4E will help us understand
additional roles that Ptp4E may have during development.
Finally, we also have PTP4E-AP fusion protein expressed
from insect cells (Caltech Protein Expression Facility) that
will allow us to detect expression of PTP4E ligands using
the techniques developed in the lab.
“Eccles Institute of Human Genetics, University of Utah

170. Genetic analysis of neural layer formation of
the mushroom body, an olfactory learning and
memory center, in Drosophila
Mitsuhiko Kurusu
Topographic maps of neural circuits in the brain

are very important for neural information processing.
Despite of the significance of their functions, genetic
mechanisms underlying the construction of topology are
still unclear. The Drosophila mushroom body (MB),
which functions as a center for olfactory learning and
memory, is one of the best model system to understand the
molecular mechanisms that control the sequential
generation of neurons and their topological projections into
layers during the development of both vertebrate and
invertebrate brains.

MBs are a pair of neuropile structures, each of
which is composed of four cell clusters derived from four
neuroblasts. In each cell cluster, axons are arranged in
birth order layes, so that newly-born neurons send their
axons into the core of the peduncle and migrate toward
outside as they differentiate. The molecular mechanisms
underlying the construction of these topological
projections of MB neurons are still unknown.

We hypothesized that candidate molecule(s)
should be expressed in the younger neurons to exhibit
attractive cues for follower newly-born neurons. We
identified a cell adhesion protein, N-Cadherin (N-Cad),
and two receptor protein tyrosine phosphatase, PTP69D
and DLAR, that are specifically expressed in younger
neurons. Our result demonstrate that N-Cad is essential
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for the four bundles of younger neurons originated from
quadruple cell clusters to converge into a single tract
below the calyx forming the proximal part of the peduncle,
and to form a unified core. On the other hand, PTP69D is
required for correct branching at separating point and
DLAR has a role in preventing MB axons from projecting
beyond the brain midline. Another cell adhesion protein,
Fasciclin 1l (Fas Il), is expressed in the outer layer of
mature axons but absent in the core, and is required for
clonal integrity of mature neurons and layer development.
This suggests that N-Cad in younger neurons and Fas Il in
mature neurons have distinct roles in the construction of
the axon layers of the peduncle. Thus, precise regulation
of the expression timing of two cell adhesion proteins is
essential for the development of topological axonal layer
of MB.

171. The translational repressor Pumilio regulates
presynaptic morphology and controls
postsynaptic accumulation of translation
factor elF-4E
Kaushiki Menon
Translational repression by Drosophila Pumilio

(Pum) protein controls posterior patterning during
embryonic development. We have shown that Pum is an
important mediator of synaptic growth and plasticity at the
neuromuscular junction (NMJ). Pum is localized to the
postsynaptic side of the NMJ in third instar larvae, and is
also expressed in larval neurons. Neuronal Pum regulates
synaptic growth. In its absence, NMJ boutons are larger
and fewer in number, while Pum overexpression increases
bouton number and decreases bouton size. Postsynaptic
Pum negatively regulates expression of the translation
factor elF-4E at the NMJ, and Pum binds selectively to the
3'UTR of elF-4E mRNA. The GluRlla glutamate receptor
is upregulated in pum mutants and synaptic transmission is
altered. These results, together with genetic epistasis
studies with elF-4E, suggest that postsynaptic Pum
modulates synaptic function via direct control of elF-4E
expression.

We are currently identifying other proteins that
either regulate or interact with Pum at the larval NMJ.
Nanos is a zinc-finger protein that is recruited by the
Pumilio-target RNA complex in the abdominal
segmentation function. Preliminary evidence shows that
Nanos mutants show a synaptic defect which is different
from Pumilio.

172. Role of fog in embryonic axon guidance in

Drosophila

Anuradha Ratnaparkhi

We have been trying to examine the role of the
gene folded gastrulation (fog) in embryonic axon guidance
and determine whether it interacts with the receptor
tyrosine phosphatase 52F (ptp52F). To test this, we
overexpressed Fog in the CNS of embryos mutant for
ptp52F with the hope that the ptp52F mutation might
suppress the gain-of function phenotype of Fog.
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Overexpression of Fog causes ISNa motor axon
defects. In addition the CNS axons also appear
disorganized and are found to aberrantly cross the midline.
The removal of ptp52F appears to suppress this aberrant
midline crossing suggesting that ptp52F might function
downstream of Fog in the CNS.

