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Biological research summarized in this report covers the time period from
June, 2008 through July, 2009. The annual report is not intended to serve
as an official forum, since some portions of the research listed in this report
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References to published papers cited throughout the report are listed at the
end of each individual research report.
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100 Years Ago - 1909

The Bulletin of the Throop Polytechnic Institute (an earlier name for Caltech) for 1909 noted that "The
school has an ideal environment. Pasadena is not only one of the most beautiful and healthful of cities,
with a climate of unapproached equability and poise, but is also noted for the morality, refinement and
culture of its citizenship. Saloons are prohibited by charter. Boys under age are shut out by statute from
questionable places of amusement, such as pool-rooms, of which there are few."

There were only three biology courses offered in the 1908-1909 school year: Zoology, Botany, and
Human Physiology and Hygiene. The Zoology course offered "the careful study of several selected
animals, such as the earth-worm, cray-fish, crane-fly, star-fish, squid, toad and rabbit."”

75 Years Ago - 1934

The 1934 graduates of the Biology Ph.D. program were Marston Sargent (Aspects of the physiology of
the blue-green algae), Emory Ellis (The free energy of the sulfhydryldisulfide oxidation-reduction system
and its physiological significance), and James Bonner (Growth substance and cell elongation). Sargent
(1906-2003) left Caltech for the Scripps Institute of Oceanography, where he taught oceanography, after
which he worked for the Office of Naval Research as an oceanographer. Ellis (1906 — 1993) stayed at
Caltech as a postdoc until World War 1I; he first introduced Max Delbrick to bacteriophage, a
collaboration that resulted in the classic beginning to phage molecular genetics, Ellis, E.L. and Delbrick,
M. (1939) The Growth of Bacteriophage, J. Gen. Physiol. 22, 365-384. James Bonner (1910-1996), after
a brief European postdoc, remained at Caltech as a much-honored and highly productive member of the
Biology faculty, from which he retired in 1980.

50 Years Ago - 1959

Biology 1959, the Division annual report for 1958-9, quietly reported on page 127, under Honors and
Awards, "G.W. Beadle received the Nobel Prize in Biology and Medicine. He also received an honorary
D.Sc. degree from Oxford University." Beadle had won a share of the 1958 Nobel Prize for his work in
elucidation of the nature of the gene.

The introduction to Biology 1959 stated "The activities of the Division during the year 1958-1959 are
summarized in this report. The different investigations carried on during the year were concerned with
such diverse matters as the molecular nature of reproduction and the transfer of learning between two
halves of the brain..."

25 Years Ago - 1984
The Caltech Biology Annual Report 1984 listed three new faculty member who had joined the Division in
the previous year, Scott Emr, Paul Patterson, and Mark Tanouye.

It also noted the passing of Henry Borsook on March 6, 1984; Borsook, one of the first members of the
new Biology Division, was a distinguished biochemist whose work on vitamins in the 1930s and 1940s
led to the establishment of the government’s Recommended Daily Allowance list. He was a founder of
the charity Meals for Millions, which distributed a high-protein supplement that he had developed (MPF,
Multi-Purpose Food) in war-ravaged Europe: in the ten years starting in 1946, over 6.5 million pounds
were distributed in 129 countries.



Assistant Professor Doris Tsao joined the Caltech
Biology faculty in January 2009 to continue her research in
cortical circuits for face recognition and depth perception.
She is a Caltech alum having obtained undergraduate dual
majors in Biology and Mathematics. She did her Ph.D.
thesis with Margaret Livingstone at the Harvard Medical
School where she studied cortical networks for depth
perception and face recognition. She continued at Harvard
for two years of postdoctoral study with Margaret
Livingstone, David Hubel, and Roger Tootell. She was
Head of Young Research Group at the University of
Bremen before coming to Caltech. While at Harvard she
pioneered the technique of using functional magnetic
resonance imaging (fMRI) to target microelectrode
recordings. While using this combined technique, she
discovered that the inferior-temporal cortex contains
several patches where the cells are selective for images of
faces. She also showed that these areas are interconnected
using electrical stimulation. She is now examining how
nodes in this network process difference aspects of face
perception and also how areas of extra-striate cortex
contribute to depth perception. Her lab is using the high
field magnets in the Caltech Brain Imaging Center along
with a variety of other recording and imaging techniques to
understand visual perception at a mechanistic level.
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Assistant Professor David Prober has joined the Caltech
Biology faculty to pursue his research in molecular
genetics of behavior. David was born in Winnipeg,
Canada, attended University of Manitoba, and worked as a
research assistant for one year prior to pursuing his
graduate career. His doctoral work was performed at the
Fred Hutchinson Cancer Center with Dr. Bruce Edgar
working on the role of oncogenes in Drosophila
melanogaster development. Most notably, David
demonstrated that the proto-oncogenes RAS, and MYC
control cell growth as opposed to cell proliferation in
Drosophila. He then joined Alex Schier's laboratory for
postdoctoral research, first at the Skirball Institute at New
York University, then at Harvard University. There, David
initiated the study of sleep in the zebrafish, a relatively
new intensively studied laboratory model organism. He
convincingly demonstrated that aspects of mammalian
sleep are conserved in this fish and has been exploiting the
useful features of this experimental preparation to gain
deeper insights into how sleep is regulated. He has carried
out chemical and genetic screens to perturb sleep and wake
behaviors in fish, and has identified several candidate sleep
regulators. David's goal is to identify the neural circuits
and genetic mechanisms that regulate sleep. His fish are
thriving in the sub-basement of Church Laboratory; his lab
is temporarily on the second floor of the Broad Center for
the Biological Sciences while he awaits renovation of his
laboratory on the second floors of the Church and Alles
Buildings.



LAWRENCE L. AND AUDREY W. FERGUSON PRIZE, 2009

Athanassios Siapas  Casimir Wierzynski Elliot M. Meyerowitz

Dr. Casimir Wierzynski is the winner of the Ferguson Award for the 2008-2009 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. Wierzynski performed his graduate studies in the
laboratory of Professor Thanos Siapas.

His thesis work focused on understanding how the hippocampus interacts with prefrontal
cortical areas. First, he showed that during sleep hippocampal-prefrontal interactions are
exclusively driven by strong population bursts in the hippocampus lasting about 100 ms.
Surprisingly, correlated firing is completely absent outside these bursts and in REM sleep.
These observations identify the precise points in time when the hippocampus talks to
prefrontal cortex during sleep, and open the door to fine tuned manipulations that can reveal
the role of sleep in memory. Second, he identified a class of prefrontal cells whose firing
reflects the strength of a learned association, and showed that these cells are strongly
modulated by hippocampal theta oscillations. These observations provide a framework for
characterizing the structure of cortical memories and their evolution throughout the course of
memory consolidation.



PROFESSORIAL AWARDS, 2008 - 2009

Richard A. Andersen, James G. Boswell Professor of
Neuroscience, presented the Mountcastle Lecture at
the Johns Hopkins Medical School in 2009.

David J. Anderson has been named the Seymour Benzer
Professor of Biology, effective May 1. This title
replaces that of Roger W. Sperry Professor of
Biology. Anderson received his AB from Harvard in
1978 and his Ph.D. from the Rockefeller University in
1983. He joined Caltech's faculty as an assistant
professor in 1986; becoming associate professor in
1992; professor in 1996; and Sperry Professor in
2004. He is also an investigator with the Howard
Hughes Medical Institute. A professor at Caltech
since 1967, Crafoord Laureate Seymour Benzer was
James G. Boswell Professor of Neuroscience,
Emeritus, at the time of his death in 2007.

Marianne Bronner-Fraser, Albert Billings Ruddock
Professor of Biology, was honored as follows:
2009 - Fellow, American Academy of Arts and
Science; Honoree: Caltech Alumni Association and
Premedical Association; Keck Foundation Young
Scholar's Scientific Advisory Committee; and was
awarded the GSC Teaching and Mentoring Award. Is
currently on the Board of Directors for the Gordon
Research  Conferences; National Institute of
Craniofacial and Dental Research Council Member;
Editor:  Developmental Biology, Journal of Cell
Biology, Molecular Biology of the Cell.
2008-2009 - President, Society for Developmental
Biology.

David C. Chan, Associate Professor of Biology, Bren
Scholar, was appointed Investigator for the Howard
Hughes Medical Institute.

Michael Elowitz, Associate Professor of Biology and
Applied Physics; Bren Scholar; Investigator,
Howard Hughes Medical Institute, received the
following awards in 2008: Presidential Early Career
Award in Science and Engineering; Discover
Magazine Top 20 under 40; and became an HHMI
Investigator.

Grant J. Jensen, Associate Professor of Biology, was
appointed Investigator for the Howard Hughes
Medical Institute.

Sarkis Mazmanian, Assistant Professor of Biology, was
awarded the following: Damon Runyon Cancer
Foundation Innovation Award; W.M. Keck Foundation
Research Excellence Award; Excellence in Teaching
Award, Associated Students of the California Institute
of Technology; "Best Brains under 40" Discover
Magazine; and Benirschke Scholar in Ulcerative
Colitis Research, Crohn's and Colitis Foundation.

Elliot M. Meyerowitz, George W. Beadle Professor of
Biology and Chair of the Division, was elected an
Associate Member of the European Molecular
Biology Organization in 2008.

Shinsuke Shimojo, Professor of Biology, received the
"Most Creative Study" award, June 2008, by the
Japanese Society of Cognitive Science; and the
Nakayama Grand Prix, for "significant contributions
to the science of emotion,” sponsored by the
Nakayama Press, Japan.

Paul W. Sternberg, Thomas Hunt Morgan Professor of
Biology, was elected in 2008 to the National Academy
of Sciences.

Doris Y. Tsao, Assistant Professor of Biology, received
the following awards in 2009: Alfred Sloan Scholar,
NARSAD Young Investigator, John Merck Scholar,
Searle Scholar, and became a Klingenstein Fellow.

Other Awards

Rochelle A. Diamond, Member of the Professional Staff,
has been named a fellow of the American Association
for the Advancement of Science (AAAS), 2009. The
association recognized Diamond for "outstanding
technical contributions to the field of cytometry/cell
sorting, and for distinguished professional service in
development of understanding human diversity in
science and engineering."”



Pictures from the Jim and Ellen Strauss Symposium on Molecular Virology, held December 15, 2008



Pictures from the Biology Annual Retreat held October 24-26, 2008 at Lake Arrowhead Resort & Spa,
photos taken by Patricia Mindorff
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Assoc. Investigator, Howard Hughes Medical Institute

Shinsuke Shimojo, Ph.D.
Biology

Paul W. Sternberg, Ph.D.”
Thomas Hunt Morgan Professor of Biology
Investigator, Howard Hughes Medical Institute

Alexander J. Varshavsky, Ph.D.
Howard and Gwen Laurie Smits Professor of Cell
Biology

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

Kai Zinn, Ph.D.
Biology

ASSOCIATE PROFESSORS

David C. Chan, M.D., Ph.D.”
Bren Scholar
Investigator, Howard Hughes Medical Institute

Michael Elowitz, Ph.D."
Biology and Applied Physics, Bren Scholar
Investigator, Howard Hughes Medical Institute

Grant J. Jensen, Ph.D.”
Biology
Investigator, Howard Hughes Medical Institute

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

“Joint appointment with Howard Hughes Medical Institute

ASSISTANT PROFESSORS

Sarkis Mazmanian, Ph.D.
Biology

David A. Prober, Ph.D.
Biology

Angelike Stathopoulos, Ph.D.
Biology

Doris Y. Tsao, Ph.D.
Biology



LECTURERS
John Choi, Ph.D.
Jane E. Mendel, Ph.D.
James R. Pierce, Ph.D.
Damien Soghoian, B.S.
Willy Supatto, Ph.D.
Carol Chace Tydell, D.V.M.

SENIOR RESEARCH ASSOCIATES
R. Andrew Cameron, Ph.D.
Marcus G.B. Heisler, Ph.D.
Akiko Kumagai, Ph.D.

SENIOR RESEARCH FELLOWS

Stijn Cassenaer, Ph.D. Juscilene Menezes, Ph.D.
Chun-Hong Chen, Ph.D. Julie Miwa, Ph.D.
Jae Hyoung Cho, Ph.D. S.M. Reza Motaghian Nezam, Ph.D.

Maxellende Ezin, Ph.D.
Rong-gui Hu, Ph.D.

Igor Kagan, Ph.D.

Ali Khoshnan, Ph.D.
David Koos, Ph.D.
Edoardo Marcora, Ph.D.
Sotiris Masmanidis, Ph.D.

Tatjana Sauka-Spengler, Ph.D.
Andrew Steele, Ph.D.

Daniel A. Wagenaar, Ph.D.
Allyson Whittaker, Ph.D.
Guangying Wu, Ph.D.

Mary An-yuan Yui, Ph.D.

SENIOR FACULTY ASSOCIATE
Alice S. Huang, Ph.D.

VISITING ASSOCIATES

Elaine L. Bearer, M.D., Ph.D.

Hamid Bolouri, Ph.D.
Andres Collazo, Ph.D.
Michael Collins, Ph.D.
Susan Ernst, Ph.D.
Vladimir Filkov, Ph.D.
Caleb Finch, Ph.D.

Igor Fineman, M.D.
Winrich Freiwald, Ph.D.
Jordi Garcia-Ojalvo, Ph.D.
Robin B. Gasser, Ph.D.
Ming Guo, Ph.D., M.D.
Sang-Kyou Han, Ph.D.
Cecily J. Harrison, Ph.D.

Narimon Honarpour, M.D., Ph.D.

Daniel Kahn, M.D., Ph.D.
Michael Liebling, Ph.D.
Minghsun Liu, M.D., Ph.D.
Carol Ann Miller, M.D.

Eric Mjolsness, Ph.D.
Farshad Moradi, M.D., Ph.D.
Carmie Puckett Robinson, M.D.
José Luis Riechmann, Ph.D.
lan Ross, M.D.

Kathrin Schrick, Ph.D.
Bruce E. Shapiro, Ph.D.
Thomas T. Su, M.D., Ph.D.
Carol Chace Tydell, D.V.M.

MEMBER OF THE BECKMAN INSTITUTE

Russell E. Jacobs, Ph.D.

MEMBERS OF THE PROFESSIONAL STAFF

Eugene Akutagawa, B.S.
Janet F. Baer, D.V.M.
Gary R. Belford, Ph.D.

L. Elizabeth Bertani, Ph.D.
Bruce Cohen, Ph.D.
Rochelle A. Diamond, B.A.
Ker-hwa 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.

Julian Michael Tyszka, Ph.D.
Zie Zhou, Ph.D.
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Murat Acar, Ph.D.

Meghan Adams, Ph.D.

Mark Aizenberg, Ph.D.!

Omar Akbari, Ph.D.

Bader Al-Anzi, Ph.D.

Roee Amit, Ph.D.

Constantinos Anastassiou, Ph.D.
Todd Anthony, Ph.D.

Kenta Asahina, Ph.D.

Young-Kyung Bae, Ph.D.
Alejandro Balazs, Ph.D.

Tadato Ban, Ph.D.
Teodora-Adriana Barbacaru, Ph.D.
Julius Barsi, Ph.D.

Ryan L. Baugh, Ph.D.

Morgan Beeby, Ph.D.!

Shlomo Ben-Tabou de-Leon, Ph.D.
Smadar Ben-Tabou de-Leon, Ph.D.
Michael Bethune, Ph.D.

Jesse Bloom, Ph.D.

Catherine Bregere, Ph.D.

Lindsey Bremner, Ph.D.

Ariane Briegel, Ph.D.*

Haijiang Cai, Ph.D.

Long Cai, Ph.D.

Ivan Cajigas, Ph.D.
Michael Campos, Ph.D.
Christie Canaria, Ph.D.
Luca Caneparo, Ph.D.
Holly J. Carlisle, Ph.D.
Moran Cerf, Ph.D.

Ameya Champhekar, Ph.D.
Nickie Chan, Ph.D."
Songye Chen, Ph.D.
Vikram Chib, Ph.D.
Roberto Antonio Chica, Ph.D.
John Choi, Ph.D.

Tsui-Fen Chou, Ph.D.

Willem den Besten, Ph.D.!
Benjamin Deverman, Ph.D.

Ron Diskin, Ph.D.

Meenakshi Kshirsagar Doma, Ph.D.
Jiangang Du, Ph.D.

Vijay S. Chickarmane, Ph.D.
Ryan Michael Drenan, Ph.D.

Isabelle S. Peter Lashgari Faghani, Ph.D.

Constantin Georgescu, Ph.D.

POSTDOCTORAL SCHOLARS

Chee-Kwee Ea, Ph.D.
Avigdor Eldar, Ph.D.
Ethan D. Emberley, Ph.D.
Jeremy Lane Emken, Ph.D.

Katherine Fishwick, Ph.D.

Lu Gan, Ph.D.

Feng Gao, Ph.D.

Constantin Georgescu, Ph.D.
Aidyl Gonzalez-Serricchio, Ph.D.
Xoana Gonzalez-Troncoso, Ph.D.
Sean Gordon, Ph.D.

Arnulf Graf, Ph.D.

Piercesare Grimaldi, Ph.D., M.D.

Elissa A. Hallem, Ph.D.
Shengli Hao, Ph.D.

Wulf Eckhard Haubensak, Ph.D.
Rasheeda Hawk, Ph.D.
Yongning He, Ph.D.
Tatiana Hochgreb, Ph.D.
Eric Hoopfer, Ph.D.

Eun Mi Hur, Ph.D.
Stephen J. Huston, Ph.D.
Cheol-Sang Hwang, Ph.D.
EunJung Hwang, Ph.D.

William W. Ja, Ph.D.
Chathurani Jayasena, Ph.D.
Galina V. Jerdeva, Ph.D.
Yuling Jiao, Ph.D.

Snehalata Vijaykumar Kadam, Ph.D.

Mihoko Kato, Ph.D.!
Jennifer Keeffe, Ph.D.
Jane Khudyakov, Ph.D.
Sally A. Kim, Ph.D.
Tamara Kinzer-Ursem, Ph.D.
Gary L. Kleiger, Ph.D.
Joshua Klein, Ph.D.
Christopher Kovach, Ph.D.
Hao Yuan Kueh, Ph.D.
Sanjay Kumar, Ph.D.
Prahbat Kunwar, Ph.D.

SENIOR POSTDOCTORAL SCHOLARS

Hyosang Lee, Ph.D.
Hyung-Kook Lee, Ph.D.
Jinhwan Lee, Ph.D.

Enhu Li, Ph.D.

Long Li, Ph.D.

Wuxing Li, Ph.D.

Zhuo Li, Ph.D."

Dayu Lin, Ph.D.!

James Locke, Ph.D.
Evgueniy V. Lubenov, Ph.D.
Agnes Lukaszewicz, Ph.D.
Xin M. Luo, Ph.D.

Irene Maier, Ph.D.

Natalie Malkova, Ph.D.

Uri Maoz, Ph.D.

John Macky Marshall, Ph.D.
Sonja Jane McKeown, Ph.D.
Zheng Meng, Ph.D.

Eric Miller, Ph.D.

Milica Milosavljevic, Ph.D.
Sebastian Moeller, Ph.D.
Jonathan Moore, Ph.D.

Florian Mormann, M.D., Ph.D.

Ali Mortazavi, Ph.D.
Mala Murthy, Ph.D.

Jongmin Nam, Ph.D.
Vidhya Navalpakkam, Ph.D.
Huu Ngo, Ph.D.

Shuyi Nie, Ph.D.

Natalya V. Nikitina, Ph.D.
Zachary Nimchuk, Ph.D.

Ryan M. O'Connell, Ph.D.
Richard A. Olson, Ph.D.

Periklis Pantazis, Ph.D.
Rigo Pantoja, Ph.D.
Rachel Penton, Ph.D.
Martin Pilhofer, Ph.D.
Geoffrey Pittman, Ph.D.
Nicolas D. Plachta, Ph.D.
Heidi Privett, Ph.D.
Konstantin Pyatkov, Ph.D.

Xiang Qu, Ph.D.



Senthil Kumar Radhakrishnan, Ph.D.

Parameswaran Ramakrishnan, Ph.D.
Gregory Reeves, Ph.D.

Hans Ingmar Riedel-Kruse, Ph.D.
Adrienne Roeder, Ph.D.

June Round, Ph.D.

Frederique Ruf, Ph.D.

Ueli Rutishauser, Ph.D.

Melissa Saenz, Ph.D.
Anjanabha Saha, Ph.D.
Amir Sapir, Ph.D.

Yuki Sato, Ph.D.

Ankur Saxena, Ph.D.

Erik Schlicht, Ph.D.

Celia Eenjing Shiau, Ph.D.
Alex Sigal, Ph.D.

Edward J. Silverman, Ph.D.

Marcos Wasada Simdes-Costa, Ph.D.

Joel Smith, Ph.D.

Alex Yick-Lun So, Ph.D.
Alireza Soltani, Ph.D.
Cagdas D. Son, Ph.D.

Zhiyin Song, Ph.D.!
Amber Southwell, Ph.D.
David Sprinzak, Ph.D.
Jagan Srinivasan, Ph.D.!
Rahul Srinivasan, Ph.D.

Pablo Strobl Mazzulla, Ph.D.

Kaoru Sugimoto, Ph.D.
Willy Supatto, Ph.D.
Amere Swathi, Ph.D.

Paul Thomas Tarr, Ph.D.
Timothy D. Tayler, Ph.D.
Anne M. Taylor, Ph.D.
Julia Tischler, Ph.D.
Elitza Tocheva, Ph.D.

Le A. Trinh, Ph.D.

Thai V. Truong, Ph.D.
Qiang Tu, Ph.D.

Cevat Ustun, Ph.D.

Jeroen van Boxtel, Ph.D.
Julien Vermot, Ph.D.
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Marc Vermulst, Ph.D.
Sofia Vrontou, Ph.D.

Lorraine R. Washburn, Ph.D.
Kiichi Watanabe, M.D., Ph.D.
Casimir Wierzynski, Ph.D.
Claudia Beate Wilimzig, Ph.D.
Melanie Wilke, Ph.D.

Allan Wong, Ph.D.

Cheng Xiao, M.D., Ph.D.

Young Y. Yoon, Ph.D.*
Zhiheng Yu, Ph.D.

Alon Zaslaver, Ph.D.
Xiaolan Zhang, Ph.D.
Yan Zhang, M.D., Ph.D.
Lin Zhao, Ph.D.
Weiwei Zhong, Ph.D.!
Jelena Zinnanti, Ph.D.

LJoint appointment with Howard Hughes Medical Institute

VISITORS

Libera Berghella, M.S.
Mark Boldin, Ph.D.

Hajer Brahem, B.S.
Pranav Kosuri, B.S.
Mingzhi Liang, Ph.D.
Jasna Markovac, Ph.D.
Leonard Mlodinow, Ph.D.
Seth W. Ruffins, Ph.D.
Heiko Stemmann, Ph.D.
Andreas Walz, Ph.D.



Biology Graduate Students - 2009

Anna Abelin - M.S.
Benjamin Allen*

Matthew Barnet?

Helen Holly Beale - B.A.

Ulrik Beierholm*

Labeed Ben-Ghaly - B.S., M.S.
Marcos N. Bensusan®

Paola A. Betancur

Daniella Brown - B.A., M.S.

Ronald Bryan*

Anna Basalova Buchman - B.S., M.S
Charles Bugg?

Michael Campos®

Gwyneth Card®

Gil Carvalho - M.D.

Moran Cerf*

Kuang-Jung Chang - B.S., M.S.
Aadel Chaudhuri - B.S.

Shijia Chen - B.S.

Mohsen Chitsaz?

Cindy Chiu - B.A.

Julie Cho - B.A.

Andrea Choe - B.S.

Janet Chow - B.S.

Suk-Hen Elly Chow - B.S., M.S.

Chiraj Dalal?

Sagar Damle - B.S.

Tristan De Buysscher!

John Delacruz*

Marissa Morales-Del Real - B.A.
Gilberto De Salvo - B.S.
William Dempsey®

Adler Dillman - B.S.

Alana Dixson - B.A., M.S., MPH
Megan Dobro - B.S.

Julien Dubois®

Kelly Dusinberre?

Eric Erkenbrack - B.A., B.S.

YiFan-B.S., M.S.
Alexander Farley B.A.
Katherine Fisher - B.S.
Barbara K. Fortini - B.S.
Shawnalea Frazier?

Mayra Garcia - B.A.
Avni Ghandi - B.S., M.S.
Alma Gharib - B.S., M.A.
Srimovee Ghosh - B.S.
Sarah Gillespie - B.A.
Carl Gold*

Daniel Gold - B.A.

Tara Gomez - B.S.
Abigail Green - B.S.
Virgil Griffith

Ming Gu*

Neil Halelamien!
Shabnam Halimi!
Anne Hergarden - B.S.
Gilberto Hernandez Jr. - B.A., M.D.
Flora Hinz - B.A.
Margaret Ho - B.S.
Jennifer Hodas?
Andreas Hoenselaar!
Xiaodi Hou?

