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Legend for the Front Cover illustration

Structures of HIV-1 virus-like particles, as determined by electron cryotomography. Purified HIV-1 virus-like particles
(VLPs) were frozen in a thin layer of buffer and imaged from a series of points-of-view in an electron cryomicroscope. The
three-dimensional reconstruction shown was calculated from those images, and many individual VLPs were denoised,
segmented, and rendered. The lipid bilayer envelopes are shown in transparent blue, and the capsid shells are colored in either
red (for those with the typical cone shape), orange (in a VLP that presented multiple capsids), or yellow (an irregular shape).
VLPs are shown in place within the box of density reconstructed. The floor and sides of the box show a projection and various
slices through the reconstructed volume, respectively.

"Reprinted from Journal of Molecular Biology, Vol. 346, Jordan Benjamin, Barbie K. Ganser-Pornillos, William F. Tivol,
Wesley 1. Sundquist and Grant Jensen. Three-dimensional Structure of HIV-1 Virus-like Particles by Electron
Cryotomography, 577-588 (2005), with permission from Elsevier."

Legend for the Back Cover illustration

A three-dimensional reconstruction of the brain of the African elephant, Loxodonta africana, based on magnetic resonance
images acquired with the 3 T Siemens Trio MRI scanner at the Moore Brain Imaging Center. The top image is a view looking
down from above the brain; the bottom image shows the brain from the right side. The images have been segmented into
neocortical gray matter, neocortical white matter, cerebellar gray matter, cerebellar white matter, deep cerebellar nuclei, and
other structures. The neocortical and cerebellar gray matter are rendered translucent, in order to reveal the structures below.
Magnetic resonance images were acquired with the invaluable assistance of Dr. J. Michael Tyszka, and funding for the work
was provided by the Gordon and Betty Moore Foundation.

These images were recently published in: Atiya Y. Hakeem, Patrick R. Hof, Chet C. Sherwood, Robert C. Switzer III, L.E.L.
Rasmussen, John M. Allman (2005) Brain of the African Elephant (Loxodonta africana): Neuroanatomy From Magnetic
Resonance Images. Anat. Rec. A Discov. Mol. Cell Evol. Biol. 287A(1):1117-1127.



IKKa is a star in the neuronal galaxy. A confocal micrograph demonstrates the nuclear localization of IKKa (pale
yellow) expressed from a lentivirus in human neurons differentiated from MESII neuroblasts in the presence of GDNF.
IKKa promotes neurite outgrowth, neurotrophin expression, and modulates signaling pathways by neuroprotective
molecules. Image provided by Ali Khoshnan from Professor Paul Patterson's lab.
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INTRODUCTION



100, 75, 50 AND 25 YEARS AGO

100 Years Ago: 1905
From the Throop Polytechnic Institute Catalogue, 1904-1905

"The Natural Science Laboratory is on the second floor... There are tables, lockers, five glass aquaria, two
observatory bee-hives, book cases and shelves... Each table is supplied with its own gas burner."

75 Years Ago: 1930

Robert Emerson (1903-1959) was appointed Assistant Professor of Biophysics in 1930. Emerson was a plant physiologist
who took his Ph.D. in Otto Warburg’s laboratory in Berlin, and at Caltech measured many of the fundamental parameters of
photosynthesis. In 1946 he left Caltech to join the faculty of the University of Illinois. He died in an airplane accident at La
Guardia airport in 1959.

50 Years Ago: 1955
From the Annual Report:

"During 1954-1955 there were eleven undergraduates in the biology option, twenty-nine graduate students in the
Division and seventy-seven postdoctoral research fellows on the staff."

"The Norman W. Church Laboratory for Chemical Biology is nearing completion... and should be ready for
occupancy in the fall of 1955."

From Biology News Notes (October 10, 1955, No. 3):

"Those attending the first meeting of the class in biophysics problems found a cryptogram written on the blackboard.
They were invited by the instructor, Max Delbriick, to solve it... This was... the cipher: DA TJP XVI 1JO XMVXF OCDN
XJYZ RDOCDI ORJ CJPMN TJP WZOOZM 1JO OVFZ OCDN XJPMNZ.
Delbriick explained later to the curious that there was a purpose to the puzzle-making. Desoxyribonucliec acid (DNA) and
protein, he said, are related to each other by a coding mechanism... For the students, cipher-making is a kind of basic training
for the obstacle course ahead."

25 Years Ago: 1980
From the Annual Report:

“In celebration of Professor Ray Owen’s 65" birthday, a symposium entitled "Frontiers in Immunogenetics” was held
at Baxter Hall on June 2-3, 1980... The speakers on the program were all former students or immediate colleagues of Ray
Owen... The banquet held in connection with the symposium featured a performance by the Caltech Women’s Glee Club, a
skit depicting life in Ray’s coffee room, and a slide presentation..."

"With the conclusion of Professor Horowitz’s term of office as Chairman of the Division, the following appointments
took effect this Fall, 1980:

Chairman, Leroy E. Hood

Associate Chairman: Charles J. Brokaw
Executive Officer: A. James Hudspeth
Executive Officer: James H. Strauss"



Professor Angelike Stathopoulos joined the Division of Biology faculty in January of this year. Her primary research interest
is patterning of the dorsal-ventral axis in the Drosophila embryo. She uses molecular, genetic, and genomic approaches to
identify and analyze genes involved in the response to a spatial gradient of the transcription factor DORSAL. Professor
Stathopoulos's lab then dissects particular signaling and transcriptional regulatory pathways that control this paradigmatic case
of global patterning of an embryo. For example, one such pathway involves the Fibroblast Growth Factors necessary for
embryonic heart development.

Professor Stathopoulos received a B.S. in Molecular and Cell Biology from the University of California at Berkeley, and a
Ph.D. in Biological Sciences from Stanford University. Before joining Caltech, she pursued postdoctoral research at the
University of California at Berkeley.



Professor of Biology Norman Horowitz, Emeritus, best known for his work on the "one-gene, one-enzyme" hypothesis and
the experiments aboard the Viking Lander to search to search for life on Mars in 1976, died June 1, 2005 at his home in
Pasadena. He was 90.

A pioneer of the study of evolution through biochemical synthesis, Horowitz was a professor of biology at the California
Institute of Technology for many years. After a distinguished career studying the genetics of the red bread-mold Neurospora
crassa, he began collaborating with the Jet Propulsion Laboratory in 1965 after becoming interested in the biochemical
evolution of life and its possible applications to the search for life on other worlds. He spent five years as chief of JPL's
bioscience section.

Horowitz was a member of the scientific teams for both the Mariner and Viking missions to Mars. On the Viking mission, he
and two collaborators designed an instrument capable of detecting any biochemical evidence of life on the planet. The results
of the experiment were negative at the two Viking sites, but this information in itself was a robust scientific result that
continues to inform current efforts in astrobiology to this day.

Horowitz is most renowned in the field of biochemistry for his 1945 thought experiment on biochemical evolution. The paper,
published in the Proceedings of the National Academy of Sciences, is today considered the origin of the study of evolution at
the molecular level. Horowitz also performed a seminal experiment that led to the widespread acceptance of the one-gene,
one-enzyme hypothesis that, until the early 1950's, was considered a radical theory of the way that life carries on its chemistry.
Horowitz and a colleague used mutations to disprove an alternative interpretation that was gaining credence at the time,
thereby indirectly strengthening the one-gene, one-enzyme hypothesis.

A native of Pittsburgh, Horowitz earned his bachelor's degree at the University of Pittsburgh, and then came to Caltech in 1936
for graduate study in the comparatively new division of biology, founded by the famed geneticist Thomas Hunt Morgan. After
completing his doctorate in 1939 under embryologist Albert Tyler, Horowitz became a postdoctoral scholar researcher at
Stanford University, in the laboratory of George W. Beadle.

When Beadle became chair of the Caltech biology division in 1946, Horowitz returned to his alma mater as a faculty member,
and stayed at the Institute for the remainder of his career. He was the biology division chair from 1977 to 1980, and became a
professor emeritus in 1982. His contributions to the division also included the endowment of the Horowitz Lecture Series. He
was married to Pearl (nee Shykin) Horowitz. Horowitz funded the Pearl S. Horowitz Book Fund at Caltech in her honor.

He was a member of National Academy of Sciences and the American Academy of Arts and Sciences. His honors included a
1998 medal from the Genetics Society of America. He was also the author of a 1986 book entitled: To Utopia and Back: The
Search for Life in the Solar System.



HONORS AND AWARDS - 2005

Anderson Choi Meyerowitz

Dr. Gloria B. Choi is the winner of the Ferguson Award for the 2004-2005 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. Choi performed her graduate
studies in the laboratory of Professor David Anderson. Her thesis work utilized molecular approaches to bear on a
fundamental, and poorly understood, problem in neural circuits and behavior: How do organisms choose between opponent
behaviors, when faced with conflicting stimuli in their environment? To address this problem, she studied, at the single-cell
level, the amygdalar-hypothalamic pathways that control innate reproductive behaviors, and their anatomical interactions with
analogous, pathways that control defensive behaviors, in mice. Using a combination of genetically encoded and conventional
axonal tracers, together with double labeling for markers of neuronal activation and neurotransmitter phenotype, she found that
a LIM homeodomain protein, Lhx6, delineates the reproductive branch of this pathway. She also revealed the existence of
parallel projections from the posterior amygdala, activated by reproductive or defensive olfactory stimuli, respectively, to a
point of convergence in the ventromedial hypothalamus. The opposite neurotransmitter phenotypes of these convergent
projections suggest a "gate control" mechanisms for inhibiting reproductive behaviors by threatening stimuli. Taken together,
her data identify a potential neural substrate for integrating the antagonistic influences of behavioral cues that release opponent
reproductive and defensive behaviors, and a transcription factor that may contribute to the development of this substrate.



PROFESSORIAL AWARDS 2005

James G. Boswell Professor of Neuroscience, Richard A. Andersen, was elected a member of the National Academy of
Sciences; elected an associate of the Neurosciences Research Program; was a visiting professor at the College de France; was
awarded a McKnight Neuroscience Brain Disorders Award; and, his laboratory's research on neural prosthetics was selected as
#29 of the top 100 science stories of 2004 by Discover Magazine.

Roger W. Sperry Professor of Biology, David J. Anderson, was awarded the Alexander von Humboldt Research Award for
Senior U.S. Scientists.

Caltech President, Professor of Biology, Nobel Laureate, David Baltimore, was the recipient of an Honorary Doctorate
Degree from Harvard.