Because of its early function, fog mutant embryos
fail to develop normally, making it difficult to examine the
phenotype of the nervous system in these embryos. To
circumvent this problem, we generated transgenic RNAI
lines for fog and expressed them in the CNS using Elav-
GAL4. Although the motor axons appear to project
normally in most embryos, the CNS did not appear normal.
A range of phenotypes was observed in which some
embryos showed a normal CNS, while in others the axon
bundles appeared wavy and defasciculated. This variation
might reflect the variability in expression of the transgene
and conditions are being tested that result in a consistent
phenotype.

During gastrulation, Fog is believed to signal via
a heterotrimeric G-protein called concertina (cta). To test
if the same signaling pathway operates in the embryo
during axon guidance, we started by examining the
nervous system in cta mutants. The CNS axons in these
mutants often appear wavy and a little disorganized. In
addition, these mutants also show strong ISNa motor axon
phenotypes where the axon either stalls or fails to branch
as in the wild-type embryos.

It will be interesting to see how these different
signaling molecules interact in the nervous system to
regulate axon guidance.

173. Assaying Pumilio for prion-like behavior

Anna Salazar

Protein aggregation has been implicated in
numerous human diseases, including prion-based
encephalopathies. Prions are capable of catalyzing their
own propagation in a process whereby the protein serves
as a seed or template in which the WT protein becomes
folded into the abnormal structure and aggregates. This
process has been observed in various organisms, including
yeast, in which a system has been developed to better
understand prion-like behavior. In yeast, the [psi+]
phenotype is caused by the aggregation of Sup35p, a
translational termination factor, causing it to become
inactivated. Because the aggregation of other proteins
enhances the aggregation of Sup35p, this system can be
used as an assay for proteins that display prion-like
behavior.

Learning and memory require synapses to be able
to maintain their characteristics for longer periods than the
lifetimes of any proteins within the synapse. Since prion
aggregates can be inherited, a prion within a synapse
should be maintained indefinitely after it is induced. In
addition, any new prion proteins synthesized at the synapse
would become incorporated into the old aggregates. If
such a protein regulated synaptic local translation, it would
then be possible for a translational state to be maintained

for long periods of time by an activity-regulated
conversion of the protein to a prion form.

In order to determine if nucleic acid-binding
prions exist in other organisms, the C.elegans and
Drosophila protein databases were analyzed to search for
RNA-binding proteins with Q/N rich domains. One of the
genes obtained in this search encodes Pumilio, which we
have found to regulate local translation at the
neuromuscular junction (see Menon abstract).

Pumilio is a translational repressor containing a
Q/N-rich N-terminal domain and an RNA-binding
C-terminal domain. Pum forms aggregates in certain
larval genotypes.

The two Q/N rich-domains of Pumilio, the full-
length protein, and several functional domains of this
protein, as well as the C. elegans homolog are being
cloned into yeast expression vectors in order to probe their
ability to exhibit prion-like behavior in a well-established
yeast assay.

174. Drosophila Spastin regulates synaptic
microtubule networks

Nina Tang Sherwood

The most common form of human autosomal
dominant spastic paraplegia (AD-HSP) is caused by
mutations in the SPG4 (spastin) gene, which encodes an
AAA ATPase. Corticospinal axons in the lumbar regions
of the spinal cord degenerate in AD-HSP patients.

Loss-of-function mutations in the Drosophila
spastin gene produce larval neuromuscular junction (NMJ)
phenotypes. NMJ synaptic boutons in spastin mutants are
smaller and more numerous than in wild type, and
transmitter release is impaired. spastin-null adult flies
have severe movement defects. They cannot fly or jump,
climb poorly, and have short lifespans. Overexpression of
Spastin erases the muscle microtubule network, suggesting
that it is a regulator of microtubule disassembly. In spastin
mutants, microtubules are depleted from the distal boutons
of the NMJ.

The Drosophila NMJ is a glutamatergic synapse
that resembles excitatory synapses in the mammalian
spinal cord, so the alteration of synaptic microtubule
networks that we observe in spastin mutants may be
relevant to an understanding of human AD-HSP. Loss of
microtubules could produce a decrease in the efficiency of
anterograde or retrograde axonal transport, and this might
lead to the selective degeneration of the longest
corticospinal axons, as they would be most vulnerable to
transport defects.