Elaine Hsiao - B.S.

Na Hu - B.A.

Alex Huth!

Hidehiko Inagaki - B.S.
Hiroshi Ito - M.D.

Vivek Jayaraman®

Sindhuja Kadambi - B.A.
Jennifer Keeffe?

Joycelyn Kim - B.A., M.D., MPH
Arya Khosravi - B.S.

Tamara Knutsen!

Natalie Kolawa - B.A.

Steven Kuntz?

Eugene Kym - B.A., M.S.

Amit Lakhanpal - B.A., M.A.
Lauren Lebon®
Sung-Eun Lee - B.S.
Seung-Hwan Lim - B.S.
Tony Lee?

Peter Leong®

Joseph Levine®
Alexander Lin’
Cambrian Liu?

Justin Liu - B.S.
Raymond Liu - B.S.
Oliver Loson - B.S.
Geoffrey Lovely?

Tinh Luong - B.A.

Georgi Marinov - B.S.
Stefan Materna®

Amy McMahon - B.S.
Christin Montz*
Farshad Moradi’
Dylan Morris®

Anusha Narayan®

Janna Nawroth - B.S., M.S.
Matthew Nelson®

Dirk Neumann'

Thomas Ng - B.S.

Westin Nichols - B.S.
Alex Nisthal?

Shay S. Ohayon'

Maria Papadopoulou - B.A.
Rell Parker - B.A.

Sarah Payne - B.S.

Perkins, Edward - B.S., M.S.
Anh Pham - B.S.

Nathan Pierce - B.S.

Kerstin Preuschoff*

Heidi Privett*

Marissa Quitt - B.S.

Juan Ramirez-Lugo - B.S.
Dinesh Rao, B.S., M.D. -
UCLA Star Program

Nakul Reddy®

Alice Robie - B.S.
Alice Robinson - B.S.
Jason Rolfe!

Michael Rome - B.S.
Alexander Romero?

Akram Sadek!

Oren Schaedel - B.A.
Helene Schmit!

Ma'ayn Schwarzkopf - B.S., M.S.
Sen Shaunak®

Anna Shemorry - B.S.
Kai Shen!

Yue Shen - B.S.

Jasper Simon - B.A.
Zakary Singer*

Christian Suloway - B.S.
Robert C. Stetsen*
Tsu-Te Su?

Marie Suver!



Hwan-Chin Tai*
Frederick Tan?

Nicole Tetreault - M.S.
Matthew Thornton?
Cory Tobin - B.S.

Sina Tootonian®
Nathanie Trisnadi - B.S.

Jonathan Valencia - B.S.

Brandon Wadas - B.S., M.S.

Lawrence Wade - B.A.
Ward Walkup?

Liming Wang - B.S.

Yun Elisabeth Wang - B.A.
Catherine Ward?

Karen Wawrousek?
Alexandre Webster - B.S.
Peter Weir!

Jonathan Weissman*
Casimir Wierzynski'
Ashley Wright - B.S.
David Wu®

Yunji Wu - B.S.

Fan Yang*
Jennifer Yang?
John Yong - B.A., B.S.

Suzuko Yorozu - B.S., M.S.

Jonathan W. Young - B.A.
Kenneth Yu - B.A.

Mark Zarnegar - B.A., B.S.
Jingli Zhang - B.S.
Jimmy Zhao - B.A.
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'Computational & Neural Systems (CNS)
“Biochemistry & Molecular Biophysics
*Bioengineering

*Chemistry

5Control and Dynamical Systems
®Applied Physics
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Kanika Agarwal

Keifer Aguilar

David Akopian

Jennifer Alex - A.A.
Gabriela Alexandru - Ph.D.
Shamili Allam

Uri Alon

Mary Alvarez

Michael Anaya

Michael Angerman - B.S.
Igor Antoshechkin - Ph.D.
David Arce

Elena Armand

Andrea M. Armani

Marie L. Ary - Ph.D.
Vishu Asthana

Elizabeth Ayala

Carlzen Balagot
Guillermina Barragan
Ty Basinger - B.A.
Olga Batygin

Ruben Bayon - B.S.
Morgan Beeby - Ph.D.
Sidall Benazouz - A.A.
Barbara Besse

Peggy Blue

Mark Boldin - Ph.D.
Natasha Bouey - A.A.
Louis Bouwer - M. Ing.
Ana Lidia Bowman
Olga Breceda

Tuomas Brock

Robert Butler - B.A.

Stephanie Canada

Cesar Carlos

Stijn Cassenaer

Martin Chalfie

Juancarlos Chan - B.S.
Kenneth Chan

Jung S. Chang

ZeNan Chang

Jennifer Chao - Ph.D., M.D.
Lucas Cheadle - B.A.

Chieh Yu Chen

Hsiuchen Chen - Ph.D.
Joyce Chen

Lin Chen

Sherwin Chen - B.S.

Wen Chen - Ph.D.

Wesley Chen

Margaret J. Chiu

Deboki Chakravarti E. Chou
Evelyn Chou

Jeffrey Cochrane - B.S.
Sonia Collazo - M.S.
Ana Colon - AA.
Amy Cording

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

Viera Crosignani
Victoria Cruz

Neha Das

Mark Davis

Tristan De Buysscher
Manny de la Torre
Joyce De Leon

John Demodena - B.S.
Lydia Dennis - B.S
Chris Dempsey
Purnima Deshpande - M.S.
Rhonda Diguisto - B.A.
Jane Ding

Giao K. Do

Hannah Dodd

Ping Dong - M.D.
Alice Doyle

Erin Drez

Leslie Dunipace
Marion Duprilot
Omer Durak

Yolanda Duron
Jonathan Dworkin

John Earle - B.S.
Koorosh Elihu - B.S.
Juan Escatel

Ruihua Fang - B.S.
Weiru Fang

Rana Feidi

David Felt - B.S

Ni Feng

Jolene Fernandes - Ph.D.
Jeffrey Fingler

Leigh Ann Fletcher
Jesse Flores

Chris Foglesong - B.S.
Mary Flowers - M.A.
Pamela Fong

Angelica Frausto - B.S.
Glenda Freiwald - B.S.
Andreas Feuerabendt
Naomi Fujita

B10oLOGY RESEARCH AND LABORATORY STAFF

Rachel Galimidi
Yvette Garcia-Flores
Jordi Garcia-Ojalvo
Arnavaz Garda - B. Sc.
Nileen Garrett

Shahla Gharib
William Gibson

Leah Gilera-Rorrer - B.S., RVT

Priyanthi Gnanapragasam
Martha Gomez

Jose Gonzales
Constanza Gonzalez
Miriam Goodman
Robert Graham
Blanca Granados
Hernan Granados
Rachel F. Gray - B.S.
Harry Gristick

Kelly Guan

Joaquin Gutierrez

LuCinda Haagenson

Julie Hahn - B.S.

Atiya Hakeem - Ph.D.
Parvin Hartsteen

Tim Heitzman

Argelia Helguero - B.S.
Martha Henderson - M.A.
Carlos Hernandez

Oscar Hernandez

Kristina Hilands - M.A.
Astrid Hoffius - B.A.
Catherine Holcomb

Annie Hong

Erin Hoops

Helene Hsu

Richard Hsu - B.S.

Haixia Huang - Ph.D.
Po-Yin Samuel Huang - B.S.
Kathryn Huey-Tubman - M.S.
Suzanne Hum
David Huss - B.S.
Cheol-Sang Hwang

Eloisa Imel
Takao Inoue - Ph.D.
Carol Irwin

Davit Janvelyan - B.S.
Shilpa Jeeda

Mili Jeon

Taren Johnson
Matthew Jones



Manorama Kalwani - B.S.
Tomomi Kano - B.A.
Aura Keeter - B.S.
Katie Kennedy
Samuel Ki - M.S.

Hee Ju Kim

Kate Kim

Ung-Jin Kim - Ph.D.
Brandon King
Melinda Kirk

Ranjana Kishore - Ph.D.
Roy Kishony

Christine Kivork - B.S.
Cheryl Kling

Jan Ko - Ph.D.

Patrick Koen

Eun Sang Koo

David Koos

Kari Koppitch - B.S.
Shi-Ying Kou

David Kremers

Dana Kruse

Vijaya Kumar - M.S.
Sharon Kuo

Gordon Kwan - B.S.

Mark Ladinsky
Santiago Laparra - B.A.
Joanne Laurence
Nicholas Lawrence - M.A.
William F. Lease
Patrick Leahy - B.S. (KLM)
Jinwoo Lee

Joon Lee - Ph.D.

Kwan Fat Lee

Lauren Lee

Ralph Lee - Ph.D.
Raymond Lee - Ph.D.
Margarida Lei - B.S.
Daniel H. Leighton
Karen C. Lencioni
Ho-Yin Leung -M.S.
Jessica Levine

Keith Lewis - B.S.

Ang Li

Jennifer Li

Wei Li - B.S.

Zachary T. Likins
Liching Lo

Lynda Llamas

Jason Lunn

Anna Maria Lust

Brian Ma

Elisha Mackey - B.S.
Jonathan Malmaud
Janie Malone

Micah Manary

Gina Mancuso

Paola Marcovecchio
Blanca Mariona
Aurora Marquina

Mary Marsh

Mary Martin

Erika Martinez

Monica Martinez
Samantha Martinez
Jorge Mata

Jose Mata

David R. Mathog - Ph.D.
Sara McBride - B.S.
Kenneth McCue - Ph.D.
Alasdair McDowall
James McFarland

Sheri McKinney - B.S.
Gladys Medina

Irina Meininger

Jane Mendel - Ph.D.
Rodolfo Mendez - A.A.
Kaushiki Menon
Edriss Merchant - B.S.
Patricia Mindorff

Olga Mishina

Dane Mohl - Ph.D.

Lee Peng Mok
Eduardo Rosa-Molinar
Laurent Moreaux
Gabriele Mosconi
Fraser Moss - Ph.D.
Hans-Michael Muller - Ph.D.
Gwenda Murdock
Marta Murphy - B.A.

Zoltan Nadasdy - Ph.D.
Remya Nair

Cecilia Nakamura

Inderjit K. Nangiana - M.S.
Debbie Navarette

Violana Nesterova - M.S.
Pavle Nikolovski

Robert Oania

Maria Ochoa

Carolyn Ohno - Ph.D.

Barry D. Olafson

Elizabeth Olson - B.A., RVT
Blanca Ortega - A.A.

Anil Ozdemir

Dan Pacheco

John Papsys - B.S.
Heenam Park - M.S.
Soyoung Park
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Sonal Patel - B.S.
Jennifer Paur - B.A.
Martin Peek

Kelsie Pejsa - B.S.
Diana Perez - B.S.

Pat Perrone

Barbara Perry

Andrei Petcherski - Ph.D.
Niles Pierce

Rosetta Pillow - A.A.
Lilian Porter

Timur Pogodin - M.D.
Peter Polidoro

Anna Puszynska

Kasra Rahbar

Arun Rangarajan - M.S.
Alana Rathbun
Arjun Ravikumar
Carol Readhead - Ph.D.
Frank Reyes
Nicholas Reyes

Jane Rigg - B.A.
Christian Rivas
Armando Rivero
Jose Robles

Jaime Rodriguez
Laura Rodriguez
Rebecca Rojansky
Mike Rome

Hidee Romero
Maria Rosales

David Rosenman
Alison Ross - B.A
Amy Ross - Ph.D.
Carina Rumaldo
Felicia Rusnak - B.S.

Anna Salazar - Ph.D.
Nicole Sammons
Lorena Sandoval

Leah Santat - B.S.

Eric Santiestevan - A.B.
Viveca Sapin - B.S.
Sangeetha Satheesan

Reyna Sauza

Rosalyn W. Sayaman
Lorian Schaeffer - B.S.
Gary Schindelman - Ph.D.
Rebecca Scholz

Eric Schwarz - Ph.D.
Jason Schwarz

Nicole Schweers

Jason Schwer

Michelle Shah (Fontes)
Bruce Shapiro - Ph.D.
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Viktor Shcherbatyuk - Ph.D.

Jian Shi

Limin Shi

Daphne Shimoda - B.A.
Eiko Shimojo - Ph.D.
Mitzi Shpak - B.S.
Esther Shyu

Juan Silva - B.S.
Jacyln Sinar
Natnaree Siriwon
Hargun Sohi - B.S.
Diane Solis - B.A.
Anthony Solomon
llana Solomon - M.A.
Lauren Somma - A.B.
Ingrid Soto

Benjamin Steele
Gary Stowell - (KML)
Jessica Su

Gurol Stel

Will Suh

Jayne Sutton

Walter Sutton
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Summary: Our laboratory investigates the psychological
and neural bases of social cognition, using a number of
different approaches.  Some studies focus on the
psychological level, using behavioral data from healthy
people to make inferences about how emotion modulates
memory, attention, or conscious awareness. A second
approach uses neuroimaging and electrophysiology to
investigate the neural mechanisms behind emotional and
social processing. A third approach studies the
performances, and the brains, of special populations. At
Caltech, we have been recruiting people with agenesis of
the corpus callosum to investigate the functional
consequences of disruption in long-range connectivity. Dr.
Lynn Paul leads this work. In collaboration with Joe Piven
at the University of North Carolina, we have also been
studying people with autism, as well as their first-degree
relatives (the parents). At the University of lowa, we have
ongoing collaborations that involve neurological
populations with focal brain lesions, and that involve
neurosurgical populations in whom we can record
intracranially.

A major focus in the past year has been on the
amygdala, and on autism. We are interested in how the
amygdala modulates allocation of attention to emotional
stimuli, and how it guides decisions about options whose
outcomes have emotional value. One particularly active
area of development is to better understand how amygdala
and prefrontal cortex interact, and how they interface with
other brain structures that also participate in emotional
processing. Another active area of research investigates
brain connectivity. We hope that a better understanding of
the neural basis of social cognition will help with the
diagnosis and treatment of people diagnosed with autism,
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agenesis of the corpus callosum, or mood disorders. We
have been recruiting high-functioning adults with autism
and also their parents in the past year and investigating
social information processing using a wide range of
approaches (behavioral, eyetracking, fMRI, and even
intracranial recording from the amygdala in an individual
with a diagnosis of autism).

1. Lesion mapping of intelligence

Jan Glaescher, Daniel Tranel, Hanna Damasio,

Lynn Paul, David Rudrauf, Ralph Adolphs

The Wechsler Adult Intelligence Scale (WAIS) is
commonly used to assess a wide range of cognitive
abilities and impairments. Factor analyses reveal four
underlying abilities: verbal comprehension (VCI),
perceptual organization (POI), working memory (WMI),
and processing speed (PSI). We used non-parametric
voxel-based lesion-symptom mapping in 241 patients with
focal brain damage to investigate the neural underpinnings
of these factors. We found statistically significant lesion-
deficit relationships in left inferior frontal cortex for VCI,
in left frontal and parietal cortex for WMI, and in right
parietal cortex for POl. There was no reliable single
localization for PSI, which appeared to draw on a
distributed set of brain regions. Statistical power maps and
cross-validation analyses quantified specificity and
sensitivity, and additional analyses showed that there were
also effects of age and gender. Our findings provide the
most comprehensive lesion maps of intelligence, provide
novel criteria for their application in neuropsychological
diagnosis, and suggest that the current factor structure of
the WAIS may need revision in light of divergent
anatomical substrates for different specific tasks
comprising a single psychological factor.

Figure 1. Voxelwise analysis for verbal, performance, and
full-scale 1Q. This analysis compares the 1Q scores for
patients with a lesion against those without a lesion at each
and every voxel in the brain, thresholded at 1% False
Discovery rate. In red are regions where lesions impair
performance 1Q (P1Q), in blue verbal 1Q (VIQ) and other
colors showing overlap as in the Venn diagram inset. In
our paper, we carried out detailed studies for different
aspects of intelligence derived from factor analyses, and
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described such lesion-impairment maps for each of the
different subtests of the Wechsler Adult Intelligence Scale.
These studies are now being extended to look at a single
common psychometric factor shared across all of the tests:
the so-called "g-factor" of intelligence research. From
Glaescher et al. (2009).

2. Intact rapid discrimination of fear in the
absence of the amygdala

Naotsugu Tsuchiya, Farshad Moradi, Csilla

Felsen, Ralph Adolphs

A prevalent view of the amygdala's contribution
to processing facial expressions of fear is that it comes into
play early and automatically, possibly through a
subcortical route that mediates rapid detection of fear. We
discovered that a patient with complete bilateral amygdala
lesions, who is impaired in recognizing fearful faces,
nonetheless showed entirely normal rapid detection of
fearful faces, and normal non-conscious processing of
fearful faces as well. The findings argue against an
essential early-processing or non-conscious role for the
amygdala, and instead favor a contribution that
incorporates contextual and cognitive modulation.

Subjects were shown two faces (one emotional,
one neutral) or two scenes (one threatening, one neutral)
side-by-side and asked, as rapidly as possible, to push a
button to indicate the side of the emotional stimulus. The
amygdala patient was as fast and as accurate as controls
were (Figure 2), despite the fact that her recognition and
ratings of emotional stimuli are impaired.

Figure 2. Amygdala patient (red) can detect fearful and
angry faces as well as threat scenes as rapidly and
accurately as age-matched controls (black, 95% confidence
interval is dotted). The y-axis plots d', a measure of
accuracy.

3. Personal space regulation by the human

amygdala

Daniel Kennedy, Jan Glaescher, J. Michael

Tyszka, Ralph Adolphs

The amygdala plays key roles in emotion and
social behavior, yet how this translates to face-to-face
interactions involving real people remains poorly
understood. A series of experiments with patient SM, who
has complete bilateral amygdala lesions, found that she
lacks any sense of personal space. An additional fMRI
study confirmed amygdala activation to close personal
proximity. Our findings argue that the amygdala is

required to trigger the strong emotional reactions normally
following personal space violations, thus regulating
interpersonal distance in humans.

Figure 3. Lesion Study: Mean preferred distances from
the experimenter. (A) SM's (red) preference was the
closest distance to the experimenter (black), compared to
age-, gender-, race-, and education-matched controls
(purple, n = 5), as well as general comparison subjects
(blue, n=15). (B) SM's mean preferred distance away from
the experimenter (image drawn to scale). (C) Control
participants' mean preferred distance away from the
experimenter, excluding the largest outliers (image drawn
to scale).

4, Eye movement-related EMG contamination in

intracranial electrophysiology

Christopher Kovach, Nao Tsuchiya, Hiroto

Kawasaki, Hiroyuki Oya, Mathew A. Howard IIl,

Ralph Adolphs

It is widely assumed that intracranial recordings
are unlikely to be affected by muscle EMG contamination.
We show that this is not the case for saccade related
oculomotor EMG signals. Saccade onsets are associated
with a transient biphasic potential, resembling the saccadic
spike potential in scalp EEG, and an increase in
broad-band power affecting especially gamma and high
gamma ranges. Measurements of interchannel coherence
between 40 Hz and 100 Hz are especially susceptible to
eye movement related contamination. To develop a
precise model of the spatiotemporal contribution of
oculomotor contamination, we concurrently measured eye
movements and high-density intracranial EEG in five
neurosurgical patients.  The distribution of responses
agrees with an orbital dipole source. We compare methods
for eliminating and ruling out eye movements as a source
of task related responses, and show that bipolar referencing
and ICA filtering are effective for suppressing
contamination at locations far from the orbits. After
accounting for eye movement EMG, we confirm that
broad-band gamma activity is a genuine feature of cortical
visual responses.



5. The neuropsychological profile of autism and

the broad autism phenotype

Molly Losh, Ralph Adolphs, Michele Poe,

Shannon Couture, David Penn, Grace Baranek,

Joseph Piven

There now exist multiple reports of a
constellation of language, personality, and social-
behavioral features present among relatives that mirror the
symptom domains of autism, but much milder in
expression.  Studies of this 'broad autism phenotype'
(BAP) may provide a potentially important,
complementary approach for detecting the genes causing
autism, by identifying more refined phenotypes which can
be measured quantitatively in both affected and unaffected
individuals, and which are tied to functioning in particular
regions of the brain. To gain insights into
neuropsychological features that index genetic liability to
autism, we carried out a series of studies in high-
functioning individuals with autism and parents of autistic
individuals, both with and without the BAP (N=83), as
well as control groups. A comprehensive battery of
neuropsychological tasks tapping social cognition,
executive function, and global/local processing strategies
(central coherence) was used. We found that both
individuals with autism as well as the parents with the
BAP differed from controls on measures of social
cognition, with performance in the other two domains
more similar to controls. In conclusion, the findings
suggest that the social cognitive domain may be an
important target for linking phenotype to cognitive process
to brain structure in autism, and may ultimately provide
insights into genes involved in autism.

6. The inferior front-occipital fasciculus mediates
recognition of facial expressions of emotion
Carissa L. Philippi, Sonya Mehta, Thomas
Grabowski, Ralph Adolphs, David Rudrauf
Lesion and neuroimaging studies have implicated
multiple visual and emotion-related brain regions in the
recognition of emotion from facial expressions.
Electrophysiological studies have demonstrated that the
communication between these regions can be very rapid
during this process. However, it remains unknown by
what mechanism visual representations of the face can be
efficiently conveyed to emotion-related brain regions that
associate the face with its emotional content. Based on a
recent dynamic causal modeling study, we hypothesized
that long-range association fiber tracts might be critical in
this process. To test this hypothesis, we used a novel
approach incorporating fiber tract information into lesion
mapping. We tested 103 patients with focal, stable brain
lesions on their recognition of six facial expressions of
emotion (happiness, sadness, fear, disgust, surprise, anger)
and mapped their lesions onto a reference brain for
detailed analysis. Six association fiber tracts from a
probabilistic atlas (the cingulum [cingulate gyrus process]
and cingulum [hippocampal process], the uncinate, inferior
and superior longitudinal, and inferior fronto-occipital
[IFOF] fasciculi) were registered to the same reference
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brain for lesion-deficit analysis. Intersections of the
lesions with these tracts were used to compute probable
disconnection. These tract-specific  disconnection
measures were then used simultaneously in a general linear
model to predict emotion recognition impairments after
covarying for lesion size and damage to cortical regions.
Disconnection of the right IFOF significantly predicted an
overall impairment in emotion recognition, as well as
specific impairments for sadness, anger and fear. One
subject had a pure white matter lesion mostly restricted to
the IFOF. The degree of emotion recognition impairment
in this subject supported the group level results. Our
findings strongly implicate the right IFOF as a critical
component of the large-scale neural system supporting the
recognition of the facial expression of emotion.

7. Economic games quantify diminished sense of
guilt in patients with damage to the prefrontal
cortex
I. Krajbich, Ralph Adolphs, Daniel Tranel, N.
Denburg, C. Camerer
Damage to the ventromedial prefrontal cortex

(VMPFC) impairs concern for other people, as reflected in

the dysfunctional real-life social behavior of patients with

such damage, as well as their abnormal performances on
tasks ranging from moral judgment to economic games.

Despite these convergent data, we lack a formal model of

how, and to what degree, VMPFC lesions affect an

individual's social decision-making. Here we provide a

quantification of these effects using a formal economic

model of choice that incorporates terms for the disutility of
unequal payoffs, with parameters that index behaviors
normally evoked by guilt and envy. Six patients with focal

VMPFC lesions participated in a battery of economic

games that measured concern about payoffs to themselves

and to others: dictator, ultimatum, and trust games. We
analyzed each task individually, but also derived estimates
of the guilt and envy parameters from aggregate behavior
across all of the tasks. Compared to control subjects, the
patients donated significantly less and were less
trustworthy, and overall our model found a significant
insensitivity to guilt. Despite these abnormalities, the
patients had normal expectations about what other people
would do, and they also did not simply generate behavior

that was more noisy. Instead, the findings argue for a

specific insensitivity to guilt, an abnormality that we

suggest characterizes a key contribution made by the

VMPFC to social behavior.

8. A connectivity map of the macaque cortex

from diffusion imaging

Dirk Neumann, J. Michael Tyszka, J.H. Parvizi,

Ralph Adolphs

Understanding the functions of different cortical
regions requires knowledge of their inputs and outputs, yet
little is known about cortical connectivity at the systems-
level, in large part because such information has required
labor-intensive studies using in vivo tracers. A recently
developed alternative relies on diffusion MR imaging to
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generate models of probable white-matter tracts and their
orientation, but this method suffers from its indirectness.
Here we validated connectivity models obtained from
diffusion MRI by comparing them with published tracer
studies, and then applied our method to two macaque
brains to reveal global cortical connectivity. We describe
the strength of connections that are already known and
propose new connections never before reported. Using
dimensionality reduction methods, we visualize the
complete connectivity matrix of all known cortical regions
and demonstrate an architecture that likely reflects
functional modularity and hierarchical processing. Our
results are the first complete estimate of cortical
connectivity in the macaque brain, and generate new
hypotheses about long-range connectivity as well as
provide criteria for the application of similar methods to
the study of the human brain.