Max Delbrick Professor of Biology, Pamela Bjorkman, received the following honors and awards: National Institutes of
Health (NIH) Merit Award; American Society for Histocompatibility and Immunogenetics Rose Payne Distinguished Scientist
Award; The University of Kansas Newmark Lecture; New York University School of Medicine Honors Program Lecture; and
the Douglass College, Rutgers University Fifth Annual Wyeth/Douglass College Lectureship

Albert Billings Ruddock Professor of Biology, Marianne Bronner-Fraser, was awarded the following honors and awards:
Viktor Hamburger Lecturer, Washington University, 2005; BUSAC Award for Excellence in Teaching, 2004-2005; appointed
to the Scientific Advisory Board-March of Dimes (2004-present); and Joint Genome Center Sequencing Review Committee
(2004-present); and elected to the Board of Directors, Society for Developmental Biology (2005-present). Also selected to be a
member of the Council - National Institute for Dental Research in 2005.

Assistant Professor of Biology and Applied Physics, Michael Elowitz, was the recipient of the Searle Scholar Program
Award.

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

George W. Beadle Professor of Biology and Division Chair, Elliot Meyerowitz, gave a Biology Distinguished Lecture at
the National Science Foundation in December, 2004; and Phi Beta Kappa Lectures at Baylor University, Vassar College,
Pomona College and Marquette University in January and March, 2005. In September 2005 he was awarded the Ross G.
Harrison Prize of the International Society of Developmental Biologists.

Assistant Professor of Computation and Neural Systems, Bren Scholar, Athanassios Siapas, was awarded a McKnight
Scholar Award.

Howard and Gwen Laurie Smits Professor of Cell Biology, Alexander Varshavsky, has received the 2005 Stein and Moore
Award from the Protein Society. He shares this award with Dr. Avram Hershko (Technion, Israel). In 2005, Varshavsky gave
the Distinguished Guest Lecture at the Baylor College of Medicine in Houston, Texas.



The Biology Division hosted the following Kroc Lectures:

April 7, 2004
Margaret Fuller
"Life's a niche: Regulation of stem cell self-renewal and differentiation by a support cell microenvironment"
Departments of Developmental Biology & Genetics
Stanford University School of Medicine

September 22, 2005
Professor James Berger
"Molecular mechanisms for regulating the initiation of DNA replicaion"
Molecular and Cell Biology
UC Berkeley

The Biology Division hosted the following Wiersma Visiting Faculty:

January 19, 2005
Mary Beth Hatten
"New directions in CNS migration"
Laboratory of Developmental Neurobiology
The Rockefeller University

February 23, 2005
Elizabeth Phelps
"The interaction of emotion and cognition: Insights from studies of the human amygdala"
Department of Psychology
New York University

The Biology Division hosted the following Weigle Lecture:

May 31, 2005
Roger Kornberg
"Beyond the structure of RNA polymerase: Understanding eukaryotic gene transcription"
Department of Structural Biology
Stanford University School of Medicine



Photos from the Millard & Muriel Jacobs Genetics & Genomics Laboratory Dedication on Dec 22, 2004



Photos from the Edward Lewis Memorial Weather Station Dedication on April 26, 2005
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Frank P. Hixon Professor of Neurobiology: John M.
Allman

Postdoctoral Fellow: Jason A. Kaufman
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Research and Laboratory Staff: Virginie Goubert, Atiya
Hakeem

Support: The work described in the following research
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The Gordon and Betty Moore Foundation

The David and Lucile Packard Foundation

The Gustavus and Louise Pfeiffer Foundation

Summary: We are mainly concerned with brain evolution
as revealed through the comparative study of brain
structure and with the neural mechanisms of economic and
social decision-making. These two interests come together
in our investigation of the Von Economo (spindle) neurons
of anterior cingulate and fronto-insular cortex. These
neurons are present only in humans and apes and are much
more abundant in humans than in apes; they thus represent
a recent development in hominoid evolution. The Von
Economo cells emerge mainly after birth and are 30%
more abundant in the right hemisphere. We think that the
Von Economo neurons are part of the circuitry responsible
for rapid intuitive choice in complex social situations.

Another facet of our laboratory research is the
incorporation of neuroimaging modalities, particularly
MRI, into the analysis of comparative brain anatomy. We
are investigating the structure of the brain in another
highly social mammal, the African elephant, using MRI.
And we are currently working with a new variant of MRI,
called diffusion tensor imaging, which can be used to
characterize the orientation and coherence of white matter
tracts in the brain. In order to quantitatively validate this
emerging technology, we are comparing measurements of
fiber anisotropy from DTI scans with measurements of
fiber coherence as measured from histological preparations
performed on the same specimens.

1. Neuroanatomy of the African elephant brain

from magnetic resonance images

Atiya Y. Hakeem, Patrick R. Hof', Chet C.

Sherwood?, Robert C. Switzer 111, L.E.L.

Rasmussen®, John M. Allman

We acquired magnetic resonance images (MRI)
of the brain of an adult African elephant, Loxodonta
africana, in the axial and parasagittal planes and produced
anatomically-labeled images. The elephant has an
unusually large and convoluted hippocampus compared to
primates and especially to cetaceans. This may be related
to the extremely long social and chemical memory of
elephants. We quantified the volume of the whole brain
and of the neocortical and cerebellar gray and white
matter. The white matter to gray matter ratio in the
elephant neocortex and cerebellum are in keeping with that
expected for a brain of this size. The ratio of neocortical
gray matter volume to corpus callosum cross-sectional area
is similar in the elephant and human brains, emphasizing
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the difference between terrestrial mammals and cetaceans,

which have a very small corpus callosum relative to the

volume of neocortical gray matter.

'Department of Neuroscience, Mount Sinai School of Med.

Department of Anthropology and School of Biomedical
Sciences, Kent State University

®NeuroScience Associates, Knoxville, TN

*Oregon Health and Sciences University

2. Intuition and autism: A possible role for Von

Economo neurons

John M. Allman, Karli K. Watson, Nicole A.

Tetreault', Atiya Y. Hakeem

Von Economo neurons (VENS) are a recently
evolved cell type that may be involved in the fast intuitive
assessment of complex situations. As such, they could be
part of the circuitry supporting human social networks.
We propose that the VENs relay an output of fronto-
insular and anterior cingulate cortex to the parts of frontal
and temporal cortex associated with theory-of-mind, where
fast intuitions are melded with slower, deliberative
judgments. The VENs emerge mainly after birth and
increase in number until age 4 years. We propose that in
autism spectrum disorders the VENs fail to develop
normally, and that this failure might be partially
responsible for the associated social disabilities that result
from faulty intuition.
'Graduate student, University of California, Los Angeles

3. The Von Economo neurons develop mainly
postnatally in human fronto-insular cortex
John Allman, Nicole Tetreault', Atiya Hakeem
The Von Economo neurons (VENs, also
sometimes called spindle cells) are found only in humans
and African apes. The VENs develop late in ontogeny as
well as phylogeny. They first appear in very small
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numbers in the 35™ week of gestation and at full term (38
to 40 weeks postconception) only about 10% of the full
complement are present. The number of VENSs is
increased in a 42 week post-conception neonate and even
more in the 7 month old infant, suggesting a fairly rapid
increment during infancy. The adult number is attained by
4 years of age. This postnatal increment in VEN
population may arise by differentiation from a pre-existing
cell type or by migration from a germinal zone in the
lateral ventricles. In all of the apes and the 4 year-old and
adult human brains, the VENs are about 30% more
numerous in right hemisphere fronto-insular cortex (FI).
This right hemisphere predominance develops postnatally.
The VENSs are only about 3% more numerous in the right
hemisphere in the 38-40 week neonates; about 19% more
in the 42-week neonate; and about 98% more in the 7
month old infant. These data suggest that the VENSs in the
right FI develop more rapidly than in the left during
infancy. The right hemisphere VEN predominance may be
related to the right hemispheric specialization for the social
emotions. The fact that this 30% right preference is so
tightly regulated and consistent across humans and apes
(past the infant period) suggests that this ratio is important
for normal functioning and that deviations from it could be
dysfunctional. The right predominance in the VENSs is
consistent with the results of Watkins et al., who compared
the left and right hemispheres with MRI in a large
population of normal subjects and found that the cortical
?ray matter volume was consistently larger in the right FI.

Graduate student, University of California, Los Angeles
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4. The role of the frontoinsular cortex in social
cognition

Corinna Zygourakis', John M. Allman

Several lesion and neuro-imaging studies
collectively suggest that FI and adjacent cortex is
responsive to "social intention" in the form of angry faces,
feelings of guilt, violations of social norms, empathy, and
cooperation. We therefore hypothesize that Von Economo
neurons play a key role in the detection of social emotions,
perhaps by quickly relaying the processing of
embarrassment, empathy, guilt, and shame to other brain
structures. FI lesions (that destroy the FI Von Economo
cells) may hinder a person's ability to detect expressions of
these four social emotions.

To test our hypothesis, we develop a protocol
based on film clips depicting these emotions. FI lesion and
non-brain-damaged control subjects view the film clips
and answer questions pertaining to the situational,
emotional, and moral content of the stimuli. Statistical
analysis indicates that the lesion patients understand the
complex social situations depicted in the film clips. In
other words, they are not deficient in their ability to detect
the non-emotional, objective features of the film clips.

However, the lesion subjects are significantly impaired in
their ability to recognize the social emotions. The lesion
subjects' scores for embarrassment, empathy, guilt, and
shame are significantly lower than those of the control
subjects. Moreover, the lesion subjects tend to rate
situations as being more reprehensible and morally
unacceptable than the non-brain-damaged controls.

Thus, the remarkably abnormal emotional and
social behavior of the FI lesion subjects may be explained,
at least in part, by their deficiencies in social emotion
detection. It appears that the Fl is, in fact, part of the
neural circuitry that interprets social intention.
'Undergraduate, Caltech

5. Measuring reversal learning: Introducing the
variable lowa gambling task

Stephanie Kovalchik®, John M. Allman

We developed a modification of the lowa
gambling task (IGT) to test whether it is primarily a
measure of reversal learning. Named the Variable IGT
(VIGT), the design involves a contingency reversal
midway through the task. Two versions of the task
enabled us to study the effect of a stronger prepotent
response on the ability to identify and adapt to contingency
reversal. A significant reversal delay was observed among
normal young players with a more dominating reward
response. Although transitory, this delay is comparable to
the characteristic behavioral impairment observed in
patients with damage to the ventromedial prefrontal cortex
(VM), addicts, psychopaths and individuals with other
self-destructive disorders: they persist in a previously
rewarding behavior despite long-term heavy costs.