175. What is the role of Drosophila beached in

nervous system development?

Ashley Wright, Rachel Kraut

We identified Drosophilabeached in an
overexpression screen for axon guidance and
synaptogenesis defects. Overexpression of Beached causes
bulges to form at synaptic branchpoints and the
morphology of the synapses is altered. Dr. Kim Finley at
the Salk Institute has shown that mutations in beached



(which she calls blue cheese) show progressive
neurodegeneration in adult flies and lead to shortened
lifespan. By larval stages we observe thickening of certain
nerve bundles and synaptic abnormalities. We have also
been able to identify a subset of motor neurons which die
during development.

beached encodes a protein of about 3500 amino
acids which contains a BEACH domain, FYVE domain,
and WD40 repeats. Other members of this family of
proteins have been shown to have roles in endolysosomal
trafficking. One member of the family is mutated in the
lethal human genetic disease Chediak-Higashi syndrome.
We are working to determine the subcellular localization
of Beached protein by co-localization with known markers
of the endolysosomal pathway and we will look in the
mutant larvae at these same markers to determine if any
compartment in this pathway is altered in size or
morphology. We are currently investigating how these
motor neurons die by looking at trophic support via TGF-f3
signaling and possible involvement of the insulin-signaling
pathway. We are also overexpressing cell death inhibitors
in this subset of motor neurons in order to determine if
these neurons are dying by apoptosis.
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Summary: This past year has seen important new
developments in our laboratory in the area of
mitochondrial biogenesis in human cells. The first
development was the unexpected discovery of a novel
major origin of mtDNA replication in the control region
(D-loop region) of mtDNA from three human cell lines, as
well from several immortalized human lymphocyte cell
cultures. This novel origin was discovered by using a
novel powerful method for identification in total cell DNA
of nascent mtDNA heavy-strand chains by extension of
appropriate light-strand oligodeoxynucleotide primers
chosen within the D-loop sequence or 3' to this. It was
subsequently confirmed by using S1 protection assays not
involving in vitro experiments with the VENT DNA
polymerase or PCR steps. The novel origin differs from
the previously known multiple origins in its unique
functional properties. In fact, nascent chins starting from
this origin, at difference from those starting from the other
origins, do not stop prematurely at the 3'-end of the D-
loop, but proceed beyond this point as true replicating
molecules. Strong evidence has been obtained that these
are the main contributors to the maintenance of mtDNA
under steady state conditions, while the mtDNA molecules
originating at the previously known origins have an
important role in the recovery after mtDNA depletion.
Another important development has been the
characterization of a previously unknown mechanism
involved in the control of rRNA synthesis. In particular, it
has been shown that the transcription termination factor
(mTERF), discovered earlier, cloned and characterized in
our laboratory, which was known to control the
termination of transcription of the human mtDNA rDNA
transcript, has also a crucial role in the control of initiation
of rDNA transcription. Pursuing our early observation
that, in an in vitro transcription system, mTERF stimulates
transcription of the mitochondrial rDNA, it was found that,
for its stimulating activity, mTERF has to bind to the
termination site, but also to the rDNA transcription
initiation site. Experiments with an infrared scanning-
DNA fluorescence labeling system showed that each
mTERF molecule could bind in vitro up to one molecule
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of transcription initiation probe and up to slightly more
than one molecule of termination probe. The in vitro
occurrence of this double binding was shown by the
chromatin immunoprecipitation technique. The most
plausible interpretation of these data is that human
mitochondrial rRNA synthesis is mediated by rDNA
looping. An electron microscopic analysis has confirmed
the occurrence of this looping.

In the same area of research, a variant of mMTERF
exhibiting a much higher affinity for the transcription
termination than the wild-type protein site has been
isolated. This variant will be extremely useful for
identifying auxiliary protein factors.

Considerable progress has also been made in our
understanding of early events in the apoptotic process in
mammalian cells. In particular, good evidence has been
obtained supporting the hypothesis that the
hypersensitivity of the outer mitochondrial membrane to
digitonin, that was previously shown in our laboratory to
characterize an early phase of the mitochondrial response
to two apoptotic stimuli, i.e., Fas receptor-ligand
interaction and staurosporine, results from oxidation
events. According to this hypothesis, phospholipid fatty
acids are peroxidized and subsequently eliminated by
phospholipases, with the resulting lysophospholipids
making the outer membrane more sensitive to digitonin.