Figure 4. Inverse connection weight from V1 denoting
relative connectivity distance.

9. Economic games quantify diminished sense of
guilt in patients with damage to the prefrontal
cortex
I. Krajbich, Ralph Adolphs, Daniel Tranel, N.
Denburg, C. Camerer
Damage to the ventromedial prefrontal cortex

(VMPFC) impairs concern for other people, as reflected in

the dysfunctional real-life social behavior of patients with

such damage, as well as their abnormal performances on
tasks ranging from moral judgment to economic games.

Despite these convergent data, we lack a formal model of

how, and to what degree, VMPFC lesions affect an

individual's social decision-making. Here we provide a

quantification of these effects using a formal economic

model of choice that incorporates terms for the disutility of
unequal payoffs, with parameters that index behaviors
normally evoked by guilt and envy. Six patients with focal

VMPFC lesions participated in a battery of economic

games that measured concern about payoffs to themselves

and to others: dictator, ultimatum, and trust games. We
analyzed each task individually, but also derived estimates

of the guilt and envy parameters from aggregate behavior
across all of the tasks. Compared to control subjects, the
patients donated significantly less and were less
trustworthy, and overall our model found a significant
insensitivity to guilt. Despite these abnormalities, the
patients had normal expectations about what other people
would do, and they also did not simply generate behavior
that was more noisy. Instead, the findings argue for a
specific insensitivity to guilt, an abnormality that we
suggest characterizes a key contribution made by the
VMPFEC to social behavior.

10. The role of the amygdala in orienting attention

to eyes within complex social scenes

Elina Birmingham, Moran Cerf, Ralph Adolphs

For years, the amygdala has been implicated as a
brain structure dedicated to rapidly processing emotionally
salient stimuli in the environment. Recently, it has been
proposed that the amygdala has a more general role in
orienting attention to socially salient stimuli. For instance,
Adolphs et al. (Nature, 2005), found that SM, a patient
with rare bilateral lesions of the amygdala, was unable to
recognize fearful facial expressions because she failed to
fixate the eyes of the faces. The eyes are particularly
informative social stimuli, and therefore, may be ones that
the amygdala is particularly biased to detect. The present
study examined whether this same patient (SM) fails to
fixate the eyes of people when they are presented within
complex social scenes. We also investigated the role of
context in which the scene occurs on SM's pattern of
fixations. We presented a variety of real world social
scenes under three task conditions: One asking viewers to
report where people in the scene were directing their
attention, a second asking viewers to describe the scene,
and a third asking viewers to describe in which room the
scene was taking place. Across all three conditions, SM
looked less often at the eyes and more at the mouth relative
to control participants (Figure 5). Comparing the different
tasks, we found that both SM and controls looked more
often at the eyes when asked to report on the social
attention in the scene. These results suggest that amygdala
damage may lead to a specific reduction of exploration of
other people's eyes, but that task instructions can modulate
this bias to some extent. The findings extend our prior
work with isolated faces and corroborate the view that the
amygdala helps orient attention to certain socially salient
stimuli, notably and perhaps specifically, the eyes.



Figure 5. Proportion of fixations onto the eyes or mouth
in social scenes. Shown are data from patient SM, who
has bilateral amygdala lesions, and healthy controls. SM
looks much less at the eyes and more at the mouth.
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Summary: We are investigating the neuropathology of
autism in research done in collaboration with the Wold
laboratory using a new technology, RNA-Seq, to map gene
expression in sites in the brain including areas FlI and
ACC. Our initial results have revealed strongly increased
expression of genes involved in inflammation and the
activation of the immune cells of the brain, the microglia,
in some autistic brains. We have also found that the Von
Economo neurons (VENS) strongly and rather selectively
express a number of genes involved in immune
functioning suggesting that the VENs may have a role in
the neural modulation of immune responses in normal
subjects and may play a role in neuroinflammation in
autism.

Finally we are continuing our study of fiber
pathways in primate brains using probabilistic
tractography based on diffusion tensor magnetic resonance
imaging.

11. Immune regulation and the role of Von

Economo Neurons and forked cells

Nicole A. Tetreault, Atiya Y. Hakeem, Yvonne

Pao, Sue Jiang, Barbara J. Wold", John M.

Allman

Von Economo Neurons (VENSs) are recently
evolved large bipolar neurons that were originally
discovered in humans and great apes. The VENSs are
located in anterior cingulate cortex (ACC) and
frontoinsular cortex (FI), regions of the brain associated
with higher cognitive functions and monitoring intuitive
responses to complex social encounters. We have several
lines of evidence that the VENSs and other related layer 5
neurons are involved in immune function and regulation.
In this study, we immunocytochemical stained ACC and FI
and found VENSs and other related layer 5 neurons such as
forked cells were specifically labeled by the proteins of
ATF3, IL4R1alpha, IL6R, IL8R and SOCS3. Activating
transcription factor 3 (ATF3) is a transcription factor
implicated in nerve regeneration after injury (Seijffers et
al., 2007) and is up-regulated in inflammation. 1L,
interleukin-6, promotes the proliferation of microglia and
is an indicator of inflammation (Cardenas and Bolin,
2003). Both interleukin receptors, IL4Ralpha and IL6R are
involved in immune regulation and the inflammatory
response (Joos et al., 2004), suggesting that the VENS are
involved in immune and inflammatory regulation. SOCS3
(Suppressor of cytokine signaling 3) is a member of the
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STAT-induced STAT inhibitor (SSI) family and is a
cytokine suppressor of signaling (Lebel et al., 2000).
SOCS3 is activated by IL6, a regulator of inflammation.
SOCS3 specifically labels VENs and layer 5 neurons.
These results provide evidence that proteins involved in
inflammation in ACC and FI are specific to VENs and
their role in inflammation. IL6-mediated functioning of
ACC may have a strong influence on cognitive
performance as is evidenced by the following experiment
by Brydon et al., 2008. Vaccination for typhoid increases
the serum levels of IL6, which are linked to the brain
concentrations of this cytokine. The Stoop test measures
the reaction time of subjects when they have to discount
conflicting information to perform a task, and the dorsal
ACC, where the VENs are abundant, is strongly and
selectively activated when subjects perform the Stroop task
(Harrison et al., 2009a). After typhoid vaccination, the
reaction time in the Stroop test is strongly and linearly
related to the increased serum concentration of IL6
suggesting that the accompanying cytokine activity in the
brain is influencing the VENSs and other layer 5 neurons in
ACC that relay information from ACC to other parts of the
brain.  The increased production of IL6 in these
experiments is also related to the induction of negative
mood changes that are closely linked to the activity of
subgenual ACC, where the VENS are also abundant
(Harrison et al., 2009b). Similarly, the induction of
negative mood is related to increased activity in subgenual
ACC and the increased production of inflammatory
cytokines measured peripherally in the saliva (O’Connor et
al.,, 2009). Thus, there are strong linkages between the
activity of ACC, inflammatory cytokines whose receptors
are strongly expressed in the VENSs, slowed cognitive
functioning and the induction of negative mood.
“Professor, Division of Biology, Caltech
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12. RNA-Seq studies of gene expression in fronto-
insular (FI) cortex in autistic and control
subjects reveal gene networks related to
inflammation, development and synaptic
function
Nicole A. Tetreault, Brian J. Williams, Andrea
Hasenstaub, Atiya Y. Hakeem, Minghsun Liu,
Anna C.T. Abelin, Barbara J. Wold, John M.
Allman
Fl is part of the neural system involved in self-

awareness and social reciprocity and contains von

Economo neurons (VENS) that selectively degenerate in

fronto-temporal dementia (FTD) and may also be

involved in autism (Seeley et al., Ann. Neurol., 2006;

Allman et al., TICS, 2005). Deficits in self-awareness and

social reciprocity are characteristic of both conditions.

The activity of FI is reduced in autistic subjects relative to

controls when they introspect their feelings (Silani et al.,

Social Neurosci., 2008). We have used RNA-Seq to

quantify expression across the entire set of genes in FI

obtained from well phenotyped autistic cases and controls.

We have used an informational theoretic approach based

on how informative each gene is in discriminating two

types of autistic brains and control brains (normalized
mutual information, NMI). The most informative genes
were subjected to IPA and GO analysis. Autism-A brains
have a greater number of activated microglia, key cellular
participants in the inflammatory response in the brain,
compared to autism-B brains, and controls. IPA based on
the 225 most informative genes revealed that autism-A
brains have a network of strongly upregulated genes
related to immune function and inflammation. L6 is the
major hub in this network. The proteins for the IL6
receptor and several genes in the network, such as ATF3,
are preferentially immuno-stained in the VENSs. Previous
studies have found increased amounts of IL6 protein in
autistic subjects relative to controls in frontal cortex (Li et
al., J. Neuroimmunology, 2009) and anterior cingulate
cortex (Vargas et al., Ann. Neurol., 2005). There are
many studies that implicate IL6 in social functioning

(Adler, Psychoneuroimmunology, 2007). The VENSs also

preferentially express the proteins for several genes

upregulated in the networks for both autism-A and B such
as OLR1 (oxidized lipoprotein receptor 1), which is also
implicated in inflammation and Alzheimer’s disease.

There is also strong immuno-staining for OLR1, IL6R and

ATF3 proteins in another specialized class of layer 5

neurons, the forked cells. For the 1000 genes with the

highest NMI values, we performed a GO analysis for the
comparison of autism-A vs. B vs. Controls which revealed

a set of significantly enriched GO terms related to stress

and inflammation reflecting the network of genes centered

on IL6 in autism-A. There are also large sets of
significantly enriched GO terms related to nervous system
development and to synaptic functioning. In summary,
the VENSs, forked cells and microglia are implicated in

inflammatory processes in autism; also implicated in FI
are gene networks involved in developmental and synaptic
processes.

13. Diffusion-tensor imaging study of connectivity
in the Microcebus murinus brain

Soyoung Park, J. Michael Tyszka, John M.

Allman

We have examined the connectivity patterns in
the brain of a Microcebus murinus - the gray mouse lemur
— using diffusion-tensor imaging (DTI), an innovative
magnetic resonance technique that employs the diffusion
movement of water to map fiber tracts within tissues. The
animal had been terminally ill with cancer and perfused
with paraformaldehyde. The diffusion-tensor image, with
a voxel size of 0.9 mm, was acquired using the Bruker
9.4-Tesla magnet at the Caltech Brain Imaging Center.
Our main regions of interest during this study were the
main olfactory bulb (MOB) and the septum pellucidum.

Our data suggest some degree of laminar
organization within the MOB. As partially illustrated in
the Figure 1, the regions near the outer edge of the MOB
seem to project to certain regions in common (such as the
accessory olfactory bulb, frontal pole, septum pellucidum,
piriform cortex, olfactory tubercle, amygdala, entorhinal
cortex, etc.), while the regions near the center of the bulb
display another set of shared projections (reduced
projection to the piriform cortex, olfactory tubercle,
amygdala, and entorhinal cortex; increased projection to
the septum pellucidum). This finding appears consistent
with previous studies that revealed the presence of laminar
cell organization in the mammalian MOB. In addition, the
projection patterns in our data tend to agree with those
suggested by previous rat studies (Shipley and Ennis,
1996).

Our results also indicate that the septum
pellucidum can project to areas such as the hippocampus,
MOB, entorhinal cortex, nucleus accumbens, and
habenula. We also found intrinsic projections within the
septum pellucidum (see Figure 2). The connection to the
MOB suggests the septum's heavy involvement in the
olfactory system. Also, the projection toward the habenula
— which suppresses the activity of the dopaminergic
neurons of the midbrain — implies that the septum might be
involved in regulating the reward circuitry of the brain. In
addition, the strong projection to the hippocampus is
consistent with the evidence from previous studies,
supporting the accuracy of our data (Zhou et al., 1999).
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Figure 1. The parasagittal view of the mouse lemur brain with the projection data from various locations on the mediolateral
axis of the MOB: the top row consists of the data from the medial region of the bulb; the middle row = near the center of the
axis; the bottom row = the lateral edge of the bulb.

Figure 2. The projection patterns from some of the regions within the septum pellucidum of the mouse lemur brain. Upper
left: The intrinsic connection within the septum itself; upper right: The projection to the MOB and the frontal pole; lower left:
The projection to the hippocampus; lower right: The projection that wraps around the thalamus and connects to the habenula.
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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.

Neuroprosthetics. 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 signals to operate external devices such
as a robot arm, autonomous vehicle or a computer.

Recent attempts to develop neural prosthetics by
other labs have 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.

Movable probes. In collaboration with Joel
Burdick's laboratory at Caltech, we have developed a
system that can autonomously position recording
electrodes to isolate and maintain optimal quality
extracellular recordings. It consists of a novel motorized
microdrive and control algorithm. The microdrive uses
very small piezoelectric actuators that can position
electrodes with micron accuracy over a 5 mm operating
range. The autonomous positioning algorithm is designed
to detect, align, and cluster action potentials, and then
command the microdrive to move the electrodes to
optimize the recorded signals. This system has been
shown to autonomously isolate single unit activity in
monkey cortex. In collaboration with Yu-Chong Tai's lab
and the Burdick lab we are now developing an even more
compact system that uses electrolysis-based actuators
designed to independently move a large number of
electrodes in a chronically implanted array of electrodes.

Coordinate frames. 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.

We have also been examining the coordinate
frame for coordinated movements of the hand and eyes. In
the dorsal premotor cortex we find a novel, "relative"
coordinate frame is used for hand-eye coordination.
Neurons in this cortical area encode the position of the eye
to the target, the position of the hand to the target, and the
relative position of the hand to the eye. A similar relative
coding may be used for other tasks that involve the
movements of multiple body parts such as bimanual
movements.

Motion perception. 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.

Local field potentials. The cortical local field
potential (LFP) is a summation signal of excitatory and
inhibitory dendritic potentials that has recently become of
increasing interest. We report that LFP signals in the
saccade and reach regions provide information about the
direction of planned movements as well as the state of the
animal; e.g. baseline, planning a saccade, planning a reach,
executing a saccade, or executing a reach. This new
evidence provides further support for a role of the parietal
cortex in movement planning. It also shows that LFPs can
be used for neural prosthetics application. Since LFP
recordings from implanted arrays of electrodes are more
robust and do not degrade as much with time compared to
single cell recordings, this application is of enormous
practical importance.

fMRI in monkeys.  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 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 are using this
magnet, combined with neural recordings, to examine the
correlation between neural activity and fMRI signals.
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14, Neural adaptation in the parietal reach region
to a rotational perturbation using a closed loop
brain machine interface
Paul Bailey, EunJung Hwang, Richard A.
Andersen
The brain machine interface paradigm provides a

novel approach to examine neural plasticity through
experimenter-applied perturbations to the decoding
algorithm. During brain control experiments, perturbation
of the decoding model operating on neural activity creates
a dissociation between the intended movement and the
decoded movement. How the brain compensates for this
error and regains accurate output device control allows
researchers to better understand the neural basis of spatial
reorganization during adaptation learning and to address
the extent that selective control of neural activity is
possible in a given behavioral condition.

The aim of this study was to examine how the
spatial representation of a network of neurons in the reach
region of the posterior parietal cortex (PRR) changes to
adapt to a 180 degree rotation in the decoding algorithm.
We compared the responses of neurons whose activity was
used for decoding to those neurons whose activity was not
used for decoding to evaluate the strategy used to
compensate for the decode perturbation. Recordings were
made with an eighteen channel semi-chronic microdrive
(Neuralynx). During brain control experiments in
primates, maximum likelihood estimation was used to
decode the intended reach location in a center out task
from single unit memory period firing activity in PRR.
The animals were given a color cue at the beginning of
each trial instructing whether the decoding model was
perturbed (anti-decode task) or non-perturbed (pro-decode
task). After demonstrating proficiency in the pro-decoding
task, the decode algorithm was perturbed by rotating the
tuning function of the decoding neural activity by 180
degrees. This anti-decode task was carried out until good
performance was reestablished.

We found that the neurons used for the decoding
and those which were not both changed their activity
patterns similarly to offset the decoding perturbation.
Thus, the predominant strategy used to regain control is
highly cognitive, involving a global compensation in the
activity of all neurons. With training, the transition to the
new pattern required only a few trials to become proficient
with the anti-decode task. This adaptation was able to
generalize to new targets further indicating its cognitive
nature. In summary, PRR learns new spatial contingencies
using a global cognitive strategy.
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15. Parietal area 5d encodes hand position and eye
position in a reach-planning task

Lindsey Bremner, Richard A. Andersen

The execution of reaches to visual targets requires
coordinate  transformations  between  the  neural
representations of the sensory signal (in which targets are
initially coded retinotopically) and the eventual motor
command (in which targets are coded with respect to the
effector limb). In macaques, anatomically connected
circuits between the posterior parietal cortex and frontal
cortex have been shown to play a role in this aspect of
reach planning: neurons in the parietal reach region (PRR)
represent the location of planned reach targets (T) in an
eye-centered reference frame (T-E; Ref. 1), neurons in
dorsal area 5 (area 5d) of parietal cortex represent the
targets with respect to both the eye and the initial hand
position (T-E, T-H; Ref. 2), and dorsal premotor cortex
(PMd) is known to contain a complete set of vectors for
relative coding of the hand, eye and target positions,
including H-E (Ref. 3).

We sought to extend these findings by examining
whether neurons in area 5d also code the initial position of
the hand with respect to the eye (H-E) when reaches are
being planned, in addition to encoding T-E and T-H. We
present spike data from one rhesus macaque during a
memory-guided reaching task in which the initial hand and
eye positions were varied systematically. Preliminary data
show a convergence of eye position and limb position
effects on individual neurons, consistent with complete
relative coding in area 5d. Ongoing experiments are being
performed to determine whether the encoding of hand and
eye position is indeed relative in area 5d.
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16. Intrinsic reward value of entertaining videos is
represented in primate orbitofrontal cortex

Michael Campos, Kari Koppitch, Richard A.

Andersen, Shinsuke Shimojo”

In the United States, adults spend over twice as
much time watching television as they do eating or
drinking, indicating the importance of non-appetitive
rewards to modern human life. The brain's reward
circuitry has been intensely studied in the past decade, but
usually in the context of appetitive rewards that contribute
to survival. It is unclear, however, whether the brain
circuitry supporting the acquisition of appetitive rewards is
the same, distinct, or overlapping with that supporting the
acquisition of non-appetitive rewards. To address this
issue we investigated whether neurons in the orbitofrontal
cortex (OFC), a brain region largely implicated in reward
processing, encoded the value of different reward
categories - drops of juice and video clip presentations.
Previously, we have shown that overlapping populations of
neurons in the OFC were activated in a juice reward task
and in a novel free-choice paradigm in which monkeys

pressed buttons to watch short video clips. Since the firing
activity of neurons in the primate OFC has never been
correlated to the intrinsic value of visual stimuli, such as
the entertainment value of video clips, we have now
assessed whether the neurons that responded in the video-
watching period of our experiments reflected the monkey's
subjective value of watching entertaining videos, as
opposed to simple visual stimulation. Here we report,
based on a devaluation analysis comparing neural
responses to repeated viewings of the same video
sequences, that a subset of the neurons encoded the
monkey's subjective value of watching videos. This
parallels recent findings that some OFC neurons encode
the value of drinking juices. While many individual
neurons were activated in both tasks, we did not find any
that encoded the subjective value of both types of rewards,
suggesting that the value representations are encoded in
separate OFC subpopulations. These results suggest that
OFC can provide a population code that allows for the
direct comparison between appetitive and non-appetitive
rewards, and are consistent with our intuition that
perceptual experience itself is rewarding.
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17. Adaptation of posterior parietal cortex to
visually imposed perturbations of movement
dynamics
Markus Hauschild, Grant H. Mulliken, G.E.
Loeb, Richard A. Andersen
Posterior parietal cortex (PPC) is known to be

involved in sensorimotor transformations required during

planning and execution of reaching movements. Recently
it has been shown that during execution of reaching
movements PPC contains information about instantaneous
hand position. Instantaneous hand state estimates are
neither directly available from passive sensory feedback
nor compatible with outgoing motor commands; they are
instead assumed to be generated by internal forward
models.  Learning ensures that internal models are
continuously updated when a new motor skill is acquired
or when internal model predictions are inaccurate. In
healthy subjects, proprioception and vision provide
feedback signals to guide movement and update inaccurate
internal models, whereas in amputees equipped with a
prosthetic limb the CNS is required to rely on visual
feedback only to adapt to the unknown dynamics of the
artificial limb. Our study determined if forward model-
related activity in PPC updates in response to an artificially
imposed dynamics perturbation. We recorded from single
units in PPC while a monkey was learning to control a 3D
cursor in virtual reality using the movement of his right
hand. Once he had learned the 1:1 mapping between hand
and cursor movement, we imposed a realistic prosthetic
limb dynamics model to the movement of the on-screen
cursor, effectively creating a mismatch between unaltered
proprioceptive and altered visual feedback. Once fully
adapted, the imposed dynamics model was removed to
observe re-adaptation.  Initial results from ongoing



experiments suggest that PPC neural activity shifts from an
initially strong instantaneous representation of the
unperturbed movement toward a better representation of
the perturbed cursor movement.

To study adaptation without proprioceptive
inputs, the monkey was required to guide the 3D cursor
using his neural signals only while not moving his arm.
Cursor position was determined by an algorithm consisting
of a neural decoder that translated the neural activity into
cursor control commands, and a dynamics model, which
constrained cursor movement. Through the brain-control
phase of the experiment, we observed gradual
improvement of the monkey's ability to acquire targets
successfully for both the unperturbed and the dynamics-
imposed cases. Behavioral performance increase was
accompanied by a change of the neural ensemble's tuning
properties.

Our initial results support the hypothesis that in
addition to its known role in adaptation to spatial
perturbations, PPC is also involved in adaptation to altered
movement dynamics, thus, emphasizing its potential role
in internal forward model computation.

18. Complementary multi-site LFPs and spikes for
reach target location decoding in the parietal
reach region
EunJung Hwang, Richard A. Andersen
Local field potentials (LFPs) in the parietal reach

region (PRR) modulate the power in the beta and gamma
bands depending on the impending reach target location.
Therefore, the intended reach target location can be
decoded from LFPs in PRR. An earlier study showed that
decoding accuracy increased when the LFP signals from
multiple sites were used, suggesting that LFP signals at
different sites encoded independent information regarding
the reach target location (Scherberger et al., 2005). The
multi-site LFP signals used in this earlier study, however,
were artificially synthesized by combining LFP signals
that were sequentially recorded one site at a time. The
different LFP sites in the sequential recording paradigm
lack correlated noise that would have occurred during true
simultaneous multi-site recording, suggesting that the
observed high performance may be an unrealistic
overestimate.

To address this concern, we examined actual
multi-site  LFPs (up to 15 channels) that were
simultaneously recorded in PRR while a monkey
performed center-out reaches to six different target
locations. When the multi-site LFP signals were used for
decoding the target location, the decoding accuracy
monotonically  increased  with  the number of
simultaneously recorded LFP sites, consistent with the
prediction made from the sequential data set. These results
indicate that the LFP signals at different sites indeed
provide a significant amount of independent information
during simultaneous recordings to successfully decode
intended reach locations.
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Furthermore, when both spike and LFP signals
were used for decoding, the accuracy was higher by 10-
45% than when only spike signals were used. The
enhancement by LFP signals was more critical as the
decoding accuracy using spike signals decreased.
Therefore, the multi-site LFP signals in PRR can provide
independent information regarding the reach target
location, complementing spike signals for neural prosthetic
applications.

Reference
Scherberger, H., Jarvis, M.R. and Andersen, R.A. (2005)
Neuron 46:347-354.

19. fMRI dynamics in monkeys reflect spatial
decisions and preferences in free choice and
reward context tasks
Igor Kagan, Melanie Wilke, Richard A. Andersen
Exploring and choosing between multiple options

is an important attribute of flexible behavior in primates.

We investigated the neural substrates of internal

preferences and external reward contingences in voluntary

decision-making in three monkeys with time-resolved
event-related high-field fMRI. We used two oculomotor
spatial decision tasks to assess the dynamics of target
representation and response selection in the distributed
frontal-parietal-temporal network.  In the first task,
instructed single-target memory saccade trials were
interleaved with choice trials, in which two equally

rewarded targets were briefly presented and after a 10 s

delay monkeys could select either location. The

contralateral build-up of BOLD activity during the delay
period reflected the monkeys' upcoming choices, and
different cortical areas signaled the decision at different
times. The relative ordering of BOLD time-course
amplitudes during instructed and choice trials:
contralateral instructed > contralateral choice > ipsilateral
choice > ipsilateral instructed — demonstrated the mutually
competitive interactions between sensory/attentional target
representations and prospective motor plans in the two
hemifields. Notably, subjects' internal behavioral spatial
biases were reflected in the inter-hemispheric imbalance of
left/right spatial representations: cues presented on the
preferred side of visual space elicited stronger and more
bilateral BOLD responses. These activation patterns are
consistent with a model that postulates mutually competing
interactions between two target representations/response
options within each hemisphere, and between hemispheres.