We also conducted the VIGT in a sample of
healthy elderly adults. Results from this sample do not
support VM-like or risk-aversive theories of aging but are
inconclusive regarding the frontal aging hypothesis.
Overall, our findings indicate that the VIGT is a sensitive
and versatile measure of reversal learning and will serve as
a useful instrument in future studies of affective decision
making, addiction and other self-destructive behavior.
'Graduate student, University of California, Los Angeles

6. Anatomical analysis of an aye-aye brain

combining histology, MRI, and DTI

Jason A. Kaufman, Eric T. Ahrens!, David H.

Laidlaw?, Song Zhang?, John M. Allman

The aye-aye (Daubentonia madagascariensis) is a
remarkable primate whose ecological specializations as an
extractive forager are unique among the order Primates.
We report initial results of a multi-modal analysis of tissue
volume and microstructure in the brain of an aye-aye. We
scanned the left hemisphere of an aye-aye brain using
T2-weighted structural magnetic resonance imaging (MRI)
and diffusion-tensor imaging (DTI) prior to histological
processing and staining for Nissl substance and myelinated
fibers. The objectives of our experiment were to estimate
the volume of gross brain regions for comparison with
published data on other prosimians, and to validate DTI
data on fiber anisotropy with histological measurements of



fiber spread. Measurements of brain structure volumes in
our specimen are consistent with those reported in the
literature: the aye-aye has a very large brain for its body
size, it has a reduced volume of visual structures (V1 and
LGN), and an increased volume of the olfactory lobe. This
trade-off between visual and olfactory reliance is a
reflection of the nocturnal extractive foraging behavior
practiced by Daubentonia. Additionally, frontal cortex
volume is large in the aye-aye, a feature that could also be
related to its complex foraging behavior and increased
sensorimotor intelligence. Our analysis of white matter
fiber structure in the anterior cingulum bundle
demonstrates a strong correlation between fiber spread as
measured from histological sections and fiber spread as
measured from DTI. These results represent the first
quantitative comparison of DTI data and fiber-stained
histology in the brain.

'Department of Biological Sciences and the Pittsburgh
NMR Center for Biomedical Research, Carnegie Mellon
University

“Department of Computer Science, Brown University

7. 3D visualization and volumetry of two brains

with agenesis of the corpus callosum

Jason A. Kaufman, Andréa E. Granstedt', Lynn K.

Paul?, John M. Allman

Embryonic dysgenesis of the corpus callosum can
produce partial or complete absence of the major body of
commissural fibers that unite the cerebral hemispheres.
Normal-functioning acallosal patients typically experience
varying degrees of sensorimotor and social deficits, but the
congenital absence of the corpus callosum is not as
functionally debilitating as adult callosotomy. To better
understand the gross morphology of acallosal brains, and
to investigate possible anatomical compensatory
mechanisms, we performed 3D reconstructions and
volumetry in two postmortem brains — one with complete
agenesis, and one with a partial callosal defect in which the
splenium and posterior portion of the corpus callosum
were absent. Myelin-stained histological brain sections
were digitized and processed for three-dimensional
visualization and volume modeling. Analysis of grey and
white matter volume and ratio to brain weight suggest a
higher ratio of grey to white matter in the acallosal brains
compared with published values of normal individuals.
The anterior commissure and net white matter volume,
adjusted to smaller brain weight, were within normal
range, but the ventricles were enlarged. Longitudinal
callosal fibers (Probst's bundles) were clearly visible in the
complete agenesis brain, but these bundles do not appear
large enough to completely account for the mass of the
absent corpus callosum. Malformation of the cingulate
cortex appears to be a regular feature of callosal
dysgenesis, and may contribute to deficits in social
functioning in acallosal individuals.
'Graduate Student, Princeton University
“Division of Humanities and Social Sciences, Caltech
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8. Dendritic architecture of the Von Economo
neurons

Karli K. Watson, Tiffanie Jones', John M. Allman

Von Economo neurons are bipolar cells located in
the frontoinsula (FI) and anterior cingulate cortex (ACC)
of humans and great apes. These two regions, and
therefore the Von Economo cells themselves, are
implicated in rapid, intuitive decision-making, a cognitive
skill that is crucial for successful social interaction. We
sought to further characterize the anatomy of these unusual
cells. The use of Golgi and immunocytochemical
techniques enables us to study their dendritic architecture
and receptor expression, respectively.

We used the software system Neurolucida to
reconstruct Golgi stained pyramidal and Von Economo
neurons from post-mortem human tissue, and the resulting
three-dimensional models provided us with summary
statistics about how the two neuronal populations differ.
We found that the elongated and symmetric qualities of the
Von Economo neuron soma are also characteristic of the
dendritic trees of these cells. They are significantly less
complex than their pyramidal counterparts, having fewer
branch points and spines. This is particularly evident in
the basal dendritic tree: While pyramidal neuron basal
dendrites are numerous and branchy, the basal dendrites of
the Von Economo cells resemble the sparse trunk
characteristic of the apical dendrites in both cell types.
This suggests that the Von Economo cells are doing a
relatively simple computation. The low density of spines
on these cells, together with the high density of dopamine
D3 receptors that blanket the cell membrane, may suggest
that the majority of the neurochemical transmission
reaching these cells is extra-synaptic.

'MURF student, Caltech

9. Immunohistochemistry of the Von Economo

neurons

Karli K. Watson, John M. Allman

Immunohistochemistry of human post-mortem
tissue, coupled with fMRI paradigms that activate the Von
Economo regions, allow us to make educated guesses as to
the function of these cells. For example, the high-affinity
dopamine D3 receptor is expressed heavily on the soma
and apical dendrites of the Von Economo neurons, which
suggests that these neurons have a role in mediating
uncertain reward. Additionally, the V1a receptor is
strongly expressed in this region, including on the somas
of the Von Economo neurons. This is interesting in light
of the involvement of this receptor in social bonding and
affiliation. We also see strong expression of the 5SHT-2b
receptor on these cells, an unusual occurrence since this
receptor is uncommon in the brain and widely present
throughout the gastrointestinal system (Baumgarten and
Gothert, 1997). This may link these cells to the
phenomenon of "interoception” — the monitoring of one's
bodily states. Taken together, these results suggest that
these newly evolved cells are part of a circuit mediating
the real-time control of behavior in response to quickly
changing and ambiguous stimuli.
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10. Reduction and displacement of Von Economo
neurons in agenesis of the corpus callosum

Jason A. Kaufman, Lynn K. Paul', John M.

Allman

Individuals with congenital absence of the corpus
callosum (callosal agenesis) exhibit less severe functional
disconnection syndromes than are typical of patients who
have had the corpus callosum surgically sectioned as
adults. However, individuals with callosal agenesis appear
to suffer from psychosocial deficits that are uncommon in
callosotomy patients. For example, agenesis patients with
normal intelligence have difficulty comprehending humor
and affect-laden speech, as well as interpreting emotional
cues (Brown and Paul, 2000; Brown et al., 2005; Paul et
al., 2004). In order to investigate possible
neurohistological malformations that could relate to
deficits in emotional processing in these individuals, we
analyzed the number and location of Von Economo
neurons in the fronto-insular cortex (FI) of postmortem
agenesis brains. The Von Economo neurons are a unique
morphotype of large, bi-polar projection neuron found in
FI, as well as anterior cingulate cortex, and have been
implicated in social intuition and emotional cognition.

In three cases of complete agenesis of the corpus
callosum, we found the Von Economo neurons to be
virtually absent, with only a scattering of cells in FI and
ACC. In one case of partial callosal agenesis, the total
number of Von Economo neurons in FI was remarkably
reduced. The left FI contained approximately 19,200 cells,
compared with 47,500 cells in a normal control brain. The
right FI contained approximately 24,600 cells, compared
with 60,000 in a normal control. Previous work in our lab
has demonstrated a consistent right-dominant asymmetry
in Von Economo cell number in normal individuals; the
right FI typically contains approximately 30% more Von
Economo neurons. Despite the reduction in total number
of cells in the partial agenesis case, the normal right-
dominant asymmetry is retained. However, the Von
Economo neurons in FI of the partial agenesis case were
displaced medially. Instead of being located in the classic
FI gyrus, the cells were abnormally located in the postero-
medial orbital frontal cortex (Figure 1). We hypothesize
that absence and/or reduction of Von Economo neurons in
cases of callosal agenesis may contribute to deficits in
social processing in these individuals.

'Division of Humanities and Social Sciences, Caltech
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Figure 1. Location of the Von Economo neurons in the
fronto-insular cortex of a normal control case, compared
with a case of partial agenesis of the corpus callosum. In
the partial agenesis case, the Von Economo neurons are
abnormally located and reduced in number.
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Summary: Neural mechanisms for visual-motor
integration, spatial perception and motion perception.
While the concept of artificial intelligence has received a
great deal of attention in the popular press, the actual
determination of the neural basis of intelligence and
behavior has proven to be a very difficult problem for
neuroscientists. Our behaviors are dictated by our
intentions, but we have only recently begun to understand
how the brain forms intentions to act. The posterior
parietal cortex is situated between the sensory and the
movement regions of the cerebral cortex and serves as a
bridge from sensation to action. We have found that an
anatomical map of intentions exists within this area, with
one part devoted to planning eye movements and another
part to planning arm movements. The action plans in the
arm movement area exist in a cognitive form, specifying
the goal of the intended movement rather than particular
signals to various muscle groups.

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

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.

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

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

We have successfully performed functional
magnetic resonance imaging (fMRI) experiments in awake,
behaving monkeys. This development is important since
this type of experiment is done routinely in humans and
monitors the changes in blood flow during different
cognitive and motor tasks. However, a direct correlation
of brain activity with blood flow cannot be achieved in
humans, but can in monkeys. Thus, the correlation of
cellular recording and functional MRI activation in
monkeys will provide us with a better understanding of the



many experiments currently being performed in humans.
A 4.7 Tesla vertical magnet for monkey imaging has
recently been installed in the new imaging center in the
Broad building. We will use this magnet, combined with
neural recordings, to examine the correlation between
neural activity and fMRI signals.