176. A novel major D-loop replication origin
reveals a new mode of human mtDNA
synthesis
Nicola Raule”, Jennifer Fish”

Recently, the concept that the strand-
displacement, asymmetric model for mtDNA replication
(2-3) is the only or the prevalent mechanism operating in
mammalian cells has been challenged. Evidence has in
fact been reported as favoring the existence of a
bidirectional, strand-coupled mechanism (4-6), a proposal
that has raised a lively debate (7-9).

The proponents of this alternative model favor a
mechanism whereby the displacement loop D-loop origins
are not actually origins, but represent points of fork arrest
of the bidirectional mtDNA replication initiated
downstream of the D-loop. In view of this dramatic
divergence of opinions concerning the role of the D-loop
mtDNA replication origins, we have carried out an in-
depth functional investigation of the mtDNA heavy
(H)-strand replication origins in three human cell lines,
HelLa, A549 and 143B.TK".

This analysis has led to the discovery of a novel
major origin of human mtDNA heavy(H)-strand
replication in the D-loop at position 57. The nascent
chains starting at this origin, in contrast to those initiated at
the formerly known origins, do not terminate prematurely
at the 3'-end of the D-loop, but proceed well beyond this
control point, behaving as "true" replicating strands. The
57 origin is the main D-loop replication origin and is
responsible for mtDNA maintenance under steady-state
conditions, whereas mtDNA synthesis from the formerly
identified D-loop origins plays a major role in the initial
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recovery after mtDNA depletion and, possibly, in
accelerating mtDNA replication in response to
physiological demands. This work thus strongly supports
a "maintenance mode" and an "induced mode" of mtDNA
synthesis originating within the D-loop.
“Both researchers contributed equally.
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177. Further characterization of the mtDNA
replication origins

Nicola Raule, Jin Zhang

The analysis of the mitochondrial DNA (mtDNA)
control region in aged subject led us to the recent
discovery of a new D-loop replication origin at position 57
(see previous report) in HelLa, A549 and 143B.TK" cells.
This origin was at first detected with a primer extension
experiment using a [5'-*2P]-labeled oligodeoxynucleotide
primer according to the protocol described in Zhang et al.,
2003 (1).

This discovery required further analysis to
confirm it by an independent technique, and also to better
understand the role of this novel origin in mtDNA
replication.

An S1 protection (2-3) assay was carried by using
a [5'-¥P]-labeled oligodeoxynucleotide probe. This probe
was hybridized with purified mtDNA, and then digested
with S1 nuclease. The products were analyzed with a
polyacrylamide gel electrophoresis (PAGE) system. This
completely independent experiment confirmed the
presence of all the formerly known main origins of
replication, as well as of the new one at position 57.

An objection that has been raised to this finding is
that it might be a characteristic of cell lines, like
143B.TK", A549 or HeLa cells that have been maintained
in culture for a long time. So we decided to test other cell
lines for the presence of the mutation. The 57 origin was
in fact, detected in two different immortalized lymphocyte
cell lines recently isolated (hamed CR681 and C223).
These cell lines are as close to the in vivo conditions as we
can obtain; therefore, we can conclude that the 57 origin is
not an artifact of in vitro culture conditions.

These experiments provide indisputable proof of the
presence of this origin of replication in human mtDNA.
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178. Regulation of human mtDNA transcription:
Study of the role of mTERF in controlling the
rRNA synthesis
Miguel Martin-Hernandez!, Jaehyoung Cho',
Tony Cesare?, Jack Griffith?, Giuseppe Attardi
Although the so far unique mode of complete