Apart from internal preferences, decisions are
often determined by reward expectations. Therefore, in
the second task we introduced a reward magnitude context
associated with target colors to study the effects of reward
expectation and choice certainty in sensorimotor
representations. The monkeys learned the stimulus-reward
association and preferentially selected larger reward
targets in the two-target choice condition. This behavioral
preference was paralleled by significantly stronger cue and
delay period BOLD activity in large reward trials in
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several frontoparietal areas: LIP, FEF, 8B and caudate
nucleus. These results support prospective evaluation of
goal-directed actions. Taken together, these experiments
suggest a common mechanism for integrating internal
biases and external variables during oculomotor decisions.
Funding: Moore Foundation, NEI, Boswell Foundation

20. Spike phase tuning in primary visual cortex

Zoltan Nadasdy, Richard A. Andersen

We recorded single-unit activity and LFP from
the V1 of two awake, behaving monkeys in a two-
alternative forced-choice perceptual decision task. The
monkeys were trained to hold fixation while the receptive
fields of the recorded neurons were exposed to structure-
from-motion stimuli. ~ The monkeys' task involved
reporting the rotation direction of a cylinder rendered by
coherently moving dots while we varied the disparity and
speed of the coherently moving dot field. Ambiguous and
unambiguous trials were randomly interleaved. The
objective of this study was to compare the spatio-temporal
tuning curves between firing rates and firing phases for
each neuron from the same trials. Three types of tuning
curves were considered: speed, disparity, and perceptual-
choice tuning. Firing-rate tuning curves were constructed
by binning the 1-s spike trains with 50-ms time windows.
In order to compute the firing phase, spike times were
converted to phase values relative to the nearest successive
peaks of the ongoing alpha and gamma oscillations. The
stability of tuning curves over the stimulus presentation
interval was quantified and compared between firing-rate
and firing-phase tuning curves, for alpha and gamma
phases separately. We found that while the disparity
tuning of firing rates changes rapidly during the 1-s
interval of stimulus presentation, the phase tuning in
gamma band remains relatively stable. We also found that
phase tuning was stronger in gamma band than in alpha
band. The majority of neurons in our sample expressed
more stable tuning in firing phases than in firing rates,
indicating that spike phase encodes less "volatile” visual
features than firing rate. Interestingly, neurons that
exhibited relatively stable firing phase in disparity tuning
also tended to exhibit unstable firing-rate tuning curves.
These findings suggest that a population of neurons may
use phase coding alternatively as opposed to in
combination with firing-rate coding to encode specific
stimulus features.  Moreover, spike-phase differences
showed higher correlation with perceptual choices than
firing-rate  differences during ambiguous stimulus
presentations. Funding: NEI and J.G. Boswell
Professorship

21. CONUS masking reveals saliency
representation in reach-related areas of the
posterior parietal cortex
Claudia Wilimzig*, Markus Hauschild, Christof
Koch?, Richard A. Andersen
The parietal reach region (PRR) and Area 5 of the

posterior parietal cortex (PPC) have been shown to encode

reach plans. However, there have not yet been studies
examining the possible effects of attention on visual
responses in these parts of the PPC. We here examine
whether PRR and Area 5 represent salient features in
natural scenes using a newly developed masking
technique, CONUS (Complementary NatUral Scene)
relying on presentations of brief flashes of a natural scene

(10 ms, e.g.) followed by an equally brief flash of the

CONUS mask — the exact inverse of the natural scene

which may simply be obtained by subtracting it from the

maximum entry in each respective color channel

(Wilimzig et al., 2008). Psychophysical results in human

subjects show that this masking technique highlights

salient regions of an image while it suppresses non-salient
regions of the image thus, resulting in a percept that
closely resembles the saliency map of a natural scene as
predicted by computational algorithms of saliency (ltti and

Koch, 2001 e.g.). An advantage of this paradigm is that it

can produce saliency maps rather automatically and

without requiring the subject to perform a behavioral-
attention task.

Two monkeys (Macaca mulattas) passively
viewed natural scenes while PRR and Area 5 spiking
activity was recorded from a microelectrode array implant.
We found a neural correlate of the psychophysical effect of
CONUS: The activity for non-salient regions of the
images decreases due to the presentation of the CONUS
mask while activation for salient regions increased
consistent with psychophysical results in human subjects.
We show that a linear combination of the activity of 11
neurons can construct saliency maps that highly
significantly correlate with predictions from computational
algorithms.

The experimental phenomenon of CONUS
masking and finding its neural basis provide important
constraints on the current understanding of saliency
processing in the brain and on computational approaches
to saliency. In addition, our newly developed paradigm
provides an important tool for investigating the neural
basis of saliency representation for natural scenes in
neurophysiological experiments.

'Christof Koch's lab, Division of Biology, Caltech

*Professor, Caltech



22. BOLD responses during pharmacologically

induced hemi-neglect in the parietal cortex

Melanie Wilke, Igor Kagan, R.A. Anderson

Spatial neglect is a debilitating
neuropsychological disorder occurring frequently as a
consequence of parieto-temporal lesions in humans.
Neglect is characterized by an impaired or lost ability to
explore and perceive the space contralateral to the lesion,
which cannot be explained by primary sensory or motor
disorders. Visual neglect can be induced in macaque
monkeys using lesions or reversible inactivations in
several cortical areas, as well as subcortical nuclei. In this
study, we tested the long-standing hypothesis that neglect
symptoms such as spatial bias are due to an inter-
hemispheric activity imbalance caused by the lesion. We
reversibly inactivated portions of area LIP while a monkey
performed a delayed memory saccade task and event-
related BOLD activity was measured concurrently in a
4.7T scanner. The monkey was required to perform a
saccade to either an instructed location ('single target
condition’) or was free to choose between two spatial
alternatives (‘two target condition’). LIP inactivation after
muscimol injection did not impair memory saccade
performance towards single targets, but led to an
ipsilesional choice bias in the two-target condition.
Specifically, the monkey showed a choice bias towards
targets in the ipsilesional space (71% after inactivation as
compared to 51% in control sessions). Consistent with the
hemispheric imbalance model of spatial neglect, LIP
inactivation modestly reduced contralateral cue/delay
period BOLD activity in single target trials within the
lesioned hemisphere (e.g., in the superior temporal sulcus),
and slightly increased the activity in the hemisphere
opposite to the lesion. However, not predicted by previous
models, activity in both hemispheres was markedly
increased in comparison to control sessions when the
monkey chose targets in the non-preferred (‘neglected’)
hemifield. Taken together, our results suggest that local
lesions in the parietal cortex lead to widespread neural
activity changes within the temporo-parietal network
including reduced activity in the lesioned hemisphere and
task-dependent compensatory activity enhancement in both
hemispheres.
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Summary: Research in this laboratory is aimed at
understanding the neurobiology of emotion. We seek to
elucidate how fundamental properties common to
emotional states or responses, such as arousal, are encoded
in the circuitry and chemistry of the brain, and how
sensory stimuli eliciting specific emotional responses, such
as fear or aggression, are transformed and organized into
behavior by the nervous system. Our work employs
molecular genetic tools to mark, map and functionally
manipulate specific circuits, to determine how identifiable
populations of neurons contribute in a causal manner to
behavior. These interventional studies are complemented
by electrophysiology and functional imaging to measure
activity in neural circuits. We use two model organisms in
the laboratory: mice and the vinegar fly Drosophila
melanogaster, with roughly equal emphasis on both.

Emotion circuits in the mouse brain

Research using the laboratory mouse Mus musculus
focuses on understanding the neurobiology of fear,
anxiety, aggression and pain, and the interrelationships
between the circuitry that processes these emotions.

Our studies of fear are currently centered on the
function of circuits in the amygdala, a medial temporal
lobe structure that plays an important role in Pavlovian
learned fear, a form of classical conditioning. We have
identified genes that mark several subpopulations of
neurons that form a dynamic microcircuit within the
central nucleus of the amygdala. The function of this
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microcircuit in fear behavior is being dissected using
optogenetic tools, such as channelrhodopsin, and
pharmacogenetic tools, such as the ivermectin-gated
glutamate sensitive chloride channel (GIuCl) (Lerchener et
al., 2007), together with acute slice electrophysiology and
genetically based anatomical tracing of synaptic pathways.
Computational models for this circuit are being developed
in collaboration with the Elowitz laboratory, in order to
understand its function at a systems level and generate
testable predictions.

Similar approaches are being used to understand
the role of another brain region strongly implicated in
stress and anxiety, the lateral septum (LS). There are
conflicting data on whether the LS promotes or inhibits
anxiety, due to a lack of information about its
microcircuitry. We have gained a point-of-entry into this
structure by focusing on neurons expressing the type 2
corticotrophin releasing hormone receptor (Crhr2), and are
using a combination of transgenic and novel viral tools to
understand the functional circuitry in which these neurons
participate. In the case of aggression, we are focusing on
circuits within the hypothalamus, an area that has
extensive connectivity with both the LS and the amygdala,
through which it receives input from the olfactory system
(Choi et al., 2005). We are using chronic in vivo multi-
unit recording to probe the relationship between neuronal
activity and aggression, as well as mating, and are also
employing genetically-based functional perturbations to
understand how these two related social behaviors are
processed by a common structure.

Pain has both a sensory and an affective
component. We are using genetically targeted methods to
probe the functional roles of different subpopulations of
primary sensory neurons identified by the expression of
Mrgprs, a family of orphan G protein-coupled receptors
that we previously characterized (Dong et al., 2001). We
are interested in the extent to which these receptors mark
neurons specialized for particular types of painful stimuli,
and if so how this specificity is conveyed to the brain.

Emotion circuits in Drosophila

The pioneering work of the late Seymour Benzer proved
that the powerful genetics of Drosophila can be used to
dissect the genetic underpinnings of many types of
complex behaviors. Until recently, however, it was not
clear whether this model system could also be applied to
understanding the neurobiology of emotion and affect. We
are taking two complementary approaches to determine the
extent to which this is possible, and if so what we can learn
from it. One approach is to dissect the neural circuitry
underlying behaviors that are analogous to defensive
behaviors in higher organisms, such as avoidance (Suh et
al., 2004, 2007), aggression (Wang et al., 2008) or
immobility (Yorozu et al., 2009). The other is to model
internal states or processes that are fundamental to many
types of emotional responses, such as arousal, to ask for
example whether arousal is unitary, or whether there are
different types of behavior-specific arousal states
(Lebestky et al., in press). In both cases, we are
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developing novel behavioral assays, as well as machine
vision-based approaches (Dankert et al., 2009) to automate
the measurement of these behaviors (in collaboration with
Pietro Perona, Allen E. Puckett Professor of Electrical
Engineering), and are using molecular genetic-based tools
to image and perturb neuronal activity in order to identify
the specific circuits that mediate these behaviors.
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23. Connectivity and function of lateral septal

Crhr2" neurons

Todd Anthony

Although several brain regions have been
implicated in regulating anxiety, the specific neural
circuits involved remain poorly understood. The
identification and analysis of these circuits is therefore a
fundamental first step towards the development of
improved treatments for anxiety disorders. The lateral
septum (LS) is one brain region that has long been thought
to be involved in controlling anxiety. However, it is
unclear whether the LS is primarily anxiolytic or
anxiogenic, or perhaps comprised of multiple classes of
neurons each with a distinct effect on anxiety. Answering
this question will require systematically manipulating
defined LS neuronal populations in a precise and
reproducible manner. One particular population likely to
be relevant to analysis of the LS role in anxiety are
neurons that express the corticotropin-releasing hormone
receptor 2 (Crhr2); genetic data has demonstrated that
Crhr2 modulates behavioral responses to stress and
anxiety, and pharmacological studies have shown that

these effects are due at least in part to Crhr2-expressing
neurons within the LS. However, despite strong evidence
implicating LS Crhr2® neurons in regulating anxiety,
neither their synaptic connections nor exact function are
known. We are addressing these questions using genetic
tools to trace the connectivity and manipulate the firing
properties of LS neurons that express Crhr2. By restricting
analysis to neurons expressing Crhr2, these experiments
are yielding highly specific results about an anatomically
and genetically defined neuronal population; such
information is a prerequisite in the development of
targeted anxiolytic drugs.

24. Genetic dissection of the aggressive behaviors
of Drosophila species

Kenta Asahina

Aggressive behaviors are prevalent among
animals including fruit flies, a powerful genetic model for
various animal behaviors. Excessive aggression in both
animals and humans poses threats to our society. Little is
known about the molecular machinery that dictates the
neuronal circuits supporting the fly's aggressive behaviors.
In order to obtain insight into such genes, we compared the
frequency of aggressive behaviors among three closely
related Drosophila species: D. simulans, D. mauritiana
and D. sechellia. These three species share almost
identical genomic structures, and all three species can
generate fertile F1 hybrids with each other, allowing
genetic analysis of quantitative trait loci (QTL) that may
underlie any behavioral differences among the three
species. The knowledge from the species comparison can
be translated into their genetically versatile sister species,
D. melanogaster, for genetic and neuronal manipulation.
Such studies can reveal a molecular mechanism
modulating fly aggressive behaviors in ecologically
relevant manner.

Among the three species, D. simulans showed
markedly reduced aggressive interactions compared to D.
mauritiana, in the standard aggression chamber developed
for the study for D. melanogaster. D. sechellia showed a
comparative level of aggressive interactions to D.
mauritiana only when the juice of the morinda fruit, the
sole host plant of D. sechellia, was present in the food
patch provided in the aggression chamber. | tested F1
hybrid males from a cross between female D. simlans and
the male of D. mauritiana. Interestingly, the number of
their aggressive interactions was as low as that of D.
simulans.  This result suggests that the genetic traits
causing the difference between D. mauritiana and D.
simulans are low in number. It is possible that the only
one genetic trait (a single gene) causes the observed
difference. In such a case, two possibilities are that 1) the
less aggressive phenotype is genetically dominant, or 2)
the gene promoting aggression is on the X chromosome.
Further studies will aim to distinguish these alternatives
and identify the relevant gene(s).



25. Neural circuitry underlying mouse fear
behavior
Haijiang Cai, Wulf E. Haubensak, David J.
Anderson

The amygdala plays a key role in fear
conditioning; however, its cellular complexity makes it
difficult to understand in detail how the underlying neural
circuits regulate fear responses. Our lab has identified a
genetic-marker(PKC-delta)- which labels a subpopulation
of CeC/L (capsular and lateral division of central
amygdaloid nucleus) neurons, which may function in
circuit gating fear responses (see Wulf Haubensak's
abstract). In order to understand the circuit-level
mechanism of how these neurons participate in fear
conditioning, we  combined  optogenetics  and
electrophysiology to map the neuronal circuits that these
neurons are involved in. We demonstrated that photo-
stimulation of ChR2 expressing PKC-d neurons or their
fibers in brain slices is sufficient to trigger action potential
firing and post synaptic responses. Therefore, we are able
to map both local and long-range (cortical) functional
inputs to these CeC/L neurons, as well as outputs from the
neurons. We find that the CeC/L neurons make inhibitory
synapses onto projection neurons in CeM (medial part of
the central amygdaloid nucleus), which can be back-
labeled from the PAG (periaqueductal gray). However the
local inhibition within the CeC/L population is stronger
than the inhibition of projection neurons in CeM. At the
same time, we are testing if the strength or dynamics of the
circuits are modulated by experience or anxyolytic drugs.
The structure of the neural circuits and their regulation
characterized here will help us to understand better how
the amygdala regulates fear responses and other emotional
behaviors.

26. Reactive oxygen species modulate Drosophila

sexual behavior

Gil B. Carvalho, Shlomo-Ben-Tabou de-Leon,

Seymour Benzer, David J. Anderson

Reactive oxygen species (ROS) play an important
role in numerous signaling pathways and have been
implicated in aging and neurodegenerative disease. We
are studying the role of ROS in modulating sexual
behavior. Virgin females challenged with ROS-inducing
mutations (in the mitochondrial complex Il protein SdhB)
or environmental agents (high ambient oxygen levels or
dietary H202) exhibit behaviors typically triggered upon
mating as a result of the transfer of the Sex Peptide (SP):
high egg-laying rates, accelerated oogenesis and reduced
sexual  receptivity. Conversely,  genetic  or
pharmacological treatment of oxygen-exposed or
SP-expressing virgins with antioxidant agents abolishes
the behavioral changes, supporting the notion that elevated
ROS levels are required for the post-mating behavioral
switch.  Pan-neuronal expression of antioxidants is
sufficient to block the effect of oxygen, suggesting that
ROS act in the fly nervous system to regulate sexual
behaviors. Our current efforts include the identification of
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genetic pathways and neuronal circuits involved in
mediating this novel effect of ROS.

27, Genetic dissection of amygdala neuronal
circuitry for fear and anxiety in mice

Prabhat S. Kunwar

An animal's survival depends on its capacity to
identify which sensory stimuli are dangerous to its
existence, and its ability to produce the appropriate
responses to avoid or combat harmful stimuli. The neural
circuitry that control fear, which can be learned or genetic
(innate), and anxiety govern these critical judgments. In
human, dysfunctions of this circuitry are thought to result
in different diseases such as chronic anxiety, PTSD,
depression, and autism.

The brain region, which is linked to these diseases
and plays a crucial role in regulating fear and anxiety, is
the amygdala, an almond shaped structure located in the
medial temporal lobe of the forebrain. Precisely
identifying the structure and function of the neural circuit
located in the amygdala is essential for understanding how
fear and anxiety occur in the normal brain, what goes
wrong in the amygdala of affected people, and how
appropriate treatments can be developed against fear
disorders.

Among its various nuclei, the central amygdala
(CeA) plays a key role in these fear behaviors. My goal is
to determine the roles of different neuronal subpopulations
in the CeA and to identify the neural circuits that control
these behaviors and disorders. In these experiments, | plan
to use molecular genetic tools of neuronal silencing and
activation to modulate electrical activities of these neurons
to analyze their effects on the behaviors in mice.
Furthermore, | will use the genetic methods of trans-
synaptic tracers to determine the anatomical and functional
relationship of the CeA neuronal subpopulations in order
to achieve a circuit level explanation for the behavioral
phenotypes that are caused by in vivo functional
perturbations of these subpopulations.

28. Fear control by inhibitory gating in the

amygdala

Wulf Haubensak, Prabhat Kunwar, Haijiang Cai,

David J. Anderson

Emotions are central to our mental self - among
these fear is probably the most basic medically important
emotion that can be addressed in experimentally tractable
animal model systems. In general, fear is induced by
stimuli that predict danger, and in turn evokes defensive
behaviors necessary for survival. This is governed by: (1)
integrating sensory information in the lateral amygdala,
and (2) relaying this information via the central amygdala
(CeA) to brainstem motor and autonomic control centers.
In addition, to increase behavioral flexibility, fear and
behavioral response are modulated by regulating the output
from CeA. However, because of the high degree of
neuronal heterogeneity in the amygdala, conventional
surgical and pharmacological manipulations could not
resolve which, and how, individual neuronal circuits
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mediate these functions. Here, we have used novel
combined viral and mouse genetic approaches to address
this problem. We have used region-specific marker genes
to genetically target subsets of amygdala neurons for
pharmaco-genetic silencing using an ivermectin-gated
chloride  channel, opto-genetic  activation  using
Channelrhodopsin, and virus-based neuroanatomical
tracing. With this strategy, we have identified a neuronal
population in the CeA that integrates top-down stress
control from cortical areas and stress signals from within
the amygdala and modulates fear by inhibiting amygdala
output neurons. Interestingly, this inhibitory gate is also
activated by, and partially mediates the anxiolytic effects
of, benzodiazepines, anxiolytic drugs used for treatment of
panic and anxiety attacks in humans. It is our hope that
these findings may provide entry points for understanding
neuronal circuit mechanisms of both fear and emotion in
general, as well as anxiety disorders and their
pharmacological treatment.

29. The role of neurosecretory cells in the
modulation of Drosophila behavior

Timothy Tayler, Anne Hergarden

Animals  exhibit countless complex and
stereotyped behaviors such as aggression, courtship and
the fight or flight response. These behaviors are generated
and modulated by neural circuits. Other than a few simple
reflex circuits, relatively little is known about how these
circuits generate appropriate behaviors.  Drosophila
exhibits complex behaviors, but are anatomically less
complicated and genetically more tractable than many
vertebrate model systems. In addition, flies have a highly
developed set of molecular tools that can be used to
manipulate and analyze specific cell populations.
Additionally, previous studies have demonstrated that
Drosophila can be used to successfully identify neural
correlates underlying complex behaviors such as courtship,
olfactory aversion and learning and memory.

The goal of this project is to elucidate the
connectivity, function, and modulation of circuits that
underlie Drosophila behavior.  Neuropeptides are an
important class of signaling molecules that are involved in
various aspects of animal physiology and behavior. To
gain genetic control over neuropeptide-producing neurons
we have identified the putative regulatory regions of 17
neuropeptide genes and have generated transgenic animals
that express the GAL4 protein in the same pattern as these
neuropeptides. The Gal4/UAS system is a genetic tool that
enables us to express a large variety of transgenes in a
spatially and temporally controlled manner. We have used
fluorescent reporters to characterize these neuropeptide-
Gal4 lines and have also validated the Gal4 expression
patterns. We are currently using these newly generated
tools to try to learn about the role of neuropeptidergic
neurons in modulating behaviors. This is accomplished by
using the neuropeptide-gal4 lines to express molecules that
can either silence or activate neurons. We are now testing
these circuit-modified animals in a wide variety of

behavioral paradigms including feeding behavior,
courtship, and circadian rhythm.

30. Functional dissection of the neural circuits
regulating aggression in Drosophila

Eric D. Hoopfer, David J. Anderson

Nearly all animals exhibit some form of innate
aggressive behavior that enables them to compete for food,
mates and territory while defending themselves against
predation. While engaging in aggression can provide a
competitive advantage, it is also energetically costly and
can lead to injury. Despite its social and ethological
importance, we know little about the neural mechanisms
that mediate aggression. An essential step in
understanding this behavior is to identify the neural
circuits that underlie aggressive behavior. Similar to many
species, Drosophila exhibit aggressive behavior consisting
of a distinct set of stereotyped behaviors that are innately
expressed, suggesting that the development and function of
the neural circuitry for aggression is genetically
determined.

In order to identify neuronal populations that
mediate aggression in Drosophila we have developed a
high-throughput screen for aggressive behavior, which
utilizes automated behavior tracking software® recently
developed in the Anderson lab by Heiko Dankert, a joint
postdoctoral fellow with Pietro Perona. Using the
GAL4/UAS system to drive expression of Drosophila
TRPA1, a temperature-sensitive non-selective cation
channel that results in neuronal firing at a threshold of
26C°, we will select for GAL4 lines that exhibit altered
aggressive behaviors when neuronal activity is increased.
In collaboration with Gerald Rubin (Janelia Farm, HHMI),
we are screening a large collection of novel GAL4 lines®
generated by his lab. These lines were generated by
driving GAL4 with selected fragments of non-coding
regulatory sequences from Drosophila genes that are
expressed in the nervous system, resulting in smaller
subsets of labeled neurons on average than existing GAL4
enhancer trap collections. The molecularly defined nature
of this collection greatly facilitates the creation of
intersectional genetic tools (i.e., GAL80 and split-GAL4
lines), which we will use to refine the expression pattern of
lines uncovered by our screen to the specific neurons
responsible for aggressive behavior.
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31. Monitoring and controlling neuromodulation

during behaviors in fruit flies

Hidehiko Inagaki

Neuromodulators regulate the outputs of neural
circuits, and allow animals to exhibit proper behaviors
under various conditions. In order to understand how
neuromodulators control behavior, it is critical to identify
the subset of neurons modulated during different
behavioral states. Despite its importance, currently there
are no methods to visualize neuromodulation in vivo. Here
| am developing such a system and applying it in the
behaving fruit fly, Drosophila melanogaster. So far |
applied the Tango assay, a system to induce reporter gene
expression in response to activation of G protein coupled
receptors (GPCRs) (Barnea et al., 2008) to neuromodulator
receptors of fruit flies. In both cell culture and in the brain
in vivo, this system activated reporter gene expression in
response to increases in the concentration of the
appropriate neuromodulator. In future studies, | will
improve this system to permit the visualization of
neuromodulation during various behavioral states.
Moreover, by driving neural effectors in the modulated
neurons, | will determine whether the modulated neurons
are necessary or sufficient for the behavioral state. As a
proof of principle experiment using this approach, | am
investigating neural circuits regulating stress-induced
behaviors in fruit flies. In addition, I am planning to
develop an anterograde transynaptic marker to analyze
higher order neuronal projections.

32. Arousal and modeling emotional responses in

Drosophila

Tim L. Lebestky, David J. Anderson

Emotional behaviors in humans convey a positive
or negative response to a stimulus, and this response is
typically manifest in discrete, highly conspicuous ways,
such as stereotyped facial expressions and graded changes
in levels of arousal. Although fruit flies (Drosophila
melanogaster) 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 arousal, as measured both qualitatively and
quantitatively. To this end, we are developing automated,
high-resolution behavioral assays that will allow a
reproducible characterization of behavioral responses to
aversive stimuli for high-throughput genetic screens.