11. Reaching in depth: Neural activity in
posterior parietal cortex reflects distance to
target and vergence angle
R. Bhattacharyya, S. Musallam, R.A. Andersen
Neurons in the posterior parietal cortex play a

variety of roles in spatial awareness, orienting behavior,
and movement planning, such as computing sensorimotor
transformations for reaches and eye movements. To
investigate the modulation of neural activity by target
distance and vergence angle we obtained extracellular
recordings in the intraparietal sulcus of a monkey (Macaca
mulatta) trained to perform reaches to a remembered
location. Eye and hand target stimuli were presented in
the dark. They were isolated luminous targets with well-
defined edges in order to minimize depth cues other than
blur and disparity. Trials were initiated by placing both
hands on sensors situated at hip level 15cm in front of the
eyes. The animal fixated a target placed in the line of
sight and maintained hand positions on sensors for a one
second interval after which a cue to a peripheral reach target
briefly flashed. After a memory period of 1s the animal
was instructed to reach to the remembered target location
with his right hand while maintaining his gaze. The four
reach targets at 25, 27.5, 30, and 32.5 c¢cm from the
monkey's face spanned the animal's full reaching range.
Three eye fixation targets at 15, 35, and 105 cm
corresponded to 13 degrees, 5.5degrees, and 1.2degrees of
vergence angle. Spiking activity from 21 cells revealed
significant tuning for reach depth (n=15) and for fixation
depth (n=10) in at least one trial epoch (ANOVA, p<0.05),
with most cells being modulated in the memory period
(n=13 and 7, respectively). Linear regression techniques
were used to investigate gain modulation. Planar fits of
spiking activity to reach and fixation depth were
significant (p<0.05) for 17 cells in at least one trial epoch,
with most cells exhibiting planar gain fields in the
memory period (n=15).

12. The role of recurrent connections in the
processing of reach movements in the parietal
cortex
M. Brozovic, A. Gail, R.A. Andersen
We present a theoretical study on the role of

recurrent connections in processing sensorimotor

transformations in the posterior parietal cortex. An
experimental study (A. Gail SfN 2005) shows that activity
in the monkey parietal reach region (PRR) represents the
spatial goal of reach movements rather than the location of
the visual cue during an anti-reach task. A two-
dimensional, three-layer neural network (Zipser-Andersen
type) with two different kinds of recurrent connections was
trained to represent reach goals in its output layer,
depending on the location of a visual cue and the
behavioral context (reach/anti-reach) fed into its input
layer. The network was trained using a backpropagation-
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through-time algorithm allowing the network to simulate
memory-guided reach planning.

In the first version of the model only the units in
the hidden layer were recurrently connected. The units in
the hidden layer ('PRR') developed receptive fields with a
spatial tuning representing the visual cue that was gain
modulated with respect to the task being either a reach or
an anti-reach. This means, although the network produced
temporal dynamics and the desired output mapping, it
could not explain experimental finding of motor-like
tuning in PRR.

In a second model version we introduced
additional recurrent feedback connections between the
output and the hidden layer units. Again the network
learned the proper input-output transformations. But this
time the activity of the units in the hidden layer
additionally reproduced the experimentally observed
dependence of the spatial tuning from the movement goal
instead of the visual cue. In conclusion, we suggest that
the encoding of movement goals in the parietal cortex
depends on top-down projections of motor-related activity
from frontal areas during the learning of context-dependent,
spatial visuomotor associations.

13. Time-invariant spatial representations in the
posterior parietal cortex

C.A. Buneo, A.P. Batista, M.R. Jarvis, R.A.

Andersen

Neurophysiological studies suggest that the
transformation of visual signals into arm movement
commands involves a simultaneous rather than sequential
recruitment of the various reach-related regions of the
cortex. However, little is known about how the reference
frames used to encode reaches within these areas vary with
the time taken to generate a behavioral response. Here we
report an analysis of these reference frames in area 5
(N=89) and PRR (N=87) as a function of time within an
instructed-delay task. The reference frame that best
accounted for cell activity was identified by quantifying
the variability in firing rate when target and/or starting
position were held fixed within one reference frame, but
varied in other frames. At both the single cell and
population levels, data were analyzed during a "cue" epoch
(100-400 ms after cue onset), a "memory" (400-800 ms
after cue onset), and a "reach™ epoch (200 ms before until
200 ms after movement onset). At the population level
data were also analyzed using a sliding 200 ms long
window centered on consecutive 100 m sec intervals of the
task.

At the population level, the reference frames that
best described the encoding of reach variables did not
evolve dynamically within each area but were fixed as a
function of time. At the single cell level, the best fitting
reference frame did vary with time for many cells.
However, the net result of this coordinate frame
"switching" was that close to 50% of the neurons in both
areas were encoding in the same preferred reference frame
throughout the task; as previously reported this frame was
fixed to the eyes in PRR and to both the eye and hand in
area 5. The present results suggest that the various stages
of the coordinate transformation for reaching do not evolve
gradually in time within the cortical visuomotor network;
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rather, once target-related information is instantiated in the
network, all stages of the transformation coexist
simultaneously.

14, Event detection in SEF and spatial
representations in LIP during an irrelevant
object saccade task
M. Campos, B. Breznen, R.A. Andersen
We have previously reported the representation of

object variables in LIP and SEF during the performance of

an object-based saccade task, finding that LIP is involved
in spatial transformations underlying saccades, while SEF
encodes abstract task-specific associations (Breznen et al.,

2003, 2004). We now address whether object variables are

represented in these areas in a naive macaque monkey with

no exposure to the object-based task. In contrast to other
studies (Sereno and Maunsell, 1998), our subject did not
perform any tasks in which objects were relevant for task
performance. Subjects performed two tasks—a memory-
guided saccade task and an irrelevant-object task, in
interleaved trials. The irrelevant-object task was identical
to the memory task, except that one of three objects,
chosen randomly, was presented foveally at a random
orientation during the fixation period at the beginning of
the trial. We found that most task-related LIP neurons

(~70%) and a minority of task-related SEF neurons (~20%)

exhibited retinotopic spatial tuning during the memory

task. The majority of SEF neurons (~65%) instead
responded to different task events (e.g., cue on, fixation
point off) with phasic non-spatial increases in firing rate.

In the irrelevant-object task we found that both populations

of neurons responded to the presentation of the object, but

that neither population showed selectivity to the object
type. The lack of object-type tuning suggests that the
previously reported shape selectivity in LIP (Sereno and

Maunsell, 1998) may have resulted from exposure to tasks

requiring the discrimination of object shapes for movement

planning. Some object-responsive LIP neurons (~30%)
were tuned to object orientation, but no SEF cells
exhibited orientation tuning. Rather, as in the memory
task, SEF neurons indicated that the object presentation
and extinction events had occurred without carrying spatial

(orientation) information. Thus while LIP tends to

represent spatial aspects of the tasks, SEF appears to be

more concerned with identifying task events and variables
that are not necessarily spatial.

15. Neural activity in the posterior parietal cortex
during decision-making for generating
visually guided eye and arm movements
H. Cui, H. Scherberger, R.A. Andersen
The posterior parietal cortex (PPC) of the rhesus

monkey has been found to encode impending decisions

reported by saccadic eye movement or reaching arm
movement alone, but it is still unclear if such neural
activity merely reflects higher-order sensory integration or
early movement planning. To examine the role of PPC in
decision-making across effectors, we recorded single-
neuron activity from monkey performing an eye or hand
target selection task. At the beginning of each trial, the
monkey had to fixate and touch a fixation point on a target
board. Two green (red) targets were presented inside the

neuronal response field and opposite to the fixation point
at the same distance. Immediately after stimulus
presentation, the monkey had to select one of the stimuli
as a target and touch (fixate) the selected target to receive a
juice reward that was independent of the choice. The
stimulus onset asynchrony (SOA) between the two stimuli
was adjusted by a staircase procedure until both targets
were selected equally often. Preliminary results from two
monkeys indicated that PPC neurons can be classified into
three populations that relate different stages of decision-
making. The first class of cells did not show correlation
between the firing rate and monkey's behavioral choice,
and appeared to encode solely sensory processing. The
second class of neurons exhibited significant differences in
activity related to target selection for both eye and arm
movements, so they may encode a general decision about a
spatial goal regardless of the effector. The third class
consisted of cells carrying effector-specific activity that
were predictive of the monkey's decision only during either
saccade or reach trials. As a sensory-motor interface, PPC
seems to be involved in different stages of decision-
making processes for both eye and arm movements.

16. Touching the void — Posterior parietal cortex
encodes movement goals during an anti-reach
task

A. Gail, R.A. Andersen

The posterior parietal cortex plays a key role in
performing sensorimotor transformations. To determine
the relative contributions of visual sensory processing and
movement planning for reaches in the neural activity of the
medial intraparietal area (MIP) we performed a memory-
guided anti-reach experiment in monkey. In an instructed-
delay, center-out reach task the monkey had either to reach
to a memorized peripheral target position (PRO-reach) or
to a diametrically opposed position (ANTI) while keeping
central ocular fixation. PRO- and ANTI-trials were
pseudo-randomly interleaved and indicated to the monkey
from the beginning of the trial by a color cue. We
analyzed MIP single unit activity with respect to
spatio-temporal response selectivity. The spatial tuning of
the recorded neurons mainly depended on the position of
the reach goal, not of the instruction stimulus. This was
true not only late in the memory period, shortly before the
movement initiation, but, more remarkably, immediately
after the visual cue presentation at the beginning of the
memory period. These findings support the hypothesis
that MIP activity represents information about the planned
reach movement rather than the memorized cue location or
spatial visual attention. Hence, MIP seems capable of
integrating spatial sensory information and abstract
behavioral rules (PRO/ANTI) to represent the desired
movement goal independent of the instruction stimulus
(see Brozovic et al., SfN 2005, for accompanying model
simulations). The spatial tuning of MIP neurons evolves
later in the ANTI- than in the PRO-condition, while the
latency of the overall activation is comparable, i.e., the
early activity in the ANTI-condition is not tuned. The
delay in tuning corresponds well to reaction times being
increased by 40-60 ms in the ANTI- as compared to the
PRO-condition, when the monkey, in a modified version
of the task, was allowed to reach immediately once the



peripheral cue was flashed. This could indicate that MIP
is involved in computing an inversion vector in case of the
anti-reaches.

17. Localizing neuroprosthetic implant targets
with fMRI: Premotor, supplementary motor
and parietal regions
H.K. Glidden, D.S. Rizzuto, R.A. Andersen
Monkey recordings from premotor and parietal

areas, including the parietal reach region (PRR), vyield

control signals for brain-machine interfaces to move a

computer cursor or a robotic arm. Recently, there have

been efforts towards transitioning the monkey findings to
develop human brain machine interfaces for severely
paralyzed patients, but as yet there is little precedent for
finding human homologues of these high-level areas that
have been functionally-defined in monkeys.  Because
severely paralyzed patients cannot execute real hand and
arm movements, it is crucial to activate these human
homologues using imagined movements to localize
potential implant regions with fMRI. Utilizing event-
related fTMRI and a version of the delayed-reach task
including both real and imagined pointing movements, we
have identified regions involved in preferentially planning
real and imagined points and not saccades. Our results in
normal subjects reveal that such specialized regions exist
in dorsal premotor cortex (PMd), the supplementary motor
area (SMA), and medial posterior parietal cortex (PPC),
where motor planning (target and effector known) activates
these regions more than motor preparation (only effector
known) or spatial attention (only target known). Imagined
pointing did not elicit activity in primary motor cortex or
the cingulate motor area, and point-related activity in these
regions was limited to the movement period and not the
delay period, reflective of involvement in point-execution
and not point planning. Thus, we have identified brain
regions specific for planning real and imagined hand vs.
eye movements, including PMd, SMA and medial PPC.