symmetrical transcription of mammalian mitochondrial
DNA (mtDNA) was identified and partially characterized a
long time ago (1,2), the detailed molecular mechanism of
this process has started being characterized only recently.
Furthermore, the regulation of mammalian mtDNA
transcription is still an object of debate. In particular, as
concerns the control of synthesis of the rRNAs and heavy-
strand coded mRNAs, two distinct models have been
proposed. According to one model, which is supported by
abundant evidence from our laboratory (2), transcription of
the mtDNA H-strand starts from two initiation sites within
the main control region. One site (H1) produces a
transcript terminating at the 3'-end of the 16S rRNA gene,
which is destined to be processed, yielding the two rRNAs
and the tRNA™ and tRNAY®. The second site (H2)
produces a polycistronic molecule, corresponding to
almost the entire H-strand. According to the other model,
there is a major initiation site for H-strand transcription in
the H-strand promoter, which produces a transcript which
can either terminate at the 3'-end of the 16S rRNA gene,
producing the rRNAS, or proceed beyond this point to
produce the mRNAs and tRNAs encoded downstream of
the 16S rRNA gene. According to both models,
termination of transcription at the 3'-end of the 16S rRNA
gene involves the activity of a termination factor, mTERF,
whose gene has been cloned and characterized (3). The
first model, thus, assumes that control of rRNA vs. mRNA
synthesis requires events occurring at both the rDNA
transcription initiation and termination sites, whereas the
second model assumes only events at the termination site.

An early striking observation in the analysis of
mMTERF, which has been recently confirmed (4), was that,
in an in vitro transcription system, mTERF stimulates
transcription of the mitochondrial rDNA. This finding
suggested that mTERF may interact with both the
termination site and the H1 initiation site, possibly causing
a looping-out of the rDNA.

The aim of this work was, first of all, the
confirmation of the identification and precise mapping of
the two initiation sites for the human mtDNA H-strand
transcription previously performed in this laboratory, and



secondly, the analysis of the role of mMTERF in controlling
the rDNA transcription.

In vivo and in vitro transcription experiments
revealed transcripts starting at the H1 site and, in small
amount, at the H2 site. Addition of mTERF specifically
stimulated transcription from H1. Reconstruction
experiments and mtDNA-binding assays clearly showed
that, for its stimulating activity, mTERF had to bind to the
termination site, and also to the H1 initiation site.
Experiments carried out with an infrared scanning-DNA
fluorescence labeling system revealed that each mTERF
molecule could bind in vitro up to one molecule of
transcription initiation probe and up to slightly more than
one molecule of termination probe. The in vivo occurrence
of this double binding was shown by the chromatin
immunoprecipitation (CHIP) technique. The most
plausible interpretation of these results is that human
mitochondrial rRNA synthesis is mediated by rDNA
looping. An electron microscopic analysis has indeed
revealed a DNA-loop structure in the same DNA template
utilized for the in vitro transcription experiments driven by
MTERF.

'Both researchers contributed equally
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179. Molecular characterization of a functional
variant of mTERF and the practical
application for the investigation of the mTERF
function
Jaehyoung Cho”, Miguel Martin-Hernandez”

We recently found and isolated several variant
forms of the mTERF gene from a human HeLa cDNA
library. To investigate the biological significance of these
variants, we expressed the proteins with a GST tag in a
bacterial expression system. Among them, one variant
showed an approximately 15-fold higher mtDNA binding
activity than the wild-type protein in vitro. This protein
has two amino acid changes in the leucine-zipper domain.
Since the recombinant wild-type mTERF expressed in any
system has not shown termination activity in an in vitro
transcription termination assay (1), we are presently testing
whether this variant can mimic the in vivo function of
MTERF in transcription termination activity. In another
project, we showed mTERF simultaneously controls the
termination and initiation of rDNA transcription by
inducing a mtDNA loop structure. We hypothesized that
another auxiliary protein factor(s) stabilizes it. To search
for this protein factor, we have used several experimental
approaches, including DNA affinity chromatography and
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formaldehyde or UV co-crosslinking assays. In these
experiments, we reproducibly observed that several
proteins were co-purified with mTERF. The molecular
weights of these proteins were about 55, 65 and 80 kDa.
Among them, the 60-65 kDa protein may be a strong
candidate for being an auxiliary protein, because in a
previous report the 65 kDa mitochondrial topoisomerase |
(mtTopol) showed functional preference to the mtDNA
region containing the mTERF recognition site (2).
Actually topoisomerase | is well known to be an essential
enzyme for nuclear DNA replication and transcription.
We hypothesized that mtTopol may release the topological
constraint of supercoiled mtDNA and stabilize the loop
structure at the termination site after turning on the rDNA
specific transcription. We are presently testing if mtTopol
has any function for the mTERF-dependent transcription
termination and re-initiation mechanism. We think that the
functional variant of mTERF that we isolated will also
help in the search for the auxiliary proteins. Thus, the
GST-fused form can be used in a GST pull-down assay for
affinity purification of 