One assay follows the startle effects on locomotor
behaviors in response to 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. Initial results suggest
that the animals show a robust, sustained increase in
locomotor arousal upon receiving the stimuli, but a
sustained response is not observed upon the presentation of
a single stimulus. Our interpretation of the results is that
the presentation of the puff stimuli raises the animals' state
of acute arousal, as manifest in a sustained locomotor
response. We have performed pilot genetic screens to
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isolate and characterize insertional mutants and potential
neural circuits that mediate this startle behavior, and are
currently sorting through putative mutations.

One of these mutations is an insertion in the
DopR locus, which acts as a strong hypomorph and results
in abnormally elevated locomotor arousal in response to
air puffs. Previously it has been thought that dopamine
promotes sleep-wake arousal in Drosophila, however our
investigations have uncovered a role for DopR both in
promoting sleep-wake arousal and also suppressing an
endogenous acute startle response. Our data supports the
hypothesis that dopamine oppositely regulates two forms
of arousal, and acts via DopR within distinct neural
circuits.

33. The role of TRPALl-expressing neurons in the
formalin-evoked pain

Hyosang Lee, Daniel Cavanaugh*, Li-Ching Lo,

Shannon Shields*, Allan Basbaum*, David J.

Anderson

TRPAL is a cation channel gated by pungent
chemicals such as mustard oil. Previous studies showed
that TRPAL1 is expressed in a subset of TRPV1" sensory
neurons in dorsal root ganglia. Consistently, we found that
pharmacologic ablation of the central branches of TRPV1*
sensory neurons in mice eliminates behavioral response to
topical application of mustard oil, whereas conditional
genetic ablation of Mrgprd® sensory neurons, which
constitute a non-overlapping population of neurons dose
not affect the response to mustard oil.

The formalin-evoked pain model has been used
widely to test analgesics in laboratory animals.
Intradermal injection of formalin into the hind paw of
rodents evokes robust nocifensive responses including paw
shaking and licking.  The molecular mechanism of
formalin-evoked pain is not yet understood. Recently, a
few studies showed that formalin-evoked response is
absent in TRPAL knockout mice, suggesting that formalin
exerts its effects by activating TRPAL. Interestingly, the
formalin-evoked responses were tested only at a dose that
is much lower than that of commonly used by other
researchers.

Using TRPV1" and Mrgprd” neuron-ablated mice,
we tested behavioral responses to low-dose (0.5%) and
high-dose (2%) formalin. In TRPV1® neuron-ablated
mice, behavioral responses to low-dose formalin were
eliminated, while no deficits were observed in response to
high-dose formalin. Mrgprd® neuron-ablated mice
exhibited normal responses to both low-dose and high-
dose formalin. These results suggest that TRPA1" neurons
indeed mediate behavioral responses to low-dose formalin,
but are not fully responsible for mediating responses to
high-dose formalin in the formalin model.

*Department of Anatomy, University of California, San
Francisco



46

34. Distinct but intermixed neuronal populations
mediate reproduction and aggression in a
single hypothalamus nucleus
Dayu Lin, David J. Anderson
Inter male aggression and male female mating are

generally considered as distinct behaviors. Nevertheless, it
is increasingly recognized that these opponent behaviors
may share similar neurobiological and neuroendocrine
mechanisms. For example, both mating and territorial
aggression are dependent upon circulating gonadal
steroids. Both behaviors rely heavily on olfactory and
pheromonal input. Lesions of the medial hypothalamus
and medial amygdala in rodents decrease the occurrences
of both mating and fighting. Taken together, these data
suggest that mating and agonistic behaviors may be
subserved by a common network of steroid hormone
sensitive limbic areas. It is unclear how these two heavily
overlapping pathways produce two opposite behavioral
outcomes. One possibility is that two intermingled but
distinct subpopulations of neurons mediate mating and
fighting. Alternatively, the same population of neurons
may mediate both mating and fighting through
neuromodulation. The goal of this current study is to
distinguish these two signal-processing scenarios. We first
performed between-animal comparisons of the patterns of
brain activation during mating and fighting, using c-fos
analytic methods that permit rapid sampling across the
entire brain. Our results indicate that mating and fighting
indeed activate many similar hypothalamic and amygdalar
regions in mice. However these areas are distinct from
those activated during anti-predator defense. Next, we
adapted a method to compare c-fos expression induced
during the two behaviors in different regions within the
same animal. Our data suggest that, at least in some
commonly activated regions, two largely distinct sets of
neurons are likely involved in mating and fighting; in
addition, the same behavior tends to recruit a stereotyped
set of neurons. Given our poor understanding of the
aggression circuit in general, we decided to further
investigate the functional roles of several hypothalamic
regions in aggression based on our Fos results. Using
reversible viral inactivation tools, we found that neurons in
the ventrolateral region of the ventromedial hypothalamus
and its surrounding regions are likely to be critical for the
initiation of aggression.  Finally, we used chronic
recording in awake behaving animals to understand the
physiological responses of those neurons during various
episodes of aggressive and sexual behaviors.

35. Control of neural stem-to-progenitor

transition by CyclinD family members

Agnes Lukaszewicz

We are interested in understanding the molecular
control of neural fate specification during development.
Motor neurons (MNs) are derived from a specific
progenitor domain: the pMN domain of the spinal cord.
While carrying out a systematic characterization of
changes in gene expression within this domain, genes
encoding cell cycle regulators, the CyclinDs, have been

identified as potential candidates for regulating neural fate
determination.

We have shown that CyclinD1 and D2 are
expressed in distinct subsets of precursors, with CyclinD1
expression being spatially and temporally correlated with
neurogenesis. This led us to hypothesize that CyclinD1
may regulate neurogenesis, whereas, CyclinD2 may
regulate self-renewal. Loss- and gain-of-function
experiments allowed us to demonstrate that CyclinD1
plays a key role in modulating neurogenesis. Furthermore,
we showed that CyclinD1 re-expression is sufficient for
glial-restricted progenitors to regain their neurogenic
potential when transplanted into a permissive environment.
Importantly, we demonstrated that CyclinD1's function as
a neurogenic factor is structurally independent of its
function as a cell cycle regulator. We are now interested
in deciphering the molecular mechanism involved. So far,
we have shown that Notch signaling can be modulated by
CyclinD expression in a very specific manner: CyclinD1
is necessary for Hes6 expression (a neurogenic antagonist
of Notch pathway), whereas, CyclinD2 is necessary for
Hes5 expression (effector of the canonical Notch
pathway).  Furthermore, we have demonstrated that
CyclinD1 and D2 loss-of-function phenotypes can be
rescued by Hes6 and Hesb, respectively. We are currently
analyzing and comparing the CyclinD1 and D2
interactome, using unbiased mass spectrometry in order to
uncover new molecular partners for CyclinDs.

36. Genetic manipulation of neuronal

subpopulations involved in pain and pleasure

Sophia Vrontou, David J. Anderson

Studies in our lab have identified a novel murine
family of G-protein-coupled receptors (GPCRs), which are
related to the proto-oncogene MAS1 and called Mas-
related genes (Mrgs). Mrgs As, Bs, C and D thus far
analyzed, are specifically expressed in mostly non-
overlapping subpopulations of trigeminal and dorsal root
ganglion (DRG) small-diameter sensory neurons, implying
that they might have a potential nociceptive role. Most
surprisingly it was found that the expression of MrgD is
restricted to exclusively cutaneous peripheral afferents,
rendering MrgD the first specific molecular marker that
predicts the end-organ specificity of a subset of primary
sensory neurons, and supporting the existence of a
molecularly  distinct  subpopulation of  cutaneous
nociceptors. These data raise the question of: a) whether
there are other molecularly distinct nociceptor subsets,
innervating different targets; and b) whether the circuits
they engage follow separate pathways, and if so at what
point they might intersect into the brain. We are looking
for molecular markers for such subsets and especially for
visceral nociceptors, since visceral pain is the most
common but still understudied form of pain. We will use
these markers to compare the circuitry of their expressing
neurons with that of nociceptor subsets innervating other
targets, such as the skin and also to genetically manipulate
them so as to identify their function.



Most recently, anatomical analysis of MrgB4
expressing neurons revealed that these neurons constitute a
rare population of small-diameter sensory neurons,
innervating exclusively the hairy skin (Liu et al). It was
suggested that they might mark the murine analogs of the
so-called C-fiber tactile (CT) afferents in humans, which
respond to gentle stroking. We are interested in
deciphering the connectivity of this specific subpopulation
with brain regions and most importantly in identifying
their function by measurements of their activity in vivo
using gene targeting technology.

Reference
Liu, Q., Vrontou, S., Rice, F.L., Zylka, M.J., Dong, X. and
Anderson, D.J. (2007) Nature Neurosci. 10(8):946-948.

37. Pheromonal regulation of aggressive behavior

in Drosophila melanogaster

Liming Wang, David J. Anderson

Aggression is critical for the survival and
reproduction of many animal species, though little is
known about how this social behavior is regulated at the
level of sensory inputs. Here we used Drosophila
melanogaster to investigate how pheromones regulate
aggression. cis-vaccenyl acetate (cVA), a male volatile
pheromone, up-regulates the intensity of male aggression
via a subset of olfactory sensory neurons (OSNS)
expressing Or67d. cVA regulates the intensity of two
gender-specific social behaviors, aggression and courtship,
in opposite directions and through the same set of OSNs,
but at different concentrations. In contrast, the gender-
specificity of male social behaviors is determined by
different sets of pheromones, which are likely male-
specific non-volatile male-specific cuticular hydrocarbons
(CHs). These data indicate that the intensity and gender-
specificity of male social behaviors are regulated by
distinct chemosensory systems in Drosophila.

38. Neural circuits responsible for Drosophila

aggressive behavior

Kiichi Watanabe, David J. Anderson

Aggressive behavior is important for animal
survival and reproduction, throughout the animal kingdom
from insects to humans. With its powerful molecular and
genetic tools, Drosophila will provide great opportunities
for study of molecular and circuit-level mechanisms of
aggressive behavior. Because of its complexity, the neural
circuitry and molecules responsible for this behavior are
still unclear. To facilitate our analysis, we have been
developing a method to detect specific aggressive
behaviors, in collaboration with Dr. Dankert in Perona's
lab (Electrical Engineering, Caltech). This collaboration
has generated a computer-based fly tracking system to
detect several kinds of aggressive behaviors including
"lunging” and "tussling.” Using this system, | have started
the following project.
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The role of octopamine in aggressive behavior.
Octopamine, a biogenic monoamine structurally related to
noradrenaline, acts as a neuromodulator in Drosophila, and
is implicated in aggressive behavior. Although there are
some reports related to the roles of octopamine on
aggressive behavior, it is still unclear which octopamine
receptors, or octopamine receptor expressing neurons, are
involved. In collaboration with Gerry Rubin's lab (Janelia
Farm), we generated 34 driver lines expressing Gal4 in
octopamine receptor positive neurons, under the control of
various enhancer regions derived from the four-
octopamine receptors (Oamb, Oa2, Oct_2R and Oct_3R).
Using these Gal4 lines in combination with Tubulin-
Gal80ts, | conditionally expressed Kir2.1 to block the
activity of those neurons in adult specific manner, and
analyzed the consequences of this manipulation for male-
male aggressive behavior. Out of 34 lines tested, Kir2.1
expression driven by 13 Gal4 lines resulted in a
suppression of aggressiveness. Using these 13 Gal4 lines,
I will perform neuronal activation assays by expressing
several effector genes such as dTrpAl, a warmth-activated
cation channel, and NaChBac, a bacterially-derived
voltage-sensitive sodium channel in the neurons that
showed phenotype in silencing experiment. In this way,
we hope to functionally dissect the specific neuronal
circuits that control aggressive behavior.

39. Neuronal control of locomotor activity in the

fruit fly

Allan M. Wong, Cynthia Hsu, Alice Robie,

Michael H. Dickinson*, David J. Anderson

The fruit fly, when presented with various stimuli
- be it vision, olfactory, thermal or mechanical - responds
with a change in behavior.  These behaviors are
accomplished through a coordinated set of movements by
the appendages. We are interested in how and where in
the brain these different stimuli are integrated and how the
signals propagated to the muscles that move the
appendages. In particular we wish to understand how
descending interneurons transmit signals from the brain to
the thoracic ganglia: whether they carry multimodal
commands from prior integrated sensory information or if
they carry unimodal commands that represent discrete
channels for sensory to motor action. During the past year,
we pursued three different avenues to address this
question.

1) We conducted a pilot behavioral screen in which we
silenced subsets of neurons in the fly brain and
analyzed the fly's locomotor trajectories with an
automated tracking program. We found that when we
silence the neurons in a line which labels primarily the
fan-shaped body, the flies exhibit novel encounter
behaviors where the flies collide with one another
instead of the wusual tendency to avoid such
occurrences.
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2) We also performed concurrent behavior analysis and
neural activity imaging using various genetically
encoded calcium indicators (GCaMP1.3, GCaMP1.6,
TNXXL) in central neurons of the fly. So far, we have
not been able to see correlated neural activity to
behavior. We are currently trying a third generation
calcium indicator with greater dynamic range and
sensitivity.

3) And finally, we have been anatomically mapping and
categorizing descending interneurons. \We use various
Gal4 lines to express photoactivatable-GFP in
descending interneurons and then photo convert the pa-
GFP molecules using a two-photon microscope. We
see approximately 200 pairs of descending neurons in
the fly brain.

*Professor, Division of Biology

40. Distinct sensory representation of wind and
near-field sound in the Drosophila brain

Sofia Yorozu, Allen M. Wong, Brian J. Fischer,

Heiko Dankert, David J. Anderson

Behavioral responses to wind are thought to play
a critical role in controlling the dispersal and population
genetics of wild Drosophila species, as well as their
navigation in flight3, but their underlying neurobiological
basis is unknown. We show that Drosophila
melanogaster, like wild-caught Drosophila strains 4,
exhibits robust wind-induced suppression of locomotion
(WISL), in response to air currents delivered at speeds
normally encountered in nature. Here we identify wind-
sensitive neurons in Johnston's Organ (JO), an antennal
mechanosensory structure previously implicated in near-
field sound detection. Using Gal4 lines targeted to
different subsets of JO neurons, and a genetically-encoded
calcium indicator, we show that wind and near-field sound
(courtship song) activate distinct JO populations, which
project to different regions of the antennal and
mechanosensory motor center (AMMC) in the central
brain.

Selective genetic ablation of wind-sensitive JO
neurons in the antenna abolishes WISL behavior, without
impairing hearing. Different neuronal subsets within the
wind-sensitive population, moreover, respond to different
directions of arista deflection caused by airflow and
project to different regions of the AMMC, providing a
rudimentary map of wind-direction in the brain.
Importantly, sound- and wind-sensitive JO neurons exhibit
different intrinsic response properties: the former are
phasically activated by small, bi-directional, displacements
of the aristae, while the latter are tonically activated by
unidirectional, static deflections of larger magnitude.
These different intrinsic properties are well suited to the
detection of oscillatory pulses of near-field sound and
laminar airflow, respectively. These data identify wind-
sensitive neurons in JO, a structure that has been primarily
associated with hearing, and reveal how the brain can
distinguish different types of air particle movements, using
a common sensory organ.
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Summary: Our group has been working on two avian
neural systems since the beginning of the laboratory in
1975. One is the auditory system of the barn owl, which
is known for its ability to localize prey in total darkness.
We started with the discovery of neurons that responded
to sounds coming from specific directions in space.
These neurons form a two-dimensional map of auditory
space. Each neuron responds to a specific combination of
interaural time and intensity differences in sounds. We
have identified every anatomical nucleus and
computational process leading from the ears to the space
map. We have not finished our mission, because we keep
asking new questions. One of them is how neural signals
disappear. For example, each auditory nerve fiber from
the inner ear carries two types of information, phase and
intensity of sound. As these signals reach the first set of
brain stations, phase and intensity codes go to different
stations. The question that we are currently addressing is
how one of the codes disappears in these nuclei.

The other avian system is the song control
system that was discovered in 1976 by the laboratory of
Fernando Nottebohm of the Rockefeller University. It
consists of several groups of neurons and connecting
fibers, which are easily identifiable in brain sections. The
system as it has been known is simple. Anyone familiar
with the system can draw an accurate diagram of the song
system. However, Gene Akutagawa has uncovered many
hidden connections, making the system much more
complex. This experience has taught us an important
lesson, that is, we must pay attention to both structure and
function.
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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, circuit
dynamics, 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 continued to focus 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 crickets as primary model
systems, and of zebrafish (with focus on target regions of
the olfactory bulb in the ventral telencephalon). Our work
combines experimental (behavioral, electro-physiological
and two-photon imaging) and modeling techniques and
aims at understanding functional aspects of brain circuit
design, such as the coding and learning rules used by the
nervous system.

41, The consequences of STDP in the locust

mushroom body

Stijn Cassenaer

Odor  representations in  insects undergo
progressive transformations from the receptor array in the
antenna, via the antennal lobe (AL), to the presumed site
of odor learning, the mushroom body (MB). Broad
activation of the AL by an olfactory stimulus gives rise to
oscillatory population activity and diverging trajectories of
projection neuron (PN) activation [1-7]. Different points
along these trajectories can be thought of as representing
different aspects of the odor stimulus, and cells that decode
PN activity in the MB, Kenyon cells (KCs), respond
sparsely at specific time-points along the PN trajectories
[8]. Previous work suggests that individual oscillation
cycles are meaningful units for the encoding and decoding
of olfactory information by PNs and KCs, and this appears

to be the case also for extrinsic neurons in the mushroom
body beta-lobe (bLNs), which decode the KCs' sparse
responses. We use intracellular recordings made from
KCs and bLNs, to examine synaptic transmission,
plasticity and odor representation in this circuit. We have
found that KC-bLN synapses undergo Hebbian spike-
timing dependent plasticity (STDP) on a timescale similar
to the oscillatory population discharge, which is generated
by the AL and propagated throughout the circuit [9]. This
plasticity has a homeostatic effect on the phase of bLN
firing, facilitates the synchronous flow of olfactory
information, and maintains the segregation between
oscillation cycles. We have found an additional
component that contributes to this segregation, namely
lateral inhibition among bLNs. We construct a simple
network model to evaluate the consequences of the
interaction between STDP and the competition among
bLNs due to this phase-locked inhibition. Considered
within the context of the circuit in which the KC-bLN
network is embedded, these results suggest a mechanism
for learning different aspects of an odor stimulus, after
formatting as a function of oscillation cycle in the AL.
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42. Active sampling in locust olfaction

Stephen J. Huston

I am studying how the processing of sensory
information changes when an animal actively investigates
its environment. Much is known about how the locust
nervous system encodes olfactory information.  This
knowledge comes from experiments on locusts with
restrained antennae (the main olfactory organs). However,
during normal function locusts move their antennae -
possibly to actively sample odors. | have characterized
how these antennal movements change in the presence of
an odor and are currently engaged in experiments to
determine how antennal movements affect the odor
responses of olfactory neurons.

| developed equipment to automatically record the
direction of walking and track the 3D antennal movements



of a tethered locust while it is presented with spatially
localized odors. | have found that, when presented with an
odor, locusts change the location (Figure 1a) and
frequency (Figure 1b) of antennal movements. This
behavioral strategy leads to an increase in the frequency at
which the locusts are able to sample odors.

In collaboration with Stijn Cassenaer | have
started recording neural activity from the locust olfactory
system while the locust is free to move its antennae
(Figure 1c). Can we predict the neural responses to
olfactory stimuli from previous experiments on restrained
locusts, or does neural processing in the olfactory system
change as the locust moves its antennae to investigate the
environment?  Hopefully this work will help us to
understand how behavioral and neural coding strategies
interact.

Figure 1. (a) Difference between the distribution of
antennal tip positions before (blue) and during (red) odor
presentation. Wheat grass odor was added to an air-stream
originating on the locust's left, represented by the green
tube. (b) Change in median antennal sweeping frequency
with the presentation of wheat grass odor (red box). (c)
Neural activity recorded during free antennal movements.
An intracellular recording from an olfactory system
projection neuron is shown in red overlaid with local field
potentials (black). Scale bar = 500 ms.

43. Sensory coding and perception in Drosophila

Mala Murthy

Over the past year, | have investigated 1) the logic
of neuronal connectivity in the Drosophila mushroom
body, a higher order brain center required for complex
processes such as learning and memory (1), and 2) the
neuronal basis for species-specific preferences to courtship
songs in Drosophila.

[1] The mushroom body is required for olfactory
learning in flies (2-4). In adults, the principal neurons of
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the mushroom body, the Kenyon cells (KCs), form a
large-cell population usually divided into three classes
(a/p, o'/ B', and y) based on anatomical criteria. Both
neuronal populations from which their olfactory input
derives, the antennal lobe projection neurons (PNs) and the
presynaptic partners of the PNs, the olfactory sensory
neurons, can be individually identified by their glomerular
projections, by the expression of specific genes, and by
their responses to odors (5-10). | have investigated
whether or not Kenyon cells are similarly individually
identifiable across flies — this issue is important because it
relates to the specification of sensory network connectivity
in general: at what level (if at all) does the order that
exists in early sensory circuits break down, such that
connections and cellular properties become specific to
each individual animal?

To record from potential KC functional replicates
across flies, 1 used in vivo physiology methods for
Drosophila developed in the Laurent lab and a GALA4 line
with restricted expression in a small subset of ~23 o/p
KCs (11). If KCs are identifiable neurons, with recordings
from one labeled KC each in 27 flies, at least 13 replicates
(non-singletons) should occur in our dataset with p>0.99.
Odor response profiles (both spiking and subthreshold
activity) across recordings from GAL4-labeled KCs
provided no evidence for obvious repeats. Further, across-
animal responses were as diverse within the genetically-
labeled subset as across all KCs in a larger sample.
However, identifying functional repeats, supposing that
they exist, required some knowledge of expected inter-
individual variability. For this reason, | recorded from the
presynaptic partners of the KCs, the PNs, under the same
stimulus conditions. In collaboration with Dr. lla Fiete
(Caltech Broad Fellow), we used these data as inputs to a
KC model: different KC types were generated by summ

ation of odor responses from PNs of different
glomerular types, and different KC individual responses of
one type were generated based on the measured inter-fly
variability across responses from PNs of a single
glomerular type. In the model, regardless of the
convergence factor between PNs and KCs, KC responses
could easily be clustered by type and across individuals.
We applied clustering thresholds derived from this model
to the experimental KC data, and in several thousand runs
of the simulations, the thresholds identified an average of
14 non-singletons among the model KCs, but fewer than
three among the real data. Our data and analyses
collectively indicate that measured PN response variability
combined with stereotyped PN-to-KC connectivity across
individuals cannot account for the variability of KC
responses we observe.

Our result, that one-to-one connections between
PNs and KCs may vary substantially from animal to
animal, is surprising given the genetic, anatomical and
functional stereotypy observed with most Drosophila
neurons studied to date, and in particular, with the
olfactory inputs to the mushroom body. However, the lack
of precise circuit specification in the mushroom body may
result from two features of this structure: (i) Mushroom
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bodies are required for olfactory learning and recall; thus,
inputs to KCs may be plastic; and (ii) KCs are very
numerous (~2,500 in Drosophila); this makes the precise
specification of pairwise PN-to-KC connectivity a
significant mechanistic challenge.  Further, functional
stereotypy across animals is not a prerequisite for memory
formation. In a system in which associative memories are
stored as patterns of synapses between KCs and their
targets, those memories could be defined without a priori
specification. However, these target neurons may need to
respond to odors in more stereotyped ways than KCs, in
order to generate reproducible learned behaviors. It will
thus, be of great interest to determine if and how
identifiably reemerges downstream of the Kenyon cells.

[2] During courtship, virgin females display
preferences for males of their own species; following
courtship and persisting for several hours to days, mated
females reject conspecific males, suppressing courtship
behavior in favor of egg-laying. While the importance of
auditory cues in mating in Drosophila has been well
documented (12-15), how courtship songs are encoded
within the auditory pathway and how the perception of
song leads to different behaviors depending on the song
(conspecific or heterospecific) and the state of the female
(mated or unmated) is unknown. Songs are produced by
courting males via wing vibrations. Males of each species
(there are >1700 Drosophila species) sing a unique
courtship song, consisting of low frequency pulses with
species-specific pulse carrier frequencies and inter-pulse
intervals (16-18). | have chosen to take a comparative
approach to understanding the neural coding of courtship
song by presenting auditory stimuli from and performing
electrophysiological recordings in several of these species.