Combining fMRI with image-guided neurosurgery may

allow the extraction of neuroprosthetic control signals from

these regions in paralyzed patients.

18. Evidence for gain modulation as a mechanism
of sensory-motor adaptation in the posterior
parietal cortex
Bradley Greger, Marina Brozovic, Alexander
Gail, R.A. Andersen
Neurons in a region of the posterior parietal cortex

(PPC), the lateral intra-parietal area (LIP), are known to

encode information related to eye movements. We tested

LIP's involvement in sensory-motor adaptation by

recording the neural activity of LIP neurons in the non-

human primate during the performance of a memory-
guided saccade task.

Memory guided saccades were adapted using a
standard back-stepping paradigm. We tested for significant
alterations of receptive fields (RFs) in response to saccadic
adaptation and examined RF dynamics throughout the
experimental session. Significant alterations of RFs
predominately occurred as changes in gain, or changes in
gain plus shifts in location. The alterations of RFs could
occur during any or all of the three trials periods; stimulus
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presentation, memory period, or peri-saccadic period. RF
dynamics followed different time courses in different
neurons during saccade adaptation, with RFs in some
neurons rapidly altered either early or late in adaptation,
while RFs in some neurons were altered progressively
throughout adaptation.

We also developed a Zipser-Andersen neural
network to model how neurons in the PPC alter their RFs
when a perturbation mimicking saccade adaptation was
introduced to their sensory-motor mapping. The tuning
curves of the hidden units showed similar behavior to that
observed in LIP neurons. Approximately half of units
exhibited gain modulation, while the other half exhibited
more complex gain plus shift behavior. The RF dynamics
of many hidden units paralleled that observed in LIP
neurons.

These results suggest that LIP plays a role in the
adaptation of visually guided saccades mediated primarily
through gain field modulation. In both the data and model
the alteration in RFs paralleled the different aspects of
saccadic adaptation, e.g., error feedback or motor output,
suggesting different roles in sensory-motor adaptation for
different population of LIP neurons.

19. Functional MRI in alert behaving monkeys
during goal-directed saccades

Igor Kagan, Asha lyer, Axel Lindner, R.A.

Andersen

We developed experimental techniques to study
the neural substrates of goal-directed oculomotor behavior
in trained rhesus macaques using a high-field 4.7 T vertical
MRI scanner.  We recorded BOLD activity, eye
movements, reward and timing information while
monkeys performed direct and memory saccades to visual
cues during GE-EPI scans. Using a saccade vs. fixation
block design, we obtained reliable activation maps of
cortical and subcortical structures implicated in eye
movement control. Next we compared BOLD responses
during direct and memory saccades, in order to extract
spatial-specific memory and/or planning signals.
However, differential activation between memory and
direct saccades in the block design was obscured, in part
because block activity comprises signals from several task-
related components.

We therefore utilized an event-related design to
delineate contributions from different epochs within the
task sequence - presentation of visual cues, motor
planning, spatial memory, saccade execution, as well as
reward expectation and acquisition. Many discrete visual,
parietal, and frontal areas displayed multiple dependencies
on these variables. These findings emphasize the need for
cautious interpretation of potentially confounded and
overlapping signals in the BOLD time-course. The
analysis of "cognitive" (as contrasted to sensory and
motor) components is an important prerequisite for future
investigation of decision-making. Combined with FMRI-
guided neurophysiological recordings in the same monkeys
and with human imaging, using identical paradigms, these
studies promise to form a comprehensive approach to
investigation of various aspects of primate behavior.
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20. MSTd represents heading in an eye-centered

coordinate frame

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

MSTd neurons are tuned to the focus of
expansion of the visual image, but it is not known in
which coordinate frame the tuning curves are represented.
Visual signals generated by self-motion are initially
represented in retinal coordinates in the very early parts of
the visual system. Since this information is used to guide
movement of the subject through the environment, it
likely becomes represented in body or world coordinate
frames at later stations in the visual-motor pathway. We
performed experiments to determine whether focus tuning
curves in MSTd are represented in eye, head, body, or
world coordinates. Since MSTd neurons adjust their focus
tuning curves during pursuit eye movements to
compensate for changes in pursuit and translation speed
that distort the visual image, the coordinate frame was
determined for three separate conditions: fixed gaze, real
pursuit, and simulated pursuit. It is possible that different
coordinate frames are used to compensate for tuning curve
shifts due to retinal and extraretinal signals. Focus tuning
was determined at five eye positions, six degrees apart,
along the preferred direction of pursuit. We recorded
extracellular responses from 49 MSTd neurons in a rhesus
monkey (Macaca mulatta). We found that the expansion
focus tuning curves were aligned in an eye-centered
coordinate frame as opposed to head, body, or world-
centered coordinate frames for almost all cells (fixed gaze:
48/49; real pursuit: 46/49; simulated pursuit 43/49; t-test,
p<0.05). These results indicate that MSTd neurons
represent heading in an eye-centered coordinate frame in an
early part of the visual-motor pathway that integrates
retinal and extraretinal signals.

21. Dynamical state representation in posterior

parietal cortex

G.H. Mulliken, S. Musallam, R.A. Andersen

To explore how neurons in posterior parietal
cortex (PPC) encode a dynamical sensorimotor state, we
recorded simultaneous neural activity from 96
microelectrodes in the medial intraparietal sulcus and area
5 during a continuous visual feedback joystick task. One
monkey was trained to move a joystick in 2D to navigate a
cursor on a vertical display from a central location to one
of eight possible peripheral targets (11 cm away) with
central fixation. The monkey was rewarded for guiding the
cursor to within 1.5 cm of the target for 150 ms. Space-
time receptive fields were constructed for 29 neurons by
plotting the instantaneous smoothed firing rate against a
set of trajectory parameters (movement angle, speed,
fixation-to-target angle) across a range of lag times (-360 to
360 ms). 24/29 neurons were spatiotemporally tuned
(p<0.05) to the movement angle of the cursor and 15 of
these neurons were also spatiotemporally tuned to the
speed of the cursor (p<0.05). 5/29 neurons were spatially
tuned to the fixation-to-target angle (p<0.05), persistently
encoding target location throughout the trial. We then
calculated the optimal lag time for movement and speed-
tuned neurons, defined as the lag time (+/-) at which a
neuron's tuning curve sharpness (depth/halfwidth) was
maximal. The population distribution of optimal lag

times was centered at approximately 0 ms, with 70 ms
standard deviation. Negative-lag neurons had small lag
times (>-100 ms), suggesting the activity does not reflect
direct sensory feedback and better reflects estimates of
most recent past states. Positive-lag neurons also had
small lag times (<100 ms), making it unlikely that they
are encoding feedforward motor commands and more likely
encoding estimates of upcoming states. This data suggests
that PPC serves as a forward model for motor control that
predicts movement states at the current moment, in the
recent past, and in the near future.

22. Firing rate of V1 neurons predicts perception

of ambiguous three-dimensional objects

Zoltan Nadasdy, Melissa Saenz, Bijan Pesaran,

Christof Koch, R.A. Andersen

We studied single unit responses of V1 superficial
layer neurons in a perceptual discrimination task. A rhesus
monkey was trained to hold fixation during presentations
of ambiguous and unambiguous (3D) structure-from-
motion objects, and was required to report his percept in a
two alternative forced choice task. We estimated the
probability with which the firing rate of a given V1 neuron
allows an ideal observer to predict the monkey's perceptual
choice. Neuronal responses to zero-disparity (ambiguous)
objects were sorted according to the perceptual choices and
the type of object on the preceding trial. The choice
probability was determined for each neuron. Based on the
sample of 159 neurons, 40% (65) of the cells showed a
significant but relatively long latency bias (p<0.01)
starting 400 ms after the stimulus onset. Analysis of the
sequence of trials revealed that perception and neuronal
responses during ambiguous trials were affected by the
preceding non-ambiguous trials in a time dependent
fashion. Neurons recorded during ambiguous trials
separated by long 3+/-1s intertrial-intervals (ITIs) revealed
a short latency persistent firing rate increase if the
preceding trial was congruent with the preferred
direction/disparity of the neuron. Thus, the relative firing
rate during ambiguous trials was predictive of the
monkey's choice. This neuronal bias may reflect a
perceptual stabilization following long ITls. In a second
experiment varying the ITI between unambiguous and
ambiguous object trials, we found that the percept
switched following an ITI<1s, while remained the same
following an ITI>1s. These results suggest that a
population of V1 neurons contribute to generating a
perceptual bias deriving from two sources: a short latency
bias induced by the previous exposure and a long latency
perceptual bias representing a corroborative feedback from
higher visual cortical areas (MT/MST).

23. Dorsal premotor neurons encode the relative

position of the hand and the eye

M.J. Nelson, B. Pesaran, R.A. Andersen

When reaching to grasp an object we often move
our limb and orient our gaze together. How are these
movements controlled and coordinated? Reaching and eye
movements are controlled by areas in frontal and parietal
cortex that share long-range connections. Neurons in
reach-related areas of posterior parietal cortex (PPC)
respond to both reaches and saccades and combine



retinotopic and limb position signals suggesting they are
involved in hand-eye coordination. In contrast, while eye
position can modulate responses in dorsal premotor cortex
(PMd) in the frontal lobe, PMd is considered to be
downstream from PPC and is thought to respond primarily
to reaches in limb, not retinotopic, coordinates. However,
responses in PMd to reaches and saccades and their
dependence on retinotopic and limb coordinate frames have
not been systematically studied. @~ We compared cell
responses in PMd in two monkeys using delayed reach and
saccade tasks and then studied the coordinate frame of the
responses. Reach and saccade activity was examined by
instructing either a reach without a saccade or a saccade
without a reach from a central location to one of eight
targets. 138/205 cells were spatially-tuned to reaches
during the delay or movement periods (ANOVA,p<0.05).
88/205 cells were spatially-tuned to saccades during the
delay or movement periods (ANOVA,p<0.05). Next we
instructed reaches or saccades to one of four targets while
independently varying the starting position of the hand and
eye across four locations. Many cells represented both
hand and eye position for reaches (57/111) and saccades
(49/105; Int. term, 2-way ANOVA,p<0.05). These cells
encoded the relative position of the hand and eye with
most cells preferring the hand ipsilateral to gaze
(27/57;23/49) and others on (14/57;9/49) or contralateral
(16/57;17/49) to gaze. These data indicate that PMd
responds to both reaches and saccades and may coordinate
the hand and eye by computing their relative position.