In Drosophila, sounds, like odors, are received by
the antenna where they are transformed into neuronal
signals in stretch receptor neurons, which connect with
second-order neurons in the brain (19, 20). Our
preliminary studies have involved: a) Analyzing sound
traces of male courtship singing, in order to build a
behaviorally-relevant stimulus set; and b) Conducting
electrophysiological  recordings from primary and
genetically-labeled secondary neurons in response to both
synthetic and recorded courtship song. These studies
suggest a basis for species-specific auditory tuning at the
level of the antenna. However, antennal tuning curves are
broad, indicating that song preference is mostly encoded
downstream. Future characterization of the system will
involve more detailed song analysis, continued patch
recordings, genetic silencing and activation of neuronal
subsets, and cross-species comparisons, in order to
decipher how flies distinguish between conspecific and
heterospecific courtship songs, and how this distinction
leads to reproducible song-elicited attraction or avoidance
behaviors.
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44, Dynamic coding in an olfactory system

Ingmar Riedel-Kruse

| wish to understand how the architecture of
neuronal networks determines its dynamics (“firing
patterns”), and how such dynamics constitute
computational and coding tasks. This is a central question
in systems neurobiology. Specifically, | study how the
sense of smell is processed in insects in a brain structure
called the antenna lobe. In this lobe the neurons have been
shown to exhibit synchronized, oscillatory firing patterns.
I use multi-unit recording techniques (“tetrodes"), to
measure these firing patterns of a large number of neurons
at the same time. In order to increase the number of
simultaneously recorded neurons, | collaborated with
Sotiris Masmanidis and Jiangang Du to develop and test
new tetrodes (Du, Riedel-Kruse et al., J. Neurophysiol.
2009). These new tetrodes enabled us to record from
significantly more neurons simultaneously, and to locate



neurons in 3D. The analysis of my data has revealed so far
— among others - that these firing patterns become more
reliably over the time course an odor is encountered,
furthermore, that the phase of spikes relative to the
oscillatory field potential is strongly correlated to the firing
reliability of these spikes, which suggests an error
correction mechanism for downstream neurons. In
collaboration with lla Fiete, lla Varma and Joshua
Milstein, we use information theoretical approaches to
quantify the information content in these firing patterns. |
hope that my results will lead to new conceptual insight
into olfactory processing and, more generally, into the role
of the widely observed oscillatory activity in other
neuronal networks.
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45, Decoding of multiplexed odor representations
by mitral cell downstream target neurons

Cindy N. Chiu”

Previous work in the Laurent lab has
demonstrated that the zebrafish olfactory system is a useful
model for understanding how brains can perform complex
computational tasks such as stimulus categorization and
identification. ~ Odors can evoke synchronous action
potentials among stimulus-specific subsets of mitral cells
(MCs), the principal output neurons of the olfactory bulb
(OB). MCs can also respond dynamically to odors without
synchrony. Previously, our lab has shown that patterns of
synchronous MC spikes evoked by related stimuli
converge whereas patterns of non-synchronous MC spikes
diverge during an odor response (Friedrich et al., 2004).
These observations led to the proposal that two types of
complementary information about stimulus quality can be
carried within a single OB output stream (i.e., the
population of spiking MCs): information about odor
category is conveyed by converging patterns of
synchronous spikes while information about odor identity
is conveyed by diverging patterns of non-synchronous
spikes.

We aim to address how brain areas downstream
of the olfactory bulb decode MC activity and what types of
computations they might perform in turn. Anatomical
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evidence suggests that there are several downstream
targets including areas in the zebrafish telencephalon. We
predict that these brain regions use different decoding
strategies such as using different levels of temporal
sensitivity to integrate synaptic input to extract information
about stimulus quality.

We are studying the morphological, biophysical,
and odor response properties of MC target neurons to
characterize their role in processing of olfactory
information, with particular interest in their sensitivity to
synchronous input. We have performed MC axon
stimulation experiments coupled with simultaneous whole-
cell patch clamp recordings in the ventral nucleus of the
ventral telencephalon (Vv) to demonstrate the existence of
both direct and indirect synaptic connectivity between
these brain areas. Preliminary whole-cell patch clamp
recordings suggest that Vv neurons do not exhibit intrinsic
resonance at relevant frequencies nor have we observed
subthreshold odor-evoked oscillations, but further
investigation is necessary to characterize the temporal
sensitivity of Vv neurons.

“Cindy Chiu is funded by the Gordon and Betty Moore
Foundation

46. Transfer at a thermosensory synapse in C.
elegans

Anusha Narayan”

C. elegans is an attractive model organism for
neural circuit analysis. In order to characterize the
functional dynamics of the circuits that control behavior, it
is necessary to understand the synaptic transformations
that take place. Thermotaxis is an established behavior in
C. elegans [1, 2]. We attempt to characterize the transfer
function at a prominent synapse within the thermotactic
circuit. AFD is the primary thermosensory neuron [3], and
ALY is its principal post-synaptic partner.

We drive expression of Channelrhodopsin-2, a
light-activated cation channel [4], solely in AFD using a
cell-specific promoter, and use whole cell patch clamp
recording techniques [5] to measure the light-evoked
synaptic response at AlY.

We are able to reliably activate the presynaptic
cell AFD with blue light, evoking depolarization of up to
40 mV and inward currents of up to 15 pA, with responses
lasting the duration of the stimulus.

The postsynaptic response at the AIY cell body is
small - less than 5 mV, with inward currents of less than 1
pA, and appears to be graded and tonic, lasting the
duration of the stimulus. Our results indicate that this
synapse has low gain, and transmits information from AFD
to AlY with short latencies and high fidelity. It will be
interesting to see how AIlY uses this information and
integrates it with other incoming streams, and to examine
processing further downstream in the thermosensory
circuit.

“Joint with Paul Sternberg, Professor, Division of Biology,
Caltech
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47. Feedback inhibition in the mushroom body

and gain control

Maria Papadopoulou

The giant GABAergic neuron (GGN) is a single,
paired, non-spiking neuron that arborizes extensively in
the mushroom body (MB) (Leitch and Laurent, 1996),
where it overlaps with the dendrites and the axons of
Kenyon cells (KCs). KCs are the intrinsic neurons of the
MB and are thought to be required for learning and
memory (Heisenberg, 2000). We are interested in
understanding the function of GGN in olfactory
processing: in particular, its pattern of arborization makes
it an attractive candidate for controlling or modulating KC
responses to odors, with potential implications for learning
and recall. Physiological recordings of KCs in locust show
that these neurons respond sparsely to odors, by contrast
with their excitatory input from the antennal lobe
(projection neurons or PNs) (Perez-Orive et al., 2002).
Inhibition appears to be critical to control KC response
threshold, probability and duration during odor stimulation
(Perez-Orive et al., 2002). We show that there exists a
feedback loop whereby KCs provide excitatory input to
GGN, which, via its GABAergic output contributes to the
control of KC excitability. Using electrophysiological
techniques, we are studying the properties and modes of
action of GGN in locust. Our data suggest that this neuron
acts to control the gain of PN-to-KC information transfer
and normalize KC-population output, making it
independent of input strength. Manipulating GGN activity
during odor stimulation suggests a global action of GGN,
as measured both at the KC input and output level. We
further examine the ability of GGN to control the gain by
directly monitoring the activity of p-lobe neurons,
downstream from the KCs, during such manipulations.
Specifically, enhancing or diminishing GGN activity
dramatically affects the output of the p-lobe neurons and
provides a framework in which to consider the importance
of GGN's gain control effects.
This work is supported by NIDCD.
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48. Sparse and invariant representations of odor
mixtures in the mushroom body

Kai Shen

Principal neurons (PNs) of the locust antennal
lobe (AL) exhibit odor-specific dynamic responses.
And because not all PNs express the same patterns at
the same time, the state of the AL network is dynamic,
carried by an assembly of neurons that evolves in a
stimulus-specific manner over time. These neuronal
responses can be described geometrically as stimulus-
specific trajectories reflecting the state of the AL
network. How do these trajectories change with
changes in the stimulus? Are there general rules to
how these trajectories evolve? We addressed this
question by first probing the PN network with small
changes to the stimulus that varied progressively along
a continuum. By varying the ratio of concentrations of
two components within a binary mixture, we
effectively morphed one unique odor to another. We
observed a progressive rather than abrupt
transformation from one odor-specific trajectory to
another; thus, the PN network optimizes its encoding
space to fully complement the stimulus parameter
space.

To observe transformations across a more
broad range of stimulus space, we systematically
increased the complexity of the mixture by adding
single odorants in a stepwise manner from 2 to 8 (e.g,
AB, ABC, ABCD, ABCDWXYZ) and presenting different
combinations that overlap by varying amounts (e.g.,
ABCD, ABCX, BCWX, BDWX, DWYZ, WXYZ). To test the
linearity of mixture representation, we estimated the
ensemble PN response vectors to odor mixtures from
the mixture components using a simple linear model.
We then examined the degree of deviation between
these estimated response vectors and the
experimentally-observed response vectors. We find
that for binary mixtures, there is good approximation
between the estimated and experimental response
vectors, but this approximation degrades rapidly when
more odorants are added to the mixture. As expected,
the PN ensemble output (as represented by stimulus-
specific trajectories) due to single odor components
(e.g., A), are very different to that of multi-component
mixtures (4-, 5-, 8-, e.g., ABCDW).

Interestingly, when we recorded from the
Kenyon cells (KCs), the downstream targets of the PNs
in the mushroom body, we find many KCs that are
invariant across odor mixtures. For example, many KCs
respond invariantly to mixtures containing A, for e.g., to
A, AB, ABC, ABCD, ABCDW, etc., but to no other single
components, like B, C, D. How is it possible that any
downstream decoder can do this? We gain some
intuition by analyzing the many PN ensemble
subspaces that each downstream KC sees. We suspect
that there exist many such subspaces within the AL,
where the neural representations of odor components
and more complicated mixtures overlap. In addition,



and in collaboration with Anusha Narayan and Sina
Tootoonian, we are building a simple feed-forward
model of the PN-KC network, with minimal
assumptions and nonlinearities. By comparing the
statistics of the output of this model (model KCs) to our
real experimental KCs, we hope to elucidate the
essential mechanisms that give rise to such rich
computations.

49, Computational models of locust olfaction,

and analysis of Drosophila courtship song

Sina Tootoonian

The projection neurons (PNs) of the locust
antennal lobe project to the lateral horn interneurons
(LHIs), and to the Kenyon cells (KCs) of the mushroom
body, a structure implicated in learning. The KCs fire
much more sparsely than the PNs and can show odor
and  odor-and-concentration  specificity. A
computational model of the PN-LHI-KC interaction has
been developed in the lab over the last few years to
help determine the aspects of the network that produce
the observed KC behavior. The original model was
found to be incapable of producing realistic KC
behavior. In collaboration with Kai Shen, Anusha
Narayan, and Maria Papadopoulou, I have added
nonlinearities to this model that mimic excitatory post-
synaptic potential (EPSP) 'sharpening' caused by KC
voltage-sensitive sodium channels, as well as the global
feedback provided by the giant GABA-ergic neuron
(GGN). We have found that the addition of these
features makes the model dynamics more realistic, but
still does not produce realistic KCs. We are currently
investigating connectivity bias to address this
discrepancy.

The males of many Drosophila species will
'sing' to females during courtship by extending and
vibrating their wings. These species-specific 'fly songs'
modulate the success of courtship. [ have been
working with Mala Murthy, a post-doctoral scholar in
the lab, on the analysis and characterization of fly songs
that she has recorded from males of several Drosophila
species. The main goals of the analysis are to allow
quantitative comparisons of songs across species, and
the synthesis of realistic fly song for playback to
females whose auditory neurons are being recorded
from. I have written software that uses simple wavelet
techniques to automatically extract fly song from the
audio recordings, and we are presently in the early
stages of song analysis.
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Summary: Our lab studies ion channels that respond to
the neurotransmitters acetylcholine, serotonin, GABA,
glycine, and (among invertebrates) glutamate. These are
termed "Cys-loop receptors." At the most fundamental
level, with Professor Dennis Dougherty's group in
Caltech's Division of Chemistry and Chemical Engineering
and Professor Sarah Lummis of Cambridge University, we
apply new types of chemistry to understand how Cys-loop
receptors transduce the binding of agonists into the
opening of the channels.

We are describing the neural events that occur
when an animal is chronically exposed to nicotine. We
hypothesize that this set of responses underlies the
pathophysiology of nicotine addiction, the world's largest
preventable cause of death. We also hypothesize that the

same processes underlie the benefits of two inadvertent
therapeutic effects of smoking: the inverse correlation
between a person's history of smoking and his/her
susceptibility to Parkinson's disease, and the preventive
effect of nicotine in autosomal dominant nocturnal frontal-
lobe epilepsy. We are studying these complex neural
processes at several appropriate levels: the genes, the
receptor proteins, the effects on neurons, the organization
of neurons in circuits, the resulting behavior of animals,
and even neural events in humans.

Several lab members are describing the
molecular/biophysical aspects of SePhaChARNS, for
"selective pharmacological chaperoning of acetylcholine
receptor number and stoichiometry." We hypothesize that
SePhaChARNS is a thermodynamically driven process
leading to the classical observation that chronic exposure
to nicotine causes "upregulation” of nicotinic receptors. If
the hypothesis is proven, SePhaChARNS is the molecular
mechanism that shapes an animal's response to chronic
exposure to nicotine. We are now producing subcellular
movies depicting the first 24 hours of nicotine addiction—
thought to be the most crucial stage in the process,
especially for adolescents. These images display the
spread of newly chaperoned, fluorescent receptors as they
travel from the endoplasmic reticulum to the cell
membrane.

Other lab members are generating mice with
genetically modified nicotinic receptors—gain of function,
not knockouts. Some mice have a hypersensitive subunit;
in such mice, responses to nicotine represent selective
excitation of receptors containing that subunit. Other mice
have a fluorescent subunit, so that we can quantify and
localize upregulation of receptors containing that subunit.

The human end of the scale is represented by our
collaboration with Professor Johannes Schwarz of the
University of Leipzig. Deep brain stimulation for
Parkinson's disease often requires an initial session of
microelectrode-based single unit recording, in order to
localize the stimulating electrodes. We're analyzing the
effects of nicotine in these single-unit recordings.

We are also engineering Cys-loop receptors in
order to manipulate neurons. Now we are optimizing
suitably mutated C. elegans GIuCl receptor channels to
have strong responses to the minuscule concentrations of
the anthelmintic ivermectin and its derivatives. In
collaboration with Professor David Anderson's group, we
have introduced these channels into mouse neurons. When
the animal is injected with ivermectin, the neurons can be
selectively silenced—and eventually, we hope, selectively
activated. There are important applications for both
research and therapy.

Several of our projects lead naturally to drug
discovery procedures. We have a drug discovery
collaboration with Michael Marks and his group at the
University of Colorado, Boulder; and with Targacept, Inc.

We also have interests in new techniques at the
intersection of biophysics, single-molecule imaging,
chemistry, mouse genetics, and neuroscience. We're



delighted to host visitors in our lab on the third floor of the
Kerckhoff Laboratory.

50. A hydrogen bond in the complementary
subunit of a4f2 that is important for agonist
binding
Angela Blum®, Henry A. Lester, Dennis A.
Dougherty”

Nicotinic acetylcholine receptors (nAChRs),
pentameric ligand-gated ion channels that bind nicotine,
acetylcholine and structurally related agonists, are
implicated in smoking addiction and many neurological
disorders, including Alzheimer's disease, Parkinson's
disease and schizophrenia. Previous studies in our lab
have shown that nicotine and acetylcholine bind to the
neuronal receptor a4f32 though a cation-w interaction and
(for nicotine) a hydrogen bond with W154 of the receptor's
ligand binding "aromatic box." We now report a third
interaction, a hydrogen bond with L119 of the
complementary subunit, which is important for agonist
binding. Mutant cycle analyses with the unnatural residue
a-hydroxyleucine (Lah) and agonist analogs reveal that the
backbone NH of b2L.119 makes a hydrogen bond to the
carbonyl and pyridine N of acetylcholine and nicotine,
respectively. This interaction is present in both receptor
stochiometries, (a4),(b2); and (ad)s(b2),.  Epibatidine
binding was also shown to be sensitive to mutations at
b2L119. Taken together, these binding interactions will
offer insight into the design of new therapeutic agents that
selectively target these receptors.

“Division of Chemistry and Chemical Engineering,

California Institute of Technology, Pasadena, California

51. The effect of nicotine and nicotinic receptors

(nAChR) on a-synuclein oligomerization and

ER stress

Hajer Brahem®, Rahul Srinivasan, Henry A.

Lester

a-synuclein  (aSyn) is a widely expressed
neuronal protein, the misfolding, oligomerization and
fibrillization of which is implicated in Parkinson's disease
(PD). In this study, a bimolecular complementation assay
(BiFC) was used for the direct visualization of aSyn
oligomer formation in transiently transfected mouse
neuroblastoma (N2a) cells. Tagging aSyn to non-
fluorescent GFP fragments, GFP (1-155) on its N-terminal
end and GFP (156-238) on its C-terminal end generated
two constructs: aSyn-Nter-GFP and aSyn-Cter-GFP, such
that GFP fluorescence is detected when aSyn
oligomerization occurs. The intensity of green
fluorescence can then be wused to quantify aSyn
oligomerization. Co-transfection of N2a cells with aSyn-
Nter-GFP, aSyn-Cter-GFP and the a4 and 2 subunits of
the mouse neuronal nicotinic receptor (nAChR) reduced
aSyn oligomerization.  Similar results were obtained
following co-transfection with a4-p4, GAT1 (GABA
transporter) and GluCla (Glutamate gated chloride
channels). Co-transfection of N2a cells with aSyn-Nter-
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GFP, aSyn-Cter-GFP and an empty control pcDNA3.1
backbone vector did not alter aSyn-GFP expression thus,
ruling out non-specific transfection-dependent effects on
oligomerization. The effects of GAT1 and GluCla on
aSyn oligomerization indicate a possible role for promoter
competition of transfected plasmids. Alternatively, the
increased expression of proteins within the endoplasmic
reticulum (ER) of transfected cells could result in the
initiation of an ER stress response and a consequent
reduction in aSyn oligomerization. Future studies will
focus on the possible relationship of ER stress and aSyn
oligomerization.

“Visiting Graduate Student, University Paris VII, Cedex,

France

52. Epileptiform activity and nicotine-induced

tonic seizures in an ADNFLE mouse

Bruce N. Cohen, Sheri McKinney, Purnima

Deshpande, Jian Xu", Henry A. Lester

Autosomal dominant nocturnal frontal lobe
epilepsy (ADNFLE) is a rare inherited partial epilepsy that
is linked to point mutations in the a4 and B2 nicotinic
subunits.  ADNFLE patients present brief nocturnal
seizures with symptoms such as tonic extension of the
neck, trunk, and/or forelimbs; tonic finger splaying; and
forelimb clonus. Dr. Jian Xu at the Salk Institute
constructed a knock-in mouse line bearing one of the
ADNFLE mutations (f2:VV287L). To determine whether
nicotine induced ADNFLE-like seizures in these mice, we
injected mutant mice and wild-type (WT) littermates with
2-mg/Kg nicotine (i. p.) and videotaped their behavior.
The B2:V287L mutation significantly (p < 0.01) increased
the incidence of nicotine-induced tonic seizure symptoms
in the mutant mice. In homozygous mutant mice, nicotine
elicited a diagonal retrograde tail in 12 of 12, tonic
forelimb extension in 11 of 12, forelimb digit splaying in
10 of 12, and forelimb clonus in 5 of 12 mice tested. In
contrast in WT littermates, nicotine only elicited the first
three symptoms in one of 13 mice tested and failed to elicit
forelimb clonus in any of the 13 WTs tested. The
incidence of nicotine-induced tonic seizure symptoms in
12 heterozygous mice was intermediate between the WT
and homozygotes. We  recorded  chronic
electroencephalographic (EEG) activity from a separate
group of four homozygous mice. One of the group
displayed spontaneous sharp-wave epileptiform activity
and most showed signs of generalized EEG suppression.
Thus, the p2:V287L mutation dramatically increases the
incidence of nicotine-induced tonic seizure symptoms, and
appears to generate spontaneous baseline and epileptiform
EEG abnormalities, in knock-in mice. We are continuing
to monitor WT and mutant mice for signs of abnormal
EEG activity.
“The Salk Institute, La Jolla, California
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53. Probing the binding interaction of cytisine to

the low affinity a4p2 nAChR

Ximena Da Silva Tavares, Dennis A.

Dougherty*, Henry A. Lester

The «a4p2 nicotinic acetylcholine receptor
(nAChR) is a pentameric neuronal ligand-gated ion
channel (LGIC) which exists in two stoichiometries,
(a4)2(B2)s called high affinity and (a4)s(p2), termed low
affinity. It has previously been shown in our laboratory
that nicotine binding to the high affinity a4p2 nAChR is
mediated through a cation-st interaction at a tryptophan
residue (aW149) in loop B of the extracellular domain, as
well as a hydrogen bond to the backbone carbonyl at
threonine 150 (eT150). Cytisine is a partial agonist at the
a4p2 nAChR and selectively activates (a4)s(p2), over
(a4)2(p2)s. This compound has been used as a smoking
cessation drug and is the parent compound for Varenicline
(CHANTIX). We plan to determine the binding
mechanism of cytisine to (a4)3(f2), nAChR. Using
unnatural amino acid mutagenesis and nonsense-
suppression, a series of fluorinated unnatural amino acids
will be systematically introduced into the aromatic
residues of the binding box of the (a4)s;(f2), receptor to
probe the existence of a cation-mt interaction. The
hydrogen bond interaction to the backbone carbonyl will
be examined by substituting oT150 for threonine
a-hydroxy acid (Tah), thus weakening the carbonyl as a
hydrogen bond acceptor. These experiments will further
our understanding of cytisine binding to (a4):(32).
nAChR.
“Division of Chemistry and Chemical Engineering,

California Institute of Technology, Pasadena, California

54. Photochemical proteolysis of an unstructured
linker of the GABAAR extracellular domain
prevents GABA but not pentobarbital
activation
Crystal Dilworth”, Henry A. Lester
Nicotine binds and activates  nicotinic

acetylcholine (ACh) receptors (nAChRs) in the peripheral
and central nervous system. The nAChRs belong to the
Cys-loop family of ionotropic receptors, which share a
pentameric architecture arranged around a central ion
permeable pore. Many distinct subunit combinations can
form receptors; and these combinations have distinct
pharmacology in two areas: responses to acute
applications of nicotinic drugs, and to chronic or repeated
applications. This project studies receptors containing the
a5 subunit (ab* nAChRs) because genome-wide
association and candidate gene studies have identified
polymorphisms in the ob gene that are linked to an
increased risk for nicotine addiction, alcohol addiction, and
lung cancer.

Using high-resolution fluorescent microscopy
techniques including Forster resonance energy transfer
(FRET) and total internal reflection fluorescence (TIRF)
we are able to visualize the nAChR's life cycle from
assembly to degradation, within living cells. Here we

propose to use these methods to study the assembly of
ad4p2a5* nAChRs, to determine the subcellular
localization of a5* nAChRs, and to measure the
pharmacological differences between a4f2* and a4p2a5*
receptors.  This study will therefore, determine the
molecular and subcellular processes that may underlie the
response to chronic or repeated nicotine exposure of cells
containing a5* receptors. Several health-related
phenomena involve nAChRs: nicotine is the major
addictive component of tobacco; there is an inverse
correlation between smoking and Parkinson's disease; and
patients with autosomal dominant nocturnal frontal lobe
epilepsy who smoke have fewer seizures.
“Division of Chemistry and Chemical Engineering,
California Institute of Technology, Pasadena, California

55. Critical role of a4 subunits in a6* nicotinic
ACh receptor function in regulating striatal
dopamine release and locomotor behaviors in
mice
Ryan M. Drenan, Sharon R. Grady’, Michael J.
Marks™, Andrew Steele, Cheng Xiao, Julie M.
Miwa, Henry A. Lester

Nicotinic  acetylcholine  receptors  (nAChRs)
containing a6 subunits with a sensitizing L9'S mutation

(a6"9°*) can be selectively activated by low

concentrations of nicotinic agonists.  Functional a6*

nAChRs are largely restricted to dopaminergic (DA)
neurons and striatal DA terminals, allowing in vivo
administration of low doses of nicotinic agonists into
a6"°S  transgenic mice to selectively activate the
mesostriatal and mesolimbic DA system.  Functional
a6“*5* nAChRs contain p2 subunits but may be expressed
with or without a4 subunits. To test whether a4 subunits
are required for functional a6p2* nAChRs in vivo, we
crossed a6 mice with a4 KO mice to construct
a4KO/a6"® mice. Electrochemical measurements of
striatal dopamine levels showed that both single and
multiple (4p, 100 Hz) stimulations evoked dopamine
release transients that were greater in magnitude and
duration in a6 mice versus a4KO/a6"*° or WT mice.

There was no difference in dopamine transporter numbers

in any genotype as measured by [**I]-RTI-121 binding.

These data suggest that the prolonged dopamine release in

a6 mice may be due to activation of ada6-"Sp2*

nAChRs and a subsequent augmented release of DA and
not a defect in dopamine reuptake. Consistent with
previous findings that in vivo activation of a6"*** nAChRs
causes hyperlocomotion via selective stimulation of the
mesostriatal dopamine system, we found that in home cage
behaviors, a6""° mice, but not a4KO/a6"%, a4 KO, or

WT mice, showed hyperactivity, including increased travel

distance and more frequent walking and jumping. Neither

the a6"°° mutation or the a4KO/a 6°° mutation changed

[*H]-SCH23390 binding for dopamine D; receptors or

[*H]-raclopride binding for dopamine D, receptors,

suggesting the hyperactivity in a6"° mice may result from

enhanced dopamine release due to selective activation of



ada6 25p2* nAChRs by ambient ACh. Thus, these data

show that a4 subunits play a critical role in a6* nAChR

function in vitro and in vivo.

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

56. Interpreting the biphasic dose-response curve
of a mutant nAChR

Shawnalea J. Frazier’, Kristin Rule Gleitsman”,

Henry A. Lester

Muscle nicotinic acetylcholine receptors are
ligand-gated ion channels allosterically regulated by
neurotransmitter ~ binding  events. Attempts  at
understanding the mechanism of allosteric transduction
between the binding site and putative channel gate some
60 A away have led to the categorization of particular
extracellular domain residues with specific functional roles
in either ligand binding or channel gating events. One
such residue, yYW55/8W57, which participates in formation
of the 'aromatic binding box', i.e., the site at which agonist
binds, has been reported to elicit greater effects on the
channel gating equilibrium than agonist affinity when
conventionally mutated. A backbone mutation at this site
was accomplished by incorporation of the unnatural amino
acid a-hydroxy tryptophan (Wah), which forms an ester
rather than an amide peptide bond. The resulting channel
exhibited anomalous biphasic dose-response behavior
when this mutation was combined with another known
gating mutation in the channel pore, fL9'S. TIRF imaging
studies and  stochastic ~ simulations  of  this
af9'yW55WahdW57Wah  receptor confirm that the
biphasic response is produced by a population of receptors
with a single, rather than mixed, stoichiometry. Single-
channel recordings obtained at a variety of concentrations
contain two main types of channel behavior, one with a
high probability of channel opening (Pshigh) and one with
a low probability of channel opening (Polow). Both types
show their own agonist-induced, concentration-dependent
increase in channel opening events. These two types
contribute to the two components of the macroscopic dose-
response curve.

It has since been determined that the biphasic
dose-response curve observed for
af9"YW55WahsW57Wah is a mixture of two functionally
different receptor populations with the same subunit
stoichiometry, where the first P;high component activated
by lower agonist doses reflects the concentration-
dependent activation of af9'yW55WahdW57Wah and the
second P,low component reflects the concentration-
dependent activation of of9yW55Q0W57Q, that is, a
similar mutant receptor but with a glutamine (Q) mutation
rather than Wah. This undesired mutant receptor is the
result of 76mer-tRNA (the limiting constituent of
unnatural amino acid incorporation by nonsense
suppression  via  microinjection of RNA) being
endogenously aminoacylated with the natural amino acid
glutamine. This 76mer-tRNA may be present in unknown
quantities either as an unreacted side product from in vitro
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ligation of 76mer-tRNA-Wabh, or as a natural end product
following in vivo incorporation of Wah during translation,
thereby accumulating with increasing with post-injection
time. For both macroscopic and single-channel studies, a
post-injection incubation of 48 - 72 hrs was typically used
to give a current response suitable for analysis. Thus, the
biphasic dose-response curve observed for
af9'yW55WahdW57Wah was identified as an artifact of
the nonsense suppression method due to extended post-
injection incubation periods.
“Division of Chemistry and Chemical Engineering,
California Institute of Technology, Pasadena, California

57. Long-range coupling in an allosteric receptor
revealed by mutant cycle analysis
Kristin R. Gleitsman®, Jai A.P. Shanata’,
Shawnalea J. Frazier’, Henry A. Lester, Dennis
A. Dougherty®
The functional coupling of residues that are far
apart in space is the quintessential property of allosteric
proteins. We studied an exemplar nicotinic acetylcholine
Cys-loop; the gating of an intrinsic ion channel is
allosterically regulated by the binding of small molecule
neurotransmitters 50-60 A from the channel gate.
Although structurally these receptors have two distinct
domains, some residues in the extracellular ligand-binding
domain must be involved in communicating the binding
event to the channel gate. These gating pathway residues
are quite important, but their identification and
characterization can be challenging. The present work
introduces a simple strategy, derived from mutant cycle
analysis, for identifying gating pathway residues using
macroscopic measurements alone. This method employs a
well-characterized reporter mutation (BL9'S) known to
impact gating, in conjunction with additional mutations of
residues in the ligand-binding domain hypothesized or
previously found to be functionally significant. We then
show that this method, elucidating long-range functional
coupling in allosteric receptors (ELFCAR), can be applied
to a wide variety of reporter mutations to identify both
previously characterized and novel mutations that impact
the gating pathway. We support our interpretation of
macroscopic data with single-channel studies. ELFCAR
should be broadly applicable to determining functional
roles of residues in allosteric receptors.
Division of Chemistry and Chemical Engineering,
California Institute of Technology, Pasadena, California
“Biochemistry and Molecular Biophysics, Division of
Chemistry and Chemical Engineering, California
Institute of Technology, Pasadena, California
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58. Correlations of affinity and potency of
compounds for a4f2* and ab6f2*-nAChR
subtypes show differing relationships
Sharon R. Grady®, Scott R. Breining®, Daniel
Yohannes?, Charles R. Wageman', Paul
Whiteaker®, Merouane Bencherif, Henry A.
Lester, Michael J. Marks®
A library of compounds was assessed for affinity

and potency at a4p2* and a6p2*-nAChRs, generating

sufficient data to correlate a number of parameters. For
these studies, affinity was assessed at a4p2*-nAChRs by
inhibition of [**I]-epibatidine (epi) binding to mouse
cortex membranes, a region where high-affinity epi
binding is restricted to a4p2*. Affinity for a6p2*-
nAChRs was assessed by two methods, inhibition of [**°1]-
alpha-conotoxin  MIl  (CtxMIl) binding to mixed
membranes from striatum, olfactory tubercle, and superior
colliculus from mouse brain, regions with relatively high
expression of this subtype, and by inhibition of [**°1]-epi
binding to membranes of the same regions from a4 null
mutant mice which eliminates all high affinity binding of
epi except that of the a6p2*subtypes. Function of these
two subtypes was measured by ®Rb* efflux from mouse
thalamic synaptosomes, and [°H]-dopamine release from
striatal synaptosomes. The ®Rb* efflux assay measures
exclusively a4p2*-nAChRs while the [*H]-dopamine
release assay with the use of CtxMII assesses both a4f2*
and the a6p2*-nAChR function. The two independent
measures of a6p2* binding were compared by correlation
analysis. The results indicated that these methods give

equivalent binding Ki values (r?=0.91, slope=0.86, for 17

compounds). The two methods for assessing

adp2*function were also compared and the data indicate
the EC50 values assessed by these two methods are the

same (r’=0.89, slope=0.96, for 13 compounds). In a

correlation of fifteen agonists for binding affinity (Ki) vs.

potency for function (EC50), these parameters have the
expected relationship between binding Ki and functional

EC50 of about 100-fold difference (r*=0.82, slope=1.06,

for 15 compounds). However, the a6p2*-nAChR appears

to have a distinctly different relationship with binding
affinity displaced less than 10-fold from EC50 values

(r=0.87, slope=0.97, for 15 compounds). These data may

imply that a6p2*-nAChRs have a different relationship

between ground state and desensitized state from the
adp2*-subtypes.
YInstitute for Behavioral Genetics, University of Colorado
Boulder, Boulder, Colorado

’Department of Preclinical Research, Targacept Inc.,
Winston-Salem, North Carolina

®Division of Neurobiology, Barrow Neurological Institute,
Phoenix, Arizona

59. Photochemical proteolysis of an unstructured
linker of the GABAAR extracellular domain
prevents GABA but not pentobarbital
activation
Ariele P. Hanek’, Henry A. Lester, Dennis A.
Dougherty”

In addition to activation by their cognate
neurotransmitter, y-aminobutyric acid (GABA), the
y-aminobutyric type A receptor (GABAAR) is subject to
allosteric modulation by a variety of compounds, including
benzodiazepines. The structural elements associated with
allosteric modulation by this important class of
pharmaceuticals is not well understood. The o subunit of
these inhibitory cys-loop ligand gated ion channels is
involved in both benzodiazepine and GABA binding
events, suggesting a role for this subunit in allosteric
modulation. Herein, we use the nonsense suppression
methodology to incorporate a photoactivated unnatural
amino acid to photochemically cleave the backbone of the
o subunit of the oy, GABAAR between loop A, which
contains the putative benzodiazepine binding site and loop
E, which is involved in GABA binding. Proteolytic
cleavage impairs GABA but not pentobarbital activation,
strongly suggesting the unstructured linker between loops
A and E is critical to the GABA activation pathway.
“Division of Chemistry and Chemical Engineering,

California Institute of Technology, Pasadena, California

60. Optimizing ivermectin-activated anion

channels for neuronal silencing

Sindhu Kadambi, Henry A. Lester

To block neuronal firing in selected areas of the
brain, we developed a silencing strategy that utilizes a
glutamate-activated chloride channel (GIluCl) cloned from
C. elegans to inhibit neuronal firing. GIuCl receptors are
pentameric Cys-loop receptors formed by o and 8 subunits
around a central pore. We made a Tyr182Phe mutation in
the GIuCl B subunit to eliminate the normal glutamate
response of the channels, codon-optimized both subunits
for enhanced mammalian expression, and labeled them
with fluorescent proteins for visualization. The mutant
channels respond exclusively to the anti-parasitic drug
ivermectin (IVM). However, the nonspecific effects of
IVM in vivo limit the usefulness of this approach. To
minimize these nonspecific effects, we decided to increase
the IVM sensitivity of the mutant GluClI channels and their
single-channel conductance by making additional
mutations in the M2 region, a domain that has been shown
to be important in modulating agonist sensitivity of other
Cys-loop receptors. These mutations should reduce the
IVM dose required to silence neuronal firing in vivo. The
effects of the mutations were tested by expressing the
mutant channels in Xenopus laevis oocytes, and measuring
their IVM response electrophysiologically. Mutating the
leucine residue at the 9' position in the M2 domain to an
alanine or valine significantly increased IVM sensitivity.
The L9'A mutant constructs were, however, constitutively
active, whereas, the L9'V mutant constructs produced only
a two-fold increase in sensitivity to IVM (compared to



WT). We are testing additional mutations at the 9'
position, as well as at other residues within the M2 domain
to see if we can increase IVM sensitivity more than
twofold without significantly increasing the probability of
spontaneous channel openings. Mutations are also being
introduced within the large cytoplasmic loop of the
receptor (the HA-stretch) to increase single channel
conductance. Mutant constructs that successfully increase
IVM sensitivity and minimize spontaneous openings will
be eventually expressed in cultured neurons to test their
ability to inhibit neuronal firing. If successful, these
modifications will reduce the IVM dose required to
activate GIuCl in vivo and enhance the usefulness of this
silencing strategy.

61. Structure-function studies on the 5-HT;
receptor ligand-binding site reveal polar
residues critical for receptor activation and
identify an intersubunit salt bridge
Kiowa S. Bower’, Henry A. Lester, Dennis A.
Dougherty”

The 5-hydroxytryptophan; (5-HT3) receptor is a
member of the Cys-loop family of neurotransmitter-gated
ion channels (LGIC). This family of receptors also
includes the nicotinic acetylcholine (nACh), GABA,, and
glycine receptors, and is involved in fast synaptic
transmission. The receptors function as a pentameric
arrangement of subunits where each subunit is composed
of a large extracellular domain and four transmembrane
a-helices (REFS). Each of the five 5-HTj3 binding sites is
located at an interface between the extracellular domains
of the pentamer (REFS). Sequence similarity between the
5-HT; receptor and the acetylcholine binding protein
(AChBP), as well as mutational studies (REFS), have
enabled the construction of homology models that have
provided approximate representations of the 5-HT; ligand-
binding site (REFS). Current models show that the 5-HT;
ligand-binding site is most likely formed by three loops
(A-C) in the principle subunit and three loops (D-F) in the
complementary subunit (REFS) (Figure 1b). However, as
homology models are inherently speculative, experimental
validation of predictions based on these models are
invaluable to the elucidation of the actual binding
interactions between 5-HT and its receptor. Previous
studies have established an important role for aromatic
residues that are conserved across the Cys-loop family,
including a cation- interaction between the positive
charge of 5-HT and the side chain of Trp183 on loop B of
the principle subunit.

“Division of Chemistry and Chemical Engineering,

California Institute of Technology, Pasadena, California
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62. Molecular interaction between nicotinic
acetylcholine receptors and the modulator
protein lynx1
Walrati Limapichat,, Julie Miwa, Henry A.
Lester, Dennis A. Dougherty”

Nicotinic acetylcholine receptors (nAChRs) are
ligand-gated ion channels expressed throughout the brain
and at neuromuscular junctions. These receptors are
homo- or hetero-pentameric with homologous subunits
arranged around a central ion pore. The lynx family of
proteins have been shown to physically associate with
nAChRs and are expressed in brain areas heavily involved
in nicotinic function. Lynx modulators are thought to
support proper nAChR function in vivo. In vitro, lynx has
been shown to associate with the neuronal a4p2 and o7
nAChR subtypes and the muscle-type nAChR. The
interaction with lynx affects receptor function at the
molecular level, including acetylcholine sensitivity and
desensitization kinetics.

Molecular-scale interactions between the lynx
proteins and the nAChR are the target of our investigation.
Specifically, we seek to identify the sites of interaction
between nAChR and lynx1, the first protein discovered of
the family. Lynx1 is a small protein containing 72 amino
acids with a C-terminal glycophosphoinositide-linked
(GPI-linked) sequence. Lynx's cysteine-rich motif is
characteristic of the class of elapid snake venom
neurotoxins such as a-bungarotoxin (aBtx) and
cobratoxin, which are known competitive antagonists to
specific NnAChR subtypes. The GPI-linked motif would
topologically allow the lynx proteins to bind in a similar
fashion to aBtx at the intersubunit interface on nAChR.
However, the antagonistic effect, as seen with the toxins,
has not been demonstrated with lynx binding. This raises
the possibility that lynx binds to the non-agonist interfaces
of the receptor that are allosterically important to gating.
Interestingly, our preliminary electrophysiology results in
Xenopus oocytes support this view: co-injection with
lynx1 primarily affects (a4)3(f2), but not (a4).(32)s
stoicheometry of the a4p2 nAChR although their agonist
binding interfaces are identical. With photobleaching
experiments on total internal reflection (TIRF)
microscopy, we aim to determine whether or not lynx1
binds to nAChR at the agonist binding interfaces (as aBtx
does) and to identify the number of lynx1 binding sites per
receptor. Once the broad regions of the binding site are
located, we hope to focus further onto specific binding
residues using site-directed mutagenesis.

“Division of Chemistry and Chemical Engineering,

California Institute of Technology, Pasadena, California
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63. Investigating the upregulation of the a6
NAChR subunit in response to chronic nicotine
usingg a modified bacterial artificial
chromosome (BAC)

Elisha Mackey, Henry A. Lester

As  receptors  containing a6  nicotinic
acetylcholine receptor (nAChR) subunits have the highest
affinity to nicotine yet measured, a6 could play an
important role in understanding nicotine addiction. To
investigate upregulation of the a6 nAChR subunit in
response to chronic nicotine, we will visualize receptors
containing a6 in a mouse line expressing fluorescently-
labeled a6 and observe changes in expression in response
to nicotine.  This approach is similar to previously
published efforts using a knock-in mouse line containing a
YFP-labeled a4 nAChR subunit and a mouse line with a
CFP-labeled a4 nAChR subunit.

In our investigation, instead of developing a
fluorescently-labeled a6 knock-in mouse, we have taken
advantage of the speed with which transgenic mice can be
developed by using a modified bacterial artificial
chromosome (BAC) to develop a BAC transgenic mouse
line. A GFP sequence was inserted into the M3-M4 loop
on exon 5 of Chrna6 (a6 NAChR) located on a 156kb BAC
using recombination in a two-step selection and counter
selection technique. The BAC includes significant 5' and
3' flanking regions for faithful expression of a6. The
modified BAC was then randomly introduced into the
mouse genome via pronuclear injection of fertilized mouse
eggs.

Those mice that express the transgene at levels
close to wild type will then be crossed to an appropriate .6
knock-out line such that the only a6 present contains a
fluorescent tag. The resulting mice will be tested for
appropriate receptor function by testing levels of ACh and
nicotine-induced Ca?* influx, nicotinic receptor binding,
and nicotine-induced dopamine release. The mice will
then be exposed to chronic nicotine or chronic saline for
10 days using osmotic mini-pumps, thereafter, the brains
sectioned and examined for changes in levels of a6
receptor subunit expression. These results will provide
insight into the relationship between specific changes in
number and distribution of nicotinic receptors and nicotine
thus, helping to understand the role of .6 and addiction.

64. Evaluating interfacial residues of the NMDA
receptor with unnatural amino acids: A novel
probe of the clamshell
Kathryn A. McMenimen®, Samuel J. Ettinger’,
Henry A. Lester, Dennis A. Dougherty”
lonotropic glutamate receptors (iGIuRs) are

ligand-gated ion channels that play a pivotal role in

learning and memory in the mammalian central nervous
system. The N-methyl-D-aspartate (NMDA) receptor is
activated by the binding of glutamate and glycine to
clamshell-like domains in the NR2 and NR1 subunits,
respectively. Ligand binding rotates the D2 lobe of the
clamshell toward the D1 lobe, and this closure promotes

channel gating. Studies of partial agonists in the related
AMPA receptor establish that submaximal activation
results from partial clamshell closure. However, structural
studies of NR1 have not revealed a similar mechanism for
partial agonist activation. Using unnatural amino acid
mutagenesis we convert an NR2-conserved tyrosine to
homotyrosine and an NR1 glutamine to homoglutamine,
residues designed to disrupt clamshell closure by
expanding the side chain without altering its functionality.
Homotyrosine incorporation indeed produces larger
functional changes for full agonists relative to partial
agonists in NR2, while homoglutamine produces a much
smaller change for full agonists relative to partial agonists.
These data show that a clamshell closure mechanism,
previously shown for AMPA receptors, likely also applies
to NMDA receptors, but to different degrees in the NR1
and NR2 subunits. This study extends the unnatural amino
acid methodology to serve as a functional probe of the
clamshell mechanism in iGIuR ligand binding.
“Division of Chemistry and Chemical Engineering,
California Institute of Technology, Pasadena, California

65. Molecular mechanisms underlying cholinergic
regulation in the brain

Julie M. Miwa, Henry A. Lester

Nicotinic acetylcholine receptors (NAChRs) of the
cholinergic system affect a wide array of biological
processes including learning and memory, attention, and
addiction. Because of the ability of the cholinergic system
to effect global changes in excitability, the regulation of its
receptor system is quite critical. Several mechanisms exist
to regulate this process; we are investigating the effect that
alterations in receptor sensitivity.

This is accomplished by studying gain-of-
function mutations in nAChRs, and through alterations in
the regulator elements of the nACh receptor complex.
Lynx1, the founding member of a family of mammalian
prototoxins, binds NnAChRs and modulates their function in
vitro by altering agonist sensitivity and desensitization
kinetics.  In vivo, lynx balances cholinergic tone to
influence complex brain processes, such as learning and
memory enhancements observed in lynx1 null mutant
mice.

In order to explore the mechanism by which lynx
achieves its effects on nAChRs, we are utilizing several
fluorescence microscopic techniques to label nAChRs in
living cells and track these receptors during assembly and
export to the cell surface. In mammalian cells, we have
discovered unique static and dynamic features when the
receptor is co-transfected with lynx1, indicating that lynx
alters nAChR trafficking in the cell and can influence
receptor expression and stoichiometry on the cell surface.
These experiments will be extended to evaluation of
mutant mice lacking the lynx1 gene, in order to compare
receptor trafficking against those of neurons from wild-
type mice. These studies will be helpful in explaining the
global modulatory effects of the lynx1 gene in normal and
disease processes, and can contribute to our understanding



of disease states when normal nAChR regulation is
disrupted.

66. Subcellularly resolved FRET explains GABA
transporter function in N2a cells by detecting
oligomerization states and plasma membrane
anchoring
Fraser J. Moss, P.1. Imoukhuede®, Kimberly Scott,
Jia Hu? Joanna L. Jankowsky®, Michael W.
Quick?, Henry A. Lester
The y-aminobutyric acid transporter mGAT1 was

expressed in neuroblastoma 2a cells. Nineteen fluorescent

MGAT1 designs incorporating fluorescent proteins were

functionally characterized by [PH]JGABA uptake in an

expression system that responded to several experimental
variables, including the mutations and pharmacological
manipulation of the cytoskeleton. Oligomerization and
subsequent trafficking of mMGAT1 were studied in several
subcellular regions using localized fluorescence, donor
recovery after acceptor photobleaching (DRAP), and pixel-
by-pixel analysis of normalized Forster resonance energy
transfer (NFRET) images. Nine constructs were
functionally indistinguishable from wild-type mGAT1 and
provided information about normal mGAT1 assembly and
trafficking. The remainder had compromised [°H]GABA
uptake and presented oligomerization and trafficking
deficits that helped determine regions of sequence
involved in these processes. DRAP FRET detected
MGAT1 oligomerization, but richer information was
obtained from histograms derived from pixel-by-pixel
analyses of the NFRET signal. These were fit to either
two or three Gaussian components. Two of the
components, present for all mGAT1 constructs that
oligomerized, may represent dimers and high-order
oligomers (probably tetramers), respectively. Only wild-
type functioning constructs displayed three Gaussians; the
additional component apparently had the highest mean
FRET intensity. Directional radius analysis determined
that the pixels with the greatest magnitude NFRET from
wild-type functioning constructs were localized at the cell
periphery. At the periphery, the highest-NFRET
component represented ~30% of all pixels, similar to the
percentage of mGAT1 from the acutely recycling pool
resident in the plasma membrane in the basal state.

Blocking the mGAT1 PDZ interacting domain or

disrupting the actin cytoskeleton abolished the third,

highest NFRET component from the total signal of wild-
type functioning transporters. Thus, pixel-by-pixel

NFRET analysis resolved two distinct forms of GAT1

oligomer, distinguished plasma membrane resident from

nearby subsurface transporter complexes, and revealed
sequences governing PDZ-mediated interactions of the
transporter with the cytoskeleton and/or the exocyst.

The Whitaker Institute at Johns Hopkins, Baltimore, MD

’Department of Biological Sciences, University of

Southern California, Los Angeles, California

*Department of Neuroscience, Baylor College of Medicine,

Houston, TX
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67. Coassembly of fluorescently tagged a7 and 2
nicotinic acetylcholine receptor subunits in
mammalian cell line detected by FRET
Teresa A. Murray*, Henry A. Lester
Mammalian nicotinic acetylcholine receptors

(nAChRs) generally assemble as heterooligomers. A

notable exception is the a7 subunit, which assembles as

homopentamers in mammalian heterologous expression
systems. Some reports also suggest that a7 forms hetero-
oligomers in mammalian cells and in both non-mammalian
and mammalian neurons. Thus, a mammalian
heterologous expression system stably expressing both a7
and B2 subunits would be useful to both confirm a7p2
coassembly and to study its behavior in mammals. The
present study demonstrated that mouse a7 and 32 subunits,
each fused to a different fluorescent protein, can be stably
co-expressed for over 20 passages in a mammalian cell
line, SH-EP1, which is nAChR native null. Moreover, this
work shows for the first time that fluorescence resonance
energy transfer (FRET) occurred between the fluorescent
proteins on the differentially labeled subunits in
intracellular compartments. Additionally, preliminary
results of trafficking and electrophysiological studies
suggest that co-expression of the $2 subunit affects surface
trafficking of o7. This cell line will prove useful in
studying the assembly, interaction with chaperone
proteins, trafficking and function of o732 heterooligomers.
“Biomedical Engineering, Yale University, New Haven,
Connecticut

68. Pharmacological chaperoning of nicotinic
receptors begins in the endoplasmic reticulum.
High-resolution imaging
Rigo Pantoja, Rahul Srinivasan, Sindhuja
Kadambi, Elisha D.W. Mackey, Shelly Tzlil",
Fraser J. Moss, Henry A. Lester
Nicotine addiction is the world's leading

preventable cause of mortality. Smokers also have a much

lower incidence of Parkinson's disease. Previous
experiments show that ligand interactions with a4- and $2-
nicotinic receptor subunits are necessary and sufficient for
nicotine addiction. A plausible cellular/molecular
mechanism for some responses to nicotine exposure is
selective pharmacological chaperoning of acetylcholine
receptor number and stoichiometry (SePhaChARNS). To
investigate SePhaChARNS in a neuron-like environment,
we used single- and few-molecule resolution fluorescence
microscopy to monitor localization and trafficking of
adGFP B2 and a4GFP B4 receptors expressed in mouse
neuroblastoma (N2a) cells. As in previous investigations
on native neurons and heterologous expression systems,
we find large pools of endoplasmic reticulum (ER)
localized a4GFP B2 receptors. Strikingly, cells expressing
adGFPB4 display plasma membrane (PM) localized
receptors. Pharmacological chaperoning was investigated
by incubating N2a cells expressing a4GFP 2 receptors in
nicotine or the partial agonist cytisine. Furthermore, we
simultaneously imaged a4GFP 2 receptors and an
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mCherry-tagged ER exit site (ERES) marker to monitor
the ER exit of a4GFP B2 receptors and the associated
changes in ERES. Nicotine induced an increase of ER
localized a4GFP (2 receptors, and ERES activity did not
change markedly. In contrast, cytisine treatment increased
the number of ERES fusion events, which may be an
ERES adaptive response to increased cargo load.
Consistent with an increase in cargo load we observed
increased a4GFP B2 receptor PM localization. Data from
cytisine and nicotine treatments directly indicate that
pharmacological chaperoning is initiated in the ER.
Nicotine and cytisine induce assembly of differential a4
B2 nicotinic receptor stoichiometries (see accompanying
abstract by Srinivasan et al.), which leads to differential
receptor localization, trafficking and ERES response.
Thus, high-resolution imaging of SePhaChARNS is
providing data required to understand, and manipulate
nicotinic receptors with drugs.
“Division of Chemistry and Chemical Engineering,
California Institute of Technology, Pasadena, California

R.P. and R.S. contributed equally to this work. Grants:
NS11756, DA17279, Michael J. Fox, Philip Morris,
Targacept Inc. Fellowships: Ford and APA-DPN (RP).
AHA postdoctoral (FIM).