24. Coherence in dorsal premotor cortex and area
MIP during free choice and instructed
behaviors

B. Pesaran, M.J. Nelson, R.A. Andersen

Dorsal premotor cortex in the frontal lobe and area
MIP in posterior parietal cortex form a frontal-parietal (F-
P) circuit for reaching but the functional role of
connections between them is unclear. To study their role
in decision-making, we compared two tasks with freely
chosen and instructed reaches. In both tasks three targets
were presented and the monkey was rewarded for reaching
to one of them following a 1-1.5s delay period. On each
trial a different set of three targets was presented from a set
of eight potential locations and the reward was assigned to
one of the three targets with equal probability. In the
choice task, all three targets were circles and the monkeys
were allowed to choose reaches to find the reward. In the
instructed task, targets were a circle, square and triangle
and the monkeys had to reach to them in that order to find
the reward. Instructed reaches matched the chosen reaches
to make the sensory and motor variables before the first
reach the same for both tasks. We simultaneously recorded
spike and field activity in both areas of two monkeys and
compared the coherency of the signals during each task
over time using a 500 ms moving window. The database
consisted of 91 spike-field (21 P-F,25 F-P,28 F-F,17 P-P)
and 84 field-field (54 F-P,15 F-F,15 P-P) recordings.
Population average spike-field and field-field coherency
between frontal and parietal cortex was greater during the
choice than instructed task from 5-20 Hz for 500 ms after
target onset (t-test;p<0.05). Spike-field and field-field
coherency within either frontal or parietal cortex was
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greater during the choice than instructed task from 15-40
Hz after this first 500 ms (t-test;p<0.05). These data
suggest decision-making involves long-range coherency in
frontal-parietal circuits earlier than local coherency within
either area. Long-range coherency may reflect cooperative
computation between frontal and parietal cortex during
decision-making.

25. Decoding planned trajectories in the posterior

parietal cortex

E.B. Torres, R. Quian-Quiroga, C.A. Buneo,

R.A. Andersen

Recent work suggests that the PPC is involved in
the decoding of movement intentions (Andersen Group
2002, 2004), yet it is still unknown whether the PPC is
also involved in trajectory formation. Before movement
execution, during the planning period, trajectory
information was decoded using 34 cells for leftward and 30
cells for rightward targets from the areas 5 and PRR of the
Posterior Parietal Cortex (PPC) of one monkey. A new
experimental paradigm that required temporal visuomotor
adaptation was used. The experiment interleaved a delayed
center-out reaching task that was "second nature" to the
monkey with a new task that required avoiding a physical
obstacle (OB) interposed on the way to visual targets. The
new task was simple enough that did not require training,
yet complex enough that it elicited highly curved and long
paths that called for a change in temporal strategy.
Electromagnetic sensors were attached to the arm to
measure the behavior concurrently with the neural activity.
Learning was monitored across time. The delay activity
before movement in the PPC cells was highly different
between tasks, so a simple leave-one-out Linear Fisher
Discriminant decoding algorithm on the neural data was
used to predict not only the target direction of motion
across experimental conditions, but also trajectory-related
features. The first transition from simple to OB-avoidance
reaches enabled prediction of the spatial path, i.e., to
distinguish the spatial route in straight vs. curved
trajectories. The second transition within the OB block,
where the paths had been resolved and conserved from trial
one, but the speed profiles continued to change, enabled
prediction of speed-related features. From planning
activity it was possible to decode broken and slow vs.
smooth and fast speed profiles. The data suggest that
delay period activity in the PPC reflects both spatial and
temporal aspects of reach trajectories for pending
movements.
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Summary: There are currently three major areas of
investigation in this laboratory: the development of neural
stem cells; the functional neuroanatomy of emotional
behaviors in mice; and the functional neuroanatomy of
innate behaviors in Drosophila.

Stem cell biology

Stem cells are multipotent, self-renewing progenitor cells.
Central nervous system stem cells (CNS-SCs), are
believed to generate neurons, astrocytes and
oligodendrocytes, the three major cell classes of the CNS.
These cells have, however, been characterized primarily in
vitro. Our recent studies of a population of candidate
CNS-SCs in the spinal cord suggest that in vivo, the
majority of these cells do not self-renew, but rather
undergo a unidirectional restriction to a glial fate. Current
work is aimed at using a combination of microarray and in
vivo loss- and gain-of-function genetic manipulations, to
identify and functionally characterize genes that control
this restriction.

Neural circuitry of behavior

We are developing and applying molecular biological tools
to map and manipulate the neural circuitry underlying
emotional behaviors, in mice. These studies focus on two
distinct but related states: pain and fear. In the former
case, we have identified a novel family of G protein-
coupled receptors (GPCRs) for neuropeptides, called
Mrgs, which are specifically expressed in restricted subsets
of primary nociceptive sensory neurons. Using
homologous recombination in embryonic stem cells, we
have marked the neurons that express different Mrgs with

37

genetically encoded axonal tracers. Remarkably, different
Mrg-expressing neurons project to different, and highly
specific, peripheral target tissues. We are now engaged in
genetic inactivation or killing of these neurons, as well as
genetic activation, to understand their function. We are
also tracing the higher-order projections of these neurons
into the brain, to determine the point at which these novel
and distinct sensory circuits converge.

In a separate project, we have developed an
experimental system to compare the neural circuits that
control behavioral responses to learned versus innately
fearful stimuli. We have identified auditory stimuli that
can elicit different fear behaviors (flight or freezing) in
laboratory mice, depending on the context and/or prior
experience of the animals. These stimuli are therefore of
the same sensory modality as those typically used for fear
conditioning experiments. We have identified genes that
are expressed in subpopulations of neurons in the central
nucleus of the amygdala, which is thought to be a major
output structure that co-ordinates different aspects of
learned fear responses. Using the promoters of these
genes, we are generating mice in which these neurons can
be reversibly silenced, in collaboration with Henry
Lester’s laboratory. The behavioral consequences of these
manipulations for responses to learned and unlearned
fearful auditory stimuli can then be compared.

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

26. Modeling ""emotional’ behavior in Drosophila

Tim Lebestky

Emotional behaviors in humans convey a positive
or negative response to a stimulus, and this response is
manifest in discrete, highly conspicuous ways, such as
stereotyped facial expressions and physiological arousal.
Although Drosophila do not present the richness of human
emotions in their behavior, they may share fundamental
molecular similarities that could allow us to dissect the
way that neural circuits function to provide graded
responses in intensity, as measured both qualitatively and
quantitatively. To this end, we are developing automated,
high-resolution behavioral assays that will allow a



38

reproducible characterization of behavioral responses to
various stimuli for high-throughput genetic screens. One
such assay follows the startle effects on locomotion and
escape behaviors in response to a series of air-puffs,
delivered at regular intervals. We observe a reproducible
escalation of locomotor activity and jump-response
behaviors as a function of time and puff number. We have
performed genetic screens to isolate and characterize
insertional mutants and potential neural circuits that
mediate startle behavior.

Similar to mammals, Drosophila utilize biogenic
amines as neurotransmitters for normal neuronal function
and behavior. A serotonin transporter, dSERT, with
significant functional homology to the mammalian SERT
family has been cloned and physiologically characterized
in vitro (Demchyshyn et al., 1994), however there is no
genetic analysis of this, transporter in vivo. Given the
importance of this molecular family and the successful
advancement of in vivo RNAI techniques in Drosophila,
we are currently developing techniques to look at gain-and
loss-of-function conditions in a spatially and temporally
regulated manner in adult flies. To this end, we have
obtained RNAI lines, an insertional mutation in the dSERT
locus, and multiple deficiencies that uncover the region. |
have also entered into a collaborative project with another
postdoctoral fellow, Wulf Haubensak, to engineer new
conditional neuronal silencing transgenes. It is our hope
that by tightly controlling the gene dosage and induction
level of the RNAI or silencing transgenes, we may observe
quantifiable phenotypic differences in behaviors that may
give insights into how molecular thresholds influence the
escalation or decline of distinct internal states in adult
animals.

217. Genes and neural correlates underlying an

innate avoidance behavior

Anne Hergarden

The neural control of behavior is not well
understood. In order to tackle this problem, we will begin
by examining a simple and robust behavior. In other work
from this lab, postdoctoral fellow Greg Suh has shown that
Drosophila adults avoid low concentrations of carbon
dioxide. This avoidance behavior is mediated by a single
class of olfactory receptor neurons that express the
putative gustatory receptor GR21A. This dedication of a
few neurons to the perception of a single odorant molecule
leads us to the question of whether there is a simple circuit
underlying the carbon dioxide avoidance behavior. We are
interested in identifying additional neural substrates
involved in carbon dioxide avoidance. To this end, we
have reversibly silenced subregions of the fly brain by
crossing brain-specific Gal4 lines to UAS-Shibire® and
tested the progeny for deficits in carbon dioxide avoidance.
We then use secondary assays including locomotor and
general olfactory assays to ensure the specificity of the
behavior and a UAS-reporter line to identify the
expression pattern. We are also interested in screening
single gene mutant collections in order to identify genes
that modulate this avoidance behavior.

28. A novel endothelial-specific gene, D1.1, is a
marker of adult neovasculature

Donghun Shin, David J. Anderson

Angiogenesis, the sprouting of new blood vessels
from pre-existing vessels, is essential for tumor growth and
wound healing in adults, as well as for proper embryonic
development.

We characterized a novel endothelial-specific
gene, D1.1, which encodes a predicted transmembrane
protein that is not homologous to any other genes in the
mammalian genome. We examined the expression and
function of D1.1 using a tau-lacZ knock-in to the
endogenous chromosomal locus. We found that D1.1 is
strongly expressed by most or all endothelial cells during
embryonic development, and is subsequently, down-
regulated in the majority of adult microvessels. D1.1 is
highly upregulated and expressed in most endothelial cells
involved in neo-vascularization, including tumor
angiogenesis, wound healing and corneal micropocket
assays. D1.1 homozygous null mutant mice appear
phenotypically normal. However, a soluble D1.1-Fc
fusion protein impairs endothelial cell migration and blood
vessel formation in several different acute assays.

These data identify D1.1 as a novel marker of
neovasculature, and suggest it may play a functional role
in angiogenesis that is compensated in vivo by other,
structurally distinct proteins.

29. Molecular approaches to studying the
neuronal circuits of emotions

Walter Lerchner, David J. Anderson

Studies attempting to gain a greater understanding
of the neuronal circuits of emotions have mostly relied on
electrophysiology or lesion studies. However these
methods can only identify regions of the brain involved in
a certain emotional behavior but reveal relatively little
about the connections of the individual neurons.

To better understand the neuronal circuits that
underlie emotional behavior we searched for genes with
restricted expression in areas predicted to play important
roles in these circuits. Once such a gene is identified, its
promoter can be used to drive expression cassettes that
label the connections, as well as inducibly silence a
molecularly defined subpopulation of neurons.

We identified several genes that show restricted
expression in areas of interest. Complicating the issue is
that all the genes expressed in a subpopulation of neurons
in a region of interest also show expression in other
regions of the brain and/or peripheral tissues. Thus, it is
necessary to take a combinatorial approach in order to
target a molecularly-defined population of neurons in an
individual area of the brain.

Two different approaches are being currently
tested in vivo. In the first approach a knock-in construct is
used that requires cre-recombinase to excise a stop cassette
in order to bring the silencing cassette under the control of
a subpopulation-specific promoter. The silencing cassette
is under temporal control by the removal of doxicycline
from the drinking water and uses tetanus toxin to block



vesicle release. Cre recombinase can then be provided by
expression from a different gene with overlap in the region
or interest or by viral injection into a specific region of the
brain. Currently knock-in mice are created using ER81 for
driving the silencing cassette in regions such as the
anterior cingulated cortex, and the basolateral amygdala.

The second approach uses an approach developed
by Henry Lester's laboratory. The system involves two
subunits of the C. elegans glutamate-gated chloride
channel (GIuCl), which has been modified to only be
opened by ivermectin. Both subunits are necessary for a
functioning channel. Thus, the individual subunits can be
expressed by transgenesis and/or virus injection.
Ivermectin can be supplied in the drinking water. We are
currently conducting several proof-of-principle tests using
injection of a mixture of adeno-associated viruses to
express both subunits in several forebrain regions,
followed by behavioral experiments and
electrophysiology.

30. The amygdala central nucleus in innate vs.
conditioned fear

Wulf Haubensak, David J. Anderson

Fear is probably the most conserved emotion,
underlying defensive behaviors across species, and, in
turn, a basic, medically important, human emotion that can
be addressed in experimentally tractable animal model
systems. Numerous studies have pointed to a central role
of medial temporal lobe structures, particularly the
amygdala, in various forms of fear. Typically, these
structure-function relationships have been obtained by
mapping patterns of neuronal activity accompanying fear-
associated behaviors, and functionally validating these
correlations by surgical lesions. However, these methods
are not suitable to investigate single neuronal circuits with
cellular resolution. This is especially important when it
comes to assign function to the amygdala subregions, and
of the different neuronal populations therein. Among
these, neurons expressing the stress promoting
neuropeptide CRH in the central amygdala (CeA) are a
likely to have a central role in fear processing.

Here, we explore a comprehensive strategy to
analyze function and circuitry of these neurons, with
higher precision. We use two region specific genes, PKC-
delta and vavR, which are coexpressed exclusively in the
CRH neurons of the CeA, in a combinatorial manner, to
express, in genetically-modified mice, inducible
genetically-encoded neuronal silencers specifically in these
neurons. To this end, we generated PKC-delta and vavR
BAC transgenic mice expressing each one of the two
subunits of a chloride channel for silencing (Slimko et al.,
J. Neurosci. 22:7373), such that, in intercrosses of these
mice, the functional channel will be reconstituted only in
the target cells. This will allow us to silence these cells in
a temporally defined manner in behavioral paradigms for
conditioned (measuring freezing in tone/foot-shock
conditioned mice), and innate fear (measuring ultrasound
induced freezing in foot-shock sensitized mice (Mongeau
et al., J. Neurosci. 23:3855). Similarly, we will direct the
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expression of genetically-encoded trans-synaptic tracers
(wheat germ agglutinin) and the c-terminal fragment of
tetanus toxin) selectively to these cells to identify
projections to and from these neurons.

31. Distinct nociceptive circuits revealed by axonal

tracers targeted to Mrgprd

Mark J. Zylka, Liching Lo, David J. Anderson

We recently identified a large family of G
protein-coupled receptors, called Mas-Related Genes
(Mrgprs). Several of these genes are expressed in subsets
of small-diameter nociceptive (pain-sensing) neurons. To
determine what role these genes and sensory circuits play
in pain signaling, we generated several Mrgprd knock-out
mouse lines where the coding region of Mrgprd was
replaced with EGFP-F (farnesylated EGFP) or hPLAP
(human placental alkaline phosphatase) axonal markers
and the doxycycline-inducible transcription factor rtTA-
M2. By studying axonal projections in these animals, we
found that Mrgprd® neurons terminate exclusively in the
epidermis as free-nerve endings. Mrgprd” neurons do not
innervate any other known targets of nociceptive neurons
such as hair follicles, blood vessels, or visceral organs.
Mrgprd” fibers comprise 70% of the free-nerve endings in
the epidermis, with CGRP" fibers representing the
remaining 30%. Centrally, Mrgprd® and CGRP" fibers
terminate in adjacent but non-overlapping lamina in the
spinal cord. These neuroanatomical studies indicate that
cutaneous nociceptive stimuli are conveyed by two
molecularly distinct and parallel pain circuits. Currently,
we are using the knocked-in copy of rtTA, in combination
with TRE-driven transgenes, to inducibly silence and/or
ablate the circuitry defined by Mrgprd expression. These
selective molecular and cellular manipulations will permit
us to uncover the functional and behavioral significance
for parallel cutaneous pain circuitry in mammals.
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32. LIM homeodomain transcription factors
delineate the amygdalar-hypothalamic
pathway involved in innate reproductive and
defensive behaviors
Gloria B. Choi, David J. Anderson
We bring molecular approaches to bear on a

fundamental, and poorly understood, problem in neural
circuits and behavior: How do organisms choose between
opponent behaviors, when faced with conflicting stimuli in
their environment? To address this problem, we have
begun to trace, at the single-cell level, the neural pathways
that control innate reproductive behaviors, and their
anatomical interactions with analogous pathways that
control defensive behaviors, in mice.

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

By doing an expression screening and microarray
analysis, we showed that a LIM homeodomain
transcription factor, Lhx6, is expressed in the MEApd
(medial amygdala posterior dorsal), a reproductive nucleus
of the medial amygdala. Using a combination of
genetically-encoded and conventional axonal tracers,
together with double labeling for markers of neuronal
activation and neurotransmitter phenotype, we found that
Lhx6 delineates the reproductive branch of the amygdalar-
hypothalamic pathway. Moreover, we have traced parallel
projections from the MEApv (medial amygdala posterior
ventral), activated by defensive stimuli, to a point of
convergence in the VMHdm (ventromedial hypothalamic
nucleus). The opposite neurotransmitter phenotypes of
these convergent projections suggest a "gate control”
mechanisms for inhibiting reproductive behaviors by
threatening stimuli. The data, therefore, identify a
potential neural substrate for integrating the influences of
conflicting behavioral cues, and a transcription factor
family that may contribute to the development of this
substrate.

We are in the process of making conditional
knock-out's of Lhx6 in order to study whether Lhx6
expression is necessary and/or sufficient for setting up the
specific and topographically organized amygdalar-
hypothalamic circuit. Moreover, we are trying to test
whether an animal is no longer able to gate reproductive
behaviors by threatening stimuli in the absence of
functional amygdalar-hypothalamic connections.
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33. In vivo transplantation studies of Olig2"
neuroepithelial progenitors of motoneurons
and oligodendrocytes
Yosuke Mukoyama
A fundamental question in neuronal development

is what controls the transition from neurogenesis to

gliogenesis. We focus on the pMN domain of the
ventricular zone in the developing spinal cord, to which
expression of the bHLH transcription factor Olig2 is
restricted. This domain gives rise first to motoneurons

(MNs) at embryonic day 9.5 (E9.5) and then to

oligodendrocytes (oligos) at E13.5. It remains unclear

whether neurons and glia are actually generated from

Olig2* self-renewing CNS stem cells in vivo. If so, the

multipotency of these Olig2® progenitors should be

maintained during the MN—oligo transition. On the other
hand, if the transition to gliogenesis involves cell-intrinsic

restrictions, then it would argue that Olig2™ progenitors are
not self-renewing stem cells. To address this question, we
have compared the neurogenic and gliogenic capacities of
Olig2" pMN progenitors at different stages, using direct in
vivo transplantation. FACS-isolated Olig2® pMN
progenitors from dissociated mouse spinal cord were
transplanted into host chick embryo spinal cord, at a stage
permissive for neurogenesis. E9.5 Olig2® pMN
progenitors differentiate to MNs in the E2 ventral chick
spinal cord following transplantation. In contrast, E13.5
Olig2" pMN progenitors do not differentiate to MNs, but
rather to glial cells, primarily oligos, in the E2 ventral
chick spinal cord. These data suggest that Olig2”
progenitors undergo cell-intrinsic restrictions in their
developmental potentials during the MN—oligo transition.
This in turn implies that MNs and oligos may be generated
by a mechanism not involving self-renewal.

34. Olig gene targets in CNS glial cell fate

determination

Christian Hochstim, David J. Anderson

We are interested in the process of cell fate
specification in embryonic CNS progenitor cells. Our
specific focus is on the specification of the two major
subtypes of glial cells: oligodendrocytes and astrocytes.
In the spinal cord, these glial cells are generated from
ventricular zone progenitors after neurogenesis is
completed. The bHLH transcription factor Olig2 is
essential for oligodendrocyte generation in the spinal cord.
Furthermore, lineage tracing in the Oligl,2 -/- homozygous
mutant spinal cord using an Olig2-GFP knockin allele
reveals that GFP+ cells generate astrocytes, a fate
transformation in the absence of Olig expression. In an
attempt to identify Olig target genes involved in this fate
specification, we have performed a screen where GFP+
oligodendrocyte (+/-) and astrocyte (-/-) precursors were
FACS isolated and their mRNA expression profiles were
compared using Affymetrix mouse cDNA microarrays.
The paired homeodomain transcription factor pax6 was
identified as being upregulated in the Olig -/- population,
and expression data confirmed pax6 co-expression with
GFP in Olig-/- but not Olig+/- spinal cord in both
progenitors (E13.0) and migrating glial cells in the white
matter (E18.5). Furthermore pax6 was found to label a
subset of GFAP+ astrocytes in the ventral-lateral white
matter of the spinal cord at E18.5. At this stage pax6 also
marks a subdomain of NF1+ astrocytic precursors in the
middle portion of the ventricular zone, as well as a
subpopulation of migrating NF1+ precursors throughout
the gray and white matter. Interestingly, pax6 expression
in the astroglial lineage is entirely mutually exclusive with
olig2 expression in oligodendrocyte precursors, which like
our microarray data suggests an antagonistic relationship
between these transcription factors. We are currently
focusing on gain of function and loss-of-function
experiments to determine the relationship between pax6
and olig2 and whether pax6 has any pro-astrocytic or anti-
oligodendrocytic role in the context of its observed
expression in the spinal cord at late embryonic stages.