69. ad4* nAChR modulation of glutamate release
from the medial perforant path

Rachel Penton, Henry A. Lester

Despite extensive research, the physiological
mechanisms underlying nicotine addiction are still largely
unknown. Nicotine may be unique compared to other
psychostimulants as it has the capability of interacting with
nicotinic acetylcholine receptors (NAChRs) in many areas
of the brain outside of the classical reward system and is
involved in the release of other neurotransmitters in
addition to stimulating dopamine release. One pathway in
which this may be important is the medial perforant path
(MPP) projection from medial entorhinal cortex (MEC)
layer 1l stellate cells to dentate gyrus (DG) which may be
involved in the cognitive effects associated with chronic
nicotine exposure. It has previously been shown that the
ad* nAChRs are upregulated on MPP axons following
chronic nicotine treatment and activation of these
upregulated receptors by nicotine decreased the threshold
for long-term potentiation induction, presumably by
increasing glutamate release (Nashmi et al., 2007). These
current studies will determine how a4* nAChRs located
on MPP axons modulate glutamate release and how
upregulation of these receptors alters this modulation.

The a4* nAChRs may be expressed in multiple
locations (presynaptically, preterminally, and/or axonally)
along the MPP axons and will likely impact glutamate
release differently depending on their location. Initial
experiments conducted in acute hippocampal slices
prepared from chronic saline- and nicotine-treated mice
will include whole-cell recordings of the postsynaptic
target neurons, the DG granule cells. These recordings

will be used to determine whether activation of a4*
nAChRs alters miniature, spontaneous, or evoked
excitatory postsynaptic currents (EPSCs) indicating the
likely location of the receptors as presynaptic, preterminal,
or axonal, respectively. Additionally, the timecourse of
the acute nicotinic effects will be important for
determining if a4* nAChRs located on MPP axons are
differentially ~ sensitive  to  desensitization  after
upregulation. We predict that the results will indicate
preterminal and/or axonal localization of the receptors;
therefore, additional experiments will include direct axonal
bleb  recordings to  observe = nAChR-mediated
depolarization and currents. Recordings of the MEC layer
Il stellate cells will also be performed to determine if the
entire pathway is hypersensitive to nicotine after chronic
treatment. These studies will give insight to possible
mechanisms underlying the cognitive effects of chronic
nicotine.

70. Investigating the roles of residues in the
vicinity of the a4p2 nAChR aromatic binding
site
Nyssa Puskar’, Henry A. Lester, Dennis A.
Dougherty”

The neuronal o4p2 nicotinic acetylcholine
receptor (NAChR) is strongly associated with nicotine
addiction and belongs to the larger family of highly
homologous nAChRs that are involved in various aspects
of brain function. Research in our lab uses a combination
of unnatural amino  acid  mutagenesis  and
electrophysiology to  develop a  chemical-scale
understanding of the neuroreceptors and ion channels
involved in brain and central nervous system function. We
recently reported that the high affinity for nicotine at the
a4p2 nAChR is a result of a strong cation-m interaction
and backbone hydrogen bond to a specific aromatic amino
acid of the receptor, tryptophan 154. Interestingly, both of
these interactions are either absent or extremely attenuated
in the homologous receptor found at the neuromuscular
junction, which explains why smokers do not become
paralyzed when inhaling nicotine. Currently, we are
continuing chemical-scale investigations of the a4 p2
nAChR to determine the molecular origins of nAChR
subtype specificity.  Specifically, we are probing the
manner in which residues positioned in the immediate
vicinity of the binding site play a role in either facilitating
or destabilizing the previously identified interactions (i.e.,
cation-rt interaction and hydrogen bond).

“Division of Chemistry and Chemical Engineering,

California Institute of Technology, Pasadena, California



71. Oscillatory firing of single neurons in the
human subthalamic nucleus: a Ccross-
hemisphere synchrony analysis
Kimberly Scott, Henry A. Lester, Dirk Winkler,
Jochen Helm!, Karl Strecker?, Johannes
Schwarz?, Ueli Rutishauser
The human subthalamic nucleus (STN) plays a

crucial role in Parkinson's disease. Bilateral deep brain
stimulation (DBS) in the STN is an effective way to
suppress Parkinsonian tremors. In patients with tremors, a
substantial fraction of spontaneously active STN neurons
fire rhythmically. Within a single STN, many neurons fire
synchronously. The circuit mechanisms that cause this
strong synchrony are unclear. In particular it is unknown
whether this phenomenon is restricted to the STN of
hemisphere or is more widespread. To elucidate this
mechanism, we investigated whether neurons in one STN
are also firing in synchrony with neurons in the
contralateral STN.

'Dept. of Neurosurgery, University Clinic Leipzig, Leipzig,

Germany
Dept. of Neurology, University Clinic Leipzig, Leipzig,
Germany

72. Single-channel recording of nicotinic receptors
with pore mutations

Jai A.P. Shanata’, Henry A. Lester, Dennis A.

Dougherty”

To activate the nicotinic acetylcholine receptor,
agonist must first bind in the extracellular domain and then
induce conformational change(s) leading to activation,
which includes movement in the channel pore that allows
for conductance. At the whole-cell level, a variety of
functional effects are observed when mutations are made
in the pore of nicotinic acetylcholine receptors. These
include changes in agonist potency and extent and rate of
desensitization.

To determine more specifically how mutations in
the channel pore impact receptor function, we are
performing  single-channel  recording of nicotinic
acetylcholine receptors with no agonist and varying
concentrations of acetylcholine. Thus far, our analysis of
long apparent openings of receptors with one or more pore
mutation has revealed surprisingly frequent brief closures
that may be inconsistent with models that suggest these
mutations significantly hinder the channels ability to close
quickly. These single-channel experiments aim to produce
a model that will explain the effects of one or more pore
mutations to a single receptor. Such a model will then be
validated against the systematic functional effects on
agonist potency (ECs) that have been previously reported.
“Division of Chemistry and Chemical Engineering,

California Institute of Technology, Pasadena, California
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73.  Single-channel recording of neuronal nicotinic
acetylcholine receptors

Jai A.P. Shanata”, Henry A. Lester, Dennis A.

Dougherty”

The neuronal nicotinic acetylcholine receptors,
including the a4 B2 heteromer and o7 homomer, are
pentameric ligand gated ion channels. These receptors are
opened when two molecules of an agonist, endogenously
acetylcholine, bind to the receptor at binding sites located
in the extracellular domain. Agonist binding causes a
conformational change in the channel pore that produces a
change from the nonconducting to conducting form.
Previous whole-cell studies have shown that the a4 (2
receptor can form in two distinct subunit combinations:
three o subunits and two B subunits (A3B2) and two o
subunits and three p subunits (A2B3). Nicotine has been
shown to have a higher potency for the receptor with the
A2B3 stoichiometry (high sensitivity) than at the A3B2
receptor (low sensitivity). However, nicotine is a partial
agonist - with efficacy lower than acetylcholine - at both
stoichiometries.

Previous single-channel recording of o4 (2
channels have produced conflicting conclusions regarding
which of the two stoichiometries has a larger single-
channel conductance, or if there is even a difference in
single-channel conductance between the A2B3 and A3B2
stoichiometries. We seek to use both whole-cell and
single-channel recording to determine the functional
differences between the two stoichiometries, which can be
controlled by modulating the ratio of o to f mRNA. For
both a4 P2 receptors, as well as the a7 receptor,
experiments at varying concentrations of several different
agonists will then be performed in order to develop a
model to explain the differences in efficacy of various
agonists for these receptors.

“Division of Chemistry and Chemical Engineering,
California Institute of Technology, Pasadena, California

74. Nicotine normalizes intracellular subunit
stoichiometry of nicotinic receptors carrying
mutations linked to autosomal dominant
nocturnal frontal lobe epilepsy
Cagdas D. Son, Fraser J. Moss, Bruce N. Cohen,
Henry A. Lester
Autosomal dominant nocturnal frontal lobe

epilepsy (ADNFLE) is linked with high penetrance to

several distinct nicotinic receptor (nAChR) mutations. We
studied (a4)3(B2), vs. (a4)2(B2)s-subunit stoichiometry for
five channel-lining M2 domain mutations: S247F, S252L,

776ins3 in o4, and V287L, V287M in p2. a4 and 2

subunits were constructed with all possible combinations

of mutant and wild-type (WT) M2 regions, of cyan and
yellow fluorescent protein (CFP, YFP), and of fluorescent
and non-fluorescent M3-M4 loops. Sixteen fluorescent
subunit combinations were expressed in N2a cells. Forster
resonance energy transfer (FRET) was analyzed by donor
recovery after acceptor photobleaching and by pixel-by-
pixel sensitized emission, with confirmation by
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fluorescence intensity ratios. Because FRET efficiency is
much greater from adjacent than for non-adjacent subunits
and the a4 and B2 subunits occupy specific positions in
nAChR pentamers, observed FRET efficiencies from
(ad)3(p2), carrying fluorescent a4 subunits were
significantly higher than for (a4),(p2)s; the converse was
found for fluorescent $2 subunits. All tested ADNFLE
mutants produced 10-20% increments in the percentage of
intracellular (a4);(B2), receptors compared to wild-type
(WT) subunits. In contrast, 24-48 h nicotine (1 uM)
exposure increased the proportion of (a4),(p2); in WT
receptors and also returned subunit stoichiometry to WT
levels for a4S248F and B2V287L nAChRs.  These
observations may be relevant to the decreased seizure
frequency in ADNFLE patients who use tobacco products
or nicotine patches. Fluorescence-based investigations of
nAChR subunit stoichiometry may provide efficient drug
discovery methods for nicotine addiction or for other
disorders that result from dysregulated nAChRs.

75. Pharmacological chaperoning of nicotinic
receptors begins in the endoplasmic reticulum:
Compartments and stoichiometries
Rahul Srinivasan, Rigo Pantoja, Sindhuja
Kadambi, Elisha D.W. Mackey, Shelly Tzlil",
Fraser J. Moss, Henry A. Lester
Pentameric o432 neuronal nicotinic acetylcholine

receptors (nNAChRs) assemble in two possible

stoichiometries, (a4),(f2); or (ad)s(p2),. The proportion
of the total receptor population represented by each
stoichiometry in a cell is influenced by the local
environment. Selective pharmacological chaperoning of
nicotinic acetylcholine receptor (nAChR) number and
stoichiometry (SePhaChARNS) is an important aspect of
nicotine addiction and can explain the inadvertent
therapeutic effects of smoking in Parkinson's disease. We
employed fluorescent protein (FP)-tagged nicotinic
acetylcholine receptor (NAChR) subunits to study the
effects of nicotine and cytisine on: (1) intracellular
receptor stoichiometry using pixel-by-pixel Forster

Resonance Energy Transfer (FRET); and (2) trafficking of

assembled nAChRs to the plasma membrane (PM) by total

internal reflection fluorescence microscopy (TIRFM).

Neuroblastoma (N2a) cells were transiently co-transfected

with a4mCherry and 2GFP nAChR subunits. Nicotine (1

uM for 4 h) incubation increased the assembly of the

(admCherry)2(B2GFP); nAChR stoichiometry.

Subcellular stoichiometry analysis revealed that nicotine-

induced preferential (ad4mCherry),(B2GFP); receptor

assembly in the endoplasmic reticulum (ER). TIRFM
showed that nicotine exposure restricted localization of the
newly assembled (ad4GFP),(32); receptors to the ER.

Conversely, cytisine treatment (1 uM for 4 h) of

admCherry and B2GFP transfected N2a cells resulted in

preferential assembly of the (ad4mCherry)s(B2GFP),
stoichiometry in the ER and an increase in surface
trafficking of assembled nAChRs relative to non-treated
controls. To study the influence of 2 on a4 g2 nAChR

trafficking, N2a cells were transiently co-transfected with
either a4GFP B2 or a4GFP B4 and imaged 48 h post-
transfection by TIRFM. mCherry with a lyn kinase
membrane localization signal was included in transfections
to visualize the PM. The a4GFP (32 receptors trafficked to
the PM in ~10% of the cells while ~90 % of cells
displayed a4GFPB4 at the PM. Together, these data reveal
a rate-limiting role for 2 subunits in ligand-induced a4 2
nAChR trafficking and stoichiometry-based differences in
subcellular receptor localization.
“Division of Chemistry and Chemical Engineering,
California Institute of Technology, Pasadena, California

R.P. and R.S. contributed equally to this work. Grants:
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76. Probing the binding interactions between the
GluR2 AMPA receptor subunit and several
agonists and partial agonists
Margaret W. Thompson, Kathryn A.
McMenimen”, Henry A. Lester, Dennis A.
Dougherty”
lonotropic glutamate receptors (iGIuRs) are

ligand-gated ion channels that mediate synaptic plasticity

in the mammalian nervous system. As a result, these
receptors are essential for learning and memory and have
been implicated in related processes such as addiction and

Alzheimer's disease. The a-amino-3-hydroxyl-5-methyl-

4-isoxazole-propionate (AMPA) receptor is activated by

the endogenous neurotransmitter glutamate, as well as
several non-native partial agonists. Upon ligand binding,
the two lobes of the AMPA binding domain rotate towards
one another like the closing of a clamshell with the partial
agonists closing the clamshell less than the full agonist.

Using nonsense suppression, the steric and electrostatic

properties of several residues in the binding site of the

GIluR2 AMPA receptor subunit have been varied in order

to understand the differences among their interactions with

glutamate and the less efficacious willardiines.

Preliminary results indicate that a negatively charged

residue at position 705 is required for receptor activation.

“Division of Chemistry and Chemical Engineering,

California Institute of Technology, Pasadena, California

77. Probing the role of the cation-r interaction in
the binding sites of GPCRs using unnatural
amino acids
Michael M. Torrice”, Kiowa S. Bower’, Henry A.
Lester, Dennis A. Dougherty”

We describe a general application of the nonsense
suppression methodology for unnatural amino acid
incorporation to probe drug-receptor interactions in
functional G protein-coupled receptors (GPCRs),
evaluating the binding sites of both the M2 muscarinic
acetylcholine receptor and the D2 dopamine receptor.
Receptors were expressed in Xenopus oocytes, and
activation of a G protein-coupled, inward-rectifying K(+)



channel (GIRK) provided, after optimization of conditions,
a quantitative readout of receptor function. A number of
aromatic amino acids thought to be near the agonist-
binding site were evaluated. Incorporation of a series of
fluorinated tryptophan derivatives at W6.48 of the D2
receptor establishes a cation-mt interaction between the
agonist dopamine and W6.48, suggesting a reorientation of
W6.48 on agonist binding, consistent with proposed
"rotamer switch" models. Interestingly, no comparable
cation-rt interaction was found at the aligning residue in
the M2 receptor.
“Division of Chemistry and Chemical Engineering,
California Institute of Technology, Pasadena, California

78. A hydrogen bond in the complementary
subunit of a4f2 that is important for agonist
binding
Larry Wade", Henry A. Lester
Nicotinic acetylcholine receptors (nAChRs),

pentameric ligand-gated ion channels that bind nicotine,
acetylcholine and structurally related agonists, are
implicated in smoking addiction and many neurological
disorders, including Alzheimer's disease, Parkinson's
disease and schizophrenia. Previous studies in our lab
have shown that nicotine and acetylcholine bind to the
neuronal receptor a4p2 though a cation-x interaction and
(for nicotine) a hydrogen bond with W154 of the receptor's
ligand binding "aromatic box." We now report a third
interaction, a hydrogen bond with L119 of the
complementary subunit, which is important for agonist
binding. Mutant cycle analyses with the unnatural residue
a-hydroxyleucine (Lah) and agonist analogs reveal that the
backbone NH of b2L119 makes a hydrogen bond to the
carbonyl and pyridine N of acetylcholine and nicotine,
respectively. This interaction is present in both receptor
stochiometries, (a4),($2); and (a4);(32),. Epibatidine
binding was also shown to be sensitive to mutations at
b2L119. Taken together, these binding interactions will
offer insight into the design of new therapeutic agents that
selectively target these receptors.

“Applied Physics, Division of Physics, Mathematics and

Astronomy, California Institute of Technology,
Pasadena, California
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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 mice and
over-expression in vivo with viral vectors, we are exploring
the role of the neuropoietic cytokine leukemia inhibitor
factor (LIF) in regulating neural stem cell proliferation and
fate in the adult brain. In the context of neuroimmune
interactions during fetal brain development, we are
investigating a mouse model of mental illness based on the
known risk factor of maternal influenza infection.
Huntington's disease (HD) is another focus, where we are
investigating potential therapies using intracellular
expression of antibodies (intrabodies) and also
manipulating NFxB activity.

Cytokines are diffusible, intercellular messengers
that were originally studied in the immune system. Our
group contributed to the discovery of a family that we have
termed the neuropoietic cytokines, because of their action in
both the nervous and hematopoietic/immune systems. We
demonstrated that one of these cytokines, 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. Moreover, LIF can regulate
neurogenesis and gliogenesis. 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 adult neural stem cell renewal. These
results highlight LIF as an important therapeutic target. We
are currently examining the role of LIF in a chemical model

of multiple sclerosis, where exogenous LIF can increase
oligodendrocyte number and stimulate remyelination.

Cytokine involvement in a model for mental
illness is also being investigated. This mouse model is
based on epidemiological findings that maternal 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 activating the maternal immune system on fetal
brain development and how this leads to altered behavior
in young and adult offspring. Recent results indicate that
the cytokine IL-6, acting on both the placenta and fetal
brain, is key in mediating the effects of maternal immune
activation on the fate of the 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
intrabodies that bind to various domains of Htt, and these
can either exacerbate or alleviate Htt toxicity in cultured
cells, acute brain slices, and in Drosophila HD models.
Current work is evaluating the efficacy of viral delivery of
intrabodies in a variety of mouse models of HD. One of
the intrabodies displays striking efficacy in ameliorating
the motor and cognitive deficits, as well as the
neuropathology caused by mutant Htt in these models. We
have also implicated the NFxB signaling pathway in the
pathogenesis of HD, and identified several steps in this
signaling cascade as potential therapeutic targets

79. Identifying the sites of interleukin-6 action

following maternal immune activation

Elaine Hsiao, Paul H. Patterson

Maternal infection increases the risk for
schizophrenia and autism in the offspring. In rodents,
maternal influenza infection or maternal immune
activation (MIA) with the double-stranded RNA,
poly(I:C), causes  behavioral, histological and
transcriptional changes in adult offspring that are
consistent with those seen in schizophrenia and autism.
This indicates that MIA, rather than a specific pathogen, is
responsible for the increased risk of mental illness in the
offspring of mothers with infections during pregnancy. In
investigating the possibility that cytokines may mediate the
effects of MIA, it was determined that the cytokine
interleukin-6 (IL-6) is essential for the manifestation of a
variety of abnormalities in the adult offspring of poly(l:C)-
treated mothers. Therefore, localizing the sites of IL-6
action may illuminate the anatomical and molecular
pathways through which MIA alters fetal brain
development. Our data indicate that IL-6 acts on both the
placenta and the fetal brain. Downstream IL-6 responses
indicative of IL-6 activity, such as SOCS3 induction, are
observed in the fetal brain and placenta following maternal
poly(I:C) injection. Moreover, IL-6 signaling pathways
are activated in the placenta and fetal brain shortly after
maternal poly(I:C) injection, as measured by increased
phosphorylation of STAT1, STAT3 and ERK1/2. Effects
in the placenta are localized to the spongiotrophoblast and
labyrinth layers, indicating that MIA is transduced in the



fetal compartment. Maternal poly(l:C) also increases IL-6
mRNA expression itself in the fetal brain and placenta,
raising the possibility of a positive feedback loop. That
these effects of poly(l:C) are due to IL-6 induction is
indicated by an experiment in which an anti-1L-6 blocking
antibody is co-injected with poly(l:C), which abrogates the
observed increases in IL-6 and its downstream sequelae.
These results support a key role for IL-6 in the placenta
and fetal brain in shaping neural development and
behavior in the MIA offspring.

80. Interaction between genes and environment in

a mouse model of mental illness

Catherine Bregere, Paul H. Patterson

Various environmental and genetic factors are
suggested to be involved in the etiology of schizophrenia
and autism. Infections during pregnancy represent an
environmental risk factor for the development of these
disorders in the offspring, and this can be modeled in mice.
Indeed, progeny of pregnant mice infected with the flu
virus, or injected with poly(l:C), a viral mimic, display
neuropathology and behavioral impairments reminiscent of
autism and schizophrenia. As candidate genes for these
disorders are identified, and genetically-modified mice
modeling these mutations are generated, it is possible to
test whether genes and environment interact synergistically
in the pathogenesis of mental illness. Thus, our hypothesis
is that neuropathology and behavioral impairments will be
exacerbated in mutant offspring of mothers given
infections or maternal immune activation (MIA). To test
this, we are using a mutant of disrupted in schizophrenia-1
(DISC-1), which is implicated in schizophrenia and other
severe mental illnesses, as well as a mutant of urokinase-
type plasminogen activator receptor (UPAR), which is
relevant for autism. Preliminary data do not reveal an
exacerbation of behavioral deficits in DISC-1 progeny
born to mothers treated with poly(l:C), as measured by
prepulse inhibition and latent inhibition.  However,
additional experiments involving a larger number of mice
will be conducted to validate this observation. MIA-
exposed UPAR progeny are currently being generated.

81. Imaging hallucinations in mice

Natalia Malkova, Paul H. Patterson

Hallucinations are defined as normal activation of
the visual or auditory system in the absence of appropriate
sensory input. A corollary is that such activity should be
enhanced by drugs that are known to induce hallucinations
in normal people and that exacerbate this symptom in
schizophrenic subjects. Activation of 5-HT2A receptors
(5-HT2AR) is responsible for the psychomimetic
properties of hallucinogens in humans. 5-HT2A receptor
agonists such as 2,5-dimethoxy-4-iodoamphetamine (DOI)
and lysergic acid diethylamide (LSD) stimulate head
twitches in mice, which are not seen in 5-HT2AR null
mutant mice. We find that DOI induces this stereotyped
behavior in mice in a dose-dependent manner. At the
molecular level, this drug activates expression of the
immediate early genes egr-1 and c-fos but not egr-2 or
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period-1 in auditory, visual and somatosensory cortices.
In addition, 15 min exposure to DOI leads to c-jun
phosphorylation in the somatosensory cortex and
amygdala. Thus, in the absence of external acoustic and
visual input, the hallucinogen DOI activates surrogate
markers of neuronal activity in the sensory cortex and
amygdala, which perform a primary role in the processing
and memory of emotional reactions.

The second stage of the project involves our
mouse model (Shi et al., 2003, 2005) that is based on the
epidemiological finding that maternal infection increases
the risk of schizophrenia in the offspring. We find that,
compared to controls, the offspring of mothers whose
immune systems were activated at mid-gestation show
increased stereotypical behavioral responses (head-
twitching, grooming and rearing) to DOI. The finding that
these offspring are more sensitive to the hallucinogen
raises the question of whether they also experience
spontaneous, hallucination-like, neuronal activity.

82. Information 