35. Rapid, systematic identification of genomic
regulatory elements controlling region- and
neuron-subtype-specific gene expression in
mammalian brain
David F. Chang, David J. Anderson
A major research opportunity in the post-genomic

era is to understand how genes influence behavior. The
difficulty in studying this topic is that genes do not directly
dictate behavioral phenotype; rather, neural circuits control
behavior. ldentification of enhancer elements controlling
brain region- and neuron-subtype-specific gene expression
facilitates genetic approaches to mark, map, manipulate the
activity of specific neuronal circuits and determine the
effects of these manipulations on specific behavior.

At present, comparative analysis of genomic
sequences from multiple organisms using bioinformatics
tools such as VISTA and Mussa programs have permitted
the identification of conserved non-coding regions across
species. Since the functional assays to validate the activity
of such putative brain region-specific enhancers are
difficult to recapitulate in neuronal cell lines, this leaves
transgenesis as the only current viable assay system.
However, functional analysis in transgenic mice is
laborious, time consuming, expensive and confounded by
position effects due to the site of chromosomal integration.

Our project aims to develop a rapid, systematic
brain expression assay to identify transcriptional
regulatory elements for brain region and neuron subtype-
specific gene expression. We have set up an
electroporation system to transfer plasmid DNA reporter
constructs to short-term, brain-slice cultures. So far, we
have optimized various parameters, including age of the
animal used, DNA concentration, number of pulses, pulse
amplitude and frequency, the size and thickness of the
slice and the length of the culture period. Further, we have
manufactured an electroporation apparatus to achieve
uniform and consistent transfection that may be adaptable
for high-throughput studies in the future. Our current aim
focuses on the study of putative enhancer elements. If the
slice culture approach is successful, we will achieve proof-
of-principle by demonstrating that the regulatory elements
identified drive expression specifically in the appropriate
regions of the mouse brain in vivo.

36. Specific olfactory circuits in Drosophila direct

an innate avoidance behavior

Greg S. Suh, Allan Wong’, Anne Hergarden,

Richard Axel’, Seymour Benzer~, David J.

Anderson

We have developed a novel behavioral paradigm
for an innate avoidance response in Drosophila. This
paradigm involves avoidance of a substance emitted by
flies subjected to stress, called Drosophila Stressed
Odorant (dSO). Responder flies were given a choice in a
T-maze between a fresh tube and a conditioned tube in
which a set of emitter flies was previously traumatized.
Most responders choose the fresh tube; performance Index
typically falls between 95 and 80 under optimal conditions.
Gas chromatography mass spectrometry and respirometer
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analyses indicated that CO, is a component of dSO. And
flies exhibit avoidance response to CO, in a dosage-
dependent manner. We next sought to functionally map
olfactory circuits mediating avoidance response to CO..
Flies in which a genetically-encoded, calcium-responsive
indicator (GCaMP) was expressed throughout the antenna
lobe revealed that a single pair of the ventral-most
glomeruli, known as V, are activated by CO,. Moreover,
functional inactivation of the GR21A+ sensory neurons
which project to the V glomerulus, using UAS- Shibire®,
was sufficient to abolish avoidance response to CO,. In
addition, the fact that these CO,-blind flies carrying
GR21A-Gal4 & UAS- Shibire® nevertheless exhibited an
avoidance response to dSO, argues that CO, is only one
component of dSO.

To identify the groups of ORNs activated by
NCO (Non-CO, component of dSO), imaging experiments
were performed in collaboration with Allan Wong and
Richard Axel at Columbia. They expressed GCaMP using
Elav-Gal4, a driver expressed throughout the nervous
system, and monitored the patterns of glomerular
activation in response to air from tubes in which flies were
traumatized. Consistent with our predication, another
single pair of glomeruli, known as Dm1, are activated by
traumatized fly air while the Dm1 glomeruli are not
activated by undisturbed fly air, which does not have
repelling activity toward naive flies. These data suggested
that the Dm1 glomeruli are specific for the unidentified
NCO substance emitted by traumatized flies.
“Columbia University, School of Medicine
“Professor, Division of Biology, Caltech
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37. Molecular specification of motor neuron

progenitor cell fate

Agnes Lukaszewicz

The pMN domain of the spinal cord,
characterized by Oligl/2 expression, is a specific
progenitor domain of the central nervous system, which
generate motor neurons (MNs) and oligodendrocytes
(OLs). So as to understand the molecular control of the
neuron-to-glia switch in this domain, a systematic
characterization of changes in gene expression has been
carried. Genes coding for cell cycle regulators, the Cyclin
Ds, have been isolated. Interestingly, mouse spinal cord
precursors specifically expressed either CyclinD1 or
CyclinD2, but not both. In addition, whereas CyclinD2
remains expressed after the transition to gliogenesis,
CyclinD1-expression disappears. Considering that
CyclinD1 has been shown to modify the activity of
transcription factors, these data raise the possibility that it
may be involved in the temporal control of the neuron-to-
glia switch. In order to examine to what extent Cyclin Ds
contribute to regulate the developmental capacities of
Olig2-expressing precursors, we have modified the
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endogenous pattern of expression of Cyclin Ds, using
electroporation of chick spinal cord. The impact of
CyclinD1 misexpression on neurogenesis has been
monitored by quantifying the percentage of precursors
committed to the neurogenic pathway (i.e., expressing
ngn2). As opposed to CyclinD3, CyclinD1 misexpression
at E2 increases the percentage of neurogenic precursors at
E7 (by 36%). On the other hand, the impact of CyclinD1
misexpression on gliogenesis can be monitored by
quantifying the number of migrating cells expressing glial
makers, that is to say that are committed to the gliogenic
pathway. At E6, CyclinD1 misexpression reduces the
number of migratory cells expressing Sox9 (by 32%),
Olig2 (by 34%) and Nkx2.2 (by 17%) whereas CyclinD3
greatly increase these numbers, as a secondary effect on
the cell cycle.

Once the specificity of this effect is confirmed,
using loss-of-function experiments, the next step would be
to investigate in more detail the molecular mechanism(s)
by which CyclinD1 regulates the onset of
oligodendrogliogenesis. The molecular and functional
interactions between CylinD1 and Sox9 (a master gene for
gliogenesis) will be deciphered.

38. Neural circuitry of nociception in the skin and
viscera

Sophia Vrontou

The brain detects noxious stimulation of the skin,
viscera and other internal structures via different subsets of
primary nociceptive sensory neurons. These subsets
possibly engage distinct circuitry all the way up to the
brain, explaining the ability to distinguish the bodily sites
at which noxious stimuli are detected. Our objective is to
get new molecular markers for such subsets and especially
for visceral nociceptors that project to the gut and other
internal organs and that form the sensory basis of
interoception, the brain's perception of the body's internal
states. The ultimate goal is to use them, in conjunction
with already identified markers for nociceptors innervating
other targets, to trace their sensory maps, so as to
illuminate whether these circuits are distinct labelled lines.
This analysis might help deciphering the logic of brain
decoding in the understudied visceral pain.

In order to do that we will dissect the circuitry, by
gene targeting, of MrgB4/B5 members of the GPCR
family of Mrgs, which is believed to be involved in
nociception. Since the MrgD member is specifically
expressed in cutaneous afferents, it is implied that the
other Mrgs might be characteristic for nociceptor subsets
innervating different organs, including viscera.

Furthermore since the purinergic receptor, P2X3,
is expressed by both cutaneous and viscera nociceptive
sensory neurons and MrgD neurons appear to innervate
exclusively cutaneous targets, it follows that P2X3+ and
MrgD- neurons are likely to contain visceral afferents.
Thereby by creating appropriate targeted mutations in
P2X3 and exploiting the already made in MrgD locus, we
will be able to trace and compare the circuitry of the

P2X3+ and MrgD- sensory neurons with that of P2X3+
and MrgD+.

Additionally, in order to isolate new visceral
nociceptor markers, we will conduct a screen that will be
based on the separation by FACS and the comparison of
the gene expression profile of cells from cutaneous
nociceptors (marked by MrgD) and nociceptor afferents
enriched by other markers for visceral targets (like c-RET,
known to be expressed in P2X3 neurons).
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Summary: Our group uses Drosophila as a model system
in which to identify and characterize genes involved in
behavior, aging, and neurodegeneration. The high degree
of homology between the fly and human genomes forms
the basis of a strategy for understanding the corresponding
human genes. Three behavioral paradigms are currently
under investigation. One is a model of nociception that
bears much resemblance to human pain, with mutants such
as painless representing an entry into a molecular genetic
analysis of this phenomenon. The second is an alarm
response, in which flies subjected to vibration emit an odor
that induces avoidance by other flies, which is being
studied in collaboration with Professor David Anderson's
group. The third is a genetic analysis of appetite and
obesity.

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

The methuselah protein is related to G protein-
coupled receptors of the secretin receptor family, and has a
unique N-terminal ectodomains. In collaboration with
Professor Bjorkman's group, the crystal structure of the
ectodomains was solved at 2.3 A resolution. The structure
represents one of only a few available three-dimensional
structures of GPCRs. It reveals a folding topology likely
to be conserved in Mth-related proteins, and contains a
potential ligand-binding site in the form of a shallow
interdomain groove with a solvent-exposed tryptophan, the
only tryptophan residue in the ectodomains. Antagonists
that reduce the effective activity of the receptor would be
expected to mimic the defect in methuselah, thus possibly
extending lifespan. In collaboration with Professor
Richard Roberts' group, a library of peptides was
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generated, from which a subset was selected that show
very high binding affinity to Mth protein. In collaboration
with Dr. Anthony West, of the Bjorkman group, we have
produced monoclonal antibodies to t